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Abstract
The behavior of dual thermo-responsive diblock copolymer (DBC) thin films in changing
environmental conditions is investigated. The DBCs consist of a zwitterionic poly(sulfo
betaine) (PSB) and a nonionic poly(acrylamide) (PAM) block. Systematical studies are
performed that investigate how external stimuli, including temperature, the composition
of the surrounding vapor, and the salt content within the films, a�ect the thin-film behav-
ior, regarding its thickness, solvent uptake and release, polymer-polymer, and polymer-
solvent interactions. For this purpose, mainly neutron scattering techniques and infrared
spectroscopy are used. To enable these scientific studies, a sample environment for in-
situ thin film experiments, providing precise control of the environmental surrounding, is
developed and realized.

Zusammenfassung
Das Verhalten von dual thermo-responsiven dünnen Diblock Copolymerfilmen (DBC)
wird in wechselnden Umgebungsbedingungen untersucht. Das DBC besteht aus einem
zwitter-ionischem Poly(sulfo betain) (PSB) und einem nicht-ionischem Poly(akrylamid)
(PAM) Block. In systematischen Studien wird der E�ekt von externen Stimuli wie der
Temperatur, der Zusammensetzung der Umgebungsatmosphäre, und des Salzgehalts in
den Filmen, auf das Filmverhalten, mit Blick auf Filmdicke, Lösungsmittelgehalt, sowie
Polymer-Polymer und Polymer-Lösungsmittel Wechselwirkungen, erforscht. Dazu werden
hauptsächlich Neutronenstreumethoden und Infrarotspektroskopie verwendet. Für die
wissenschaftlichen Untersuchungen, wird eine flexible Probenumgebung entwickelt und
realisiert, welche eine präzise Einstellung der Umgebung der dünnen Filme sicherstellt.
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1. Introduction

Selective, responsive, reversible. These are the essentials of a material that is referred to
as smart or intelligent. In nature these properties are combined in perfection: To sustain
life, nature develops selectively-tailored building blocks that inherit specific chemical and
physical functions. These are able to change (reversibly) as response toward an external
stimulus [1]. The mimicry of nature’s behavior in synthetic polymer systems enables a
most diverse application field ranging from artificial muscles [2, 3], over controlled drug
delivery and release systems [4–6], to responsive surfaces and coatings [7–12].

Stimuli-responsive polymers are capable of responding to a modified chemical and phys-
ical environment or to external stimuli by changing their polymer properties, e.g., solubil-
ity, viscosity, conductivity, or color [1, 13]. The response is reversible, hence the polymer
returns to its initial state, once a counter-stimuli is applied (heating/cooling or light
on/o�). These polymers impress with their versatility and a diverse range of polymers
responsive to external stimuli such as temperature [14], pH [15], electric and magnetic
fields [16, 17] or the addition of small molecules [18] has been synthesized and analyzed.
Furthermore, the individual response is highly tunable by adjusting e.g., the molecular
weight, polymer architecture or tacticity.

Among the multiplicity of responses to the stimuli described above, the response to
temperature is the most studied one. Thermo-responsive polymers feature a miscibility
gap, meaning they are insoluble above [8, 19] or below a critical temperature [20–23].
The lower critical solution temperature (LCST) and the upper critical solution temper-
ature (UCST) are the lowest and highest temperatures, respectively, at which a demix-
ing occurs. Suited homopolymers featuring a di�erent response to the same stimulus,
here an LCST- and UCST-type homopolymer, can be combined to an orthogonally dual
thermo-responsive diblock copolymer (DBC) [24, 25]. In aqueous solution, they are able
to self-assemble into micellar structures with a hydrophobic core and a hydrophilic shell.
Upon temperature change, the micellar structure can be inverted, i.e., the hydrophobic
core becomes the hydrophilic shell and vice versa. Dependent on the relative positions of
the respective clearing and cloud points (CPÕ

UCST
and CPLCST), the DBC passes through

an insoluble or a molecularly dissolved intermediate regime [26, 27]. This behavior is
called ’schizophrenic’ and the unique structure inversion is of high interest for (smart)
emulsification and the release of hydrophobic solubilizates [28–30]. Schizophrenic DBCs
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Chapter 1. Introduction

systems can even be further tuned by gaining control over CPÕ
UCST

and CPLCST. In re-
cent studies, this was done by introducing a second external stimulus, e.g., the addition
of small molecules such as salts or organic co-solvents (methanol, ethanol or acetone),
or by adjusting polymer-specific parameters, such as molar mass, polymer block ratio,
or polymer architecture [26, 27, 31–34]. Naturally, the combination of two (or more)
stimuli-responsive polymer blocks within one system o�ers new possibilities, while simul-
taneously encounters new challenges. A higher number of external stimuli, to which the
system is responsive, increases the versatility but also results in a system with narrower
boundary conditions and a potential superposition of multiple stimuli. In order to avoid
an interference of di�erent stimuli, it is of high importance to design multi-responsive
polymer systems, in which the individual stimuli selectively address the desired polymer
blocks.

In general, stimuli-responsive polymer materials can be divided into three-dimensional
(3D) systems, e.g., colloids, micelles, and core-shell particles, and two-dimensional (2D)
film systems, e.g., thin films, brushes, layer-by-layer films, and membranes [1]. Both sys-
tems mainly di�er in the respective polymer concentration. While 3D polymer materials
are typically dissolved in dilute aqueous solution, a substance-rich regime is present in
2D polymer film systems. One could also describe the 3D system as polymer dissolved in
water, whereas the 2D systems resembles water in a polymer matrix. So far, the behav-
ior of (multi-) responsive polymers in diluted solution has been well-studied [1, 13, 35],
however less is known once polymer concentration increases. The sample geometry, be
it a polymer solution, a grafted polymer brush, or a polymer thin film, matters. Com-
pared to solution, polymer thin films have increased interfacial areas (substrate-polymer
and polymer-surrounding media), which have a strong impact on dynamic and kinetic
processes such as the di�usion of a small molecules into the thin film. Furthermore, the
high polymer concentration results in altered polymer-polymer and polymer-solvent in-
teractions. Entropic e�ects, including confinement and chain packing, gain an increasing
influence as the film thickness decreases. As a consequence, thin films show physical and
mechanical properties that di�er significantly from the well-studied bulk solution behavior
and it is impossible to predict how an orthogonally dual thermo-responsive DBC behaves
upon temperature variation in thin film geometry, from its solution behavior.

Regarding the challenges described above, the present thesis aims for a fundamental
understanding of the response mechanisms of a polymer thin film system upon changing
environmental parameters. The polymer system under investigation is a DBC consisting
of a zwitterionic and a nonionic polymer block. Zwitterionic describes the same num-
bers of anionic and cationic charges within one constitutional monomer unit. In this
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thesis, poly(sulfobetaine)s (PSB) are used as a zwitterionic block. Due to their zwitte-
rionic character, a complex balance between attractive and repulsive polymer-polymer
and polymer-water interactions is present, which eventually results in an UCST-type
phase transition. The position of this transition is highly tunable by the addition of
salt additives, but also other parameters, such as molar mass, polymer architecture, and
the choice of solvent, have a considerably impact on the UCST. The nonionic block
is either poly(N -isopropylacrylamide) (PNIPAM) or poly(N -isopropylmethacrylamide)
(PNIPMAM). Both polymers show an LCST-type behavior, whereas the respective LCST
values di�er strongly, due to the additional methyl group in the backbone of PNIPMAM
(LCSTPNIPAM = 32 °C, LCSTPNIPMAM = 44 °C).

The experimental studies in this thesis contribute to a better understanding of respon-
sive polymer thin films, whereas every chapter focuses on individual scientific questions
and challenges. Figure 1.1 schematically presents the scientific scope of the individual
projects. The Chapters 5 and 6 investigate the DBC thin film system under study, in
mixed vapor compositions. In particular, the role of deuterated solvents during swelling
and exchange processes is of interest. In Chapter 7 the response of the DBC thin films to
temperature jumps is investigated. This study focuses specifically on how the increased
polymer concentration in thin film geometry a�ects the UCST- and LCST-type phase
transitions of the individual polymer blocks. Chapter 8 analyzes the reversibility and re-
producibility of thin films swelling and drying cycles at di�erent temperatures. Regarding
potential thin film applications, reversible and reliable dynamic processes are crucial. In
Chapter 9, the influence of salt additives on the swelling and thermal thin film behavior
is described. In this project, two external stimuli are present, temperature and salinity.
The focus is on how the salt additive alters the thermal behavior of the DBC thin film
and if a superposition of both stimuli is present.

Probing the response of responsive polymer thin films in-situ is highly challenging.
While imaging techniques such as optical and atomic force microscopy o�er a straightfor-
ward measurement protocol and data analysis, they are limited to the surface topography.
To probe not only the thin film’s surface, but also the inside, advanced neutron scattering
techniques, e.g., time-of-flight neutron reflectivity (ToF-NR) and grazing-incidence small-
angle neutron scattering (GISANS) are used, which yield information about its swelling
degree, the amount of absorbed solvent, and characteristic lateral thin film structures.
Very small incident angles increase the illuminated area on the sample and thus, thin film
kinetics during di�usion and exchange processes can be followed in-situ with high time
resolution and statistical relevance. By using deuterated solvent species, excellent contrast
between the polymer and the solvent is achieved, via the ToF mode, detailed information
about the vertical film composition are obtained. In the present thesis, these mesoscopic
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Chapter 1. Introduction

Figure 1.1.: Schematic overview of the individual research topics addressed in the present
thesis. The numbers of the individual chapters are explained in the text. Adapted with
permission from AMERICAN CHEMICAL SOCIETY, Copyright 2019, 2020, and 2021
[36–39].

parameters (thickness, solvent content, and ’bulk’ thin film morphology) are compared
to molecular information, obtained with Fourier-transform infrared spectroscopy (FTIR).
The combination of scattering techniques and FTIR is highly beneficial as it enables to
link molecular information to an overall thin film behavior on the mesoscale.

This introductory part is followed by Chapter 2, in which the theoretical background of
DBCs in dilute solution and in thin film geometry, responsive polymers, and the principles
of advanced neutron scattering techniques is provided. The Chapters 3 and 4 describe the
used measurement techniques, the used materials, and the thin film preparation protocols.
The scientific results are discussed in the Chapters 5 to 9. Finally, all findings obtained in
this thesis are put into context in Chapter 10, thus answering the above posted questions.
Based on this summary, an outlook for future research projects is given in the end, which
aims to stimulate and inspire a future generation of open-minded and motivated scientists
to work in the field of responsive 3D and 2D polymer materials.
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2. Theoretical background

This chapter provides the theoretical principles of diblock copolymers (DBCs) and stimuli-
responsive polymer, which will be helpful to understand how such materials behave in
non-constant environments. The first part, Section 2.1, describes the solution behavior
of DBCs and the swelling behavior of DBC thin films. Section 2.2 introduces stimuli-
responsive polymers, in solution and in thin film geometry. The last Section 2.3 addresses
the basics of neutron scattering.

2.1. Phase behavior of diblock copolymers
Block copolymers (BCPs) consist of two or more polymer blocks that are made from
chemically distinct repeating units [40, 41]. The blocks are covalently bound to each
other, thereby forming various polymer architectures dependent on the number of blocks
and on the type of connection, i.e., linear, ring-shaped, star-shaped, or grafted. This
thesis investigates BCPs with two polymer blocks, thus they have a linear architecture
and are referred to as diblock copolymers (DBCs). Figure 2.1 shows a simple linear DBC,
which is made from block A and block B. Its nomenclature follows the guidelines of the
International Union of Pure and Applied Chemistry (IUPAC): poly(A)-block-poly(B), or
simply PA-b-PB.

Figure 2.1: Schematic representation of a
linear diblock copolymer. The two polymer
blocks A and B with corresponding monomer
segment sizes a and b are indicated as black
and red open circles. The end-to-end distance-
vector #–

R and the contour length L0 are marked
with a dashed gray and a continuous black ar-
row, respectively.
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Chapter 2. Theoretical background

The DBC can be described accurately with the following characteristic properties: The
polymers degree of polymerization N , which gives the number of repeating units (or
segments) within one polymer block. For a linear DBC, N is the sum of all polymer
segments in block A and B, which is denoted NA and NB, respectively. The block ratio
ra is calculated according to the following equation.

ra = NA

NA + NB
(2.1)

The molar mass describes the polymer weight. One distinguishes between the number
average molar mass Mn, the weight average molar mass Mw, and the centrifugal average
molar mass Mz (often denoted as Z-average). In the framework of this thesis only the first
two molar masses are used, which are calculated for PA-b-PB according to the following
equations.

Mn =
q

niMiq
ni

= (nAMA) + (nBMB)
nA + nB

(2.2)

Mw =
q

niM2

iq
wi

= (wAM2

A) + (wBM2

B)
wA + wB

(2.3)

The number and weight of the respective monomers A and B are denoted with ni and
wi, respectively, while Mi is the molar mass of the respective monomers. Not all polymers
are of equal length and molar mass, but show a certain distribution, thus Mn and Mw

represent the average molar masses. The width of the distribution is described by the
polydispersity index D.

D = Mw

Mn
Ø 1 (2.4)

Di�erent polymerization techniques yield di�erent D values. The commonly used free
radical polymerization yields a rather broad size distribution, resulting in higher D values,
while certain techniques, such as controlled or living polymerization, achieve very narrow
distributions with D values close to 1. The volume fraction fA of polymer block A is
calculated by dividing the molecular weights Mw(A) and the mass density flA of block A
with the sum of the molecular weights and densities of all polymer blocks.

fA = Mw(A)
flA

3 ÿ Mw(i)
fli

4
(2.5)

The contour length L0, which is the sum of the corresponding lengths bi of all monomers,
gives the total length of the polymer chain.

L0 =
ÿ

Nibi (2.6)
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2.1. Phase behavior of diblock copolymers

While the contour length is the theoretical length of the polymer chain in its fully
elongated state, the polymer chain usually is coiled and not in its most stretched state.
Therefore, typically the radius of gyration Rg is given, which describes the polymer chain
by the distance vectors #–si of the polymer segments to the center of mass of the polymer
chain.

Phase behavior of homopolymer and DBC melts
In general, mixing of two chemically di�erent homopolymers is energetically not favored,
and a system of two or more homopolymers tends to minimize its energy by decreasing
interfacial areas. In consequence, macrophase separation occurs, which is usually in the
order of several micrometers [42]. In the case of a DBC, interfacial areas are also decreased,
however, due to the covalently bound polymer blocks, the phase separation occurs on a
much smaller scale and is therefore referred to as micro-phase separation. The resulting
domain sizes (typically 10 - 100 nm) can be tuned by adjusting the lengths and the volume
fractions fi of the corresponding polymer blocks.

The Flory-Huggins solution theory describes the miscibility of two homopolymers or
the interactions of two polymer blocks in a DBC. The interaction between the segments
i and j of a DBC can be quantified by the interaction parameter ‰ij [43, 44], which is
defined according to the following equation.

‰ij = z

kBT

3
‘ij ≠ ‘ii ≠ ‘jj

2

4
(2.7)

Here, z is the coordination number, kB is the constant of Boltzmann, T is the temper-
ature, and ‘ij, ‘ii, and ‘jj are the respective contact energies between segment i and j.
For simplification ‰ij will be written as ‰ in the following. A further definition of ‰, as a
parameter of the free energy, was found empirically [45].

‰ = ‰S
‰H

kBT
(2.8)

An entropic term ‰S and a temperature-dependent enthalpic term ‰H contribute to
‰. For negative ‰ values, the interaction between two homopolymers, or two polymer
blocks in a DBC, respectively, is favored, which results in one homogeneous phase. In
contrast, positive ‰ values indicate unfavored polymer interactions and thus a demixing
(or microphase separation in case of DBCs) occur. The polymer conformation and the
distance between the chain ends contribute to the entropic ‰S part. Since the end-to-
end distance is larger for DBC than for the corresponding homopolymers, the entropic
part is more significant for DBCs [42]. Therefore, also the values of their interaction pa-
rameters are higher, which means that microphase separation of a DBC is more likely to
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Chapter 2. Theoretical background

occur than macroscopic phase separation of homopolymers. With increasing temperature,
the enthalpic contribution ‰H becomes smaller, thus a high temperature counteracts mi-
crophase separation and favors miscibility. The phase behavior of a homopolymer blend
or of a DBC can also be described by the free energy of mixing �Gmix.

�Gmix = kBTn
3

fA

NA
lnfA + fB

NB
lnfB + ‰fAfB

4
(2.9)

The number of moles of a polymer is n. From the right side of the equation, the first
two terms contribute entropically, while the third term contributes enthalpically to the
free mixing energy. The entropic part scales with N≠1, the enthalpic part with ‰, and
therefore the free mixing energy and the phase behavior depend on the product of N‰. For
very small, or negative N‰ values, mixing is favored. If N‰ exceeds a critical threshold
(N‰)c, macro- or microphase separation occurs. It should be mentioned, that due to the
covalent bonds between both polymer blocks in a DBC, the Flory-Huggins theory is not
able to fully describe the phase behavior and the occurring microphase separation.

For DBCs, the critical (N‰)c value is around 10.5, which leads to the following charac-
teristic segregation regimes [40]. For N‰ < (N‰)c, the interaction between polymer block
A and B is favored, they intermix into a single-phase, and microphase separation is pre-
vented. In this mixed, disordered phase, monomer concentration fluctuations are present,
due to the covalent connections between block A and B [40, 46]. For larger N‰ values
close to 10.5, the blocks spontaneously phase separate and the segregated block domains
form an ordered phase. As N‰ is dependent on the temperature, this point is also re-
ferred to as the order-to-disorder transition (ODT) temperature. For N‰ ¥ (N‰)ODT the
so-called weak segregation limit (WSL) is approached and the DBC slowly transits from
a disordered to an ordered, micro-phase separated phase, where the di�erent blocks A
and B are still partly intermixed at the arising interfaces. For N‰ ∫ (N‰)ODT the strong
segregation limit (SSL) is reached and the polymer blocks fully separate. In contrast to
the weak segregation, the interfaces are well defined and barely intermixed [40, 42, 46].

The microphase separation results in di�erent morphologies, dependent on N‰ values
and the volume fractions of the polymer blocks, fA and fB. These morphologies can be
predicted according to the mean-field calculations by Bates et al. [40] and Leibler [46].
The resulting DBC structures are formed by the minority block, embedded in a matrix of
the majority block. While experimental studies confirm these theoretical calculations, one
has to note that the chemical di�erence of the monomers A and B results in asymmetric
phase diagrams. Various e�ects, e.g., deviations in polymer chain conformation of both
polymer blocks A and B, crystallization, and polymer confinement, in particular present
in thin film geometry, further intensify the asymmetry of the phase diagrams.
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2.1. Phase behavior of diblock copolymers

2.1.1. Diblock copolymers in solution
The previous section describes the phase behavior of homopolymers and DBCs melts,
while in the following, DBCs in solution are described. Dependent on the polymer con-
centration of the solution, the DBC behavior di�ers.

Diblock copolymers in dilute solutions
In dilute solutions, polymer chains form random coils with an end-to-end distance Ree of

ÈReeÍ ƒ bN3/5 (2.10)

and a radius of gyration Rg of

ÈRgÍ = ÈReeÍÔ
6

. (2.11)

The polymer chains are isolated and interactions between them occur only during brief
times of encounter. This changes, when the polymer concentration increases. Figure
2.2 indicates a critical concentration „cú, at which the polymer molecules become closely
packed and start to interpenetrate. This regime is called a semi-dilute solution. In con-
centrated solutions, with polymer concentrations above „cúú), all polymer chains overlap
with each other and space is strongly limited. Teraoka found that for good solvents, the
transitions typically occur at „cú of 0.01 and „cúú of 0.2 - 0.3 [47]. In poor solvents, the
polymer collapses into globules and precipitates. These thermodynamic processes can be
described by the Flory-Huggins theory, analogously to a homopolymer blend, which is
described earlier (cf. Equation 2.9).

�Gmix = kBTn
3

„P

N
ln„P + (1 ≠ „P )ln(1 ≠ „P ) + ‰P S„P (1 ≠ „P )

4
(2.12)

Here, ‰P S represents polymer-solvent interactions. For ‰P S values below 0.5, the sol-
vent is a good solvent, for values above 0.5, it becomes a bad solvent. At ‰P S = 0.5, the
solvent is a so-called theta solvent, i.e., the polymer chains behave as ideal chains without
any volume e�ects [47]. In the case of DBCs, the solvent can be further classified as non-
selective and selective, with respect to the solubility of the individual polymer blocks. If
the solubility of both blocks is equally good or bad, the solvent is called non-selective. In
contrast, for a deviating solubility of the blocks, the solvent is called a selective solvent. A
well-studied class of DBCs, for which water is a selective solvent, are amphiphilic DBCs,
which consist of a hydrophobic and a hydrophilic part. In an aqueous solution, below a
certain polymer concentration, called the critical micelle concentration (cmc), they are
molecularly dissolved as unimers. By increasing the polymer concentration above the cmc
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the polymer chains self-assemble into micellar structures, while the concentration of dis-
solved unimers remains constant [48, 49]. The hydrophobic part of the amphiphilic DBC
is in a collapsed state and forms the micelle core, the hydrophilic part is fully hydrated
and forms the micellar shell. The free energy of the micellar structure is dependent on the
interactions of the polymer blocks with each other and with the solvent. As these inter-
actions are dependent on the temperature, the formation of micelles at a given polymer
concentration can also be induced by temperature, which is referred to as critical micelle
temperature (cmt).

Figure 2.2.: Dilute, semi-dilute, and concentrated polymer solution. The critical poly-
mer concentration „cú divides the dilute (left) from the semidilute solution (center). Above a
concentration solution limit „cúú the solution is called concentrated (right).

Concentrated solution and thin film geometry
With increasing polymer concentration, interactions between block A and B become more
dominant, which strongly influences the solution and self-assembly behavior of a DBC.
The behavior is described by the e�ective interaction parameter ‰eff , which depends
on the polymer concentration as well as on the nature of the solvent. Ideal selective
solvents di�use exclusively in one specific polymer block, which leads to an increase in
the volume fraction, and eventually enables an order-order transition (OOT) [50]. Thus,
ordered spheres, may become cylinders and even lamellae during a selective swelling. Upon
mixing, most solvents induce a plasticization of the polymer block or blocks, which means
the respective glass temperature Tg is decreased [51]. As a result, disorder is favored and
the temperature range of a glassy polymer state is diminished upon diluting the DBC
solution.
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The control over structure, mobility, and self-assembly behavior of DBCs via the ad-
dition of a solvent is exploited during solvent vapor annealing (SVA). This technique is
commonly used for thin films. The DBC is exposed to a saturated solvent vapor and
typically undergoes a swelling and plasticization. The polymer chain mobility increases,
which eventually leads to a healing of structural defects and removal of kinetically frozen
polymers (for non-selective solvents), or even to highly ordered morphologies (for selective
solvents). Literature provides numerous examples of the SVA technique applied to DBCs
[50, 52–57].

2.1.2. Swelling behavior of polymer thin films
In thin films, the polymer concentration is even further increased. While a dilute polymer
solution can be seen as a polymer in a water matrix, a thin film is rather water molecules
within a polymer matrix, and polymer-polymer interactions become more dominant. In
the following, the swelling of a polymer thin film in a saturated vapor is described. Please
note, that the sample system now changed from a polymer in solution to a polymer thin
film in a vapor phase. All performed experimental studies, described in the Chapters
5 to 9, involve thin film swelling, and therefore, the theoretical basis required for the
evaluation of a swelling behavior, is provided here. Furthermore, the theory is supported
with a practical outline of the applied evaluation routine.

Swelling of a thin film occurs, when solvent molecules, usually a good solvent for at
least one block of the DBC, di�use into the thin film. The miscibility is described by
the interaction parameter ‰ according to the Flory-Huggins solution theory. Typically,
the di�usion process is driven by the osmotic pressure, and is accompanied by thickening
and, as described above, plasticization of the polymer thin film [58–60]. Due to adhesive
forces between the substrate and the polymer, the thin film swells mainly in the direction
along the surface normal. In the present thesis, the swelling, i.e., the measured film
thickness normalized to its initial thickness, referred to as swelling ratio d/dini, is followed
by neutron reflectometry (NR), and spectral reflectance (SR) in-situ. Other techniques,
such as x-ray reflectivity, are also capable of determining the thin film thickness.

In particular NR is a suited technique, as it allows to follow a change in film thickness
as well as a change in scattering length density (SLD) simultaneously and independently
from each other. Since the latter is related to the vertical (neutron) density composition
of the thin film, the incorporated solvent content and its vertical location in the film can
be determined. As the SLD of organic polymers usually is low (0.6 - 1 ◊10≠6 Å≠2), the
selection of a solvent with a high SLD, e.g., deuterated solvents (e.g., SLDD2O = 6.34
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◊10≠6 Å≠2), is beneficial for a strong contrast in the neutron scattering measurements.
The amount of absorbed solvent �S(t) is calculated via Equation 2.13.

�S(t) = SLD(t) ≠ SLDini

SLDS ≠ SLDini
(2.13)

Here, the measured SLD at a given measurement time t, of the dry thin film, and of
the pure solvents, are denoted with SLD(t), SLDini, and SLDS, respectively. Since the
majority of the later presented experiments follow the swelling of a thin film in water
vapor, water instead of solvent will be used in the following.

In general, the free energy of mixing results in the di�usion of water molecules into a
polymer film. As explained in the previous sections, these processes were investigated ex-
perimentally and theoretically. However, for thin films, the situation is more complex. The
geometrical restriction of the polymer, the increased interfacial areas (substrate-polymer
and polymer-surrounding media, which in the present thesis mostly is air or saturated
water vapor), and the increased polymer concentration lead to altered polymer-polymer
and polymer-water interactions as compared to bulk polymers. As a consequence, di�u-
sion and exchange processes strongly deviate from each other depending on the sample
geometry [61–65]. In polymer thin films, absorbed water first fills up the accessible free
volume, or simply air voids, and leads to a continuous decrease in Tg. Once these voids
are filled, further water uptake results in an increase in film thickness [36, 59, 66, 67].
The swelling degree is strongly dependent on the nature of the individual polymer blocks.
While hydrophilic blocks promote water uptake, the mechanical stability is poor. In-
troducing a glassy hydrophobic block improves mechanical stability, but hampers water
uptake [68].

The thin film kinetics upon water swelling are described quantitatively with a humidity-
sensitive swelling model, which was developed by Li and Tanaka [69] and further modified
by Jaczewska et al. [70]. This model respects the intrinsic, di�usion-driven, swelling
kinetics as well as non-constant relative humidity (RH). The swelling kinetics can be
expressed according to Equation 2.14 [69–73].

d(t)
dini

= dmax

dini
≠

3
dmax

dini
≠ 1

4
B exp

3≠t

·

4
(2.14)

The equation contains the swelling ratio d/dini, as well as the maximum swelling ratio
dmax/dini, which expresses a theoretical limit to which the DBC thin film is able to swell
at a given ambient RH. A specific time, which describes the di�usion process of water
molecules into the thin film is denoted with · . The parameter B is related to the sample
geometry and ranges between 0.5 and 0.75 for thin films [69]. After an infinite swelling
time t, the thin film reaches a saturated state, in which the concentration gradient of the
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water molecules is in equilibrium with the water absorption. There, the thin film reaches
its maximum swelling ratio dmax/dini.

dmax

dini
=

d(t)
dini

≠ B exp
3

≠t
·

4

1 ≠ B exp
3

≠t
·

4 (2.15)

The swelling process, in particular at later stages, is governed by the RH and the
non-constant RH is taken into account via Equation 2.16 [70, 74].

ln
3

fl

flsat

4
= ln

3
1 ≠ dini

dmax

4
+

3
1 ≠ VW

VDBC

4
dini

dmax
+ ‰eff

3
dini

dmax

42

(2.16)

The di�usion of water molecules from the vapor phase into the thin film is similar to a
dissolution process of a polymer in liquid water. Equation 2.16 describes the equilibrated
maximum swelling ratio at a given ambient RH according to the regular solution theory
[70]. VW and VDBC are the molar volumes of water and the DBC, respectively. Typically,
the volume fraction of polymers is much larger compared to the volume fraction of water,
thus, the fraction ratio Vwater/VDBC e�ectively becomes 0 and therefore, can be neglected.
From the model, the e�ective Flory-Huggins parameter ‰eff and the time · are extracted.
‰eff describes the interaction of the DBC with water. One has to note, that substrate-
polymer interaction are not included, and therefore, the parameter cannot be seen as an
absolute Flory-Huggins parameter. As is already described earlier, the ‰eff parameter
is a measure of the hydrophilicity of the DBC. Small values, below 0.5, indicate favored
polymer-water interaction and thus, good miscibility. The time · yields information
about the timescales of the occurring dynamic processes, e.g., di�usion, exchange, and
deuteration processes.

The evolution of the RH and the film thickness during a typical water swelling exper-
iment is shown in Figure 2.3. Generally, the swelling of thin films can be divided into
two regimes. At early stages, the increase in RH is faster than the di�usion of water
molecules into the thin film. Consequently, there, the swelling process is mainly governed
by the di�usion, following Equation 2.14 and the intrinsic di�usion kinetic is the limiting
factor for the swelling process. Therefore, this regime is called di�usion-limited. Note,
that the maximum swelling ratio is considerably higher than the actual swelling ratio,
as the ambient RH theoretically would allow for a higher swelling ratio. At later stages,
the increase in RH slows down, reaches an equilibrium state, and eventually becomes the
limiting parameter for the swelling process. This regime is called humidity-limited and
the swelling process predominantly follows Equation 2.16.
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Figure 2.3.: Thin film swelling at a non-constant RH. The swelling process (left) is di�usion-
limited at early stages, as the rapidly increasing RH (right) would theoretically allow for a higher
maximum swelling ratio. With a decelerated RH increase, the swelling process becomes humidity-
limited, and both, the maximum (dashed red line) and measured swelling ratio (black line) merge.
Both regimes are divided by a vertical dashed, black line. Adapted from the dissertation of Dr.
Lorenz Bießmann [75].

Since swelling occurs mainly in the direction of the surface normal, the water content
�water is linked with the increase in film thickness and can be determined according to

d(t)
dini

= 1
1 ≠ �water(t)

. (2.17)

As the free volume within the thin film is filled first, and the subsequent swelling process
is slightly delayed, this obtained water content is only an approximation. Still, the water
content can be compared with the water content obtained experimentally via ToF-NR in
order to further verify the Flory-Huggins ‰eff and time · parameters.

2.2. Stimuli-responsive polymers
Stimuli-responsive polymers are able to dramatically change their properties, e.g., solu-
bility or viscoelasticity, in response to an external stimulus, including temperature, pH,
electromagnetic fields, mechanical force, and chemicals [1, 13, 76–79]. By applying such
stimuli, the polymer chain changes its chain conformation, i.e., an initial random coil
either collapses or elongates. Also a cleavage of chemical bonds is possible. One pos-
sibility to govern the self-assembly behavior in DBC, is to change the solubility of one
or both blocks via an external stimulus. The resulting reversible structure control is a
highly desired characteristic in numerous biomedical applications [80–82], responsive thin
films and surface coatings [83–86], and in artificial muscles and pumps in soft robotics
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[2, 3, 87–90]. Since all polymers are sensitive toward temperature, it is the most studied
stimulus, while it is also easy to apply and to reverse.

2.2.1. Thermo-responsive polymers
Thermo-responsive polymers undergo abrupt changes in their chain conformation at a
specific temperature [1, 76, 77, 91–93]. Generally, there are two types of thermo-responsive
polymers, that phase separate from solution either upon heating or upon cooling. Below
the lower critical solution temperature (LCST) and above the upper critical solution
temperature (UCST), the polymer is miscible with a certain solvent. Consequently, the
isobaric phase diagrams of the LCST- and UCST-type polymers, which typically display
the temperature as a function of the polymer concentration, feature a miscibility gap,
below the UCST and above the LCST. A schematic representation of such phase diagram
is given in Figure 2.4.

Figure 2.4.: Temperature-concentration phase diagrams of thermo-responsive polymers.
The (a) LCST and (b) UCST-type polymers feature a soluble and insoluble phase, separated
by the spinodal (dashed black line) and binodal (black line). The concentration-dependent
transitions between the soluble and the insoluble phase are marked with colored arrows. CP
and CP’ mark the cloud and clearing point, respectively. The LCST and UCST are labelled
accordingly.

The binodal and spinodal curves separate the homogeneous one-phase and the hetero-
geneous two-phase regime from each other. In-between them a metastable regime exists.
The UCST and LCST are the respective maximum or minimum of both, the binodal and
the spinodal. Therefore, they are only observed at one distinct critical polymer concen-
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tration. At concentrations below or above the critical polymer concentration, the phase
transition occurs at the phase transition temperature. Once the solvent changes from a
good to a bad solvent, the polymer chains undergo a coil-to-globule transition and form
collapsed globules, which aggregate into particle clusters due to favored polymer-polymer
interactions. For LCST-type polymers, this transition occurs upon heating, while UCST-
type polymers undergo a coil-to-globule transition upon cooling. The formation of these
polymer aggregates can be seen by the naked eye as the solution turns cloudy and tur-
bid and the temperature, at which this happens is commonly referred to as cloud point
CP. By reversing the temperature stimulus, the solution turns transparent at a certain
temperature, which is called clearing point CP’. One has to note, the cloud and clearing
point do not match with the phase transition temperatures, due to kinetic hindrance and
aging e�ects in the collapsed polymer state. Furthermore, the CP upon heating and the
CP’ upon cooling show a certain o�set, which is named hysteresis [94].

Thermodynamically, the phase separation can be understood as a balance between
enthalpic and entropic contributions to the free energy, which is based on the Legendre
transformation of the Gibbs equation.

�Gmix = �Hmix ≠ T�Smix (2.18)

�Hmix is the mixing enthalpy, �Smix is the mixing entropy. This equation is already
seen earlier in this chapter, in Equations 2.9 and 2.12, which described the mixing energy
for DBCs blends and DBCs in dilute solution. If a polymer is soluble or not in a certain
solvent is indicated by the sign of �Gmix. Thus, the solubility of a polymer can be
described by four di�erent scenarios, presupposed �Hmix and �Smix are independent of
temperature [95].

For a negative �Hmix and a positive �Smix term, the polymer is soluble at all tem-
peratures. In contrast, for a positive �Hmix but a negative �Smix term, the polymer
is insoluble at all temperatures. These two scenarios describe a non-thermo-responsive
polymer. Once �Hmix and �Smix are both negative or both positive, the sign of �Gmix

will be determined by temperature. If both terms are negative, the sign of �Gmix will
switch from negative to positive at a critical temperature Tc.

Tc = �Hmix

�Smix
(2.19)

This corresponds to an UCST-type behavior, as the polymer becomes soluble at tem-
peratures above Tc. Accordingly, the opposite case, where both �Hmix and �Smix are
positive, describes a LCST-behavior. At temperatures below Tc, the sign of �Gmix is
negative and the polymer is soluble. The sign of �Gmix and therefore, the solubility of

16



2.2. Stimuli-responsive polymers

the polymer changes, once the temperature exceeds Tc. All scenarios are summarized in
Table 2.1.

Table 2.1.: Thermodynamic contributions of �Hmix, �Smix, and �Gmix, and the resulting
solubility of a polymer-solvent mixture [95].

scenario �Hmix �Smix �Gmix solubility polymer-type

I + +
- (T > Tc) soluble

UCST
+ (T < Tc) insoluble

II + - + insoluble insoluble

III - -
+ (T > Tc) insoluble

LCST
- (T < Tc) soluble

IV - + - soluble soluble

The complexity of the phase behavior of polymer solutions often exceeds the predictions
of the Flory-Huggins theory. A non-zero volume change of mixing as well as non-constant
free volumes for the polymer and the solvent are not taken into account. Furthermore,
the solvent nature is neglected and �Smix is considered to be fully combinatorial. As
a consequence, �Smix would always be positive, which stands in strong contrast to the
experimentally observed LCST-type behavior.

In particular, hydrophobic interactions, but also hydrogen bonding and ionic interac-
tions play a non-negligible role. Hydrophobic hydration is especially observed in aqueous
solutions, which decreases the entropy of water upon mixing and eventually might out-
perform the combinatorial part of �Smix. One should note here, a theoretical description
of the solution behavior of, in particular LCST-type polymers, is still missing.

In aqueous solutions of polymers, commonly a thermo-responsive LCST-type behavior
is observed [19]. The UCST-type behavior is mostly found in organic solvents, while
only very rare polymer types show such behavior in aqueous solution [22, 96]. Since
throughout the present thesis water is mainly used as solvent, the following sections focus
on thermo-responsive DBCs in aqueous solution, or on thin films surrounded by water
vapor.

DBCs with only one thermo-responsive polymer block, exhibit two potential types of
transition [25], which are both sketched in Figure 2.5a [1, 7, 30, 97–99]. During the first
type, a fully hydrophilic and water-soluble DBC forms an amphiphilic DBC (transition
I to II/II’), while the second type includes the transition of amphiphilic DBC to a fully
hydrophobic and water-insoluble DBC (transition II/II’ to III). Both transition types are
induced by crossing the CPLCST and CP’UCST, respectively, and are fully reversible.

17



Chapter 2. Theoretical background

Figure 2.5.: Transition scenarios for orthogonally dual thermo-responsive DBCs. (a)
The transition sequence from regime I-II/II’-III represents cumulative switching, while the se-
quences II-I-II’ and II-III-II’ stand for schizophrenic switching behavior. Furthermore, simultane-
ous switching between regime II and II’ is possible. Blue and red colors indicate water-soluble
and water-insoluble polymer blocks of the DBC. (b) The dashed black lines indicate the clearing
point of the UCST-type block (CP’UCST) and the cloud point of the LCST-type block (CPLCST).
The resulting four regimes I, II, II’, and III correspond to the regimes in (a). Structural inversion
is realized via regime I (CPLCST > CPÕ

UCST
) or III (CPLCST < CPÕ

UCST
).

In contrast to these single thermo-responsive DBCs, orthogonally dual thermo-respon-
sive DBC, i.e., an LCST-type and an UCST-type polymer block, feature a much more
complex phase behavior [100–103]. In addition to the above-mentioned transitions, di�er-
ent transition sequences occur, which di�er fundamentally from each other (Figure 2.5b).
Either the soluble-insoluble transitions of both blocks occur cumulatively [104, 105], which
corresponds to transition I - II/II’ - III. Or the respective soluble-insoluble transitions of
the individual blocks are counteracting each other [106–108], resulting in a transition II
- I - II’ or II - III - II’. In the latter transition sequence, the roles of the hydrophilic
and hydrophobic polymer blocks are inverted, which is often referred to as ’schizophrenic’
behavior [109–112]. Suited UCST- and LCST-type homopolymers can be combined to
generate ’schizophrenic’ DBCs. In this thesis, poly(sulfobetaine)s are used as UCST-type
polymers and poly(acrylamide)s, such as poly(N -isopropylacrylamide) (PNIPAM) and
poly(N -isopropylmeth acrylamide) (PNIPMAM) are used as LCST-type polymers. In
the following, both polymer classes and their thermal responses are briefly introduced.

Poly(sulfobetaine)s - zwitterionic UCST-type polymers
Poly(sulfobetaine)s (PSBs) are zwitterionic polymers, which contain an anionic sulfonate
and a cationic quarternary ammonium group within one constitutional repeat unit [113,
114]. The charged groups are linked via covalent bonds. Typically, the charges are
dipolar species with high dipole moments, which are not electronically conjugated with
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each other [115]. The most widespread chemical structures of PSBs contain quaternary
esters (’PSPE’) and amides of (meth)acrylic acid (’PSPP’), as can be seen in Figure 2.6.

Figure 2.6: Chemical structure of
poly(sulfobetaine)s. (a) Quaternary
ammonium ester of methacrylic acid (PSPE)
and (b) quaternary ammonium amide of
methacrylic acid (PSPP). The charged groups
are marked with colored circles.

Due to their high chemical stability, their structural similarity to zwitterionic phos-
pholipids, and their electrically neutral behavior over a broad pH window, they are used
for drug and gene delivery, biocompatible lubrication and antifouling materials, and as
ultrafiltration membranes [116–121]. The overall net charge of PSBs is zero, which is also
referred to as ’point of zero charge’. Thus the charged groups of PSBs form inner salts and
attractive as well as repulsive interactions between and within individual polymer chains
are present. Eventually this results in a hybrid behavior combining features of ionic and
nonionic hydrophilicity. This is schematically indicated in Figure 2.7. Hence, the solubil-
ity strongly depends on the chemical nature of the ion pair and the resulting balance of
interactions. While almost all PSBs are insoluble in water at low or room temperatures,
many of them feature an UCST-type phase transition upon increasing temperature (cf.
Figure 2.4) [106, 122, 123]. According to Equation 2.18, this transition is entropy-driven.
For an aqueous solution of a low molar mass component, such UCST-type behavior is the
standard behavior, however, this is rarely observed for polymer solution. Moreover, PSBs
are insoluble in aprotic (chloroform, acetone, dimethyl sulfoxide) and often also in protic
solvents (methanol, ethanol), while, they are mostly soluble in very polar solvents such as
trifluoroethanol and hexafluoroisopropanol as well as in aqueous salt solutions [122, 124,
125].

The phase transition temperature, or the clearing point CP’PSB of PSBs, is highly
sensitive to molar mass, solvent isotopes, e.g., H2O/D2O, polymer architecture, and in
particular to the addition of salts to the solution [20, 26, 27, 36, 127–130]. In aqueous salt
solution, the solubility behavior of PSBs is governed by the balance of all (non-covalent)
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Figure 2.7: Interactions in zwitterionic
polymers. a) attractive intra- (left) and in-
termolecular (right) polymer-polymer, and re-
pulsive polymer-water interactions. b) re-
pulsive intermolecular polymer-polymer inter-
actions and attractive polymer-water interac-
tions. Water molecules are indicated as blue
circles. Adapted from the dissertation of Dr.
Viet Hildebrand [126].

attractive and repulsive interactions. This includes added salt ions, water molecules, and
polymer-polymer interactions. An enhanced solubility due to added salt is referred to as
antipolyelectrolyte e�ect (APE) [119]. The minimal salt concentration needed for polymer
dissolution is called the critical salt concentration [131, 132]. Besides the salt amount,
also the nature of the salt, in particular of the anion, a�ects the water solubility of PSBs.
In contrast, the e�ect of the corresponding cation is rather small [133, 134]. According
to the Hofmeister series, chaotropic anions, typically large ions of low charge density
(e.g., Br≠, I≠, SCN≠), lead to dissolution of the polymer (salting-in e�ect). They induce
disorder in the water structure and therefore, increase the solubility of the polymer chain.
In contrast, kosmotropic anions, generally small ions of high charge density (e.g., F≠)
lead to precipitation (salting-out e�ect). They are considered to support the structure
of water, in which a dissolved polymer chain is seen as a defect or a failure spot [131,
135]. To minimize the defect area, the polymer chain rearranges into a small globule
and precipitates. It should be noted here that this concept considers the ions only as
di�erent sized point charges [136]. Furthermore, it is still under debate, which interaction
dominates, or whether it is a combination of several or all interaction types [135, 137].

PNIPAM and PNIPMAM - nonionic LCST-type polymers
PNIPAM and PNIPMAM are nonionic polymers with an amide and an isopropyl group
in their sidechains. Compared to PNIPAM, PNIPMAM has an additional methyl group
in its backbone. The chemical structure of both is shown in Figure 2.8.

Typically, thermo-responsive nonionic polymers feature an LCST in aqueous solution,
which is a priori driven by the enthalpy (cf. Equation 2.18). In comparison to the UCST
behavior of the zwitterionic PSBs, this behavior is much more common in an aqueous
solution. PNIPAM is among the most-studied thermo-responsive polymers, featuring an
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LCST of ¥ 32 °C [19, 138, 139]. The coil-to-globule transition upon heating, is attributed
to changes in the number of hydrogen bonds between the PNIPAM chain and water
molecules [140–142]. The transition temperature is close to the human body temperature,
which makes PNIPAM a promising candidate for various biomedical applications [143–
145]. In contrast, its derivative PNIPMAM features a higher LCST of ¥ 44 °C. The
additional methyl group on its backbone leads to a di�erent hydration and structural
behavior around the phase transition, and eventually to a higher LCST [146]. In contrast
to the clearing point of PSBs (CP’PSB), the cloud points of PNIPAM (CPPNIPMAM) and
PNIPMAM (CPPNIPMAM) are rather stable and nonsensitive to parameters such as salt
addition, molar mass, and solvent isotopes [19, 27, 31, 147].

Figure 2.8: Chemical structure of
poly(acrylamide)s. (a) poly(N-
isopropylacryl- amide) (PNIPAM) and
(b) poly(N-isopropylmethacrylamide) (PNIP-
MAM).

2.2.2. Co-nonsolvency e�ect
Besides temperature, also the mixing of solvents can either decrease or increase the solva-
tion of polymers. While most water-soluble polymers dissolve better in mixtures, which
is referred to as cosolvency, some polymers feature a so-called co-nonsolvency e�ect. Co-
nonsolvency describes the counterintuitive phenomenon that two miscible and individually
good solvents for a polymer, become a poor solvent for the same polymer when mixed.
For thermo-responsive LCST- and UCST-type polymers this is due to a decreased CPLCST

or increased CP’UCST, respectively. A co-nonsolvency e�ect in mixtures of water and a
number of organic co-solvents, e.g., ethanol, methanol, and acetone, has been reported
for various polymers, typically poly(acrylamide)s, and in particular for PNIPAM [32–34,
92, 148–150]. The first studies about a co-nonsolvency e�ect of PNIPAM in mixtures
of water and methanol date back to the early 1990s [91, 150]. Since then, the research
on co-nonsolvency has extended to more complex systems, such as diblock copolymer
micelles [151], polyelectrolytes [152, 153], crosslinked microgels [154, 155], and grafted
polymer brushes [156–158]. The increasing scientific attention resulted in various appli-
cations, e.g., force actuation [159], the detection of volatile organic compounds [160], the
capture and release of nanoparticles [161, 162], friction tuning [163], and the selective
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precipitation of biomacromolecules, such as DNA [164]. While all these studies and appli-
cations focus on the co-nonsolvency e�ect of polymers in solution, it was shown recently,
that homopolymer and DBC thin films feature a co-nonsolvency e�ect in a mixed solvent
vapor phase [39, 165, 166]. The behavior can be explained by a decreased volume phase
transition temperature (VPTT), the thin film analogon of a cloud point. This enables
potential new fields of applications, but also a new perspective of the examination of the
co-nonsolvency characteristics in the very substance-rich part of the phase diagrams. The
co-nonsolvency e�ect in mixed solution and mixed solvent vapors is schematically shown
in Figure 2.9.

Besides these experimental studies, a still limited, but growing number of computer
simulation studies has emerged, which usually deal with chemically specific details [167–
172]. However, the origin of the molecular mechanism behind the change in polymer con-
formation in a mixture of solvents is still not fully resolved, yet [91, 92]. Most researchers
agree upon the major impact of polymer–solvent interactions on the polymer transition.
Hence, several models emerged, that focus on competitive hydrogen bonding of the solvent
and co-solvent with the polymer [167, 169, 173, 174], a bridging of two individual polymer
chains by the co-solvent [167, 175], and hydrophobic hydration of particular functional
groups of the polymer [176].

Figure 2.9.: Co-nonsolvency e�ect of a polymer in mixed solution and of a polymer
thin film in mixed vapor. Top: A polymer is dissolved in pure water (blue) and methanol
solution (yellow), but de-mixes in water/methanol mixture, due to a decreased CPLCST (black
line). Bottom: A thin film is swollen in pure water and methanol vapor, but contracts in mixed
water/methanol vapor, due to a decreased VPTT (black line).
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2.3. Basics concepts of neutron scattering
In the present thesis, neutron scattering techniques are used. In contrast to real space
imaging techniques, scattering with neutrons provides statistical information about the
thin films’ structural properties. In the framework of this thesis, elastic scattering is
performed, i.e., the incoming and final scattered neutron beam are of the same energy.
Basic concepts of elastic scattering are described first, before neutron reflectivity (NR)
and grazing-incidence small-angle neutron scattering (GISANS) are introduced in detail.
In a final section, the theory of the time-of-flight mode, which is applied in both, the NR
as well as the GISANS technique, is provided. This section is partly based on the lecture
notes by Daillant and Gibaud [177].

Neutron sources
A neutron scattering experiment aims to extract information about either the structure
or the dynamics of the sample system under investigation, whereas these systems range
from small crystals or colloidal systems, to macromolecules and their nanostructures.
Similar to real-space imaging techniques, the spatial resolution of scattering techniques,
which probe the sample in reciprocal space, is limited by the wavelength of the neutrons.
The neutron wavelength in scattering experiments, typically ranges from 1 to 25 Å, and
therefore, such experiments are very well suited to obtain information on the nanoscale
level.

Before neutron scattering experiments can be carried out, a reliable and suited neutron
beam has to be generated at a neutron source. There are two main types of neutron
sources [178]. A spallation source, where a target, typically from metals such as Mercury,
Tantalum, or Lead is bombarded by an accelerated proton beam. Due to the pulsed nature
of the proton beam, the neutron beam is pulsed as well. A reactor is the second type of
neutron source, and all neutron experiments, presented in this thesis, are performed at a
neutron reactor. There, the uranium isotope 235

92
U captures a thermal neutron (wavelength

of 0.5 to 5 Å), becomes unstable, splits, and emits two to three fast neutrons, among
other fission products. One of the emitted fast neutrons is slowed-down by a moderator
(typically D2O), in order to induce a new nuclear fission. The other neutrons are further
slowed-down until they have a suited wavelength for neutron experiments (1 to 25 Å,
so-called cold neutrons). In contrast to a spallation source, a reactor source produces a
constant neutron flow.
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Neutron-nucleus interactions
The underlying concept of a neutron scattering phenomenon is the interaction of the
incoming neutrons with the atomic nuclei. The scattering event is either elastic, i.e., the
energy of neutron is unaltered during the scattering, or inelastic, meaning the energy
of the neutron changes in consequence of scattering. The following will focus on elastic
neutron scattering. Figure 2.10 schematically images the scattering of a neutron from a
single atomic nucleus. The incident neutron can be described as a wave with the following
wave function.

Figure 2.10.: Neutron scattering geometry from a single nucleus. The incident neutron
has a plane wavefront (solid vertical, blue lines), the scattered neutron after the interaction
propagates with a spherical wave front (dashed orange circles). The detector is far away from
the nucleus.

Âi( #–r ) = Â0 exp(i #–
ki · #–r ) (2.20)

Here, ki is the wave vector of the incident neutron, Â0 is related to the present neutron
flux of the beam, and r is the distance between the neutron and the nucleus. The neutron-
nucleus interaction occurs only near the nucleus (¥ 10≠15 m), which is a significantly
smaller length scale than the wavelengths of the incident neutrons, which always are
larger than 1 Å. Therefore, nuclei can be seen as point-like scatters, emitting isotropic
spherical waves. The wave function of the final scattered beam can be described according
to the following equation.

Âf ( #–r ) = ≠b
Â0

r
exp(i #–

ki · #–r ) (2.21)

24



2.3. Basics concepts of neutron scattering

Due to elastic scattering, the scattered neutron has the same wave vector kf as the
incident neutron ki, however, with a di�erent direction, and k is the magnitude of the wave
vector. �0/r is proportional to the neutron flux and assures, that the flux is independent
of r. The term b in Equation 2.21 is the coherent scattering length of each atom j per unit
volume V , and indicates how strong the neutron interacts with the nucleus. Naturally, it
strongly depends on the nucleus and the spin state of the neutron. The scattering length
density, inside a given volume, can be described with Equation 2.22.

SLDN = 1
V

Nÿ

j=1

bj (2.22)

If the composition of the material is known, the SLD can be described with the materials
density fl and molar mass M .

SLDN = flNA

M

Nÿ

j=1

bj (2.23)

The SLDN is the neutron equivalent of the refractive index n, which is defined via
Equation 2.24 [179].

n( #–r , ⁄) = 1 ≠ ”( #–r , ⁄) + i—( #–r , ⁄) (2.24)

The refractive index consists of a dispersive ”( #–r , ⁄) and an absorbing part —( #–r , ⁄),
which are defined as follows [180, 181].

”( #–r , ⁄) = ⁄2

2fi
Nb (2.25)

—( #–r , ⁄) = ⁄

4fi
N–a (2.26)

Typically, the dispersion is very small (¥ 10≠6) and the absorption is even smaller
(¥ 10≠12), thus the refractive index values are close to 1 [180]. In order to distinguish
two or more individual materials via scattering techniques, a strong di�erence in SLDN is
required. By using di�erent or similar SLDN values, contrast matching is achieved, which
enhances or reduces the scattering contribution of a specific component of the sample.
Since neutrons interact with the atomic nuclei, which is described by the SLDN , neutron
scattering is highly sensitive to isotopes. This allows for a di�erentiation of chemically
very similar elements or materials.
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The probably best-known example, is the di�erence in SLDN of the hydrogen 1H and
deuterium atom 2H or D [182]. Since hydrogen is ubiquitous in natural and synthetic
macromolecules, this is in particular helpful in the field of polymer science [183]. By
deuterating specific components of a polymer, a high neutron contrast is achieved as
was shown in the very first GISANS experiment [184]. The above mentioned contrast
matching can be realized by preparing polymer solutions, with the desired SLDN , from
mixtures of hydrogenated and deuterated solvents (mostly H2O/D2O) with specific ratios.
A negative SLDN value describes the scattering event during which a neutron phase shift
of 180° occurs [185]. Table 2.2 lists the SLDN values of commonly used materials.

Table 2.2.: SLDN values (real part) for commonly used compounds. The values are independent
of the neutron wavelength [186].

compound air Si SiO2 H2O D2O CH3OH CD3OH org. polymer
SLDN [10≠6 Å≠2] 0 2.07 3.47 -0.56 6.34 -0.37 3.90 ¥ 0.6 - 1

Specular and di�use scattering
In a neutron scattering experiment, a well-defined, collimated beam with a wave vector
#–
ki impinges under the incident angle –i onto an interface. For now, a monochromatic
neutron beam and a perfectly smooth interface without roughness is assumed. The final
exiting beam is denoted as #–

kf . Figure 2.11 schematically images the scattering geometry,
along with the definitions of the respective angles, wave vector, and planes. The di�erence
of the final and the incident neutron beam gives the scattering vector q, which describes
the momentum transfer from a sample to the final, scattered neutron beam [42].

#–q = #–
kf ≠ #–

ki (2.27)

In the following, two scattering scenarios are described: Neutron reflectivity, based on
specular reflection, and di�use scattering, based on o�-specular reflection.

2.3.1. Specular reflection (or neutron reflectivity)
In case of specular reflection, the incident beam is, similar to optics, partially reflected
with an exit angle –f = –i and partially refracted with an angle –t into the sample. The
refraction is described by the refractive indices of the respective media according to Snell’s
law.

sin(–i) = n2

n1

sin(–t) (2.28)
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Figure 2.11.: Neutron scattering geometry for specular and di�use scattering. (a) In
specular reflection geometry (–i = –f ) the momentum transfer occurs only in z-direction, while
in (b) di�use scattering geometry, the o�-specular reflection is detected and the momentum
transfer in y-direction with the scattering angle Â has to be considered as well.

Due to –f = –i the scattering vector q has only a z-component and is denoted with
qz. For elastic scattering, qz describes a change in the direction of the final beam, with
respect to the incident beam. Its modulus remains constant and is defined according to
Equation 2.29.

q = qz = 4fi

⁄
sin(–f ) (2.29)

Since scattering is based on the response of the incoming beam to a change in refractive
index, and the SLDN can be seen as an equivalent to the refractive index, the ratio of the
refractive indices of two media n1 and n2 (see Figure 2.11) can be expressed as follows.

n2

n1

=
Û

1 ≠ ⁄2

fi
(fl2 ≠ fl1) ≥= 1 ≠ ⁄2

fi
(SLD2 ≠ SLD1) (2.30)

Analogously to optics, the refractive index depends on the neutron wavelength. Typi-
cally, the neutron beam impinges onto a solid (sometimes liquid) interface from air, which
basically has an SLD of 0. Since most isotopes have a positive SLD, most media have a
refractive index of less than 1. At an incident angle below a critical value, total reflection
occurs. This critical angle –c can be determined by setting –f = 0 in Equation 2.28 and
using Equation 2.30.

–c
≥= ⁄

Û
SLD2 ≠ SLD1

fi
(2.31)

While the critical angle –c depends on the neutron wavelength, the corresponding
critical value of the scattering vector qz is wavelength-independent. Combining Equations
2.29 and 2.31 yields Equation 2.32.

qc
≥= 4

Ò
fi(SLD2 ≠ SLD1) (2.32)
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It should be noted, that Equation 2.31 is only valid for a negligible absorption coe�cient
(— π ”), which is typically the case for neutron scattering [180].

According to Fresnel, the reflection and transmission coe�cients r and t of the incident
and transmitted beam are defined as

r = ki,z ≠ kt,z

ki,z + kt,z
and t = 2ki,z

ki,z + kt,z
. (2.33)

Here, ki,z and kt,z are the z-components of the incident and transmitted wave vectors,
respectively and amount to ki,z = ksin(–i) and kt,z = k

Ò
(n2 ≠ cos2(–i). Dependent on

the absorption coe�cient —, the reflection and transmission intensities RF = |r|2 and
RT = |t|2 significantly change around the critical angle –c, which is schematically imaged
in Figure 2.12.

Figure 2.12.: Reflection and transmission functions according to Fresnel. The (a) reflec-
tivity RF and (b) transmission function TF are plotted as a function of –i/–c. Total reflection
occurs for –i/–c < 1 (a), while interference of the reflected and transmitted wave leads to a
four times enhanced intensity (b). An increased absorption (— > 0) results in a damped inten-
sity of RF and TF . Vertical dashed black lines mark –i = –c. Adapted with permission from
ELSEVIER B.V, Copyright 2009 [187].

Below –c, total reflection occurs, whereas at incident angles of –i > –c, reflection
strongly decays. In contrast, the transmitted intensity TF features a maximum around
the critical angle –c. There, the reflected and the transmitted neutron beam shortly
propagate in phase along the surface and constructively interfere with each other, which
leads to an enhancement of the transmitted beam amplitude by a factor of two [179].
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Eventually, this yields a four-times amplified transmission TF . An increasing absorption
coe�cient — damps both, the reflection as well as the transmission function.

A reflectivity experiment, measures the evolution of RF (in the following denoted as
R) as a function of qz, which is defined as the following ratio of qz and qc.

R =

------

qz ≠
Ò

q2
z ≠ q2

c

qz +
Ò

q2
z ≠ q2

c

------

2

(2.34)

Figure 2.13a displays the reflectivity for the sharp zero roughness air/silicon interface,
including the characteristic qz-regimes. According to the evolution of RF shown in Figure
2.12, total reflection occurs below –c or qc and the reflectivity is always unitary. It should
be noted that due to quantum-mechanical e�ects, the neutron has a non-zero probability
to tunnel through the interface into the medium with the higher refractive index - even
at the conditions below qc. Above qc, the probability of neutrons crossing the interface is
significantly greater, and R values decrease strongly. At qz ∫ qc, reflectivity scales to a
power law of q≠4. Figure 2.13 shows also typical qz values, ranging between 0.001 to about
0.3 Å. In theory, no reflection should be detected for large qz values. In reality, incoherent
scattering and artefacts or noise coming from the neutron instrument is observed, but at
very low intensity of around the order of 10≠6 ≠ 10≠7.

Multi-layer systems
Most of the systems studied with neutron reflectivity are multi-layer systems. Such sys-
tems can be described as a stack of di�erent media (1, 2,..., i), with di�erent SLD values
(SLDN≠1, SLDN≠2,..., SLDN≠i) and thicknesses (d1, d2,..., di). The Si substrate and the
surrounding media (in this thesis mostly air or a saturated water vapor) are not consid-
ered as layers but as semi-infinite front and backing media with a fixed SLD (cf. Table
2.2). Since the momentum transfer occurs perpendicular to the respective interfaces (z-
direction), the SLD distribution within the multi-layer sample also depends only in this
direction. Figure 2.13b displays the reflectivity as a function of qz for a multi-layer polymer
system. Analogously to the spectrum of a single Si layer in Figure 2.13a, total reflection
occurs at qz < qc. Above the critical angle, a certain number of interference maxima and
minima appear. This characteristic pattern, with the so-called Kiessig fringes is due to
the superposition of the neutrons reflected at the various interfaces (Figure 2.13c). The
position of the Kiessig fringes strongly depends on the SLDN and the thickness of the re-
spective layers. In order to obtain a reflectivity maximum, the di�erence in optical path
between the reflected neutrons at two interfaces, has to be equal to an integer number N
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Figure 2.13.: Neutron reflectivity on polymer thin films. Typical neutron reflection pattern
from (a) a bare Si substrate and from (b) a polymer coated Si substrate with (red) and without
any roughness (black). The insets in (a) and (b) show the corresponding SLD profiles. (c)
Superimposition of reflected neutron waves generated at di�erent interfaces. The di�erence in
optical path is given by AB + BC ≠ AD.

of wavelengths. This is similar to Bragg’s law in crystallography and happens when the
following condition is full filled.

qz
≥=

2fi

di
N (2.35)

Equation 2.35 shows the relationship between real-space length scales (di) and reciprocal
space information (qz). Thus, the distance of two reflection maxima is smaller, when the
thickness of the corresponding layer is thicker. By using the recursive Parratt formalism,
which hypothesizes a continuous wave function and a continuous first derivative at each
interface, the experimentally reflection pattern can be modelled [188].
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Roughness
The interfaces in a multi-layer stack are not perfectly smooth, as was assumed so far, but
show a certain degree of roughness. In addition to specular reflection, this leads to o�-
specular or di�use scattered neutrons. The amount of di�use scattering is an indicator of
how smooth and homogeneous the probed interface is, and very often the amount is small,
compared to specular reflection. Nevertheless, it is crucial to prepare very homogeneous
samples in order to carry out neutron reflectivity experiments, where the di�use scattering
signal is low. The surface roughness can be described e�ectively via a statistical approach.
This approach is based on the assumption that the deviation of the real interface from
an ideal flat geometric plane is randomly distributed. Consequently, a certain point on
the interface has a probability P (�z) of being higher or lower of �z with respect to the
average, which can be described by a Gaussian function.

P (�z) = 1Ô
2fi‡2

exp

Q

a≠(�z)2

2‡2

R

b (2.36)

The profile of the refractive index as a function of z at an interface (between medium
i and medium i + 1) is defined as follows.

n(z) = ni + ni+1

2 ≠ ni ≠ ni+1

2 erf

Q

a �zÔ
2‡2

R

b (2.37)

Here, ‡ is the roughness of the interface, while erf is the error function. As an increasing
roughness enhances the di�use scattering signal, it has to be taken into account in the
Parratt approach. This is done via a damping factor, that reduces the depth of the
oscillations in the obtained reflectivity pattern.

2.3.2. Di�use scattering
Di�use scattering describes the o�-specular reflection (–i ”= –f ), which contains a mo-
mentum transfer in y-direction. This is indicated by an additional scattering angle Â in
Figure 2.11b. Typically, the o�-specular intensity is very low, as compared to the specular
reflection, in particular for thin film samples, where the scattering volume (in transmis-
sion mode) is very low. In order to compensate for that, incident angles of smaller than
1° are chosen. This is then called neutron scattering under grazing-incidence.
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Grazing-incidence small-angle neutron scattering (GISANS)
Very small incident angles (typically –i < 1°) allow to probe thin film samples, as com-
pared to transmission mode, the illuminated area under grazing-incidence is significantly
increased. Furthermore, the penetration depth can be adjusted, either by small changes
of the incident angle or the neutron wavelength, which results in an enhancement of the
thin film signal (compared to the signal of the substrate). Grazing-incidence small-angle
neutron scattering (GISANS) is used to probe characteristic lateral structures in thin film
samples, which typically range between 10 nm and 1-2 µm [181, 184, 189–193]. Incoming
neutrons are scattered di�usely at these structures (cf. Figure 2.11b), i.e., the scattering
vector #–q has, besides the z-component, also a y- and x-component [181, 194, 195].

#–q =

Q

cca

qx

qy

qz

R

ddb = 2fi

⁄

Q

cca

cos(–f )cos(Âf ) ≠ cos(–i)cos(Âi)
cos(–f )sin(Âf ) ≠ cos(–i)sin(Âi)

sin(–f ) + sin(–i)

R

ddb (2.38)

The incident angle with respect to the xy-plane, Âi is typically 0 and Equation 2.38
simplifies.

#–q =

Q

cca

cos(–f )cos(Âf ) ≠ cos(–i)
cos(–f )sin(Âf )

sin(–f ) + sin(–i)

R

ddb (2.39)

Thus, #–q depends on the incident angle –i as well as on the exiting angles –f (in the xz-
plane) and Âf (in the xy-plane). It has to be noted that this chapter considers only elastic
neutron scattering, thus, the photon energy as well as the incident and final wave vectors,
#–
ki and #–

kf are not altered during the scattering event. However, due to multi-layered
system, multiple scattering and reflection events occur for an individual neutron, and the
incoming and exiting neutron beam can not be described as a plane wave anymore. In
order to account for this, first-order corrections are implemented in the Born approxi-
mation, leading to the so-called distorted-wave Born approximation (DWBA) [196–198].
This model combines all possible scattering combinations (scattering and reflection) for
the incoming and outgoing neutron beam. Figure 2.14 provides a schematically overview.
The DWBA model also includes refraction, which are, for better clarity, not included in
the schematic representation.

While there are already some software available that allow to simulate di�use scattering
data, e.g., GISANS experiments, within the DWBA framework, they still require quite an
amount of computational power and experience [195, 199, 200]. Therefore, in the present
thesis, the DWBA theory is further simplified for the analysis of GISANS data as will be
described in the following.
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Figure 2.14.: Schematic representation of the scattering terms considered in the DWBA.
For the di�erent scattering scenarios, the reflection (r) and transmission (t) coe�cients of the
incident (i) and final, scattered (f) neutron beam are labeled accordingly. The refractive indices
of air, the polymer film, and the Si substrate are nair, nfilm, and nsub, respectively. The
refraction at the air-polymer interface is neglected.

Yoneda peak
The intensity maximum of the Fresnel transmittance (Figure 2.12b), close to the critical
angle –c was first observed by Yoneda in 1963, and thus is commonly referred to as Yoneda
peak [201]. Since the critical angle of a material depends on its SLDN (cf. Equation 2.31),
also the Yoneda peak is sensitive to the materials SLDN and density. For a material,
consisting of two or more components, individual Yoneda peaks can be distinguished,
assuming a su�cient scattering contrast is provided. By performing vertical line cuts
(VLC) along qz at qy = 0 only the z-component is considered and individual Yoneda
peaks can be identified, which yield information about the vertical film composition.
Horizontal line cuts (HLC) around the Yoneda region at a fixed qz value, give information
about characteristic lateral correlations within the thin film. In the framework of this
thesis, this is done via the e�ective interface approximation (EIA), which describes the
height-height correlation function of the sample with only one e�ective interface [202,
203]. In GISANS measurements, the di�erential cross section of a single scatterer within
a sample is defined as follows [195, 203].

d‡

d� = Afi2

⁄4
|�n|2|ti|2|tf |2P ( #–q ) (2.40)

As the incident angle is fixed, the illuminated area A remains constant throughout
the GISANS measurement, as well as the wavelength of the incoming neutrons ⁄. The
Fresnel transmittance coe�cients for the incident and exiting neutron beam depend on the
scattering contrast |�n2|. Since for static GISANS experiment, the scattering contrast
does not change during the measurement, the scattering intensity only scales with the
scattering factor P ( #–q ). This scattering factor includes a form factor F ( #–q ) and a structure
factor S( #–q ). While F ( #–q ) assumes a homogeneous refractive index of mesoscopic objects
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(cf. Equation 2.24), S( #–q ) takes coherent scattering from ordered, characteristic objects
of similar geometric dimensions into account [203–205].

P ( #–q ) Ã N |F ( #–q )|2S( #–q ) (2.41)

The equation assumes a homogeneous distribution of monodisperse scattering objects
with a number density N , which does not correlate to reality, as the object distribution in
terms of size, shape, and distance to each other, usually varies. The local monodisperse
approximation (LMA) and the decoupling approximation (DA) takes this into account.
Consequently, the scattering factor P ( #–q ) describes a superposition of j scattering factors.
The individual contribution of the di�erent scatterer types, i.e., di�erently sized geometric
objects, can be extracted independently from each other according to Equation 2.42.

P ( #–q ) Ã
ÿ

j

NjÈ|Fj( #–q |2ÍSj( #–q ) (2.42)

A full explanation of the applied model is provided in the dissertations of Dr. Christoph
Scha�er and Dr. Johannes Schlipf [206, 207]. In this thesis, the HLC are modeled with the
LMA and EIA of standing cylinder-shaped nanodomains, distributed on a 1D paracrystal
lattice in combination with the DWBA [190, 208]. The used approximation results in
a low computational e�ort, while simultaneously the size of the lateral, periodic objects
[via F ( #–q )], their distances to each others, as well as their order [via S( #–q )], are described
properly [209].

2.3.3. Time-of-flight mode
A neutron scattering pattern is obtained either by using a monochromatic neutron beam
and a varying incident angle –i or by using a fixed incident angle –i and a polychromatic
neutron beam, i.e. the wavelength or energy of the incoming neutrons change. Usually
the latter is the case for neutron scattering, as this provides a larger q range. Furthermore,
surface-sensitive and bulk-sensitive information are obtained simultaneously, which is due
to the wavelength-dependence of the critical angle –c. The ToF mode can be applied to
(specular) neutron reflectivity [210–212] as well as to GISANS experiments [191, 213].

The ToF mode describes the cropping of the incoming neutron beam with a chopper
system. In addition, every detected neutron has not only a x- and y-coordinate on the
detector but also characteristic information about its time-of-flight. These information
enable the calculation of the velocity vn and de Broglie wavelength ⁄B.

⁄B = h

p(vn) (2.43)
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The Planck’s constant and the velocity-dependent momentum of the neutron are de-
noted with h and p(vn). As neutrons have a mass, they are exposed to gravity e�ects,
which is strongest for the slowest neutrons. This principle is indicated schematically
in Figure 2.15. The downfall in z-direction of the neutrons leads to a distribution of
real incident angles –real that deviate from the horizontal incident angle –i according to
–real = –i + –gravity (cf. blue line in Figure 2.15b). The direct transmitted and the spec-
ular reflected neutron beam are subject to the same degree of gravitational e�ects, which
can be used to calculate the real incident angle –real via the small-angle approximation
according to the following geometric expression.

tan(–real + –f ) –f =–real= tan(2–real) = �zÕ

SDD
(2.44)

SDD is the sample-detector-distance. If the individual neutrons are detected in the
event-mode, they can be binned according to their wavelengths, with an arbitrary time
resolution. While for ToF-NR usually a time resolution of 1 - 30 seconds is achieved,
ToF-GISANS experiments are considerably slower. As a neutron reactor emits a hetero-
geneously distributed neutron spectrum with a relatively low intensity of in particular
the slower neutrons, it takes significantly longer times (up to 24 - 36 hours) to obtain
scattering data with su�cient statistical relevance.

Figure 2.15.: Schematic representation of gravitational e�ects in neutron scattering
experiments. The incident and reflected neutron wave vector ki and kf (a) without and (b)
with the influence of gravity. Gravitational e�ects lead to an increased real incident angle
(–real = –i + –gravity) and a parabolic neutron trajectory (indicated in pale blue). SDD stands
for sample-detector-distance. Adapted from the dissertation of Dr. Lorenz Bießmann [75].
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3. Thin film characterization

This chapter introduces the experimental techniques employed for thin film characteriza-
tion. Real-space imaging techniques, such as optical microscopy (OM), profilometry, and
atomic force microscopy (AFM) characterized the surface topography of the thin films.
X-ray reflectivity (XRR) was used, to obtain information about film thickness, density,
and surface roughness with high statistical relevance. Time-of-flight neutron reflectiv-
ity (ToF-NR) provided mesoscopic thin-film parameters, e.g., film thickness and solvent
content, and was performed in-situ upon varying environmental conditions. The lateral
thin-film morphology was probed using grazing-incidence small-angle neutron scattering
in ToF mode (ToF-GISANS). Notably, the data from XRR, ToF-NR, and ToF-GISANS
was obtained in reciprocal space and therefore, had to be translated to real-space struc-
tures. To complement imaging and scattering techniques, spectroscopic methods were
employed. Spectral reflectance (SR) followed the film thickness and refractive index,
while Fourier-transform infrared (FTIR) spectroscopy measured the vibrational and rota-
tional energy of molecular bonds in-situ upon changing environmental parameters. The
extracted molecular information were linked to the results on the mesoscopic thin film
behavior obtained with ToF-NR and ToF-GISANS.

Environmental parameters, such as temperature and relative humidity (RH), had to
be controlled precisely during in-situ studies. For that reason, specialized measurement
equipment was used. The last part of this chapter, describes already pre-existing ex-
perimental setups, and the newly designed ’FlexiProb’ sample environment, which was
realized together with Tobias Widmann.
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3.1. Structural characterization in real space
Optical microscopy, profilometry, and atomic force microscopy were used for direct imag-
ing of the thin film surfaces in real-space. They are discussed briefly in the following.

Optical microscopy
An optical microscope uses visible light and a lens system to create magnified real space
images of small objects. Therefore, it is suited, to resolve structures on the micrometer
scale and determine the (macroscopic) quality and homogeneity of polymer thin film
surfaces.

Instrument: All images, shown in this thesis, were recorded with an Axiolab A mi-
croscope (Carl Zeiss, Jena, Germany). The magnification was in the range from 1.25-fold
to 100-fold. The optical microscope was coupled with a PixeLink USB Capture BE 2.6
charge couplet device camera, which permitted digital image acquisition with a resolution
of 1280 x 1024 pixels. A halogen lamp (Hal 100) assured constant illumination, whereas
a reflected-light geometry was used to enable the magnification of non-transparent films
and substrates. The Rayleigh criterion describes the resolution limit of a conventional
optical microscope in the focal plane.

R = 1.22 ⁄

2 NA
(3.1)

NA is the numerical aperture and ⁄ is the wavelength of the illumination source. The
values for NA, R, and the empirically determined pixel sizes for di�erent magnification
objectives are listed in Table 3.1.

Table 3.1.: Magnification, NA, R, and pixel size for the available objectives of the Axiolab A
optical microscope. The pixel sizes were determined empirically.

magnification NA R (⁄ = 700 nm) pixel size
[µm] [µm]

1.25 0.035 12.2 6.258
2.5 0.075 5.7 3.2
10 0.20 2.1 0.8
50 0.70 0.61 0.16
100 0.75 0.57 0.08
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Profilometry
A profilometer obtains the surface profile of a thin film, which yields the film thickness
and the surface roughness. For this purpose, thin films were scratched from the silicon
substrate and the profilometer measured the height-profile perpendicular to the scratch.

Instrument: In the present thesis a DektakXT was used (Bruker Nano Surface Di-
vision, Karlsruhe, Germany). The scratched thin films were placed on a high precision
xy-stage. A diamond tip, with a stylus radius of 2 µm, was pressed to the sample sur-
face with a small vertical force (corresponding to 2-3 mg). Subsequently, the xy-stage,
equipped with an additional actuator for continuous and precise movement, moved in
measurement direction perpendicular to the scratch with a scanning speed of 35 µm s≠1.
For better statistics, several measurements at di�erent spots along multiple scratches,
distributed over the sample surface were performed. Figure 3.1 schematically displays the
measurement routine.

The vertical deflection of the tip was translated into a height profile, thereby yielding
the height level outside (Ho) and inside of the scratch (Hi). This was transformed into an
average film thickness, using the software Vision64. One has to note, due to penetration
of the sample by the tip, and residual material within the scratch, the measurement
might yield a false film thickness. Thus, several measurements for one thin film sample
were performed in order to reduce the uncertainty. Profilometry provided very fast, first
information about the film thickness, which was used as a reference point for the fitting
routine of more statistical data, e.g., obtained by x-ray and neutron reflectivity.

Figure 3.1.: Working principle of a profilometer. (a) Schematic overview of the profilometer
setup. Scanning direction was along the x-axis. b) Typical profilometer scan with the heights
Ho, outside, and Hi inside of the scratch.

Atomic force microscopy
An atomic force microscope (AFM) probes the topography of a surface and yields in-
formation about its homogeneity and roughness, based on the interaction of a sharp tip
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(radius of 8 - 12 nm) and the surface of a sample. While the tip, located at the end of a
cantilever, scans over the surface, its interaction with the sample changes, following the
Lennard-Jones potential. Figure 3.2a shows the schematic setup of an AFM.

Figure 3.2.: Working principle of an AFM. (a) Schematic overview of the AFM setup. b)
Overview of the three di�erent operation modes. Adapted with permission from ELSEVIER
BOOKS, Copyright 2019 [214].

Depending on the distance of the tip to the thin film surface the AFM operates either
in the non-contact mode or in the contact mode. In the non-contact mode, attractive
interaction due to polarization interactions between atoms, dominate, whereas, in the
contact mode, the distance between the tip and the surface is so small, that overlapping
of the electronic orbitals results in repulsive interactions. While the cantilever in the non-
contact mode vibrates above its resonance frequency (amplitude ¥ 10 nm), in contact
mode it is in physical contact with the surface and therefore does not vibrate. In a
third mode, the tapping mode, the cantilever vibrates below its resonance frequency, with
an amplitude of approximately 100 - 200 nm. Figure 3.2b provides an overview of the
three commonly used AFM modes. In all three modes, the deflections of the cantilever,
due to topographical features, are detected with a laser, which is reflected at the end
of the cantilever and hits a 2-dimensional photodetector. A feedback loop continuously
responses to the cantilever deflection in order to keep it constant and equal to a preset
set point value. This is done via the proportion-integral-derivative (PID gains) control.
The gain has to be chosen very accurately, since the PID loop is not able to keep the set
point constant if the gains are set too low. If it is set too high, the resulting image will
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contain feedback noise. Besides the topographical imaging, AFM is also capable of phase
imaging, where the surface topography is obtained via the phase shift between the drive
signal to the cantilever and its response. This results in very high spatial information,
based on the properties of the material such as adhesion, viscoelasticity, and sti�ness. It
is noteworthy, that this can only be done in tapping mode.

Instrument: The AFM instrument, used in this thesis, was an MFP-3D AFM (Oxford
Instruments Asylum Research, High Wycombe, United Kingdom). All measurements were
performed in tapping mode at room temperature. To obtain the surface roughness, an
area of 1.5 x 1.5 µm was scanned with a scan rate of 0.1 Hz. For evaluation, the software
Gwyddion v2.52 was used [215].

3.2. Structural characterization in reciprocal space
In the present work, scattering techniques using x-rays and neutrons were applied to char-
acterize the thin film samples and to follow their response to an external stimuli in-situ.
A detailed introduction to neutron scattering is given in Chapter 2.3. For further reading,
literature provides detailed overviews, especially about neutron scattering methods under
grazing-incidence [181, 189, 192–194, 216].

X-ray reflectivity
X-ray reflectivity probes the vertical (electron) density profile of homogeneous and smooth
thin films. X-rays are scattered at the electrons of the atomic shell and therefore, are sen-
sitive to the x-ray scattering length density (SLDX), i.e., the material’s electron density.
In reflectivity mode, incident and exit angle –i and –f are equal, thus, the momentum
transfer occurs along the surface normal (defined as z-axis). Consequently, XRR yields
very accurate information about the vertical phase separation, e.g., the formation of
electron-dense layers. Furthermore, the film thickness, overall (scattering length) density,
and roughness of the interfaces are obtained with high statistical relevance.

Figure 3.3 schematically images a typical XRR device. X-rays are generated by an anode
(most commonly a Cu-K– anode), monochromatized by a Goebel mirror, and collimated
by various slits. The reflection of x-rays on a thin film sample follows the same physical
principles as is explained in Section 2.3 for the reflection of neutrons.

Instrument: XRR measurements were performed with a D8 Adavance Di�ractome-
ter (Bruker, Billerica, United States of America). A Cu-K– anode was used to generate
x-rays, which were monochromatized to a wavelength of ⁄ = 1.54 Å. The x-ray beam
was collimated with a 0.2 mm sized slit. A tantalum knife-edge, located closely above the
sample, blocked part of the beam. Hence, over-illumination of the sample, especially at
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Figure 3.3.: Schematic representation of an x-ray reflectometer. (a) X-rays are generated
by a Cu-K– anode. The monochromatized and collimated x-ray beam impinges on the thin film
surface under the angle –i and is reflected with an angle of 2–i (with respect to the incoming
beam). The intensity of the specular reflected beam is recorded with a detector. The coupled –i

– 2–i signal is translated to a momentum transfer q̨z. The z-position of a tantalum knife-edge
is adjusted, in order to prevent over-illumination of the thin film. The inset displays a multi layer
system (here, three layers on a substrate are displayed). Each layer may or may not di�er in
thickness, scattering length density, and surface roughness.

very low incident angles –i, where the x-ray footprint might be larger than the sample,
was prevented. After interacting with the sample, the reflected beam was collimated with
a second 0.1 mm sized and a third 0.05 mm sized slit, before reaching the detector. An
automated rotary absorber protected the detector against over-saturation. Prior to the
measurement, a direct beam measurement was performed to determine the position of
the direct x-ray beam (–i = 0°). In addition, a z-scan and rocking scan were performed
in order to align the height, and the sample surface parallel to the direct beam. The
alignment process was usually repeated 2-3 times. Typical settings for an XRR mea-
surement performed in the framework of this thesis, was a scan range of 0 - 5° with a
step size of 0.02°. The reflectivity pattern was modeled with the Parratt algorithm [188],
as explained in Section 2.3, executed by the Igor Pro v7.0 software by Wavemetrics in
combination with the Motofit plugin [217].
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Time-of-flight neutron reflectivity
Section 2.3 provides the basic principles of neutron reflectivity (NR) in time-of-flight (ToF)
mode.

Instruments: ToF-NR measurements were performed at the RefSANS instrument
at the Heinz Maier-Leibnitz Zentrum (MLZ) at the neutron source FRM II, Garching
Germany [218–220], and at the D17 instrument at the neutron source ILL, Grenoble,
France [221, 222]. The instrument-specific settings are described in the following.

RefSANS: The RefSANS instrument was operated in the ToF mode, i.e., in addition
to the exact xy-position of every neutron on the detector, the time-of-flight was recorded.
According to Equation 2.29, a reflectivity curve was obtained by varying either the incident
angle –i or the neutron wavelength ⁄. The latter was applied for all ToF-NR measurements
(at RefSANS and D17) presented in this thesis. A chopper system cut the neutron beam
into pulses with a suited wavelength band, ranging from 3 to 21 Å. Due to the event-mode,
the time resolution of the RefSANS instrument was only limited by the signal intensity.
After data acquisition, gravity-induced trajectory deviations were corrected by the local
contacts and the neutrons were binned with an e�ective time resolution of 30 s.

D17: Also the D17 instrument was operated in ToF-mode. A chopper system gener-
ated a suited wavelength band, ranging from 2 to 27 Å. In contrast to the event-mode
of the RefSANS instrument, D17 used iterative measurements for data acquisition, i.e.,
the measurement time defined the time resolution. One has to note, while individual
measurement files can be summed up in order to improve the statistics, they cannot be
splitted in order to improve the time resolution. For ToF-NR measurements at the D17
instrument a time resolution of 5.5 s was achieved.

The following section addresses ToF-NR measurements at both instruments, RefSANS
and D17. Static (thin film is in equilibrium) and kinetic (thin film is not in equilibrium)
ToF-NR measurements were performed. The settings of both, regarding incident angle
–i, acquisition time, wavelength band, resolution, as well as the sample-detector-distance
(SDD), are summarized in Table 3.2. For realizing static and kinetic ToF-NR measure-
ments in a precisely controlled environment, the thin film samples were mounted in a
specialized measurement chamber (cf. Section 3.4).

43



Chapter 3. Thin film characterization

The obtained reflectivity curves were fitted using the Motofit plugin for the Igor Pro
software [217], which provided the film thickness (and swelling ratio), surface roughness,
and a vertical SLD profile of the thin films, from which the solvent content was determined
via Equation 2.13.

Table 3.2.: Parameters of the RefSANS and D17 instrument for static and kinetic ToF-NR
measurements. Note, the �⁄

⁄ resolution is given for the RefSANS instrument, while for the D17
instrument the �q

q resolution is listed.

RefSANS –i [°] acquisition wavelength resolution SDD
time [min] band [Å] �⁄

⁄ [%] [m]

angle 1 (static) 0.60 20 3 - 21 4 10.32
angle 2 (static) 2.40 100 3 - 21 4 10.32
angle 3 (kinetic) 0.76 30 s time resolution 3 - 21 8 10.32

D17 �q
q [%]

angle 1 (static) 0.5 15 2 - 27 10 3.10
angle 2 (static) 2.5 30 2 - 27 10 3.10
angle 3 (kinetic) 1.0 5 s time resolution 2 - 27 10 3.10

Grazing-incidence small-angle neutron scattering
The basic principles of neutron scattering under grazing-incidence is introduced in Section
2.3.2. The following section describes the experimental procedure, data acquisition, and
data analysis.

Instrument: GISANS measurements were performed at the RefSANS instrument at
the Heinz Maier Leibnitz Zentrum (MLZ) at the neutron source FRM II, Garching Ger-
many [218–220]. Analogously to NR, also GISANS measurements were carried out in
ToF mode. Therefore, the summed-up detector image was divided into di�erent wave-
lengths (or energy) channels. Since the critical angle –c of a material is dependent on the
wavelength of the incident neutrons, di�erent critical angles were observed for di�erent
wavelengths. Hence, the material was probed at incident angles below, at, and above
the critical angle simultaneously. This allowed for probing surface-sensitive and bulk-
sensitive information simultaneously. On the one hand the lateral thin film morphology
near the surface could be compared to surface-probing real-space techniques, such as OM
and AFM, while on the other hand ToF-GISANS provided insight, how the surface mor-
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phology evolved within the thin film. The settings of the performed ToF-GISANS mea-
surements, regarding the incident angle –i, the acquisition time, the wavelength band, its
resolution, and the sample-detector-distance (SDD) are summarized in Table 3.3.

The neutrons, available for GISANS measurements at the RefSANS instrument, dif-
fered not only in wavelength but also in intensity as is shown in Figure 3.4a. Therefore,
especially the surface-sensitive neutrons featured a longer wavelength, and it took longer
times, to obtain a scattering image with su�cient statistical relevance. In order to com-
pensate for the relatively low neutron intensity on the detector, the RefSANS instrument
sent five single neutron beams on the sample, which were re-focused on the detector. A
measurement time of ¥ 24 hours was needed, to carry out a reasonable ToF-GISANS mea-
surement on polymer thin films. In contrast to ToF-NR, it was not possible to follow thin
film kinetics with ToF-GISANS. For realizing ToF-GISANS measurements in a precisely
controlled environment, the thin film sample were mounted in a specialized measurement
chamber. This is explained in Section 3.4.

Table 3.3.: ToF-GISANS settings at the RefSANS instrument.

RefSANS –i [°] acquisition wavelength resolution SDD [m]
time [h] band [Å] �⁄

⁄ [%]

angle 1 (static) 0.5 24 3 - 21 10 10.32

A typical GISANS scattering pattern is schematically shown in Figure 3.4b. Both,
transmitted and scattered neutrons were detected. The transmitted signal contained rem-
nants of the direct beam (D), while the scattered signal showed a pronounced specular
peak (S), the Yoneda region (Y), and weak o�-specular scattering. The horizon H sepa-
rated the transmitted from the scattered signal. Trajectory deviations induced by gravity
e�ects were corrected after data collection by the local contacts of the RefSANS instru-
ment. For every wavelength or energy channel, vertical line cuts (VLCs), in qy direction
at qz = 0, and horizontal line cuts (HLCs), in qz direction at the Yoneda position, were
performed. While the VLCs provided information about the (scattering length) density
and hence about the material composition, the HLCs gave information about the lateral
film morphology. The scattering data was analyzed using the directly programmable data
analysis kit (DPDAK) in combination with the monodisperse approximation (LMA) and
e�ective interface approximation (EIA) of vertical standing cylindric-shaped nanodomains
distributed on a 1D paracrystal lattice within the framework of the distorted-wave Born
approximation (DWBA).
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Figure 3.4.: GISANS at the RefSANS instrument (a) Intensity of the available neutrons for
GISANS measurements as a function of their wavelength at RefSANS. (b) Schematic working
principle of a GISANS measurement. The sample is aligned in the x- and y-plane, with the
neutron beam along the x-axis. –i and –f mark the incident and exit angle, respectively. The
out-of-plane angle is labelled with Â. A logarithmic intensity scale is used to visualize the
intensity of the detected neutrons. The typical 2D scattering pattern displays the specular peak
(S), the Yoneda region (Y), the horizon (dashes white line denoted with H), and remnants of
the direct beam (D).

3.3. Spectroscopic characterization
Spectral reflectance (SR) and Fourier-transform infrared (FTIR) spectroscopy were used
for a spectroscopic characterization of the investigated thin films. They are discussed
briefly in the following.

Spectral reflectance
Spectral reflectance (SR) measures the film thickness and the e�ective refractive index via
interference e�ects in thin films. Light, typically in the UV and visible regime, is reflected
at the interfaces of a thin film, e.g., the air-polymer and the polymer-substrate interface.
The reflected light waves interfere with each other, leading either to an enhancement or
a reduction of the reflected light. By using Snell’s law, the conditions for constructive
and destructive interference dependent on thickness and refractive index of the thin film,
and the incident angle ◊2 (incident angle on the lower boundary, here the Si substrate)
of the incoming light, are given by Equations 3.2 (constructive) and 3.3 (destructive),
respectively.

2 nfilm dfilm cos(◊2) =
3

m ≠ 1
2

4
⁄ (3.2)
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2 nfilm dfilm cos(◊2) = m ⁄ (3.3)

The refractive index and thickness of the film is denoted with nfilm and dfilm, while ⁄

is the wavelength of the incoming light, and m is an integer. Figure 3.5a schematically
represents this working principle. Since the refractive index of the polymer thin film is
higher than that of air, and the refractive index of the Si substrate is higher than that
of the polymer thin film, two phase shifts by 180° (or by fi) occur at the corresponding
interfaces (highlighted by blue circles in Figure 3.5).

Figure 3.5.: Schematic representation of spectral reflectance. (a) Light waves are reflected
at the upper and the lower interfaces of a thin film sample. Due to the di�erence in path length,
constructive and destructive interference occur. Phase shifts of 180°, as described in the main
text, are highlighted with blue circles. (b) Exemplary reflectance pattern (blue) of a polymer
thin film in the visible regime, together with the best model fit (red).

Instrument: For SR measurements, a Filmetrics F20 Thin Film Measurement System
(Filmetrics Inc., San Diego, United States of America) was used. The setup came with
two light sources, a deuterium lamp, for light in the UV range (180 - 360 nm), and a
halogen lamp for light in the visible and near-infrared range (360 - 1100 nm). Both
light sources were connected via an optical fiber, guiding light waves to the sample. By
adjusting the distance between the sample and the end of the optical fiber, the spot size
of the incident light beam on the sample was varied between 0.5 and 1.0 mm. Prior to the
actual SR measurement, the intensity of the raw signal was maximized by aligning the
position of the lamp and the angle of the incoming light beam. A reference spectrum of
a bare Si wafer and a background spectrum of a black cardboard (to mimic background
illumination from interfering light) were measured and stored in the Filmetrics software.

Since the incident light consisted of multiple wavelengths, certain wavelengths fulfilled
Equation 3.2, while others fulfilled Equation 3.3. Therefore, a characteristic interference
pattern with one to several oscillations was obtained. The film thickness and the refractive
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index were obtained by matching their positions and amplitudes via a model fit (Figure
3.5b). Best fits usually were achieved by a two-layer (SiO2 and one polymer layer),
a three- or a four-layer model (SiO2, one main polymer layer, and one or two solvent
enrichment layers). During swelling experiments in a saturated solvent vapor (mainly
water vapor), the film thickness as well as the refractive index changed due to water
absorption. As a result, both parameters were strongly coupled with each other and
featured large uncertainties. To decouple them and reduce the uncertainties, the product
of the film thickness and the refractive index of the DBC was used according to Magerl
et al. [73].

dopt = dfilm · nDBC (3.4)

The refractive index of the swollen polymer thin film was estimated via the Lorentz-
Lorenz e�ective medium approximation according to Equation 3.5.

n2

film ≠ 1
n2

film + 2 = dini

dfilm

n2

DBC ≠ 1
n2

DBC + 2 + dfilm ≠ dini

dfilm

n2

DBC ≠ 1
n2

DBC + 2 (3.5)

Here, the refractive indices of the pure polymer and the pure solvent (in this case water)
were used. Their volume fractions were calculated with dini/dfilm, and (dfilm – dini)/dfilm,
respectively. By introducing dopt, the film thickness was calculated via Equation 3.6.

d2

opt ≠ d2

film

d2
opt + 2 d2

film

= dini

dfilm

n2

DBC ≠ 1
n2

DBC + 2 + dfilm ≠ dini

dfilm

n2

DBC ≠ 1
n2

DBC + 2 (3.6)

Consequently, the uncertainty of the obtained film thickness and the refractive index
was reduced significantly. The described procedure was applied to all SR measurements.

For realizing in-situ studies, the thin film samples were mounted in a specialized mea-
surement chamber. This is explained in Section 3.4.

Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR) probes the molecular structure of a sam-
ple [223, 224]. This is used to obtain information about polymer-polymer, polymer-solvent
interactions, the hydration state of certain functional groups, and the general solvent
content within the thin film samples. The obtained FTIR spectrum usually gives the
absorption or transmission intensity as a function of the wavenumber, which is defined to
be the spatial frequency of a wave (here an IR light wave), during a certain distance. The
frequencies of the absorbed radiation match the vibrational frequencies of molecules. A
vibrational mode of a molecule is IR active if it is associated with changes in the molecules
dipole moment. Figure 3.6 provides an overview of the di�erent vibrational modes. These
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frequencies are assigned to a particular mode of motion and are strongly a�ected by the
masses of the corresponding atoms, the shape of the molecular potential energy surface,
and the associated vibronic coupling. Therefore, an FTIR spectrum reveals detailed infor-
mation about the chemical environment of a (macro)molecule. Hence, dynamic processes,
such as di�usion, hydration, and phase transitions of a polymer, where the vibrational
frequencies of the polymer change as a consequence of a varied chemical environment, are
followed in great detail.

Figure 3.6.: Stretching and bending types of molecules measured with a Michelson
interferometer. (a) Possible vibrational modes of molecules. These sketches do not represent
the recoil of the center atom (indicated as red sphere), which is necessary to balance the overall
movements. (b) Schematic overview of the Michelson interferometer setup.

Instrument: In this thesis, an Equinox 55 FTIR Spectrometer from Bruker Corpora-
tion (Billerica, United States of America) was used, which followed the working principle
of a Michelson Interferometer. This is shown in Figure 3.6b. A beam splitter divided the
incoming IR beam into two beams that were reflected at a fixed and at a moving mirror.
This resulted in a di�erence in the optical pathway of the two IR beams and a superpo-
sition of the di�erent wavelengths. The superposition can be expressed mathematically
with Equation 3.7.

I(x) = I0

5
1 + cos(2fi‹x)

6
(3.7)

This easy and precise principle was used, to generate constructive interference for all
wavelengths, while the intensity was dependent on the optical path length ” according to
Equation 3.8.

I(”) =
⁄

+Œ

≠Œ
I(‹) cos(2fi‹”) d‹ (3.8)
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Following the Euler equation, the sinus contribution vanishes for even functions, such
as a cosine function. Therefore, the Fourier-transformation of Equation 3.8 corresponds
to the complex Fourier-transformation, as written in Equation 3.9.

I(‹) =
⁄

+Œ

≠Œ
I(”) D(‹) e(i 2fi‹”) d” (3.9)

With this equation, the IR spectrum I(‹) was calculated from the interferogram I(x).
An exemplary interferogram, a reference spectrum of a bare Si substrate, and the final
FTIR spectrum of a polymer thin film are shown in Figure 3.7.

A typical FTIR spectrum was recorded with a resolution of 2 cm≠1 within a wavenumber
range from 300 - 8000 cm≠1. The final signal was averaged over 256 scans, which takes
approximately 7 min. The FTIR device was constantly purged with a dry and CO2 filtered
air stream, in order to minimize the concentration of IR active molecules, such as H2O
and CO2 in the beam pathway. A reference of the Si substrate was taken first, and the
FTIR spectrum of the thin film sample was recorded under the very same environmental
conditions (RH, temperature) and settings (resolution, wavenumber range, scan number).
The obtained data of the spectrum underwent the following post-treatment using the
software Opus provided by Bruker. First, the spectrum was cut into a suited wavenumber
range, which typically was from 600 - 4000 cm≠1. Subsequent, a baseline correction via the
concave rubber band method was applied. In a final step, an atmospheric compensation
removed the remaining vibrational modes of atmospheric H2O and CO2 molecules.

Figure 3.7.: From the interferogram to the FTIR spectrum. (a) The superposition of the
incident IR wavelengths results in an interferogram. (b) Typical FTIR spectrum of a bare Si
substrate used as reference. (c) Typical FTIR spectrum of a polymer thin film sample.

For analysis, vibrational modes, e.g., O-H and O-D stretching vibrations were integrated
with fixed integration limits, which indicated the amount of solvent within the thin films.
Integration of the protonated amide II and deuterated II’ modes yielded information
about deuteration processes. In addition, the peak maximum shifts of functional groups
were analyzed in order to reveal their local hydration behavior. Their peak maxima were
determined by Gaussian fits.
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3.4. Sample environments
The investigation of the response behavior of thin films toward external stimuli in-situ is
the scientific core of the present thesis. However, the realization of these in-situ studies,
regarding the control of environmental conditions such as relative humidity (RH), tem-
perature, and vapor composition, is not trivial. It is especially not trivial, considering the
space and time limitations, usually present at large scale neutron facilities. In order to
tackle these challenges, customized experimental setups were used. In the first part of this
section, pre-existing measurement chambers, developed and built by former members of
the chair, are described. The second part introduces the ’FlexiProb’ sample environment,
which was developed and realized in close collaboration with Tobias Widmann.

3.4.1. Pre-existing experimental setup
The following three sub-sections describe older, pre-existing measurement chambers for
ToF-NR and ToF-GISANS, SR, and FTIR experiments.

Sample environment for ToF-NR and ToF-GISANS

The measurement chamber was developed by Dr. Panagiotou Panteleimon [225]. It is
made from high purity aluminum to avoid element activation upon neutron radiation
and consists of a base plate and a lid. Figure 3.8 schematically displays the layout of
the measurement chamber. Liquid channels embedded in the base plate were connected
to a thermal bath, in order to adjust the temperature inside the chamber. For better
thermal isolation, a PTFE plate was placed between the base plate of the chamber and the
goniometer setups of the corresponding neutron beamlines. The thin films were mounted
vertically (as shown in Figure 3.8) or horizontally on three standing aluminum pins that
are located on top of the base plate. A solvent reservoir was placed underneath the
mounted thin film sample. By means of a syringe, which was pierced through a septum
in the lid, solvents were injected into and removed from the closed chamber, in order to
control the ambient RH. A connector to a vacuum pump, located on top of the lid, was
used to rapidly decrease the RH within the chamber. Two circular windows, covered with
0.1 mm thick aluminum foil, allowed the neutron beam to enter and exit the chamber
with angles of up to 5°. A temperature and RH sensor (usually an SHT31 sensor of
the Sensirion AG), soldered to a flexible printed circuit board (PCB) cable, was placed
inside the measurement chamber. The PCB cable was pinched between the base plate
and the lid and connected to a computer. The described sample environment was used
for ToF-NR and ToF-GISANS measurements, discussed in the Chapters 5, 7, and 8.
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Figure 3.8.: Schematic representation of the pre-existing neutron measurement chamber
(for ToF-NR and ToF-GISANS). Adapted from the dissertation of Dr. Panagiotou
Panteleimon [225].

Sample environment for SR

The measurement chamber was developed by Dr. Weinan Wang [226]. It is made from
stainless steel and is schematically displayed in Figure 3.9. Liquid channels within the
base plate and the lid were connected to a thermal bath for temperature control inside
the chamber. The thin films were placed horizontally on a sample stage, surrounded by a
solvent reservoir. Through a septum in the chamber lid, solvents were injected into and
removed from the chamber via a syringe in order to generate a saturated RH. The RH
and temperature, were followed with an SHT31 sensor, soldered to a flexible PCB cable.
The incident visible light, generated by a halogen lamp, was guided via an optical fiber,
to the SR optics, located on top of the chamber lid, and through a highly transmissive
CaF2 window. The light impinged on the thin film after a pathway of approximately 3
cm. The reflected light was guided via the same optical fiber to a detector. In order
to prevent condensation at the CaF2 window, it was heated with a power source. The
described sample environment was used for SR measurements, discussed in the Chapters
5, 7, and 8.
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Figure 3.9.: Schematic representation of the pre-existing SR measurement chamber.

Sample environment for FTIR

The FTIR measurement chamber was developed by Prof. Alfons Schulte [227]. It is made
from copper and is imaged schematically in Figure 3.10.

Figure 3.10.: Schematic representation of the FTIR measurement chamber. Adapted
from the master thesis of Christian Herold [228].

A solvent reservoir within the lower part of the chamber was connected by a narrow
tube with the upper part, which functioned as a sample holder. Once the reservoir was
filled with a solvent and screwed to the upper part, the RH inside the sample chamber,
increased very slowly. This artificially slowed down increase in RH enabled in-situ FTIR
measurements. The thin films were fixed with double-faced adhesive tape to a copper
ring inside the upper part of the measurement chamber. The copper ring was sandwiched
between two ZnS windows, that are highly transmissive to IR radiation. The whole mea-
surement chamber was screwed onto a copper block, which was connected to a thermal
bath. RH and temperature inside the chamber were followed with an SHT31 sensor on
a PCB cable, which was pinched between the copper ring and one of the ZnS windows.
All FTIR measurements presented in this thesis, were performed with the described mea-

53



Chapter 3. Thin film characterization

surement chamber. For the FTIR experiments described in Chapter 6, a gas flow setup,
which is introduced in Section 3.4.2, was connected to the FTIR chamber.

3.4.2. ’FlexiProb’ sample environment
The ’FlexiProb’ sample environment enables the investigation of polymer thin films in
stable and tunable environment conditions, regarding temperature, relative humidity,
and vapor composition. This setup, including all components, was developed and realized
over the course of this PhD thesis, in close collaboration with Tobias Widmann [229, 230].

The ’FlexiProb’ project

The ’FlexiProb’ project is an ongoing joint project of three soft-matter groups from the
universities of Bielefeld, Darmstadt, and Munich [230–232]. Within this project, each
group developed a specialized sample environment, using the same, universal carrier sys-
tem. In the future, the realized ’FlexiProb’ sample environments will be implemented
at the small-K advanced di�ractometer (SKADI) beamline at the European Spallation
Source (ESS), which is currently under construction in Lund, Sweden. Once the ESS is
completed, it will provide 22 neutron beam instruments, that are assembled around a
spallation neutron target, which is fed by a 5 MW proton accelerator [233]. The ESS
will be a pulsed neutron source and will deliver very long neutron pulses of 2.86 ms,
with a very high flux and su�cient wavelength resolution e.g., for small-angle scattering
applications.

The great advantage of a high-flux pulse is accompanied by new challenges. While mea-
surement times decrease significantly, it will become extremely valuable and an e�cient
usage of that time is of high importance. Therefore, the developed sample environments
can be exchanged via a simple and fast plug and play principle, by using the same carrier
platform, and by providing full software integration and control. This enables maximum
flexibility with minimal downtimes of the SKADI instrument. In perspective, the project
also aims on partially automate the sample change, as due to the high neutron flux, higher
radiation is expected at the sample location.

’FlexiProb’ sample environment

The Munich ’FlexiProb’ sample environment consists of several components. The heart
of the sample environment is a 3D-printed UNIversal Chamber for Observation of Re-
flectivity with Neutrons (UniCORN) [229]. Other key elements are a gas flow system, a
thermal bath, an additional SR device, and a motion control unit [230]. The individual
components of the sample environment can be easily installed, connected, substituted,
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and dismantled, which reduces the installation of the experimental equipment to a mini-
mum time and e�ort. In particular, during the scientific tests of the ’FlexiProb’ setup at
large-scale facilities, this resulted in a highly reliable experimental performance. Further-
more, the unified setup, regarding connectors and adapters, was basically ready-to-use at
any given neutron instrument, which significantly reduced the number of meetings and
consultations with the corresponding local contacts, prior to the actual measurements.
The individual components are briefly described in the following.

UniCORN

UniCORN is a 3D-printed and spherical measurement chamber [229]. It was printed from
an aluminum-based AlSi10Mg alloy via selective laser melting (SLM). It was designed by
Tobias Widmann via the software SolidWorks 2019. The 3D-printing was done by PRO-
TIQ GmbH (Blomberg, Germany). The spherical and almost edge-less shape prevents
condensation and potential solvent spilling on the polymer thin film. Figure 3.11 provides
the final chamber draft and the finished 3D-printed UniCORN.

UniCORN consists of two parts, the measurement chamber and the corresponding
lid. The measurement chamber contains a sample holder stage, which is fixed on three
vertical pillars. On the stage, di�erent sample holder systems can be installed, thereby
allowing di�erent sample sizes (from 1 ◊ 1 cm2 to 7 ◊ 7 cm2) and geometries (vertical and
horizontal). Two elliptical windows, covered with 0.1 mm thick aluminum foil, function
as an entry and exit window for the neutron beam (maximum exit angle of –i = 5°).

The chamber features connections for a thermal bath (golden connectors), a gas flow
system (blue connectors), and an additional LEMO plugin for electronics, such as sensors,
light systems, or additional measurement techniques as shown in Figure 3.11. The main
feature is a continuous 6 mm broad liquid channel within the chamber and lid walls.
The total length of the channel is 2.4 m, and even though, its walls are only 2 mm
in thickness, the SLM technique provides su�cient stability. Through these channels a
heating or cooling liquid was guided through, which provided excellent thermal control
during the performed experiments. In addition, fast temperature changes were feasible.
Detailed information to UniCORN is provided in reference [229].

Implementation of a gas flow system

A gas flow system was developed in order to generate a stable and tunable vapor inside
UniCORN. A schematic overview of the designed and realized gas flow system can be
seen in Figure 3.12. The gas flow system consists of three individual gas streams, which
were controlled by three gas flow meters (GFMs) via an RS232 connection. Nitrogen
was used as a carrier gas. GFM1 led pure, dry nitrogen directly to UniCORN and was
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Figure 3.11.: 3D-printed UniCORN. (a) The final draft of the 3D-printed UniCORN. The
blue channel indicate the liquid channel within the walls. The cross-section (right) shows the
pillars, on which di�erent sample holder systems can be mounted. (b) Real images of UniCORN.
The length scales of the chamber itself, the elliptical windows, and the di�erent adapters are
labeled accordingly. Adapted with permission from reference [229].

used for drying. GFM2 and GFM3 led the nitrogen through washing bottles, that were
filled either with the same or with di�erent solvents, depending on whether the performed
experiment required a pure or a mixed vapor. In both cases, the RH within UniCORN
was adjusted between 0% RH (GFM1 = 100%, GFM2 = GFM3 = 0%) and a maximum
RH of ¥ 96% (GFM1 = 0%, GFM2 = GFM3 = 100%). By mixing the saturated solvent
streams with the dry N2 stream, an intermediate RH was achieved very precisely. Further
information to the gas flow system is provided in references [229, 230].
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Figure 3.12.: Schematic representation of the designed gas flow system. The gas flow
is indicated in black, the heating/cooling circuit in orange, and the electronic control system in
blue. Figure adapted with permission from reference [230].

Coupling with spectral reflectance

The coupling of two or several measurement techniques enables to probe a sample at the
same environmental conditions. While the inevitable e�ort may not be underrated, the
results are very promising. In the framework of the ’FlexiProb’ sample environment, a
SR device was successfully coupled with UniCORN [230].

The SR device consisted of a light source (halogen lamp for visible, deuterium lamp
for UV light), the spectrometer, optical fiber cables, and an optics extension. The optics
extension was attached to the lid of UniCORN. All components are shown in Figure
3.13a. The light beam entered UniCORN through a CaF2 window (highly transparent for
UV/vis light) and was reflected at the mounted thin film sample after a beam pathway
of 10 cm (Figure 3.13b). Following the modular approach, it was easy and fast to couple
and decouple the SR device. If it was not needed, another lid, without CaF2 window (cf.
Fig. 3.11b) was used.
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Figure 3.13.: UniCORN coupled with SR device. (a) All components of the coupled SR
device and UniCORN. The SR device includes (1) the optics, (2) the optical fiber cables, (3)
the spectrometer, and (4) the light source. (b) Schematic drawing of the incoming white light
beam (yellow), and a thin film sample (orange) within UniCORN at a distance of 10 cm. Figure
adapted with permission from reference [230].
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This chapter provides a full overview of the thin film preparation routine. The first part
introduces all materials and polymers used in the thesis. The second part describes the
pre-treatment of the substrate material. The last part includes the thin film preparation
protocols via di�erent deposition techniques, and potential post-deposition treatments.

4.1. Materials
The chemical structure of all used materials, i.e., solvents, acids, and additives, is shown
in Figure 4.1. While TFE was used as solvent for all homo- and diblock copolymers
(DBCs), de-ionized water, deuterated water, methanol, and deuterated methanol-d3 were
used to humidify the vapor around the thin films during measurements. Hydrochloric
acid, hydrogene peroxide, and sulfuric acid were used for cleaning purposes. Sodium
bromide was added to the polymer solutions prior to spin-coating and drop-casting the
thin film samples discussed in Chapter 9. The respective properties and suppliers are
briefly described in the following.

Figure 4.1.: Chemical structure of the used materials. (a) water (H2O), (b) deuter-
ated water (D2O), (c) methanol (CD3OH), (d) deuterated methanol-d3 (CD3OH), (e) 2,2,2-
Triflouroethanol (TFE), (f) hydrochlorid acid (HCl), (g) hydrogen peroxide (H2O2), (h) sulfuric
acid (H2SO4), and (i) sodium bromide (NaBr).
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De-ionized water
Water (H2O) was de-ionized using a Purelab Chorus 1 purification system (Veolia Water

Technologies Deutschland GmbH, Celle, Germany). The de-ionized water featured a
resistivity of 18.2 M � cm throughout all thin film preparation steps and experimental
procedures.

Deuterated water
Deuterated water (D2O - CAS: 7789-20-0) was used to achieve high contrast in neutron

reflectivity and neutron scattering experiments. The D2O used in the present thesis was
purchased from Deutero GmBH (Kastellaun, Germany), and had a purity of 99.95%. It
was used without further purification.

Methanol and deuterated methanol-d3
Both, hydrogenated methanol (CH3OH - CAS: 67-56-1) and deuterated methanol-d3

(CD3OH - CAS: 1849-29-2) were used to generate a mixed water/methanol vapor as is
described in Chapter 6. CH3OH has a slightly lower molar mass (32.04 g mol≠1) and
density (0.791 g cm≠3 at 25 °C) than CD3OH (35.04 g mL≠1 and 0.867 g cm≠3 at 25 °C).
Thus, the vapor pressure of the CH3OH (13.02 hPa) is higher than of CD3OH (12.90
hPA), which was taken into account for the calculation of the water/methanol ratio in
the mixed vapor. Both methanol species exhibit the same boiling point of 65 °C. Methanol
with a purity of Ø 99.99% was purchased from Carl Roth GmBH + Co. KG (Karlsruhe,
Germany), while CD3OH with a purity of 99.5% was purchased from Deutero GmBH
(Kastellaun, Germany). Both solvents were used without further purification.

2,2,2-Triflouroethanol
2,2,2-Triflouroethanol (TFE - CAS: 75-89-8) was used as a polar solvent for all homo-

and diblock copolymers unless stated otherwise. TFE has a molar mass of 100.02 g
mol≠1, a density of 1.373 g cm≠3 (at 25 °C), and a boiling point of 73.6 °C. The solvent
was purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) with a purity
of 99.9% and was used without further purification.

Hydrochlorid acid
Hydrochloric acid, (HCl - CAS: 7647-01-0), is a strong inorganic acid with an acid

dissociation constant (pKa) of -6, a molar mass of 36.46 g mol≠1, and a density of 1.19
g cm≠3 at 25 °C. It was purchased with a purity of 37% from Carl Roth GmBH + Co.
KG (Karlsruhe, Germany) and was used for acidic cleaning of the Si substrates without
further treatment.

Hydrogen peroxide
Hydrogen peroxide (H2O2 - CAS: 7722-84-1) is a weak organic acid (pKa of 11.8) and a

strong oxidation agent. Its molar mass is 34.02 g mol≠1 and its density is 1.19 g mL≠1. It
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was purchased with an assay of 29 - 32% from Carl Roth GmBH + Co. KG (Karlsruhe,
Germany) and was used for acidic cleaning of the Si substrates without further treatment.

Sulfuric acid
Sulfuric acid (H2SO4 - CAS: 7664-93-9) is similar to HCl a strong inorganic acid with a

pKa of -3. It has a molar mass of 98.08 g mol≠1 and a density of 1.84 g mL≠1 at 25 °C. It
was purchased with a purity of 95 - 98% from Carl Roth GmBH + Co. KG (Karlsruhe,
Germany) and was used for acidic cleaning of the Si substrates without further treatment.

Sodium bromide (NaBr)
Anhydrous sodium bromide (NaBr - CAS: 7647-15-6) is an inorganic salt with a cubic

crystal structure. The white solid has a molar mass of 102.89 g mol≠1 and a density of 3.21
g mL≠1. NaBr was added to the polymer solution before spin-coating and drop-casting
thin film samples that are discussed in Chapter 9. It was purchased from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany) and was used without further purification.

4.2. Functional polymers
The following sections give an overview of the investigated homopolymers and DBCs.
Their chemical structures are imaged in Figure 4.2. At the end of this section, Table 4.1
summarizes the polymer characteristics, e.g., the molecular weight Mn and the respective
block lengths. Furthermore, the chapters, in which the respective polymers are inves-
tigated, are provided. All polymers were synthesized and characterized by the Chair of
Applied Chemistry (Prof. André Laschewsky) of the Chemistry Institute at the University
of Potsdam. The dissertation of Dr. Viet Hildebrand provides detailed information about
the respective synthesis routes and polymer characterizations. The respective UCST- and
LCST-type transitions (also denoted as clearing and cloud point CPÕ

UCST
and CPLCST

in the following) of the polymers were determined via turbidimetry measurements on
polymer solutions with a concentration of 5 wt% [126].

PSPE270

Poly(3-((2-(methacryloyloxy)ethyl)dimethylammonio) propane-1-sulfonate) (PSPE) be-
longs to the polymer class of zwitterionic polymers. Zwitterionic means, the polymer
exhibits the same amount of anionic and cationic charges within one constitutional repe-
tition unit. Poly(sulfobetaine)s (PSBs) posses a cationic quarternary ammonium and an
anionic sulfonate group. Both ionic groups are located in the side chain of the carbon
backbone. The letters ’P’ and ’E’ in the abbreviation PSPE, refer to the spacing be-
tween the ester and the quarternary ammonium cation, and to the spacing between the
quarternary ammonium to the sulfonate group, which is three C-atoms (Propyl group)

61



Chapter 4. Thin film preparation

and two C-atoms (Ethyl group) in length, respectively. Figure 4.2a gives the chemical
structure of PSPE, while Section 2.2.1 provides further information to the polymer class
of PSBs.

The studied PSPE homopolymer has 270 repetition units, with a theoretical molecular
weight of 76 kg mol≠1. UV-vis analysis, via the end groups, gave a Mn of 88 kg mol≠1 (cf.
Table 4.1). This PSPE homopolymer features an UCST-type transition at 55 °C in H2O
and 68 °C in D2O, respectively (cf. Table 4.2), which was determined via turbidimetry
by our partners from Potsdam [126]. The polymer was received as yellowish powder and
was used as received.

Figure 4.2.: Chemical structures of the polymers under investigation. (a) PSPP (n = 270),
(b) PNIPMAM (m = 65), (c) PSPE-b-PNIPMAM (n = 270 , m = 60), (d) PSPP-b-PNIPMAM
(n = 500, m = 150), (e) PSPP-b-PNIPAM (n = 80, m = 105), and (f) PSBP-b-PNIPMAM
(n = 245, m = 105). The charged groups of the zwitterionic PSBs are highlighted.
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PNIPMAM65

In contrast to the zwitterionic PSBs, poly(N -isopropylmethacrylamide) (PNIPMAM) is
a nonionic homopolymer. Its side chain contains a hydrophilic amide group and a hy-
drophobic isopropyl group. PNIPMAM features a lower critical solution temperature
(LCST), and therefore undergoes a coil-to-globule collapse transition upon heating. One
should note, with increasing molecular weight, the LCST increases as well. Section 2.2.1
provides further information about the thermal behavior of PNIPMAM.

PNIPMAM was received as white powder. The characterization, done by our collabo-
ration partners in Potsdam, yielded a theoretical molecular weight of 9 kg mol≠1, which
was confirmed by UV-vis spectroscopy and corresponds to a block length of 65 monomer
units per polymer chain. Turbidimetry measurements revealed a LCST-type transition
at 32 °C in H2O and 33 °C in D2O, respectively (cf. Table 4.2) [126]. The homopolymer
was used as received without further treatment.

PSPE270-b-PNIPMAM60

Appropriate homopolymers, featuring an UCST and a LCST, can be connected to or-
thogonally dual thermo-responsive diblock copolymers. Section 2.2.1 provides detailed
information about the behavior of such polymers.

PSPE270-b-PNIPMAM60 consists of the zwitterionic PSPE and the nonionic PNIPMAM
blocks. The chemical structure is provided in Figure 4.2c. The DBC was received as a
yellowish powder and was used without further treatment. Turbidimetry measurements
yielded an UCST-type transition at 54 °C in H2O and 57 °C in D2O, as well as a LCST-
type transition at 47 °C in H2O and 46 °C in D2O, respectively (cf. Table 4.2) [126]. Thus,
the CPÕ

UCST
is lower, while the CPLCST is higher than the critical solution temperatures of

the corresponding homopolymers. This demonstrates the high sensitivity of both blocks
to the polymer architecture and the impact of the PSPE on the PNIPMAM block and
vice versa.

PSPP500-b-PNIPMAM150

PSPP500-b-PNIPMAM150 consists of a zwitterionic poly(N,N -dimethyl-N -(3-methacryl
amidopropyl)-ammonio-propane sulfonate) (PSPP) block and a nonionic PNIPMAM block.
The chemical structure of the PSPP block (cf. Figure 4.2d), slightly di�ers from the PSPE
block, that is introduced above, as the ester group was substituted by an amide group.
The distance between the amide and the quarternary ammonium, as well as between the
quarternary ammonium to the sulfonate group, was three C-atoms in length.
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PSPP500-b-PNIPMAM150 was received as a yellowish powder and was used without
further treatment. The critical solution temperatures are listed in Table 4.2. Character-
ization via turbidimetry yielded an UCST-type transition at 24 °C in H2O and 31 °C in
D2O, and a LCST-type transition at 48 °C in H2O and 49 °C in D2O (cf. Table 4.2) [126].

PSPP80-b-PNIPAM130

PSPP80-b-PNIPAM130 consists of the zwitterionic block PSPP and the nonionic block
PNIPAM (cf. Figure 4.2e). The LCST-type transition was found at ¥ 32 °C, while
the UCST-type transition was below 26.5 °C. One has to note that the exact values of
the CPÕ

UCST
and the CPLCST were not measured within the framework of this thesis

and also not by our collaboration partners in Potsdam. The examination of PSPP80-b-
PNIPAM130, as described in Chapter 5, is performed at 26.5 °C, which is supposed to be
above the clearing point of the PSPP block (CPÕ

PSPP
) and still below the cloud point of

the PNIPAM block (CPPNIPAM), due to the following reasons:
Vishnevetskaya and coworkers presented the transmission curve of a 10 g L≠1 PSPP430-

b-PNIPAM200 solution in salt-free D2O [26]. It also consists of a PSPP and PNIPAM
block, however with di�erent block lengths. While the CPÕ

PSPP
was around 18 °C, the

CPPNIPAM was around 34 °C. In addition, Hildebrand et al. [127] demonstrated, a shorter
block length leads to a lower CPÕ

PSPP
. Hence, we conclude, the CPÕ

PSPP
of the here

investigated PSPP80-b-PNIPAM130 is lower than 18 °C in D2O. According to Niebuur et
al. the CPÕ

PSPP
was even lower in H2O solution [130].

Furthermore, it was found, the CPÕ
PSPP

of a 5wt% solution of the homopolymer PSPP80

(same block length than the PSPP block used in Chapter 5) was 8.7 °C in H2O and 14.7 °C
in D2O [130]. According to reference [26] the CPÕ

PSPP
was even further decreased by adding

a PNIPAM block to the PSPP block. Thus, the CPÕ
PSPP

of PSPP80-b-PNIPAM130 should
be lower than 8.7 °C and 14.7 °C in H2O and D2O, respectively.

The Mn of PNIPAM was found to have a minor impact on the CPPNIPAM [139]. Thus,
the CPPNIPAM of PSPP80-b-PNIPAM130 should not vary significantly from the CPPNIPAM of
PSPP430-b-PNIPAM200 (34 °C in D2O). Furthermore, recent studies showed, neighboring
blocks had no (if the neighboring block is hydrophobic) or small (if the neighboring block
is hydrophilic) impact on the CPPNIPAM of the PNIPAM block [234, 235]. Thus, the PSPP
block of PSPP80-b-PNIPAM130 would lead to a shift of CPPNIPAM to higher temperatures
and the hydrophilic range would even increase.

Summarized, the chosen measurement temperature of 26.5 °C in 5 is above the CPÕ
PSPP

and below the CPPNIPAM of the corresponding PSPP and PNIPAM blocks, in H2O and
D2O solution.
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PSBP245-b-PNIPMAM105

PSBP500-b-PNIPMAM145 consists of a zwitterionic poly(4-((3-(methacrylamidopropyl)
dimethylamonio) butane-1-sulfonate) (PSBP) block, which features a butyl group be-
tween the quarternary ammonium and the sulfonate group, and a nonionic PNIPMAM
block. Its chemical structure is provided in Figure 4.2f. Turbidimetry measurements re-
vealed an UCST-type transition of above 26.5 °C and a LCST-type transition of ¥ 32 °C
in H2O and D2O solution (cf. Table 4.2) [126]. PSPP500-b-PNIPMAM145 was received as
yellowish powder and was used without further treatment.

Table 4.1.: Analytical data of the polymers used in the respective chapters. The values are
taken from the dissertation of Dr. Viet Hildebrand [126].
a)the signal intensity was too weak to allow a reliable integration.

polymer Mn [kg mol≠1] Chapter
theoretical by 1H-NMR by UV-vis

PSPE270 76 n.d.a) 88 6
PNIPMAM65 9 9 9 6

PSPE270-b-PNIPMAM60 84 79 77 6
PSPP500-b-PNIPMAM150 165 156 151 7 and 8

PSPP80-b-PNIPAM130 n.d.a) n.d.a) n.d.a) 5
PSBP245-b-PNIPMAM105 88 83 86 9
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Table 4.2.: Temperatures of the UCST-type and LCST-type transitions of the polymers used
in this thesis in 5wt % H2O and D2O solution, respectively. The values are taken from the
dissertation of Dr. Viet Hildebrand [126].
a)These values were determined based on the argumentation in the main text.

polymer UCST-type LCST-type
transition [°C] transition [°C]

in H2O in D2O in H2O in D2O
PSPE270 55 °C 68 °C – –

PNIPMAM65 – – 32 °C 33 °C
PSPE270-b-PNIPMAM60 54 °C 57 °C 47 °C 46 °C
PSPP500-b-PNIPMAM150 24 °C 31 °C 48 °C 49 °C

PSPP80-b-PNIPAM130 < 26.5 °Ca) < 26.5 °Ca) ¥ 32 °Ca) ¥ 32 °Ca)

PSBP245-b-PNIPMAM105 > 47 °C > 47 °C 49 °C 49 °C

4.3. Si substrate and pre-deposition treatment
Substrate e�ects contribute greatly to the thin film behavior. Thus, the choice of the
substrate is of high importance, and throughout the present thesis silicon (Si) was used
as substrate material. Its low surface roughness provides excellent conditions for thin film
deposition. Furthermore, Si is nontransparent for ultra-violet (UV) and visible light, but
transparent for infrared (IR) light. Thus, it is an optimal substrate material for spectral
reflectance (SR) (UV and visible light is reflected) and Fourier-transform infrared (FTIR)
spectroscopy (IR light is transmitted).

Si substrate
Silicon substrates, purchased from Silicon Materials (Kaufering, Germany) were used
throughout all measurement in this thesis. The p-doped, round-shaped Si wafers were
100 mm in diameter, 0.525 mm in thickness, and had a resistivity of 10 - 20 � cm. The
wafers were polished on one side, thus exposing the (100) crystal orientation. The surface
roughness of the polished side was R < 0.5 nm. The wafers were pre-scratched by a
diamond cutter to a desired substrate size. They were broken along the scratch, which
gave sharp and well-defined edges. Typical substrate sizes were: 1 ◊ 1 cm2 for FTIR, 2
◊ 2 cm2 for SR, and 7 ◊ 7 cm2 for ToF-NR and ToF-GISANS experiments.
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Acid cleaning
Substrate-polymer interactions have a major impact on the final thin film quality, re-
garding its homogeneity, and morphology. Therefore, any impurities on the surface of
the Si substrate must be removed prior to polymer deposition. This was done with a
modified piranha acid bath [236]. A glass beaker was put in a water bath on a heating
plate. Successively, H2O (54 mL), H2O2 (84 mL), and H2SO4 (198 mL) was filled into the
glass beaker and slowly heated to 80 °C. A watch glass was put on the beaker to prevent
evaporation. While the acid bath heated up, the cut Si substrates were placed into a
poly(tetrafluoroethylene) (PTFE) substrate holder. The Si substrates were rinsed with
water to remove any dust or residual Si particles from the cutting process, and subsequent
were placed in the heated acid bath. Besides the removal of any organic traces, the acid
bath oxidized the silicon surface and generated a hydrophilic SiOx layer. It is noteworthy
to mention, the duration of the acid bath had a serious impact on the formation of SiOx

surface layers on top of the Si substrate. After 15 min, the substrates were removed
from the acid bath and were transferred to two beakers filled with 500 mL of de-ionized
H2O. Thereby, most acidic residuals were already washed o�. To assure acidic-free Si
substrates, the individual substrates were rinsed again separately with another 500 mL
of H2O. To further hydrophilize the surface, an oxygen plasma was applied.

Oxygen plasma
The thin films were exposed to an oxygen plasma in a Nano Plasma Cleaner from Diener
Electronic (Ebhausen, Germany). The clean and dry Si substrates were placed in a glass
beaker, which then was placed in the vacuum chamber of the plasma oven. After an
oxygen atmosphere with a pressure of 0.4 mbar was established, the plasma treatment
was induced by applying a frequency of 40 kHz at 250 W. The combination of low-pressure
and energy caused the oxygen gas to ionize and become plasma. The plasma ions hit the Si
surface, which consequently oxidized. During further bombardment of oxygen ions, polar
hydroxyl groups were formed. In addition, any organic compounds, that survived the acid
bath, were decomposed by the oxygen radicals and were removed via a vacuum pump.
After 10 min, the plasma treatment was finished, and the hydrophilized substrates were
removed from the vacuum chamber. One has to note, the e�ect of the plasma treatment
and the hydrophilized surface only lasts for several minutes. To take full advantage,
polymer deposition was performed immediately after the plasma treatment. Polymer-
deposition on the hydrophilized substrate results in a strong physical bonding of the thin
films to the substrate, and therefore ensures an intact film surface and substrate-film
interface without de-lamination or de-wetting throughout all performed experiments.
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4.4. Thin film preparation
Polymer thin films were prepared via spin-coating and drop-casting. In addition, solvent
vapor annealing (SVA) was applied to the the spin-coated thin films. Both deposition
techniques as well as SVA are briefly introduced in the following.

Spin-coating
Spin-coating is a common technique to prepare uniform thin films by depositing usually
small amounts of material on a flat substrate, that is rotating (dynamic spin-coating)
or is not rotating (static spin-coating). The main advantage is, that thin films of high
homogeneity are prepared on a reliable and fast basis. In this thesis, Delta6 RC TT (Süss
Microtec Lithography GmbH, Garching, Germany) was used for static spin-coating. The
cleaned and plasma-treated Si substrate was fixed to the rotating plate either by vacuum
(for Si substrates of 2 ◊ 2 cm2) or by a custom-made mounting system (for Si substrates
of 7 ◊ 7 cm2 in size). The polymer, dissolved in TFE, with a typical concentration
of 15-30 g L≠1, was pipetted onto the substrate, thereby covering the whole substrate.
The volume depended on the substrate size. Usually 250 µL≠1 were used for 2 ◊ 2 cm2

substrates, while 2000 µL≠1 were used for 7 ◊ 7 cm2 substrates. TFE is a good solvent
for the respective homopolymers and DBCs and yields water-free thin films. For the thin
films discussed in Chapter 9 thin films were spin-coated from TFE solution with a NaBr
concentration of 0, 2, 10, and 20 mM. The spin-coating stage was covered with a glass
beaker, in order to create a saturated solvent atmosphere around the thin film. This led
to a slower drying process, and a longer regime of swollen and mobile polymer chains,
which was beneficial for healing defects and removing kinetically frozen artefacts.

The spin-coating procedure started immediately afterwards. Parameters, such as ro-
tation speed and time were preset and typically amount to 2500 rpm and 900 s. The
acceleration of the spin-coating stage was fixed to ACL9, which was equivalent to a time
of approximately 6 s until the final rotation speed was reached. While these parameters
were fixed, the concentration of the polymer solution varied, in order to tune the final film
thickness of the polymer thin films. The thickness dfilm was determined by the following
equation by Schubert [237].

dfilm = C c0 Ê≠1/2 M1/4

w (4.1)

The experimental parameter C has to be determined empirically for each sample system.
Since the samples under investigation are very similar, this parameter is considered to be
constant. The polymer concentration c0 is the key factor for the final film thickness d. Ê
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denotes the angular velocity and Mw is the molecular weight of the solvent. A schematic
overview of the spin-coating procedure is provided in Figure 4.3.

Figure 4.3.: Schematic overview of the spin-coating deposition protocol.

Since TFE is a very polar solvent, it was highly challenging to achieve homogeneous
thin films out of TFE solution and included a lot of parameter screening. Furthermore, it
was not trivial to spin-coat thin films with a homogeneous polymer distribution on large
Si substrates (7 ◊ 7 cm2). To overcome these two main challenges, the spin-coating time
was set to 900 s and SVA annealing was applied to all thin films directly after the spin-
coating process had finished, for further 900 s. Figure 4.4 displays the e�ect of optimized
spin-coating parameters and the subsequent SVA on the homogeneity of the thin films.

Figure 4.4.: E�ect of spin-coating parameters and SVA on homogeneity of the resulting
polymer thin film. (a) pronounced spin-coating star due to omission of SVA. (b) Spin-coating
with non-optimized parameters and subsequent SVA results in a weakly pronounced spin-coating
star. (c) Optimized spin-coating parameters (2500 rpm, 900 s) and SVA lead to a homogeneous
polymer thin film. The di�erent colors are due to di�erent thin film thicknesses.
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Despite the high homogeneity of the sample surface, edge e�ects occurred, due to
the squared substrate geometry as well as due to rough edges (from the cutting process).
While these edge e�ects might not a�ect local techniques, e.g., AFM, SR, and FTIR, they
a�ect neutron reflectivity and scattering techniques, as these methods typically illuminate
a large sample area. Thus, the Si substrates, used in neutron experiments were pre-
scratched prior to spin-coating deposition, and the edges were cut o� after the spin-coating
and SVA had finished. Figure 4.5 displays edges of the Si substrate with a deposited
polymer thin film on top, where the increased film thickness at the edges and multiple
macroscopic thin film defects are clearly visible.

Figure 4.5.: Edge e�ects after polymer deposition via spin-coating. An increased film
thickness and macroscopic thin film defects are observed at the substrate edges.

Drop-casting
Drop-casting is a very fast and easy deposition technique that yields thin films with a
thickness in the µm range. The prepared thin films were dome-shaped and featured a
stronger surface curvature as well as a higher heterogeneity than the spin-coated samples.
Hence, interference e�ects on thin films were suppressed, which was in particular beneficial
for FTIR measurements. Furthermore, the drop-cast films were thicker and provided
longer pathways of the IR radiation through the thin film, thereby yielding an improved
signal to noise ratio. Typically, the polymer solution had a concentration of 30 g L≠1.
For drop-casting a solution volume of only 7-10 µL was pipetted onto a Si substrate. The
substrate had a size of 1 ◊ 1 cm2 and was cleaned via an oxygen plasma for 10 min.
In order to enhance the curvature of the polymer solution even more, a time of 25 min
after the plasma treatment and before the drop-casting, was waited. This led to a better
de-wetting behavior of the polymer solution, and therefore, to thicker thin films with a
higher surface curvature. A schematic overview of the drop-casting procedure is provided
in Figure 4.6.
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Figure 4.6.: Schematic overview of the drop-casting technique.

Solvent vapor annealing
Solvent vapor annealing (SVA) is a commonly used, thermodynamically-driven technique
to generate highly homogeneous thin films. It is also applied to enhance microphase sep-
aration of DBCs in thin film geometry [50, 52–57]. Thin films are exposed to a saturated
atmosphere of one or more solvents (typically several minutes to few hours) at a temper-
ature well below the bulk glass transition temperature Tg of the polymer (or the polymer
blocks in a DBC). This causes the polymer to swell and therefore, its chain mobility in-
creases. While non-selective solvents heal defects and remove kinetically frozen artefacts,
selective solvents lead to highly ordered thin film morphologies (di�erent from the bulk).
The SVA treatment was applied immediately after the spin-coating procedure had fin-
ished as is indicated in Figure 4.3. The thin films, remained on the spin-coating stage
and under the glass beaker in a saturated TFE atmosphere for another 900 s. Table 4.3
summarizes the settings of the spin-coated (SC) and drop-cast (DC) thin film deposition
protocols.

Table 4.3.: Applied settings for the spin-coating (SC) and drop-casting (DC) thin film deposition
protocols.

deposition acid O2 SC speed SC time c V SVA
method bath plasma [rpm] [s] [g L≠1] [µL]

SC (2 ◊ 2 cm2) yes yes 2500 900 15 - 30 250 yes
SC (7 ◊ 7 cm2) yes yes 2500 900 15 - 30 2000 yes
DC (1 ◊ 1 cm2) no yes – – 35 7 - 10 no
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5. Isotope-sensitive thin film swelling
and exchange kinetics

This chapter is based on the publication ’Swelling and Exchange Behavior of Poly(sulfo
betaine)-Based Block Copolymer Thin Films’ (L. P. Kreuzer et al., Macromolecules 2019,
52, 3486-3498; DOI: 10.1021/acs.macromol.9b00443) [36]. Reprinted with permission
from AMERICAN CHEMICAL SOCIETY, Copyright 2019. Experiments were performed
in collaboration with bachelor student Leander Peis [238].

Responsive polymers are able to change their chain conformation as response to even
slight variations in their surroundings. While in responsive polymer hydrogels, this be-
havior can be used to store and release large quantities of water in response to an external
stimulus [1, 76, 77], responsive polymer thin films are able to switch between a swollen
and a contracted thin film, which refers either to elongated or to coiled polymer chains.
Due to the dimension on the nanoscale, responsive thin films are often applied in the
fields of soft-robotics [2, 3], sensors [13, 87, 90, 239], and responsive surfaces or coatings
[7, 8, 10, 12]. For these fields, a controlled sorption, release, and di�usion of gaseous and
liquid penetrants is crucial. Inevitably, polymer thin films are exposed to a surround-
ing atmosphere, which in most cases is simply air, containing a certain amount of water
and other small molecules. As the di�usion of these molecules is driven by the osmotic
pressure, they can easily penetrate into the thin film. Recent studies revealed, this was
typically accompanied by a swelling and plasticization, i.e., the film became thicker and
softer [58–60]. Also, its morphology and other film properties might be altered. Prior to
the implementation in potential future applications, a fundamental understanding of the
underlying mechanisms of the sorption and release of water is essential, especially for new
types of polymers. Such a new type of responsive polymer is introduced and analyzed in
the following.
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Introduction
Within the last years, more and more scientific attention was paid to orthogonally dual
thermo-responsive, so called ’schizophrenic’ DBCs that consisted of a zwitterionic poly
(sulfobetaine) (PSB) block and a nonionic poly(N -isopropylacrylamide) (PNIPAM) or a
poly(N -isopropyl methacrylamide) (PNIPMAM) block [25, 27, 31]. In these DBCs the
PSB block featured an upper critical solution temperature (UCST), the PNIPAM and
PNIPMAM block were well known for their lower critical solution temperature (LCST).
Section 2.2.1 provides a detailed description of these two polymer types and their corre-
sponding DBCs.

The phase behavior of PSBs and PNIPAM homopolymers in dilute and concentrated
solutions was described and analyzed in great detail, as was the behavior of their bulk
hydrogels, micellar systems, and brushes in various solvents [91, 127, 128, 130, 240–242].
Literature provides also information, although to a smaller extent, about the behavior of
diblock copolymers (DBCs), made from PSBs and PNIPAM, in aqueous solution [25–27,
31, 127, 235]. In particular, the phase transition temperature of PSB, usually denoted
as clearing point CP’PSB, was found to be highly sensitive to various parameter, such as
molar mass, monomer architecture, and salt additives [20, 26, 27, 129, 242]. Furthermore,
recent studies demonstrated a strong isotope sensitivity of the CP’PSB, most prominently
toward di�erent water species and typically, the CP’PSB was located at lower temperatures
in H2O than in D2O [130, 242]. This was mainly addressed to an altered nature of H- and
D-bonds, respectively, due to H2O and D2O having a di�erent mass, electronegativity,
and dipole moment. The cloud point of PNIPAM (CPPNIPAM), was found to be stable in
both water types [19].

In contrast to the solution behavior, less is known about their behavior of such dual
thermo-responsive DBCs in thin film geometry. Due to the high polymer concentra-
tion, the thin film behavior is mainly governed by polymer-polymer interactions, and
not by polymer-solvent interactions as it is the case in dilute solutions. Also, interfacial
e�ects gain influence on dynamic di�usion or exchange processes and therefore, an ex-
trapolation of the polymer solution behavior to thin film geometry is impossible. So far,
very few studies investigated thin film swelling processes in saturated water vapor, and
in most studies the focus was set on standardized DBCs systems, e.g., poly(styrene)-b-
poly(methylmethacrylate) (PS-b-PMMA) or PNIPAM-b-PMMA, in which only one poly-
mer block was stimuli-responsive [59, 68, 243]. Further information to thin films in satu-
rated vapors is provided in Section 2.1.2.

While a fundamental understanding of PSB-based dual thermo-responsive DBCs in
thin film geometry is still missing, the present thesis aims to close this gap. In a first
step, we investigate the swelling and exchange behavior of such thin films in H2O and
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D2O. The DBC under investigation consists of a zwitterionic poly(N,N -dimethyl-N -(3-
(methacrylamido)propyl)ammonio-propanesulfonate) (PSPP) block and a longer nonionic
PNIPAM block (PSPP80-b-PNIPAM130). In the following, the DBC is referred to as
PSPP-b-PNIPAM. Its chemical structure together with a detailed characterization can be
found in Section 4.2 (cf. Figure 4.2e).

The following study is based on two individual experiments. In a first experiment, the
swelling of the PSPP-b-PNIPAM thin film in H2O vapor is followed, before the vapor is
changed from H2O to D2O (will be named ’D2O exchange’ hereafter). A second experiment
follows first the swelling in D2O vapor, before it is exchanged to a H2O vapor (’H2O
exchange’). Figure 5.1 schematically displays the experimental protocol. This study
yields new insights into the swelling and in particular into the exchange mechanisms
in thin films. Furthermore, the isotope sensitivity of the PSPP block is addressed by
using di�erent water species. Please note, in aqueous solution, the corresponding PSPP
homopolymer featured a significant lower UCST-type transition in H2O (8.7 °C) than in
D2O (14.7 °C) [130]. For this first study, the temperature is kept constant at 26.5 °C
throughout both experiments. At this temperature, both polymer blocks are expected to
be soluble in H2O and D2O (cf. also Section 4.2), which promotes a large water uptake.

Figure 5.1.: Isotope-sensitive thin film swelling and exchange kinetics: Schematic rep-
resentation of the performed experiments. In experiment A, the swelling in H2O vapor is
followed by the D2O exchange while in experiment B the swelling in D2O is followed by the
H2O exchange. The thin film states in equilibrium (stage I, III, and V) are probed with static
ToF-NR, while the thin film kinetics of the swelling (stage II) and exchange (stage IV) processes
are followed with kinetic ToF-NR, SR, and FTIR in-situ. The ambient surrounding, the H2O,
and the D2O vapor, are indicated in gray, blue, and green, respectively. Adapted with permission
from AMERICAN CHEMICAL SOCIETY, Copyright 2019 [36].

The chapter is structured as follows: Static ToF-NR experiments probe the DBC thin
films in their equilibrated states (stage I, III, and V). Subsequent, the dynamic processes,
the swelling (stage II) and exchange (stage IV), followed with spectral reflectance (SR),
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kinetic time-of-flight neutron reflectivity (ToF-NR), and Fourier-transform infrared spec-
troscopy (FTIR) in-situ, are described. Particular attention is given to potential di�er-
ences in film thickness and water content, dependent on the deuteration level of the used
water species. This mesoscopic information is complemented with molecular information
about the polymer-water interactions, obtained by FTIR measurements. A conclusion
summarizes the finding at the end of this chapter.

ToF-NR measurements are performed at the RefSANS instrument at the MLZ neutron
source in Garching, Germany [218–220]. Details to ToF-NR, SR, and FTIR can be found
in the Sections 3.2 and 3.3. For realizing in-situ measurements, corresponding sample
environments described in the subsection ’Pre-existing experimental setup’ in Section 3.4
are used [229, 230]. The thin film samples are prepared according to Section 4.4. A pre-
characterization of the thin film samples is done via optical and atomic force microscopy,
and x-ray reflectivity. All techniques reveal highly homogeneous and smooth thin films
as can be seen in the Appendix A.

5.1. Investigation of the equilibrated thin film states
The environmental parameters, i.e., the relative humidity (RH) and the temperature are
monitored throughout both experiments (cf. Figure 5.1a). Both, as a function of time are
plotted in Figure 5.2. A strong increase in RH is seen during the swelling in water vapor
while during the exchange processes it remains relatively stable. The slight variations,
in particular upon the vapor exchange result from a specific calibration of the humidity
sensor to H2O. The temperature is kept constant at 26.5 °C.

Static ToF-NR probes the thin films in their equilibrated as-prepared (stage I), water
swollen (stage III), and exchanged states (stage V), and yields a first impression how
the thin films behave in H2O and D2O vapor. The NR curves together with their model
fits are shown in Figure 5.3. The as-prepared states are fitted with a two-layer model
(SiO2 and one main polymer layer), while two additional water enrichment layers at
the substrate-polymer and polymer-water vapor interfaces, in the swollen and exchanged
states necessitated a four-layer fit model. The extracted film thickness, which is nor-
malized to the initial film thickness for better comparability (gives swelling ratio d/dini),
and the average thin film <SLD> (in the following simply written as SLD) are listed in
Table 5.1. From the SLD, the water content � is calculated according to Equation 2.13
in Section 2.1.2.

The as-prepared thin films are homogeneously distributed and of similar size in both
experiments [(35 ± 1) and (32 ± 1) nm], which is crucial as the initial film thickness has a
strong impact on the swelling behavior [74]. The measured SLD in the as-prepared state
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Figure 5.2.: RH and temperature during swelling in water vapor and the subsequent
exchange process. Both parameters are plotted as a function of time for the (a) SR, (b)
ToF-NR, and (c) FTIR measurement chamber. The temperature is kept constant at 26.5 °C
(black solid line). The thin film stages are labelled according to Figure 5.1. The use of H2O and
D2O is indicated in blue and green, respectively. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2019 [36].

is slightly lower [(0.73 ± 0.02) ◊10≠6 Å≠2] than the theoretical SLD (0.85 ◊10≠6 Å≠2)
[182], which is due to a minor amount of H2O molecules inside the thin films.

Table 5.1.: Film thickness (sum of all polymer layers), swelling ratio d/dini, SLD (via integration
of the SLD profile), and the water content � (via Equation 2.13) extracted from static ToF-NR
curves and the corresponding SLD profiles (Figure 5.3).

H2O swelling - D2O exchange

thin film state film swelling SLD water
thickness d [nm] ratio d/dini [10≠6 Å≠2] content � [V%]

as-prepared 35 ± 1 1.00 ± 0.03 0.73 ± 0.02 –
H2O swollen 59 ± 1 1.69 ± 0.06 0.15 ± 0.01 65 ± 8 (H2O)

D2O exchanged 61 ± 2 1.74 ± 0.04 2.99 ± 0.05 45 ± 4 (D2O)

D2O swelling - H2O exchange

as-prepared 32 ± 1 1.00 ± 0.02 0.75 ± 0.01 –
D2O swollen 51 ± 2 1.59 ± 0.02 3.82 ± 0.08 48 ± 4 (D2O)

H2O exchanged 59 ± 1 1.84 ± 0.05 1.26 ± 0.03 50 ± 2 (H2O)
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Figure 5.3.: Static ToF-NR measurements. ToF-NR curves of the thin film in their equilibrium
states in (a) experiment A and (b) experiment B. The curves of the as-prepared (stage I), swollen
(stage III), and exchanged thin film state (stage V) are indicated in gray, blue (in H2O vapor),
and green (in D2O vapor). Best fits are achieved with a two-layer model for the as-prepared
state, and a four-layer model for the swollen and exchanged states (red lines). Corresponding
SLD profiles of (c) experiment A and (d) experiment B are shown below the NR curves. Adapted
with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2019 [36].
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After the swelling in water vapor, both thin films feature an increased water content
and swelling ratio. Interestingly, a higher swelling degree is reached during the swelling
in H2O vapor. In addition, water enrichment layers appear near the Si substrate, which is
due to the attractive hydrophilic interactions between the SiO2 layer and water [67, 109].

These layers are more pronounced after the swelling in D2O vapor, which is due to
the better contrast in SLD of the DBC and D2O, as compared to H2O. After the H2O
exchange, a further increase in thickness, accompanied with an H2O uptake is observed,
while after the D2O exchange, the swelling ratio and water content remain constant.
These findings already indicate di�erences in interactions of the DBC with di�erent water
species, which we mainly address to the PSPP block and its strong H/D isotope sensitivity.
As described in the Introduction, the CP’PSPP is at lower temperatures in H2O than in
D2O vapor. Thus, the water compatibility of the PSPP block and therefore or the whole
thin film might be higher in H2O vapor. Water enrichment layers near the substrate are
also present in the final exchanged thin film state (stage V).

The final SLD values after the water exchange (stage V), suggest, that in both ex-
periments, both water species are present within the thin films, and thus the exchange
processes are incomplete. For a completed water exchange, i.e., all H2O molecules are
exchanged by D2O molecules and vice versa, the SLD values are too low in case of the
D2O exchange and too high in case of the H2O exchange, respectively.

To further explore the isotope sensitivity of the DBC, the dynamic swelling and ex-
change processes are followed in real-time. While the static ToF-NR measurements re-
vealed the impact of di�erent water species on the equilibrated thin film states, the kinetic
ToF-NR measurements allow to monitor the swelling and exchange behavior, regarding
changes in film thickness, water content, and polymer-water interactions, in real time.

5.2. Swelling behavior
To further explore the isotope sensitivity of the DBC, the dynamic swelling (stage II)
and exchange processes (stage IV) are followed in real-time. SR and ToF-NR are used to
obtain information about mesoscopic parameters such as film thickness and the absorbed
water content, while FTIR spectroscopy complements these information on a molecular
level and probes the polymer-water interactions. The first part, discusses the thin film
behavior upon swelling in water vapor, while the second part describes the exchange
behavior.
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Film thickness and water content
Figure 5.4 shows the swelling ratio d/dini obtained from SR measurements during the
swelling in H2O (blue) and D2O vapor (green) as a function of time. A single SR spectrum
is recorded every 10 seconds, which defines the time resolution. With increasing RH, the
thin films undergo a strong swelling process, which equilibrates after roughly 400 min
at a swelling ratio of d/dini ¥ 2. While SR experiments yield similar swelling ratios
for the swelling with H2O and D2O, the obtained swelling degrees are higher as the
swelling degrees determined via static ToF-NR. This might be due to di�erences in the
measurement technique. SR probes only a small area of the thin film, while ToF-NR
illuminates a larger region and therefore, exhibits a significant higher statistical relevance.
Furthermore, di�erent measurement chambers are used (cf. Section 3.4.1).

Figure 5.4.: Swelling in water vapor followed with SR in-situ. The swelling ratio d/dini

as a function of time during the swelling in (a) H2O and (b) D2O vapor. A swelling model is
applied to the data as explained in the main text (solid black line). The maximum swelling ratio
dmax/dini is plotted as dotted red line. The vertical dotted black line divides the swelling process
in a di�usion-driven and a humidity-driven regime. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2019 [36].

Figure 5.4 also shows the maximum swelling ratio dmax/dini, which is calculated by
Equation 2.15. It describes the limit, to which the polymer thin film could (theoretically)
absorb water molecules, at a given RH, if intrinsic di�usion processes are absent (or are
neglected). At early stages, the maximum and the measured swelling ratio feature a strong
deviation, which identifies the intrinsic di�usion process as a limiting factor, since the very
rapidly increasing RH would allow for higher swelling ratios. At later stages, both curves
merge, i.e., the swelling process is limited by the RH. Interestingly, the di�usion-limited
regime is shorter for the swelling process in H2O vapor (¥ 177 min) than in D2O vapor
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(¥ 195 min). Thus, the H2O di�usion is promoted, which indicates a higher a�nity of
the DBC toward H2O.

To quantify the swelling data, a swelling model is applied to the evolution of swelling
ratio. This model respects the intrinsic swelling kinetics, which is driven by the di�usion of
water into the thin film, as well as a non-constant RH. From the model, the e�ective Flory-
Huggins interaction parameter ‰eff between the DBC and the respective water species is
extracted. In addition, the model yields a time · , which describes the time scales of the
occurring swelling (or later on, exchange) processes. Please note, that interactions of the
DBC with the Si substrate are excluded from the swelling model. An detailed description
of the swelling model is given in Section 2.1.2. Table 5.2 lists the extracted ‰eff and ·

values. The applied swelling model yields lower ‰eff and (slightly lower) · values, for the
swelling in H2O as compared to D2O vapor. While the lower ‰eff value indicates a higher
a�nity of the DBC towards H2O, the lower · value hints toward a faster H2O di�usion
into the thin film. This is in good agreement with the shorter di�usion-limited regime, for
the swelling in H2O vapor. Summarized, the thin films are able to incorporate an greater
H2O amount faster than a lesser D2O amount.

water swelling ‰eff · [min]

H2O swelling 0.55 ± 0.01 42 ± 1
D2O swelling 0.73 ± 0.01 46 ± 1

Table 5.2: Swelling model applied to the SR data
shown in Figure 5.4.

To investigate the water swelling kinetics in more detail, ToF-NR measurements are
performed. In contrast to SR, ToF-NR enables to determination the film thickness and the
absorbed water amount independently from each other. To assure a high time resolution
as well as a high statistical relevance, a single NR curve is obtained every 30 s. Selected,
representative NR curves for swelling in H2O and D2O vapor, are shown in Figure 5.5. A
four-layer model is used for the fitting procedure (SiO2, water enrichment layers at both
interfaces, one main polymer layer).

The local reflectance maxima, the so-called Kiessig fringes, move closer together, there-
fore indicating an increasing film thickness (cf. Equation 2.35). Notably, this is more
pronounced during the swelling in H2O vapor. The shift of the critical edge (vertical
dashed black line) demonstrate a change in the average thin film SLD, as water molecules
di�use into the thin films. Figure 5.6 displays the swelling ratio and water content as a
function of time. A higher swelling ratio and water content are reached during the swelling
with H2O as compared to D2O. Again, this is referred to a lower CP’PSPP in H2O than in
D2O, and the resulting higher H2O compatibility of the DBC. Also, the maximum swelling
ratio follows the same trend, as is found in the SR swelling data (cf. Figure 5.4). It shows

81



Chapter 5. Isotope-sensitive thin film swelling and exchange kinetics

Figure 5.5.: Representative selection of ToF-NR curves for the swelling in water vapor.
Representative ToF-NR data (open blue and green circles) are shown with best model fits ob-
tained via a four-layer model (black lines) for the swelling in (a) H2O and (b) D2O vapor. From
bottom to top the time increases: t = 0.5, 7, 15, 40, 45, 90, and 360 min after swelling is
induced. The curves are shifted along the y-axis for clarity. The vertical dashed black line marks
the critical edge of the as-prepared thin film. The black arrows inside the graphs indicate the
shift of the Kiessig fringes, while the black arrow on top of (b) indicates the shift of the critical
edge. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2019 [36].

a significant o�set from the actual measured swelling ratio in the early stages before both
curves merge, thereby demonstrating a swelling process that is di�usion-limited at early
stages and humidity-limited at later stages. While this swelling mechanism applies for
both, the swelling in H2O and D2O vapor, the respective time scales di�er considerably.
Analogously to the SR data, the swelling in H2O vapor is di�usion-limited for shorter
times (¥ 150 min) than the swelling in D2O vapor, which again is addressed to the higher
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a�nity of the DBC to H2O. In order to further quantify the swelling data obtained from
ToF-NR, the swelling model is applied. Table 5.3 lists the extracted ‰eff and · values.

Figure 5.6.: Swelling in water vapor followed with kinetic ToF-NR in-situ. The (a) swelling
ratio d/dini and (b) water content � as a function of time for the swelling in H2O (blue circles)
and D2O vapor (green circles). Both are fitted with the swelling model (black line) as explained
in the main text. The maximum swelling ratio dmax/dini is plotted as dotted red line. Black
arrows in (a) mark the time, at which the swelling process is no longer di�usion-limited, but
limited by the RH. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright
2019 [36].

swelling in ‰eff · [min] extracted from

H2O vapor 0.85 ± 0.01 30 ± 1 ToF-NR (d/dini)a

D2O vapor 0.83 ± 0.01 162 ± 7 ToF-NR (d/dini)a

H2O vapor 0.32 ± 0.01 83 ± 5 ToF-NR (�)b

D2O vapor 0.50 ± 0.01 80 ± 3 ToF-NR (�)b

Table 5.3: Swelling model
applied to the ToF-NR data
shown in Figure a5.6a,b.

In particular, the ·(d/dini) values di�er significantly from each other, and indicate a
much faster H2O di�usion, which is in good agreement with the shorter di�usion-limited
regime during the swelling in H2O vapor. ‰eff (�) values suggest a higher a�nity of the
DBC toward H2O, which confirms the findings from SR and static ToF-NR measurements.
The ·(�) values are similar for both swelling processes, which hints toward a equally fast
H2O and D2O uptake, despite favored interaction of the DBC to H2O.
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Polymer-water interactions
In order to identify the molecular origin of the disparity in interactions between PSPP-b-
PNIPAM and the di�erent water species, the swelling processes are followed with FTIR
spectroscopy. A single spectrum is recorded every 7 minutes, which is a considerably lower
time resolution as compared to ToF-NR and SR. Thus, to realize in-situ measurements
and to enable a certain comparability between the di�erent measurement techniques, the
increase in RH is decelerated by using a specialized FTIR measurement chamber (cf.
Section 3.4). The obtained FTIR spectra upon the swelling in H2O and D2O vapor are
displayed in Figure 5.7.

Figure 5.7.: Swelling in water vapor followed with FTIR in-situ. FTIR spectra during the
swelling in (a) H2O and (b) D2O vapor. The red curve marks the initial (t = 0 d), while the
purple curve marks the final measurement (t = 8 d). Characteristic absorption peaks are labelled
accordingly. Black arrows mark the increase and decrease of the O-H and the O-D stretching
vibration. Numbers next to the arrows indicate the sequence order of increase and decrease
steps. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2019 [36].

The two very prominent absorption peaks, located at around 3400 cm≠1 and 2500 cm≠1,
are assigned to the O-H and O-D stretching vibrations. Both peaks can be divided into
several sub-modes that correspond to energetically di�erent O-H and O-D vibrations [244,
245]. These di�erences result from variations in H- and D-bonds of water to the polymer
(especially to the amide group, which is present in both, the PSPP and PNIPAM block).
Also free water, i.e., not bound by H- or D-bonds to the polymer chain, contributes
to these large peaks. In-between, a three-fold peak is detected. It is addressed to the
asymmetric (2974 cm≠1) and symmetric stretching vibration (2886 cm≠1) of the CH3

groups, which are bound to the quaternary amines of the PSPP, and in the isopropyl
groups of PNIPAM. The asymmetric stretching vibration of the CH2 groups located in
the backbones and sidechains of the polymer blocks, appears at 2938 cm≠1. Since their
vibrational signals remain mostly una�ected during the hydration with either H2O or D2O,
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they are used for normalization, in order to account for deviating thin film thicknesses.
By integration over the broad O-H and O-D peaks information about the general water
content inside the thin films is obtained. Figure 5.8 shows their normalized peak areas
as a function of time during both water swelling processes. Note, due to the decelerated
increase in RH within the measurement chamber, the time axis is in days. Both signals
initially increase with time, indicating that water molecules di�use into the thin films,
and equilibrate after two to three days, with the O-H signal reaching a higher plateau
compared to that of the O-D signal. This clearly demonstrates, that the thin film is
capable of absorbing more H2O than D2O molecules and confirms the ToF-NR and SR
results on a molecular level. The deviating molar extinction coe�cient ‘⁄ of the O-H and
O-D peak is already taken into account. Although the swelling kinetics followed with
FTIR occur on a significant longer time scale than the kinetics followed with ToF-NR
and SR, the swelling process itself is induced by an increasing RH. Therefore, the swelling
model is applied to the FTIR data as well. Table 5.4 lists all extracted values. The
swelling in H2O vapor yields lower ‰eff (�) and ·(�) values, than the swelling in D2O
vapor, indicating a higher a�nity of the DBC to H2O, as well as a faster H2O di�usion.
This is also consistent with SR and ToF-NR results.

The strong advantage of FTIR spectroscopy is the precise di�erentiation between proto-
nated and deuterated compounds due to a deviating binding energy. Besides the monitor-
ing of the water content, this also enables the detection of potential deuteration processes.
Once deuterated solvents are involved in swelling (or exchange) processes, the polymer
chain undergoes deuteration at the acidic hydrogen atom within the amide group, which
is present in both, the PSPP and PNIPAM block. At 1645 cm≠1 and 1537 cm≠1, the ab-
sorption peaks of this group are located, which are denoted as amide I and II. The amide
I band includes the C=O stretching mode of the carbonyl group and also contributions
from the N-C stretching vibration [246–248]. The amide II band arises from the N-H
in-plane bending with contributions from C-H stretching vibrations [227].

Table 5.4.: Swelling model applied to the FTIR data shown in Figures a5.8a and b5.9a.

water swelling ‰eff · [d] extracted from

H2O swelling 0.55 ± 0.01 0.5 ± 0.1 FTIR [�(O-H stretch. vib.)]a

D2O swelling 0.66 ± 0.01 2.5 ± 0.1 FTIR [�(O-D stretch. vib.)]a

H2O swelling 0.91 ± 0.01 0.11 ± 0.01 FTIR (S-O stretch. vib.)b

D2O swelling 0.77 ± 0.01 0.13 ± 0.01 FTIR (S-O stretch. vib.)b
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Chapter 5. Isotope-sensitive thin film swelling and exchange kinetics

Figure 5.8.: Integration areas extracted from FTIR spectra during swelling in water
vapor. Normalized integration areas of the (a) O-H (blue) and O-D (green) peaks, and the
protonated and deuterated amide II and II’ peak during the swelling in (c) H2O and (e) D2O
vapor. The corresponding absorption modes are imaged besides the integration areas (b,d,f).
The integration areas of the O-H and O-D peaks as a function of time in (a) are fitted with a
swelling model (black line) as explained in the main text. The integration areas of the amide
II and II’ peaks in (c,e) are fitted with an exponential fit as explained in the main text. Black
arrows indicate increasing and decreasing absorption modes. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2019 [36].
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While the amide I band is mainly a�ected by changes in the polymer’s secondary
structure, the amide II is sensitive to deuteration. The stretching vibration energies of
N-H and N-D di�er, so that a peak resulting from the deuterated amide group, denoted
with amide II’, is detectable at around 1550 cm≠1. The deuteration rate can be quantified,
by integrating the corresponding protonated amide II and the deuterated amide II’ peak.
Figure 5.8c,e shows the evolution of the obtained integration area.

The amide II signal upon swelling in H2O vapor can be seen as a reference, as obviously
no deuteration occurs since no deuterated water is involved. In contrast, during the D2O
swelling, the intensity of the protonated amide II band decreases, while the intensity of the
deuterated amide II’ increases, which clearly proofs ongoing deuteration processes. Note,
that the absorbance of the amide II and II’ peak in their equilibrated states deviate, which
is due to the di�erent extinction coe�cients. Interestingly, the deuteration equilibrates
only after roughly 5 days, and therefore deuteration occurs significantly longer than the
water is absorbed.

This might be due to inaccessible amide groups, as in particular, the isopropyl groups
of the PNIPAM side chain might shield the amide groups from di�using D2O molecules.
The evolution of the amide II and II’ peaks are fitted with a logarithmic growth and decay
function, respectively. The obtained growth [(2.0 ± 0.2) d] and decay [(1.5 ± 0.2) d] rates
prove, that every hydrogen atom is replaced by a deuterium atom. As a result of the
deuteration process, a third water species namely HDO is generated, which is assumed
to adopt characteristics in-between H2O and D2O, regarding its a�nity to the DBC and
di�usion speed.

While a changing integration area gives information about the amount of a certain
compound, e.g., H2O and D2O, or N-H and N-D, a shifting peak position yields insights
into local hydration e�ects. The development of a hydration shell around a characteristic
group, alters its chemical environment and a�ects the vibrational binding energy. Con-
sequently, the peak maximum shifts either to lower or higher wavenumbers, dependent
on the impact of the changed environment toward a higher or a lower vibrational energy.
In the finger print region of the FTIR spectra, a sharp peak at 1039 cm≠1 is visible,
which is due to the symmetric S-O stretching mode of the SO≠

3 group, located at the end
of the PSPP side chain. Based on its prominent location and the negative charge, it is
assumed to play a major role in swelling and exchange processes. Figure 5.9a gives its
peak maximum position as a function of time.

The peak shift is slightly more pronounced during the swelling in D2O vapor. Ap-
parently, the hydration with D2O has a stronger influence on the vibrational energy of
the S-O stretching vibration than with H2O. This might be due to the higher mass of
D2O, however, the di�erence in the peak shifts is too large, to be explained only by this.
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Chapter 5. Isotope-sensitive thin film swelling and exchange kinetics

Figure 5.9: Peak maximum position ex-
tracted from FTIR spectra during swelling
in water vapor. (a) The peak position of the
symmetric S-O stretching vibration upon the
swelling in H2O (blue) and D2O vapor (green)
is extracted via an Gaussian fit from the cor-
responding absorption modes shown in (b,c).
A Gaussian fit (applied to all FTIR curves) is
shown in (b,c) as black line for each first and fi-
nal absorption peak. Black arrows indicate the
shifting peak position of the S-O stretching vi-
bration. Dashed black lines indicate the peak
maxima. The S-O peak position as a function
of time is fitted with a swelling model (black
line) as explained in the main text. Adapted
with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2019 [36].

Therefore, also deviating interactions between the SO≠
3 group and the respective water

species are assumed. The applied swelling model confirms this observation. The obtained
‰eff (S-O) values are lower for the swelling in D2O vapor, thereby attributing the SO≠

3

group a higher a�nity toward D2O than H2O. These findings are extremely interesting,
as they seem at first to oppose the previous results. However, they indicate a deviating
general and local thin film behavior. The very small ·(S-O) values (smaller than ·(�)
values) underline this assumption. Upon swelling, water initially accumulates around the
SO≠

3 group, before the hydration of the remaining polymer chain follows thereafter. After
the swelling in water vapor, both thin films are in equilibrium. The thin film has absorbed
more H2O and is swollen to a higher degree than the thin film after the D2O swelling.
The respective exchange processes are performed subsequently to the swelling processes.
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5.3. Exchange behavior
The exchange kinetics are induced, by changing the H2O to a D2O vapor and vice versa.
ToF-NR, SR, and FTIR are used to follow the exchange kinetics of the PSPP-b-PNIPAM
thin films in-situ. Analogously, to the swelling kinetics, the obtained mesoscopic thin film
characteristics are described first, and subsequent they are linked to molecular informa-
tion.

Film thickness and water content
Figure 5.10 displays the swelling ratio d/dini as a function of time during the D2O (green)
and H2O (blue) exchange.

Figure 5.10.: Water swelling followed in-situ with SR. Swelling ratio d/dini as a function
of time during the (a) D2O and (b) H2O exchange. The exchange data is fitted with the
swelling model (black line) as explained in the main text. The maximum swelling ratio dmax/dini

is plotted as dotted red line. The vertical dotted black line divides the swelling process in
the di�usion-driven and humidity-driven regime. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2019 [36].

During the D2O exchange, the film thickness decreases (during the first 40 min) until a
local minimum is reached. Subsequent, the thin film re-swells to roughly its swelling ratio
after the swelling. The film thickness during the H2O exchange follows the reversed trend.
First, the film thickness increases (during the first 5 min) before the film contracts and
equilibrates at roughly its initial swelling ratio. While the local minimum and the slightly
lower swelling ratio during the D2O exchange indicates a decreased water compatibility of
the DBC thin film, the opposite is the case during the H2O exchange. The DBC thin film
exhibits a higher H2O compatibility, suggested by the local maximum and the slightly
higher final swelling ratio. This might be due to a lower CP’PSPP in H2O as compared
to D2O vapor. As a consequence, further H2O uptake is promoted, while in D2O vapor,
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the thin film ’de-mixes’ and H2O molecules are released. The subsequent re-swelling
and contraction processes, result from re-arrangement processes of the polymer chains.
Analogously to the swelling data, the swelling model is applied. The values for ‰eff and
· are listed in Table 5.5.

Table 5.5.: Swelling model applied to SR data shown in Figure a5.10.

water exchange ‰eff · [min] extracted from

D2O exchange 0.96 ± 0.01 6 ± 1 SR (d/dini)a

H2O exchange 0.75 ± 0.01 7 ± 1 SR (d/dini)a

The evolution of the film thickness, already indicates favored polymer-H2O interac-
tions, as the D2O swollen thin film absorbs even further H2O molecules. In contrast,
the H2O swollen film releases H2O molecules in D2O vapor. The applied swelling model
confirms this: A lower ‰eff value is obtained for the H2O exchange. Regarding the ·

values, both exchange processes occur on the same time scale, which indicates a similar
di�usion of H2O and D2O molecules through a D2O and H2O swollen thin film, respec-
tively. Interestingly, the · values are much lower for the exchange than for the swelling
processes, thus suggesting, the water di�usion through an already hydrated thin film is
eased as compared to a dry or partially hydrated thin film. The trend of the maximum
swelling ratio dmax/dini indicates a di�usion-limited regime at early stages of the exchange
processes, while the later stages are limited by the RH. The di�usion-limited regime is
generally shorter during the water exchange as compared to the swelling, which is due to
the rather minor changes of the RH. Furthermore, it is found to be slightly longer for the
D2O exchange, which indicates a slightly slower D2O di�usion through the thin film.

The water exchange processes are further investigated with kinetic ToF-NR measure-
ments. Figure 5.11 provides a selection of representative NR curves together with the
best four-layer model fits (SiO2, two water enrichment layers at both interfaces, one main
polymer layer). A clear shift of the critical edge to higher qz values is observed during the
D2O exchange, which indicates an increasing average thin film SLD due to the exchange
of H2O molecules by D2O. The spacing of the Kiessig fringes remain relatively constant,
thereby confirming the stable film thickness (cf. Figure 5.10). The NR curves of the H2O
exchange evolve di�erently. The critical edge shifts back to lower qz values, due to the
exchange of D2O molecules by H2O. The Kiessig fringes move closer together, which in-
dicates an even further increasing film thickness. Noticeably, the measured SLD after the
D2O exchange is lower than the theoretically calculated value for a complete exchange.
The opposite is the case for the H2O exchange. Thus, in the respective final exchanged
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thin film states, a mixture of H2O and D2O molecules is present in the thin films. In
order to calculate the water content � from the measured SLD, Equations 5.1 and 5.2
are used. Since the water exchange involves more than one water species, the equations
deviate slightly from Equation 2.13, which is described in Section 2.1.2.

Figure 5.11.: Representative selection of ToF-NR curves for the exchange processes.
Representative ToF-NR data (open green and blue circles) are shown with best model fits ob-
tained via a four-layer model (black lines) for the exchange with (a) D2O and (b) H2O. From
bottom to top the time increases: t = 0.5, 2.5, 5, 10, 15, 20, and 360 min after the exchange
process is induced. The ToF-NR curves are shifted along the y-axis for clarity. The vertical
dashed black line marks the critical edge of the as-prepared thin film. The black arrows on
top of the graphs marks the shift of the critical edge, while the black arrows inside the graphs
indicate the shift of the Kiessig fringes. Adapted with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2019 [36].
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�D2O = SLDmeas(t) ≠ SLDH2O≠swollen

SLDD2O ≠ SLDH2O≠swollen
(5.1)

�H2O = SLDD2O≠swollen ≠ SLDmeas(t)
SLDD2O≠swollen ≠ SLDH2O

(5.2)

Figure 5.12.: Water exchange followed in-situ with ToF-NR. The (a) swelling ratio d/dini

and (b) water content � as a function of time for the H2O (blue circles) and D2O exchange
(green circles). Both are fitted with the swelling model (solid black line) as explained in the
main text. The maximum swelling ratio dmax/dini is plotted as dotted red line. Black arrows in
(a) mark the time, at which the swelling process is no longer di�usion-limited, but limited by the
RH. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2019 [36].

Here, the SLDmeas is the extracted SLD of the polymer thin film, obtained via integra-
tion of the SLD profile over all polymer layers and divided by the total film thickness,
at a given time t. The SLD values for the H2O swollen and D2O swollen film states are
obtained from the static ToF-NR measurements (cf. Table 5.1). Both, the water content
� and the swelling ratio d/dini are shown in Figure 5.12 as a function of time.

The trends of the swelling ratios during the respective water exchange processes di�er
enormously from each other. During the D2O exchange, the film thickness first decreases
(until ¥ 15 min), before it re-swells, due to re-arrangement processes of the polymer
chains, back to roughly its initial thickness. Upon H2O exchange, the film thickness
increases during the first 60 min and equilibrates. Again, the decrease and increase in
film thickness during the exchange with D2O and H2O, respectively, can be explained by a
shift of CP’PSPP to lower temperatures. The solvent change leads to a shift of the consolute
phase boundary towards higher (D2O exchange) or lower (H2O exchange) temperatures
and eventually results in repulsive (D2O exchange) or attractive (H2O exchange) PSPP-
water interactions. The evolution of the water content � shows a slightly higher H2O

92



5.3. Exchange behavior

incorporation, once again underlining the higher a�nity of the DBC to H2O, as compared
to D2O and again, this is attributed to the altered H- and D-bonds between water and
the polymer chain. To further analyze these processes, the swelling model is applied to
the data. All extracted ‰eff and · values are summarized in Table 5.6.

Table 5.6.: Swelling model applied to ToF-NR data shown in Figure a5.12a,b.

water exchange ‰eff · [min] extracted from

D2O exchange 1.34 ± 0.01 42 ± 2 ToF-NR (d/dini)a

H2O exchange 1.65 ± 0.01 21 ± 4 ToF-NR (d/dini)a

D2O exchange 0.73 ± 0.01 24 ± 1 ToF-NR (�)b

H2O exchange 0.78 ± 0.01 20 ± 1 ToF-NR (�)b

The fitting procedure of the time-dependent swelling ratios yields lower ‰eff (d/dini)
and ·(d/dini) values for the H2O exchange than for the D2O exchange. Since the higher
a�nity of the DBC toward H2O and the faster H2O di�usion as compared to D2O, is
well known by now, this is expected. The situation becomes more complex when the
swelling model is applied to the evolution of the water content. Here, the model yields
similar ‰eff (�) and ·(�) values, which indicates no particular di�erence between the
both exchange processes. However, one has to note, that the complexity of the exchange
processes, regarding two competing water species, occurring re-arrangement processes of
the polymers, and deuteration of the polymer chains, pushes the applied swelling model
to its limit. The obtained water content � as a function of time, calculated from the
measured SLD is most likely a combination of water absorption and release. Hence, it is
hard to determine an exact ratio of the two water species present in the thin film. However,
the overall thin film behavior, in particular regarding the further increase in thickness and
the higher amount of incorporated H2O molecules during the H2O exchange, is a strong
indicator for a general higher a�nity of the DBC toward H2O.

In order to distinguish between H2O and D2O, FTIR measurements are conducted.
FTIR enables to decouple the exchange process in a water release and a water uptake, with
respect to the di�erent water species. As a consequence, the evaluation via the swelling
model becomes meaningful, as individual processes are isolated and can be analyzed
separately.
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Polymer-water interactions
The overall FTIR spectra of the water exchanges are shown in Figure 5.13. The charac-
teristic absorption modes can be assigned to the corresponding molecular groups, as is
explained earlier in Section 5.2. A change in absorbance intensity of the O-H and O-D
peaks demonstrates that during the D2O exchange, H2O molecules are released, while D2O
molecules are absorbed. The reversed behavior can be seen during the H2O exchange.
The normalized peak areas as a function of time are shown in Figure 5.14.

Figure 5.13.: Water exchange followed with FTIR in-situ FTIR spectra during the (a) H2O
and (b) D2O exchange. The red curve marks the initial (t = 0 days), while the purple curve
marks the final measurement after 8 days, with respect to the induce of the water exchange.
Characteristic absorption peaks are labelled accordingly. Black arrows mark the increase and de-
crease of the O-H and the O-D stretching vibration. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2019 [36].

Similar to the swelling kinetics, the O-H peak reaches a higher plateau as compared to
the O-D peak (the di�erent molar extinction coe�cient of the O-H and O-D stretching
vibration is taken into account). This clearly proofs a higher H2O incorporation during
the H2O exchange, as compared to the D2O incorporation during the D2O exchange.
Most interestingly, the final O-H and O-D peak areas, reach a similar integration area
than after the water swelling, i.e., after the D2O exchange a similar amount of D2O is
incorporated in the thin film than after the swelling in D2O vapor and vice versa for
the H2O exchange. Therefore, the particular order of the applied vapors, first H2O, then
D2O, or vice versa, does not matter regarding the individual H2O or D2O content in the
final equilibrium states of the thin film. However, the order does matter for the total
water content, as di�erent amounts of water are released during the exchange processes.
Notably, the exchange processes are not complete, as a mixture of both water species is
present in the thin films after the water exchange process has equilibrated. This is in
good agreement with the findings from ToF-NR.
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Figure 5.14.: Extracted integration areas from FTIR spectra during water exchange. The
integration areas of the O-H (blue) and O-D stretching vibration (green) during the exchange
with (a) D2O and (c) H2O are extracted from the absorption modes shown in (b,d). The
integration areas as a function of time (a,b) are fitted with a swelling model (black line) as
explained in the main text. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2019 [36].

The swelling model is applied to both, the water release and water uptake process during
the water exchange. While it yields similar ‰eff (�-uptake) values for the water uptake
processes (cf. Table 5.7), indicating no specific preference of the DBC toward H2O or D2O,
the ‰eff (�-release) values show the by now well-known higher a�nity of the polymer
towards H2O. The ·(�) values confirm this. Both, the H2O uptake during the H2O
exchange, and the H2O release during the D2O exchange happens on a clearly faster time
scale than the corresponding D2O uptake and release processes, thereby demonstrating
the faster di�usion of H2O through the DBC thin film.
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Figure 5.15.: Extracted integration areas from FTIR spectra during water exchange.
The protonated amide II (blue) and the deuterated amide II’ mode (green) during the exchange
with (a) D2O and (c) H2O are extracted from the corresponding absorption modes shown in
(c,d). The integration areas are fitted with an exponential fit as explained in the main text.
Black arrows indicate increasing and decreasing absorption modes. Adapted with permission
from AMERICAN CHEMICAL SOCIETY, Copyright 2019 [36].

Analogously to the swelling kinetics, the deuteration degree of the amide group is ana-
lyzed by integrating the absorption peaks of the amide II and II’ modes. The normalized
peak areas as a function of time are displayed in Figure 5.15. A clear increase and de-
crease in peak area of the amide II’ and II mode, respectively, is obtained during the
D2O exchange, while the opposite behavior can be seen during the H2O exchange. Hence,
deuteration of the protonated amide group, as well as a re-protonation of the deuterated
amide group occur upon both exchange processes. An exponential fit suggests a faster
re-protonation during the H2O exchange [amide II growth rate = (1.2 ± 0.13) d] than
deuteration during the D2O exchange [amide II’ growth rate = (1.96 ± 0.20) d], which is
in agreement with the previously found faster H2O di�usion. One has to note, during the
very early times of the exchange processes a slight decrease of the amide II mode during
the D2O exchange, as well as an increase and decrease of the amide II’ and II modes, re-

96



5.3. Exchange behavior

Table 5.7.: Swelling model applied to the FTIR data shown in Figures a5.14 and b5.16a.

water exchange ‰eff · [d] extracted from

D2O exchange
D2O uptake 0.77 ± 0.01 1.01 ± 0.10 FTIR [�(O-D stretch. vib.)]a

H2O release 0.25 ± 0.01 0.69 ± 0.17 FTIR [�(O-H stretch. vib.)]a

H2O exchange
H2O uptake 0.79 ± 0.01 0.72 ± 0.21 FTIR [�(O-H stretch. vib.)]a

D2O release 1.12 ± 0.02 2.89 ± 0.17 FTIR [�(O-D stretch. vib.)]a

D2O exchange 0.85 ± 0.01 1.75 ± 0.03 FTIR (S-O stretch. vib.)b

H2O exchange 0.88 ± 0.01 0.99 ± 0.01 FTIR (S-O stretch. vib.)b

spectively, during the H2O exchange, is visible. This is accounted to a protonation (upon
D2O exchange) and deuteration (upon H2O exchange) of the amide group, as result to
re-arrangement processes of the polymer chains.

In a last step, the peak shift of the symmetric S-O stretching vibration as a function of
time is analyzed. Figure 5.16 shows its evolution during the respective exchange processes.
During the first 12 hours of the D2O exchange, the S-O peak shifts to lower wavenumbers,
before it shifts back to higher wavenumbers. Essentially, the trend is reversed during
the H2O exchange, as it first shifts to higher (during the first 8 h), and then to lower
wavenumbers. The smaller initial shifts to higher and lower wavenumbers are addressed
to a change in hydration due to re-arrangement processes of the polymer chains at early
stages of the water exchange. The subsequent backshifts refer to a slowly exchanged
hydration shell around the SO≠

3 groups as response to the exchange of the water vapor.
The peak maximum shifts are less pronounced as during the water swelling processes,
since a water hydration shell is already present in the beginning of the water exchange
and is only modified to a mixed D2O and H2O hydration shell. Similar to the swelling
kinetics, the position of the S-O stretching vibration peak maximum equilibrates at higher
wavenumbers during the D2O exchange as compared to the H2O exchange. Analogously
to the swelling behavior, this is due to the higher mass of D2O, but also due to a stronger
D2O hydration. Interestingly, the final peak positions after the swelling in D2O vapor
and D2O exchange, and vice versa are very similar. This suggests a completed exchange
process in which all water molecules within the hydration shell around the SO≠

3 group
are replaced with the respective other water species. This stands in contrast to the non-
completed exchange process, regarding the overall water content within the thin film, and
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Figure 5.16: Peak maximum position ex-
tracted from FTIR spectra during water
exchange. (a) The peak position of the sym-
metric S-O stretching vibration upon the ex-
change in D2O (green) and H2O vapor (blue)
is extracted via an Gaussian fit from the cor-
responding absorption modes shown in (b,c).
A Gaussian fit (applied to all FTIR curves) is
shown in (b,c) as black line for each first and
final absorption peak. Dashed black lines in-
dicate the peak maxima. The S-O peak posi-
tion as a function of time as shown in (a) is
fitted with a swelling model (black line) as ex-
plained in the main text. Adapted with permis-
sion from AMERICAN CHEMICAL SOCIETY,
Copyright 2019 [36].

demonstrates that the local swelling and exchange behavior of particular groups does not
necessarily follow the overall thin film behavior. This fits to the special role the SO≠

3

holds during the water swelling and exchange.
The swelling model is applied to the peak position shift, while only the peak shift

after the re-arrangement of the polymer chains is considered. The extracted values are
summarized in Table 5.7. The obtained values for ‰eff (S-O) suggest favored interactions
between the SO≠

3 group and D2O as compared to H2O, which is in agreement with the
results from the swelling processes. Interestingly, the ·(S-O) values indicate a slower
assembly of D2O molecules around the SO≠

3 group. This is due to the generally lower
a�nity of the DBC towards D2O and the observed slower D2O di�usion speed through
the thin film. Noteworthy, the ·(S-O) values are higher than the respective values for the
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5.4. Conclusion

D2O and H2O uptake processes, i.e., the exchange of the hydration shell around the SO≠
3

group needs longer times, than the water uptake of the thin film. This is most likely due
to the complete water exchange process of the hydration shell around the SO≠

3 group in
contrast to the only partial water exchange process within the (bulk) thin film.

5.4. Conclusion
This chapter focuses on the swelling and exchange behavior of PSPP-b-PNIPAM thin
films in H2O and D2O vapor. Particular attention is given to the swelling and exchange
kinetics. While SR and ToF-NR yield mesoscopic parameters such as the thin film thick-
ness and the water content, FTIR is applied to obtain information on a molecular level.
This choice of measurement techniques enables to connect information about polymer-
water interactions with the general thin film behavior, in particular with the absorbed and
released water content and the film thickness. In addition, the two water species, H2O
and D2O, show large di�erences in their SLD and binding energy, which gives excellent
contrast in the ToF-NR and FTIR measurements. Thus, a comparison of the correspond-
ing swelling and exchange processes is possible and a fundamental knowledge about the
role of deuterated solvents, with particular regard to the known H/D isotope sensitivity
of PSBs, is developed. By applying a swelling model, which respects a non-constant RH,
the swelling and exchange processes can also be analyzed in a quantitative way.

We observe, a significant di�erent swelling and foremost a di�erent exchange behavior
of the DBC thin films in either H2O or D2O vapor. Most prominently, a higher a�nity
of the DBC towards H2O as compared to D2O is found, which is mainly addressed to the
isotope sensitivity of the PSPP block and the decreased CP’PSPP in H2O as compared to
D2O. This results in a larger amount of H2O that is incorporated within the thin films,
and furthermore in a stronger swelling degree and a faster saturation during both, the
swelling and exchange in H2O vapor. Most notably, the evolution of the film thickness
during the exchange processes is highly opponent. During the D2O exchange, the film
first contracts before it re-swells, while the fully D2O swollen thin film is able to undergo a
further swelling process upon H2O exchange. FTIR measurements support these findings
on a molecular level. Furthermore, FTIR highlights the special role of the SO≠

3 group
and demonstrates that the behavior of individual characteristic groups might deviate
from the overall polymer behavior, with respect to water a�nity and hydration speed.
While the shift of the peak maximum of the S-O stretching vibration suggests rather a
completed exchange of the hydration shell around the sulfonate group, the overall water
content, reveals that after the water exchange, a mixture of D2O and H2O molecules are
present within the thin film. In addition, deuteration of the amide group, present in both
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the PSPP and the PNIPAM block, is detected once deuterated water is involved in the
swelling and exchange processes. The deuterated amide groups are re-protonated during
the H2O exchange. As a consequence, a third water species, HDO, is generated, which
is assumed to adopt an intermediate role between H2O and D2O, regarding its a�nity to
the DBC and mobility within the thin film.

All these findings demonstrate strong di�erences in the swelling and exchange behavior
of the DBC thin films, dependent on whether these processes are realized in a H2O or
a D2O vapor. The deviating swelling and exchange mechanisms are mainly attributed
to the isotope sensitivity of the PSPP block. Apparently, the di�erences in molar mass,
dipole moment, and electronegativity influence the H- and D-bonds to the polymer chain
considerably. This is expected to a certain level, however the significance of the observed
di�erences are indeed surprising.
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6. Co-nonsolvency e�ect in polymer
thin films

This chapter is divided into two parts. The first part is about PSPE and PNIPMAM
homopolymer thin films in mixed water/methanol vapor and is based on the publica-
tion ’Poly(sulfobetaine) versus Poly(N -isopropylmethacrylamide): Co-Nonsolvency-Type
Behavior of Thin Films in a Water/Methanol Vapor Atmosphere’ (L. P. Kreuzer et al.,
Macromolecules 2021, 54, 1548-1556; DOI: 10.1021/acs.macromol.0c02281) [39]. Experi-
ments were performed in collaboration with bachelor student Christoph Lindenmeir [249].
The second part investigates PSPE-b-PNIPMAM thin films in mixed water/methanol va-
por. The PSPE and PNIPMAM blocks feature same block lengths as the corresponding
homopolymers that are described in the first part. This part is based on the publication
’Solvation Behavior of Poly(sulfobetaine)-Based Diblock Copolymer Thin Films in Mixed
Water/Methanol Vapors’ (L. P. Kreuzer et al., Macromolecules 2021, 54, 7147–7159;
DOI: 10.1021/acs.macromol.1c01179) [250]. All Figures are re-printed with permission
from AMERICAN CHEMICAL SOCIETY, Copyright 2021.

In the previous chapter, the behavior of poly(sulfobetaine)-based diblock copolymer
(DBC) thin films in pure and mixed water vapors (H2O and D2O) is described, which
is far more complex than initially assumed. In order to extend the knowledge about
polymer thin films in mixed vapors, methanol is introduced as a second solvent besides
water. On the one hand, methanol is chosen because it is the simplest alcohol, and on
the other hand, poly(acrylamides), such as poly(N -isopropylacrylamide) (PNIPAM) and
poly(N -isopropylmethacrylamide) (PNIPMAM) feature a co-nonsolvency phenomenon in
mixed water/alcohol solutions (cf. Section 2.2.2).

The swelling process is performed in saturated water vapor, while the subsequent ex-
change process takes place in mixed water/methanol vapor. Since the last chapter reveals
a highly complex exchange process, we found it necessary, to improve the understanding of
the individual polymer blocks. Therefore, the behavior of a poly(sulfobetaine) (PSPE270)
and PNIPMAM homopolymer (PNIPMAM65) thin film in di�erent vapor compositions
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is analyzed first, and subsequent the corresponding PSB270-b-PNIPMAM60 thin films are
investigated.

Introduction
The counterintuitive phenomenon of two miscible and good solvents for a polymer, be-
coming a poor solvent for the same polymer when mixed is called co-nonsolvency e�ect
[91, 92]. While the origin of the change in polymer conformation in the mixture of two
good solvents is under vivid scientific debate, most researchers agree upon the major im-
pact of polymer-solvent interactions on this polymer transition. Several promising models
emerged over the last years that focused in particular on the competitive hydrogen bond-
ing of the two used solvents [167, 169, 173, 174], hydrophobic hydration [176, 251], and
bridging of two individual polymer chains by the co-solvent [167, 175]. A detailed de-
scription of the co-nonsolvency e�ect and a current state of the art is provided in Section
2.2.2.

So far, the co-nonsolvency studies known to literature investigated the polymer be-
havior in diluted bulk solution or hydrogels [92, 154, 170, 252–254], where the polymer
concentration was intermediate. These experimental studies were supported by extensive
theoretical and simulative approaches [167–170, 175, 255]. Recently, also concentrated
samples systems, e.g., tethered polymer brushes and microgel thin films [148, 163, 174,
256–260], were reported. While all these studies used a liquid stimuli, experiments or sim-
ulations, addressing the co-nonsolvency e�ect of concentrated thin films surrounded by a
mixed vapor phase, were very rarely reported so far [39, 165, 166]. Since the increased
polymer concentration in thin film geometry is expected to strongly alter the polymer-
solvent interactions, an extrapolation of the polymer behavior from bulk solution to thin
film geometry is not possible. Furthermore, the solvent concentration is lower in the vapor
phase than in the by now, well-studied liquid mixtures, which is also expected to alter
the co-nonsolvency mechanism. Information to thin films in saturated vapors is provided
in Section 2.1.2.

In the present chapter, we aim for a deeper understanding about the behavior of orthog-
onally dual thermo-responsive DBC in mixed water/methanol vapors. The DBC under
investigation consists of the zwitterionic poly[3-((2-(methacryloyloxy) ethyl)dimethyl am-
monio) propane-1-sulfonate] (PSPE) and the nonionic PNIPMAM. The chemical structure
of the DBC PSPE270-b-PNIPMAM60 is shown in Figure 4.2c in Section 4.2. For simplicity,
it is referred to as PSPE-b-PNIPMAM in the following. While at temperatures below the
cloud point (CPPNIPMAM), PNIPMAM is soluble in water, the addition of ethanol was
found to decrease the CPPNIPMAM, which eventually led to a de-mixing of PNIPMAM
in water/ethanol mixtures [261, 262]. For PNIPAM a co-nonsolvency behavior was also
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reported in mixed water/methanol solutions [92, 154, 168, 170, 263]. Above its clearing
point (CP’PSPE) PSPE is soluble in water, but in contrast to PNIPMAM it is insoluble
in methanol [125, 264], and therefore does not show a co-nonsolvency e�ect in mixed wa-
ter/methanol solution. With increasing methanol content its solubility decreases, thus, ac-
cording to the Flory-Huggins solution theory, methanol is a classical non-solvent to PSPE.
Still, co-nonsolvency behavior in water/alcohol mixtures is not unknown to polyzwitteri-
ons. For instance, co-nonsolvency was reported for poly(phosphatidylcholine methacry-
late) in ethanol-rich water/ethanol mixtures [265].

In order to understand the role of the individual polymer blocks, the corresponding
PSPE270 and PNIPMAM65 homopolymer thin films are analyzed and described in the
first part of this chapter. Both homopolymer thin films are named simply PSPE and
PNIPMAM hereafter. Figure 6.1 gives a schematic overview of the performed experi-
ments. The temperature is kept constant at 22 °C. In dilute aqueous solutions, a CP’PSPE

of ¥ 55 °C, and a CPPNIPMAM of 30 °C was found by our collaboration partners from
University of Potsdam via transmission measurements [126, 127]. Thus, the chosen mea-
surement temperature is below both, the CP’PSPE and CPPNIPMAM in the binary dilute
homopolymer-water phase diagrams. Hence, at 22 °C PSPE is insoluble in aqueous solu-
tion, while PNIPMAM is soluble. An analogous situation is encountered in methanol, in
which again PSPE is insoluble, but PNIPMAM is soluble. Therefore, we expect the PSPE
thin films to be less solvated than the PNIPMAM thin films throughout the swelling in
water vapor as well as upon the methanol exchange.

Figure 6.1.: Co-nonsolvency e�ect in PSPE and PNIPMAM thin films: Schematic rep-
resentation of the performed experiments. PSPE and PNIPMAM thin films are exposed to
water vapor first. Subsequent methanol is added to the vapor, thereby exchanging some of the
water molecules (final water/methanol ratio of 70/30 V%). The thin films in their equilibrium
states are labelled with I, III, and V, respectively. The thin film kinetics of the swelling in water
vapor (stage II) and the methanol exchange (stage IV) are followed with SR and FTIR in-situ.
The initial dry, the pure water, and the mixed water/methanol vapor are indicated in, gray, blue,
and yellow, respectively. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2021 [39].
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Both, the PSPE and PNIPMAM thin film, are first dried (stage I in Figure 6.1), and
subsequently swollen in saturated water vapor (swelling in water vapor, stage II). Once
the swollen films are in equilibrium (stage III), some of the water vapor is exchanged
with methanol (methanol exchange, stage IV), by setting the water/methanol flow ratio
to 70/30 vol%. The experiment terminates once the thin films have equilibrated (stage
V). By investigating the behavior of PSPE and PNIPMAM in thin film geometry, we aim
for a better understanding how an increased polymer concentration and altered polymer-
water/methanol interaction a�ect the co-nonsolvency phenomenon in polymer thin films.

The first part about the homopolymer thin films is structured as follows. First, spectral
reflectance (SR) measurements, monitoring in-situ the film thickness of the PSPE and
PNIPMAM thin films during the swelling in water vapor and the methanol exchange
are presented. Subsequently, polymer-water and polymer-methanol interactions, probed
via Fourier-transform infrared spectroscopy (FTIR), are discussed. A final conclusion is
provided at the end of this first part. The scientific focus lies in particular on the behavior
of both polymer thin films during the methanol exchange. Based on the di�erent nature of
PSPE and PNIPMAM, i.e., zwitterionic vs. nonionic, insoluble vs. soluble in methanol,
UCST vs. LCST, a deviating behavior is expected. A custom-made sample environment
in combination with a gas flow setup is used to realize in-situ measurements (cf. Section
3.4.2). The thin film samples discussed in the following are prepared according to Section
4.4. A pre-characterization of the homopolymer thin film samples is done via optical
and atomic force microscopy, which reveal a highly homogeneous and smooth thin film’s
surface. The Appendix B provides details to the pre-characterization of the thin films.

6.1. PSPE and PNIPMAM thin films in mixed
water/methanol vapor

The relative humidity (RH) and temperature are monitored throughout the swelling in
water vapor. Upon the methanol exchange, two solvents are present within the measure-
ment chamber, which makes it challenging to track the RH, as the methanol falsifies the
water RH and vice versa. This is commonly known as cross-sensitivity. Since the RH
evolves very similar during the swelling in water vapor of PSPE and PNIPMAM, (cf.
Figure 6.2), we assume very similar conditions also during the methanol exchange.

The film thickness of the PSPE and PNIPMAM thin films during the swelling in water
vapor (stage II) and the methanol exchange (stage IV) is followed with SR almost in real
time as every 10 seconds a single SR spectrum is recorded. Since the thin film swelling
behavior is strongly correlated with the initial film thickness [73], special attention is
paid to achieving a similar initial film thickness of the PSPE and the PNIPMAM thin
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Figure 6.2: RH and temperature during
swelling in water vapor The good overlap of
the RH for the PSPE (dark blue) and PNIP-
MAM (pale blue) assures a good comparabil-
ity of the two performed experiments. The RH
during the methanol exchange is not followed
as explained in the text. The temperature is
kept constant at 22 °C (black solid line). The
thin film stages are labelled according to Fig-
ure 6.1. Adapted with permission from AMER-
ICAN CHEMICAL SOCIETY, Copyright 2021
[39].

films. Table 6.1 lists the film thicknesses in the dry state, after the swelling in water
vapor, after the methanol exchange, as well as in pure methanol vapor. To account for
the slight di�erence of the initial PSPE and PNIPMAM film thickness, the initial film
thickness dini is used for normalization, and the resulting swelling ratio d/dini is used in
the following discussion. Figure 6.3 gives the swelling ratio as a function of measurement
time throughout swelling in water vapor and the methanol exchange. Furthermore, Figure
6.3c,d depicts the swelling ratio during the swelling in pure methanol vapor, which is
performed as a reference experiment.

Table 6.1.: PSPE and PNIPMAM thin film thickness determined with SR measurements shown
in Figure 6.3.

thin film d (d/dini) d (d/dini) d (d/dini) d (d/dini)
(N2 vapor) (water vapor) (water/methanol vapor) (methanol vapor)

PSPE 34 ± 1 (1.00) 62 ± 3 (1.82) 40 ± 2 (1.18) 46 ± 1 (1.35)
PNIPMAM 28 ± 2 (1.00) 30 ± 1 (1.07) 29 ± 1 (1.04) 34 ± 2 (1.21)

The PSPE thin film reaches a significantly higher swelling ratio during the swelling in
water vapor than the PNIPMAM thin film. This enormous di�erence in swelling degree
is highly unexpected, since from dilute aqueous solution behavior, the opposite behavior
is expected. At 22 °C, PSPE is insoluble in water, but PNIPMAM is. We assume,
due to altered and more dominant polymer-polymer interactions in thin film geometry,
a clustering of the nonpolar isopropyl groups as well as of the nonpolar backbone of
PNIPMAM occurs. As a consequence, large amounts of water are prevented to solvate
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Figure 6.3.: Swelling in water vapor and the subsequent methanol exchange followed
with SR in-situ. The swelling ratio d/dini as a function of measurement time during the swelling
in water vapor (stage II) and the methanol exchange (stage IV) of the (a) PSPE and the (b)
PNIPMAM thin film. The two black arrows mark the final swelling ratio of the respective thin
films after swelling in pure methanol vapor, which is shown in (c) for the PSPE and in (d) for
the PNIPMAM thin film. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2021 [39].

the polar amide groups. In contrast, the PSPE side chains are more polar and longer
and thus, are able to accommodate and bind significantly larger quantities of water than
PNIPMAM.

Once the thin films are in an equilibrated state, the methanol exchange is induced.
Immediately, both thin films undergo a pronounced contraction and reach a swelling ratio
that is not only lower than the swelling ratio in pure water vapor, but also lower than in
pure methanol vapor (cf. Figure 6.3c,d and black arrows in Figure 6.3a,b). This may have
been expected for the PNIPMAM thin film due to its known co-nonsolvency e�ect in mixed
water/alcohol solution, however not for the PSPE thin film. PSPE is insoluble in methanol
and according to the Flory-Huggins solution theory, the PSPE thin film should experience
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a monotonous decrease in film thickness upon increasing methanol content. However, a
behavior analogously to the co-nonsolvency-type behavior of the PNIPMAM thin film
is observed. Apparently, the altered polymer-water and polymer-methanol interactions
due to an increased polymer concentration in the thin film geometry, lead to a good
compatibility of PSPE and methanol, and eventually to co-nonsolvency-type behavior in
mixed water/methanol vapor.

While both thin films feature a contraction upon methanol exchange, the underlying
contraction mechanisms deviate from each other. For the PSPE thin film a one-step
contraction is observed, while the PNIPMAM thin film contracts in two individual steps.
The abrupt initial contraction slows down shortly after and the contraction slows down.
One has to note that the PSPE contraction also features a small shoulder, however this
is not accounted for a second contraction phase, since the slopes before and after that
shoulder are virtually the same. Interestingly, the time scales of the thin film contractions
di�er as well. While the PSPE equilibrates within a short time of approximately 20 min, it
takes about 65 min for the PNIPMAM thin film to reach an equilibrated state. This hints
towards di�erent di�usion speeds and a di�erent mobility of water and methanol within
the PSPE and the PNIPMAM thin film, which naturally, are a�ected by the polymer-
water/methanol interactions. While the PSPE thin film reaches a higher swelling ratio
in pure water vapor as compared to pure methanol vapor, it is the other way round for
the PNIPMAM thin film. Therefore, we assume, PSPE has a higher a�nity to water,
whereas PNIPMAM has a higher a�nity to methanol.

While it is known, PNIPAM (and therefore we assume also PNIPMAM) shows a strong
binding to the hydroxyl groups of methanol, the strong swelling degree of the PSPE thin
film in pure water vapor suggests a high a�nity to water. This indicates di�erent pre-
ferred polymer-solvent interactions within the two polymer thin films. While PSPE-water
interactions are favored over PSPE-methanol interactions, the opposite case is encoun-
tered in the PNIPMAM thin films and PNIPMAM-methanol interactions are favored over
PNIPMAM-water interactions. These di�erences might explain the deviating contraction
response of PSPE and PNIPMAM upon methanol exchange.

In order to analyze the molecular origin of the unexpected thin film behavior, FTIR
measurements are performed according to the measurement protocol shown in Figure 6.1.
This measurement technique enables a decoupled observation of the water release and
the methanol absorption once the methanol exchange is induced and methanol is also
present within the FTIR measurement chamber. In contrast to the SR measurements,
every 2 minutes a single FTIR spectrum is recorded. The resulting spectra during the
swelling in water vapor and the methanol exchange processes are shown in Figure 6.4. The
prominent absorption modes appearing at around 3400 cm≠1 and at 2986 cm≠1 refer to the
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O-H and C-H stretching vibrations. The integration areas of the absorption peaks indicate
the amount of water and methanol within the thin films. A three-fold peak is detected
at around 2950 cm≠1, which can be addressed to the asymmetric (2974 cm≠1) and the
symmetric C-H stretching vibrations (2886 cm≠1) of the CH3 groups. The asymmetric C-
H stretching vibration of the CH2 groups appears at 2938 cm≠1. These absorption modes
in the dry thin film state (very first FTIR spectrum) are used to normalize all other peaks
used for analysis, in order to eliminate the impact of varying thin film thicknesses. Figure
6.5 depicts the normalized integration areas as a function of exposure time during the
swelling in water vapor and the methanol exchange.

Figure 6.4.: Swelling in water vapor and the subsequent methanol exchange followed
with FTIR in-situ. FTIR spectra during the swelling in (a,c) water vapor, as well as during the
(b,d) methanol exchange for the (a,b) PSPE and (c,d) PNIPMAM thin film. FTIR spectra during
the (a,c) swelling in water vapor and the (b,d)methanol exchange for the PSPE and PNIPMAM
thin film. The red curve marks the initial (t = 0 min), the purple curve marks the final measure-
ment after 175 min (swelling in water vapor) and 125 min (methanol exchange). Characteristic
absorption peaks are labelled accordingly. Black arrows mark the increase and decrease of the
water and methanol peaks. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2021 [39].

During the swelling in water vapor, the PSPE thin film clearly absorbs a considerably
higher amount of water than the PNIPMAM thin film, thereby confirming the SR findings.
Both thin films reach a maximal water content before a certain amount of water is released
from the thin films again. This is due to polymer re-arrangement processes, which are the
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Figure 6.5.: Integration areas extracted from FTIR spectra during swelling in water vapor
and the subsequent methanol exchange. The normalized peak areas of the O-H (blue) and
C-H peaks (yellow) stretching vibrations are extracted as a function of time for the (a) PSPE and
(b) PNIPMAM thin film from the corresponding absorption modes shown in (c,d). Black arrows
indicate increasing and decreasing water and methanol absorption peaks. Numbers indicate
the sequence order of increase and decrease steps. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2021 [39].

result of a higher polymer chain mobility with increasing water content. Immediately after
the methanol exchange is induced, both thin films absorb methanol and release water.
The methanol absorption occurs in one single step for both the PSPE and PNIPMAM
thin films and is finished roughly around 10 minutes. The water release mechanism
deviates in both thin films. While the PSPE thin film features a fast one-step water
release, the PNIPMAM thin film releases water in two-steps. During the first 10-12 min,
water is released rapidly, before the release is significantly slowed down and the thin
film reaches an equilibrium state after roughly 60 min following the methanol exchange.
The di�erent water release regimes could hint toward the presence of two water species,
i.e., hydrophobic hydration water around the isopropyl group and water bound by H-
bonds, which are substituted by methanol at di�erent speeds. Interestingly, both release
mechanisms strongly resemble the evolution of the film thickness that is observed with
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SR measurements, which suggests that mainly the released water is responsible for the
accompanied film thickness change.

The combined findings from SR and FTIR reveal a di�erent behavior of the PSPE and
the PNIPMAM thin film in a mixed water/methanol vapor. For PSPE, the water release
and methanol absorption are closely synchronized. The accompanying decrease in film
thickness takes slightly longer than the water release, indicating ongoing re-arrangements
of the PSPE chains after both the water and methanol contents have already equilibrated.
In the case of PNIPMAM, the methanol uptake is markedly faster than the water release
and has already equilibrated, while the water uptake is still ongoing. Possibly, both
water species are replaced by methanol within the same time scale in one single step.
The di�erences in water release demonstrate the deviating polymer-water and polymer-
methanol interactions in both thin films and underline how the polymer nature alters the
general thin film behavior.

Interestingly, in the equilibrated state after the methanol exchange, the normalized in-
tegration areas of the O-H and C-H peaks indicate, most of the water remains within the
PSPE thin film, while most of the water is released from the PNIPMAM thin film. This
highlights the favored PNIPMAM-methanol and PSPE-water interactions in the respec-
tive thin films. The observed behavior might be due to the preferential and rapid binding
of methanol toward PNIPMAM, which makes its sidechains appear more hydrophobic
after methanol absorption [168, 266], and can be seen as the thin film equivalent to the
collapsed globules in mixed solutions [267]. As a consequence, even more water is released
from the PNIPMAM thin film, which is observed as a second and decelerated water re-
lease process. In contrast, the PSPE thin film does not continue to release water molecules
after the methanol uptake has finished. Therefore, we assume that the methanol does not
a�ect the binding of solvents to the PSPE chains, presumably due to the strong attractive
interactions between PSPE and water. This means, for the two investigated polymer thin
films, di�erent driving forces and varying preferential interactions a�ect their respective
swelling behavior in multiple ways. Nevertheless, both thin films undergo a distinct con-
traction in mixed water/methanol vapor, which is followed by a re-swelling upon increasing
methanol content. Eventually, this observation requires rather a thin film-specific inter-
pretation of the observed co-nonsolvency-type behavior than an explanation by universal
co-nonsolvency theory. The origin of the observed behavior could reflect the respective
hydrophilicities of the PSPE and PNIPMAM thin films at 22 °C, which di�ers greatly
regarding the water uptake during the swelling in water vapor. This is also indicated by
the SR measurements and infers a strong shift of both, the UCST-type and LCST-type
transition temperatures to lower temperatures (< 22 °C), as the polymers are transferred
from aqueous solution to thin film geometry.
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While the peak integrals are indicative of the overall amounts of water and methanol
within the thin films, the analysis of the peak positions of the polymer absorption peaks
addresses the specific solvation of the corresponding functional groups, as their bonding
energy is altered with a changing chemical environment. Figure 6.6 displays the peak
positions of the symmetric S-O (from the SO≠

3 group at the end of the PSPE side chain)
and C=O stretching vibration (from the ester group in the PSPE side chain) as well as
the peak shift of the amide I and II modes (amide group in the PNIPMAM side chain)
as a function of measurement time.

Figure 6.6.: Peak maximum position extracted from FTIR spectra during swelling in
water vapor and the subsequent methanol exchange. The peak position of the (a) symmetric
S-O and (b) C=O stretching vibration (of PSPE), and the (c) amide II and (d) amide I modes
(of PNIPMAM) are extracted by applying a Gaussian fit to the corresponding peaks. Blue
curves indicate the peak shift during the swelling in water vapor, while yellow curves represent
the peak shift during the methanol exchange, respectively. A close-up of the shifting absorption
modes can be found in the Appendix B. Adapted with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2021 [39].
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All four analyzed vibrations strongly shift during the swelling in water vapor, which
indicates the development of a hydration shell around these polar groups of PSPE and
PNIPMAM, as water molecules di�use into the thin films [37, 268]. Please note, the
comparatively low water uptake of the overall relatively hydrophobic PNIPMAM thin
film is not contradictory to a strong hydration around the polar and hydrophilic amide
groups. Once the methanol exchange starts, and methanol is present in the vapor, all
bands undergo an immediate reverse shift, which, however, compensates only partially
the initial shift during the swelling in water vapor. This reflects on the one hand a de-
hydration around those groups, which on the other hand is not a complete dehydration.
The functional groups remain at least partially hydrated. All bands, the SO≠

3 and es-
ter group of the PSPE as well as the amide I and II groups of the PNIPMAM, show a
sharp and defined, one-step reverse peak shift. This parallels the changes in the water and
methanol peak intensities observed in the PSPE thin film, as well as the thickness changes
detected by SR measurements. However, it opposes the two-step mechanism observed in
the overall shrinkage and release of water, which is found for the PNIPMAM thin film.
This agrees with and corroborates the scenario stated above: PNIPMAM immediately
absorbs methanol, which leads to a rapid change of hydration of the amide groups due
to strong methanol binding. Apparently, the replacement of the hydrophobic hydration
water around the isopropyl group needs longer times. Furthermore and contrary to expec-
tations from the solution behavior, the PSPE thin film shows a weaker tendency to release
water than the PNIPMAM thin film, which is a result from the favorable PSPE-water
interactions within the PSPE and favorable PNIPMAM-methanol interactions within the
PNIPMAM thin film.

Therefore, the general behavior of polymer thin films cannot be predicted from their
behavior in dilute solution, which implies a more hydrophilic behavior of the PNIPMAM
instead of the PSPE thin film expected at a measurement time of 22 °C. Also, di�erent
driving forces of a co-nonsolvency-type thin film behavior dominate in di�erent thin film
systems, regarding the altered polymer-water and polymer-methanol interactions in the
PSPE and PNIPMAM thin films. These might explain the varying swelling and contrac-
tion mechanisms of the two thin films.

6.2. Conclusion I
The swelling and co-nonsolvency-type behavior of the zwitterionic PSPE and the nonionic
PNIPMAM homopolymer thin films in pure water and mixed water/methanol vapor is
investigated. In particular, the response of the thin films toward methanol exchange is of
interest. A constant measurement temperature of 22 °C is chosen, which is below both,
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the CP’PSPE and CPPNIPMAM. SR follows in-situ the film thickness, which relates to the
polymer conformations: a swollen state indicates elongated and hydrated polymer chains
and a contracted state refers to coiled and dehydrated polymer chains. In addition, FTIR
is applied in-situ to monitor changes in the molecular vibrations of the characteristic
modes of PSPE and PNIPMAM and therefore, yields information about the polymer-
water and polymer-methanol interactions.

The PSPE thin film is found to absorb greater amount of water than the PNIPMAM
thin film during the swelling in pure water vapor. This is not predictable from aqueous
solution, as PSPE features a miscibility gap in water at 22 °C. In contrast, PNIPMAM
is fully soluble in water at 22 °C, at least in the (semi-)diluted regime. Thus, we mainly
address these deviations from the bulk solution behavior to altered polymer-water in-
teractions to an increased polymer concentration in thin film geometry. Upon methanol
exchange, both thin films undergo a pronounced contraction, and reach a swelling ratio,
that is lower than in pure methanol vapor. Therefore, we attribute a co-nonsolvency-type
behavior not only to the PNIPMAM and to the PSPE thin films. While for PNIPMAM, a
co-nonsolvency behavior in mixed water/ethanol solutions is known, PSPE is insoluble in
methanol, and thus its co-nonsolvency-type behavior in thin film geometry is extremely
surprising. In addition, the contraction mechanisms of the PSPE and the PNIPMAM
thin films upon methanol exchange strongly deviate from each other. The PSPE thin film
features a straight forward one-step contraction, in which the water release and methanol
uptake are synchronized. In contrast, the PNIPMAM thin film contracts in two individual
steps. A first, rapid contraction is followed by a second, decelerated contraction. While
the methanol uptake is already finished during the first contraction step, the water release
occurs during both steps. This might be due to di�erent water types, e.g., hydrophobic
hydration water around the nonpolar isopropyl groups, and water bound by H-bonds to
the amide groups. Observed peak shifts of the amide I and II modes confirm this. Both
modes feature a rapid one-step backshift during the methanol exchange, which indicates
a fast exchange of water molecules around the amide groups by methanol. Apparently,
the strong PNIPMAM-methanol interactions lead to a fast release of the hydration wa-
ter around the amide groups, which is responsible for the first and very fast contraction
process. The replacement of the hydrophobic hydration water needs longer times, which
is observed as the second and slowed down contraction.

We assume, that although both polymer thin films show a co-nonsolvency-type behav-
ior, the di�erences of the contraction mechanisms of PSPE and PNIPMAM thin films
are largely based on the deviating nature of PSPE and PNIPMAM, i.e., UCST-type vs.
LCST-type polymer, insoluble vs. soluble in methanol, zwitterionic vs. nonionic. As a re-
sult di�erent polymer-water and polymer-methanol interactions are present in the respec-
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tive thin films. While PSPE-water interactions are more favorable than PSPE-methanol
interactions, the opposite case applies for the PNIPMAM thin film, where PNIPMAM-
methanol interactions are favored over PNIPMAM-methanol interactions. Thus, the un-
derlying co-nonsolvency mechanism depends on the specific nature of the polymer thin
films, which requires a thin film-specific interpretation of the observed results, rather than
a universal co-nonsolvency theory.

This first part reveals the di�erent role of the PSPE and PNIPMAM blocks upon
swelling in water vapor and in particular upon methanol exchange. Regarding the deviat-
ing contraction mechanisms and the competing interactions of water and methanol with
the respective polymer system, a fundamental knowledge about the ongoing processes and
a solid basis for further co-nonsolvency studies in thin films is achieved.

6.3. PSPE-b-PNIPMAM thin films in mixed
water/methanol vapor

This second part investigates the behavior of the PSPE-b-PNIPMAM DBC thin films,
which consist of PSPE and PNIPMAM blocks featuring the same block lengths, as the
homopolymers described above. Since the PSPE and the PNIPMAM thin films showed
a co-nonsolvency-type behavior, we now address the question, if the PSPE-b-PNIPMAM
thin film, in which the PSPE and PNIPMAM blocks are covalently bound to each other,
exhibit a co-nonsolvency-type behavior as well. Or if both polymer blocks interfere with
each other in such a manner, that steric hindrance or repulsive interactions eventually
a�ect a potential co-nonsolvency-type behavior of the DBC thin film. In addition, we aim
to develop a versatile thin film system, that analogously to recently reported PNIPMAM-
b-PMMA thin films [166], can achieve multiple distinct thin film regimes. In the present
chapter, the hydrophobic PMMA block is replaced by the responsive PSPE block and
thus multiplex (nano) switches might be enabled.

Analogously to the homopolymer study, PSPE-b-PNIPMAM thin films are first swollen
in water vapor, before methanol exchanges some of the water molecules (ratio water and
methanol is set to 70/30 V%). In order to extend the knowledge about the co-nonsolvency
phenomenon in thin films, and to connect it to the previous Chapter 5 about isotope-
sensitive swelling and exchange processes, we introduce deuterated water and methanol
species into the system. Thus, in two individual experiments, the DBC thin films are first
exposed to a saturated water atmosphere of either H2O or D2O, and subsequent deuterated
CD3OH exchanges some of the H2O molecules, or protonated CH3OH exchanges some of
the D2O molecules. Both kinetic processes, the water swelling and the methanol exchange
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are followed with simultaneous time-of-flight neutron reflectometry (ToF-NR) and SR
measurements, as well as with FTIR. We choose methanol as co-solvent, as it was also
used for the study of the PSPE and PNIPMAM homopolymer thin films. Furthermore,
the combination of protonated and deuterated solvents provides excellent contrast in the
ToF-NR measurements. Since, poly(sulfobetaines) are known for their isotope sensitivity
(cf. Chapter 5), the use of di�erent protonated and deuterated water species might
further tune the thin film behavior, regarding di�erent distinct thin film regimes. In
order to avoid too many di�erent H-bonds and overly complex data, we chose the partially
methanol species CD3OH over the fully deuterated CD3OD species. This still provides
excellent neutron contrast, while isotope-sensitive results can be explicitly addressed to
the di�erent water species. Figure 6.7 illustrates the applied measurement protocol.

Figure 6.7.: Swelling in water vapor and the subsequent methanol exchange: Schematic
representation of the performed experiments. (a) experiment A: The swelling in H2O vapor
is followed by the CD3OH exchange, while in (b) experiment B the swelling in D2O vapor is
followed by the CH3OH exchange. The thin film states in equilibrium (stage I, III, and V) are
probed with static ToF-NR, while the thin film kinetics of the swelling (stage II) and the methanol
exchange (stage IV) are followed with kinetic ToF-NR, SR, and FTIR in-situ. The initial dry N2,
the pure water, and the mixed water/methanol vapors are indicated in, gray, blue (H2O), green
(D2O), red (H2O/CD3OH), and yellow (D2O/CH3OH), respectively. Adapted with permission
from AMERICAN CHEMICAL SOCIETY, Copyright 2021 [250].

The equilibrated thin film stages I, III, and V, according to Figure 6.7, are probed with
static ToF-NR measurements and are discussed first, followed by the dynamic swelling
in water vapor and the subsequent methanol exchange. Subsequent, polymer-solvent
interactions probed by FTIR are described. A final conclusion is given at the end of this
chapter.

ToF-NR measurements are performed at the D17 reflectometer at the ILL neutron
source in Grenoble, France [221, 222]. Sections 3.2 and 3.3 provide details to ToF-NR, SR,
and FTIR spectroscopy. A custom-made sample environment, described in Section 3.4.2
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is used, to realize in-situ measurements [229, 230]. The thin film samples are prepared
according to Section 4.4. A pre-characterization of the thin film samples is done via
optical and atomic force microscopy as well as with x-ray reflectivity. All techniques
reveal a highly homogeneous and smooth thin film, which is shown in the Appendix B.

6.3.1. Investigation of the equilibrium states
Analogously, to the first part, the DBC thin film behavior is analyzed at a constant
temperature of 22 °C. This is below the UCST-type transition (CP’PSPE-b-PNIPMAM = 54 °C
in H2O and CP’PSPE-b-PNIPMAM = 57 °C in D2O) and also below the LCST-type transition
(CPPSPE-b-PNIPMAM = 47 °C in H2O and CPPSPE-b-PNIPMAM = 46 °C in D2O) that were
found for the DBC PSPE-b-PNIPMAM in solution (concentration of 50 g L≠1) [129].
Please note that in solution the clearing point of the PSPE homopolymer (CP’PSPE) is
at similar temperature than the UCST-type transition of the DBC (CP’PSPE = 55 °C in
H2O), while the cloud point of the PNIPMAM homopolymer (CPPNIPMAM = 30 °C in
H2O) is located at significant lower temperatures than the LCST-type transition of the
DBC. The low CPPNIPMAM value is due to a very hydrophobic end group and the short
degree of polymerization (n = 60) [26]. This demonstrates the huge impact of the PSPE
block on the transition of the PNIPMAM block, while the PSPE transition is barely
a�ected by the PSPE block. At the measurement temperature of 22 °C the PSPE block
is insoluble in water, while PNIPMAM is soluble. A similar situation is encountered in
methanol, where PSPE is also insoluble but PNIPMAM is soluble. However, in thin film
geometry the situation is di�erent, as is revealed by the homopolymer study in the first
part of this chapter. The PSPE homopolymer thin film features a higher water uptake
than the PNIPMAM homopolymer thin film, while a methanol exchange leads to a co-
nonsolvency-type behavior of both, the PSPE and PNIPMAM thin films. In the DBC
thin film, we consequently expect a water hydration of both polymer blocks, while the
covalent bonds between the blocks might alter a potential co-nonsolvency-type behavior
upon methanol exchange.

After an initial drying process in a N2 flow, swelling in water vapor is induced by
generating a saturated H2O (experiment A) or D2O vapor (experiment B) via a gas flow
system. After the thin films are in equilibrium, CD3OH replaces some of the H2O vapor
(experiment A), while CH3OH replaces some of the D2O vapor (experiment B) with a
water/methanol flow ratio of 70/30 vol%. Due to a cross-sensitivity of the humidity sensor
to water and methanol, the RH is followed throughout the swelling in H2O and D2O vapor
only. Since Figure 6.8 demonstrates a good comparability of the RH evolution during the
swelling in water vapor in both experiments A and B, and both methanol species feature
similar vapor pressures (12.9 and 12.8 kPa at 20 °C for CH3OH and CD3OH, respectively)
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we also assume comparable environmental conditions during the methanol exchange in
both experiments.

Figure 6.8: RH and temperature during
swelling in H2O and D2O vapor. The good
overlap of the RH for the swelling in H2O (blue)
and D2O vapor (green) assures a good compa-
rability of the two performed experiments A
and B. The RH during the methanol exchange
is not followed as explained in the text. The
temperature is kept constant at 22 °C (black
solid line). The thin film stages are labelled
according to Figure 6.1. Adapted with permis-
sion from AMERICAN CHEMICAL SOCIETY,
Copyright 2021 [250].

The equilibrated thin film states in their dry (stage I), swollen (stage III), and con-
tracted (stage V) states are probed with static ToF-NR measurements. Figure 6.9 displays
the obtained NR curves. In both water-swollen states (stage III), the Kiessig fringes are
closer together than in the dry states (stage I), thus indicating an increased film thickness
of the thin films in water vapor. The spacing becomes larger for the NR curves of both
films probed in mixed water/methanol vapors (stage V), which suggests a contraction of
the thin films in mixed vapors. In experiment A, the critical edge remains constant during
the swelling in H2O vapor, but moves to higher qz values in mixed H2O/CD3OH vapor,
while in experiment B, the critical edge shifts to higher qz values during the swelling in
D2O vapor, and back to smaller qz values in mixed D2O/CH3OH vapor. This is due
to the low and high SLD values of the protonated and deuterated water and methanol
species, respectively. Best fits of the static NR curves of the dry thin films are achieved
with a two-layer model (SiO2 and one main polymer layer), while a solvent enrichment
layer near the Si substrates necessitates a three-layer model for all other curves. The fit
procedure yields information about the film thickness and the average scattering length
density <SLD> (in the following simply written as SLD), which in combination of the
SLD values of the used water and methanol species (cf. Table 2.2) allows to determine
the water content �water via Equation 2.13. The neutron SLD of PSPE-b-PNIPMAM
is calculated using the mass densities based on its composition. We assumed a typical
polymer mass density of 1.000 g cm≠3 for the PSPE block. The mass density of the
PNIPMAM block is estimated from the known PNIPAM density of 1.100 g cm≠3 [269].
Thus, the SLD of the DBC amounts to 0.772 ◊ 10≠6 Å≠2 [182].
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Figure 6.9.: Static ToF-NR measurements. ToF-NR curves of the thin film in their equilibrium
states in (a) experiment A and (b) experiment B. The curves of the thin films in the dry (stage I),
in pure water (stage III) and in mixed water/methanol vapor (stage V) are indicated in gray, blue
(H2O vapor),green (D2O vapor), red (H2O/CD3OH), and yellow (D2O/CH3OH). Best fits are
achieved with a two and three-layer model (black lines) as explained in the text. Corresponding
SLD profiles of (c) experiment A and (d) experiment B are displayed below the respective NR
curves. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2021
[250].
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The methanol content �methanol is calculated on the basis of this equation with the
assumption, that the change in the measured SLD during the swelling in water vapor and
the methanol exchange is linked linearly with the changing film thickness d, normalized
to the initial film thickness dini [39, 165].

�methanol(t) =

SLDmeas(t)≠SLDDBC

“

1
1+e

≠ 1
R(t)

2
1
1 ≠ dini

d(t)

2
+ SLDDBC ≠ SLDmeas

SLDmethanol ≠ SLDwater
(6.1)

The volumetric conversion factor “ is introduced in order to describe the discrepancy in
volume, as solvent molecules occupy di�erent volumes in an ordered hydration shell and
in solution. The factor “ is calculated according to Equation 6.2 and amounts to 0.90 for
experiment A and to 0.85 for experiment B.

“ =
SLDmeas(t)≠SLDDBC

SLDwater≠SLDDBC

1 ≠ dini
d(t)

(6.2)

The corresponding values are taken from the equilibrium states after the swelling in
water vapor (stage III) [39, 165, 166]. Additional to the comparison of the measured
SLDmeas(t) and the respective SLD values of the DBC, water, and methanol, a time-
dependent deuteration rate R(t) is implemented in Equation 6.1. In the present work,
deuteration barely occurs, as is seen with FTIR measurements, which will be explained
later in this chapter. Nevertheless, the small e�ect is taken into account in Equation 6.1.
Characteristic thin film values obtained from the fitting procedure are listed in Table 6.2.

Table 6.2.: Film thickness (sum of all polymer layers), swelling ratio d/dini, SLD (via integration
of the SLD profile), and solvent contents �water and �methanol (calculated via Equations 2.13
and 6.1) extracted from static ToF-NR curves and the corresponding SLD profiles (Figure 6.9).

experiment A d d/dini SLD �water �methanol

[nm] [10≠6 Å≠2] [V%] [V%]

dry (stage I) 52 ± 3 1 0.69 ± 0.02 9 ± 1 (H2O) —
swollen (stage III) 83 ± 6 1.60 ± 0.05 0.12 ± 0.02 67 ± 6 (H2O) —

contracted (stave V) 59 ± 5 1.33 ± 0.01 1.35 ± 0.03 24 ± 2 (H2O) 37 ± 2

experiment B
dry (stage I) 46 ± 2 1 0.70 ± 0.03 8 ± 1 (H2O) —

swollen (stage III) 69 ± 5 1.51 ± 0.04 3.82 ± 0.08 57 ± 3 (D2O) —
contracted (stave V) 59 ± 4 1.28 ± 0.03 1.68 ± 0.05 21 ± 3 (D2O) 41 ± 2
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The dried thin films are of similar thickness [dini = (52 ± 1) nm and (46 ± 2) nm], which
is crucial in order to provide a good comparability of the respective dynamic processes [74].
The obtained film thickness is normalized to their initial value dini, which gives the swelling
ratio d/dini to facilitate the comparison of the kinetic processes. The average SLD values
extracted from the fits are converted into the D2O content according to Equation 2.13. It
should be noted that the SLD values of the dry thin films are lower than the theoretically
calculated SLD of the pure DBC [182]. This discrepancy can be explained with a minor
amount of residual H2O inside the film. For a more detailed view of the vertical film
composition profile, the SLD profiles obtained from fits to the ToF-NR data are shown
in Figure 6.9c,d. The DBC is distributed homogeneously within the thin films in the dry
states (stage I) of both experiments, A and B (gray line). Once the thin films undergo
swelling, the distribution becomes heterogeneous along the surface normal (z-axis), as
water enrichment layers are formed near the substrate–polymer interface. These layers
remain unchanged in thickness upon the methanol exchange. These layers are formed
during thin film swelling due to attractive interactions between the D2O molecules and
the native hydrophilic SiO2 layer on top of the Si substrate. This is consistent with earlier
studies [36, 67, 109].

It is found that during the H2O swelling, slightly more H2O molecules are absorbed
[�H2O = (67 ± 6) V%], as compared to the D2O swelling [(�D2O = (57 ± 3) V%].
This is accompanied by a fractional stronger increase in film thickness [d/dini(D2O) =
(1.60 ± 0.05) and d/dini(D2O) = (1.51 ± 0.04)] of the DBC films. This di�erence indi-
cates a slightly higher a�nity of the DBC to H2O than D2O, which we mainly attribute
to the isotope sensitivity of the PSPE block. Such e�ect is also described Chapter 5.
In both experiments A and B, the film thickness is lower in mixed water/methanol va-
pors than in pure water vapors, whereas both thin films reach a similar swelling ratio
[d/dini(H2O/CD3OH) = (1.33 ± 0.01) and d/dini(D2O/CH3OH) = (1.28 ± 0.03)]. Also,
the water and methanol contents are relatively similar [experiment A: �H2O = (24 ± 2)
V% and �CH3OH = (37 ± 2) V%, experiment B: �D2O = (21 ± 3) V% and �CD3OH

= (41 ± 2) V%]. The results might indicate a higher a�nity of the DBC to H2O, how-
ever, within the uncertainties, the thin films in mixed water/methanol vapor reach similar
swelling ratios and absorb similar amounts of water and methanol.

In a reference experiment, the DBC is exposed to pure CH3OH vapor, which leads
to a higher swelling degree [d/dini(CH3OH) = (1.37 ± 0.02)] as compared to the mixed
H2O/CD3OH and D2O/CH3OH vapors (cf. Figure 6.10). However, the observed dif-
ference is marginally and less pronounced than for the previous study about the PSPE
and PNIPMAM homopolymers described in the first part of this chapter. Thus, a clear
distinctive co-nonsolvency-type behavior cannot be observed for the PSPE-b-PNIPMAM
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thin film. This di�erence to the respective homopolymers might be due to an interfering
interaction of both polymer blocks of the DBC, which leads to a steric hindrance. Regard-
ing the strong impact of the PSPE block on the transition temperature of the PNIPMAM
block in solution, also cooperative hydration e�ects upon methanol exchange are possible,
which reduce a hypothetical co-nonsolvency e�ect in the DBC thin film.

Figure 6.10: Swelling behavior of the
PSPE-b-PNIPMAM thin film in pure
methanol vapor followed with SR in-situ.
The final swelling ratio is slightly higher
than the swelling ratio reached in mixed wa-
ter/methanol vapors. Adapted with permis-
sion from AMERICAN CHEMICAL SOCIETY,
Copyright 2021 [250].

6.3.2. Thin film behavior upon water swelling and methanol
exchange

The dynamic processes in between the equilibrated states are followed in-situ with SR,
ToF-NR, and FTIR. First, mesoscopic information regarding the film thickness and solvent
content, obtained with SR and ToF-NR are described. Subsequent, molecular information
about polymer-solvent interactions are presented.

Film thickness and solvent content
The behavior of the PSPE-b-PNIPMAM thin film upon swelling in water vapor and
methanol exchange is followed in-situ and simultaneously with SR and ToF-NR. Fitting
of the kinetic ToF-NR curves yields information about how the film thickness and the
water and methanol contents evolve. Figures 6.11 and 6.12 provide a representative
selection of ToF-NR curves, together with the best fits (three-layer model). The swelling
ratio d/dini extracted from ToF-NR and from SR data, as a function of measurement time
throughout experiment A and B is shown in Figure 6.13. The time window in which no
kinetic ToF-NR data points are plotted, correspond to the static ToF-NR measurements,
which take 45 min to measure and during which the vapor composition is kept constant.
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The swelling ratios, determined with ToF-NR and SR are in good agreement with each
other, which hints towards a small uncertainty of these values. The thin films in both
experiments undergo a strong increase in film thickness. Upon swelling in H2O vapor, a
higher swelling ratio is reached after longer times (¥ 130 min) as compared to the swelling
in D2O vapor (¥ 100 min). This was already seen in a similar poly(sulfobetaine)-based
DBC thin film system, where longer di�usion pathways in thicker films resulted in longer
swelling processes [38].

Figure 6.11.: Representative selection of ToF-NR curves for the swelling in H2O vapor
and the subsequent CD3OH exchange. Representative ToF-NR data (open circles) during
the swelling in (a) H2O vapor and the subsequent (b) CD3OH exchange are shown with best
model fits (black lines), which are achieved with a three-layer model. From bottom to top the
measurement time increases. For the swelling in H2O vapor the curves are taken at t = 0.5, 2,
5, 8, 10, and 60 min, while for the CD3OH exchange the curves are taken at t = 0.5, 5, 15,
30, 60, and 120 min. The ToF-NR curves are shifted along the y-axis for clarity. The dashed
black line marks the critical edge of the as-prepared thin film. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2021 [250].
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Figure 6.12.: Representative selection of ToF-NR curves for the swelling in D2O vapor
and the subsequent CH3OH exchange. Representative ToF-NR data (open circles) during
the swelling in (a) D2O vapor and the subsequent (b) CH3OH exchange are shown with best
model fits (black lines), which are achieved with a three-layer model. From bottom to top the
measurement time increases. For the swelling in D2O vapor the curves are taken at t = 0.5, 2,
5, 8, 10, and 60 min, while for the CH3OH exchange the curves are taken at t = 0.5, 5, 15,
30, 60, and 120 min. The ToF-NR curves are shifted along the y-axis for clarity. The dashed
black line marks the critical edge of the as-prepared thin film. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2021 [250].

The methanol exchange is induced by changing the gas flow from a 100 vol% water
flow to a 70/30 vol% water/methanol flow. In consequence, two individual thin film
contractions with a certain time period of constant swelling ratio in-between are ob-
served. The first contraction is more pronounced for the CD3OH exchange in experiment
A [�d/dini(CD3OH) = 0.09, �d/dini(CD3OH) = 0.02, where �d/dini denotes the di�er-
ence in the swelling degree before and after the first contraction)] and the subsequent time
of constant swelling ratio is significantly shorter (¥ 12 min), than during the CH3OH ex-
change (¥ 28 min). The second thin film contraction is of similar magnitude for both, the
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Figure 6.13.: Swelling in water vapor and the subsequent methanol exchange followed
with SR and kinetic ToF-NR in-situ. The swelling ratio d/dini as function of measurement
time during experiment (a) A and (b) B. The swelling ratio d/dini (extracted from kinetic ToF-
NR) during swelling in water vapor (stage II) is colored in blue (swelling in H2O vapor) and
green (swelling in D2O vapor), while during the methanol exchange (stage IV) it is colored in
red (CH3OH exchange) and yellow (CD3OH exchange). The swelling ratio d/dini extracted from
SR is colored black throughout all stages. No kinetic ToF-NR data is obtained at the stages I,
III, and V, where the thin film is in equilibrium. The black arrows indicate the degree of swelling
of the thin films reached in pure CH3OH vapor (cf. Figure 6.10). Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2021 [250].

CD3OH and the CH3OH exchange [�d/dini(CD3OH) and �d/dini(CH3OH) ¥ 0.1, where
�d/dini denotes the di�erence in the swelling degree before and after the second con-
traction)]. In both experiments, the second contraction slows down after approximately
5 min (with respect to the start of the second contraction), and the thin films reach
equilibrium thickness after 90 min with respect to the start of the methanol exchange.
The first, sharp contraction of the thin film resembles the one-step contraction that is
observed for the PSPE homopolymer, even though, the contraction of the homopolymer
is considerably stronger. The second one is very similar to the contraction, which is seen
for the PNIPMAM homopolymer thin film (cf. Section 6.1). Therefore, we address the
first contraction to the PSPE block and the second contraction to the PNIPMAM block.
The observed di�erence of the PSPE contraction in experiment A and B, with respect
to the �d/dini values can be explained by the deviating a�nity of the PSPE block to
H2O and D2O, respectively. In contrast, the PNIPMAM contraction is similar in both
experiments, which seems logical, as PNIPMAM is relatively insensitive toward H/D iso-
topes [270]. Due to the individual contraction processes of the PSPE and the PNIPMAM
block, four thin film regimes are obtained: initial dry, after the swelling in water vapor,
after the PSPE contraction, and after the PNIPMAM contraction. These di�erent film
regimes are only triggered by the vapor composition. In addition, they can even be fur-
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ther tuned, regarding their magnitude (�d/dini) by using hydrogenated or deuterated
water species. For comparison, recently a PMMA-b-PNIPMAM DBC film in mixed wa-
ter/acetone vapors was investigated [166], which featured three distinct film thickness
regimes, in dependence on the vapor composition. By replacing the hydrophobic PMMA
with the responsive PSPE block, an additional thickness regime is accessible, which is a
meta-stable regime. By reducing the methanol content in the vapor composition below 30
V%, the thin film might equilibrate in this distinct thin film regime, where only the PSPE
block is in a collapsed state. With respect to potential applications, the here observed
four nanoscale thin film regimes would give the possibility to realize quaternary (nano)
switches.

In addition to the film thickness, ToF-NR yields information about the average thin
film SLD. The contrast variation enables to extract a water and methanol content �water

and �methanol according to Equations 2.13, 6.1, and 6.2. Figure 6.14 displays both as a
function of measurement time.

Figure 6.14.: Swelling in water vapor and the subsequent methanol exchange followed
with kinetic ToF-NR in-situ. The water and methanol content �water and �methanol, respec-
tively, as function of measurement time during experiment (a) A and (b) B (extracted from
kinetic ToF-NR). The H2O and D2O contents are colored in blue and green, while the CD3OH
and CH3OH contents are colored in red and yellow. No kinetic ToF-NR data is obtained at
the stages I, III, and V, where the thin film is in equilibrium (cf. Figure 6.13). Adapted with
permission from AMERICAN CHEMICAL SOCIETY, Copyright 2021 [250].

During the swelling in water vapor (stage II), the thin films absorb more H2O than
D2O (�H2O = 66 ± 7 V% and �H2O = 55 ± 3 V%), which is in good agreement with
the higher swelling ratio and the higher a�nity of the PSPE block to H2O. In contrast,
to the evolution of the swelling ration, the water content inside the thin films increase
significantly faster and reaches an equilibrium state earlier. This is due to air voids present
in the initially dry thin films. These voids are filled up first, before further water uptake
leads to an increase in film thickness. Also, the polymer chains undergo re-arrangements
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processes, which lead to further swelling, long after the water uptake has equilibrated [37,
38].

Upon the methanol exchange (stage IV), in both experiments A and B, two individual
steps, analogously to the evolution in film thickness (cf. Figure 6.13) are observed. During
both steps, water is released and methanol is absorbed into the thin film. In experiment
A, the first water release and methanol uptake step happens directly after methanol is
added to the vapor. The second contraction occurs after ¥ 225 min and follows roughly
the evolution of the swelling ratio displayed in Figure 6.13a (stage IV), where the sharp
collapse is followed by a long equilibration time. A di�erent mechanism is observed for
experiment B. While the first step-wise D2O release and CH3OH uptake is very weak, the
second one is significantly more pronounced. Even an overshooting is observed during
this second step, and a local minimum in D2O content and a local maximum in CH3OH
content is reached, before the thin film relaxes and equilibrates. these local minima
in D2O and maxima in CH3OH content are referred to re-arrangement processes of the
polymer chains and are also found in the previous Chapter 5 and in the literature [36, 166].
Furthermore, we observe a long meta-stable regime in-between both steps, during which
the D2O and CH3OH contents are constant. The di�erences in the water release and the
methanol uptake mechanisms in experiment A and B are again attributed to the isotope
sensitivity of PSPE and the resulting deviating interactions of, in particular, PSPE and
water and methanol, respectively. The higher a�nity to H2O compared to D2O, eventually
leads to a slow H2O release (experiment A) and a fast D2O release (experiment B). The
corresponding methanol species follow the trend of the water species, i.e., a slow CD3OH
uptake (experiment A) and a fast CH3OH uptake (experiment B) are observed. Despite
the di�erences in the release/uptake mechanisms the water and methanol contents in the
final equilibrium state (stage V) are relatively similar (cf. Table 6.2).

Polymer-solvent interactions
FTIR spectroscopy is applied in-situ following the experimental design illustrated in Fig-
ure 6.7. Figure 6.15 shows the obtained FTIR spectra. Please note, that the H2O and D2O
swelling, as well as the CH3OH exchange was monitored for 70 min, while the CD3OH
exchange was monitored for 240 min.

In addition to the absorption peaks that are already explained in the first part of
this chapter, peaks at around 2500 cm≠1 and 2074 cm≠1 appear. These are assigned
to the O-D and C-D stretching vibration resulting from deuterated D2O and CD3OH
molecules, respectively. Analogously to the study of the homopolymers, integration of
solvent absorption peaks indicate the amount of water and methanol present in the thin
films. Figure 6.16 displays the normalized peak areas of the O-H, the O-D, the C-H, and
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Figure 6.15.: Swelling in water vapor and the subsequent methanol exchange followed
with FTIR in-situ. FTIR spectra during the swelling in (a) H2O and (c) D2O vapor, and during
the (b) CD3OH and (d) CH3OH exchanges. The red curve marks the initial (t = 0 d), the
purple marks the final measurement. The measurement time for all dynamic processes is 70
min, except for the CD3OH exchange, where it is 240 min. Characteristic absorption peaks are
labelled accordingly. Black arrows mark the increase and decrease of the water and methanol
peaks. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2021 [250].

the C-D peaks, which consequently indicate the amount of water (H2O and D2O) and
methanol (CD3OH and CH3OH) inside the thin films.

In experiments A and B, a significant and fast water uptake is observed, while more H2O
than D2O is absorbed. This is in agreement with the findings from ToF-NR experiments
and underlines once again the higher a�nity of the DBC to H2O. The observed O-H peak,
upon swelling in D2O vapor (cf. Figure 6.16b), originates from residual H2O molecules
in the thin film, which are slowly exchanged by D2O molecules. Nevertheless, a certain
amount of H2O remains in the thin film throughout the D2O swelling.

During methanol exchange, water is released and methanol is absorbed in a two-step
process. This is also consistent with the ToF-NR data and underlines the assumption on
a molecular level that both polymer blocks show an individual methanol-induced collapse.
The two steps are indicated with black arrows in Figure 6.16a,b. In experiment A, H2O is
released rapidly immediately after the CD3OH exchange is induced, while simultaneously
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Figure 6.16.: Integration areas extracted from FTIR spectra during swelling in water
vapor and the subsequent methanol exchange. The normalized peak areas of the O-H [blue
in (a) and yellow in (b)] and O-D peaks (green) and the symmetric C-D (red) stretching vibration
are extracted as a function of time for experiment (a) A and (b) B from the corresponding
absorption modes shown in (c,d). Please note that in (b) the O-H stretching vibration indicates
the H2O content (from residual H2O molecules) during the D2O swelling, and the CH3OH
content during the CH3OH exchange.The black arrows in (a,b) mark the individual collapse
processes. The black arrows in (c,d) mark the increase and decrease of the water and methanol
peaks. Numbers next to the arrows indicate the sequence order of increase and decrease steps.
Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2021 [250].

CD3OH is absorbed but slower than H2O is released. The release and uptake continue,
albeit at a lower rate, without leveling o� during the remaining time. At later times
(t ¥ 225 min) a second and weakly pronounced step occurs, where H2O is released and
CD3OH is absorbed. In experiment B, D2O is released and CH3OH is absorbed very
rapidly immediately after the CH3OH exchange is induced, and the thin film levels o�
quickly. Shortly after this first release and absorption step, a second step occurs (t ¥
90 min) at which both, D2O, and CH3OH are released from the thin film. The appear-
ance of two individual steps in both experiments, in which H2O and D2O are released
is surprising and hints toward di�erently bound water types (via H- or D-bonds and via
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hydrophobic hydration), which are replaced by CD3OH and CH3OH at di�erent speeds.
During the second water release step, CD3OH is absorbed (experiment A) and CH3OH is
released (experiment B). While the further CD3OH uptake is very small, it still indicates
di�erent interactions of CD3OH with the H2O-based hydration shell in experiment A,
and of CH3OH with the D2O-based hydration shell in experiment B, respectively, during
methanol exchange. Furthermore, the time scales at which the corresponding water re-
lease and methanol absorption steps occur, deviate in experiment A and B. This can be
explained by the di�erent mobility of the two water species within the thin films. The
stronger a�nity of the DBC to H2O also leads to a lower mobility as compared to D2O.
Thus, H2O release in experiment A is hindered and therefore, occurs more slowly than the
D2O release in experiment B. This might also a�ect the mobility of the polymer chains.
Hence, the re-arrangement of the polymer chains in an H2O/CD3OH hydration shell takes
longer times as compared to a D2O/CH3OH hydration shell and can explain the later film
contraction upon CD3OH exchange. One can conclude that the H-bonds of H2O to the
polymer, as compared to the D-bonds of D2O, not only lead to a delayed, but also to
a weaker H2O release as compared to the D2O release. In the final equilibrium state in
experiment A and B, the respective water and methanol contents are similar. Thus, also
on a molecular level, the release and uptake mechanisms di�er significantly, while the final
equilibration state and solvent contents are relatively similar.

In addition to the water and methanol content, the characteristic functional groups
within the PSPE (SO≠

3 and ester), and the PNIPMAM block (amide I and II) are analyzed.
The PSPE specific C=O (of the ester group) and symmetric S-O stretching vibrations
appear at 1750 cm≠1 and 1038 cm≠1. The PNIPMAM specific amide I and II modes
appear at 1650 cm≠1 and 1540 cm≠1. Upon hydration their bonding energies change,
which can be seen as a peak shift in the FTIR spectra. Figure 6.17 images the peak shifts
of the PSPE and PNIPMAM specific functional groups, which are determined from the
FTIR spectra shown in Figure 6.15.

While the symmetric S-O and the amide II peaks shift to higher wavenumbers, the C=O
and the amide I peaks shift to lower wavenumbers upon hydration. This is in agreement
with the behavior of the functional groups of the corresponding homopolymers as is seen
in the first part of this chapter, and with literature [37, 165, 268]. In addition, all four
analyzed peaks feature a stronger shift during swelling with H2O, compared to swelling
with D2O. This is consistent with the higher amount of H2O molecules within the thin
films. During methanol exchange, both PSPE-specific peaks, the symmetric S-O and
the C=O stretching vibrations, undergo two individual backshifts of their peak maxima.
These backshifts clearly indicate a partial de-hydration or a change in the hydration shell,
respectively, and eventually a collapse of the PSPE block. Similar to the change in solvent
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Figure 6.17.: Peak maximum position extracted from FTIR spectra during swelling in
water vapor and the subsequent methanol exchange. From the FTIR spectra shown in
Figure 6.15, the peak maximum shift of the (a) symmetric S-O stretching vibration, (b) the
C=O stretching vibration, (c) the amide I, and (d) amide II modes are extracted by applying a
Gaussian fit to the corresponding peaks. Blue and green curves indicate the peak shift during the
swelling in H2O and D2O vapor, while red and yellow curves represent the peak shift during the
CD3OH and CH3OH exchanges, respectively. A close-up of the shifting absorption modes can
be found in the Appendix B. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2021 [250].

content (cf. Figure 6.16), the second backshift appears significantly later during the
CD3OH exchange than during the CH3OH exchange. In contrast, the PNIPMAM-specific
amide I and II modes, only show one backshift as a result of the PNIPMAM collapse.
Interestingly, this backshift correlates in time with the second backshift of the PSPE-
specific peaks. Thus, the collapse of the PNIPMAM block might a�ect the hydration
behavior of the PSPE block, which results in the second backshift of the PSPE-specific
groups. Vice versa this is not the case, as the collapse of the PSPE block (first backshift
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immediately after the methanol exchange is induced) does not a�ect the peak positions of
the amide I and II modes. This is interesting, since PNIPMAM is the minority component
in the DBC. It might be, that the released water moves from a PNIPMAM nano domain
to a PSPE nano domain and changes the environmental conditions there. Furthermore,
it should be noted that all backshifts during the CD3OH exchange are less pronounced
than the backshifts upon the CH3OH exchange. This again highlights the higher a�nity
of the DBC to H2O than to D2O.

6.4. Conclusion II
In this second part, we investigate the swelling behavior in water vapor and the subse-
quent behavior in mixed water/methanol vapor, of a DBC thin film, that consists of a
zwitterionic PSPE block and a nonionic PNIPMAM block. The DBC thin film is able
to incorporate more H2O molecules and reaches a higher swelling ratio during swelling in
H2O vapor as compared to swelling in D2O vapor. This is due to a higher a�nity of the
PSPE block to H2O than to D2O. Upon methanol exchange, two individual and di�erent
types of contractions of the DBC thin films are observed. By comparing both contraction
types to the homopolymer study, the first contraction can be assigned to the collapse of
the PSPE block, while the second contraction is addressed to the collapse of the PNIP-
MAM block. Since the thin films feature only a slightly higher swelling degree in pure
CH3OH vapor than in mixed water/methanol vapor, we do not attribute a pronounced
co-nonsolvency behavior to the PSPE-b-PNIPMAM thin films. This is surprising, since
a co-nonsolvency-type behavior is found for the individual PSPE and PNIPMAM ho-
mopolymer thin films. It seems that the covalently tied PSPE and PNIPMAM blocks
interact with each other in the DBC, which might result in steric hindrance or repulsive
interactions between the blocks. Since the collapse of the PNIPMAM block can a�ect
the hydration behavior of the PSPE block, cooperative hydration e�ects are also possible,
which interfere with a co-nonsolvency e�ect in the DBC thin film.

The fact, that the two contractions occur after one another, enables in total four di�er-
ent thin film regimes (initially dry, water swollen, after the PSPE collapse, and after the
PNIPMAM collapse). These regimes are only dependent on the vapor composition and
can be further tuned via di�erent deuteration levels of the used solvents. Thus, compared
to earlier work, where three di�erent film thickness regimes of a PMMA-b-PNIPMAM
DBC film were presented [166], an additional regime is provided by the replacement of
the PMMA block by PSPE. In terms of possible application, the results o�er the basis
for a possible nanoscale switch with four states [quarternary (nano)switches]. While the
contraction mechanisms di�er considerably in both experiments, the water and methanol
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contents are similar in the final equilibrated thin film state. FTIR confirms the two indi-
vidual thin film contractions and the deviating water release and methanol uptake mech-
anisms on a molecular level. From, the peak shifts of the PSPE and PNIPMAM-specific
absorption peaks, we find that the PNIPMAM collapse a�ects the hydration behavior of
the PSPE block, but not vice versa.
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7. Phase transition kinetics of
orthogonally dual thermo-responsive
thin films

The following chapter is based on the publication ’Phase Transition Kinetics of Dou-
bly Thermoresponsive Poly(sulfobetaine)-Based Diblock Copolymer Thin Films’ (L. P.
Kreuzer et al., Macromolecules 2020, 53, 2841-2855; DOI: 10.1021/acs.macromol.0c00046)
[37]. Reprinted with permission from AMERICAN CHEMICAL SOCIETY, Copyright
2020. Experiments were performed in collaboration with bachelor student Johannes Pan-
tle [271].

The previous chapters focus on a fundamental understanding of orthogonally dual
thermo-responsive poly(sulfobetaine)-based DBC thin films and their behavior in pure
and mixed vapors at constant temperature. In the present and the following chapters, the
change in temperature will play a crucial role. In aqueous solution, poly(sulfobetaine)s
(PSBs) feature an upper critical solution temperature (UCST), while poly(N -isopropyl
methacrylamide) (PNIPMAM) exhibits a lower critical solution temperature (LCST). Sec-
tion 2.2.1 provides a detailed description of the response of both polymer types toward
temperature.

Introduction
Thermo-responsive polymers can undergo drastic changes in their chain conformation as
a response to temperature variation. By physical or chemical cross-linking of thermo-
responsive polymers, thermo-responsive hydrogels are created, that can hold large quan-
tities of water. Upon temperature change, the linked polymer chains either contract or
elongate, and therefore, water is either released from or absorbed into the hydrogel (see
Section 2.2.1 for further reading) [1, 76, 77].

In former studies, appropriate UCST- and LCST-type homopolymers were combined to
orthogonally dual thermo-responsive DBCs, which in aqueous solution self-assembled into
micelles with a hydrophobic core and a hydrophilic shell [25, 106, 107, 272]. Due to the
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combination of UCST and LCST-based thermo-responsive polymer blocks and their op-
posing thermal response, micellar inversion was induced by a change in temperature, i.e.,
the hydrophobic core became the hydrophilic shell and vice versa [109–112]. Dependent
on the relative positions of the clearing point (CP’UCST) and the cloud point (CPLCST),
this was realized via a fully hydrophilic regime (CP’UCST < CPLCST), a fully hydrophobic
regime (CP’UCST > CPLCST), or directly (CP’UCST = CPLCST). However, schizophrenic
DBCs were mainly investigated in dilute aqueous solutions, and the extrapolation of the
bulk solution behavior to thin film geometry is not very reliable as is described in Section
2.1.2 and in the previous Chapter 6. Thus, the present chapter focuses on the thermal
behavior of a schizophrenic DBC in thin film upon two consecutive temperature jumps.

The DBC under investigation consists of a zwitterionic poly(N,N -dimethyl-N -(3-meth
acrylamidopropyl)-ammonio-propane sulfonate) (PSPP) block and a nonionic PNIPMAM
block (PSPP500-b-PNIPMAM150), and is denoted as PSPP-b-PNIPMAM in the following.
Its chemical structure can be found in Figure 4.2d in Section 4.2. In solution, the corre-
sponding homopolymers showed an CP’PSPP at 31.5 °C and a CPPNIPMAM at 44 °C in H2O
(polymer concentration of 50 g L≠1), respectively [26]. Interestingly, the DBC featured
a slightly higher CP’PSPPDBC at 33.5 °C and a markedly higher CPPNIPMAMDBC at 49.5 °C
[26]. Thus, the impact of the PNIPMAM block on the CP’PSPPDBC was rather small,
while the PSPP block altered the CPPNIPMAMDBC considerably. Since the UCST-type
transition of PSPP is at lower temperatures than the LCST-type transition of PNIP-
MAM the DBC featured a fully hydrophilic regime at intermediate temperatures at the
corresponding polymer concentration of 50 g L≠1 (cf. Figure 2.6b in Section 2.2.1). The
found transition temperatures in solution serve as reference points for the present study.

Figure 7.1 gives a schematic overview of the performed experiment, which is composed
of three main parts. First, the swelling of the DBC thin film is induced by exposing
it to D2O vapor at constant temperature of 20 °C (stage II - swelling in D2O vapor).
Regarding the values for the CP’PSPPDBC and the CPPNIPMAMDBC in aqueous solution as
reference points, the set temperature of 20 °C should be well below both. Once the swollen
thin film is in equilibrium, the temperature is increased jump-wise from 20 °C to 40 °C
(stage IV - first temperature jump) and from 40 °C to 60 °C (stage VI - second temperature
jump). While 40 °C is in-between the UCSTPSPPDBC-type and the LCSTPNIPMAMDBC-type
transition, 60 °C is above both. Therefore and with respect to the solution phase diagram,
the applied measurement protocol covers the relevant phase diagram regimes of the DBC.

The equilibrated thin films in their as-prepared (stage I), and their swollen states at
20 °C (stage III), 40 °C (stage V), and 60 °C (stage VII) are probed with static time-of-
flight neutron reflectivity (ToF-NR), in order to obtain mesoscopic information, regarding
film thickness and absorbed water content. In addition, ToF grazing-incidence small-angle
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Figure 7.1.: Phase transition kinetics of orthogonally dual thermo-responsive thin films:
Schematic representation of the performed experiments. The swelling in D2O vapor is
followed by a first and a second temperature jump. The thin film states in equilibrium (stage
I, III, V, and VII) are probed with static ToF-NR, while the thin film kinetics of the swelling
(stage II) and the two temperature jumps (stage IV and VI) are followed with kinetic ToF-NR,
SR, and FTIR in-situ. The initial ambient, and the D2O vapor at 20 °C, 40 °C, and 60 °C are
indicated in gray, green, orange, and red, respectively. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2020 [37].

neutron scattering (GISANS) is applied, which probes the lateral thin film nanostructure.
This reveals a potential DBC microphase separation that might change upon temperature
increase analogously to the ’schizophrenic’ micellar inversion in aqueous solution. The
thin film kinetics during the swelling in D2O vapor and the two subsequent temperature
jumps are followed with spectral reflectance (SR), kinetic ToF-NR, and Fourier-transform
infrared spectroscopy (FTIR) in-situ. FTIR measurements have a strongly limited time
resolution and to enable the monitoring of the thermal response in-situ, a temperature
ramp of 0.5 K h≠1, instead of fast temperature jumps is applied.

This chapter addresses the scientific questions, how the thin film geometry alters the
thermal behavior of PSPP-b-PNIPMAM, and how the lateral thin film geometry changes
upon temperature increase. For answering these, a combination of neutron scattering
techniques and FTIR spectroscopy is highly beneficial as it links molecular information
to the overall thin film behavior, regarding its swelling degree, water uptake, and thin
film morphology, to molecular information about polymer-water interaction and the local
hydration of specific functional groups.

The ToF-NR and ToF-GISANS measurements are performed at the RefSANS instru-
ment at the MLZ neutron source in Garching, Germany [218–220]. Details to ToF-NR,
ToF-GISANS, SR, and FTIR can be found in the Sections 3.2 and 3.3. For realizing
in-situ measurements, corresponding sample environments as described in the subsection
’Pre-existing experimental setup’ in Section 3.4 are used. The thin film samples, dis-
cussed in the following are prepared and pre-characterized according to Section 4.4. The
Appendix C provides details to the pre-characterization of the thin films. Optical and
atomic force microscopy, as well as x-ray reflectivity reveal a highly homogeneous and
smooth thin film.
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7.1. Investigation of the equilibrated thin film states
Throughout the experiment, the ambient conditions, regarding the relative humidity (RH)
and temperature, within the SR, the ToF-NR/GISANS, and the FTIR measurement
chambers are monitored. Both parameters as a function of time are displayed in Figure
7.2.

Figure 7.2.: RH and temperature during swelling in water vapor and the two temperature
jumps. Both parameter are plotted as a function of time within the respective (a) SR, (b) ToF-
NR and ToF-GISANS, and (c) FTIR measurement chambers. The thin film stages are labelled
according to Figure 5.1. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2020 [37].

The general evolution of the RH and temperature during SR and ToF-NR/ToF-GISANS
experiments are very similar, except for slight deviations in the beginning of the swelling
process. During the FTIR measurements, the temperature ramp results in a slight drop
of the RH, which is taken into account for the analysis.

In order to get a first insight in the swelling and thermal behavior of the DBC thin
film, static ToF-NR measurements probe the corresponding equilibrated thin film states,
in-between the swelling process and the temperature jumps. Figure 7.3 displays the
resulting NR curves together with their model fits. While the as-prepared state (stage
I) is fitted with a two-layer model (SiO2 and one polymer layer), the swollen states at
20 °C, 40 °C, and 60 °C (stage III, V, and VII) are fitted with a four layer model, due
to appearing D2O enrichment layers at the substrate-polymer and polymer-D2O vapor
interfaces. The obtained film thickness d is normalized to its initial film thickness dini,
yielding the swelling ratio d/dini. From average thin film <SLD> (denoted as SLD in the
following) the D2O content � can be calculated, according to Equation 2.13. All extracted
thin film characteristics are summarized in Table 7.1. Furthermore, the SLD is related to
the vertical film composition, and yields information about the vertical water distribution
within the thin film. The corresponding SLD profiles are also shown in Figure 7.3.
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Figure 7.3: Static ToF-NR measurements.
ToF-NR curves of the thin film in its equilib-
rium states. The curves of the as-prepared
(stage I), and the swollen states at 20 °C (stage
III), at 40 °C (stage V), and at 60 °C (stage VII)
are indicated in gray, green, orange, and red.
Best fits are achieved with a two-layer model
for the as-prepared state, and with a four-layer
model for the swollen states (black lines). (b)
Corresponding SLD profiles. Adapted with per-
mission from AMERICAN CHEMICAL SOCI-
ETY, Copyright 2020 [37].

The obtained SLD for the as-prepared thin film state is lower [(0.53 ± 0.03) ◊10≠6

Å≠2] than the SLD determined theoretically, using the NIST SLD calculator [182]. This
theoretical SLD determination is based on the basis of the mass density composition of
the DBC and yields a SLD of 0.60 ◊10≠6 Å≠2. For PSPP, a typical organic polymer
density of 1.00 g cm≠1 is assumed, whereas for PNIPMAM, a mass density of 1.10 g cm≠1

is estimated from the known density of PNIPAM. The small di�erence in measured and
theoretically determined SLD is due to residual H2O molecules in the thin film, as is also
found in the previous Chapters 5 and 6. To assure a correctly calculated water content
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Table 7.1.: Film thickness (sum of all polymer layers), swelling ratio d/dini, SLD (via integration
of the SLD profiles), and D2O content � (via Equation 2.13) extracted from the fits of the static
ToF-NR measurements, shown in Figure 7.3.

thin film state film swelling SLD D2O
thickness d [nm] ratio d/dini [10≠6 Å≠2] content � [V%]

as-prepared 91 ± 1 0.60 ± 0.03 0.53 ± 0.02 –
D2O swollen at 20 °C 236 ± 4 2.59 ± 0.06 3.60 ± 0.01 52 ± 2
D2O swollen at 40 °C 160 ± 3 1.76 ± 0.04 2.51 ± 0.01 33 ± 2
D2O swollen at 60 °C 174 ± 2 1.91 ± 0.04 2.69 ± 0.01 36 ± 2

for the swollen thin film states (cf. Equation 2.13), the theoretical SLD value is used for
the water content analysis.

From the results an already quite detailed picture can be drawn. After the swelling in
D2O at 20 °C, the thin film features an considerably increased film thickness and water
content. Compared to the swollen state at 20 °C, the thickness and water content are
decreased at 40 °C, while at 60 °C the thickness and water content are slightly increased,
with respect to the state at 40 °C. All values are listed in Table 7.1. These results re-
veal some unexpected details, in particular about the trend of the film thickness and
water content upon increasing temperature. From bulk solution, the opposite behavior
is expected, since 20 °C is below the clearing point of the PSPP block (CP’PSPP) and the
cloud point of PNIPMAM (CPPNIPMAM), while 40 °C is in-between both, and 60 °C is
above both. The results oppose our expectations and indicate a considerable shift of the
CP’PSPP and CPPNIPMAM in thin film geometry. Since the terminology of clearing and
cloud point rather refers to solutions than to thin films, the terms ’swelling temperature’
for CP’PSPP and ’collapse temperature’ for CPPNIPMAM are used in the following. The shift
of the swelling and collapse temperatures is mainly addressed to altered polymer-polymer
and polymer-water interactions due to the increased polymer concentration.

In addition, the SLD profile (cf. Figure 7.3b) features a homogeneously distributed
as-prepared thin film state. In the swollen states at 20 °C, 40 °C, and 60 °C, D2O enrich-
ment layers appear, near both interfaces, the substrate-polymer and the polymer-D2O
vapor interface. The enrichment layer near the substrate can be explained by the high
hydrophilicity of the SiO2 layer on top of the Si substrate, which results in attractive
interactions to D2O [36, 67, 109]. The second enrichment layer near the D2O vapor in-
terface is an accumulation layer on an already fully D2O-saturated thin film due to the
high ambient RH. While the thickness of the enrichment layer near the substrate remains
relatively stable upon temperature increase, the second enrichment layer on top of the
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thin film is synchronized with the evolution of the overall thickness, i.e., the swollen state
at 20 °C features the largest D2O enrichment layer, while at 40 °C the D2O enrichment
layer is the thinnest.

In order to further investigate, in particular the unexpected evolution of the thin film
thickness and water content upon temperature increase, SR, kinetic ToF-NR, and FTIR
measurements follow the dynamic swelling and temperature jumps in-between the above
described equilibrium states.

7.2. Swelling behavior
The first part of the following section, describes the swelling in D2O vapor followed with
SR and ToF-NR. Complementary, FTIR measurements are discussed in the second part.
Furthermore, a swelling model is applied to the data.

Film thickness and water content
Figure 7.4 gives the evolution of the swelling ratio and the D2O content, upon swelling
in D2O vapor, obtained from SR and ToF-NR measurements. A single SR spectrum is
measured every 10 seconds, while every 30 seconds a single ToF-NR curve is recorded.
Analogously to the static ToF-NR curves, the kinetic curves are fitted with a four-layer
model (SiO2, two D2O enrichment layers, and one main polymer layer). Selected NR
curves with the corresponding fits are shown in Figure 7.5.

‰eff · [min] extracted from

0.71 ± 0.05 31 ± 1 SR (d/dini)a

0.36 ± 0.02 7.5 ± 0.2 ToF-NR (d/dini)b

0.22 ± 0.01 2.3 ± 0.1 ToF-NR (�)b

Table 7.2: Swelling model applied to the SR
and ToF-NR data shown in Figure a7.4a,b.

During swelling in D2O vapor, the DBC thin film reaches a swelling ratio of ¥ 2.6,
which is accompanied with a considerable D2O uptake of ¥ 50 V%. Both values are
in good agreement with the results from static ToF-NR. Notably, the swelling process
followed with SR exhibits a long dynamic regime. Even after 120 min, the film thickness
still marginally increases. In contrast, ToF-NR monitors a shorter swelling process, which
is already equilibrated after roughly 8 minutes. This is due to the di�erent used mea-
surement chambers for SR and ToF-NR measurements (cf. Section 3.4), which vary in
dimensions. Thus, the RH increases on di�erent time scales in these chambers. In order
to compensate for this e�ect, the data is analyzed with a swelling model, that takes the
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Figure 7.4.: Swelling in D2O vapor followed with SR and ToF-NR in-situ. The swelling
ratio d/dini as a function of time during the swelling in D2O vapor is obtained with (a) SR
(open circles) and (b) kinetic ToF-NR measurements (full circles). The maximum swelling ratio
dmax/dini is plotted as dotted red line. Black arrows mark the time, at which the swelling
process is no longer di�usion-limited, but limited by the RH. (b) D2O content � (full triangles)
as a function of time obtained with kinetic ToF-NR measurements. A swelling model is applied
to the data as explained in the main text (solid black line). Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

intrinsic swelling kinetics into account, i.e., the di�usion of D2O into the thin film. In
addition, the model respects the non-constant RH and considers the varying evolution of
the RH within the SR and ToF-NR measurement chambers. From the swelling model the
e�ective Flory-Huggins interaction parameter ‰eff and a time · are extracted. Section
2.1.2 provides a detailed description of the swelling model. Table 7.2 lists all ‰eff and ·

values, extracted by applying the model to the SR and ToF-NR swelling data.
Even though, the swelling model takes into account the di�erent evolution of the RH

within the di�erent measurement chambers used for SR and ToF-NR measurements, the
extracted ‰eff and · values still di�er considerably. This might be due to di�erent sample
sizes in SR (2 ◊ 2 cm2) and ToF-NR measurements (7 ◊ 7 cm2) and the exclusion of
substrate-polymer interactions in the applied swelling model. It seems, the influence of the
substrate on the thin film swelling behavior is significant. Furthermore, the probed thin
film area is much smaller during SR measurements as compared to ToF-NR measurement.
Due to the very small incident angle of the incoming neutron beam (–i = 0.76°), the
footprint is large and therefore, the results feature a higher statistical relevance. Hence,
the ToF-NR displays the general thin film behavior, while SR rather indicates a local
thin film behavior. In order to interpret the results according to the guidelines of good
scientific practice, the extracted ‰eff and · values are only compared within the individual
measurement techniques, or measurement chambers, respectively.
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Figure 7.5: Representative selection of
ToF-NR curves for the swelling in D2O va-
por. Representative ToF-NR data during the
swelling in D2O vapor are shown with best
model fits (black lines). From bottom to top
the time increases: t = 0.5, 1, 2, 5, 10, 15,
and 30 min. The ToF-NR curves are shifted
along the y-axis for clarity. The dashed black
line marks the critical edge of the as-prepared
thin film. The black arrow on top of the graph
marks the shift of the critical edge, while the
black arrow inside the graph indicates the shift
of the Kiessig fringes. Adapted with permis-
sion from AMERICAN CHEMICAL SOCIETY,
Copyright 2020 [37].

The swelling model applied to the SR data, yields a ‰eff and · value that are slightly
lower as compared to observations of a similar DBC thin film (PSPP-b-PNIPAM), whose
swelling and exchange behavior is discussed earlier in Chapter 5. These lower ‰eff and
· values indicate a higher water compatibility as well as a faster swelling process of the
here discussed PSPP-b-PNIPMAM thin films, than for the PSPP-b-PNIPAM thin films
investigated in Chapter 5. One has to mention, the swelling in D2O vapor in Chapter 5
is performed at a higher temperature of 26.5 °C. Still, the comparison reveals interesting
results. On the one hand, we assume a hydrophobic PSPP block at 20 °C, based on its
CP’PSPP of 33.5 °C in aqueous solution [27], while in former work it was also seen, an
increased polymer concentration leads to an increased CP’PSPP [127, 273]. On the other
hand, in Chapter 6 we see a very strong water uptake of a similar poly(sulfobetaine) at
a temperature of 22 °C, which is below its CP’PSPE in solution. Therefore, we attribute
a strong water uptake to the here investigated PSPP block, and since the molar fraction
of the PSPP block is higher than of the PSPP block in Chapter 5, we identify the PSPP
block to be responsible for the better compatibility with water and the faster swelling
process.
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The situation is more complex for the ToF-NR data, since here the swelling model can
be applied to two curves, the curve of the swelling ratio d/dini and of the water content
�. The obtained ‰eff (d/dini) and ·(d/dini) values are smaller than the ‰eff (�) and ·(�)
values. This suggest that D2O is incorporated into the thin film on a faster time scale
than the thin film increases in thickness. This is in good agreement with the previous
two Chapters 5 and 6, and can be explain by air voids, present in the as-prepared state,
which are filled with D2O first, before a swelling process takes place. Furthermore, the
extracted ‰eff and · values are lower as compared to the values obtained in Chapter 5,
thereby confirming the findings from SR measurements. Apparently, the PSPP block is
mainly responsible for the strong and fast water uptake.

In addition, Figure 7.4a,b displays the maximum swelling ratio dmax/dini (dotted red
line), which is dependent on the non-constant RH and on ‰eff . Hence, it expresses the
theoretical limit of the swelling ratio the DBC thin film is able to reach at a given ambient
RH and at a given temperature. At early stages, the maximum swelling ratio di�ers
strongly from the actual swelling ratio, before at later stages they eventually merge (point
of merging is indicated with a black arrow). Thus, the di�usion of the D2O molecules is the
limiting factor at the early stages of the swelling process, while the swelling is limited by
the RH at the later stages. This is also described in Chapter 5, where the di�usion-limited
regime during the swelling in D2O vapor of the PSPP-b-PNIPAM thin film is clearly longer
as for the PSPP-b-PNIPMAM thin film in the present chapter. This fits perfectly to the
seemingly higher water compatibility of the PSPP-b-PNIPMAM thin film as is described
above. As a general statement, one could conclude that a higher water compatibility of
the thin film promotes di�usion processes and shortens the di�usion-limited regime. As
a consequence the swelling process is limited earlier by the RH.

Polymer-water interactions
In order to analyze the thin film behavior also on a molecular level, FTIR measurements
are applied in-situ. Please note, in order to enable in-situ measurements despite a long
FTIR measurement time of 7 minutes, the RH increase within the FTIR measurement
chamber is artificially decelerated. As a consequence, the overall D2O swelling took 6
days to be finished. The obtained FTIR spectra are shown in Figure 7.6.

The two very prominent absorption peaks located at around 3400 cm≠1 and 2500 cm≠1

can be assigned to several sub-bands of free and bound (via hydrogen or deuterium bonds)
O-H and O-D stretching vibrations, respectively. The intensity of the two peaks relates
to the amount of water (H2O and D2O) inside the thin film at a given time. The nonzero
intensity of the O-H peak indicates that prior to the swelling in D2O vapor, H2O molecules
are already present in the as-prepared thin film. In-between these two absorption peaks, a
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7.2. Swelling behavior

Figure 7.6.: Swelling in D2O vapor followed with FTIR in-situ. The red curve marks the
initial (t = 0 d), while the purple curve marks the final measurement (t = 6 d). Characteristic
absorption peaks are labelled accordingly. Black arrows mark the increase and decrease of the
O-H and the O-D stretching vibration. Adapted with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2020 [37].

three-fold peak appears, which is addressed to the asymmetric (2974 cm≠1) and symmetric
C-H stretching vibrations (2886 cm≠1) of the CH3 groups (present at the quaternary amine
of the PSPP chain and in the isopropyl group of the PNIPMAM chain). The peak at
2938 cm≠1 refers to the asymmetric C-H stretching vibration of the CH2 groups located
in the backbones and sidechains of both polymer blocks. Since their vibrational signal
remains mostly una�ected from the increasing RH during the swelling in D2O vapor, as
well as from the increasing temperature during the two temperature jumps, the integration
area of these peaks of the first FTIR spectrum of the as-prepared thin film (t = 0), is
used for normalization. At 1645 cm≠1 and 1537 cm≠1, two peaks, assigned to the amide
group, present in both, the PSPP and PNIPMAM block, appear. They are denoted with
amide I and II band. While the amide I band is a combination of the C=O and the N-C
stretching vibration, the amide II band appears due to C-H stretching vibrations and N-H
in-plane bending [227, 247, 248, 274]. Both bands are highly sensitive towards hydrogen
(or deuterium) bonds as they relate to the vibration and bending energy of an hydrogen
bond donor (amide I) and an hydrogen acceptor (amide II). Furthermore, the amide II
band allows to detect occurring deuteration of the amide group as the bending energies
of N-H and N-D bonds di�er. The N-D in plane bending appears at around 1550 cm≠1

and is denoted with amide II’.
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The integration of the O-D and O-H peaks yields information about the amount of D2O
and H2O within the thin film. Since the swelling is performed in D2O vapor, deuteration
of the polymer chain, foremost at the amide group, occurs. As a consequence, a third
water species, namely HDO, is present, which contributes to both, the O-D and O-H
peak. Figure 7.7 gives the normalized integration areas of the O-D and O-H stretching
vibrations as a function of time during the swelling in D2O vapor. One has to note, that
both peaks feature a di�erent molar extinction coe�cient ‘⁄ which is already taken into
account.

Figure 7.7.: Integration areas extracted from FTIR spectra during the swelling in D2O
vapor. Normalized integration areas of the (a) O-H (blue) and O-D (green) peaks, and the
(b) protonated (blue) and deuterated (green) amide II and II’ peak during the swelling in D2O
vapor. The corresponding absorption modes are imaged below the integration areas in (c,d).
The integration areas of the O-H (divided into two regimes by a black arrow) and O-D peaks as
a function of time in (a) are fitted with a swelling model (black line), while the integration areas
of the amide II and II’ peaks in (b) are fitted with an exponential fit as explained in the main
text. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

The integration area of the O-D peak increases with time, as D2O molecules di�use
into the thin film, and reaches an equilibrated state after roughly 5.5 d. In contrast, the
integration area of the O-H peak as a function of time follows a more complex trend.
As mentioned above, H2O molecules are present within the thin film in the as-prepared
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state. In Chapter 5, the change of the vapor composition leads to an exchange of di�erent
water species within the thin film. Here, the integration area of the O-H peak first reaches
a maximum before it decreases. The increase hints toward a strong deuteration of the
amide groups and the associated creation of HDO molecules. It is assumed that exchange
processes, i.e., excessively present D2O molecules replace H2O and HDO molecules within
the thin film, occur throughout the swelling in D2O vapor. Apparently, in the beginning,
the e�ect of deuteration exceeds the exchange processes and results in a maximum of the
O-H stretching vibration after roughly one day. While the deuteration eventually slows
down, the exchange process continues. Thus, less HDO molecules are created, but still
H2O (initially present) and HDO molecules (due to deuteration) are exchanged by D2O
molecules. Consequently, the integration area of the O-H peak decreases over time.

The integration areas of the protonated amide II and the deuterated amide II’ band
as a function of time, underline this hypothesis. Both bands show an opposing trend:
While the integration area of the amide II band decreases, the integration area of the
amide II’ band increases, thereby, clearly revealing deuteration processes. Both show a
linear regime during the first two days, before the respective increase and decrease of
integration area slows down and eventually equilibrates after roughly five days. Hence, a
constant deuteration rate is assumed for the first two days. Since the O-H peak features
an integration area maximum after one day, it seems that the exchange of H2O and HDO
by D2O molecules becomes rapidly the dominant factor and outperforms the constantly
ongoing deuteration rate. To quantitatively compare the decreasing amide II with the
increasing amide II’ band, linear and exponential fits are applied to the two regimes. The
slopes and decay rates of the linear and the exponential fits, respectively, are very similar
for the amide II and II’ band (linear: -0.32 d and 0.33 d, exponential: 1.22 d and 1.13
d). This proofs a straightforward 1:1 H/D exchange and is in good agreement with the
results from the previous Chapter 5.

Analogously to the SR and ToF-NR data, the swelling model can be applied to the
integration area of the O-D and O-H peaks as a function of time. Please note that the
O-H peak is divided, namely in an increasing and in a decreasing part (marked by a black
arrow in Figure 7.7a). The swelling model is applied to both parts individually. All values
for ‰eff and · are listed in Table 7.3.

‰eff · [d] extracted from

0.31 ± 0.03 1.3 ± 0.02 O-D stretch. vib.a

0.34 ± 0.02 0.5 ± 0.02 O-H stretch. vib. - increasea

1.10 ± 0.04 3.2 ± 0.12 O-H stretch. vib. - decreasea

1.03 ± 0.08 0.5 ± 0.01 S-O stretch. vib.b

Table 7.3: Swelling model ap-
plied to the FTIR data shown
in Figures a7.7a and b7.8a.
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The obtained ‰eff values are very similar for the O-D peak and the increasing part
of the O-H peak. Since the D2O uptake governs the O-D peak, and the deuteration of
the amide group as well as the exchange of H2O and HDO by D2O molecules governs
the O-H peak, this suggests, a similar high a�nity of the whole DBC and the amide
group towards D2O. In contrast, the · values di�er significantly. The initial increase of
the O-H peak occurs faster than the increase of the O-D peak, which indicates a strong
deuteration at early stages of the swelling process. In turn, the · value of the subsequent
O-H peak decrease is larger than for the O-D peak increase. Thus, the release of H2O
and HDO molecules takes place on a longer time scale, than the D2O uptake, due to the
still ongoing deuteration process and the creation of HDO molecules. Analogously to the
SR and ToF-NR results, the ‰eff and · values obtained from the increasing O-D peak
are smaller than the corresponding values obtained in the previous Chapter 5. Thus, the
assumption of an at least partly hydrated PSPP block, is also confirmed on a molecular
level.

Besides the integration areas of the absorption peaks, also their peak position is of in-
terest, as a shift indicates cooperative hydration e�ects. At 1038 cm≠1 a sharp absorption
peak arises that is due to the symmetric S-O stretching vibration of the SO≠

3 group. This
group is located at the end of the PSPP side chain. Due to its location and its negative
charge, it is assumed to play a major role during water uptake and release. Figure 7.8
displays its absorption peak maximum as a function of time during the swelling in D2O
vapor. The S-O absorption peak undergoes a distinct shift towards higher wavenumbers
upon hydration with D2O, which equilibrates after approximately five days. The swelling
model yields a higher ‰eff value and a lower · value than the corresponding ‰eff and ·

values for the increasing integration area of the O-D peak. This indicates a lower a�nity
of the SO≠

3 group towards D2O, but simultaneously a faster hydration with respect to the
overall D2O uptake. Apparently, the position of the SO≠

3 group is easily accessible for
D2O molecules, which leads to a very fast hydration. Thus, the location of a particular
group has a considerable impact on its hydration behavior and might even outbalance
a reduced a�nity towards the solvent. An interesting fact gives the comparison with
the previous Chapter 5. There, the ‰eff and · values obtained from the S-O stretching
vibration peak shift are lower, while in parallel, the values determined via integration of
the O-D stretching vibration are higher than the values obtained in the present chapter.
In other words, the di�erence of the ‰eff and · values, obtained from the here presented
S-O and O-D stretching vibration is significantly higher. This might be due to the longer
PSPP block, which is assumed to be hydrated (see the discussion above in the SR and
ToF-NR section). Hence, the overall D2O uptake is favored, while, with respect to this
favored uptake, the a�nity of the SO≠

3 group towards D2O is lower. This further corrob-
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orates the hypothesis, that at a temperature of 20 °C the PSPP block is hydrated, which
is not the case in aqueous solution.

Once the D2O swelling has equilibrated, a static ToF-NR measurement is performed, as
is discussed in the Section 7.1. Immediately after this measurement, the first temperature
jump is performed and monitored with SR, kinetic ToF-NR, and FTIR measurements,
which will be described in the following.

Figure 7.8.: Peak maximum position extracted from FTIR spectra during the swelling
in D2O vapor. (a) The peak position of the symmetric S-O stretching vibration during swelling
in D2O vapor is extracted via an Gaussian fit from the S-O absorption mode shown in (b). A
Gaussian fit (applied to all FTIR curves) is shown in (b) as black line for the first and final S-O
stretching vibrations. Dashed black lines indicate the peak maxima. The S-O peak position as
a function of time is fitted with a swelling model (black line) as explained in the main text.
Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

7.3. Phase transition behavior
Two consecutive temperature jumps are performed: From 20 °C to 40 °C and from 40 °C to
60 °C. First, the swelling ratio and water content obtained with SR and ToF-NR measure-
ments are discussed, and subsequent the molecular information from FTIR spectroscopy
complements the discussion. The swelling model is again applied to the data.

Film thickness and water content
Analogously to the swelling in D2O vapor, the obtained kinetic ToF-NR curves are fitted
with a four-layer model (SiO2, one main polymer layer, and two D2O enrichment layers
at the interfaces). A selection of NR curves together with the corresponding fits can be
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found in Figure 7.9. The extracted swelling ratio and water content as a function of time
during both temperature jumps are shown in Figure 7.10.

Figure 7.9.: Selected ToF-NR curves during temperature increase. Representative ToF-NR
data are shown with best model fits (black lines) for the (a) first and the (b) second temperature
jump. From bottom to top the time increases for the first temperature jump: t = 0.5, 5, 10,
30, and 60 min. For the second temperature jump the curves correspond to t = 0.5, 5, 30, 60,
and 120 min after the temperature jump is induced. The ToF-NR curves are shifted along the
y-axis for clarity. The dashed black lines mark the critical edge of the as-prepared thin films.
The black arrows on top of the graphs indicate the shift of the critical edge, while the black
arrows inside the graphs indicate the shift of the Kiessig fringes. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

SR and ToF-NR reveal a decreasing thin film thickness and D2O content during the
first temperature jump. Upon the second temperature jump, the film thickness and water
content slightly increase again. As already stated earlier, the phase diagram of the DBC
in aqueous solution (at a polymer concentration of 50 g L≠1) features a fully hydrophilic
window at 40 °C and a partly hydrophilic regime at 20 °C (only PNIPMAM block soluble
in water) and 60 °C (only PSPP block soluble in water). Thus, a further swelling and
D2O uptake upon the first, and a thin film contraction and D2O release upon the second
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Figure 7.10: First and second temperature
jump followed with SR and ToF-NR in-
situ. The swelling ratio d/dini as a function of
time during both temperature jumps obtained
with (a) SR and (b) kinetic ToF-NR measure-
ments. (c) Water content � as a function of
time obtained with kinetic ToF-NR measure-
ments. The vertical dotted black line divides
the first and the second temperature jump.
The swelling model is applied to all curves as
explained in the main text. Adapted with per-
mission from AMERICAN CHEMICAL SOCI-
ETY, Copyright 2020 [37].

temperature jump, is expected. Here, the opposite behavior is monitored. A strong shift
of the swelling temperature of the PSPP block to higher temperature, as well as a shift
of the collapse temperature of the PNIPMAM block to lower temperatures would explain
the data. Thus, upon the first temperature jump, the decreased collapse temperature is
exceeded, while during the second temperature jump the increased swelling temperature
is crossed. Based on the results, we assume a hydrated PSPP block, even below the
swelling temperature. Also, cooperative hydration e�ects between both polymer blocks,
as is described in the second part of Chapter 6 might contribute to the observed behavior.
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The swelling model is applied to the evolution of the swelling ratio and the water
content. Since ‰eff and · are sensitive to temperature, a change of these values is expected
once the temperature is increased. Table 7.4 summarizes all extracted values. The ‰eff

values, extracted from SR and ToF-NR during the first temperature jump, are higher
as compared to the values extracted during the swelling in D2O vapor. This indicates
a decreasing water compatibility of the DBC and fits to the release of D2O molecules
and the thin film contraction. In comparison, to the very short swelling in D2O vapor,
the extracted · values suggest, the polymer chains need longer times to re-arrange and
to equilibrate. Apparently, even in the swollen state, the polymer chain mobility is low.
During the second temperature jump to 60 °C, the following trend is observed. The values
for ‰eff lie in-between the values obtained from swelling and the first temperature jump,
while the · values are the highest of all dynamic processes. The values again match the
observations: Compared to the first temperature jump, the ‰eff values decrease, therefore
indicating an increased water compatibility and favored polymer-water interactions. This
refers to the observed increase in film thickness as D2O molecules di�use into the thin film
during the second temperature jump. The re-swelling occurs on an even longer time scale
as the thin film contraction during the first temperature jump. This seems intuitive, since
at 40 °C the thin film is in a partly collapsed state, the mobility of the polymer chains is
supposed to be even lower, as compared to the fully swollen state at 20 °C. Generally, the
long ongoing re-arrangements of the polymer chains hint towards a change in thin film
morphology, which will discussed in detail in the later Section 7.4.

Table 7.4: Swelling model applied to
the SR and ToF-NR data shown in Fig-
ure a7.10a,b.

First temperature jump (20 °C to 40 °C)
‰eff · [min] extracted from

1.3 ± 0.05 33 ± 2 SR (d/dini)a

1.0 ± 0.06 21 ± 1 ToF-NR (d/dini)b

1.5 ± 0.07 30 ± 1 ToF-NR (�)b

Second temperature jump (40 °C to 60 °C)
‰eff · [min] extracted from

0.77 ± 0.04 80 ± 3 SR (d/dini)a

0.64 ± 0.04 68 ± 3 ToF-NR (d/dini)b

0.85 ± 0.05 57 ± 2 ToF-NR (�)b
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Polymer-water interactions
To explore the molecular origin of the unexpected thin film behavior upon increasing tem-
perature, FTIR measurements are performed. The obtained FTIR spectra are displayed
in Figure 7.11. One has to note that the temperature is increased step-wise (0.5 K h≠1), to
enable in-situ measurements. The characteristic absorption modes of the O-D, the O-H,
and the symmetric S-O stretching vibrations as well as the amide I, II, and II’ band, can
be assigned to the corresponding groups, as explained above in Section 7.2. It is important
to know that due to deuteration upon swelling in D2O vapor, three water species, D2O,
H2O, and HDO are present within the film prior to temperature increase. Therefore, the
absorption peaks of the O-D and the O-D peaks are a combination of D2O/HDO and
H2O/HDO, respectively. Their normalized integration areas are depicted in Figure 7.12.

Figure 7.11.: Temperature ramp in D2O vapor followed with FTIR in-situ. The red curve
marks the initial (t = 0 days), while the purple curve marks the final measurement after 1.5
days. Characteristic absorption peaks are labelled accordingly. Black arrows mark the increase
and decrease of the O-H and the O-D stretching vibration. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

Both absorption peaks decrease in integration area upon temperature increase, indi-
cating a reduced water amount within the thin film, and presumably also a reduced film
thickness. This is only partly in agreement with the findings from SR, and ToF-NR.
The re-swelling process, seen during the second temperature jump, is not observed with
FTIR. A possible explanation, might be the changed measurement protocol (temperature
jump vs. temperature ramp), but also other e�ects such as di�erences in the sample
size or sample environment might play a role here. This shows, how beneficial combined
measurement techniques within one flexible measurement chamber for such complex and
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Figure 7.12.: Integration areas extracted from FTIR spectra during temperature in-
crease. Normalized integration areas of the (a) O-H (blue) and O-D (green) peaks, and the (b)
protonated (blue) and deuterated (green) amide II and II’ peak upon temperature increase. The
corresponding absorption modes are imaged below the integration areas in (c,d). The integration
areas of the O-H and O-D peaks as a function of time in (a) are fitted with a swelling model
(black line), while the integration areas of the amide II and II’ peaks in (b) are fitted with an
exponential fit as explained in the main text. The temperature is indicated by a dashed black
line. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

time-consuming experiments are. An approach to overcome these issues is part of the
present thesis and is described in Section 3.4. A more detailed study of the integration
areas reveal that the area of the O-H peak decreases more strongly than the one of the O-
D peak. This hints towards a still ongoing exchange of H2O and HDO by D2O molecules.
This exchange has slowed down significantly as compared to the swelling in D2O vapor,
since no more HDO molecules are generated by deuteration processes and almost all ini-
tially present H2O molecules are already exchanged by D2O molecules. The very stable
absorption peaks of the amide II and II’ bands confirm this. Only at the later stages,
deuteration is observed, which is most likely due to an increased D2O concentration within
the thin film as the exchange of H2O by D2O molecules still continues. An exponential
fit is applied to the integration area of the amide II’ band and shows a lower decay rate
than for the swelling in D2O vapor [(0.41 ± 0.01) d vs. (1.13 ± 0.01) d].
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The swelling model is applied to the data and the extracted ‰eff and · values are
listed in Table 7.5. The ‰eff values indicate a higher a�nity of the DBC toward D2O
as compared to H2O, which is not in agreement with results from the previous section
about the swelling behavior, as well as from Chapter 5. A possible explanation could be
the strong deuteration of the chains, which definitely results in a change of the nature of
interactions via hydrogen and deuterium bonds with the di�erent water species. Thus,
it seems possible, that a fully deuterated polymer chain, favors interactions with deuter-
ated solvents, while the protonated polymer chain favors rather protonated solvents. As
a consequence, more H2O (and HDO) molecules are released form the thin film upon
temperature increase as compared to D2O (and HDO) molecules. The release of all water
species occurs on roughly the same time scale.

‰eff · [d] extracted from

1.08 ± 0.05 0.7 ± 0.03 O-D stretch. vib.a

1.31 ± 0.08 0.8 ± 0.06 O-H stretch. vib.a

1.20 ± 0.08 0.8 ± 0.02 S-O stretch. vib.b

Table 7.5: Swelling model applied to FTIR
data shown in Figures a7.12a and b7.13a.

The temperature increase leads to a backshift of the peak maximum position of the
symmetric S-O peak to lower wavenumbers as is shown in Figure 7.13. Therefore, the
general release of water from the thin film results also in a dehydration of the SO≠

3 group.
It can be seen that the initial position of the as-prepared thin film state (1039 cm≠1) is not
reached. Thus, we assume the SO≠

3 group to be still partly hydrated. The de-hydration
of this characteristic group within the PSPP block is extremely counter intuitive, as
typically the hydrophilicity of an UCST-type polymer increases with temperature. The
previous results, regarding the film contraction during the first and its re-swelling during
the second temperature jump, could be explained by a certain hydrophilic character of
the PSPP block, and a shift of its swelling temperature to higher temperatures. However,
the shifted phase transition temperature can not be the origin of the SO≠

3 dehydration.
This demonstrates the high complexity of the hydration and de-hydration mechanisms
in thin films, and how greatly they di�er from the well-studied mechanisms in aqueous
solutions. The obtained ‰eff and · values indicate a similar a�nity of the SO≠

3 group and
the whole DBC toward both, H2O and D2O. Also, the backshift of the S-O peak, i.e., the
dehydration of the SO≠

3 group occurs on the same time scale as the water release, which
suggests a strong synchronization of the de-hydration of the SO≠

3 group and the general
water release from the thin film.
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Figure 7.13.: Peak maximum position extracted from FTIR spectra upon increasing tem-
perature. (a) The peak position of the symmetric S-O stretching vibration upon temperature
increase is extracted via an Gaussian fit from the S-O absorption mode shown in (b). A Gaussian
fit (applied to all FTIR curves) is shown in (b) as black line for the first and final S-O stretching
vibration. Dashed black lines indicate the peak maxima. The S-O peak position as a function
of time is fitted with a swelling model (black line) as explained in the main text. Adapted with
permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

7.4. Temperature-dependent thin film morphology
The last part of this chapter focuses on the lateral thin film morphology upon swelling in
D2O vapor and the subsequent temperature jumps. ToF-GISANS probes the equilibrated
as-prepared (stage I) and swollen thin film states at 20 °C (stage III), 40 °C (stage V), and
60 °C (stage VII). Due to the ToF mode, surface-near as well as surface-far (’bulk’) regions
of the thin film are probed. A detailed introduction to the ToF-GISANS measurement
technique can be found in Section 2.3.2. Figure 7.14 shows exemplary 2D detector images
(with a wavelength band of 10%) of the ToF-GISANS measurement of the swollen thin film
at 20 °C. The surface- and bulk-sensitive neutron wavelengths are labelled accordingly.

For analysis, vertical line cuts (VLC) along qz direction at qy = 0 (red box) and hor-
izontal line cuts (HLC) along qy direction around the Yoneda region (yellow box) are
performed. The VLC can be seen in Figure 7.15.

For the as-prepared state (colored in gray), only a very weak Yoneda peak arises,
which is attributed to the Si substrate. In contrast to that, two further Yoneda peaks
are found for the D2O swollen states at 20 °C, 40 °C, and 60 °C. This strongly indicates a
heterogeneous polymer distribution along the substrate normal. Noteworthy, such regions
are also found with static ToF-NR measurements. There, D2O enrichment layers are
observed. By applying a linear regression to the Yoneda position as a function of the
neutron wavelength, the SLD values of these D2O- and polymer-rich regions as well as of
the Si substrate are obtained. This is displayed in Figure 7.16.
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Figure 7.14.: ToF-GISANS 2D detector images. Exemplary 2D detector image of the ToF-
GISANS measurement of the swollen thin film at 20 °C (left) with characteristic scattering
features: The horizon (H) separates the transmitted (below H) from the scattered (above H)
signal. On the bottom of the detector, the direct beam (DB) is still visible. The specular beam
is denoted with S. In-between the direct and specular beam, the Yoneda region is visible. For
analysis, vertical (red box) and horizontal (yellow box) line cuts along qz and qy, respectively are
performed. The right side shows 2D detector images of all wavelength slices. The orange and
brown boxes indicate surface- and bulk-sensitive incident neutrons. Adapted with permission
from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

Table 7.6.: SLD values of the equilibrated thin film states determined by ToF-GISANS and
ToF-NR. aThe as-prepared state probed with static ToF-NR features a homogeneous vertical
SLD distribution.

thin film state SLD [10≠6 Å≠2] SLD [10≠6 Å≠2]
determined with ToF-GISANS determined with ToF-NR

polymer-rich Si substrate D2O-rich polymer-rich D2O-rich

as-prepared — 2.070 ± 0.012 — 0.601 ± 0.01a

swollen - 20 °C 1.85 ± 0.01 2.07 ± 0.01 4.001 ± 0.02 1.86 ± 0.02 4.01 ± 0.02
swollen - 60 °C 1.40 ± 0.01 2.07 ± 0.01 3.99 ± 0.009 1.44 ± 0.01 3.99 ± 0.02
swollen - 60 °C 1.56 ± 0.01 2.07 ± 0.01 4.01 ± 0.021 1.50 ± 0.02 4.00 ± 0.02

The SLD values for the respective regions at the corresponding temperatures, deter-
mined via ToF-GISANS and via ToF-NR, are listed in Table 7.6. While the obtained
SLD values for the Si substrate are in good agreement with the literature [69], the two
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Figure 7.15.: Vertical line cuts. VLC extracted from ToF-GISANS measurements for the (a)
as-prepared state and for the swollen states at (b) 20 °C, (c) 40 °C, and (d) 60 °C. The neutron
wavelength increases from bottom to top (2.9, 3.2, 3.5, 3.9, 4.3, 4.9, 5.3, 5.8, 6.5, 7.1, 7.9, 8.7,
9.6, 10.7, 11.8, 13.0, 14.4, and 15.9 Å). The black squares indicate the positions of the Yoneda
peaks, which is fitted with a linear regression (dashed black lines). Adapted with permission
from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

additional Yoneda peaks yield SLD values very similar to the SLD values obtained with
ToF-NR. Therefore, the observed Yoneda peaks at the swollen thin film states are assigned
to D2O-rich and polymer-rich (or D2O-poor) layers within the vertical thin film compo-
sition. The determined SLD values result from broad Yoneda peaks, which indicates a
heterogeneous and a defect-rich distribution of these layers.

While the VLC obtain information about the vertical thin film distribution, the HLC
reveal details about the lateral thin film structures. Thus, HLC at the corresponding
Yoneda peak position along qy direction are performed. Figure 7.17 shows the HLC for
the swollen states at 20 °C, 40 °C, and 60 °C.

One peak is visible for all three swollen states at higher qy values (0.200 - 0.250 nm≠1),
in particular for the shorter neutron wavelengths. In addition, a less pronounced peak is
found at lower qy values (0.055 - 0.070 nm≠1). Both peaks smear out with increasing neu-
tron wavelength, which is due to a broadening of the wavelength band (regarding the 10%
slicing), but also suggests a defect-rich and disordered thin film morphology. Therefore,
the simplest possible model is used to extract information about the lateral structures
from the data. All HLC are modeled with the local monodisperse approximation (LMA)
and e�ective interface approximation (EIA) of standing cylinder-shaped nanodomains
distributed on a 1D paracrystal lattice in combination with the distorted-wave Born ap-
proximation (cf. Section 3.2). The cylinder-shaped nanodomains are assumed based on
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Figure 7.16: Wavelength-dependent
Yoneda peak position. The Yoneda peak
positions on the detector at an angle of
–i + –f , which is the sum of the incoming
and outgoing angle, as a function of the
neutron wavelength for the swollen thin film
states at (a) 20 °C, (b) 40 °C, and (c) 60 °C.
The di�erent colors correspond to a D2O
enrichment layer (dark color, top position), the
Si substrate (medium color, middle position),
and a polymer enrichment layer (light color,
bottom position) regions. The uncertainty
bars of the Yoneda peak positions are smaller
than the symbol sizes. Linear regression (solid
lines) of the data, yields the corresponding
SLD values. The specular peak position is
marked with a horizontal dashed black line
and denoted with S. Adapted with permission
from AMERICAN CHEMICAL SOCIETY,
Copyright 2020 [37].

the molar mass ratio of the PSPP and PNIPMAM blocks. Since modelling of the HLC
with only one structure factor (SF) and form factor (FF) does not result in a proper fit,
two FFs and SFs are used. From these factors, small and large cylinder radii (denoted
with rsmall and Rlarge) as well as small and a large center-to-center distances (denoted
with dsmall and Dlarge) are extracted. Table 7.7 summarizes these model values.

Table 7.7.: Values for the cylinder radii and the center-to-center distances extracted from the
FFs and SFs obtained from the HLC modelling.

thin film state rsmall [nm] dsmall [nm] Rlarge [nm] Dlarge [nm]
swollen - 20 °C 5 ± 1 28 ± 2 12 ± 1 70 ± 4
swollen - 40 °C 5 ± 1 28 ± 2 12 ± 1 50 ± 5
swollen - 60 °C 5 ± 1 28 ± 2 15 ± 2 60 ± 4

All swollen states feature the same rsmall and dsmall, which indicate stable small thin
film domains upon increasing temperature. In contrast, Rlarge and Dlarge change with
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Figure 7.17.: Horizontal line cuts. HLC extracted from ToF-GISANS measurements for the
swollen states at (a) 20 °C, (b) 40 °C, and (c) 60 °C. The neutron wavelength increases from
bottom to top (2.9, 3.2, 3.5, 3.9, 4.3, 4.9, 5.3, 5.8, 6.5, 7.1, 7.9, 8.7, 9.6, 10.7, 11.8, 13.0,
14.4, and 15.9 Å). A fitting model (solid black line) is applied to the HLC as explained in the
text. The dashed black lines mark the determined peak positions. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2020 [37].

increasing temperature. Rlarge increases during the second temperature jump, while Dlarge

undergoes the most significant changes. It is the largest at 20 °C, decreases during the
first temperature jump, and re-increases again during the second temperature jump.

In the following, the values of the cylinder radii and the center-to-center distances
(lateral thin film morphology), as well as the results from the analysis of the VLC and
the ToF-NR measurements (vertical thin film structure), are used to sketch a possible
scenario of how the thin film might look like at di�erent temperatures. From the block
length ratio and the volume fractions of the two polymer blocks, we assume cylinder-
shaped PNIPMAM nanodomains in a PSPP matrix. Some of the small PNIPMAM
nanodomains assemble and form larger domains, which results in the two found length
scales for the cylinder radius and the center-to-center distance. Since the peak in the HLC
corresponding to the larger, assembled PNIPMAM domains, is relatively broad, also a
rather broad and heterogeneous distribution of the larger PNIPMAM domains is expected.
FTIR reveals a de-hydration of the SO≠

3 group and therefore also of the PSPP block, which
correlates to the decreasing Dlarge during the first temperature jump. Dlarge increases
during the second temperature jump, which underlines the results found with ToF-NR,
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where a re-swelling of the thin film is observed. During the second temperature jump,
Rlarge increases, which can be explained by a further assembly of PNIPMAM nanodomains
into larger ones. Since the peak positions of the FFs and SFs remain constant with
increasing neutron wavelength (cf. Figure 7.17), an unaltered lateral thin film morphology
in vertical direction is assumed. In contrast, the polymer concentration is the highest in
the center of the thin film and the lowest at both interfaces. The described thin film
morphology is schematically shown in Figure 7.18.

While a re-arrangement of the polymer chains with changing temperature is indeed
observed, a structural inversion, as was seen in aqueous solution [31, 235], does not occur.
Since the size of the PNIPMAM nanodomains remain constant from 20 °C to 60 °C, either
the collapse temperature of PNIPMAM has not been exceeded yet within the applied
temperature range, or the chain mobility is so low, and the thin film structure so defect-
rich, that a collapse of the PNIPMAM blocks does not occur. The PSPP block undergoes
de- and re-hydration upon the first and the second temperature jump, which is also very
surprising. Nevertheless, the present chapter (in particular Figure 7.18) demonstrates the
advantage of a suited selection of complementary measurement techniques and their in-
situ utilization. A detailed description of the thermal behavior and thin film morphology
of a ’schizophrenic’ dual thermo-responsive DBC in thin film geometry is obtained and
highlights the extraordinary behavior and versatility of such materials.

Figure 7.18.: Schematic illustration of a possible scenario of the lateral thin film mor-
phology at di�erent temperatures. Small and larger, assembled cylinder-shaped PNIPMAM
domains in a PSPP matrix upon temperature increase from (a) 20 °C to (b) 40 °C, and to (c)
60 °C. The radii and center-to-center distances of the small and large PNIPMAM domains are
labelled with r, d and R, D. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2020 [37].
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7.5. Conclusion
The present chapter investigates the swelling and thermal behavior of a ’schizophrenic’
orthogonally dual thermo-responsive PSPP-b-PNIPMAM thin film. While ToF-NR and
ToF-GISANS reveal the vertical and lateral thin film morphology as well as its general thin
film behavior, regarding film thickness and water content, FTIR identifies the molecular
origin of the observed behavior and adds a new perspective to the observations. In
addition, a swelling model is applied that respects the intrinsic swelling kinetic, i.e., the
di�usion of water molecules into and out of the thin film, as well as a non-constant RH.
This enables a quantitative analysis of the monitored thin film kinetics and allows for a
comparison with similar DBC thin film systems from the previous Chapters 5 and 6.

During the swelling, a significant D2O uptake is observed, which is mainly addressed
to the good compatibility of the PSPP block with water. The swelling model reveals that
D2O assembles first in air voids within the thin film, while the increase in film thickness is
delayed until these voids are filled. With D2O uptake, deuteration processes start to take
place at the amide group, which is present in both polymer blocks. As a result, a third
water species, HDO is created. With ongoing D2O uptake, this HDO species as well as
initially present H2O molecules are exchanged. Regarding the HDO concentration within
the thin film, this exchange process competes with the deuteration of the polymer chains
and leads to a maximal HDO concentration, before the exchange process outperforms the
decelerated deuteration process.

Upon the two temperature jumps, the thin film first contracts before it re-swells, which
is accompanied by re-arrangement processes of the polymer chains. These happen on a
considerably longer time scale as the D2O uptake during the swelling, and indicate a very
low chain mobility, despite a very high amount of D2O inside the thin film. The unex-
pected contraction and re-swelling behavior, might be due to a shift of respective swelling
temperature of PSPP, presumably to higher temperatures, and possibly also of the col-
lapse temperature of PNIPMAM, presumably to lower temperatures. The data indicates,
the PSPP block is responsible for the thin film contraction during the first as well as for
the re-swelling during the second temperature jump. In contrast, the PNIPMAM block
remains unchanged in its hydration throughout both temperature jumps. This is either
due to a strongly shifted CPPNIPMAM or due to a very low chain mobility that prevents the
transition. The obtained lateral thin film morphology confirms these findings. Smaller
PNIPMAM nanodomains within a PSPP matrix are present at all temperatures. Apart
from a clustering of these nanodomains into larger ones, their sizes remain una�ected by
temperature. In contrast, the distance between the smaller and the larger, aggregated
PNIPMAM domains varies with temperature, which indicates a collapse and re-swelling
of the PSPP matrix. A structural inversion analogous to the ’schizophrenic’ behavior

160



7.5. Conclusion

in aqueous solution is not observed, which is most probably due to the very low chain
mobility.

The present chapter provides a detailed and insightful first study of the thermal behav-
ior of orthogonally dual thermo-responsive PSPP-b-PNIPMAM thin films. The results
underline the findings from the previous chapters and unfold the complexity of the thin
film mechanisms upon temperature change. The thin film behavior significantly di�ers
from its behavior in dilute aqueous solution, and thereby this chapter contributes to a
fundamental understanding of such thermo-responsive DBC thin films.
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8. Temperature-dependent cyclic thin
film swelling and drying kinetics

This chapter is largely based on the publication ’Cyclic Water Storage Behavior of orthog-
onally Thermoresponsive Poly(sulfobetaine)-Based Diblock Copolymer Thin Films’ (L. P.
Kreuzer et al., Macromolecules 2020, 53, 9108–9121; DOI: 10.1021/acs.macromol.0c01335)
[38]. Reprinted with the permission from AMERICAN CHEMICAL SOCIETY, Copy-
right 2020. Experiments were performed in collaboration with master student Nawarah
Aldosari [275].

The previous chapters provide a detailed overview of how a changing vapor compo-
sition and temperature a�ect the behavior of poly(sulfobetaine)-based and orthogonally
dual thermo-responsive DBC thin films. However, one crucial aspect has been left open
so far, namely the reversibility and reproducibility of the dynamic processes. With re-
spect to possible future application fields, e.g., as (nano) switches or artificial muscles,
reproducible kinetic processes are essential. Therefore, the following chapter focuses on
the cyclic swelling and contraction of thin films in saturated water and dry nitrogen va-
pors. Regarding potential applications, these vapors provide the safest and most harmless
environmental conditions.

Introduction
Polymer thin films can be used as artificial muscles and pumps [2, 3], as (nano) sensors
and switches [13, 87, 90, 99, 239, 276–278], and as functionalized surface coatings [7, 8,
10–12]. In these application fields, the polymer is exposed to its surrounding, which in
most cases is air, containing a certain amount of water molecules. Driven by the osmotic
pressure, this gaseous water is able to di�use into the thin film, thereby altering the
polymer properties. Typically, the di�usion process is accompanied by an increase in
film thickness, which can directly be used to move objects or close gaps [279–281]. For a
reliable application, reversible and reproducible dynamic thin film processes are essential,
e.g., swelling leads to comparable swollen thin films state, regarding film thickness and
water content, while drying results in the primordial thin film states.
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The previous chapters demonstrate the great potential of orthogonally dual thermo-
responsive DBC thin films and their versatile behavior in changing environmental con-
ditions. Chapter 7 highlights that the thin film swelling behavior not only depends on
the ambient relative humidity (RH), but also on the ambient temperature and the final
swelling degree and water uptake is strongly altered at di�erent temperatures. Therefore,
this chapter focuses on the reproducibility of multiple thin film swelling and contraction
cycles at di�erent temperatures. Of particular interest are potential di�erences in the
thin film swelling and drying kinetics with increasing cycle number.

The DBC under investigation is PSPP500-b-PNIPMAM150 (Figure 4.2d in Section 4.2).
In the following, it will simply be referred to as PSPP-b-PNIPMAM. Its thermal behavior
upon two consecutive temperature jumps, is described in the previous Chapter 7. The
film thickness and water content of the DBC undergo strong changes with increasing
temperature, which makes the DBC a promising candidate for potential applications as
e.g., artificial muscle in the field of soft robotics. In the present chapter, the cyclic thin film
swelling and contraction behavior is analyzed. Within three consecutive swelling (in water
vapor) and drying cycles (in dry nitrogen vapor) the reproducibility of these processes is
investigated. To further evaluate the e�ect of temperature, three individual experiments,
all including three full swelling and drying cycles, at three di�erent temperatures are
performed. Figure 8.1 displays the schematic overview of the measurement protocol.

Figure 8.1.: Temperature-dependent cyclic thin film swelling and drying kinetics:
Schematic representation of the performed experiments. Three full cycles of swelling
in D2O vapor and drying in N2 vapor are performed at (a) 15 °C, (b) 27 °C, and (c) 48 °C. The
equilibrated dry and swollen thin film states are probed with static ToF-NR measurements, the
swelling and drying kinetics are followed in-situ with kinetic ToF-NR, SR, and FTIR measure-
ments. The saturated D2O vapor at 15 °C, 27 °C, and 48 °C is indicated in green, orange, and
red, respectively. The dry vapor is colored in gray, the colored frame marks the ambient tem-
perature. Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020
[38].
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The selected measurement temperatures of 15 °C, 27 °C, and 48 °C di�er from the tem-
perature range, that is applied to the thin films in the previous Chapter 7. There, the
known transition temperatures of the PSPP and PNIPMAM blocks, determined from
aqueous solution, is taken as reference (CP’PSPPDBC = 33.5 °C and CPPNIPMAMDBC =
49.5 °C). While the results clearly indicate a shift of the swelling and contraction temper-
ature of PSPP and PNIPMAM in thin film geometry, it remains challenging to determine
their exact positions. Furthermore, this present chapter is more driven toward potential
future thin film applications. Therefore, the applied temperatures are set to a moderate
range from 15 °C to approximately 50 °C, as this covers the common range of the majority
of thin film applications.

The chapter is structured as follows: The equilibrated thin film states, probed with
static time-of-flight neutron reflectivity (ToF-NR), are described first, then the swelling
and contraction kinetics, followed in-situ with spectral reflectance (SR), kinetic ToF-NR,
and Fourier-transform infrared spectroscopy (FTIR), are discussed. Special attention is
given to reversibility and reproducibility of the swelling and drying kinetics, as well as
to the comparability of the equilibrated states, with respect to the swelling degree and
water content, and how the temperature a�ects both, the dynamic processes as well as
the equilibrium states.

The ToF-NR measurements are conducted at the RefSANS instrument at the MLZ
neutron source in Garching, Germany [218–220]. Details to the ToF-NR, SR, and FTIR
techniques can be found in the Sections 3.2 and 3.3. In-situ measurements are realized by
using customized sample environments, as described in the subsection ’Pre-existing experi-
mental setup’ in Section 3.4. The thin film samples, discussed in the following are prepared
and pre-characterized according to Section 4.4. Details to the pre-characterization can
be found in the Appendix D. A pre-characterization of the thin film samples is done via
optical and atomic force microscopy, and x-ray reflectivity. All techniques reveal highly
homogeneous and smooth thin films.

8.1. Comparability of the equilibrated swollen and dry
thin film states

Throughout all swelling and contraction cycles, the RH and temperature inside the re-
spective measurement chambers are monitored. Figure 8.2 displays them as a function of
measurement time and demonstrates the highly reproducible evolution of the RH upon the
three swelling and contraction cycles, here exemplified at a measurement temperature of
15 °C. This provides an excellent experimental basis for the following analysis, and shows
the importance of a reliably performing sample environment. The RH and temperature
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evolution during the swelling and drying cycles at 27 °C and 48 °C can be found in the
Appendix D.

Figure 8.2: RH and temperature during
three swelling and drying cycles at 15 °C.
Both parameters, RH (green) and temperature
(black), as a function of measurement time
during three swelling and drying at 15 °C. The
swelling and contraction cycles are labelled ac-
cordingly. The RH and T evolution during the
swelling and drying cycles at 27 °C and 48 °C
can be found in the Appendix D. Adapted with
permission from AMERICAN CHEMICAL SO-
CIETY, Copyright 2020 [38].

In order to get a first insight into the equilibrated states, the swollen and dry thin
film states are probed with static ToF-NR. Figure 8.3 shows the obtained NR curves.
Analogously to Chapter 7, the curves of the swollen thin film states are fitted with a
four-layer model (SiO2, one main polymer layer, and two D2O enrichment layers at the
substrate-polymer and the polymer-D2O vapor interface), while the as-prepared states
at 15 °C and 48 °C are fitted with a two-layer model (SiO2, one polymer layer). The
distribution of the as-prepared state at 27 °C is slightly heterogeneous, thus a three-
layer model is applied (SiO2, two polymer layers). The extracted film thickness and
average thin film <SLD> values (denoted as SLD in the following) are listed in Table 8.1.
Since the thin film behavior was found to strongly depend on the initial film thickness
[74], particular attention is paid to achieving a similar initial film thickness of the three
individual as-prepared thin films. The three samples feature an initial thickness of (63 ± 3)
nm, (65 ± 3) nm, and (60 ± 2) nm. In order to rule out slight deviations and to provide
a better comparability of the thin film states, the film thickness d is normalized to its
initial thickness dini, which gives the swelling ratio d/dini. Also the SLD values of the as-
prepared thin films are very similar, although they are slightly lower than the theoretical
SLD of the DBC. This is due to residual H2O molecules inside the thin film, as is also
described in the previous chapters. From the measured thin film SLD, the D2O content
can be calculated according to Equation 2.13. In addition, the SLD profiles are obtained,
which are plotted below the corresponding NR curves in Figure 8.3. The SLD profiles
show a homogeneous and gradient-free polymer distribution of the as-prepared thin film
states. Thus, all as-prepared states feature similar thin film conditions. which changes
upon the first swelling cycle.
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Table 8.1.: Film thickness (sum of all polymer layers), swelling ratio d/dini, average thin film
SLD (integration over the respective SLD profiles), and D2O content � extracted from the fits
of the static ToF-NR measurements of the swollen and dry thin film states, shown in Figures
8.3 and 8.4.

swollen states
thickness swelling SLD D2O

d [nm] ratio d/dini [10≠6 Å≠2] content � [V%]
15 °C

first cycle 190 ± 4 3.02 ± 0.02 3.55 ± 0.05 47 ± 2
second cycle 194 ± 4 3.08 ± 0.02 3.51 ± 0.05 46 ± 2
third cycle 205 ± 4 3.25 ± 0.02 3.48 ± 0.04 46 ± 2

27 °C
first cycle 110 ± 2 1.69 ± 0.02 3.05 ± 0.04 38 ± 2

second cycle 112 ± 2 1.72 ± 0.02 2.96 ± 0.04 36 ± 1
third cycle 111 ± 1 1.72 ± 0.02 3.00 ± 0.03 37 ± 2

48 °C
first cycle 87 ± 2 1.45 ± 0.02 2.75 ± 0.02 32 ± 2

second cycle 87 ± 2 1.45 ± 0.02 2.75 ± 0.01 32 ± 1
third cycle 87 ± 1 1.45 ± 0.02 2.68 ± 0.02 31 ± 2

dry states
15 °C

as-prepared 63 ± 3 1.00 ± 0.04 0.91 ± 0.02 8 ± 1 (H2O)
first cycle 63 ± 2 1.00 ± 0.03 1.37 ± 0.02 19 ± 2

second cycle 63 ± 2 1.00 ± 0.03 1.32 ± 0.03 18 ± 2
third cycle 63 ± 2 1.00 ± 0.03 1.31 ± 0.03 18 ± 2

27 °C
as-prepared 65 ± 3 1.00 ± 0.05 0.85 ± 0.01 12 ± 2 (H2O)
first cycle 65 ± 3 1.00 ± 0.05 1.37 ± 0.03 14 ± 2

second cycle 64 ± 4 0.98 ± 0.06 1.32 ± 0.03 12 ± 2
third cycle 65 ± 3 1.00 ± 0.05 1.31 ± 0.02 12 ± 2

48 °C
as-prepared 60 ± 2 1.00 ± 0.03 0.90 ± 0.02 8 ± 1 (H2O)
first cycle 63 ± 2 1.05 ± 0.03 1.25 ± 0.02 15 ± 2

second cycle 63 ± 3 1.05 ± 0.03 1.52 ± 0.03 18 ± 2
third cycle 61 ± 2 1.02 ± 0.03 1.38 ± 0.03 16 ± 2
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Figure 8.3.: Static ToF-NR measurements of the swollen thin film states. ToF-NR curves
of the thin films in their swollen equilibrium states at (a) 15 °C, (b) 27 °C, and (c) 48 °C. The
NR curve of the initial, dry and as-prepared thin film state is shown as reference. Best fits are
achieved with a two-layer model for the as-prepared state at 15 °C and 48 °C, with a three-layer
model for the as-prepared state at 15 °C, and with a four-layer model for the swollen states at
all temperatures (black lines). The corresponding SLD profiles are shown below the NR curves.
Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [38].

All swollen thin films show a pronounced increase in film thickness and D2O content,
while with higher temperatures, the increase in thickness and water uptake is less pro-
nounced. While this opposes the behavior found in aqueous solution [26], it confirms
the findings from the previous Chapter 7. Furthermore, D2O enrichment layers appear
independently of the temperature, in all swollen states at the substrate-polymer and the
polymer-D2O vapor interfaces. While the enrichment layer near the substrate is due to
attractive interactions between D2O and the hydrophilic SiO2 layer (located on top of the
Si substrate) [36, 67, 109], the enrichment layer at the polymer-D2O vapor interface is
referred to an accumulation of D2O (due to the high RH) within the PSPP layer on top
of the thin film as is also seen in the Chapter 7 (cf. Section 7.4). Upon the individual
swelling cycles at constant temperature, the thickness remains constant, however with
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8.1. Comparability of the equilibrated swollen and dry thin film states

increasing temperature it becomes smaller. This indicates a hydrated PSPP matrix at
lower temperature, which collapses and dehydrates, at least partly, at higher tempera-
tures. Interestingly, the thickness of this enrichment layer at 48 °C is in a similar range as
the hydrophilic PSPP shell around the hydrophobic PNIPMAM core in D2O solution [(15
± 2) nm] [26]. In addition, we found the highest swelling ratio and water content during
each first swelling cycle at the respective temperatures. This hints to a slight hysteresis
e�ect, which disappears after the first swelling and drying cycle. We mainly attribute this
to an improved polymer conformation (regarding water uptake), after the first swelling
process. The thin film preparation via spin-coating results in a non-equilibrated and ki-
netically frozen as-prepared thin film state, which equilibrates in the first swollen state
due to an increased water content and polymer chain mobility. Such hysteresis e�ects
were found to disappear after the first swelling cycle [282–284]. Apart from these small
e�ects, highly reproducible swollen states are found at the corresponding temperatures.

Figure 8.4 shows the ToF-NR curves obtained from the thin films in their initial as-
prepared and their re-dried states. The corresponding SLD profiles are shown below the
respective NR curves. After each drying cycle, the thin films reach their initial film thick-
ness. In contrast, the SLD values after each of the applied cycles, are significantly higher
than the SLD value of the as-prepared state. Also, the SLD profiles reveal a pronounced
heterogeneity, as in particular the SLD of the thin film center increases after the first
full swelling/drying cycle. The increase in SLD may be due to residual D2O molecules
from the previous swelling processes. In addition, the polymer chains undergo a selective
partial deuteration during swelling in D2O vapor at the amide moieties, as is analogously
described in the previous chapters. As a consequence, an increased deuterium content
is present in the dry states, which results in an increased average thin film SLD. Inter-
estingly, the regions near the substrate-polymer and the polymer-D2O vapor interfaces
undergo less dramatic changes as compared to the center of the thin films. This might
be related to the D2O enrichment layers, observed in the swollen states. The thin film
can be seen as a physically connected hydrogel with a certain mesh size, which increases
upon swelling. ToF-NR reveals a higher D2O content near the interfaces, thus the mesh
size there increases to a stronger degree, as compared to the center. Upon the subsequent
drying, D2O molecules are released from the thin films, leaving behind voids, which are
filled with air. These voids are larger at the interfacial regions, thus leading to reduced
SLD values.

In the following, the kinetic swelling and contraction processes, in-between the equilib-
rium states, are discussed, in order to find the origin of e.g., the lower swelling degree and
water content at higher temperatures, and the hysteresis of the first swelling cycle.
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Figure 8.4.: Static ToF-NR measurements of the dry thin film states. ToF-NR curves of
the thin films in their dry equilibrium states at (a) 15 °C, (b) 27 °C, and (c) 48 °C. The NR curve
of the initial, dry and as-prepared thin film state is shown as reference. Best fits are achieved
with a three-layer model, except for the as-prepared state at 15 °C and 48 °C, where a two-layer
model is applied (black lines). The corresponding SLD profiles are shown below the NR curves.
Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [38].

8.2. Temperature-dependent cyclic swelling behavior
The first part of this section describes the mesoscopic thin film swelling followed with
ToF-NR and SR, while in the second part, FTIR complements the obtained results with
molecular information about polymer-polymer and polymer-water interactions. In addi-
tion, a swelling model is applied to the data.

Film thickness and water content
The swelling ratio d/dini and the water content � during the three swelling cycles at 15 °C,
27 °C, and 48 °C are extracted from kinetic ToF-NR measurements. Selected kinetic NR
curves with the corresponding fits (four-layer model) of each first swelling cycle at all
temperatures are shown in Figure 8.5. Both extracted parameters are displayed in Figure
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8.6 as a function of the measurement time. Analogously to ToF-NR, the swelling kinetics
are also followed with SR. Figure D.4 in the Appendix D shows the obtained swelling
ratio of the thin films as a function of time.

Figure 8.5.: Representative selection of ToF-NR curves for each first swelling cycle in
D2O vapor. Representative ToF-NR data (open circles) with best model fits (black lines)
for each first swelling cycles at (a) 15 °C, (b) 27 °C, and (c) 48 °C. From bottom to top the
measurement time increases: t = 0.5, 2, 5, 8, 15, and 100 min. The ToF-NR curves are shifted
along the y-axis for clarity. The dashed black line marks the critical edge of the as-prepared
thin film. The black arrow on top of (a) exemplary marks the shift of the critical edge, while
the black arrows inside the graph in (a) indicate the shift of the Kiessig fringes. Adapted with
permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [38].

In general, all thin films show a highly reproducible swelling behavior, as a comparable
swelling ratio and D2O content is reached after each swelling cycle. With respect to
potential application, these are very promising results. In the following, the swelling
kinetics are discussed in detail.

At higher temperatures, SR and ToF-NR yield a lower swelling ratio and water content,
analogously to static ToF-NR measurements. This is due to a de-hydration of the PSPP
block, as is also found Chapter 7. By comparing the final states of the individual swelling
cycles, we observe a lower swelling ratio for each first swelling cycle, while the second and
third swelling cycle reach a similar swelling degree. The same trend is seen for the water
content, which is in good agreement with the results from static ToF-NR, and is referred
to a changing polymer conformation during the first swelling cycle. Furthermore, each
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Figure 8.6.: Cyclic thin film swelling in D2O vapor followed with ToF-NR in-situ. The
(a-c) swelling ratio d/dini and (d-f) water content � as a function of measurement time during
three swelling cycles at (a,d) 15 °C, (b,e) 27 °C, and (c,f) 48 °C. The cycle number increases
from bottom (first swelling cycle) to top (third swelling cycle). A swelling model is applied to
the data as explained in the main text (solid lines, the color switches between brown and black
for better visibility). In addition to the swelling ratio, the maximum swelling ratio dmax/dini is
plotted [dashed black lines in (a-c)]. Adapted with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2020 [38].

second and third swelling cycle start with a non-zero amount of D2O inside the films.
Thus, during drying, some D2O molecules remain inside the films. Deuteration of the
polymer chains, which results in an increased deuterium content also contributes to this
observation.

By applying a swelling model to the evolution of the swelling ratio and the water
content the swelling kinetics are quantified. Section 2.1.2 provides a detailed introduction
to the swelling model. From the model, the e�ective interaction parameter ‰eff and the
time · are extracted, which describe polymer-water interaction and the time scale of the
occurring swelling processes. Please note, all ‰eff and · values discussed in the following
refer to the first swelling cycle at the respective temperature unless stated otherwise. All
values are listed in Table 8.2.
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Table 8.2.: Swelling model applied to the SR and ToF-NR data shown in Figures aD.4 and b8.6.

SRa

D2O swelling ‰eff · [min]
15 °C

first cycle 0.60 ± 0.02 30 ± 1
second cycle 0.62 ± 0.02 28 ± 2
third cycle 0.61 ± 0.03 31 ± 1

27 °C
first cycle 0.91 ± 0.02 20 ± 1

second cycle 0.92 ± 0.01 20 ± 1
third cycle 0.92 ± 0.03 22 ± 2

48 °C
first cycle 1.12 ± 0.04 16 ± 1

second cycle 1.08 ± 0.04 17 ± 1
third cycle 1.09 ± 0.03 17 ± 1

kinetic ToF-NRb

determined from d/dini determined from �
‰eff (d/dini) ·(d/dini) ‰eff (�) ·(�)

15 °C [min] [min]
first cycle 0.32 ± 0.02 11 ± 1 0.14 ± 0.01 12 ± 1

second cycle 0.32 ± 0.01 10 ± 1 0.15 ± 0.01 13 ± 1
third cycle 0.33 ± 0.01 10 ± 1 0.14 ± 0.02 13 ± 1

27 °C
first cycle 0.52 ± 0.01 7 ± 1 0.42 ± 0.02 6 ± 1

second cycle 0.54 ± 0.01 6 ± 1 0.41 ± 0.03 5 ± 1
third cycle 0.52 ± 0.01 6 ± 1 0.41 ± 0.02 6 ± 1

48 °C
first cycle 0.65 ± 0.03 6 ± 1 0.55 ± 0.02 5 ± 1

second cycle 0.66 ± 0.02 6 ± 1 0.55 ± 0.03 4 ± 1
third cycle 0.66 ± 0.02 6 ± 1 0.54 ± 0.02 4 ± 1
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All extracted ‰eff values, from the evolution of the swelling ratio (SR and ToF-NR) and
water content (ToF-NR) increase at higher temperatures, which corroborates the lower
swelling ratio and water content at higher temperatures. In contrast, the extracted ·

values are lower at higher temperatures, indicating a faster water uptake. This is due to
a reduced water uptake, i.e., less water is absorbed faster. Furthermore, the parameters
extracted from the swelling ratio are smaller than the parameters extracted from the
water content, which suggests a slower increase in film thickness as compared to the
water uptake. This is mainly attributed to air voids within the thin film. These voids
are filled first, which leads to an increase in water content, while the thin film is not
increasing in thickness. Once they are filled, further water uptake also leads to a swelling
of the films. This is in good agreement with the previous chapters. Interestingly, the
di�erence between these values becomes larger during the second and the third swelling
cycles. An explanation might be the widening of the polymeric network, in particular at
the interfacial areas due to D2O enrichment layers. As a consequence, the voids become
larger, and filling them with water takes longer times. Also, the changed polymer chain
conformation after the first swelling cycle might contribute to this e�ect.

In addition, to the swelling ratio and the model fit, Figure 8.6a-c displays the maximum
swelling ratio dmax/dini, which describes the theoretical limit of the swelling ratio at a
given RH and ‰eff . At early stages of the swelling cycles, a significant o�set between the
measured and the maximum swelling ratio is observed. This identifies the di�usion as
limiting factor until both curves merge, which happens relatively fast (after ¥ 10 min).
At this point, the swelling process is limited by the RH. This is in good agreement with
the evolution of the RH, shown in Figure 8.2, as after 10 min, the RH is already above
90% and increases only slowly until it equilibrium is reached.

Polymer-water interactions
FTIR measurements yield insights into the polymer-water interactions and how they are
a�ected by multiple swelling/drying cycles. Since an individual FTIR measurement takes
approximately 7 min, in-situ measurements are enabled by artificially decelerating the RH
increase within the FTIR measurement chamber. The resulting FTIR spectra at 15 °C
are imaged in Figure 8.7. The obtained FTIR spectra upon each first swelling cycle at
15 °C, 27 °C, and 48 °C can be found in Figure 8.7.

Two very pronounced absorption peaks arise at around 2500 and 3400 cm≠1, which are
assigned to the O-D and the O-H stretching vibration, respectively. Both modes consist of
several sub-bands that correspond to various types of water molecules, i.e., water that is
bound by H- (or D-) bonds to the polymer chain, hydrophobic hydration water, or freely
moving water [244, 245]. In-between those two peaks, a three-fold peak is located, which
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corresponds to the symmetric and the asymmetric C-H stretching vibrations of the CH3

group and the asymmetric C-H stretching vibration of the CH2 group. Since these CH3

and CH2 groups remain mostly una�ected by the swelling process, the FTIR spectra are
normalized to these, in order to account for slightly di�erent film thicknesses.

Figure 8.8 displays the normalized integrated areas of the O-D and O-H peaks, which
indicate the D2O and H2O content as a function of time during the swelling cycles at
15 °C, 27 °C, and 48 °C. A close-up of the O-D and O-H peaks is visible in Figure 8.9 All
thin films exhibit a highly reproducible swelling behavior, as a comparable final water
content is reached after each swelling cycle. Thus, also on a molecular level, the thin
films are suited for potential applications. While the final states are very similar, the
mechanisms within the individual cycles strongly di�er. This is described and discussed
in detail in the following.

Figure 8.7: The first swelling cycles in D2O
vapor at di�erent temperatures followed
with FTIR in-situ. FTIR spectra of each first
swelling cycle at (a) 15 °C, (b) 27 °C, and (c)
48 °C. The red curve marks the initial (t = 0 d)
measurement, the purple curve marks the final
measurement (t = 6 d). Characteristic absorp-
tion peaks are labelled accordingly. Black ar-
rows mark the increase and decrease of the O-
H and the O-D stretching vibration. The FTIR
spectra of the corresponding second and third
swelling cycles can be found in the Appendix
D. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2020 [38].
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Figure 8.8.: Integration areas and peak shift extracted from FTIR spectra during three
swelling cycles in D2O vapor at di�erent temperatures. The normalized integration areas
of the O-D (top row) and the O-H peaks (mid row), as well as the peak shift of the symmetric
S-O peak (bottom row) upon three swelling cycles at (a) 15 °C, (b) 27 °C, and (c) 48 °C are
extracted from the FTIR spectra (close-ups) shown in Figure 8.9. The areas indicate the H2O
(O-H peak) and D2O (O-D peak) content during the swelling cycles. All curves as a function
of time are fitted with the swelling model (black line) as explained in the main text. Adapted
with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [38].

The normalized area of the O-D stretching vibration increases over time, as D2O
molecules di�use into the thin film, while the final equilibrated areas decrease with in-
creasing temperature. That means, with increasing temperature less D2O molecules are
present within the thin film, which is consistent with the ToF-NR and SR data. One
has to note, this trend is not as pronounced as in the ToF-NR experiments. Noticeable,
we observe a considerable di�erence between the first and the following second and third
swelling cycles at 15 °C and 27 °C. The D2O uptake during each first swelling cycle is
significantly slower than during the second and the third cycle, indicating a changing
polymer conformation during the first swelling cycle. A similar behavior is also observed
with ToF-NR and thus, a fully reproducible behavior, on the meso- and nanoscale is
established once the thin film undergoes one full swelling/drying cycle.

At higher temperatures, the water uptake decreases, while the uptake itself takes shorter
times. In particular, the water uptake at 48 °C is very fast and furthermore, no di�erences
between the first and the following second and third swelling cycles are observed, which
is mainly addressed to the short di�usion pathways.
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Figure 8.9.: Close-ups of absorption peaks of each first swelling cycle at 15 °C, 27 °C,
and 48 °C. (a-c) O-H, O-D, and (d-f) S-O stretching vibrations are labelled accordingly. Black
arrows indicate (a-c) increasing and decreasing absorption or (d-f) shifting peak maxima. A
Gaussian fit (applied to all FTIR curves) is shown in (d-f) as black line for each first and final
absorption peak. Dashed black lines indicate the peak maxima.

The swelling model, introduced in the previous ToF-NR section is also applied to the
FTIR data. All ‰eff and · values extracted during the swelling cycles are listed in Table
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8.3. With increasing temperature, the analysis of the O-D peak yields higher ‰eff (O-D)
and lower ·(O-D) values, indicating a lower but faster water uptake at higher temper-
atures. Furthermore, at 15 °C and 27 °C the first swelling cycle takes the longest time,
while the second and third swelling cycle are considerably shorter. This underlines the as-
sumption stated earlier. The polymer chain conformation changes during the first swelling
cycle, which eventually promotes the water uptake in the following swelling cycles. Inter-
estingly, at the beginning of the second and third swelling cycles, the non-zero integration
area of the O-D peak indicates the presence of D2O molecules, which can also be seen in
the ToF-NR data.

Table 8.3.: Swelling model applied to the FTIR data shown in Figure a8.8a (top and mid row).

FTIR
determined from determined from

O ≠ D stretch. vib.a O ≠ H stretch. vib.b

‰eff (O-D) ·(O-D) ‰eff (O-H) ·(O-H)
15 °C

first cycle 0.51 ± 0.03 3.1 ± 0.2 0.45 ± 0.02 2.4 ± 0.2
second cycle 0.51 ± 0.02 2.7 ± 0.1 0.44 ± 0.02 1.6 ± 0.02
third cycle 0.53 ± 0.02 2.8 ± 0.1 0.44 ± 0.02 1.6 ± 0.02

27 °C
first cycle 1.02 ± 0.04 1.8 ± 0.1 0.95 ± 0.03 1.8 ± 0.2

second cycle 1.01 ± 0.04 1.3 ± 0.1 0.94 ± 0.02 1.1 ± 0.02
third cycle 1.00 ± 0.05 1.3 ± 0.1 0.95 ± 0.02 1.1 ± 0.02

48 °C
first cycle 1.22 ± 0.06 0.5 ± 0.1 1.13 ± 0.04 0.1 ± 0.03

second cycle 1.22 ± 0.07 0.5 ± 0.1 1.12 ± 0.03 0.1 ± 0.03
third cycle 1.24 ± 0.05 0.5 ± 0.1 1.12 ± 0.03 0.1 ± 0.03

The thin film behavior at 48 °C deviates from the behavior at lower temperatures. Water
uptake is limited and di�usion pathways are very short. As a consequence, no di�erence
in ·(O-D) values is observed within the first and the following second and third swelling
cycle, as is the case at 15 °C and 27 °C. Furthermore, no D2O molecules are present in the
beginning of the second and third swelling cycles, which suggests, all D2O molecules are
released during the drying processes, most likely due to the extremely low water uptake
during swelling and the short di�usion pathways.
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At 15 °C and 27 °C the O-H peak features a significant di�erent evolution than the O-D
peak. A clear O-H signal is detected in the as-prepared state (prior to the first swelling
cycle), which corresponds to initially present H2O molecules. Upon the first swelling
cycle, the integration area further increases, reaches a maximum after approximately one
day, decreases, and equilibrates after 3.5 d. The initial increase is due to deuteration
processes, i.e., the absorbed D2O molecules deuterate the amide groups of the PSPP and
PNIPMAM blocks. As a consequence, HDO molecules are generated, which contribute
to the increasing O-H peak. Besides deuteration, an exchange of the protonated water
species H2O and HDO by D2O molecules is occurring in the thin film. While at early
stages, deuteration is more dominant, this changes upon an increasing D2O content within
the thin films. The maximum in integration area marks the time, when the exchange
outperforms the deuteration and the generation of HDO molecules. Subsequently, the
O-H peak decreases, which means, more H2O and HDO are released from the film than
HDO is generated. Eventually, the equilibrated O-H peak indicates, both competing
processes also have equilibrated. During the second and third swelling cycle, the O-H
peak evolution changes, as prior to the second swelling cycle less H2O and HDO molecules,
and prior to the third swelling cycle, no H2O and HDO molecules are present within the
thin film. Furthermore, its initial increase slows down with increasing cycle number, as
the O-H peak reaches equilibrium after approximately 1.5 and 3.5 d during the second
and third swelling cycle, respectively. This suggest a slowed down deuteration rate upon
the individual cycles, while the exchange of H2O and HDO by D2O molecules is still
ongoing. Surprisingly, the equilibrium state after all three swelling cycles is similar. Thus,
the amount of applied swelling cycles alters the deuteration and exchange mechanisms,
however it does not a�ect the final equilibrium state, which reflects the final ratio of
di�erent water species in the thin films. While the evolution of the O-H peak is the result
of two opposing e�ects, deuteration and the exchange of H2O and HDO molecules by
D2O, both of these e�ects are governed by the di�usion process of D2O into the thin film.
Therefore, the swelling model can be applied. The obtained parameters are listed in Table
8.3.

Larger ‰eff (O-D) values are obtained at higher temperatures, which follows the trend
of the ‰eff (O-D) values obtained earlier and thereby, confirming the decreased water
compatibility of the DBC with increasing temperature. Interestingly, the ‰eff (O-D) values
are slightly lower than the ‰eff (O-D) values at the corresponding temperatures, which
hints toward a higher a�nity of the DBC to H2O as compared to D2O. This is in agreement
with findings from the previous chapters, in particular with Chapters 5 and 6. Also, the
obtained ·(O-H) values follow the trend of the ·(O-D) values, as they are lower at higher
temperatures, which indicates a faster equilibration of the thin films. In addition, at 15 °C
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and 27 °C the first swelling cycle is found to take the longest time. Again, this is ascribed
to an improved chain conformation, with respect to water uptake, during the second and
third swelling cycle. Moreover, prior to the first swelling cycle, the amide groups are fully
protonated, which naturally leads to a maximum deuteration rate and a high amount
of HDO molecules present in the films. As a result, the second and third swelling cycle
yield lower ·(O-H) values. The trend of the extracted values changes dramatically for
the swelling cycles at 48 °C, as a rapid but small increase in integration area of the O-H
peak is observed for all three swelling cycles. Also, all cycles yield similar ·(O-H) and
‰eff (O-D) values. This underlines, a very fast but very low deuteration rate throughout
all swelling cycles. Apparently, deuteration e�ects become negligible at a very low D2O
content.

In contrast to the integration of the O-D and O-H peaks, which indicates the amount of
water inside the thin films, a peak maximum shift indicates a change in local interaction
of characteristic groups of the DBC with water. A very sharp peak arises at roughly 1040
cm≠1, which is due to the symmetric S-O stretching vibration of the SO≠

3 group. This
group is located at the end of the PSPP side chain and plays a key role in the water
uptake and release mechanism. In the recent chapters, we found a deviating behavior in
the local hydration of this group and the hydration of the average thin film, regarding
the a�nity to di�erent water species, and the time scales of hydration. While usually
this group is the first one that is hydrated upon water swelling, it features a lower a�nity
to water as compared to the general a�nity of the DBC toward water. The bottom row
of Figure 8.8 displays the S-O peak shift as a function of time during the three swelling
cycles at 15 °C, 27 °C, and 48 °C. A close-up of the S-O stretching vibration is provided
in Figure 8.9. The strongest shift is observed for the swelling at 15 °C, while at 48 °C
the shift is the lowest, however the di�erence in the peak shift is not very pronounced.
This indicates a similar hydration at all temperatures. Thus, the hydration behavior of
individual characteristic groups, does not necessarily follow along with the hydration of
the general thin film.

In contrast to peak shift amount, the time scale on which the shift occurs, changes
significantly. At higher temperatures, the peaks shift faster, which is due to the shorter
di�usion pathways at higher temperatures. Thus, the lower water compatibility of the
DBC at higher temperatures has an e�ect on how fast but not on how strong the SO≠

3

group is hydrated. This conclusion is supported by the swelling model. All obtained
parameters are listed in Table 8.4. While ‰eff (S-O) values increase with temperature,
·(S-O) values decrease. This confirms the lower water compatibility of the DBC as well
as the faster hydration at higher temperatures. Furthermore, the obtained ·(S-O) values
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are considerably lower than the ·(O-D) and ·(O-H) values, which underlines the very fast
hydration around the SO≠

3 group in comparison to the remaining polymer chain.

FTIR
determined from

S ≠ O stretch. vib.a

‰eff (S-O) ·(S-O) [min]
15 °C

first cycle 0.31 ± 0.03 91 ± 4
second cycle 0.31 ± 0.02 92 ± 5
third cycle 0.33 ± 0.02 90 ± 5

27 °C
first cycle 0.73 ± 0.05 57 ± 3

second cycle 0.73 ± 0.04 57 ± 3
third cycle 0.75 ± 0.04 55 ± 4

48 °C
first cycle 0.98 ± 0.05 26 ± 3

second cycle 1.01 ± 0.05 24 ± 3
third cycle 0.99 ± 0.06 24 ± 2

Table 8.4: Swelling model applied to the
FTIR data shown in Figure a8.8 (bottom
row).

8.3. Temperature-dependent cyclic drying behavior
The thin film drying kinetics are followed with kinetic ToF-NR in-situ. The contraction
process is induced by decreasing the RH to 0% (cf. Figure 8.2). Analogously to the
swelling cycles, the obtained NR curves are fitted with a four-layer model (SiO2, one
main polymer layer, and two D2O enrichment layers). Figure 8.10 provides a selection
of NR curves together with the model fits of each first drying cycle at 15 °C, 27 °C, and
48 °C, while Figure 8.11 shows the extracted swelling ratio d/dini and water content �.

Each first drying cycle features a slightly lower initial swelling ratio and water content
as compared to the consecutive second and third cycles. This is due to the first swelling
cycles, which equilibrated at lower swelling degrees. Since, the DBC has a lower water
compatibility at higher temperatures, we expect an accelerated thin film contraction with
increasing temperature. While at 15 °C the thin film features the slowest contraction
process, the fastest contraction occurs at 27 °C. The applied swelling model confirms the
observed trend (cf. Table 8.5).
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Figure 8.10.: Selected ToF-NR curves during the first drying cycle. Representative ToF-
NR data (open circles) with best model fits (black lines) for the first drying cycles at (a) 15 °C,
(b) 27 °C, and (c) 48 °C. From bottom to top the measurement time increases: t = 0.5, 10, 20,
30, 45, 60, and 100 min, except for the shown drying cycle at 27 °C, where the measurement
time increases from bottom to top according to t = 0.5, 1.5, 3, 5, 8, 10, and 100 min. The
ToF-NR curves are shifted along the y-axis for clarity. The dashed black line marks the critical
edge of the as-prepared thin film. The black arrow on top of the graphs indicates the shift of the
critical edge, while the black arrows inside the graphs indicates the shift of the Kiessig fringes.
Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright 2020 [38].

The obtained ·(d/dini) and ·(�) values indicate the fastest thin film contraction and
water release at 27 °C, while these processes are the slowest at 15 °C and occur on an
intermediate time scale at 48 °C. In contrast to that, ‰eff (d/dini) and ‰(�) values indicate
a decreasing water compatibility of the DBC at higher temperatures, thereby following
the expected trend. It should be noted, the ‰eff values obtained from the swelling and
drying cycles (at the same temperature) di�er from each other. Since they are extracted
by analyzing either the swelling or the drying process, they refer to water uptake or water
release, which is accompanied with a swelling or a contraction of the thin film. Thus,
they are compared with each other only within the respective dynamic process, swelling
or drying. In addition, the ‰eff parameter excludes interactions between the substrate
and the DBC, and therefore it cannot be seen as an absolute Flory-Huggins parameter.
For that reason, the focus rather lies on the obtained trend of the ‰eff than on its
absolute values. The unexpected trend is also observed during the swelling cycles, where
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Figure 8.11.: Cyclic thin film drying in N2 vapor followed with ToF-NR in-situ. The
(a-c) swelling ratio d/dini and (d-f) water content � as a function of measurement time during
three drying cycles at (a,d) 15 °C, (b,e) 27 °C, and (c,f) 48 °C. The cycle number increases from
bottom (first swelling cycle) to top (third swelling cycle). A swelling model is applied to the
data as explained in the main text (solid lines, the color switches between brown and black for
better visibility). Adapted with permission from AMERICAN CHEMICAL SOCIETY, Copyright
2020 [38].

the swelling and the water uptake, takes the longest at 15 °C, but occurs on a similar
time scale at 27 °C and 48 °C, even though, at higher temperatures, water compatibility
of the DBC thin film is reduced, and therefore, the di�usion pathways are shorter. Upon
drying, this trend is even more pronounced, as the contraction process occurs faster at
27 °C as compared to 48 °C. It seems, a temperature of 27 °C represents optimal conditions
for a fast water uptake and in particular water release. A possible explanation could be
a changing thin film morphology upon temperature change (cf. Chapter 7). Di�usion
pathways are shorter at 27 °C than at 15 °C due to the de-hydration of the PSPP matrix.
Assuming, water is absorbed and released from the thin film via the hydrophilic DBC
part, the thin film at 27 °C bears better conditions for water uptake and release than at
48 °C, since there the PSPP matrix is in a more collapsed state. Thus, the temperature of

183
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Table 8.5.: Swelling model applied to the ToF-NR data shown in Figure a8.11.

kinetic ToF-NRa

determined from d/dini determined from �
‰eff (d/dini) ·(d/dini) ‰eff (�) ·(�)

15 °C [min] [min]
first cycle 0.91 ± 0.03 21 ± 2 1.08 ± 0.04 35 ± 4

second cycle 0.92 ± 0.04 22 ± 3 1.09 ± 0.04 36 ± 4
third cycle 0.89 ± 0.04 21 ± 3 1.09 ± 0.03 36 ± 3

27 °C
first cycle 1.11 ± 0.04 6 ± 1 1.31 ± 0.04 10 ± 1

second cycle 1.08 ± 0.03 8 ± 2 1.29 ± 0.04 9 ± 1
third cycle 1.08 ± 0.03 8 ± 1 1.29 ± 0.03 10 ± 1

48 °C
first cycle 1.21 ± 0.05 15 ± 1 1.42 ± 0.04 24 ± 1

second cycle 1.18 ± 0.05 14 ± 2 1.42 ± 0.05 24 ± 1
third cycle 1.20 ± 0.06 14 ± 2 1.39 ± 0.04 23 ± 2

27 °C might provide balanced conditions between short di�usion pathways and a su�cient
water compatibility, in order to achieve a fast water uptake and release.

It is noteworthy that similar to the swelling cycles, also during the drying cycles, the ·

values di�er dependent on whether they are obtained from the swelling ratio or the water
content. This trend is independent from the temperature. During all drying cycles, the
film thickness decreases faster than the water content, which can be seen as an inversion
of the swelling cycles, where the water content increases faster than the film thickness.
Immediately after drying is induced, water release leads to a decrease in film thickness,
until only the aforementioned voids are still filled with water. The release of water from
these voids further reduces the water content, while the thin film thickness already is close
to equilibrium. In the final dried thin film states, residual water is still present inside the
thin film, even though the RH is decreased to 0%, whereas the swelling ratio returns to
roughly its initial value. Thus, also the contraction processes feature a very reproducible
behavior and demonstrate the reliable reversibility of the swelling processes.
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8.4. Conclusion
The present chapter describes the behavior of the orthogonally dual thermo-responsive
PSPP500-b-PNIPMAM150 thin films upon three full swelling and drying cycles at 15 °C,
27 °C, and 48 °C. At all temperatures, the thin films feature a reversible dynamic swelling
and drying processes, and reproducible swollen and dry states, respectively. During each
first swelling cycle at the di�erent temperatures, the polymer chain conformation changes,
which leads to a further improved water uptake capacity. In addition, the thin film
behavior can be tuned by a change in temperature, as higher temperatures result in
a decreased swelling degree and water uptake. A temperature of 27 °C is found to be
optimal for a fast water uptake and release, which is due to a superposition of short
di�usion pathways and a su�cient compatibility of the DBC toward water. Thus, the
thin films are highly suited for potential future application, e.g., as artificial muscles in
the field of soft robotics.

While the equilibrated swollen and dried thin film states exhibit a high reproducibility,
the mechanisms of the individual swelling cycles on a molecular level, di�er considerably
from each other. Various dynamic processes e.g., deuteration, exchange of di�erent water
species, and deviating hydration mechanisms, result in a complex interplay of di�erent
water species, D2O, H2O, and HDO, and eventually to changing swelling mechanisms,
dependent on the cycle number. In particular the deuteration as well as the exchange
of H2O and HDO by D2O, weakened with increasing cycle number, and are expected to
fully vanish at some point. A swelling model is applied to the data and the quantitative
analysis confirms the decreased water compatibility of the DBC at higher temperatures,
as well as the deviating swelling mechanisms on a molecular level.

The presented results provide valuable insights into the temperature-dependent cyclic
swelling and drying behavior of orthogonally dual thermo-responsive DBC thin films.
While in particular the repeated swelling mechanisms di�er on a molecular level, the final
swollen, and re-dried states feature high similarities, regarding their swelling degree, water
content, and hydration. Although a change in chain conformation during the first swelling
cycle is found, an aging process and a decreased water storage ability are not observed.
The present chapter clearly demonstrates the potential of such thin films and puts the
findings into context to the previous results.
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9. Thermal behavior of ’salty’ thin films

The following chapter is largely based on a the publication ’Salt Dependent Phase Transi-
tion Behavior of orthogonally Thermo-Responsive Poly(sulfobetaine)-Based Diblock Co-
polymer Thin Films’ (L. P. Kreuzer et al., Langmuir 2021, 37, 9179–9191; DOI: 10.1021/
acs.macromol.0c02281) [285]. Reprinted with the permission from AMERICAN CHEM-
ICAL SOCIETY, Copyright 2021. Experiments were partly performed in collaboration
with bachelor student Christoph Lindenmeir [249].

The previous chapters provide a detailed description of the swelling and thermal be-
havior of orthogonally thermo-responsive poly(sulfobetaine)-based DBC thin films and
demonstrate how e�ects, such as a high polymer concentration, dominant polymer-polymer
interactions, and interfacial e�ects shape the thermal response of polymer thin films.
While in these chapters, one single external stimulus is applied, which is either a chang-
ing vapor composition or temperature, the present chapter focuses on two stimuli in
parallel, namely temperature and the addition of salt. Therefore, we address the question
inhowfar the presence of salt alters the swelling behavior of orthogonally dual thermo-
responsive DBC thin films in dependency of temperature, while special attention is given
to a potential superposition and interference of the two applied stimuli.

Introduction
Recent studies demonstrated a strong sensitivity of poly(sulfobetaine)s in solution toward
small amounts of added salts, in particular to NaCl and NaBr, which led to a decreased
clearing point (CP’PSBP) [127, 242, 273]. Dependent on the monomer architecture, this
e�ect was not linearly correlated in all cases. While for some poly(sulfobetaine)s, the
CP’PSBP decreased linearly, it was also found that CP’PSBP first increased at low salt con-
centrations, and decreased after reaching a maximum [20, 26, 27, 31, 127–130, 235, 242].
In particular, chaotropic anions, according to the Hofmeister series (cf. Section 2.2.1) af-
fected the CP’PSBP significantly. Recently, the e�ect of monovalent salts, such as NaCl and
NaBr, on the solution and self-assembly behavior of orthogonally thermo-responsive DBCs
was investigated, that bear a poly(sulfobetaine) and a poly(N -isopropylmethacrylamide)
(PNIPMAM) block. It was found that the salt alters exclusively the CP’PSBP, while the
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cloud point PNIPMAM (CPPNIPMAM) remained relatively stable upon an increasing salt
concentration [26, 27, 31, 235]. Thus, the self-assembly behavior in solution was strongly
tunable [25–27, 31, 235]. Since in solution, the interplay between salt and temperature
enabled in total four di�erent aggregation states as well as phase transitions, these DBCs
are highly suited for applications in the field of drug-delivery, emulsification, and smart
rheology [28, 29, 103].

The DBC under investigation in this chapter, consists of a zwitterionic poly(4-((3-
(methacrylamidopropyl) dimethylamonio) butane-1-sulfonate) (PSPP) block and a non-
ionic PNIPMAM block (PSBP245-b-PNIPMAM105). Its chemical structure can be found
in Figure 4.2f in Section 4.2. In the following it is referred to as PSBP-b-PNIPMAM. In
salt-free D2O solution (50 g L≠1), PSBP-b-PNIPMAM featured a LCST-type transition at
47 °C, which is addressed to the PNIPMAM block. An analogous UCST-type transition
of the PSBP block was not resolved, which suggested a CP’PSBP above 47 °C [31]. This
assumption was underlined, by the CP’PSBP of the corresponding PSBP homopolymer
(identical molar mass), which in salt-free D2O solution exceeded 100 °C [273]. At higher
NaBr concentrations (¥ 10 mM), the CP’PSBP of the PSBP block was observable and
shifted to lower temperatures with rising NaBr concentration. At NaBr concentrations
of approximately 15 mM (and higher), the CP’PSBP eventually fell below the CPPNIPMAM

[31].
In total, four thin films are prepared by spin-coating DBC salt solutions of di�erent

NaBr concentrations ranging from 0 to 20 mM (0, 2, 10, and 20 mM). Based on the poly-
mer concentration in the spin-coating solution (25 g L≠1) as well as on the polymer block
ratio, this yields thin films with NaBr contents of 0-29 mol% per zwitterionic monomeric
group (0, 2.9, 14.5, and 29 mol%). One should add here, that with stoichiometric amounts
of NaBr, PSBs form homogeneous and glassy blends in the bulk phase [21, 286]. In order
to follow the salt-dependent swelling and thermal thin film behavior, the following mea-
surement protocol is applied. First, the initially dried thin films are exposed to saturated
D2O vapor at 15 °C, before the temperature is increased with a heating rate of + 5 K
h≠1. After an equilibration period of 2 h, the temperature is reduced again with a cooling
rate of - 5 K h≠1. While the thin films in their respective equilibrated states (stage I,
III, V, and VII) are probed with static time-of-flight neutron reflectivity (ToF-NR), the
dynamic swelling, heating, and cooling processes (stage II, IV, and VI) are followed with
spectral reflectance (SR), kinetic ToF-NR, and Fourier-transform infrared spectroscopy
(FTIR) in-situ. The protocol is schematically imaged in Figure 9.1.

The chapter is structured as follows: The static, equilibrated thin film states are de-
scribed first. Then, the thin film kinetics during the swelling in D2O vapor and subsequent
during the heating and cooling processes are discussed. There, the mesoscopic informa-
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Figure 9.1.: Thermal behavior of ’salty’ thin films: Schematic representation of the
performed experiments. The swelling in D2O vapor is followed by a heating (+ 5 K h≠1) and
cooling ramp (- 5 K h≠1). The thin film states in equilibrium (stage I, III, V, and VII) are probed
with static ToF-NR, while the thin film kinetics of the swelling (stage II), the heating (stage IV),
and the cooling (stage VI) processes are followed with kinetic ToF-NR, SR, and FTIR in-situ.
The initial dry N2, and the D2O vapors at 15 °C, 60 °C, and 15 °C (cooled) are indicated in
gray, green, red, and blue, respectively. Adapted with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2021 [285].

tion obtained with SR and ToF-NR are complemented with the molecular findings from
the FTIR measurements. In particular, the thermal response of the individual polymer
blocks as a function of the salt concentration is of high interest, while the chapter also
focuses on a potential superposition of the two applied stimuli.

ToF-NR measurements are performed at the RefSANS instrument at the MLZ neutron
source in Garching, Germany [218–220]. Details to the ToF-NR, SR, and FTIR techniques
can be found in the Sections 3.2 and 3.3. For realizing in-situ measurements, specialized
sample environments are used. The swelling, heating, and cooling processes are induced
by a custom-made gas flow setup and a thermal bath. Section 3.4 provides a detail
description of the used setups. The thin film samples, discussed in the following are
prepared according to Section 4.4. A pre-characterization of the thin film samples is
done via optical and atomic force microscopy, and x-ray reflectivity. All techniques reveal
highly homogeneous and smooth thin films. Details can be found in the Appendix E.

9.1. Investigation of the equilibrated thin film states
Throughout all experiments, the temperature and relative humidity (RH) within the corre-
sponding measurement chambers (ToF-NR/SR and FTIR) are tracked. Both parameters
as a function of measurement time are plotted in Figure 9.2. The RH shifts slightly and
very slowly to lower values during the heating (approximately 6%) and shifts back to its
initial value during the cooling. Since these changes are monotonic and slow, they are
not considered to a�ect the thermal behavior of the thin films. Still, they are taken into
account for the analysis.
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Figure 9.2.: RH and temperature during swelling in water vapor and the subsequent
heating and cooling processes. Both parameters, RH (green) and temperature (black), are
plotted as a function of time for the (a) ToF-NR and (b) FTIR measurement chamber. The
thin film stages are labelled according to Figure 9.1. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2021 [285].

The equilibrated dry and swollen states (stage I, III, V, and VII in Figure 9.1) are
probed with static ToF-NR measurements to get a first impression about the swelling
behavior upon changing salt content and temperature. The obtained NR curves are
imaged in Figure 9.3. Fitting the ToF-NR data yields film thickness and the average
<SLD> (denoted as SLD in the following), which is transformed into a water content
according to Equation 2.13 in Section 2.1.2. A two-layer model is used for the curves
of the dry thin film states (SiO2 and one main polymer layer), while for the curves of
the swollen thin film states a three-layer model is applied (SiO2 layer, one main polymer
layer, and one D2O enrichment layer near the Si substrate). The extracted thin film
characteristics are listed in Table 9.1.

Since the film thickness has a significant impact on the swelling behavior [74], particular
attention is paid to achieving similar initial film thicknesses [(42 ± 1) nm, (51 ± 2) nm,
(56 ± 2) nm, and (45 ± 2) nm]. The film thickness is normalized to the initial value dini,
resulting in a swelling ratio d/dini, in order to facilitate the comparison of the swelling,
heating, and cooling kinetics. Interestingly, the theoretically calculated SLD (1.02 ◊10≠6

Å≠2) value of the pure DBC, is higher than the SLD values of the dried DBC thin films
[(¥ 0.77 ± 0.01) ◊10≠6 Å≠2] [182]. This is due to residual H2O molecules located within
the thin films, even at low RH values close to 0%. Besides these values, the fitting routine
also yields the SLD profiles, which gives detailed information about the vertical thin film
composition. The profiles are provided in Figure 9.4.
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Figure 9.3.: Static ToF-NR measurements. ToF-NR curves of the equilibrated dry (gray),
and the swollen states after the swelling in D2O vapor (green), heating (red), and cooling (blue)
for the thin films spin-coated from (a) NaBr-free, (b) 2 mM, (c) 10 mM, and (d) 20 mM NaBr
solution. Best fits are achieved with a two-layer model for the dry states and with a three-layer
model for all swollen states. For better visibility the qz range is set from 0.005 - 0.100 Å. The
NR curves over the full qz range can be found in the Appendix E. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2021 [285].
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Table 9.1.: Film thickness d (sum of all polymer layers) normalized to the initial film thickness
dini, SLD (integration of the respective SLD profiles), and D2O content � extracted from the
fits of the static ToF-NR measurements as is shown in Figure 9.3.
aThe given values correspond to the NaBr concentration of the respective spin-coating solutions.

[NaBr]a dry - 15 °C swollen - 15 °C
dini SLD � d/dini SLD �
[nm] [10≠6 Å≠2] [V%] [10≠6 Å≠2] [V%]

NaBr-free 42 ± 1 0.78 ± 0.01 — 1.30 ± 0.01 2.74 ± 0.02 34 ± 1
2 mM 51 ± 2 0.77 ± 0.01 — 1.35 ± 0.01 2.85 ± 0.02 36 ± 1
10 mM 56 ± 2 0.78 ± 0.01 — 1.40 ± 0.01 3.02 ± 0.02 39 ± 1
20 mM 45 ± 2 0.77 ± 0.02 — 1.40 ± 0.01 3.03 ± 0.02 39 ± 2

swollen - 60 °C swollen - 15 °C - cooled
d/dini SLD � d/dini SLD �

[10≠6 Å≠2] [V%] [10≠6 Å≠2] [V%]
NaBr-free 1.33 ± 0.01 3.03 ± 0.02 39 ± 2 1.31 ± 0.01 2.88 ± 0.01 36 ± 2

2 mM 1.38 ± 0.01 3.08 ± 0.04 40 ± 2 1.36 ± 0.01 2.92 ± 0.01 37 ± 3
10 mM 1.42 ± 0.01 3.23 ± 0.04 43 ± 1 1.40 ± 0.01 3.01 ± 0.02 40 ± 3
20 mM 1.43 ± 0.01 3.24 ± 0.03 43 ± 2 1.41 ± 0.02 3.03 ± 0.03 40 ± 2

The dried thin films feature a homogeneous polymer distribution (stage I – gray lines).
Upon swelling in D2O vapor, the average SLD increases, whereas near the Si substrate
D2O enrichment layers are formed, due to attractive interactions between the native
hydrophilic SiO2 layer on top of the Si substrate and D2O molecules. This is in good
agreement with literature, as well as with previous results [36, 67, 109]. The thickness of
these enrichment layers remains stable throughout the heating and cooling, while their
SLD values changes.

Also the swollen films feature a homogeneous polymer distribution along the surface
normal, except the D2O enrichment layer near the substrate. Since inaccessible with
NR, a lateral microphase separation structure might have formed and would require e.g.,
grazing-incidence small-angle neutron scattering (GISANS) for detection. The lowest SLD
value of the enrichment layers is reached after the swelling in D2O vapor at 15 °C (stage
III), while the enrichment layers exhibit the highest SLD value after the heating at 60 °C
(stage V). Therefore, they follow along with the trend of the average thin film SLD and
water content, respectively (cf. Table 9.1).

After the swelling in D2O vapor (stage III), all thin films feature a strongly increased film
thickness and D2O content, which even further increases after the heating to 60 °C (from
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Figure 9.4.: SLD profiles of the dry and the swollen thin films loaded with di�erent salt
contents. SLD profiles of the thin films spin-coated from (a) NaBr-free, (b) 2 mM, (c) 10 mM,
and (d) 20 mM NaBr solution in their dry state at 15 °C (gray) and their swollen states at 15 °C
(green), 60 °C (red), and 15 °C - cooled (blue). Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2021 [285].

stage III to V). Thus, the water compatibility of the thin films is higher at 60 °C than at
15 °C, which might be due to a crossing of the CP’PSBP. Since the terms cloud and clearing
points refer to a polymer solution, in the following ’swelling temperature’ and ’collapse
temperature’ will be used. After cooling back to 15 °C (stage VII), D2O is released
from the films, and also the thickness decreases, thus the inversed behavior is found
compared to the heating process. One has to note, after the cooling, both, the thickness
and the water content are slightly higher as compared to the swollen thin films before
the heating, which is at the same temperature of 15 °C. This indicates a slight thermal
hysteresis, which was previously found in similar polymer thin film systems [38, 282–284].
A similar behavior, although during cyclic swelling and drying at a constant temperature
is described in Chapter 8. Foremost, the first heating/cooling cycle as well as the first
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swelling/drying cycle, yields slightly di�erent final thin film states, regarding thickness
and water uptake. With ongoing cycling, these di�erences eventually vanish, which is
mainly addressed to kinetically trapped polymer chains, due to the spin-coating process.
These chains thermodynamically equilibrate during swelling. The swelling ratio d/dini

and water content � are plotted as a function of NaBr concentration (of the respective
spin-coating solution) in Figure 9.5.

While qualitatively, all thin films behave similarly and follow the trends described
above, quantitatively, the added NaBr content markedly enhances the absolute amount
of incorporated D2O and the resulting swelling ratio. This e�ect reaches its maximum
strength in the thin film prepared from 10 mM NaBr solution, as the thin film from 20
mM NaBr solution reaches a similar water content and film thickness. This is visualized
by an exponential fit in Figure 9.5. Hence, the thin films, spin-coated from 10 mM and
20 mM NaBr solution, exhibit a similar water compatibility at the corresponding states
and temperatures. Since the addition of salt does not a�ect the transition temperature of
PNIPMAM, this observed e�ect is mainly referred to an increased water compatibility of
the PSB block. One should add here, the addition of 20 mM NaBr might not be su�cient
to cross the swelling temperature of the PSBP block. Since the polymer transition might
be distributed over a large temperature range (as is also seen in Chapter 7), the approach-
ing of the swelling temperature might already increase the water compatibility and lead
to a partly swollen state of the PSBP block, which would explain the found results.

9.2. Salt-dependent swelling and phase transition
behavior

The swelling and the subsequent thermal behavior of the thin films loaded with di�erent
NaBr concentrations are followed with ToF-NR and FTIR in-situ. First, the results from
ToF-NR are described, subsequently, the FTIR results are discussed.

Film thickness and water content
Kinetic ToF-NR measurements give details about the thin film behavior in-between the
equilibrated states. In particular, the mechanisms of possible phase transitions are of
interest. Selected representative NR curves together with the fits are shown in Figure 9.6.

Analogously to the static ToF-NR measurements, the swelling ratio d/dini and the
water content � of the respective thin films are extracted from the fits. They are plotted
in Figure 9.7 as a function of time during the swelling in D2O vapor (stage II), the
heating (stage IV), and the cooling process (stage VI). Figure 9.7a also shows the swelling
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Figure 9.5.: Results from static ToF-NR measurements plotted as function of salt con-
centration. Swelling ratio d/dini and D2O content � of the thin films as a function of the salt
concentration in their dry state at 15 °C (gray) and their swollen states at 15 °C (green), 60 °C
(red), and 15 °C - cooled (blue). The dotted lines are the corresponding exponential fits to the
data as described in the main text. Adapted with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2021 [285].

ratio obtained from simultaneous SR measurements. The SR data is consistent with the
ToF-NR data. The time window in which no kinetic ToF-NR data points are plotted,
correspond to the static ToF-NR measurements, which roughly takes 2 h to measure and
during which the conditions, i.e., temperature and RH, are kept constant.

The kinetic data confirm the results obtained from static ToF-NR measurements, re-
garding the highest swelling ratio and water content at 60 °C (stage V) and the slightly
higher swelling ratio and water uptake at 15 °C (stage VII) after the cooling as compared
to before the heating (stage III). In-between those equilibrium states, the kinetic ToF-
NR measurements reveal that strong, non-monotonic changes in film thickness and water
content occur. Upon swelling in D2O vapor, the thin films significantly increase in film
thickness, reaching a swelling ratio of up to 1.4, which corresponds to a strong D2O uptake
of approximately 40 V%. During heating, the thin films first undergo a contraction at
around 17 °C, before they re-swell again beyond approx. 50 °C, which may be explained
by individual phase transitions of the two polymer blocks. Presumably, the PNIPMAM
block collapses first, which results in a contraction of the whole polymer thin film, be-
fore the PSBP block swells and the thin film re-swells again with further temperature
increase. The results are roughly in line with our expectations of a higher collapse and a
lower swelling temperature of the PNIPMAM and PSBP block, respectively, as compared

195



Chapter 9. Thermal behavior of ’salty’ thin films

Figure 9.6.: Representative selection of ToF-NR curves for the swelling in D2O vapor,
heating, and cooling. Representative ToF-NR data (open circles) are shown with best model
fits (black lines) for the thin films spin-coated from (a-c) NaBr-free and (d-e) 20 mM NaBr
solution, during the (a,d) swelling in D2O vapor, (b,e) heating, and (c,f) cooling. For the
swelling in D2O vapor, the selected curves (bottom to top) are taken at t = 0.5, 2, 15, 45,
90, and 180 min, while for both heating and cooling, the selected curves (bottom to top) are
taken at t = 0.5, 60, 180, 300, 420, and 540 min. Selected ToF-NR curves for the thin films
spin-coated from 2 and 10 mM NaBr solution are provided in the Appendix E. Adapted with
permission from AMERICAN CHEMICAL SOCIETY, Copyright 2021 [285].
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Figure 9.7.: Swelling in D2O vapor, heating, and cooling followed with SR and ToF-NR
in-situ. The (a) swelling ratio d/dini and (b) D2O content � as a function of measurement
time during swelling in D2O vapor, heating, and cooling. The curves correspond to thin films
prepared from NaBr-free (green), 2 mM (yellow), 10 mM (orange), and 20 mM (pink) NaBr
solution (extracted from ToF-NR). The temperature within the measurement chamber is plotted
in red. Vertical dotted lines separate the respective stages according to Figure 9.1. To prevent
an overcrowding of the Figure, they are indicated in (b) only. The swelling ratio extracted from
SR in (a) is colored in black. No kinetic ToF-NR data is obtained at the stages I, III, V, and VII,
where the thin films are in equilibrium. The black arrows in stage IV (a) and VI (a,b) indicate
the shift of the swelling temperature of the PSBP block to lower temperatures evidenced by the
respective changes in swelling ratio and water content. The shift in stage IV in (b) is not very
pronounced, thus it is indicated with a dotted arrow. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2021 [285].

to their CPPNIPMAM and CP’PSBP in aqueous solution, which is due to the high polymer
concentration in thin film geometry, as discussed above (see also Section 2.1.2).

The contraction process is sharper and faster than the re-swelling process, which in-
dicates a more smeared-out transition of the PSBP block as compared to the PNIP-
MAM block. Hence, it is possible that the probed temperature range only approaches the
CP’PSBP without crossing it. Also, a lower mobility of the longer PSBP chain as compared
to the shorter PNIPMAM chain might play a role and further smears out the re-swelling
of the thin film. The observed contraction and re-swelling of the thin film during heating
are relatively small compared to the pronounced increase in thickness and water uptake
during the swelling in D2O vapor. While the hydration state of the PNIPMAM and PSBP
block changes, we assume that both blocks are at least partly hydrated throughout the
heating process.

In dilute aqueous solution, the addition of NaBr at amounts below 20 mM reduced
CP’PSBP, while CPPNIPMAM remained unchanged [26, 27, 31, 235]. In thin film geometry,
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we observe a similar behavior. As the NaBr content increases, the re-swelling of the
thin film, due to the PSBP transition is reduced from approximately 45 °C (NaBr-free
reference) to approximately 38 °C (20 mM NaBr), which is indicated by a solid black
arrow in Figure 9.7a. However, the observed decrease of the swelling temperature in thin
film geometry is not as pronounced as in aqueous solution, where CP’PSBP shifts below
48 °C at a NaBr concentration of approximately 15 mM [31]. In contrast, the increasing
amount of NaBr barely a�ects the collapse transition of the non-charged PNIPMAM.

Upon cooling, the situation becomes more complex: The thin films start to swell shortly
after the temperature starts decreasing (approximately at 58 °C), which is presumably due
to the swelling transition of the PNIPMAM block. Subsequently, the swelling process first
weakens before it intensifies again. Eventually the thin films undergo a final contraction,
most likely due to the collapse transition of the PSBP block, which is distributed over a
broad temperature range at lower temperatures (23 °C – 16 °C). Apparently, upon cool-
ing, the reversed transitions, with respect to the heating process, are shifted along the
temperature axis, whereas the PNIPMAM transition shifts to higher temperatures and
the PSBP transition shifts to lower temperatures. The latter might be due to the po-
sitions of the spinodal and binodal curves in the phase diagram. The spinodal curve is
located at higher temperatures than the binodal curve for PNIPMAM, and the opposite
is the case for PSBP. In-between both curves, the polymer block is metastable. Since for
a mixing or swelling process the binodal is crucial, and for a de-mixing or collapse pro-
cess, the spinodal is crucial, it is logical, that upon cooling the collapse transition of the
PSBP block occurs at lower temperatures. In contrast, the behavior of the PNIPMAM
block contradicts the above-described theory. It might be, the collapse temperature of
PNIPMAM features a similar shift to lower temperatures during cooling, and therefore is
beyond the probed temperature range. Also, one could speculate about a strong coupling
of the hydration state of the PSBP block with the hydration state of the PNIPMAM
block (cf. Section 6.3.2 in Chapter 6) due to a rather disordered thin film morphology,
as is seen in Chapter 7. Hence, upon collapse of the PSBP block, hydration molecules
are released, which could have a direct impact on the hydration state of the PNIPMAM
polymer block. While this might explain, to a certain extent the observed evolution of
the swelling ratio and the D2O content, further experiments are needed to fully elucidate
the ongoing coupled mechanisms during the cooling process.

Summarized, ToF-NR and SR experiments, reveal an increased water compatibility
of the PSBP block due to the added NaBr content, which reaches its maximum at a
NaBr concentration of 10 mM (of the respective spin-coating solution). Upon heating,
the transitions of both, the PNIPMAM and the PSBP blocks are observed, whereas both
are shifted to lower temperatures as compared to aqueous solution. The addition of
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9.2. Salt-dependent swelling and phase transition behavior

NaBr further decreased the swelling temperature of the PSBP block. Furthermore, a
significantly altered responsive behavior is observed during heating and cooling, which
suggests that a huge variety of di�erent parameters impact the overall thin film behavior.

Polymer-water interactions
In order to further investigate the occurring processes within the thin films, FTIR spec-
troscopy is applied, to study the molecular interactions between the DBC and water
molecules. FTIR measurements are performed according to the protocol shown in Figure
9.1. Figure 9.8 provides an overview over the resulting FTIR spectra during the swelling
in D2O vapor, heating, and cooling for the thin films spin-coated from NaBr-free and 20
mM NaBr solution. The FTIR spectra of all thin films can be found in the Appendix
E. The evolution of the RH and temperature as a function of measurement time during
the dynamic processes is given earlier in Figure 9.2b. The prominent signal peaks of the
O-H and O-D stretching vibrations appear at around 3400 cm≠1 and 2500 cm≠1, respec-
tively. Both consist of several sub-bands that refer to di�erent water types, regarding
their orientation with respect to the polymer chain [244, 245]. The peak areas, found
by integration, give information about the amount of the di�erent water species, i.e.,
D2O and H2O that are present inside the thin film. As discussed above as well as in
previous chapters, a certain amount of H2O is present within the dried thin films, even
though the ambient RH is 0% [36–38, 67]. Typically the H2O molecules are replaced by
D2O during the swelling in D2O vapor. Since the O-H peak is barely changing through-
out the swelling, we assume that the amount of initially present H2O molecules is very
low. To assure a good comparison between the O-H and O-D stretching vibrations, the
molar extinction coe�cient ⁄‘, which is di�erent for O-H and O-D bonds, is taken into
account. Furthermore, possible di�erences in film thickness of the investigated thin film
samples are eliminated by normalizing both stretching vibrations to the three-fold peak,
that appears in between the O-H and O-D stretching vibrations. These peaks refer to the
symmetric and asymmetric C-H stretching vibrations of the -CH2- and the -CH3 groups
of the backbone and the sidechains of both polymer blocks. The normalized peak areas
are displayed in Figure 9.9.

Upon swelling in D2O vapor, the thin films absorb a significant amount of D2O. With
higher NaBr content, more D2O molecules are incorporated into the thin films, as evi-
denced by the increasing peak areas. This agrees well with the results from ToF-NR and
SR measurements. Once the thin films have equilibrated in saturated D2O vapor, the
temperature is gradually increased (heating rate + 5 K h≠1). As a consequence, D2O is
released from the thin films at a relatively low temperature of approximately 17 °C. The
D2O release process is relatively sharp and resembles the thin film contraction seen in the
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Figure 9.8.: Swelling in D2O vapor, heating, and cooling followed with FTIR in-situ.
FTIR spectra of the thin films spin-coated from (a,c,e) NaBr-free reference and (b,d,f) 20 mM
NaBr solution during the (a,b) swelling in D2O vapor, (c,d) heating, and (e,f) cooling. The color
bars refer to time in (a,b) to temperature in (c,d and e,f). Characteristic absorption peaks are
labelled accordingly. The FTIR spectra for the thin films spin-coated from 2 and 10 mM NaBr
solution are provided in the Appendix E. Adapted with permission from AMERICAN CHEMICAL
SOCIETY, Copyright 2021 [285].

ToF-NR and SR measurements. Hence, we again address this observation to the collapse
transition of the PNIPMAM block. The contraction occurs roughly at the same tempera-
ture for all thin films probed, and therefore, the increasing NaBr content has no e�ect on
the collapse temperature of PNIPMAM. At higher temperatures, beyond roughly around
30 °C, D2O molecules are re-absorbed, whereas this process is considerably slower than
the contraction at 17 °C and distributed over a broader temperature range. Analogous
to the findings from ToF-NR and SR, we attribute this to a swelling of the PSBP block.
With increasing NaBr content, the re-absorption of D2O molecules starts at lower tem-
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9.2. Salt-dependent swelling and phase transition behavior

Figure 9.9.: Integration areas extracted from FTIR spectra during the swelling in D2O
vapor, heating, and cooling. The normalized integration areas of the the (a) O-D and the
(b) O-H speaks are extracted from the FTIR spectra shown in Figure 9.8. The areas indicate
the H2O (O-H peak) and D2O (O-D peak) content during the swelling in D2O vapor, heating,
and cooling process. The curves correspond to thin films prepared from NaBr-free (green), 2
mM (yellow), 10 mM (orange), and 20 mM (pink) NaBr solution. The temperature within the
measurement chamber is plotted in red. The solid black arrow indicate the shifted swelling
temperature of the PSBP block during heating and cooling. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2021 [285].

peratures (¥ 35 °C for the NaBr-free, and ¥ 30 °C for thin film spin-coated from 20 mM
NaBr solution), indicating an increasing water compatibility of PSBP. The temperatures,
at which this re-adsorption occurs, are in good agreement with the temperatures found
with ToF-NR.

Upon cooling, the D2O content first slightly increases at intermediate temperatures
(around 35 °C), before it reaches a relatively sharp local maximum at lower temperatures
(roughly around 25 °C), and finally decreases. The position of the local maximum and
the following release of D2O molecules shifts to lower temperatures with increasing NaBr
content. Since a similar shift to lower temperatures of the swelling of the PSBP block
with increasing NaBr content is observed during heating, we assume that this reflects
the ionic strength dependency of the PSBP block on its coil-to-globule transition during
cooling. Analogous to the ToF-NR results, the release of D2O molecules upon cooling
occurs at lower temperatures as compared to the D2O re-absorption during heating. As
opposed to heating, a pronounced change in D2O content during cooling that could be
referred to the PNIPMAM transition is not observed. A possible scenario might be, that
both the collapse and swelling temperatures of PNIPMAM and PSBP shifts to lower
temperatures, whereas the collapse temperature is then beyond the probed temperature
range. Analogous to the ToF-NR and SR data (cf. Figure 9.7), an increase in D2O content
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is seen at the beginning of the cooling process, however, this increase is considerably slower
and less pronounced. As described earlier, this might be due to cooperative hydration
e�ects of the individual polymer blocks. Also, still ongoing long-term re-arrangement
processes from the heating process are thinkable.

The evolution of the normalized peak area of the O-H stretching vibration during
swelling in D2O vapor, heating, and cooling is shown in Figure 9.9b. With increasing
D2O content, the intensity of the O-H stretching vibration signal increases as well before
falling asymptotically to a final value, which is still higher than the starting point. This
can be explained by the release of protons into the film upon deuteration of the secondary
amide groups, which are present in both polymer blocks. Figure 9.10 shows the decreasing
normalized peak area of the protonated amide II mode and the increasing normalized peak
area of the deuterated amide II’ mode, which demonstrates the exchange of the -CONH-
groups by deuterium to -COND- groups. As a result, a third water species, HDO is
generated, which also contributes to the O-H stretching vibration. After reaching the
maximum, the peak area of the O-H stretching vibration signal decreases. This decrease
is due to a slowing down of the deuteration of the polymer chain combined with an
ongoing replacement of H2O/HDO by excessively present D2O molecules. This finding is
consistent with the previous chapters, where deuteration and exchange processes are also
observed [36–38]. The H2O/HDO content equilibrates around a temperature of 30 °C,
indicating that these processes are finished. Please note, this temperature corresponds to
¥ 3 h of heating.

While the areas of the O-D and O-H stretching vibration signals can be correlated with
the overall water (D2O, H2O, and HDO) content inside the thin films, the wavenumber
shift of characteristic signals, such as the sulfonate and amide groups, yield informa-
tion about their particular hydration behavior. Figure 9.11 shows the evolution of the
peak maximum positions of the S-O stretching vibration signal (1038 cm≠1 in dry state),
which arises due to the SO≠

3 group, and of the amide I mode (1645 cm≠1 in dry state),
respectively.

Upon swelling, both peaks undergo significant shifts for the S-O stretching vibration
signal to higher wavenumbers, and for the amide mode to lower wavenumbers. This is in
agreement with literature and the previous chapters of this thesis, and indicates decreas-
ing (SO≠

3 ) and increasing (amide I) stretching and bending vibrational energies of the
respective bonds [37, 39]. Upon higher NaBr content, these shifts are more pronounced.
This demonstrates a stronger hydration of the respective groups and confirms the previous
findings of an increased water compatibility of particularly the PSBP block (analogously
to the salting-in e�ect in aqueous solution). Thus, a higher NaBr content leads not only
to an overall higher water content within the thin films, but also to a stronger net hy-
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Figure 9.10.: Integration areas extracted from FTIR spectra during the swelling in D2O
vapor, heating, and cooling. Normalized integration areas of the (a) protonated amide II and
the (b) deuterated amide II’ modes. The curves correspond to thin films prepared from NaBr-free
(green), 2 mM (yellow), 10 mM (orange), and 20 mM (pink) NaBr solution. A close-up of the
amide II and II’ modes are visible below for the thin films spin-coated from (c) NaBr-free and
(d) 20mM NaBr solution. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2021 [285].

dration of the characteristic groups. Interestingly, during heating and cooling, both peak
shifts feature a considerably di�erent trend for the evolution of the D2O and H2O/HDO
content. Upon heating, the peak maxima shift back slightly, i.e., a displacement to lower
wavenumbers for the S-O stretching vibration signal and to higher wavenumbers for the
amide I mode is observed. Upon cooling, this trend is reversed, and the peak maxima shift
to their initial values of after the swelling in D2O vapor (stage III). As the peak shifts are
monotonic, this indicates a steady de-hydration during heating and a steady re-hydration
during cooling. The strong shift of the S-O stretching vibration and the amide I mode
upon D2O swelling, underlines the assumption described above. Both polymer blocks are
already at least partly hydrated after the swelling process. Although, upon heating and
cooling, the minor shifts indicate a change in hydration state, they are not indicative of
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Figure 9.11.: Peak maximum position extracted from FTIR spectra upon swelling in
D2O vapor, heating, and cooling. From the FTIR spectra shown in Figure 9.8, the peak
maximum position of the (a) symmetric S-O stretching vibration and the (b) amide I during
the swelling in D2O vapor, heating, and cooling process are extracted by applying a Gaussian
fit to the corresponding peaks. The curves correspond to thin films prepared from NaBr-free
(green), 2 mM (yellow), 10 mM (orange), and 20 mM (pink) NaBr solution. The temperature
within the measurement chamber is plotted in red. Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2021 [285].

a fully hydration - dehydration. One has to note here that the evolution of the peak
shifts parallels the evolution of the RH during heating and cooling. In particular, the
very slow changes in RH and peak maximum positions indicate, that the monotonically
de- and re-hydration is due to the non-constant RH, but not due to a response of the thin
films. This implies, that the phase transitions of both polymer blocks upon heating and
cooling lead to non-monotonic changes of the overall water content, but not necessarily
to a change in hydration of the characteristic hydrophilic groups, such as the SO≠

3 and
amide group. This finding is in agreement with the study presented in Chapter 8 on a
similar DBC thin film, where the changing water compatibility of the thin film is indeed
a�ecting the overall water content but not the hydration of particular hydrophilic groups
[38].

The FTIR results are consistent with the findings from ToF-NR and SR measurements.
Upon increasing NaBr content, the PSBP block features a higher compatibility to water,
which leads to a stronger water uptake and hydration of the thin films. Furthermore, a
shift of the swelling temperature of the PSBP block to lower temperatures with increasing
NaBr content is revealed. PNIPMAM shows a relatively sharp collapse at low tempera-
tures during heating, however no clear transition during cooling is observed. Analogous
to ToF-NR and SR, this demonstrates the significant di�erence of the thin film behavior
upon heating and cooling. In addition, changes in temperature and NaBr content are
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found to induce a change in the hydrophilicity and water content of the thin films, while
they a�ect the hydration of particular hydrophilic groups within the DBC.

9.3. Conclusion
The present chapter describes the behavior of orthogonally dual thermo-responsive DBC
thin films as a function of temperature and NaBr content. The DBC consists of a zwitteri-
onic PSBP and a nonionic PNIPMAM block and is spin-coated from solutions of di�erent
NaBr concentrations (0-20 mM). Increasing the salt concentration to 10 mM leads to a
maximum swelling ratio and water uptake of the thin films and a further increase to 20
mM has no significant additional e�ect on the swelling ratio and water uptake. These
findings mainly originate from the salt-sensitive nature of the zwitterionic PSBP block.
Upon heating, the thin film contracts and re-swells, which is attributed to a change of the
hydration state of first the PNIPMAM block, and then the PSBP block. The collapse and
swelling temperatures of PNIPMAM and PSBP, respectively, are slightly shifted to lower
temperatures as compared to the corresponding CPPNIPMAM and CP’PSBP in aqueous so-
lution, which is due to the increased polymer concentration in thin film geometry. In
addition, the amount of NaBr decreases the swelling temperature of the PSBP block but
not the collapse temperature of PNIPMAM, while the onset temperatures of the respec-
tive swelling (PSBP block) and contraction (PNIPMAM block) processes for the di�erent
NaBr contents, found with ToF-NR/SR and FTIR are in good agreement.

The subsequent cooling process reveals that the PSBP collapse occurs at lower temper-
atures than the corresponding swelling during heating, following the behavior expected
from the solution phase diagram and the position of the binodal and spinodal. Further-
more, and analogously to the heating process, the swelling temperature of PSBP decreases
with increasing NaBr content. In contrast, the behavior of the PNIPMAM block seems to
be more complex, as a clear transition during cooling is not detected. A possible scenario
might be a strong correlation of the hydration states of the PSBP and PNIPMAM block.
Interestingly, particular characteristic groups, such as the non-charged amide or the neg-
ative sulfonate group, barely change their hydration state upon changes in temperature
as well as in NaBr content.

The observed responsive behavior of the thin film system demonstrates the complex
interplay between di�erent, and to some extent competing, external stimuli such as tem-
perature and NaBr content. The high polymer concentration increases the complexity of
the system even more by introducing confinement and stronger crowding e�ects than in
solutions. Altered polymer – water interactions, as well as a lower chain mobility have a
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significant impact on the overall thin film behavior. In addition, further kinetic processes
such as deuteration and the exchange of H2O/HDO by D2O also play a role.
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10. Summary and outlook

Multi-responsive polymers feature a highly controllable self-assembly behavior and there-
fore, provide a high level of functionality. While this versatility is the basis of a con-
tinuously increasing number of polymer-based applications, it is also accompanied by a
massive complexity of the material. A change in the materials dimensions, i.e., from a
3-dimensional polymer solution to a 2-dimensional thin film geometry, results equally in
an increased versatility and complexity of the materials response. In the present thesis,
the behavior of orthogonally dual thermo-responsive diblock copolymer (DBC) thin films
in varying environmental conditions is analyzed. The results and conclusions contribute
to resolve this complexity, in order to take full advantage of the versatility, and therefore,
the thesis may provide a groundwork for future studies.

In addition, the ’FlexiProb’ sample environment is developed together with Tobias
Widmann, which allows for a precise control of environmental parameter, e.g., relative
humidity, temperature, and vapor composition. Since this setup is mainly used at large
scale neutron (and potentially also x-ray) sources, the focus is set to an easy, fast, and
space-saving installation and disassembly. Furthermore, it can be coupled with additional
measurement techniques, which allows to follow dynamic thin film processes at the exact
same environmental parameters from di�erent perspectives. The ’Flexiprob’ sample en-
vironment has been employed successfully during numerous beamtimes at the MLZ and
ILL neutron sources, in Garching, Germany and Grenoble, France, respectively. Chapter
3 provides a description of the developed setup.

The DBCs under investigation consist of a zwitterionic poly(sulfobetaine) (PSB) block
and a nonionic block, which is either poly(N -isopropylacrylamide) (PNIPAM) or poly(N -
isopropylmethacrylamide) (PNIPMAM). Both blocks are orthogonally responsive towards
temperature, i.e. the PSB block features a coil-to-globule transition upon cooling, while
PNIPAM and PNIPMAM undergo the same transition but upon heating. The transition
temperatures of both blocks are sensitive to polymer concentration and as a consequence,
they shift considerably in thin film geometry as compared to aqueous solution. Further-
more, the polymer transitions can be tuned dramatically by applying vapors of di�erent
isotopes, e.g., H2O/D2O and CH3OH/CD3OH as well as of di�erent composition, e.g.,
water/methanol mixtures. Loading the thin films with certain amounts of salt selectively
a�ects the transition temperature of the PSB block.

207



Chapter 10. Summary and outlook

Mainly, neutron scattering techniques (ToF-NR, ToF-GISANS) and FTIR spectroscopy
are used to follow the behavior of the DBC thin films in changing environmental condi-
tions in-situ. This combination of measurement techniques allows to link mesoscopic thin
film characteristics, e.g., swelling degree, solvent content, (vertical) distribution within
the thin films, and a lateral thin film morphology, to molecular information about local
hydration of certain functional groups, polymer-polymer, and polymer-solvent interac-
tions.

For a first fundamental understanding, PSB-b-PNIPAM DBC thin films are exposed to
pure H2O or D2O vapor, which is then exchanged by the corresponding other water species
(H2O with D2O and vice versa). This is described in Chapter 5. Most prominently, the
DBC thin films exhibit a higher a�nity to H2O than to D2O, which results in a larger and
faster adsorption of H2O. This response, is mainly addressed to the isotope sensitivity of
the PSB block, and can be seen as the thin film equivalent to a decreased clearing point
of the PSB (CPÕ

PSB
) in aqueous solution. A deviating thin film behavior in H2O or D2O

vapor has been expected to a certain level, however, the significance of the observed
di�erences is indeed surprising.

In a next step, methanol is introduced to the thin film/vapor system. Since Chapter
5 reveals the high complexity of, in particular the exchange processes, the individual ho-
mopolymers are investigated first, and PSB and PNIPMAM thin films are exposed to
pure water and mixed water/methanol vapors. This experiment is described in Chapter
6. Upon swelling in water vapor, the PSB thin film absorbs a significantly higher amount
of water than the PNIPMAM thin film, which opposes the expectations from aqueous
solution. This di�erence demonstrates a strong shift of the corresponding transition tem-
peratures of PSB and PNIPMAM in thin film geometry. In mixed water/methanol vapor
both thin films contract and equilibrate with a swelling ratio lower than in pure water and
methanol vapors. Therefore, a co-nonsolvency-type behavior is attributed to both, the
PSB and PNIPMAM thin films. For PNIPMAM, such e�ect was already found in mixed
water/alcohol solutions [92], whereas PSB is insoluble in methanol, and therefore the ob-
served swelling and contraction behavior is highly surprising. Apparently, PSB exhibits
a miscible regime on the very substance-rich region of the phase diagram, which even-
tually leads to a co-nonsolvency e�ect in thin film geometry. The PSB and PNIPMAM
contraction mechanism deviate from each other (one-step PSB vs. two-step PNIPMAM
contraction). This di�erence is attributed to the strong di�erences in polymer-solvent
interactions, based on the di�erent nature of PSPE and PNIPMAM, i.e., zwitterionic vs.
nonionic, insoluble vs. soluble in methanol, UCST vs. LCST. Thus, the co-nonsolvency
mechanism depends on the specific nature of the polymer thin film, which necessitates
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a thin film-specific interpretation of the observed results, rather than a universal co-
nonsolvency theory.

Analogous, to this homopolymer study, the corresponding PSB-b-PNIPMAM DBC
thin films are exposed to pure water and mixed water/methanol vapors. To combine
the experiments with the previous Chapter 5 about isotope-sensitivity, di�erent water
(H2O and D2O) and methanol species (CH3OH and CD3OH) are used. Conveniently, the
PSB-b-PNIPMAM DBC thin film behavior follows the combined results from Chapter
5 and the homopolymer thin film study. While the DBC thin film exhibits a higher
compatibility with H2O, regarding its swelling degree and solvent uptake, it also features
the combined contraction mechanisms of the PSB and PNIPMAM homopolymers. The
individual contractions occur consecutively and not simultaneously, which results in five
di�erent thin film regimes, dependent on the vapor composition: (i) dry, (ii) water-swollen,
(iii) after PSB collapse, (iv) after PSB and PNIPMAM collapse, and (v) methanol-swollen.
By using di�erent isotopes of water and methanol, these regimes can be further tuned.
A co-nonsolvency-type behavior of the DBC thin films is not observed, as the swelling
degree in pure methanol vapor is only slightly higher than in mixed water/methanol
vapors. Apparently, the covalent bonds between both blocks leads to steric hindrance,
repulsive interactions or cooperative hydration e�ects, which eventually suppress a co-
nonsolvency-type behavior of the DBC thin film.

While these first two Chapters 5 and 6 focus on a mixed vapor composition at constant
temperature, Chapter 7 describes the thermal behavior of PSB-b-PNIPMAM thin films
in pure water vapor. Upon two temperature jumps, from 20 °C to 40 °C and from 40 °C to
60 °C, the thin film first contracts and re-swells afterwards, which considerably opposes the
expectations from aqueous solution. This is due to a shift of the transition temperatures
of both polymer blocks, PSB and PNIPMAM, thereby confirming the results from the
previous chapters. Generally, the thin film transitions are very slow (on the order of
hours) compared to the transitions observed in solution, indicating a low polymer chain
mobility. GISANS measurements reveal a changing lateral thin film morphology, however
the changes are rather small, most likely also due to the low chain mobility. A structural
inversion upon increasing temperature as was seen in solution [26, 27], is not observed in
the thin film geometry.

Chapter 8 describes the cyclic swelling and drying behavior of PSB-b-PNIPMAM thin
films at three di�erent temperatures (15 °C, 27 °C, and 48 °C), and therefore investigates
the suitability of these thin films in potential applications, where reversible and repro-
ducible kinetic processes are essential. All cycles yield highly reproducible swollen and
dry thin film states, regarding their film thicknesses and water contents. In contrast to the
final equilibrium states of the thin films, their swelling and contraction mechanisms devi-
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ate considerably. Deuteration of the amide groups, present in the PSB and PNIPMAM
blocks, generates a third water species, HDO, which is exchanged by excessively present
D2O molecules. While the competing deuteration and exchange processes are mainly re-
sponsible for the deviating swelling and drying mechanisms, they already weaken upon
three full swelling/drying cycles and are supposed to vanish with further increasing cy-
cle number. Also, an increased temperature leads to a lower compatibility of the DBC
with water, and eventually results in lower swelling degrees and water absorption. In
particular, a temperature of 27 °C is found to provide balanced conditions between short
di�usion ways and a su�cient hydrophilic state, and therefore provides ideal conditions
for a fast water uptake and release.

Chapter 9 investigates the response of PSB-b-PNIPMAM thin films toward two stimuli
in parallel, namely temperature and the addition of the monovalent salt NaBr. Upon
swelling in D2O vapor, the addition of NaBr promotes water uptake. In solution, this
phenomenon is called ’salting-in’ e�ect. Upon heating and cooling a pronounced shift
of the PSB transition temperature to lower temperatures with increasing NaBr content
is observed. A PNIPMAM collapse transition is observed as well, however at constant
temperature and independently from NaBr addition. Thus, the promoted water uptake
mainly originates from the salt-sensitive nature of the zwitterionic PSBP block. Dur-
ing cooling, a superposition of both stimuli, temperature and salt addition, as well as a
strong correlation of the hydration states of both polymer blocks is found. The applica-
tion of two external stimuli results in a highly tunable and versatile, but also complex thin
film behavior. The superposition of the external stimuli makes it extremely challenging,
to isolate the individual e�ects of temperature and salt addition on the thin film behavior.

In summary, the present thesis demonstrates a highly versatile behavior of the in-
vestigated orthogonally dual thermo-responsive DBC thin films. Their response toward
various external stimuli di�ers significantly from the response of the same material in so-
lution. This di�erence highlights the impact of polymer concentration and confinement on
polymer-polymer and polymer-solvent interactions and eventually on the overall behavior
of the material. In parallel, the thin film geometry enables new possibilities. Multiple
and reproducible thin film regimes are established that can be tuned by the vapor com-
position, temperature, and salt additives, and therefore, these thin films are promising
candidates for (nano) sensors, (nano) switches, and functional surfaces.

In the future, multi-responsive polymer thin films will become more prominent in fun-
damental research as well as in polymer-based applications. In particular polymer thin
films and polymer interfaces provide great opportunities for multi-component and multi-
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responsive systems in spatially confined environments. To realize such systems, precise
selectivity of individual building blocks toward single stimuli is required. Furthermore,
enhanced mechanical integrity and stability in combination with a short response time
and a reversible behavior, will be essential, in particular for fragile polymer hydrogels
or free-standing thin films. For future applications, it will be particularly important to
integrate these attributes in biocompatible, biodegradable, and non-toxic systems. Since
these multi-responsive systems will become more complex and will require precise control
of a large number of parameters, the investigation with several measurement techniques
simultaneously, will play a crucial role in future experiments. A further future trend
focuses on automated measurements, e.g., for tedious parameter screenings, and, as com-
putational power increases, on simulations.
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A. Appendix for Chapter 1

Figure A.1.: Pre-characterization of the two PSPP80-b-PNIPMAM130 thin films inves-
tigated in Chapter 5. (a,b) OM images. The two spots in the lower left corner result from a
damaged OM lens. (c,d) AFM topography data.
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Figure A.2.: XRR data of the two PSPP80-b-PNIPMAM130 thin films investigated in
Chapter 5. The film thickness is calculated via the distance of two oscillation maxima (�q)
according to Equation 2.35.
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B. Appendix for Chapter 2

Figure B.1.: OM images of the homopolymer and diblock copolymer (DBC) thin films
investigated in Chapter 6. (a,b) PSPE270 and PNIPMAM65 homopolymer thin films investi-
gated in the first part and (c,d) PSPE270-b-PNIPMAM65 DBC thin films investigated in Chapter
6 in Section 6.3. The two spots in the lower left corner marked in (a) result from a damaged
OM lens.
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Figure B.2.: AFM topography data of the thin films investigated in Chapter 6. (a,b)
PSPE and PNIPMAM homopolymer thin films investigated in the first part and (c,d) PSPE-b-
PNIPMAM DBC thin film samples investigated Chapter 6 in Section 6.3.
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Figure B.3.: XRR data of the thin film samples investigated in Chapter 6 in Section 6.3.
The film thickness is calculated via the distance of two oscillation maxima (�q) according to
Equation 2.35.
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Figure B.4.: Close-up of characteristic stretching vibrations probed with FTIR spec-
troscopy of the PSPE homopolymer thin film investigated in Chapter 6 in Section 6.1.
(a,b) S-O and the (c,d) C=O stretching vibration of the PSPE homopolymer thin film during
(a,c) swelling in water vapor and (b,d) methanol addition. A Gaussian fit (applied to all FTIR
curves) is shown as black line for each first and final absorption peak. Black dashed lines indicate
the peak maxima. The peak shifts as a function of time is shown in Figure 6.6.
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Figure B.5.: Close-up of characteristic stretching vibrations probed with FTIR spec-
troscopy of the PNIPMAM homopolymer thin film investigated in Chapter 6. Amide I
and II peaks of the PNIPMAM homopolymer thin film during (a) swelling in water vapor and
(b) methanol addition. A Gaussian fit (applied to all FTIR curves) is shown as black line for
each and final first absorption peak. Black dashed lines indicate the peak maxima. The peak
shifts as a function of time is shown in Figure 6.6.
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Figure B.6.: Close-up of S-O stretching vibration probed with FTIR spectroscopy of the
PSPE-b-PNIPMAM DBC thin film investigated in Chapter 6 in Section 6.3. Peak shift
(black arrows) of the S-O stretching vibration during (a,b) Experiment A, swelling in H2O vapor
(a) and subsequent addition of CD3OH (b) and (c,d) Experiment B, swelling in D2O vapor (c)
and subsequent addition of CH3OH (d). A Gaussian fit (applied to all FTIR curves) is shown
as black line for each first and final S-O absorption peak. Black dashed lines indicate the peak
maxima. The extracted peak shift is shown in Figure 6.17.
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Figure B.7.: Close-up of C=O stretching vibration probed with FTIR spectroscopy of
the PSPE-b-PNIPMAM DBC thin film investigated in Chapter 6 in Section 6.3. Peak
shift (black arrows) of the C=O stretching vibration during (a,b) Experiment A, swelling in H2O
vapor (a) and subsequent addition of CD3OH (b) and (c,d) Experiment B, swelling in D2O vapor
(c) and subsequent addition of CH3OH (d). A Gaussian fit (applied to all FTIR curves) is shown
as black line for each first and final C=O absorption peak. Black dashed lines indicate the peak
maxima. The extracted peak shift is shown in Figure 6.17.
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Figure B.8.: Close-up of the amide I and II peaks probed with FTIR spectroscopy of the
PSPE-b-PNIPMAM DBC thin film investigated in Chapter 6 in Section 6.3. Peak shift
(black arrows) of the amide I and II peaks during (a,b) Experiment A, swelling in H2O vapor
(a) and subsequent addition of CD3OH (b) and (c,d) Experiment B, swelling in D2O vapor (c)
and subsequent addition of CH3OH (d). A Gaussian fit (applied to all FTIR curves) is shown
as black line for each first and final amide I and II absorption peak. Black dashed lines indicate
the peak maxima. The extracted peak shift is shown in Figure 6.17.
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C. Appendix for Chapter 3

Figure C.1.: Pre-characterization of the PSPP500-b-PNIPMAM150 thin film, investigated
in 7. (a) OM image. The two spots in the lower left corner result from a damaged OM lens. (b)
AFM image. (c) XRR data. The film thickness is calculated via the distance of two oscillation
maxima (�q) according to Equation 2.35.
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Figure C.2.: of the PSPP500-b-PNIPMAM150 thin films investigated in Chapter 7. The
film thickness is calculated via the distance of two oscillation maxima (�q) according to Equation
2.35.
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D. Appendix for Chapter 4

Figure D.1.: Pre-characterization of the three PSPP500-b-PNIPMAM150 thin films in-
vestigated in Chapter 8. (a-c) OM images. The two spots in the lower left corner result from
a damaged OM lens. (e-f) AFM topography data.
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Figure D.2.: XRR data of the PSPP500-b-PNIPMAM150 thin films investigated in Chap-
ter 8. The film thickness is calculated via the distance of two oscillation maxima (�q) according
to Equation 2.35.

Figure D.3.: RH and temperature during three swelling and drying cycles. Both pa-
rameters, RH (green) and temperature (black), as a function of measurement time during three
swelling and drying cycles at (a) 15 °C, (b) 27 °C, and (c) 48 °C. The swelling and contraction cy-
cles are labelled accordingly. Adapted with permission from AMERICAN CHEMICAL SOCIETY,
Copyright 2020 [38].
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Figure D.4: Cyclic thin film swelling in D2O
vapor followed with SR in-situ. The swelling ra-
tio d/dini as a function of measurement time dur-
ing three swelling cycles at (a) 15 °C, (b) 27 °C,
and (c) 48 °C. The cycle number increases from
bottom (first swelling cycle) to top (third swelling
cycle). A swelling model is applied to the data
as explained in the main text [solid yellow lines,
except for the first and second swelling cycle at
48 °C in (c), where it is indicated with a black line].
In addition to the swelling ratio, the maximum
swelling ratio dmax/dini is plotted (dashed black
lines). Adapted with permission from AMERICAN
CHEMICAL SOCIETY, Copyright 2020 [38].
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Figure D.5.: FTIR spectra recorded in-situ during three swelling cycles in D2O vapor
at di�erent temperatures. From top to bottom the temperature increases, while from left
to right the number of swelling cycles increases. In each spectrum, the red curve marks the
initial (t = 0 days) measurement, the purple curve marks the final measurement after in total 6
days. Characteristic absorption peaks are labelled accordingly. Black arrows mark the increase
and decrease of the O-H and the O-D stretching vibration. Adapted with permission from
AMERICAN CHEMICAL SOCIETY, Copyright 2020 [38].
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E. Appendix for Chapter 5

Figure E.1.: OM images of the four PSPP500-b-PNIPMAM150 thin films investigated in
Chapter 9. The two spots in the lower left corner result from a damaged OM lens.
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Figure E.2.: AFM topography data of the four PSBP245-b-PNIPMAM105 thin films
investigated in Chapter 9.

Figure E.3.: XRR data of the PSBP245-b-PNIPMAM105 thin films investigated in Chapter
8. The film thickness is calculated via the distance of two oscillation maxima (�q) according
to Equation 2.35.
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Figure E.4.: Static ToF-NR measurements. ToF-NR curves with the full qz-range of the
equilibrated dry (gray), and the swollen states after the swelling in D2O vapor (green), heating
(red), and cooling (blue) for the thin films spin-coated from (a) NaBr-free, (b) 2 mM, (c) 10
mM, and (d) 20 mM NaBr solution. Best fits are achieved with a two-layer model for the dry
state and with a three-layer model for all swollen states.
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Figure E.5.: Representative selection of ToF-NR curves for the swelling in D2O vapor,
heating, and cooling. Representative ToF-NR data are shown with best model fits (black lines)
for the thin films spin-coated from (a,e,i) NaBr-free, (b,f,j) 2 mM, (c,g,k) 10 mM, and (d,h,l)
20 mM NaBr solution, during the (a-d) swelling in D2O vapor, (e-h) heating, and (i-l) cooling.
For the swelling in D2O vapor, the selected curves (bottom to top) were taken at t = 0.5, 2, 15,
45, 90, and 180 min, while for both heating and cooling, the selected curves (bottom to top)
were taken at t = 0.5, 60, 180, 300, 420, and 540 min.
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Figure E.6.: FTIR spectra recorded in-situ during the swelling in D2O vapor, heating,
and cooling. FTIR spectra of the thin films spin-coated from (a,e,i) NaBr-free reference, (b,f,j)
2 mM, (c,g,k) 10 mM, and (d,h,l) 20 mM NaBr solution, during the (a-d) swelling in D2O vapor,
(e-h) heating, and (i-l) cooling. The color bars refer to time in (a-d) to temperature in (e-l).
Characteristic absorption peaks are labelled accordingly.
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Figure E.7.: Close-up of the S-O stretching vibration probed with FTIR spectroscopy
of the PSBP-b-PNIPMAM DBC thin film investigated in Chapter 9. Peak shift (black
arrows) of the S-O peak during (a,b) swelling, (c,d) heating, and (e,f) cooling of PSBP-b-
PNIPMAM thin films spin-coated from (a,c,e) NaBr-free and (b,d,f) 20 mM NaBr solution.
The Gaussian fit (applied to all FTIR curves) is shown as black line for each first and final S-O
absorption peak. Black dashed lines indicate the peak maxima. The extracted peak shift is
shown in Figure 9.11.
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Figure E.8.: Close-up of the amide I peak probed with FTIR spectroscopy of the PSBP-
b-PNIPMAM DBC thin film investigated in Chapter 9. Peak shift (black arrows) of the
amide I peak during (a,b) swelling, (c,d) heating, and (e,f) cooling of PSBP-b-PNIPMAM thin
films spin-coated from (a,c,e) NaBr-free and (b,d,f) 20 mM NaBr solution. The Gaussian fit
(applied to all FTIR curves) is shown as black line for each first and final amide I absorption
peak. Black dashed lines indicate the peak maxima. The extracted peak shift is shown in Figure
9.11.
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[17] J. Thévenot, H. Oliveira, O. Sandre, and S. Lecommandoux, “Magnetic responsive
polymer composite materials”, Chem. Soc. Rev., vol. 42, pp. 7099–7116, 17 2013.
doi: 10.1039/C3CS60058K.

[18] Y. L. Colson and M. W. Grinsta�, “Biologically responsive polymeric nanoparticles
for drug delivery”, Adv. Mater., vol. 24, pp. 3878–3886, 2012. doi: 10.1002/adma.
201200420.

[19] V. Aseyev, H. Tenhu, and F. M. Winnik, “Non-ionic thermoresponsive polymers
in water”, Adv. Polym. Sci., vol. 242, no. 1, pp. 29–89, 2011. doi: 10.1007/12_
2010_57.

238

https://doi.org/10.1007/978-3-319-26893-4_2
https://doi.org/10.1039/C6TB01003B
https://doi.org/10.1021/acsami.9b06253
https://doi.org/10.1039/c8cs00508g
https://doi.org/10.1039/C6PY01585A
https://doi.org/10.1039/C6PY01585A
https://doi.org/10.1080/10601326808051910
https://doi.org/10.1039/B714741D
https://doi.org/10.1126/science.218.4571.467
https://doi.org/10.1039/C3CS60058K
https://doi.org/10.1002/adma.201200420
https://doi.org/10.1002/adma.201200420
https://doi.org/10.1007/12_2010_57
https://doi.org/10.1007/12_2010_57


Bibliography

[20] Schulz, D., N., Pfei�er, D., G., K. Agarwal P., Laraee J., J. Kaladas J., Soni L,
Handwerker B., and T. Garner R., “Phase behaviour and solution properties of
sulphobetaine polymers”, Polymer, no. 27, pp. 1734–1742, 1986. doi: 10.1016/
0032-3861(86)90269-7.
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[139] A. Halperin, M. Kröger, and F. M. Winnik, “Poly(N -isopropylacrylamide) Phase
Diagrams: Fifty years of research”, Angew. Chem., Int. Ed., vol. 54, no. 51, pp. 15 342–
15 367, 2015. doi: 10.1002/anie.201506663.

[140] S. Fujishige, “Phase transition of aqueous solutions of poly(N -isopropylacrylamide)
and Poly(N -isopropylmethacrylamide)”, J. Phys. Chem., no. 93, pp. 3311–3313,
1989. doi: 10.1021/j100345a085.

[141] Tiktopulo. E. I., V. N. Uversky, V. B. Lushchik, S. I. Klenin, V. E. Bychkova,
and O. B. Ptitsyn, “Domain coil-globule transitions in homopolymers”, Macro-
molecules, no. 28, pp. 7519–7524, 1995.
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[171] F. Rodŕıguez-Ropero, T. Hajari, and N. F. A. van der Vegt, “Mechanism of polymer
collapse in miscible good solvents”, J. Chem. Phys. B, vol. 119, no. 51, pp. 15 780–
15 788, 2015. doi: 10.1021/acs.jpcb.5b10684.

[172] A. K. Tucker and M. J. Stevens, “Study of the polymer length dependence of the
single chain transition temperature in syndiotactic poly(N -isopropylacrylamide)
Oligomers in Water”, Macromolecules, vol. 45, p. 6697, 2012. doi: 10 . 1021 /
ma300729z.

[173] F. Tanaka, T. Koga, H. Kojima, N. Xue, and F. M. Winnik, “Preferential ad-
sorption and co-nonsolvency of thermoresponsive polymers in mixed solvents of
water/methanol”, Macromolecules, vol. 44, no. 8, pp. 2978–2989, 2011. doi: 10.
1021/ma102695n.

[174] S. Backes, P. Krause, W. Tabaka, M. U. Witt, D. Mukherji, K. Kremer, and R.
von Klitzing, “Poly(N -isopropylacrylamide) microgels under alcoholic intoxication:
When a LCST polymer shows swelling with increasing temperature”, ACS Macro
Letters, vol. 6, no. 10, pp. 1042–1046, 2017. doi: 10.1021/acsmacrolett.7b00557.

[175] P.-W. Zhu and L. Chen, “E�ects of cosolvent partitioning on cconformational tran-
sitions and chain flexibility of thermoresponsive microgels”, Phys. Rev. E, vol. 99,
no. 2-1, p. 022 501, 2019. doi: 10.1103/PhysRevE.99.022501.

[176] I. Bischofberger, D. C. E. Calzolari, and V. Trappe, “Co-nonsolvency of PNiPAM
at the transition between solvation mechanisms”, Soft Matter, vol. 10, no. 41,
pp. 8288–8295, 2014. doi: 10.1039/c4sm01345j.

[177] J. Daillant and A. Gibaud, “X-ray and neutron reflectivity: Principles and appli-
cations”, Lect. Notes Phys. 770 (Springer, Berlin Heidelberg 2009), 2009.

[178] J. S. Higgins and H. C. Benoit, “Polymers and neutron scattering”, Oxford Claren-
don Press, 1996.

[179] M. Tolan, “X-ray scattering from soft-matter thin films”, Springer Tracts in Mod-
ern Physics, vol. 148, 1978. doi: 10.1007/BFb0112834.

[180] J. Lekner, “Reflection theory and the analysis of neutron reflection data”, Physica
B, vol. 173, no. 1, pp. 99–111, 1991. doi: 10.1016/0921-4526(91)90040-L.

254

https://doi.org/10.1021/ma401877c
https://doi.org/10.1021/ma401877c
https://doi.org/10.1021/acs.jpcb.5b10684
https://doi.org/10.1021/ma300729z
https://doi.org/10.1021/ma300729z
https://doi.org/10.1021/ma102695n
https://doi.org/10.1021/ma102695n
https://doi.org/10.1021/acsmacrolett.7b00557
https://doi.org/10.1103/PhysRevE.99.022501
https://doi.org/10.1039/c4sm01345j
https://doi.org/10.1007/BFb0112834
https://doi.org/10.1016/0921-%204526(91)90040-L


Bibliography

[181] P. Müller-Buschbaum, “GISAXS and GISANS as metrology technique for under-
standing the 3D morphology of block copolymer thin films”, Eur. Polym. J., vol. 81,
pp. 470–493, 2016. doi: 10.1016/j.eurpolymj.2016.04.007.

[182] V. F. Sears, “Neutron scattering lengths and cross sections”, Neutron News, vol. 3,
no. 3, pp. 26–37, 2006. doi: 10.1080/10448639208218770.

[183] A. Hexemer and P. Müller-Buschbaum, “Advanced grazing-incidence techniques for
modern soft-matter materials analysis”, IUCrJ, vol. 2, no. 1, pp. 106–125, 2015.
doi: 10.1107/S2052252514024178.

[184] P. Müller-Buschbaum, J. S. Gutmann, R. Cubitt, and M. Stamm, “Probing the in-
plane composition of thin polymer films with grazing-incidence small-angle neutron
scattering and atomic force microscopy”, Colloid Polym. Sci, vol. 277, no. 12,
pp. 1193–1199, 1999. doi: 10.1007/s003960050509.

[185] B. Jacrot, “The study of biological structures by neutron scattering from solution”,
Rep. Prog. Phys., vol. 39, no. 10, pp. 911–953, 1976. doi: 10.1088/0034-4885/
39/10/001.

[186] G. Squires, “Introduction to the theory of thermal neutron scattering”, Dover
Publications, 1996 [originally published by Cambridge University Press (1978)],
1978. doi: 10.1017/CBO9781139107808.016.

[187] G. Renaud, R. Lazzari, and F. Leroy, “Probing surface and interface morphology
with grazing incidence small angle x-ray scattering”, Surf. Sci. Rep., vol. 64, no. 8,
pp. 255–380, 2009. doi: 10.1016/j.surfrep.2009.07.002.

[188] L. Parratt, “Solid surface studies by total reflection of x-rays”, Phys. Rev., vol. 95,
no. 2, pp. 359–369, 1954.

[189] W. A. Hamilton, “Conformation, directed self-assembly and engineered modifica-
tion: Some recent near surface structure determinations by grazing incidence small
angle x-ray and neutron scattering”, Curr. Opin. Colloid Interface Sci., vol. 9,
no. 6, pp. 390–395, 2005. doi: 10.1016/j.cocis.2004.10.005.

[190] P. Müller-Buschbaum, “A basic introduction to grazing incidence small-angle x-
ray scattering”, Applications of Synchrotron Light to Scattering and Di�raction in
Materials and Life Sciences. Berlin, Heidelberg: Springer Berlin Heidelberg, vol. 26,
no. 46, pp. 61–89, 2009. doi: doi:10.1007/978-3-540-95968-7_3..

[191] P. Müller-Buschbaum, E. Metwalli, J.-F. Moulin, V. Kudryashov, M. Haese-Seiller,
and R. Kampmann, “Time of flight grazing incidence small angle neutron scatter-
ing”, Eur. Phys. J. Spec. Top., vol. 167, no. 1, pp. 107–112, 2009. doi: 10.1140/
epjst/e2009-00944-5.

255

https://doi.org/10.1016/j.eurpolymj.2016.04.007
https://doi.org/10.1080/10448639208218770
https://doi.org/10.1107/S2052252514024178
https://doi.org/10.1007/s003960050509
https://doi.org/10.1088/0034-4885/39/10/001
https://doi.org/10.1088/0034-4885/39/10/001
https://doi.org/10.1017/CBO9781139107808.016
https://doi.org/10.1016/j.surfrep.2009.07.%20002
https://doi.org/10.1016/j.cocis.2004.10.005
https://doi.org/doi:%2010.1007/978-3-540-95968-%207_3.
https://doi.org/10.1140/epjst/e2009-00944-5
https://doi.org/10.1140/epjst/e2009-00944-5


Bibliography

[192] S. Nouhi, M. S. Hellsing, V. Kapaklis, and A. R. Rennie, “Grazing-incidence small-
angle neutron scattering from structures below an interface”, J. Appl. Crystallogr.,
vol. 50, no. Pt 4, pp. 1066–1074, 2017. doi: 10.1107/S1600576717007518.

[193] M. Wol�, “Grazing incidence scattering”, EPJ Web of Conferences, vol. 188, no. 2,
p. 04 002, 2018. doi: 10.1051/epjconf/201818804002.

[194] P. Müller-Buschbaum, “Grazing incidence small-angle neutron scattering: Chal-
lenges and possibilities”, Polymer Journal, vol. 45, no. 1, pp. 34–42, 2012. doi:
10.1038/pj.2012.190.

[195] R. Lazzari, “IsGISAXS: A program for grazing-incidence small-angle x-ray scatter-
ing analysis of supported islands”, J. Appl. Crystallogr., vol. 35, no. 4, pp. 406–421,
2002.

[196] G. H. Vineyard, “Grazing-incidence di�raction and the distorted-wave approxima-
tion for the study of surfaces”, Phys. Rev. B, vol. 26, pp. 4146–4159, 1982. doi:
10.1103/PhysRevB.26.4146.

[197] S. Dietrich and H. Wagner, “Critical surface scattering of x-rays at grazing angles”,
Condens. Matter, vol. 56, no. 3, pp. 207–215, 1984. doi: 10.1007/BF01304174.

[198] S. Dietrich and H. Wagner, “Critical magnetic surface scattering of neutrons at
grazing angles”, Z. Phys. B Condens. Matter, vol. 59, no. 1, pp. 35–42, 1985. doi:
10.1007/BF01325380e.

[199] D. Babonneau, “Fitgisaxs: Software package for modelling and analysis of GISAXS
data using IGOR Pro”, J. Appl. Crystallogr., vol. 43, no. 4, pp. 929–936, 2013. doi:
10.1107/S0021889810020352.

[200] D. Burle, C. Durniak, J. M. Fisher, M. Ganeva, G. Pospelov, W. van Herck, J.
Wuttke, and D. Yurov, “Bornagain - software for simulating and fitting x-ray
and neutron small-angle scattering at grazing incidence - Ed. by MLZ Garching”,
http://www.bornagainproject.org/ (visited on 12/04/2021), 2018.

[201] Y. Yoneda, “Anomalous surface reflection of x-rays”, Phys. Rev., no. 131, pp. 2010–
2014, 1963. doi: 10.1103/PhysRev.131.2010.

[202] T. Salditt, T. H. Metzger, J. Peisl, and G. Goerigk, “Non-specular x-ray scattering
from thin films and multilayers with small-angle scattering equipment”, J. Phys.
D Appl. Phys., vol. 28, no. 4A, pp. 236–240, 1995. doi: 10.1088/0022-3727/28/
4a/046.

256

https://doi.org/10.1107/S1600576717007518
https://doi.org/10.1051/epjconf/201818804002
https://doi.org/10.1038/pj.2012.190
https://doi.org/10.1103/PhysRevB.26.4146
https://doi.org/10.1007/BF01304174
https://doi.org/10.1007/BF01325380e
https://doi.org/10.1107/S0021889810020352
https://doi.org/10.1103/PhysRev.131.2010
https://doi.org/10.1088/0022-3727/28/4a/046
https://doi.org/10.1088/0022-3727/28/4a/046


Bibliography

[203] P. Müller-Buschbaum, “Grazing incidence small-angle x-ray scattering: An ad-
vanced scattering technique for the investigation of nanostructured polymer films”,
Anal. Bioanal. Chem., vol. 376, no. 1, pp. 3–10, 2003. doi: doi:10.1007/s00216-
003-1869-2.

[204] P. Müller-Buschbaum, “The active layer morphology of organic solar cells probed
with grazing incidence scattering techniques”, Adv. Mater., vol. 26, no. 46, pp. 7692–
7709, 2014. doi: doi:10.1002/adma.201304187..

[205] S. K. Sinha, E. B. Sirota, S. Garo�, and H. B. Stanley, “X-ray and neutron scat-
tering from rough surfaces”, Phys. Rev. B, vol. 38, pp. 2297–2311, 1988. doi: doi:
10.1103/PhysRevB.38.2297.

[206] C. J. Scha�er, “Morphological degradation in polymer-fullerene solar cells”, PhD
thesis. München: Technische Universität München, Fakultät für Physik, 2016.

[207] J. Schlipf, “The morphology of hybrid perovskite thin films for photovoltaic appli-
cation. formation & disintegration”, PhD thesis. München: Technische Universität
München, Fakultät für Physik, 2018.

[208] R. Hosemann, W. Vogel, D. Weick, and F. J. Baltá-Calleja, “Novel aspects of the
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Schreyer, E. Sackmann, and J. Rädler, “Horizontal tof-neutron reflectometer REF-
SANS at FRM-II Munich/Germany: First tests and status”, Physica B, vol. 385-
386, pp. 1161–1163, 2006. doi: 10.1016/j.physb.2006.05.399.

[221] R. Cubitt and G. Fragneto, “D17: The new reflectometer at the ILL”, Applied
Physics A: Materials Science & Processing, vol. 74, no. 0, s329–s331, 2002. doi:
10.1007/s003390201611.

258

https://doi.org/10.1140/epjst/e2009-00939-2
https://doi.org/10.1016/B978-0-12-813914-1.00013-4
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.1016/S1359-0294(02)00054-7
https://doi.org/10.1107/S0021889806005073
https://doi.org/10.1016/j.nima.2004.05.009
https://doi.org/10.1016/j.physb.2004.03.198
https://doi.org/10.1016/j.physb.2004.03.198
https://doi.org/10.1016/j.physb.2006.05.399
https://doi.org/10.1007/s003390201611


Bibliography

[222] T. Saerbeck, R. Cubitt, A. Wildes, G. Manzin, K. H. Andersen, and P. Gutfreund,
“Recent upgrades of the neutron reflectometer D17 at ILL”, Journal of Applied
Crystallography, vol. 51, no. 2, pp. 249–256, 2018. doi: 10.1107/S160057671800239X.

[223] P. R. Gri�ths, “Fourier transform infrared spectrometry”, Science, vol. 222, pp. 297–
302, 1983. doi: 10.1126/science.6623077.

[224] J. S. Ga�ney, N. A. Marley, and D. E. Jones, “Fourier transform infrared (ftir)
spectroscopy”, In Characterization of Materials; Kaufmann, E. N., Ed.; John Wi-
ley & Sons, pp. 1104–1135, 2012. doi: 10.1002/0471266965.com107.pub2.

[225] P. Panteleimon, “Selbstorganisation und strukturbildung multiskaliger polymer-
mischungsfilme”, PhD thesis. München: Technische Universität München, Fakultät
für Physik, 2006.

[226] W. Wang, “Structure and kinetic of stimuli-responsive thin hydrogel films”, PhD
thesis. München: Technische Universität München, Fakultät für Physik, 2010.

[227] M. H. Futscher, M. Philipp, P. Müller-Buschbaum, and A. Schulte, “The role of
backbone hydration of poly(N -isopropyl acrylamide) Across the Volume Phase
Transition Compared to its Monomer”, Sci. Rep., vol. 7, no. 1, p. 17 012, 2017.
doi: 10.1038/s41598-017-17272-7.

[228] C. Herold, “Multi-stimuli-responsive polymer thin films”, Master thesis. München:
Technische Universität München, Fakultät für Physik, 2017.

[229] T. Widmann, L. P. Kreuzer, G. Mangiapia, M. Haese, H. Frielinghaus, and P.
Müller-Buschbaum, “3D printed spherical environmental chamber for neutron re-
flectometry and grazing-incidence small-angle neutron scattering experiments”, Re-
view of Scientific Instruments, vol. 91, no. 11, p. 113 903, 2020. doi: 10.1063/5.
0012652.
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