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Chapter 1

Introduction

Materials science on the nanoscale has become very important in the past decades.
With surfaces and interfaces being the central area where electric, catalytic or biological
processes take place, a suitable modification of these interfaces is of great value. The
surface properties of a material can be modified by coating it with a thin layer without
altering its bulk properties. An example for biological applications of such coatings are
antifouling layers on medical implants [1, 2]. Other applications are thin layers not to
protect a material from interaction with its environment but to induce a special interaction,
e. g. antibody recognition, controlled protein adsorption, or cell adhesion/detachment
and proliferation [3-9].

This thesis focuses on such special interactions. It is part of a joint DFG-NSF project
with partners from the USA and Germany within the materials world network called
"Switchable polymer interfaces for bottom-up stimulation of mammalian cells”. The
long-term goal of the project is to design a material that can be used for the controlled
attachment, proliferation, and detachment of cells. Functional polymer films are suitable
coatings for these applications, because of their biocompatibility and chemical stability.
Their functionality is based on an external stimulus, for example a variation of pH
value [10-12], salinity [12, 13], temperature [14-17], or magnetic field [18, 19], that
induces a profound change of surface properties of the film. Using temperature as
stimulus is very useful for the design of bioactive surfaces, since biological samples
are very sensitive to changes in pH or ion concentrations [20]. The polymers poly(N-
isopropyl acrylamide) [PNIPAAm] and poly(2-alkyl-2-oxazoline)s [POx] are such tem-
perature-responsive polymers, which is why they were studied in this work.

The polymers were used as a special kind of nanometer-thin functional coating,
called polymer brushes. Such brushes consist of polymers densely grafted to a substrate
at one chain end, resulting in a thin layer of chains protruding from the surface like
bristles on a brush [21, 22]. Due to the high grafting density the polymer chains are in
close contact and forced to unidirectionally stretch away from the substrate. By that a
uniform responsive behavior upon application of the stimulus is achieved [23].

PNIPAAm is a widely studied polymer with temperature-responsive behavior [24—
29]. It is hydrophilic and undergoes a transition to a more hydrophobic state in water
when the temperature is raised. The temperature around which this transition takes
place is called lower critical solution temperature (LCST). The other polymer class stu-
died in this work are POx. They show temperature-responsive behavior when the alkyl
side group is an ethyl (-C2Hj5) or propyl (-C3H7) group [17, 30-33]. Both PNIPAAm
and POx contain amide groups that can interact with water via hydrogen bonds. The
current work focuses on the temperature-responsive switching behavior of PNIPAAm
and POx between a hydrophilic and a hydrophobic state. The characterization is done
by probing the solid-liquid interface in situ to examine the interactions between the
polymer’s functional groups and water molecules. Since the functional behavior could
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possibly enable controlled attachment and detachment of proteins or cells, which is the
overall goal of the project, protein adsorption experiments were also performed on some
of the brushes.

Studying the interface between a material and its environment means being sensitive
to the interface or a thin layer at the interface, ideally without disturbing the nature
of the layer. Ellipsometry is such a surface-sensitive and non-destructive method [34—
37]. It is an optical technique providing valuable information about a material via the
reflection of polarized light at the interface of interest. This can be done without the
need of a label like isotopes or fluorescencent markers [38]. Measurement of organic
materials is often done with infrared (IR) light, since the spectral features are correlated
with molecular vibrations. The frequency of a vibration is characteristic for molecular
bonds and functional groups, therefore it is useful for a qualitative analysis. Infrared
spectroscopic ellipsometry (IR-SE) delivers absolute spectra that allow for identification
of spectral changes due to changes of interaction or aging [39—41].

Because of these advantages, in situ IR-SE was chosen to study the polymer brushes
in aqueous solution. An in situ cell was utilized that enables to probe the brush layer
while it is in contact with solution [10, 42]. We were interested in the in situ behavior of
polymer brushes of PNIPAAm and POx upon application of the stimuli as well as their
interaction with biological macromolecules. IR-SE spectra of these brushes were mainly
evaluated qualitatively. Optical modeling was applied to extract semi-quantitative
information about the optical characteristics of the layers in different states. Also,
simulations of some IR bands that contain several components have been performed.
Our aim was to interpret the ellipsometric spectra with respect to the interactions
within the polymer brushes themselves as well as the interactions between polymer and
solution.

The two polymers PNIPAAm and POx were chosen, because both are temperature-
responsive with an LCST in the physiologically relevant temperature range. Based on
these polymers, two different brush systems have been prepared: On the one hand, POx
brushes were studied. The POx polymer chains used for brush preparation contained
two different alkyl side chains, either in their pure form or as statistical copolymers
containing both types of side chain. Copolymerization shifted the LCST of POx into
the same temperature range as the LCST of PNIPAAm, and therefore it was possi-
ble to compare the switching behavior of POx and PNIPAAm brushes. On the other
hand, PNIPAAm brushes were prepared by a modified grafting-to procedure using a
block-copolymer of PNIPAAm and the anchoring polymer PGMA. Our measurements
were focused on the switching behavior of these block-copolymer brushes, their inte-
raction with proteins, and comparison to the traditionally prepared PNIPAAm brushes.
PNIPAAm has been reported protein-repellent in many cases [7, 43-46] and previous
studies in our group have shown the same behavior [47]. PGMA on the other hand has
a high affinity to proteins [48], so we used this different polymer—protein interaction
in protein adsorption experiments as inidcator for the presence of PGMA blocks at the
brush surface.

This thesis is structured as follows: First, an introduction to functional polymer brus-
hes, particularly temperature-responsive ones, is given in chapter 2. In chapter 3 the
theoretical background about optics and its use in ellipsometry is explained. The setup
of the IR-SE instrument is described, including the special case of in situ measurements.
Sample preparation will be described in chapter 4 which is divided into two sections.
First, the preparation of the two kinds of polymer brushes is described. Grafting of the
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block-copolymer brushes was done on a research visit to the group of Igor Luzinov at
Clemson University, USA. The preparation of polyoxazoline brushes included polymer
synthesis and was done by Stefan Adam at IPF in Dresden. The second section of
the chapter deals with the data analysis. It contains the spectral correction as well as
the use of layer modeling to extract optical constants and quantitative data from the
measurements.

Chapter 5 is about the results of this work. It contains three sections: The first
two sections are about the block-copolymer brushes and POx. They each describe a
characterization of the brushes in dry state followed by the in situ swelling experiments
in aqueous solution. The switching behavior was evalutated mainly with IR-SE but also
complementary methods like visible ellipsometry (VIS-SE) and atomic force microscopy
(AFM) were used. Finally, the interaction of polymer brushes with proteins is adressed
in the third section. Adsorption experiments with the protein fibrinogen were conducted
on the block copolymer brushes containing PNIPAAm. The results were compared to
findings on the interaction between proteins and PNIPAAm from previous experiments
in our group as well as from literature. A summary of the work is given at the end,
including a short outlook on future possibilities.






Chapter 2

Functional Polymer Brushes

2.1 General Properties

Functional organic interfaces are promising systems for a wide variety of biological and
medical applications [3]. They can be useful in drug delivery, as synthetic membra-
nes, biosensors, or as biomimetic surfaces to control e. g. protein adsorption and cell
growth [4, 7, 49-52].

Polymers are ideal candidates in this matter, because they can be designed according
to a desired function. There are many biocompatible, non-toxic polymers available that
exhibit functional behavior. Their functionality relies on a change in the environment
(external stimulus), inducing a change of the polymer properties [4]. Several different
environmental changes can induce such functional behavior, depending on the chemical
structure of the polymer. For example, a change of pH triggers the response of polye-
lectrolytes, e.g. poly(acrylic acid) [PAA] (figure 2.1b), that change between a charged
and a less charged or neutral state [10]. Another example is a change of temperature
or solvent that can induce the response in uncharged polymers because it relies on
hydrophobic/hydrophilic interactions between polymer and solvent [29, 53-55]. The
temperature-responsive transition takes place around the critical solution temperature.
A transformation from hydrophobic to hydrophilic at increasing temperature is called
upper critical solution temperature (UCST), while the opposite behavior—from hyd-
rophilic to hydrophobic—is called lower critical solution temperature (LCST) [26]. The
latter is the case for the two polymers studied in this work, PNIPAAm and POx. The
LCST of PNIPAAm (figure 2.1c) takes place around 31 °C [24]. Free PNIPAAm chains in
aqueous solution transform from an extended coil below the LCST to a globule above
the LCST followed by aggregation and phase separation. Thin PNIPAAm layers such
as brushes respond in a cumulative way to the stimulus due to strong interaction with
each other. They switch from a highly swollen to a collapsed state.

POx (figure 2.1d) is another temperature-responsive polymer with LCST behavior,
that has recently been used to fabricate biocompatible switchable surfaces [17, 56]. Both
PNIPAAm and POx have been of interest as potential alternatives to poly(ethylene
glycol) [PEG] [54, 57]. PEG is being commercially used due to its biocompatibility and
antifouling characteristics, but has been reported to be sensitive towards oxidation [2,
57-59].

Preparation of polymer brushes depends on the substrate as well as the desired brush
architecture. On gold they can be readily prepared via the reaction of thiol end groups
of polymer chains with the gold surface [4]. Gold is a highly reflective substrate, which
is an advantage in ellipsometry to obtain a good signal-to-noise ratio. However, in situ
IR-SE measurements require to direct the IR beam through the substrate, because the
penetration depth of IR light in water is too low. Unfortunately, gold is not transparent
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FIGURE 2.1: Structures of the anchoring polymer PGMA (a) and the
polymers PAA (b), PNIPAAm (c), and POx (d) used to fabricate polymer
brushes.

in the IR and therefore it can not be used as substrate. However, for reference layers,
that are prepared to evaluate the dry state bands of the polymers, gold served as a
well-defined and highly reflecting substrate.

Undoped silicon is IR transparent and therefore suitable for in situ IR-SE measu-
rements. In this case, an anchoring layer is needed to graft the brush polymer to the
substrate. This anchoring layer can form covalent bonds both with the surface as well as
the polymer. It can be either a (self-assembled) monolayer or a thin layer of a polymer
with reactive end groups. Poly(glycidyl methacrylate) [PGMA] (figure 2.1a) is a suitable
anchoring polymer that has been used in our studies. It contains epoxy groups in the
side chains that can react with e.g. -OH, -COOH, and -NH, groups. Attachment
of PGMA to silicon takes place via thermal reaction of the epoxy groups with silanol
groups on the activated silicon surface. After this reaction there is still a sufficient
number of epoxy groups present in the layer for the subsequent reaction with polymer
chains [60].

The procedure of using pre-formed polymer chains with reactive end groups for
brush preparation is called “grafting-to’. It is a relatively quick and easy procedure.
Its main advantage is the possibility to achieve a good reproducibility of thickness
and grafting density and the ability to use polymers with known chain length and
polydispersity index (PDI). However, the grafting density of this preparation method is
fairly low, because diffusion of reactive chain ends to the substrate surface is limited by
chains that are already attached. With increasing molecular weight of the polymer the
maximum grafting density that can be achieved decreases [61].

Higher grafting densities are possible if the brushes are prepared via the ‘grafting-
from” method. In this procedure, a thin layer of initiator molecules is attached to the
substrate and the polymerization carried out directly on the surface by reaction in a
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monomer solution of the desired brush polymer units. With this method higher grafting
densities can be achieved and very long chains can be produced, which in turn results in
thicker brushes [46, 62]. This procedure is more complicated and the resulting brushes
contain chains with an unknown, and probably very high, PDI value. Due to these
drawbacks the ‘grafting-from” method has not been used for brushes studied in this
work.

Although the traditional brushes studied in our group are prepared via ‘grafting-to’,
the synthesis still contains several steps [16, 43]. These include two separate grafting
steps of the PGMA anchoring layer and the polymer brush layer. For applications
demanding a high-throughput preparation, a faster procedure is advantageous. This
could be obtained by using a pre-formed block-copolymer of the anchoring polymer
PGMA and the brush polymer. In that way, one-step grafting of the block-copolymer
chains onto the silicon substrate is possible, because only PGMA can covalently attach
to the silicon surface, while the brush polymer chains remain mobile [63, 64].

2.2 Temperature-responsive brushes

Amongst the possible triggers of smart polymer brushes, temperature is the most
interesting one. It has been intensely focused on in the last two decades, in particular
for potential biotechnological applications like bioactive surfaces and drug-delivery
systems due to its ease of operation [20, 49, 65]. PNIPAAm and POx, the latter with
a propyl group in the side chain, are the temperature-responsive polymers used here.
They show LCST behavior in the physiological temperature range, being soluble in
aqueous solutions at low temperatures and becoming insoluble when the temperature is
increased. The responsive behavior is based upon a thermodynamically driven change
of polymer—polymer and polymer—water interactions in the form of hydrogen bonds.

Both PNIPAAm and POx are amides, containing a carbonyl group (C=0O) next to a
nitrogen atom (see figure 2.1 c and d). PNIPAAm is a secondary amide, meaning the
nitrogen atom is bonded to two alkyl chains and one hydrogen atom. POx is a tertiary
amide, because its nitrogen atom is contained in the polymer backbone at the anchoring
point of the side chain. Therefore, in POx the nitrogen atom is bonded to three alkyl
groups and there is no N—H group. Characteristic vibrational bands of amide groups
are the amide I and amide II, which occur at 1700-1600 cm ! and 1600-1500 cm ™!,
respectively. Amide I is contained of about 76% C=0O stretching mode and amide II
comprises mainly the N—H bending (43%) and C—N stretching (29%) modes [66].

The C=0 and N—H groups of amides can take part in hydrogen bonding, either
with each other or with polar solvents, for example water. An overview of the possible
interactions of PNIPAAm and POx in water is given in figure 2.2. Hydrogen bonding
influences the IR frequencies of the amide bands in different ways. The C=O mode in
amide I describes a stretching vibration with a high electron density due to the double
bond and the two free electron pairs on the oxygen atom. When the oxygen atom takes
part in a hydrogen bond, some of this electron density is shifted towards the hydrogen
atom, leaving the C=0O bond with less electron density and therefore less energy. This
results in a lower force constant of the oscillation and a shift of the infrared mode to
lower frequencies. Formation of a second hydrogen bond at the same oxygen atom shifts
the frequency even more. Calculations reported in literature describe that one hydrogen
bond shifts the C=O mode by approximately 20 cm™" [67, 68]. Amide II on the other
hand contains the C—N—H bending mode which usually shifts to higher frequencies
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when the N—H group takes part in a hydrogen bond. The bond restricts the vibrational
bending mode and increases the force constant of the oscillation [28].

With the C—N bond having a small double-bond character due to mesomeric struc-
tures (see figure 2.3), the amide group is planar and rotation around the C—N bond is
restricted [69, 70]. This limits the mobility of the amide group towards pairing with
other amide groups or water molecules for hydrogen bonding. The C—N stretching
mode is also sensitive to conformational changes in the main chain, therefore the tem-
perature-responsive switching of amide I can differ from that of amide II [25].

PNIPAAm is a very common and the most widely studied temperature-responsive
polymer. Its response in water takes place around 31°C with an abrupt transition
both in solution [24, 71-73] and as a thin film [15, 16, 28, 74]. The C=0O and N—H
bonds of the amide group can take part in hydrogen bonding with water in the form
of C=0--- HyO and N—H--- OHs. In the swollen, strongly hydrated state, this kind
of hydrogen bonding (amide-water) dominates, depicted with numbers 3 and 4 in
figure2.2. Above the LCST the brush layer is in its collapsed, less hydrated state. In this
state, amide-amide hydrogen bonding in the form of C=0O--- H-N is increased due to
the release of water molecules from the brush (numbers 1 and 2 in figure 2.2) [28, 75].
A C=0 group can form two hydrogen bonds with its two free electron pairs, giving
rise to several possible combinations of interactions (see figure 2.2). These interactions
have different vibrational frequencies and generate several band components in the IR
spectra, which overlap within the amide I band.

POx were first synthesized in the 1960s [76-79] but their potential use in surface
modification has been explored only recently [17, 56, 80-84]. Their LCST behavior is
based on interactions between polymer and water similar to those in PNIPAAm, the
main difference between the polymers is that in POx the nitrogen atom of the amide
group is part of the polymer backbone (see figures 2.1d and 2.2). As mentioned before,
this tertiary amide has no N—H group, thereby POx cannot form C=0O - - - H-N hydrogen
bonds. In fact, the C=0 groups are the only group within the POx chains that can form
hydrogen bonds with water. This results in less possibilities of interactions in POx
brushes than in PNIPAAm brushes (see figure 2.2).

The hydrophilicity of POx depends on the specific side-chain chemistry. Different
alkyl groups lead to more hydrophilic or more hydrophobic polymers, or to an LCST
behavior that is often tunable via parameters like molecular weight. Poly(2-methyl-
2-oxazoline) [PMeOx], for example, is hydrophilic but not temperature-responsive,
whereas poly(2-n-propyl-2-oxazoline) [PnPrOx] as well as its isomers are temperature-
responsive with a reversible transition from hydrophilic to hydrophobic in a certain
temperature range [31, 32, 65, 85]. Additionally, the transition can be tuned via copo-
lymerization with either a more hydrophilic or more hydrophobic oxazoline, thereby
increasing or decreasing the LCST, respectively [30, 85].

Many studies on temperature-responsive polyoxazolines include poly(2-isopropyl-2-
oxazoline) [PiPrOx], the structural isomer of PNIPAAm. With an LCST around 36-39 °C
its response is close to body temperature [86, 87]. Katsumoto et al. [32] showed that
PiPrOx in solution undergoes a gradual reversible dehydration between 20—40 °C.
However, a drawback is its irreversible crystallization when the polymer is kept above
40 °C for longer periods of time, inhibiting the switching behavior [86]. Other tempera-
ture-responsive polyoxazolines like PnPrOx are amorphous, but they have a quite low
glass transition temperature (T, < 45°C), which is a disadvantage in sample handling
and storage [31, 85].
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FIGURE 2.3: Mesomeric structures of an amide group. The structure
on the right shows the partial double-bond character of the C—N bond,
resulting in the H-N-C-O atoms being in the same plane.

For this reason, Bloksma et al. [31] introduced poly(2-cyclopropyl-2-oxazoline) [PcPrOx].
It is amorphous and has a sufficiently high glass transition temperature (T, ~80°C).
However, their studies on PcPrOx only focus on the polymer chains in solution. For the
switching behavior of thin polyoxazoline films or brushes several publications can be
found [17, 56, 80, 82, 83], but these only involve non-cyclic polyoxazolines like PiPrOx.
Therefore polymer brushes of PcPrOx were the focus of this project.

In this work, the two different polymers described above, PNIPAAm and POx, were
studied as thin layers in the form of brushes. In both cases PGMA was used as anchoring
polymer to attach the brush polymer to the silicon substrate.

First, the results on POx brushes with cyclopropyl and methyl groups in the side
chain are described: PcPrOx is temperature-responsive with an LCST close to room
temperature, depending on its molecular weight. PMeOx is hydrophilic and shows
no LCST behavior. It is included in the study because two statistical copolymers were
prepared from MeOx and cPrOx monomers to obtain temperature-dependent POx with
increased LCST compared to the pure PcPrOx. [17]

Second, PNIPA Am-block-PGMA copolymer brushes were characterized and com-
pared to the well-studied ‘traditional” PNIPAAm brushes. [16, 43, 45] The aim of these
block copolymer brushes was to prepare temperature-responsive PNIPAAm brushes
via a procedure with reduced brush preparation steps. The temperature-responsive
properties of these brushes were compared to those of traditionally prepared PNIPAAm
brushes. According to Joseph et al. [9] the incorporation of PGMA in the PNIPAAm-
based brushes lowers the LCST due to an increased hydrophobicity.

Both functional polymers, PNIPAAm and POx, are biocompatible and have been
found to be protein-repellent [7, 4346, 82, 88], therefore they could be suitable alter-
natives to the widely used bioinert PEG [33, 83, 89]. Thin films of PMeOx have been
reported protein-resistant [82] and have also shown a better resistance to oxidative
degradation compared to PEG [57], which is important for long-term stability. Concer-
ning protein adsorption on PNIPAAm, some publications present successful adsorption
and desorption of proteins on PNIPAAm surfaces, but these results were obtained on
brushes with low grafting densities [6, 8] or on a different kind of PNIPAAm layer [90].

Contrary to the brush polymers, the anchoring polymer PGMA has a high affinity
towards protein adsorption [48]. This different behavior of PGMA and PNIPAAm
towards proteins could be used in this work as indicator for the presence of PGMA
sections at the brush-solution interface of PNIPA Am-b-PGMA brushes in swollen and
collapsed state. For this reason, protein adsorption experiments were performed on
these brushes.
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Methods and Experimental Settings

Optical spectroscopy in general is the study of interactions of electromagnetic radiation
with matter. For example, spectroscopic measurement techniques are based on measu-
rement of absorption, emission, reflection, or scattering of light. The electromagnetic
spectrum spans a wide range, from low-energetic radiowaves to high-energetic X-rays,
and can excite very different processes in a material. For example, visible (VIS) and
ultraviolet (UV) light excites electronic states in atoms or molecules while the infrared
(IR) light excites molecular vibrations. Therefore the respective spectroscopic techniques
provide different information about the sample [91].

Spectroscopic Ellipsometry (SE) is a non-invasive optical technique that employs
polarized light to characterize surfaces and thin layers. Very common is its application in
the UV and VIS ranges due to high intensity light sources, enabling fast measurements
down to the level of seconds or milliseconds [34, 36]. Due to its sensitivity to changes in
refractive index n and thickness d it is commercially used to examine thin layers and
layer stacks, for example in the semiconductor industry [92]. Organic layers often show
similar refractive indices in the UV-VIS which results in a low optical contrast between
the layers. In these cases, IR radiation is advantageous, as it excites molecular vibrations
that show characteristic spectral signals of functional groups and their orientation [93],
and thereby results in a high optical contrast when applied to SE. This enables to evalu-
ate the molecular structure, composition, and anisotropy of the material as well as its
interactions with the environment. The drawback of lower intensity of IR light sources
compared to the VIS range is overcome in FTIR by the use of an interferometer. Every
scan of the recorded interferogram contains the full spectral range, thereby no intensity
is lost (throughput advantage) and no monochromator is needed (multiplex advan-
tage) [94]. Even though the signal-to-noise ratio is lower than in the UV and VIS ranges,
information about molecular interactions provided by IR-SE is highly valuable for the
study of organic layers and sensitive biological samples [40]. With the development of
in situ setups for ellipsometry the technique has gained increasing attention for studies
at the solid-liquid interface. For example, surfaces and thin layers can be probed in
contact with liquids under different environmental conditions to evaluate interactions
with the liquid, the degree of swelling, and changes in conformation. Additionally,
adsorption processes of e.g. proteins and cells can be monitored [38].

Another method to study surfaces or interfaces is AFM. It is a surface scanning
technique providing information about the topography and roughness on a sub-nano-
meter scale. This can be used to examine sample homogeneity and impurities. In some
cases it is also applied to determine layer thickness by scanning the edge of a layer.

11
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In this chapter a summary of the above mentioned techniques will be given. The first
section deals with the principle of ellipsometry and its use for thin layer characterization.
It will be explained which quantities are measured and how they are connected to the
sample parameters. This is followed by the arrangement of the instrumental setups
for ex situ and in situ measurements, as these differ especially for measurements in
the IR. In the second section a brief summary about atomic force microscopy (AFM) is
given, which was performed on the brushes both in air and in water as a complementary
technique.

3.1 Spectroscopic Ellipsometry

Ellipsometry measures the polarization change of light upon reflection on a sample.
It identifies the ellipse of polarized light after interaction with a sample, as shown
in figure 3.1, and thus can be classified as a type of polarimetry [37, 95]. Measured
parameters in ellipsometry are the amplitude ratio tan¥ and phase difference A between
the s- and p-polarized component of the reflected light. From these values the sample
parameters, such as dielectric function and layer thickness, can be determined [93, 96,
97]. The technique is very useful for measurements of thin films. This is due to its surface
sensitivity combined with general advantages of being a contact-free, label-free, and
non-destructive method [98]. For example, film thickness can be determined via optical
modeling with sensitivity down to submonolayer thickness. Additionally ellipsometry
offers the possibility to probe surfaces ex situ as well as solid-liquid interfaces in situ,
which enables live (on-line) process monitoring [36, 98, 99].

The scheme in figure 3.1 shows the general setup of an ellipsometric measurement
and visualization of the polarization properties. Light from the source is directed
through a linear polarizer before it hits the sample under an oblique angle of incidence
®(. The reflected beam passes through a second polarizer—which is called analyzer—
and the intensity is detected.

Source Detector

Polarizer Analyzer ‘

FIGURE 3.1: Scheme of a simple ellipsometric setup with polarizer, sam-
ple, analyzer, and optional compensator.
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3.1.1 Basic principles

The propagation of electromagnetic radiation and its interaction with matter is described
by Maxwell’s equations. One relation derived from these equations is the dielectric
displacement D, that describes the dielectric function e of the material acting on the
electric field £ [36, 100].

D=cE (3.1)
The dielectric function is a function of frequency and connected to the complex re-
fractive index N via equation 3.2. Both optical parameters comprised within—the real
refractive index n and absorption coefficient k—are also dependent on frequency [92, 97].

€= N?

3.2
with N =n+1k (32)

In the case of polarized light, the reflected and transmitted part of the electromagnetic
wave can be described by Fresnel’s equations, which are a result of Maxwell’s equations.
They describe the polarization of light as a superposition of two linearly oscillating
wave vectors oriented orthogonally to each other (equation 3.3) [35, 36]. One is defined
parallel (p) and the other one perpendicular (s) to the plane of incidence, which is the
plane spanned by the incoming light and the surface normal.

Erp,s)

e = Eip,s)
e (3.3)

" _ Et(w)

() = Eip,s)

Here, E, and E; are the electric field components parallel and perpendicular to the plane
of incidence. The index stands for the incident (i), reflected (r), and transmitted (t) beam,
respectively. For reflected light, their ratio is called the complex reflectance ratio p

p= P~ tan Weil (3.4)
T's
which is the fundamental equation in ellipsometry [34, 35]. It includes the previously
mentioned amplitude ratio tan¥ and phase difference A between the two orthogonal
components of the ellipse [97],

v =" A, s, (3.5)
||
These parameters vary in dependence of angle of incidence due to changes in reflectance
for p- and s-polarization. The reflectance R is defined as the square of the magnitude
of Fresnel’s reflection coefficients. Figure 3.2 displays the reflectance of p- and s-
polarization in dependence of ¢ for light reflected at an air-silicon interface, assuming
k=0.
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FIGURE 3.2: Plot of Reflectance R, and R; at the air-silicon interface in
dependence of incident angle.

It can be seen that the fraction of reflected light differs for p- and s-polarization. While
R, steadily increases with increasing incident angle, R,, passes through a minimum with
R, =0 at the Brewster angle ¢ . In the case of k # 0 the reflectance R, does not reach
zero anymore and the minimum is called pseudo-Brewster angle [36]. In ellipsometry,
the angle of incidence is often chosen close to the (pseudo) Brewster angle, because
it results in a high ratio of reflection coefficients. Consequently, a high sensitivity of
the measurement is achieved, with small differences in sample properties leading to
prominent changes of the corresponding spectral features.

Jones and Stokes formalism

A mathematical description of the polarization state of light and its transformation by
optical devices can be given with the Jones formalism [35, 36]. The Jones vector gives
the state of polarization via the two wave components E,, and E;. In dependence of the
direction of propagation z and the time t the Jones vector is

B(z1) = E” ] = [?2 gggiﬁpﬂ -

When the intensity is normalized to I =1, linear polarization in p-, s- or 45°-direction,
for example, is written as

1 0 1 |1
Ep,linear = |:O:| Es,linear = |:1:| E+45° = ﬁ |:1:| (37)

Transformation of polarization by an optical device, such as a polarizer or retarder, is
described by the Jones matrix. For example, the Jones matrix for a polarizer P with its
transmission axis parallel to the E,-vector is

10
p=[t 9 o)
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and the polarization state of incident light linearly polarized at 45° that passes such a
polarizer can be calculated via multiplication of the incident Jones vector from the left
with the polarizer’s matrix

2=l o [ =7l 69

A drawback of the Jones formalism is that it can only describe completely polarized
light. If one has to deal with partial polarization due to depolarization effects from
optical components or the sample, or incomplete polarization at the polarizers (as it is
the case in real experiments) the Stokes formalism is used [35, 36].

The Stokes parameters are the ones being measured in ellipsometry and can be
defined as light intensities at different polarizer settings (equation 3.10). Sy represents
the total intensity. For totally polarized light the last equation in 3.10 is equality, while
the inequality stands for partially polarized light [101, 102].

So = Ioe + Igoe

S1 = Igo — Igpe
Sy = Iia50 — 1450 (3.10)
Ss=1Ir— 1L

with 82 > % 4 52 4+ 52

Their correlation to ¥ and A is given in equation 3.11, normalized to the total intensity
So [35, 36].

So=1

S1 = —cos(2¥)

Sa = sin(2¥) cos A
S3 = —sin(2¥) sin A

(3.11)

3.1.2 Determination of tanV¥ and A

With an ellipsometric configuration as depicted in figure 3.1, the field amplitude E at the
detector can be described in dependence of the azimuth angles P and A at the polarizer
and analyzer, respectively [35], as

E = Ei(rpcos Pcos A+ rgsin Psin A) (3.12)

Due to polarization effects of the source or a polarization-dependent detector, it is ne-
cessary to set the corresponding polarizer at a fixed value while rotating the other. It
has become common practice to set the fixed polarizer to a; =45°, thereby the incident
field amplitudes are of equal magnitude. The detected intensity in dependence of the
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rotating polarizer’s azimuth «; is

(o) = %(So + 51 cos(2a2) + Sz sin(2az)) (3.13)

In an FTIR spectrometer the interferometer has partly polarizing properties, therefore in
an ellipsometer coupled to an FTIR the polarizer in front of the sample should be the
one with fixed azimuth. Instead, the analyzer is set to four positions at 0°, 90°, +45°, and
—45° respectively. This approach has already been shown in the definitions of the Stokes
parameters in equation 3.10. From these measured intensities ¥ and A can be derived via

_ 1(90°) — 1(0°)
€S2V = T(90%) 7 1(0°) 514
sin 2W cos A = [(+45°) — I(~45°)

[(+45°) + I(—45°)

Note that A is not determined directly but via cos A, resulting in inaccuracy for values
of cos A = £1. This can lead to improper thickness determination, since A is more
sensitive to thickness changes than tan¥. To overcome this, measurements of the same
settings with a retarder, which is placed between sample and detector to induce an
additional phase shift §, are recorded. It results in the value cos(A + §) and, together
with the measurement without retarder, A can be determined with good sensitivity [35].
A drawback of this procedure is the double amount of time necessary for the measu-
rements. For the studies conducted in this work, measurements with retarder were
not performed. Instead, the thickness results obtained from in situ VIS ellipsometric
measurements and in situ AFM were used. Therefore, in IR-SE the spectra of tanW¥
were sufficient to gain the desired information about the polymer brushes and their
interaction with the environment.

A different way to determine tanV is via direct measurement of the intensities of
E, and E; and calculation of tanW. This is done by fixing both polarizers to the same
azimuth and results in a higher number of photons at the detector. If P = A = 0°,
cosP = cosA = landsin P = sin A = 0in equation 3.12. In an analogous manner,
setting both polarizers to 90° leads to cos P = cos A = 0andsin P = sin A = 1. Asit
turns out, the reflection coefficients are directly accessible which leads to tan¥ according
to

’Eirp’ |Tp|
tan ¥ = =
|Eir5| |7"S|
1(0°.0°) (3.15)
ith I |EJ? tan W = 4 [ ———2—
wi x |E| an 7(90°,90°)

In the case of an isotropic bulk sample or the presence of only one isotropic layer
between the bulk and ambient media, measurement of the two ellipsometric parameters
enables to derive n and k directly [35, 37]. However, when more layers are present on
the sample the number of unknown parameters exceeds the number of measured ones,
so that the sample properties are not directly accessible anymore. Instead, an optical
layer model is used to describe the light path through the layers and the changes at
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each interface. Modeling is also necessary for anisotropic samples [92]. With iterative
methods the parameters of the model are varied to achieve the best fit between measured
and simulated spectra [93, 97]. There are various dielectric function models that can be
used to describe the sample and to extract physical properties of the layers. Some are
applied in a spectral region where the sample is transparent (e.g. Cauchy model), while
others include oscillators to account for resonance frequencies (e.g. Drude, Lorentz,
Gaussian models). A description of the models used in this work will be given in
section 4.3.

3.1.3 Experimental Setup
VIS Ellipsometry

The majority of ellipsometric applications use light in the UV-VIS range for fast determi-
nation of thin layer thickness and refractive index as well as live monitoring of thin-film
growth, etching, and thermal oxidation processes [36]. In this work, VIS ellipsometry
was employed ex situ to pre-characterize the polymer brush samples and in situ to obtain
results on the swelling behavior of the brushes. Most of the VIS ellipsometry measure-
ments were done by Eva Bittrich and Stefan Adam at IPF Dresden. The ex situ setup
corresponds to figure 3.1. Measurements were performed under ambient conditions
(23-25°C, = 30% humidity) at different angles of incidence with ¥ and A being recorded
in dependence of wavelength. Results were used to check the samples for successful
grafting of the polymer brushes as well as dry layer characterization.

For in situ VIS ellipsometry measurements the samples were placed in a temper-
ature-controlled cuvette with its side windows oriented to be perpendicular to the
incoming radiation. The angle of incidence was set to 68° [28, 37]. The sequence of
in situ measurements usually started with the sample in dry state, followed by filling
the cuvette with solution and probing at temperatures in the range of 15-55°C. In the
case of protein adsorption experiments the in situ sequence consisted of two parts: First,
the sample was measured in plain buffer solution at the desired temperatures. Then,
buffer solution was replaced with protein-containing buffer and measurements were
repeated at the same temperatures as before. Finally, a rinsing step with buffer solution
was performed to evaluate possible protein desorption. In all cases, phosphate-buffered
saline (PBS) was used at a concentration of 0.01 mol/1 and a pH of 7.4. Protein solutions
were prepared with a concentration of 0.25mg/ml in PBS.

Infrared Ellipsometry

Ex situ IR-SE measurements of the polymer brushes were recorded with the angle
of incidence set to 65°. For silicon with n=3.42 at 400cm™! the Brewster angle is
approximately 74° (see section 3.1.1). The samples were mounted on a simple holder
so that the reflexion at the sample—air interface was detected. The scheme shown in
figure 3.1 basically represents the ex situ setup for IR-SE measurements. Here, an FTIR
spectrometer is used as source and the ellipsometer is placed in an acrylic glass box
purged with dried air to reduce atmospheric absorptions from water and carbon dioxide.
Data was recorded after sufficient purging of the ellipsometric compartment. The
decrease in humidity could be followed in the IR spectra via the decrease of atmospheric
water bands in the range of 1900-1300cm™~!. The best results were obtained after
purging the chamber for about 1 hour, resulting in a remaining relative humidity of

< 0.01%.
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For in situ measurements, a specially designed flow cell was used [42]. A schematic
cross-section of the cell is displayed in figure 3.3. The cell is a polymeric frame (PEEK)
with an approximately 20 mm x 15 mm x 7 mm sized inner cavity and equipped with
inlet and outlet tubes. It is closed on one side with a quartz glass window, and on
the other with the infrared-transparent silicon wedge that is utilized as substrate, with
its brush-coated side facing the interior of the cell. Radiation is directed through the
wedge onto the brush-liquid interface. The in situ cell is temperature-controlled by a
peltier element and a Pt1000 sensor connected to a PID-control device (OsTech GmbH,
Berlin, Germany) with a stability of £ 0.05 °C. It enables measurements in the range of
20-60 °C. The presented setup has several advantages. First, the wedge angle generates
a divergence between the outer and inner reflex of the wedge, indicated by red and
green arrows in figure 3.3. The detector is arranged to capture the inner reflexion (green
arrow), that is, the reflexion from the solid-liquid interface. Another advantage of
the wedged shape is that interferences due to multiple reflections between the silicon
surfaces are minimized. Finally, recording the reflected beam through the substrate
instead of the aqueous solution is necessary, because water strongly absorbs IR radiation.
The penetration depth of IR light in water lies in the range of only a few micrometers [37].

In situ IR-SE spectra were recorded with the angle of incidence at the instrument set
to 52.5° at the outer surface of the wedge. To direct the inner reflexion to the detector
the sample holder needed to be slightly rotated. According to Snell’s law the incidence
angle on the solid-liquid interface results in about 13.3°.

detector

FTIR\

polarizer

analyzer

Pt1000
\ — Si wedge 1.5°
— brush
inlet ——
I — | PEEK frame

outlet «—

— quartz window
———— metal frame
] IS ——— peltier element

FIGURE 3.3: Scheme of the IR-SE setup with a cross-section of the in situ
cell (dimensions are not to scale). The box represents the compartment
that is purged with dry air.
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The course of in situ tan¥ measurements was as follows: First, the measurements of
the reference substrate were performed. This was done in dry state, meaning with the
flow cell purged with Ar or N». Then the cell was filled with the liquid (water, buffer
solution, protein solution) and the temperature set to the desired value. When a stable
temperature was reached (4 0.1 °C) the measurement was started. This was repeated
until spectra at all desired temperatures and in all desired solutions had been recorded.

3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a technique to image surface topography and is
classified to the group of scanning probe microscopes. These techniques use a very
small tip to scan the sample surface and are able to measure different properties, such as
height, lateral forces, adhesion, etc. down to atomic scale resolution. AFM in particular
probes the force between tip and sample and is able to scan any sample material, while a
scanning tunneling microscope (STM), for example, can only be applied on conducting
surfaces [103, 104]. A scheme of the setup of an atomic force microscope is shown in
tigure 3.4. The tip is attached to the end of a flexible cantilever that can be moved in
z direction. The sample is placed on an X, y stage and moved beneath the cantilever
in close proximity to the tip. The force between tip and sample causes a deflection of
the cantilever, which is proportional to the tip—sample force and can be detected with
a laser reflected at the surface of the cantilever onto a photodiode. A controlling unit
ensures feedback between the detected deflection of the cantilever and the position of
tip and sample [103].

photodiode

’\ laser

Z scanner | | cantilever

W"w—l

—| X, y scanner |

FIGURE 3.4: Scheme of the general setup of an atomic force microscope.

feedback control, computer

There are various modes of operation possible in AFM, mainly differentiated between
contact, non-contact and tapping mode. The choice of the mode depends mainly on the
nature of the sample. Especially the sample’s softness and surface roughness are the
important parameters. Different information can be obtained from the measurements,
for example topography, phase images or the adhesion force between tip and surface. In
contact mode the tip of the cantilever is in contact with the sample and bends according
to the surface topography. The cantilever’s deflection is then translated into a height
profile. A disadvantage of this mode is fast abrasion of the tip caused by the contact with
the sample and damage on the sample itself, especially when large height differences
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occur on the sample over a short distance. Therefore this mode is preferred on hard
samples with low roughness [105].

Non-contact and tapping (=intermittent contact) modes use an oscillating cantilever,
thus they are often referred to as dynamic modes. These modes cause less damage to
the tip due to reduced contact between sample and tip, so they are suitable to measure
soft structures such as biological samples and organic thin films. In tapping mode,
the cantilever is oscillated at a fixed frequency at or near its resonance frequency. It is
held at a close distance to the sample and only touches it intermittently. The change of
forces between tip and surface results in a change of oscillation amplitude, which acts
as feedback parameter. In non-contact mode the cantilever is oscillated exactly at its
resonance frequency and in most cases does not touch the sample, resulting in even less
sample damage than tapping mode. Feedback parameter in this case is the change of
resonance frequency due to tip-sample interactions. In both these dynamic modes, the
z-position of the cantilever is adjusted by the feedback controller to restore the initial
condition. This information is translated into a topography image [106].

In this work AFM measurements were only performed in the dynamic modes on the
PNIPAAm-b-PGMA copolymer brushes, since the contact mode would cause too much
damage to soft samples like polymers [105]. The non-contact mode was used at the Park
Systems instrument in Berlin to record topography images in dry state under ambient
conditions. The oscillation amplitude was set in the range of 9-16 nm. This mode was
chosen to prevent damage to the sample, especially because the samples were used
afterwards for the IR-SE experiments.

In situ AFM scans and thickness determination were performed on additional PNI-
PAAm-b-PGMA copolymer brushes on silicon wafers. The experiments were done in
the laboratory of Sergiy Minko’s group at University of Georgia with supervision by
Oleksandr Trotsenko. The instrument used is a Bruker Dimension Icon which operates
in the PeakForce QNM™ tapping mode. The tapping frequency was set to 2 kHz and
a peak force of 1.5nN. This tapping mode works with intermittent tip-sample contact
and, additionally to the height image, records a force curve at each tapping of the sample
map from which a topographic image of the adhesion force is generated. Compared
to the conventional tapping force the damage of the tip is reduced by control of the
maximum force between tip and sample [107]. For thickness determination of the
copolymer brushes a part of the brush layer was scratched away with a needle that
is softer than silicon but harder than the polymer. AFM scans were recorded at the
resulting step edge in dry state as well as in water at 25°C and 40 °C. During the dry
state measurements the sample chamber was purged with nitrogen and the sample was
heated to 65 °C to remove atmospheric water from the brushes. Measurements in water
were performed by placing a drop on the sample and dipping the cantilever into it to
scan the solid-liquid interface. The sample stage is equipped with a heating plate and
allows temperature control with a precision of +0.1°C.

Data evaluation of AFM images was made with the open source software Gwyddion.
It provided image tools such as regression analysis to determine the average height in a
selected region of the sample. This tool was used to calculate the height difference at
the step edge on PNIPAAm-b-PGMA copolymer brushes. Height profiles and surface
roughness were also extracted.



Chapter 4

Sample Preparation and Data
Evaluation

This chapter summarizes details on synthesis, preparation, and characterization and
how this was integrated in the cooperation with partners in the USA and Germany. It
begins with a list of materials and instruments used for sample preparation and in situ
experiments. Afterwards, the polymer synthesis and characterization of the resulting
polymer chains are briefly introduced for each polymer system. This is followed by
the detailed description of brush preparation and preliminary characterization of the
brushes, which were performed in the laboratories of cooperation partners at Clemson
University (USA), Clarkson University (USA), and IPF Dresden (Germany). The last
section of this chapter describes the data evaluation and simulation procedure, including
corrections that were made to be able to fit simulated data to the measured spectra.

4.1 Materials

The two different systems of temperature-sensitive polymer brushes are based on the
well-known polymer PNIPAAm and on POx. All brushes were prepared by the ‘graf-
ting-to” method with PGMA used as anchor between substrate and brush polymer.
Table 4.1 lists the used polymers and materials, which were either purchased or synthe-
sized by cooperation partners. A list of used devices and software is given in table 4.2.
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TABLE 4.1: List of materials used in this work.
Material Specifications Manufacturer
Silicon (111) wedge p-type, 1.5° Vario GmbH, Germany
Silicon (100) wafer Si-Mat, Germany
Silicon (111) wafer Semiconductor Processing Co., USA
PNI-70 35.7kg/mol synthesized at ORNL, B.S. Lokitz
PNI-40 65.5kg/mol synthesized at ORNL, B.S. Lokitz
PMeOx 22.0kg/mol Polymer Source Inc., Canada
PcPrOx 48.4kg/mol synthesized at IPF, S. Adam
copolymer10 52.6 kg/mol synthesized at IPF, S. Adam
copolymer25 61.3kg/mol synthesized at IPF, S. Adam
PGMA 17.5kg/mol Polymer Source Inc., Canada
PBS tablets 0.01mol/1, pH7.4 Sigma-Aldrich, Germany
FIB 340kDa, 95% Calbiochem, USA
HSA 66 kDa, 99% Sigma-Aldrich, Germany
Ethanol 99.8%, p.a. Sigma-Aldrich, Germany
D>O 99.9% Sigma-Aldrich, Germany
MEK 99+% Acros Organics, USA
CHCl3 ACS Grade Acros Organics, USA
H>SO4 98%, ACS Grade Acros Organics, USA
H>0, 30%, ACS Grade Acros Organics, USA
TABLE 4.2: List of instruments and software used in this work.
Name Manufacturer

IR ellipsometer

LN> cooled MCT detector
Temperature control unit
VIS ellipsometers (ex situ)

VIS ellipsometer (in situ)
in situ cuvette

AFM

AFM (in situ)

Dip-coater

OPUS software
SpectraRay /3 software
Origin 9.1 software
Gwyddion 2.40 software
MatLab R2012b

Bruker Vertex 70 & custom-built ellipsometer
InfraRed Associates, Inc., USA

Ostech, Germany

SE850, Sentech, Germany

SE402, Sentech, Germany

alpha-SE, J.A. Woollam Co., Inc., USA

TSL Spectrosil, Hellma, Germany

XE-100, Park Systems, South Korea

Bruker Dimension Icon, with ScanAsystTM, Ger-
many

Mayer Feintechnik D-3400, Germany

Bruker, Germany

Sentech, Germany

OriginLab, USA

Freeware (https://gwyddion.net)
MathWorks, USA
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4.2 Polymer Syntheses and Brush Preparations

4.2.1 Poly(2-oxazoline) Brushes

POx synthesis and brush preparation was done at IPF in Dresden by Stefan Adam.
PMeOx was purchased, the other polymers were synthesized via a microwave-assisted
cationic ring-opening polymerization (CROP) in benzonitrile [108]. Except for MeOx
the used monomers cPrOx and methyl-3-(oxazol-2-yl) propionate (EsterOx) were also
synthesized at the IPF as described elsewhere [31, 108, 109].

Polymerization

First, a short starting block of 2—4 EsterOx units bearing methyl ester groups in the side
chain was synthesized via initiation by methyl triflate. This EsterOx block served as
initiator for the CROP of the main polymer. The monomer solution for the CROP reaction
either contained only cPrOx or a mixture of cPrOx and MeOx in the ratio 3:1 or 9:1,
resulting in statistic POx copolymers with 25% (copolymer25) and 10% (copolymer10)
MeOx, respectively. Polymerizations were performed under microwave heating at
100 °C. The living chain ends were terminated via hydrolysis (PcPrOx, copolymer10) or
with piperidine (copolymer25). According to experiments of our collaboration partners
at IPF the end groups did not have any effect on the temperature-responsive polymer
characteristics. For purification, the polymers were precipitated in cold n-hexane,
redissolved in CHCl3, and dried under reduced pressure. To transform the methyl ester
groups of the EsterOx block into free carboxylic groups, the polymers were hydrolyzed
via a modified procedure according to Rueda et al. [110]. More detailed descriptions
of the monomer synthesis as well as the polymerization procedure can be found in
literature [31, 108, 109].

Characterization of the polymer chains

Molecular weights of the resulting polymers were determined with size exclusion
chromatography at IPF Dresden (see table 4.3). Turbidity measurements were performed
to determine the cloud point temperature (T,) of the polyoxazoline chains in solution.
Tcp is defined as the temperature at which a polymer solution turns from transparent to
opaque due to the phase separation of the solution. The experiments were conducted
at IPF Dresden on a UV-VIS spectrophotometer (Agilent Varian Cary 50) containing a
temperature-controlled cuvette holder. The optical path length in the quartz cuvettes
was 4mm. Absorption values of POx solutions of different concentrations between
1-50 mg/ml were measured at a wavelength of 550 nm in the range of 15-45°C in 1°C-
steps and converted into transmission values [108, 111]. T, was set as the inflection
point of the transmittance vs. temperature curve. The T, values at 50 mg/ml are given
in table 4.3.

Brush preparation

Polyoxazoline brushes were prepared via the ‘grafting-to” approach [56] on polished,
infrared-transparent silicon wedges (1.5°) with (111)-orientation. The wedges were
cleaned by ultrasonication in ethanol followed by an oxygen plasma treatment to
remove organic residues and activate the surface with silanol groups. On these cleaned
and activated silicon substrates a thin (~2.0nm) PGMA anchoring layer was deposited
via spin-coating from a 0.3 mg/ml (0.02 wt %) solution in CHCl3. Annealing at 100 °C
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TABLE 4.3: Characteristics of the poly(2-oxazoline)s used for brush pre-
paration: Molecular weight My, polydispersity index (PDI), cloud point
temperature T, at c=50 mg/ml, and glass transition temperature Tj.

POx M, [kg/mol] PDI T, [°C] T, [°C]
PcPrOx 48.4 1.23 18.0 81
Copolymer10 52.6 1.09 227 81
Copolymer25 61.3 1.41 29.4 82
PMeOx 22.0 1.27 - n/a

TABLE 4.4: Dry layer thicknesses dgy for the prepared POx brushes on
Si and spin-coated layers on Au as well as the grafting densities o of the
brushes on Si.

POx ddry,Si o ddry, Au
[nm] [chains/nm?] [nm]
PcPrOx 101 £0.1 0.134+0.001 | 79.8 +0.3
Copolymer10 | 10.1 +0.1  0.12 4 0.001 -
Copolymer25 | 10.5+0.1 0.10+0.001 | 87.2£0.3
PMeOx 48 £0.1 0.13 & 0.01 859+ 0.5

for 20 min under vacuum lead to a reaction between the silanol groups on the surface
and the epoxy groups of the PGMA side chains. The resulting covalently bound and
cross-linked PGMA layer was still equipped with a sufficient number of epoxy groups
for the subsequent polymer chain attachment. Grafting of the polyoxazoline brush
layer was performed by spin-coating a 0.5 wt % POx solution in CHCl3 on top of the
PGMA anchoring layer. This layer was annealed under vacuum at 150 °C for 2h to
form a covalent bond between PGMA and the COOH-end-functionalized POx chains.
Ungrafted polymer chains were washed out by rinsing several times with CHCl3. The
spin-coating and annealing procedure of POx was repeated three times to obtain high
grafting densities (see table 4.4). It turned out that three repetitions are sufficient to
reach almost maximum surface coverage, because after a fourth cycle only a minor
increase in grafting density occurred.

Pre-characterization of the brushes

Dry layer thickness (dqry) of the brushes was determined with VIS ellipsometry and
these values used to calculate the grafting density o of the brushes via equation 4.1.
In this equation, g describes the polymer bulk density and Ny is Avogadro’s number.
The bulk density of the POx used in this work is not known, however, literature values
of similar POx are 1.01-1.05g/ cm?3. Therefore, an estimated value of 1.00 g/ cm? was
used for the calculations [108, 112]. Results are given in table 4.4 and show very similar
grafting densities due to the repeated grafting process.

dary -0+ Na
o=—2> =

s (4.1)

Preparation of spin-coated layers on gold

Additionally to the brushes, thicker spin-coated layers of PcPrOx, PMeOx and copoly-
mer25 (25% MeOx) were prepared on gold-coated glass slides without a PGMA layer
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underneath. This was done by spin-coating a ~1 wt % POx solution in CHClj3 directly
onto the gold layer. Thickness values of the resulting layers were determined with VIS
ellipsometry and are given in table 4.4.

4.2.2 Block-Copolymer Brushes PNIPAAm-b-PGMA

Synthesis of the linear PNIPAAm-b-PGMA chains was performed by Bradley Lokitz
at Oak Ridge National Laboratory (ORNL). This was done from glycidyl methacrylate
(GMA) and N-isopropyl acrylamide (NIPAAm) monomers via reversible addition frag-
mentation chain transfer (RAFT) polymerization. Details about the reaction procedure
can be found in literature [63, 64]. The parameters of the resulting polymers are given
in table 4.5. Block-Copolymers with two different compositions of block lengths were
used for the brush preparation, which was done on a research visit to the group of
Igor Luzinov at Clemson University together with Michael Seeber and Yuriy Galabura.
Michael Seeber also studied the resulting brushes with different methods in dry state as
well as in situ [63]. A short summary of these results is given in this section after the
preparation procedure.

TABLE 4.5: Parameters of the two block-copolymers used for PNIPAAm-
b-PGMA brush preparation. The copolymer block lengths were chosen to
be similar for PNIPAAm and varying for PGMA.

Block-copolymer M,, [g/mol] M., [g/mol] M, /M,
PGMA: 11500 PGMA: 13500
PNI-70 PNIPAAmM: 24200 PNIPAAmM: 32400
total: 35700 total: 45900 1.28
PGMA: 36600 PGMA: 43900
PNI-40 PNIPAAmM: 28900 PNIPAAm: 30200
total: 65500 total: 74100 1.13

Brush preparation

Single crystal silicon wedges (Vario) and wafers (Semiconductor Processing Co.), each
with (111)-orientation of the surface, were cleaned in an 80 °C piranha solution, which
consists of concentrated sulfuric acid (H2SO4) and hydrogen peroxide (H2O2, 30%)
in the ratio 3:1, followed by repeated rinsing in ultrapure water. This cleaning step
removed any organic residues on the surface and activated the surface with silanol
groups for the grafting step.

The polymer layer was grafted to the substrate according to the following procedure:
First, a 25-30nm layer of the PNIPAAmM-b-PGMA copolymer was deposited on the
surface via dip-coating (Mayer Feintechnik D-3400) from a solution in methyl ether
ketone (MEK). The thickness of the deposited layer could be adjusted by variation of
solution concentration and speed of the dip-coating process. We used a copolymer
concentration of ~0.75 wt % in MEK and a speed of 240 mm/min. Second, the coated
substrates were annealed at 130 °C for 16 hours. In the third step, the grafted layers
were repeatedly rinsed in MEK (3 x 30 min) and dried under nitrogen flow.

For such thin layers of the copolymer brushes (< 30 nm) nearly all coated polymer chains
were grafted to the surface, thereby eliminating the need for the subsequent rinsing
step [63]. Nevertheless, this rinsing step has been performed on all brushes studied in
this work, as described above. Several samples of each block-copolymer composition



26 Chapter 4. Sample Preparation and Data Evaluation

TABLE 4.6: Parameters of the two sets of PNIPAAm-b-PGMA copolymer
brushes studied in this work. The grafting density o is related to the PNI-
PAAm chain density and was calculated according to equation 4.2 [63].
dary is the thickness of the polymer layer in dry state, determined with
AFM on the step edge on wafers and with VIS ellipsometry on wedges.

Sample Substrate experiment o [nm~?] dgry [nm]
Si wedge IR-SE 0.61 +£0.01 32.4
Si wedge IR-SE 050 £0.01 26.8=+0.2

PNI70 Si wafer AFM 046 £0.01 241403
Si wafer VIS 049 +0.01 261=£02
Si wedge IR-SE 0.30 £ 0.002 28.0

PNI-40 Si wedge IR-SE 0.27 £0.002 28.4+0.2

Si wafer AFM 0.25+£0.002 23.0£0.3
Si wafer VIS 028 £0.002 254 +£0.2

were prepared on different silicon substrates. These were necessary for in situ IR-SE
measurements (wedges) and in situ VIS ellipsometry and AFM measurements (wafers).
Their dry layer thickness and calculated grafting density are listed in table 4.6.

Pre-characterization of the brushes

The following paragraphs describe preliminary results that Michael Seeber obtained
during his doctoral research [63], including brush parameters, angle-resolved x-ray
photon spectroscopy (AR-XPS) results, and contact angle measurements.

Grafting densities o of brushes normalized to a thickness of 30 nm were calculated
according to equation 4.2. In this equation, I' describes the surface coverage of polymer
chains (in mg/m?) via the density ¢ of the macromolecules and the layer thickness h.
Values for ¢ were calculated via the software Polymer Design Tools (DTW Associates,
Inc.) and resulted in 1.05g/ cm? for PNIPAAm and 1.27 g/ cm?® for PGMA. The results
of o are ~0.5nm ™2 and ~0.3nm~?2 for PNI-70 and PNI-40 [63], respectively, while it is
about 0.3 nm~2 for traditional PNIPAAm grafting-to brushes [16, 28, 63].

_T-Ny-100%
= i

Angle resolved x-ray photon spectroscopy (AR-XPS) experiments, which have been
conducted by our project partners at Clemson University in collaboration with Georgia
Tech, provided information about the composition of the top ~10nm of the brushes as
well as PNIPAAm and PGMA references [63]. Especially the nitrogen content deter-
mined with AR-XPS at different angles of incidence (resulting in different penetration
depths of the radiation) is a valuable information to estimate the amount of PNIPAAm
in the probed areas of the top 2-10nm. While the nitrogen content is about 12% for a
PNIPA Am reference layer and about 11% for a traditional PNIPA Am reference brush,
the top 2 nm of the copolymer brushes have a nitrogen fraction of 9-10% which further
decreases at increasing probing depth. This indicates that PGMA is present even in the
top parts of the brush and its fraction increases with probing depth. An estimation of
the PNIPAAm fraction in the outermost 2 nm region of the copolymer brushes resulted
in 80% for PNI-70 and only 71% for PNI-40, while it is 95% for the PNIPAAm reference
brush. Changes in carbon content are similar for all samples—copolymers as well as

with T=h o (4.2)

g
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PNIPAAm references—decreasing by 1.5-2.0% at increasing probing depth. An excep-
tion is the PGMA reference, its carbon content decreases by 3%. For the PNIPAAm and
PGMA reference layers Michael Seeber explains it to be a preferred occurrence of the
carbon-rich backbone at the brush-ambient interface with the nitrogen- and oxygen-
containing side chains turned inwards, towards the bulk layer. The copolymer brushes
generally seem to have a higher density in their topmost layer, because both carbon and
nitrogen content are highest in this region.

Temperature-dependent advancing contact angle measurements were performed after
two different solvent treatments (MEK and cold water) of the brushes. MEK served as a
good solvent for both PNIPAAm and PGMA, while cold water is only a good solvent
for PNIPAAm. This should give information about the mobility of the PNIPAAm
and PGMA blocks, compared to a PNIPAAm reference brush. Measurements were
performed at 25 °C and 40 °C [63].

The MEK rinse resulted in a small temperature-dependent change of contact angle
(6-7°) for PNI-70 and the PNIPA Am reference brush. PNI-40 on the other hand showed
a difference of 17°. Especially at low temperature its contact angle was much smaller
than for the other two samples. The behavior of PNI-70 is explained by Michael Seeber
as insufficient cross-linking between the PGMA blocks, enabling both polymers to be
equally ‘washed’ to the surface by the non-selective solvent. PNI-40 on the other hand
is strongly cross-linked, therefore only the temperature-responsive PNIPAAm is mobile
and can be washed to the surface, while PGMA blocks are hidden underneath [63].

The water rinse greatly increased the surface switchability of PNI-70 to a difference
in contact angle of 23°, while it slightly decreased for PNI-40 from 18° to 11°. (Including
the error range, it stayed about the same for PNI-40.) At this point the good mobility of
PNIPAAm blocks in PNI-70 is obvious, compared to the ‘locked” state in PNI-40 due to
strong cross-linking of the PGMA blocks. No changes from MEK rinse to water rinse
were detected for the PNIPAAm reference brush, proving the presence of a 2-layer-
system with a thin PGMA anchoring layer on the substrate and the PNIPAAm brush
layer on top. However, it has a smaller surface switchability than both block-copolymer
brushes, which is due to its lower grafting density. As described in literature [28, 113] the
switching amplitude of PNIPAAm grafting-to brushes is dependent on molecular weight
and grafting density of the chains. At low grafting density there are less interchain
interactions, which reduces their collective collapse above the LCST.

4.3 Data Analysis

Data Analysis is the most important step in ellipsometry. As it was stated in section 3.1.2,
direct calculation of physical layer parameters from measured ¥ and A is only possible
in the case of a bulk material or a single isotropic layer with sharp boundaries. But in
real samples this is rarely the case due to surface roughness or the presence of additional
layers, which increase the number of unknown parameters. For example, the polymer
brushes studied in this work were prepared on crystal silicon substrates that are covered
with a native silicon oxide layer. For such layered samples an optical model needs to be
applied and varied via an iterative method to find the best fit between simulated and
measured spectrum. From the obtained simulation the unknown physical parameters
can then be derived.
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In IR-SE, even without modeling one can learn a lot about the sample by qualitative
spectral analysis. Position and shape of the vibrational bands can give information about
functional groups present in the layer and also about interactions between different
groups or with surrounding molecules. For thin layers, these signals are small and might
overlap with bulk signals. Even though ellipsometry is known to be a reference-free
method, where only the polarization state of the reflected beam is analyzed, in IR-SE
it is advantageous to record a reference spectrum of the uncoated substrate. The ratio
between tan¥ spectra of sample and reference is then used for interpretation. This
way the vibrational bands of the sample can be resolved from overlapping substrate
bands [114].

To be able to import our measured data into the simulation program and compare
simulated and measured tanV spectra, spectral correction was necessary. In the follo-
wing sections these corrections as well as different layer models and simulation fitting
procedures, that were employed on the spectra in this work, are described.

4.3.1 Correction of IR-SE Spectra

Measurements are never ideal. Usually the various components of an instrument induce
some kind of imperfection, especially optical components. In an FTIR for example, the
beam-splitter is a common source for partial polarization. Furthermore, collimation
mirrors may not have an exact focus point, and there can be adsorbate layers on the
surfaces of optical devices. Some of these instrumental errors can be removed in IR-SE
via an empty channel measurement (E) to which sample measurements are referenced.
This has been done with all spectra recorded in this work. Equation 3.15 then reads

[ 1(0°,00)/E(0°, 0°)
tan ¥ = \/1(900, 90°) /E(90°, 90°) (43)

Additionally, reference measurements of uncoated substrates were recorded under the
same conditions as the respective samples. The ratio tanWsample, meas/ tanWref, meas Was
then used for spectral interpretation. Especially for in situ measurements this referencing
was necessary to resolve the small polymer bands within the large bulk water signals.

The upper panel of figure 4.1 shows exemplarily the measured tanV spectra of a
PcPrOx brush in water at 20 °C as well as the respective Si reference spectrum under
identical conditions. These spectra are the result of equation 4.3. The graphs look the
same due to the bulk water signals around 3600 cm ™! and 1650 cm™*!. Calculation of the
quotient tanWy,,¢n /tan¥s; removes the bulk water signals and the polymer bands of the
thin layer become visible, as can be seen in the lower panel of figure 4.1 (grey spectrum).
In the following analysis within this work only the quotient spectra will be shown.

A problem we faced in the simulation of IR-SE spectra was that the simulation
program SpectraRay/3 can only handle raw data, meaning a simulation of referenced
spectra is not possible. To be able to compare referenced spectra of measurement
and simulation, two spectra needed to be simulated: One for the sample and one for
the reference. Since measured and simulated reference spectra (with the reference
simulated from literature data) also show deviations between each other, we used
a modified raw spectrum for the import to SpectraRay/3: The referenced spectrum
tanWsample, meas/ tanWref, meas Was multiplied again with a simulated reference spectrum
tan\Ijref, sim-
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FIGURE 4.1: Measured, corrected and simulated in situ tan¥ spectra

of PcPrOx in HO at 20°C. The upper panel shows the raw measured

spectra of brush and reference. The ratio of the two is shown in the lower

panel (grey spectrum), as well as the corrected (blue) and simulated (red)
spectra.

The above procedure is sufficient for ex situ tanV spectra. Applying this proce-
dure to in situ tanV spectra to enable their import into the simulation program invol-
ves further corrections. We now have to deal with a deviation of the baseline, that
is caused by the two silicon wedges—sample and reference—not being mounted in
exactly the same way into the in situ cell. This difference can be determined by for-
ming the quotient of sample and reference tan¥ spectra measured with a dry cell:
tanWsample, dry, meas/ taNWref, dry, meas- The ratio between the referenced sample in wet
state and the one in dry state then removes the deviation of the baseline. Unfortunately,
the ratio still contains the sample’s dry state bands in the denominator, leading to an
unwanted introduction of the dry state bands in the in situ spectrum. Its correction
requires a third term tanWsample, dry, sim / tanWref, dry, sim that needs to be simulated and
multplied with the previously mentioned ratio. The full in situ correction then reads

tan \I/sample, wet, meas
(oo 2) tan Wgamole, dry, si
ref, wet, meas . sample, dry, sim (4 4)

tan Wi =
corr tan \Psample, dry, meas ) tan ‘I’ref dry, sim
tan W, dry, meas ’ ’

In the case of POx brushes this correction worked well, because a good simulation of
ex situ spectra of thick spin-coated POx films on gold could be obtained. Using this
dataset to simulate the polymer brush in the dry in situ cell (last term in equation 4.4)
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resulted in a good match with the measured spectrum. As an example, the effects of the
above described corrections are shown in figure 4.1. The lower panel shows the ratio
between the two spectra of the upper panel (grey spectrum) as well as the corrected
spectrum according to equation 4.4 (blue spectrum). The red spectrum is the result of
the simulation.

Unfortunately, the correction did not work for the block copolymer samples. This
is because spin-coating of thick, non-grafted films of these polymers on gold does not
result in layers comparable to the brushes. Instead, after dip-coating without subse-
quent annealing, the polymer blocks of PNIPAAm-b-PGMA copolymers undergo phase
separation on the microscale [63]. The thick, non-grafted layers are needed to evaluate
the dry layer properties of the polymer, which are used for the last term in equation 4.4.
Using a simulation of the ex situ spectra of the dry ~30nm brushes on silicon was
tried, but even though an acceptable ex situ simulation was possible, it did not result in
an appropriate simulation of a dry brush in the in situ cell with this data. Therefore,
interpretation of the copolymer brushes (section 5.2) will be restricted to simulations of
the dry layers ex situ and a qualitative discussion of the in situ spectra.

4.3.2 Layer Models

A simulation is always based on a model. In ellipsometry optical layer models are used
which can be based upon different equations for each layer. A common model is the
Cauchy dispersion. It can be applied in those ranges of the electromagnetic spectrum
where a material is transparent (k = 0), which is a reasonable approximation for many
polymers in the UV-VIS. It is most useful at normal dispersion behavior, that is, when
the refractive index decreases continuously at increasing wavelength [115]. The Cauchy
dispersion defines the refractive index of the material as a Taylor series (in w?) and is
very useful to determine layer thickness [37]. Its equation is given as

B C
n(A) =A+ SVRbY! (4.5)
In this equation, the parameters A, B, and C describe the shape of the curve but have no
physical meaning. A is dimensionless and when A — oo then n(\) — A. Parameters B
and C describe the curvature and amplitude of n in the VIS and UV range, respectively.
This implies that for measurements in the VIS range only the first two terms of equa-

tion 4.5 are necessary.

The IR range is usually applied for its information about resonances of the material,
especially in organic substances, so the Cauchy model is not applied. Instead, oscillator
models are used to describe the resonances, for example harmonic (Lorentz) or Gaussian
models. They are based on the common approach to describe spectral bands via center
frequency, amplitude, and broadening of an oscillator and are applicable for transparent
or weakly absorbing materials (= polymers), such as insulators or semiconductors.
For the simulations of vibrational bands in this work, the software SpectraRay/3
was used [116]. It contains the Brendel oscillator model—shown in equation 4.6—that
describes vibrational modes with a Gaussian distribution of the center frequency v of a
harmonic (Lorentz) oscillator with strength vp. By setting either the Gaussian standard
deviation o to zero or the damping of the harmonic oscillator vr to zero with o # 0,
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the model becomes the shape of either a Lorentz oscillator or a Gaussian oscillator,
respectively. In the simulations of this work Gaussian oscillators were used.

x(v) = ! /_00 exp <— (z = V0)2> vp dx (4.6)

o\/2m 207} 22—V iy

Mixed layers, interpenetration layers, or surface roughness can be represented by
effective medium approximations [EMA]. These models describe the layer as some
kind of mixture of the components. A possible description for the mixture is to assume
inclusions in a host medium using volume fractions f; of the components. One example
is the approximation by Bruggeman [117] (equation 4.7, which is an inclusion of particles
of one component in the bulk material of another. Here the effective medium (index
e) is set as the host medium, which is necessary when the volume fractions of the
components (indices 1 and 2) are similar. The Bruggeman theory was used in this work
for polymer—polymer and polymer—water mixtures.

N2 _ N2 N2 _ N2
f]—2 e 4 f,—2 e =0 4.7
'NZoN? T PNZ g on? *4.7)

4.3.3 Simulation

For all simulations of IR bands, the Brendel oscillator model (see equation 4.6) was used
with the damping of the harmonic oscillators (v7) set to zero, resulting in Gaussian
oscillators. Values for €., and layer thickness were usually taken from VIS ellipsometry
results and fixed to these values.

Once the spectra had been corrected for instrumental and setup errors (as described
in section 4.3.1) they could be fitted and simulated with an optical model. First, a model
was created for the spin-coated polymer layers on gold. It was composed of a layer
stack of gold substrate, polymer layer, and ambient air, as depicted in the left scheme of
tigure 4.2. Data for the ambient and substrate layers are usually available from literature
data and in the model they were defined to be of infinite thickness, leaving parameters
for the polymer layer the only (partly) unknown quantity. In the case of polymer brushes
on silicon, additional layers needed to be added to account for the native oxide layer of

Air (ambient) Air (ambient) Si (ambient)
13.3°
Si0,
@:‘ / Polymer Brush PGMA
PGMA Polymer Brush/
Polymer Si0, Water (EMA)
Au Si Water

FIGURE 4.2: Schemes of the layer models used for the simulations. Left

and Middle: Models for ex situ spectra of samples on gold (left) and

silicon (middle). Right: Inverted model for in situ spectra including the
effective angle of incidence at the silicon-brush interface.



32 Chapter 4. Sample Preparation and Data Evaluation

the substrate and the PGMA anchoring layer (middle scheme in figure 4.2). These can be
modeled with literature data or by extracting the dielectric function from measurements
and simulation of thick layers of the materials. The data for both the silicon oxide and
PGMA layers was taken from previous studies of our group [47, 118]. Evaluation of the
thickness of these additional layers was done by VIS ellipsometry after each grafting
step during the synthesis procedure. For in situ IR-SE measurements the order of layers
in the model was changed and the angle of incidence adjusted, shown in the scheme on
the right in figure 4.2.

The simulation itself is an iterative best-fit procedure. The oscillator values (fre-
quency, amplitude, width) are varied to obtain the best fit between measured and
simulated spectrum. From the final simulation the sample parameters can be extracted,
such as layer thickness d, refractive index n, absorption coefficient k.
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Results and Discussion

The experiments in this work are focused on two different types of thermoresponsive
polymer brushes. One type was prepared from POx made of either cyclopropyl-2-
oxazoline or methyl-2-oxazoline monomers as well as statistical copolymers of the two.
The other type of brushes was synthesised from block-copolymers made of PNIPAAm
and the anchoring polymer PGMA. All brushes were prepared via the grafting-to met-
hod. In situ experiments were performed on both types of brushes to gain information
about their swelling degree and functional behavior in water upon application of the
temperature stimulus. Additionally, they were compared to the well-studied behavior
of traditional PNIPAAm brushes in water.

IR-SE studies were used to probe optical characteristics of the various brushes and
films at the brush—air and brush—-water interface. Spectra are discussed with respect
to specific vibrational bands and interpreted via optical simulations. Frequency and
band shape provide valuable insights into the interactions of the functional groups with
other molecules in close proximity. Changes in the environment induce changes of
the interactions, which are visible in the spectra. An example for such interactions are
hydrogen bonds (see figure 2.2 on page 9).

With the interpretation of vibrational bands and their changes in the IR spectra
one can deduce certain mechanisms, such as thermo-responsive switching between a
hydrophilic and hydrophobic state which is the prominent characteristic of PNIPAAm
and POx. Other possible mechanisms are pH-dependent dissociation of functional
groups [10] or a solvent-induced change of polymer properties [67]. Since the v(C=0)
band is the most prominent band, takes part in hydrogen bonding, and is present in
both PNIPAAm and POx, it was used in these studies as marker for thermo-responsive
changes of the interactions between polymer and water.

The detailed results of IR-SE and complementary methods (VIS ellipsometry and AFM)
are presented in this chapter. VIS ellipsometry measurements and optical modeling
were used to determine total layer thickness, water content and refractive index of the
brushes. AFM scans were evaluated to estimate surface roughness and sample homoge-
neity. Additionally, in situ AFM measurements were made on some samples with the
scratch method to determine brush layer thickness in swollen and collapsed state. The
first section deals with the experiments on POx brushes followed in the second section
by the results on brushes from PNIPAAm-b-PGMA copolymers. Both sections include a
comparison to literature studies of the well-known PNIPAAm grafting-to brushes. The
last section deals with protein experiments on silicon, PGMA, and PNIPAAm-b-PGMA
brushes and an outlook to further studies as well as possible applications.

33
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5.1 Poly(2-alkyl-2-oxazoline)s

In situ IR-SE was applied to characterize the thermoresponsive behavior of POx brush
films consisting of either pure PcPrOx or statistical copolymers containing cPrOx and
MeOx. Two different copolymers were used, with a composition of either 90% cPrOx
and 10% MeOx or 75% cPrOx and 25% MeOx (see section 4.2.1). Additionally, a pure
PMeOx brush—that shows no temperature sensitivity—was studied for comparison.

The section begins with a characterization of thicker layers of the polymers as well
as the brushes, both in dry state, and simulations to determine their optical constants.
Afterwards, the temperature-dependent sensitivity of the brushes in water is described,
which was monitored via the characteristic amide I vibrational band positioned at 1650
1600 cm™!. This band is a direct measure for changes in polymer-water interactions
since its frequency shifts when N-C=0O groups are involved in hydrogen bonding.
Besides the qualitative evaluation of the in situ spectra, simulations on the amide I band
were performed in order to gain some quantitative results about the interactions within
the brushes.

5.1.1 Characterization in dry state

IR-SE was first applied ex situ on three spin-coated POx layers on gold as well as
on the four POx brushes on silicon (see table 4.4). Evaluation of the obtained tan¥
spectra involved vibrational band assignments as well as optical simulations, including
dry-state oscillators in the range of the amide I band, to characterize the pure PcPrOx
and PMeOx layers. The simulation results could then be used to model the copolymer
samples and determine their composition.

IR-SE spectra of POx layers on gold substrates

In the upper panel of figure 5.1 tan¥ spectra of the spin-coated polymer layers on
gold are displayed. All bands in these spectra can be assigned to POx since no PGMA
anchoring layer is present on those samples. One can clearly identify the strong amide I
mode situated at 1660-1650 cm™! which is mainly composed of the C=0 stretching
vibration. This band is positioned at highest frequency for PMeOx (1660 cm™') and
shifts to lower frequencies with increasing content of PcPrOx, down to 1650 cm~! for
the pure PcPrOx. The shift might be due to the electron withdrawing effect of the
cyclopropyl group compared to the methyl group [31].

POx are tertiary amides, meaning there is no N—H group in their structure (see
figure 2.1). This leads to the absence of an amide Il band in the IR spectra that would
otherwise appear around 1550 cm . Without this N—H group, and without the presence
of any other hydrogen-donating groups in POx, no intramolecular hydrogen bond
interactions between C=0O and such groups are possible. Therefore the measured
v(C=0) band of dry polyoxazolines corresponds to free, that is, non-interacting carbonyl
groups.

Second derivatives of the POx tan¥ spectra however, reveal two components within
the C=0 stretching mode, a very intense one at 1662-1652 cm ™! and another weak one
at lower wavenumbers (see lower panel in figure 5.1). The low-intensity component
might be due to the formation of very weak hydrogen bonds between C=0O and C-H
groups [119, 120], generally lowering the frequency of stretching vibrations, such as
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FIGURE 5.1: Ex situ tan¥ spectra (top) and their second derivatives
(bottom) of spin-coated POx layers on gold. Dry layer thicknesses were
determined with VIS ellipsometry and are given in the legend (values in

brackets).
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TABLE 5.1: Band Assignments of dry POx brushes. Only the frequencies
of the two pure brushes PcPrOx and PMeOx are listed.

Frequency [cm™!]

PePrOx PMeOx Assignment Reference
3098-3080 v CHy (cyclopropyl) [122,123]
3009 v CHy (cyclopropyl) [122, 123]
3000 Vas CH3 [123]
2978 | v, CHj [87]
2940 2938 Vas CHa [87]
2900-2820 vs CHp and v,s CHz  [123, 124]
1650 1660 v C=0 [123,125]
1479, 1460 1480 0as CHx [123,125, 126]
1451 825 CHy [123, 125, 126]
1432 1424 0as CHyx [123,125, 126]
1383 1382 ds CHx [123, 126]
1367 1366 ds CHx [123]
1317 1323 skeletal C—C [125]
1291 1290 skeletal C-C [125]
1236 1256, 1240 | skeletal C-C [125]
1208 1211 skeletal C—C [125]
1186 skeletal C-C [125]

v(C=0). Additionally, short-range interactions between the polymer segments can cause
asymmetric line broadening [121].

The range of the bending modes §(CHy) at 1500-1400 cm ! shows three components
for each POx. Two of these are at similar positions for all POx samples, situated around
1480 cm~—! and 1460 cm 1. They could be attributed to CH,, bending modes within the
backbone. The third component appears around 1432 cm™! for the layers containing
cPrOx and at lower frequency (1424 cm™!) for the PMeOx layer. Due to the different
frequency, this band could be assigned to vibrations of the cyclopropyl ring and the
CHj3 group, respectively.

In the inset of figure 5.1 tan¥ spectra in the range of the stretcing modes are dis-
played. A common feature is the asymmetric ¥(CH,) mode at ~2940 cm™! which is
assigned to CHy groups of the backbone. The other bands differ strongly between
PMeOx and the samples containing PcPrOx: Around 2980 cm~! the asymmetric CHj3
stretching mode is visible in the PMeOx spectrum. The spectra of PcPrOx and copoly-
mer25 show a broad band around 3098-3080 cm~! and another one at 3009 cm~! which
can be assigned to the CHj stretching modes of the cyclopropyl ring. These are present
at higher frequencies than the backbone v(CHjz) modes due to cyclic stress. A list of all
band assignments is given in table 5.1.

Simulations of POx on gold substrates

For simulations of tanV spectra of ~80 nm POx layers on gold, an optical layer model
consisting of Au/Polymer/Air (see figure 4.2a) was used in the software SpectraRay/3.
Reference data for gold was taken from Rakié¢ [127]. The polymer layer was modeled
using a Brendel oscillator layer (see equation 4.6 in section 4.3). Values for ¢4, and
layer thickness were taken from VIS ellipsometry results, which were ., =2.301 and
d =79.8nm (PcPrOx) and €4, =2.262 and d = 85.9 nm (PMeOx).
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The obtained simulated spectra as
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panel of figure 5.2.

The fit resulted in d = (86£1) nm and
(2545)% MeOx. There is a slight diffe- =50~ Go0 00 1200
rence to the thickness and MeOx con-
tent determined with VIS ellipsometry
on copolymer25 (d =(87.240.3)nm and FIGURE 5.2: Measured (black) and simulated
(30+5)% MeOx), which can be correlated (red) tan¥ spectra of the POx layers on gold in the
to the different environmental conditi- fingerprint range. From top to bottom: PMeOx,
ons: VIS ellipsometry was performed in PcPrOx, copolymer25.
ambient atmosphere at ~30% relative hu-
midity. In this state the POx layers are slightly swollen due to hydration by water vapor,
especially the hydrophilic MeOx units. IR-SE spectra were recorded in dry atmosphere
(<0.1% relative humidity). Under these conditions the layer thickness is lower. In the si-
mulation it is assumed that no polymer—polymer interactions between MeOx and cPrOx
units are present. The successful simulation of the copolymer indicates the absence of
any interactions that involve the C=0O groups.
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IR-SE spectra on silicon

Similar ex situ measurements as those of the layers on gold were performed of the four
different POx brushes on silicon. The resulting tan¥ spectra, including a spectrum of
the PGMA anchoring layer, are displayed in the upper panel of figure 5.3. In these
spectra, the presence of the PGMA anchoring layer is visible via additional bands.
Most prominent is PGMA’s C=0 band at ~1735 cm !, which is identical for all POx
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samples, indicating that the anchoring layer is not influenced by the chemistry of the
brush toplayers. There is also no overlap of the v(C=0)pgma or other PGMA bands with
the v(C=0)poy band, because the latter is located at much lower wavenumbers due to
mesomeric effects within the N-C=0 groups [128]. This is very important for further
band analysis of in situ spectra. Similar to the C=0O band of the thicker layers on gold
(lower panel in figure 5.3), the C=0O band of the POx brushes on silicon is positioned
between 1659 cm ! and 1651 cm ™! with the highest frequency for PMeOx and a shift
to lower wavenumbers with increasing PcPrOx content. While the C=0O band position
is the same on silicon and gold for PMeOx (1659 cm™1), the samples of PcPrOx and

copolymer25 on silicon show a C=0 frequency that is increased by 1-2cm™!.
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FIGURE 5.3: Measured and simulated ex situ tanV spectra of POx brushes

on silicon (upper panel) and POx layers on gold (lower panel). Spectra

were recorded at 65° angle of incidence and referenced to tan¥.. of a

clean substrate under the same conditions. Values printed in brackets

are the dry layer thicknesses determined with VIS ellipsometry under
ambient conditions.
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The region around 1500-1400 cm ™! is slightly overlapped by two PGMA bands, which
are located at approximately 1485cm™! and 1450 cm™~! [47]. However, these PGMA
bands have a weak intensity and can be neglected in further band analysis. For cla-
rification, a simulated tan¥ spectrum of a 2.1 nm thin PGMA layer has been added
to figure 5.3. The observed v(C=0O)pox band shapes are similar to those of the thicker
layers on gold, but the band width and intensity is larger on gold due to increased layer
thickness. There are also differences in the range of the v(C—N) and §(CHy) bands.
For example, in the spectrum of PMeOx on silicon the three visible bands have similar
intensity, while in the spectrum of PMeOx on gold the band around 1423 cm ™! is the
most intense. Comparing the spectra of the other POx samples, it can be seen that
the band around 1481 cm ™! is of higher intensity on silicon. A possible reason for the
observed discrepancies is the different structure of the layers. On silicon, there is the
additional PGMA anchoring layer between substrate and the POx brushes. On gold
however, there is no PGMA layer and the POx chains have only been spin-coated onto
the substrate without the formation of brushes. Therefore, PGMA-POx interactions are
possible for the samples on silicon, but not for those on gold.

Simulation of POx on silicon

A simulation—similar to the one of the samples on gold—has been performed with
the POx brush layers on silicon. For this the optical model needed to be changed
to the different substrate. Additionally, the brush layer system comprises a native
silicon oxide layer and a thin PGMA anchoring layer, resulting in a layer system of
Si/Si02/PGMA /Polymer/ Air (see figure 4.2). The substrate bulk layer was changed to
a silicon n,k-layer with n=3.42 and k=0 [129]. A 1.6 nm native silicon oxide layer [118]
and a PGMA layer [47] were added using datasets established in previous studies of
our group. PGMA layer thickness was set to d =2.1nm and n, =1.525 according to
results of VIS ellipsometry measurements. The POx layer parameters were also set to
the values determined with VIS ellipsometry. Since the band positions were not exactly
the same in the samples on gold and on silicon, oscillator parameters were adjusted in
analogy to the procedure on gold. From these results, the n k-data was exported and
used to create an EMA layer in the optical model. The copolymer layers were fitted with
this layer, only leaving thickness and MeOx volume fraction as open fit parameters.
Results of the simulations are given in figure 5.4. Thickness and MeOx fraction in the
copolymer samples resulted in d = (10.3 = 0.5) nm and (15 =+ 6)% MeOx for copolymer10
and d =(11.2 £ 0.5) nm and (30 &= 7)% MeOx for copolymer25.

An interesting observation is made comparing the C=O band of the PGMA layer in
measured and simulated spectra. In all four POx samples—most prominent in PMeOx—
the measured C=0 band is broader than the simulated one and slightly shifted to lower
wavenumbers. This can be explained by Van-der-Waals interactions between POx and
PGMA in the interfacial region between the two layers. An improved model would
include an interpenetration layer between the two polymers, because the carboxy-
terminated polymer chains partly diffuse into the PGMA layer during annealing to
react with epoxy groups within. Likewise, some loops and tails of the PGMA chains
can move towards the reactive chain ends of the brush polymer. Since PMeOx has the
highest grafting density, its interactions with the PGMA layer are larger and therefore it
shows the strongest v(C=0)pgma band broadening in its spectrum. In literature, this
penetration into the anchoring layer has been proven by comparing grafting densities of
polymer chains attached to substrates covered with either a 1 nm thin PGMA layer [60]
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FIGURE 5.4: Ex situ measured (grey) and simulated (red) tan¥ spectra of

dry POx brushes on silicon in a) the fingerprint range and b) zoomed into

the range of the ©(C=0) mode. All spectra were recorded at 65° angle of

incidence and corrected as described in section 4.3.1. Spectra are y-shifted
for better visualization.

or only an epoxysilane monolayer [130, 131]. It turned out that a higher grafting
density can be achieved with a polymeric anchoring layer due to the possibility of
interpenetration, increasing the accessibility of epoxy groups for covalent attachment.

5.1.2 In situ swelling behavior

This section deals with the stimuli-responsive behavior of POx in water. First, a summary
of the temperature-induced transition of the respective POx chains in solution is given.
These data were collected and analyzed by Stefan Adam at IPF Dresden [108, 111]. It
is followed by the in situ behavior of the brush layers, studied by IR ellipsometry and
VIS ellipsometry. While VIS ellipsometry can access the swollen layer thickness and
water content of the brushes via an optical layer model [13, 28], the IR spectra provide
valuable information about functional groups and interactions between the groups or
with a surrounding medium [132]. In the case of POx the interactions between the
carbonyl group and water are of great interest. Therefore, in the spectral interpretation
and simulation the focus was put on the carbonyl stretching mode, v(C=0O)poy, around
1650 cm ™1,

Transition of POx chains in water

The transition behavior of the synthesized POx chains in aqueous solutions was stu-
died via turbidity measurements to determine their clouding points (see table 4.3 in
section 4.2). All samples showed a sharp and reversible transition behavior in water wit-
hout significant hysteresis, similar to the results on other POx presented in literature [30,
85, 87]. Copolymerization of cPrOx with the non-responsive, hydrophilic MeOx resulted
in an increased LCST compared to pure PcPrOx due to the increased hydrophilicity of
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the chains. Accordingly, the highest LCST was determined for the copolymer with the
largest fraction of MeOx (25%) [111].

There is also a concentration-dependence of the cloud points according to type I
Flory-Huggins miscibility behavior: Upon increasing chain length of a polymer its
critcal point shifts to lower concentration [133]. In other words, at constant chain
length and increasing concentration the cloud point shifts to lower temperatures. This
observation is supported by Bloksma et al. [31], who found the same dependence on
concentration and chain length of PcPrOx in solution. For the POx studied in this work,
the trend is non-linear. Up to a concentration of 10 mg/ml the decrease of cloud point
is very strong. It levels off at higher concentrations until an almost steady value is
reached at 30-50 mg/ml [108, 111]. As there occurred only a minor decrease of the cloud
point from 30 to 50 mg/ml, the values at 50 mg/ml could be assumed for concentrated
solutions and even for thin layers. These values are 18°C, 22.7°C, and 29.4°C for
PcPrOx, copolymer10, and copolymer25, respectively.

Transition of POx brushes in water

Knowing the transition behavior of POx chains in solution we were now interested in
the characteristics of the prepared brushes in contact with water and their response to
a change in temperature. This was studied with in situ VIS and IR ellipsometry. Most
of the qualitative analysis and discussion described in this section has already been
published [134].

In situ experiments in the infrared range were analyzed predominantly in the range

of the v(C=0)poy stretching mode at approximately 1650 cm ™. This region is partly
overlapped by the bending mode of water, which arises as a broad band in the range
of 1700-1600cm™—!. In heavy water, this band is positioned around 1250-1150 cm 1,
leaving the v(C=0) region free from overlapping contributions [135]. Therefore, ad-
ditional measurements in heavy water were performed and enabled an unambiguous
interpretation of the v(C=0)pox band.
In dry state the v(C=0) frequency of POx brushes was determined at 1660-1650 cm ™!
(section 5.1.1). Placing the samples in cold water causes a significant redshift of the
frequency to approximately 1610 cm ™!, displayed in the blue and green graphs of fi-
gure 5.5. This shift is caused by the formation of hydrogen bonds between C=0 groups
and water molecules, resulting in reduced electron density (reduced double bond cha-
racter) of the C=O bond [128]. Figure 5.5 also displays the spectra of POx in their
collapsed state at 45 °C (red graphs). In this state, the »(C=0) band is shifted back to
slightly higher wavenumbers compared to the swollen state at 20-25 °C, which is due
to a partial loss of hydrogen bonds. Here it can clearly be seen that PMeOx does not
show any temperature sensitivity. Its spectra at 20 °C and 45 °C overlap. The other three
POx, containing different amounts of cPrOx, show temperature-responsive behavior,
which is strongest for the pure PcPrOx brush. In detail, the band maximum in PcPrOx,
copolymer10 and copolymer25 shifts from 1608 to 1619 cm™!, from 1610 to 1618 cm ™1,
and from 1608 to 1615 cm ™1, respectively, resulting in a decreasing frequency shift from
11cm~! in PcPrOx to 7-8 cm ! in the copolymers.

The overall v(C=0) band shapes of PcPrOx and the copolymers in figure 5.5 indicate that
the band envelope comprises several components related to different hydration states.
However, the v(C=0) band is also overlapped by the downward-pointing ¢(H2O) mode
of water around 1650 cm !, which might obscure the total band shift of the carbonyl
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FIGURE 5.5: In situ tan¥ spectra of POx brushes in H,O at low and high
temperature in the range of the carbonyl band. Measurements at low
temperature were mostly performed at 20 °C, except copolymer10, which
was measured at 25 °C. Spectra were recorded at steady temperature and
referenced to tanWsg; of a clean silicon wedge under the same conditions.

mode. In order to identify the switching behavior more unambiguously, measurements
were performed in HyO and additionally in D2O. The band related to the bending
vibration of heavy water occurs at ~1215cm ™!, thus allowing for a clear analysis of the
v(C=0) band components. Figure 5.6 shows in situ IR-SE spectra of the two tempera-
ture-responsive PcPrOx and copolymer25 polyoxazoline brushes in water and heavy
water in the spectral region of the »(C=0) band. Additionally, second-derivative spectra
are plotted to reveal components within the carbonyl bands.

The spectra in H>O (top panels in figure 5.6) were recorded at temperatures between
20-45°C in 5°C steps. The PcPrOx homopolymer brush shows three distinct compo-
nents around 1657, 16201625, and 1600 cm ™. The first one is close to the position
that was determined for free C=0 in dry state. The other two components are at much
lower wavenumbers, indicating two different states of hydrogen bonding of the C=0
groups in the brush. Since the oxygen atom can form two hydrogen bonds with water
due to its two free electron pairs, the component at 1625-1620 cm ™! is assigned to C=0
groups involved in one hydrogen bond (weakly hydrated) and the other component
around 1600 cm™! to those involved in two hydrogen bonds (strongly hydrated). The
weakly hydrated component also arises in swollen state, probably because complete
C=0 hydration is inhibited by steric hindrance effects of the polymer chains [136].

With increasing temperature, the strongly hydrated component decreases and the
weakly hydrated component increases. This transformation of the polymer-water
interactions is related to the brush turning from hydrophilic to more hydrophobic. On
a molecular level it can be understood that one of the hydrogen bonds to the strongly
hydrated C=0 groups breaks, resulting in a higher number of weakly hydrated C=O
groups and a smaller number of strongly hydrated ones. Note again that PcPrOx is
a tertiary amide that does not allow for intramolecular hydrogen bonding between
neighboring monomer units. This is contrary to secondary amides like PNIPAAm,
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FIGURE 5.6: Temperature-dependent in situ tan¥ spectra of POx and
their second derivatives in the range of the v(C=0) vibration. Top: POx
in HyO, Bottom: POx in D50, Left: PcPrOx, Right: copolymer25.

TABLE 5.2: Thicknesses, H,O volume fraction, and swelling degrees of
POx brushes determined via in situ VIS ellipsometry.

Polymer Thickness d [nm] H>O [vol. %] | swelling degree [%]
dry 20°C 45°C | 20°C 45°C | dgo/dary das/dary

PcPrOx 85+0.1 2024+05 14.0+£05|52+3 32+3| 240+5 160+£5
copolymer10 |89+0.1 243+05 153+£05|61+3 38+3|270+£10 170+10
copolymer25 [9.4+0.1 324+0.5 204+05|69+3 51+3|340+10 220410
PMeOx 40401 9.0+£0.7 141+£0.7|49+5 69+5|225+£20 350+20
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which exhibit additional vibrational bands associated with H—N interacting with C=0
groups [71, 75].

Interestingly, the component assigned to the free C=O group at 1655 cm ™! also dimi-
nishes at higher temperatures. This is not expected, because a loss of water in the brush
would rather correlate with an increase of free C=0 groups. The signal decrease is more
likely due to the overlapping contribution of the water-bending vibration at 1650 cm ™.
Since no 1655 cm™—* component is observed for PcPrOx in DO (figure 5.6, bottom left),
it is possible that §(H2O) is the major contribution to the 1655 cm™~! component of the
spectra in HyO. Its change in intensity could then be related to the change in water
content and thickness of the collapsing brush.

The v(C=0) band of the copolymers in H»O, for example copolymer25 in figure 5.6,
top right, only displays two major components in its second derivatives, namely the
weakly and strongly hydrated ones around 1619 cm ™! and 1600 cm™?, respectively. This
shows that all C=O groups are involved in hydrogen bonding. The brushes are more
hydrophilic owing to the incorporation of MeOx in the copolymers, leading to a higher
water content compared to the pure PcPrOx brush, which is in agreement with in situ
VIS ellipsometry measurements (see table 5.2). However, the temperature-responsive
change of the distribution between weakly and strongly hydrated C=0 groups is smaller
in the copolymers than for PcPrOx. This observation will be discussed shortly.

In situ measurements of PcPrOx and the copolymer25 brush in heavy water (figure 5.6,
bottom panels) show that the deswelling behavior takes place gradually and is stretched
over the entire measured temperature range. This is in contrast to the abrupt phase
transition of poly(2-oxazoline)s in solution [85, 87, 111], and also to PNIPAAm, which
shows a fast transition around the LCST both in solution [71] and in the form of brush-
es[16, 28].

For PcPrOx in D7 O (figure 5.6, bottom left), two hydrated carbonyl stretching com-
ponents are measured at 1618-1628 cm ! and 1600 cm~!. While the strongly hydrated
component at 1600 cm ™! clearly decreases with increasing temperature, the other com-
ponent increases and seems to shift from 1618 cm ™! at 20°C to 1628 cm ™! at 45°C. A
possible explanation for this shift is a gradual change from a state of hydrogen bonding
with water molecules that are bound to other water molecules, to a state of hydrogen
bonding with water molecules forming a bridge between two C=0O groups. Formation
of the latter could be a result of interchain association and steric hindrance within the
brush layer [32]. For PiPrOx in solution, the frequency of the bridging hydrogen bonds
is supposed to be around 1630 cm ™1 [32, 87] which is close to the observed 1628 cm™*
position for PcPrOx.

For copolymer25 this shift of the components is more strongly pronounced. Its se-
cond derivative spectra in D,O (figure 5.6, bottom right) do not show two components
anymore but only one broad component, which gradually shifts from ~1612cm™! to
~1624 cm™~! upon increasing temperature. The shift still indicates a transition from a
strongly hydrated state of the brush around room temperature to a lesser hydrated one
at higher temperatures, but the separation of the two bands in the second derivative
spectrum is overlapped by the presence of many bands of intermediate states, including
bridging water molecules. Again, the copolymer brush is more strongly hydrated than
the PcPrOx homopolymer brush due to incorporation of hydrophilic MeOx units. The
total change of its v(C=0) frequency at increasing temperature is smaller, partially
due to an overlap with the additional #(C=0) components of MeOx units which stay
unchanged upon increasing temperature. Although there is no VIS ellipsometry data
available of the thickness and water content of the brushes in D»O, the swelling behavior
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FIGURE 5.7: Plot of the temperature-dependent v(C=0) frequency (top)
of PcPrOx and copolymer25 in D;O in the in situ tanW spectra compared
to the swollen thickness (bottom) determined with VIS ellipsometry in
H>O. Corresponding swelling degrees to the brush thickness at 20 °C and
45 °C are 240% and 190% (PcPrOx) and 345% and 220% (copolymer25).

can be assumed to be similar to the results of swelling experiments in normal water.

A comparison between the v(C=0) frequency shift measured in the infrared and the
total change in water content of the brushes measured in the visible range is visualized
in figure 5.7. In IR spectra the transition of the brush can be followed via the frequency
shift of certain functional groups, in this case via the »(C=0) band (top panel). In
VIS ellipsometry the swollen brush thickness is a quantity that gives complementary
information about the switching behavior (lower panel). However, the total value
of swollen brush thickness is dependent on the dry thickness and cannot be directly
compared between the two brushes. To be able to do so, we calculated the swelling
degree (ratio between dry and swollen thickness, in percent) of the two brushes at 20 °C
and 45 °C. The resulting values are 240% and 190% for PcPrOx and 345% and 220% for
copolymer25, respectively.

As mentioned before, for the POx samples we observed different results from the
two techniques: While in IR-SE the frequency difference between lowest and highest
temperature is greater for the PcPrOx brush, VIS ellipsometry results show a larger
difference in swelling degree (and water content) in the copolymer brush.

Note that despite their different swelling degree in the hydrated state at 20 °C the
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v(C=0) frequency of both PcPrOx and copolymer25 is at the same position (1610 cm™1!).
This indicates similar hydration states of the brushes” C=0 groups. A possible reason is
that, due to the stronger hydrophilicity of the copolymer brush, more water is present in
the layer. This additional water does not interact with the polymer, but causes a higher
swelling degree and a different behavior of molecular interactions between polymer
and water when the temperature is changed. While the transition of the pure PcPrOx
brush can be followed clearly via the decrease of strongly hydrated C=O groups in favor
of weakly hydrated ones, the transition of the copolymer brush is more blurred due to
the overlap of different forms of interaction between C=0O and water, such as bridging
water molecules. Also there is a smaller fraction of the temperature-responsive cPrOx
units in the copolymer25 brush compared to the homopolymer PcPrOx brush, leading
to the observed frequency shift being smaller.

VIS ellipsometry results on the other hand indicate a greater change in water content
and swelling degree of the copolymer brush. It has to be taken into account, that the two
methods operate in different wavelength ranges and with different experimental set-
ups. While in VIS ellipsometry the brush-solution interface is probed directly through
the solution, in IR-SE the interface is probed through the substrate and the brush layer.
Consequently the surface and its roughness is probed differently. This could have an
effect on the results of the brush layer, especially in the swollen state when there is a
smaller contrast between the refractive index of swollen brush and water. Additionally,
different spot sizes were probed with the two methods. In IR-SE, an area of about 1 cm?
is probed, while in VIS ellipsometry the area is in the range of mm? or less.

We conclude that in the copolymer there is a certain amount of additional water
present that does not interact with C=0O groups, therefore it does not take part in
changes of C=0 frequency. However, these water molecules still contribute to the
overall swelling of the brush layer. The observed differences in swelling could be due to
the different chain length of the polymers, from which the brushes have been prepared.
A dependency of the swelling behavior on molecular weight, and consequently on
grafting density, has been described in literature [28, 80, 113, 137] and for the present
POx samples such a dependency is very likely. Copolymer25 has the longest chains
(61.3kg/mol), while PcPrOx chains are much shorter (48.4 kg/mol). Still, both polymers
in hydrated state show the same IR frequency of the C=O band (figure 5.7). In contrast to
the temperature-responsive brushes, the hydrophilic PMeOx brush—with a molecular
weight of only 22.0kg/mol and a higher grafting density—shows a v(C=0) frequency
of 1618 cm™! in water (not shown in the graph). This indicates that PMeOx is not fully
hydrated, even though it is the most hydrophilic of the three POx samples. The low
molecular weight resulted in a much thinner PMeOx brush layer, which also influences
the swelling behavior. One cannot define a single reason for the deviations in swelling
behavior, because the parameters brush thickness, molecular weight, and grafting
density are dependent on each other and influence the functional behavior of the brush.

Simulations of in situ POx spectra

Based on the simulations of ex situ tan¥ spectra in section 5.1.1, the optical model was
adjusted to fit the in situ measurements (see figure 4.2 in section 4.3.3). The angle of
incidence was adapted to ~ 13.3° according to the geometry at the inner surface of the
wedge. Measured spectra of the dry brushes in the empty in situ cell were corrected
as described in section 4.3.1 to be able to simulate the spectra. In the model, oscillator
parameters of the polymer layer as well as the angle of incidence were slightly adjusted
to find the best fit between corrected measurement and simulation. These dry state
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simulations of samples and reference in the in situ setup were needed for the data
correction of the brush spectra in wet state according to equation 4.4 in section 4.3.1.
Visualization of a measured, corrected, and simulated in situ tan¥ spectrum is given in
tigure 4.1.

For simulating in situ spectra, the wet state was included in the optical model,
replacing the bottom layer (air) with bulk water. The necessary n k-data of either H»O or
D20 was established in an earlier work of our group [47]. The polymer layer and bulk
water were combined in an EMA layer to model the swollen brush. This brush/water
layer was assumed to be homogeneous, since the measurements were done at only one
angle of incidence, which does not provide enough independent parameters to model a
swollen brush profile.

Raw in situ spectra are largely dominated by the bulk water signal, which makes

the contribution of the swollen brush layer almost invisible. For comparison with the
measured in situ spectra, which are referenced to in situ spectra of a clean silicon wedge,
reference spectra of the layer system Si/SiO,/water were also simulated and applied
on the simulated brush layer spectra.
The fitting procedure on the corrected tan¥ spectra was performed in several consecu-
tive steps: The results obtained with in situ VIS ellipsometry for swollen layer thickness
and water content of the brushes were used as starting values in the EMA layer. These
variables as well as the angle of incidence of simulated sample and reference were
slightly adjusted to find the best fit of the v(H>O/D20O) band shape. This can be seen
in figure 4.1 on page 29 at 3800-3300 cm™!. After this fit, thickness and water content
were fixed on the resulting values. Due to the correlation between the stretching and
bending modes of water, the intensity and shape of the §(H2O/D>0O) band was fixed
simultaneously. This is important because the §(H2O) band overlaps with the polymers’
v(C=0) band and it would be otherwise impossible to distinguish between the con-
tribution of water and polymer in the simulation of the band. In the following step,
oscillator parameters of the v(C=0) band components were changed to the values in
hydrated state. For this, the frequencies in the second derivative spectra were used
as starting values. Three components were included in the C=0 band, one each for
free C=0, weakly hydrated, and strongly hydrated C=O groups. Starting values for
oscillator strength and line width were estimated. The adjustment was performed until
the best possible match between measurement and simulation was found.

Results of the fitting procedure on PcPrOx at high and low temperature, both in normal
and heavy water, are presented in figure 5.8. In the spectrum in H>O (left panel), the
overlap of the »(C=0) vibrational band with the broad, downward-pointing J(H2O)
band at 1700-1650 cm ™! is clearly visible, which is not the case for DO (right panel).
As a result, the observed maximum position of the band related to v(C=0O)po, shifts
to slightly lower wavenumbers in H,O. While there are other possible reasons for this
deviation, for example a stronger C=0 - - - D50 interaction compared to a C=0O - - - H,O
hydrogen bond, it is concluded that the overlap is at least partly responsible for the
band shift.

In H>O the v(C=0) band has been simulated with 3 components at 1654, 1624, and
1596 cm ™!, representing the vibrational modes of free, weakly hydrated, and strongly
hydrated C=0 groups. At 20 °C the simulation resulted in 14% free, 30% weakly, and
56% strongly hydrated components. At 45°C there was an insufficient overlap in
the range of the 6(H2O) band, that resulted in an unsuccessful simulation using the
same three components. The fit in figure 5.8 was made including an additional fourth
component at 1607 cm ™! to represent intermediate hydration states of the transition from
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FIGURE 5.8: Measured (and corrected) in situ tan¥ spectra of PcPrOx

in normal and heavy water at 20°C and 45°C (grey lines) as well as

simulated spectra at the respective temperatures (blue and red dashes).

Note the overlap of the v(C=0) band with the downward-pointing HyO

bending mode in the left panel around 1700-1650 cm ™, which is absent
in the DO spectra shown in the right panel.

strongly to weakly hydrated C=0 groups, for example bridging water molecules [32, 87].
However, we suspect this simulation can hardly be compared to the other simulations
due to the additional component and the deviations in the range of the water band.
Therefore it will not be further discussed.
In D,O the simulation with three components was successful for both temperatures.

At 20 °C the components were positioned at 1651, 1622, and 1596 cm ™!, again represen-
ting free, weakly hydrated, and strongly hydrated C=O groups. Simulation resulted
in 6% free, 34% weakly hydrated, and 60% strongly hydrated C=O groups, indicating
the main part of the band being comprised of the strongly hydrated component. Upon
increasing temperature the two components representing hydrated carbonyl groups
slightly shifted towards each other to 1625cm™"! and 1602cm™!. Their intensity at
45 °C changed to an equal distribution, being 46% (weakly hydrated) and 48% (strongly
hydrated), while the intensity of the free component stayed around 6%. Therefore, the
amount of strongly hydrated C=0O groups has diminished in favor of weakly hydrated
ones.

In PMeOx (figure 5.9), neither a shift nor an additional component arises, since it
is a non-responsive polymer. Its IR-SE spectra show only minor changes of the C=0
band, their magnitude being in the range of spectral noise. Simulations of (corrected
and smoothed) in situ PMeOx spectra at 20 °C and 45 °C reveal an steady contribution
of the weakly hydrated component and a slight broadening of the strongly hydrated
component, but the change is within error range (£ 2%). The amount of the free, weakly
hydrated, and strongly hydrated component in the simulation resulted in 17%, 44%,
and 39%, respectively. In situ VIS ellipsometry measurements on the other hand show
a strong swelling of the PMeOx brush at increasing temperature. Its swelling degree
changes from 225% at 20 °C to 350% at 45 °C (see table 5.2), indicating that more water
penetrates the brush layer. Despite this change in swelling degree, water—polymer
interactions in the PMeOx brush do not change. The additional water in the brush

merely fills the space between polymer segments, which explains the behavior of the
carbonyl band in the infrared.
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normal water at 20°C and 45°C (grey lines) as well as simulated spectra
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with the downward-pointing H,O bending mode round 1700-1650 cm™*.

Spectra were smoothed with a cubic smoothing spline (A=0.998) after the
baseline correction.

Up to this point, the pure brushes PcPrOx and PMeOx have been successfully
simulated in situ. Their n,k-data was extracted from the simulations and could be
used to build a combined effective medium layer to represent the copolymers. The
copolymer25 layer was initially modeled as an EMA with 25% MeOx and included as
layer in the EMA of polymer and water. Swollen thickness and water content were taken
from in situ VIS ellipsometry data, which are 32.5nm and 70% vol. HyO, respectively. A
scheme of this modeled layer is depicted in figure 5.10.

The simulation revealed a good agreement of the water bands using the values for
thickness and water content that had been obtained from VIS ellipsometry. Figure 5.11
shows the tanV spectrum of copolymer25 in HO at 20 °C, as well as two simulations

PcPrOx EMA
> copolymer
PMeOx
copolymer EMA
— | swollen copolymer
water

FIGURE 5.10: Combination of the data on PcPrOx and PMeOx to create a
model layer for the swollen copolymer brush using the effective medium
approximation.
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FIGURE 5.11: Measured and two exemplary simulated in situ tan¥
spectra of copolymer25 in HyO at 20°C. The simulations were calcu-
lated with 25% and 32% MeOx content.

with 25% and 32% MeOx content. The right panel displays the mid-IR range, with the
prominent downward-pointing v(H;O) band visible around 3600 cm™!. The left panel
is a zoom into the fingerprint range, showing the §(H2O) band, pointing downwards
(1680cm™1), and the v(C=0) band, pointing upwards (1610cm™1). In the left panel
it can be seen that the intensity of the simulated »(C=0) band of copolymer25 is too
low. Increasing the MeOx content by several percent increases the C=0 intensity, but
results in a shift of the band to higher wavenumbers that leads to a bad overlap of
measurement and simulation. From the synthesis procedure and also from simulations
of copolymer25 in dry state we know that the MeOx content of the sample lies in the
range of 25-30%, so a further increase of the MeOx content in the simulation would
not represent the sample. Additionally, the band position would shift too far to higher
wavenumbers.

The unsuccessful simulation of the in situ IR spectra leads to the assumption that
the PMeOx or the PcPrOx data, that was used to build the model, does not accurately
represent the respective fraction in the copolymer. As it has been discussed previously,
there are several reasons for why the samples cannot directly be compared with each
other, such as brush thickness, molecular weight, and grafting density. The different
molecular weight of the polymer chains is probably the most important, because it
influences the resulting grafting density and thickness of ‘grafting-to” brushes. In this
work, the PMeOx brush has much shorter chains compared to the chain length of
copolymer25, and the qualitative analysis has shown that the PMeOx brush is not fully
hydrated in water. PMeOx, being the most hydrophilic POx sample, was expected to
show the lowest C=0 frequency value in water due to extensive hydrogen bonding.
However, in the swollen in situ spectra at 20 °C the maximum of the »(C=0) band
of PMeOx was at 1618 cm™!, while the spectra of the other samples showed C=0O
frequencies around 1610 cm ™! (see figure 5.5). It is assumed that the relatively short
PMeOx chains (22.0 kg/mol) cannot stretch out far enough into the solution to become
fully hydrated. Accordingly, the brush restricts the amount of water being able to
penetrate into the layer. Therefore, the nk-data obtained from this brush does not
properly represent the hydration state of the MeOx fraction in the copolymer25 sample
and consequently leads to an unsuccessful simulation.

The PcPrOx and copolymer POx brushes were prepared from polymer chains with a
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much higher molecular weight (48.4-61.3 kg/mol), resulting in a lower grafting density.
The effect can be seen in figure 5.7. Both copolymer25 and PcPrOx can be assumed to
be fully hydrated, because the v(C=0) frequency in swollen state is the same for both
brushes. The additional water content in copolymer25 has two explanations: First, it
retains more water due to its increased hydrophilicity, caused by the 25% MeOx content.
Second, it has the longest polymer chains (61.3 kg/mol) and therefore the lowest grafting
density, which leaves more space between the chains for water molecules. Since the
PMeOx brush with its low molecular weight does not reach a fully hydrated state in
cold water, it does not serve as suitable reference to simulate the copolymer spectrum
from pure PMeOx and PcPrOx data. To be able to do so, the pure brushes, from which
the reference data is obtained, need to have a similar grafting density—and therefore
a similar chain length—as the copolymer. If this is successful, POx can be suitable
for modeling mixed polymer brushes. For example, their »(C=0) band is easier to
understand than the one in PNIPAAm. With the N—H group missing in POx, the
number of interactions of the C=0 group is limited to interactions with the solvent,
because no direct interactions between the polymer chains can take place. This has
been shown via the successful simulation of the POx samples in dry state, including the
copolymer samples (see section 5.1.1). It might even be possible to include the oscillators
of the C=0O components of the two different POx to evaluate the contribution of each
component.
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5.2 Block-copolymer brushes PNIPAAm-b-PGMA

The idea behind the preparation of brushes from PNIPAAm-b-PGMA copolymers was
to combine the two grafting steps of PGMA and PNIPAAm into one step, reducing
time and effort needed for production. Brushes were produced in the group of Igor
Luzinov at Clemson university [63] from two different block-copolymers via dip-coating
from solution, as described in chapter 4. The block lenghts were chosen to be similar
for PNIPAAm (M,~25kg/mol) while the PGMA block was either much shorter or
longer. This ensured the resulting brushes to have similar PNIPAAm chain lengths for
comparison with each other. Properties of the polymer chains and the prepared brushes
are given in tables 4.5 and 4.6.

Covalent attachment of the copolymers to the substrate takes place via the PGMA
blocks. There also occurrs cross-linking between these blocks, while PNIPAAm remains
mobile, only being tethered to PGMA at one end. Ideally, this results in a PGMA-
dominated layer close to the substrate, a PNIPAAm brush layer at the top, and an
interpenetration layer between these two. Regarding the fact that only the PGMA blocks
can form covalent bonds to the silicon substrate, the part of the polymer layer directly
in contact with the substrate has to contain mainly PGMA. The thickness fractions and
composition of interpenetration layer and top layer of the brush are unknown and it is
possible that there is a composition gradient throughout the brush layer, starting with
mainly PGMA at the substrate and ending with mainly PNIPAAm at the surface. As
AR-XPS measurements of the top 2-10nm of the brushes have shown (see section 4.2.2),
even the topmost few nanometers contain PGMA, with the PGMA content increasing
at increasing depth. This leads to a reduced mobility of the PNIPAAm chains, because
they are partly trapped within the cross-linked PGMA network. The studies in this
work aimed at resolving the structural nature of the copolymer brushes as well as the
PNIPAAmM chain mobility—an indicator for the switching abilities—and to compare the
responsive behavior to traditional PNIPAAm brushes.

5.2.1 Characterization of the dry brushes

Previous studies of the PNIPAAmM-b-PGMA brushes in dry state were perfomed at
Clemson University by Michael Seeber to determine brush composition and surface
properties [63]. The results are summarized in section 4.2.2. In this section the characte-
rization of the brushes in dry state will be described, which has been perfomed with
VIS and IR ellipsometry as well as with AFM.

Thickness and composition

VIS ellipsometry has been applied to determine brush thickness on the Si wedges, their
‘dry state’ referring to the brushes at ambient conditions of ~25°C and ~30% relative
humidity. On Si wafers the brush thickness was determined from AFM scans at the step
edge of a scratch that was made in the brush layer. These scans were performed in an Ar
purged atmosphere at 65 °C to remove any residual water within the brush layer. The
purging did not result in a fully dried environment due to the large chamber volume.
However, humidity was decreased to about 20% in the bulk volume of the chamber
and even lower in the immediate surrounding of the sample, because the Ar gas flow
was directed directly over the sample surface. Thickness results are listed in table 4.6
in section 4.2.2 and show that the values determined with VIS ellipsometry are several
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TABLE 5.3: Band Assignments of dry block-copolymer brushes.

Frequency [cm ]

PNL.70 PNIA0 Assignment Reference
3440 3440 vN—H; [123]
3400-3250 3380-3250 | vN—H, [123, 124]
3066 3066 Amide B (Fermi resonance) [138]
(3005) 3005 v CHs (epoxy group) [139]
2973 2974 Vs CHjs [125, 140]
2935 2936 vas CHy [125, 140]
2875 2878 vs CHy [125, 140]
1735 1737 v C=0 (PGMA) [123, 125]
1695-1630 1692-1620 | amide I (PNIPAAm) [123, 125, 140]
1570-1495 1570-1505 | amide II (PNIPAAm) [123, 125, 140]
1480-1440 1490-1440 | 6 CH, [123, 140]
1388 1389 0 CH(CHs)- [123, 140]
1368 1368 0 CH(CHs3)2 [123, 140]
1316 0 CH(CHj3)2? amide III? [125]

nanometers higher than those determined with AFM. This is due to the higher humidity
of the environment during VIS ellipsometry measurements, in which the PNIPAAm
chains start to swell.

To check composition and purity of the brushes and determine the dry state vibrati-
onal modes, IR-SE tan¥ spectra were recorded ex situ in dry state (see figure 3.1) with
the ellipsometer chamber purged with dry air. The recorded tan¥ spectra of PNI-70
and PNI-40 are shown in figure 5.12. They are dominated by the strong signals of
PGMA'’s C=0 stretching vibration at 1735cm~! and PNIPAAm’s amide I and Il bands
at ~1650 cm~! and ~ 1550 cm ™!, respectively. The amide I band is mostly composed of
C=0 stretching with small contributions of C—N stretching, C—C—N deformation and
in-plane N—H bending. The amide II band is composed of the in-plane N—H bending
and C—N stretching modes with minor contribution from the in-plane C=0 bending as
well as C—C and C—N stretching [138]. One can clearly see the difference between the
PGMA:PNIPAAm ratios of the two copolymer brushes.

In the inset of figure 5.12 the region of stretching vibrations is displayed. It shows
the typical CHy stretching vibrations in the range 3000-2850 cm™~!. The most prominent
band lies around 2974 cm~! and is more intense for PNI-70 than for PNI-40. It can be as-
signed to the asymmetric C—H stretching in the CH3z moieties of PNIPAAm’s isopropyl
groups. The N—H stretching band occurs at higher frequency and is usually present
as a Fermi resonance doublet in combination with the first overtone of amide II [138].
Its most intense contribution is the broad band at ~ 3300cm~!. The corresponding
N—H groups are mostly hydrogen-bonded (v(N—Hy)) to C=0O of neighboring polymer
sections. Only a small fraction is in the free state (v(N—Hy)), visible as a weak band
around 3440 cm~!. The second part of the Fermi resonance doublet can be seen as a
weak band present around 3066 cm™~!. Band assignments for the two copolymer brush
compositions are listed in table 5.3.

In previous studies of our group on thin homopolymer layers of PNIPAAm and PGMA,
which were carried out by Andreas Furchner [47], the brushes in dry state were si-
mulated by an optical layer model and fitted to the spectra. From those simulations
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FIGURE 5.12: tan¥ spectra (top) and their second derivatives (bottom)

of PNIPAAm-b-PGMA block-copolymer brushes in dry state. Measure-

ments were done ex situ at an angle of incidence of 65° and are referenced
to a clean silicon substrate.
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FIGURE 5.13: Possible interactions between the funtional groups of PNI-

PAAm and PGMA in dry state. The lower left panel displays PNIPAAm-

PNIPA Am interactions, the lower right one PNIPAAm-PGMA interacti-

ons. Note that each oxygen atom in PGMA can—in principle—form

two hydrogen bonds, which increases the number of possibilities to six.
However, this is unlikely due to steric hindrance.

the calculated n, k-data was used to build a model for PNIPAAm-b-PGMA copolymer
layers. Different layer models were tested: (1) A one-layer model using an effective
medium approximation either with a homogeneous mixture or a lateral gradient of the
two polymers; (2) A two-layer model (PGMA and PNIPAAm); (3) A three-layer model,
which is based on the two-layer model with an additional mixed interpenetration layer
in between. With the total brush thickness in dry state fixed to the value determined
via VIS ellipsometry (4 1nm), free parameters in the fitting step were thickness of the
individual layers as well as the volume fraction in the mixed layers.

In all cases, the simulation resulted in good reproduction of PNIPAAm’s amide I
band while both the amide II (PNIPAAm) and C=0O (PGMA) bands resulted in hig-
her amplitudes than measured. These differences indicate the presence of additional
interactions between PNIPAAm and PGMA, so that the PNIPAAm-b-PGMA layers
cannot be modeled as a simple mixture of the respective homopolymers. For example,
hydrogen bonds can form between PNIPAAm’s N—H group and PGMA’s C=0 group,
affecting the frequencies of amide II (PNIPAAm) and »(C=0) (PGMA). These interacti-
ons will be similar to the intramolecular N—H - - - O=C hydrogen bonds in PNIPAAm
homopolymer brushes. There are several possible interactions between PNIPAAm and
PGMA (see figure 5.13), resulting in many unknown variables in the model. Since the
PNIPAAm-b-PGMA system is already quite complicated in dry state, the further analy-
sis (especially in situ) of PNIPAAm-b-PGMA brushes in this work is kept to qualitative
conclusions.
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FIGURE 5.14: AFM images of PNIPAAm-b-PGMA block-copolymer brus-

hes. Top: PNI-70 with dgry = 32.4nm; Bottom: PNI-40 with d4,y =28.0nm;

Left: Before the swelling experiment in water; Right: After the swelling
experiment in water; Scale bars: 500 nm

Brush surface characterization

AFM scans are used to study the surface topography and, by using the scratch method,
one can also determine total layer thickness at the step edge of a scratch in the layer.
Figure 5.14 shows the brush surface scans of PNI-70 and PNI-40 in dry state under
ambient conditions before and after a swelling experiment in water. The scans on the left
were recorded after the last MEK rinsing step of the preparation procedure, MEK being
a good solvent for both PNIPAAm and PGMA. The scans on the right show repeated
measurements in dry state after the swelling experiment in water had been performed,
water being a good solvent for PNIPAAm but a bad solvent for PGMA.

Both samples show an overall smooth surface. However, dark spots with a diameter
of ~100nm and a depth of ~20 nm are visible on the surface of the sample with higher
PNIPAAm content (PNI-70). These cavities decreased in size and depth after the swel-
ling experiment in water (see figure 5.15) due to rearrangement of the mobile PNIPAAm
chains in close proximity.

It is likely that the cavities originate from polymer bundles that neither formed a
covalent bond with the substrate nor with a surrounding PGMA segment, therefore they
were washed out in the rinsing step. Michael Seeber estimated the radius of gyration
(Ry) of the PNIPAAm-b-PGMA polymer chains to be 4.1-4.5nm, resulting in a diameter
of 2R,~8.5nm. This means one of such bundles is an aggregate of many polymer
chains [63].

The AFM scans in figure 5.14 were also evaluated in terms of surface roughness of
the brushes to check the influence of different solvent treatments (see table 5.4). PNI-70
has a decreased root mean square (rms) of surface roughness after rinsing in water
compared to the initial MEK rinsed surface. This occurs not only because the cavities
decrease in size and depth but also because the brush surface between the cavities
becomes smoother. It was expected that such a smoother surface after a water rinse
will be observed for all brushes, because only the water-soluble PNIPAAm blocks can
swell in water and rearrange at the brush-water interface. However, this seems not to
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FIGURE 5.15: AFM height profile of PNI-70 with d4y, =32.4nm before
(left) and after (right) the swelling experiment in water.

apply for PNI-40, possibly due to its PNIPAAm blocks being too short and therefore
their mobility is insufficient to smoothly cover the underlying PGMA. In fact, its surface
roughness is slightly increased after the water rinse.

TABLE 5.4: Root mean square (rms) roughness of the copolymer layers
under different conditions. Due to the cavities in PNI-70 rms roughness
values were determined both including and excluding those areas.

rms roughness [nm]

Sample | dary [nm] brush state incl. cavities excl. cavities
304 dry, MEK rinse 1.6 £0.1 09 +0.1
) dry, HoO rinse 09+0.1 0.7 +£0.1
26.8 dry, HyO rinse 0.7 £0.1 -
PNI-70 ) dry, PBS rinse 0.8+0.1 -
dry, in situ AFM 0.9 +£0.1 -
24.2 H->0, 24°C 1.0+0.1 -
H>0, 40°C 1.04+0.1 -
28.0 dry, MEK rinse 0.7 +0.1 -
) dry, HO rinse 09 +0.1 -
5.1 dry, HoO rinse 0.9 +£0.1 -
PNI-40 ) dry, PBS rinse 1.0+0.1 -
dry, in situ AFM 0.9£0.1 -
23.0 H-0, 25°C 1.0 +£0.1 -
H>0, 40°C 1.34+0.2 -

5.2.2 In situ swelling behavior

In section 4.2.2 some preliminary characterization of the PNIPAAm-b-PGMA brushes
has been described, including contact angle measurements at different temperatures
to determine the switchability at the surface. The experiments show that the brushes
exhibit a temperature-dependent change of surface wettability. Especially PNI-70,
after being rinsed with water, has an increased change in contact angle compared to a
traditional PNIPAAm brush [63]. However, it should be noted that the contact angle
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probes the brush—-ambient interface but cannot give information about the swelling
degree or the switching behavior within the layer.

This section describes the results of in situ experiments on PNIPAAm-b-PGMA
copolymer brushes, which are a measure for the PNIPAAm chain mobility. In situ
IR-SE experiments as well as complementary methods were performed on the brushes
and compared to the results obtained on traditional PNIPAAm brushes in previous
studies [16, 28, 47]. Most of the results presented in this section have already been
published [141].

In situ AFM

A first evaluation of the swelling degree of the brushes and their extent of temperature-
responsive collapse in water was done with in situ AFM. These experiments were done
with Oleksandr Trotsenko in the group of Sergiy Minko at the University of Georgia in
Athens, USA. Figure 5.16 shows the height profiles in dry state as well as in water at
low and high temperature.
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FIGURE 5.16: AFM in situ profiles of PNIPAAm-b-PGMA block-
copolymer brushes at a step edge. Top: 70.6% PNIPAAm; Bottom: 40.8%
PNIPAAm.

The swelling degree of the brushes turned out to be much less than expected. Both
samples are about 24 nm in dry state and swell only a few nanometers in water. At room
temperature PNI-70 reaches 34 nm and collapses to about 31 nm at 40 °C, while PNI-40
only swells to about 27 nm and does not show any temperature-sensitive collapse. A
traditional PNIPAAm brush on the other hand swells to several times its dry thickness
and collapses significantly [16, 47]. Table 5.5 summarizes the in situ swelling results of
the copolymer brushes and a traditional PNIPAAm brush, determined with AFM as
well as visible and infrared ellipsometry.
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TABLE 5.5: In situ thickness results of the copolymer brushes and of a
traditional PNIPAAm brush [16].

Sample Method ddry [nm] dswollen [1’11’1’1] dcollapsed [nm]
PNL70 AFM 245 345 (25°C)  31.2 (40°C)
VIS 25.2 26.3 (18°C)  26.3 (40°C)
PNL40 AFM 234 272(25°C)  27.9 (40°C)
VIS 23.8 25.6 (18°C)  27.9 (40°C)
IR 126 43 (25°C) 20 (39°C)
PNIPAAM g 110 456(25°C) 195 (39°C)

The in situ AFM images were also used to determine surface roughness of the brushes
(see table 5.4). Both samples show a similar roughness in dry state and in water at both
temperatures with one exception: PNI-40 has an increased roughness at 40 °C compared
to room temperature. This might be correlated to its increased roughness in dry state
after a water rinse, as mentioned previously. A reason could be a rearrangement of the
rather short PNIPAAm blocks, which is insufficient to smoothly cover the underlying
rough PGMA network. Instead, the PNIPAAm blocks tend to accumulate.

In situ VIS Ellipsometry

In situ ellipsometry in the visible spectral range was performed with comparable brush
samples on Si(111) wafers at IPF in Dresden by Eva Bittrich. Figure 5.17 shows exempla-
rily the two heating cycles of a swelling experiment on a dg4,y =27.7 nm PNI-70 sample
in water. Similar to the results of in situ AFM scans, the figure shows a low swelling
degree and only a marginal temperature-dependent collapse of the brush. Below 20 °C
PNI-70 swells to about 36-37 nm, with a collapse of ~2 nm taking place just above 20 °C.
In the range of 2540 °C the brush thickness stays constant and then it slightly incre-
ases again. The latter behavior of the brush swelling at higher temperatures was also
observed for PNI-40 (data not shown). It swells from a dry thickness of (23.8 +0.1) nm
to (25.6 £0.1) nm at 18 °C and further to (27.9 £ 0.1) nm at 40 °C without any collapse in
between.

The small reswelling behavior observed for PNI-70 around 40 °C, and accordingly
a decrease in refractive index of the swollen brush layer, as well as the continuous
thickness increase for PNI-40 indicate that more water molecules enter the brushes. The
reason for this behavior remains unclear at this point. It could be related to smaller
water clusters that are present at elevated temperatures, due to their increased kinetic
energy, and that are able to penetrate the brush cavities.

There is also a difference to be noted between in situ AFM and VIS ellipsometry
results: The PNI-70 sample scanned with in situ AFM was still ‘swollen” at 25 °C. Its
collapse took place somewhere between 25°C and 40 °C instead of ~20°C as it was
measured with VIS ellipsometry.

In contrast to the observed LCST ranges for the block-copolymer brushes, pure
PNIPAAm in solution or in form of a traditional grafting-to brush exhibits an LCST
behavior around 31-32 °C [24, 25, 28, 47]. It seems that the combination of PNIPAAm
in a block copolymer with hydrophobic PGMA lowers the LCST due to the increased
hydrophobicity of the layer. Additionally, an increased hydrophobicity results in lesser
affinity to take up water, reducing the swelling of the brush.
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FIGURE 5.17: In situ VIS ellipsometry swelling results of a dg;y =27.7nm
PNI-70 brush in water. Temperature was cycled two times from 15 °C to
54°C at 0.7 °C/min. Displayed are the two heating cycles.

As described in chapter 4, with AR-XPS measurements the composition of the outer
2-10nm of the copolymer layers was studied by Michael Seeber in Clemson [63]. He
found that even the very top layer of about 2 nm consists of only 71-83% PNIPAAm, and
that the amount of PGMA increases with increasing probing depth. A statement found
in literature [22] describes, that polymer dynamics are slowed down considerably when
different polymers are entangled and when they can form intermolecular interactions.
Taking this statement into consideration, there is a disadvantage for the PNIPAAm chain
mobility in the copolymer brushes compared to traditional PNIPAAm brushes.

In situ IR Ellipsometry

From the previously described results we know that the PNIPAAm-b-PGMA copolymer
brushes have a low swelling degree in water, and a response to temperature in terms of
thickness could only be observed for PNI-70. Still, it is possible that temperature-depen-
dent changes of polymer—water interactions occur in the PNI-40 brush without water
being released from the layer. The changes would take place on the molecular level and
result in different vibrations of certain functional groups. Vibrational spectroscopy such
as IR-SE is used to characterize the vibrations via their band position in IR spectra.

The results of in situ IR-SE experiments on PNI-70 and PNI-40 are displayed in
figures 5.18 and 5.19, respectively. The graphs show tan¥ spectra of each brush in water
at 25°C and 45 °C, referenced to the measurement of a blank silicon wedge under the
same conditions. Additionally, the spectra were smoothed with a cubic smoothing
spline in MatLab (smoothing coefficient A =0.998). Second derivatives of the spectra
are displayed underneath the tan¥ spectra, showing the different components of the
bands more clearly. In this part of the fingerprint range the most important signals are
the C=0 vibrational band of PGMA at 1735cm ™! and PNIPAAm’s amide I and Il bands
at~1640cm~! and ~ 1560 cm ™.

In both samples the »(C=0) band of PGMA stays constant with temperature. This was
expected since PGMA is a hydrophobic polymer that does not interact with water [142].



Chapter 5. Results and Discussion 61

PGMA PNIPAAm

7 v(C=0)

B; Amide II

8 Amide I

=

B~

=}

<

+ o
ettt 25°C

| 1 1 I I 4500

[«b)

2

~

o]

Z

gz

<

gN
1 L I L 1 L L I L 1 L L I L 1 L 1 I 1 L 1 L I 1 L 1 L

1800 1700 1600 1500 1400 1300

Wavenumber [cm™]

FIGURE 5.18: In situ tan¥ spectra of PNIPAAm-b-PGMA block-

copolymer brush PNI-70 (70.6% PNIPAAm) in water and their second

derivatives. Spectra are referenced to a clean silicon wedge under the
same conditions.

PNIPAAm’s amide bands on the other hand show more or less significant changes,
associated with the switching behavior of the brushes around their volume phase
transition (LCST behavior). Similar to PNIPAAm in solution [140] the amide I band of
the brushes, which is mainly composed of the v(C=0) stretching mode, contains at least
two major components in water [28]. One is related to C=O groups fully hydrated by
water molecules (~ 1625 cm™1), and the other is due in part to C=O... H-N hydrogen-
bond interactions (~ 1652 cm™1!).

In the spectrum of PNI-70 at 25 °C the amide I band shape contains contributions
of both hydrated and amide—-amide interacted C=0O groups (see figure 5.18). In the
dehydrated state above the LCST, the hydrated component of PNI-70 is decreased (see
the second derivative around 1630-1625 cm™! in figure 5.18) which results in a shifted
maximum of amide I in the tanV¥ spectrum. However, this is not the case for PNI-40. Its
spectra in figure 5.19 show a mixture of the two components in the amide I band at both
temperatures and hardly any intensity changes in the second derivative. A comparison
of the copolymer brush spectra to those of a traditional PNIPAAm brush at 25°C and
45°C [141] in the fingerprint region is displayed in figure 5.20. Here, the amide I signal
of the traditional PNIPAAm brush changes clearly from a strongly hydrated state at
25°C to increased amide—amide interaction at 45 °C.

Identification of the single components in the amide II band is more difficult, since it
includes a coupling of the N—H bending (60%) and C—N stretching (40%) modes [25,
29, 140]. During the phase transition the frequency of the N—H vibration shifts to lower
wavenumbers due to a decreased force constant of the vibration [28]. This is due to a
change of hydrogen bonding from N—H--- OH; to N—H - - - O=C that can be clearly
observed in the traditional PNIPAAm brush. In the copolymer brushes only a small
redshift upon heating is detected, indicating less changes of N—H interactions.

The decrease of amide band changes with decreasing PNIPAAm content in the
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FIGURE 5.19: In situ tan¥ spectra of PNIPAAm-b-PGMA block-

copolymer brush PNI-40 (40.8% PNIPAAm) in water and their second
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FIGURE 5.20: In situ tan¥ spectra of the two PNIPAAm-b-PGMA block-
copolymer brushes at 25 °C and 43 °C, and a traditional PNIPAAm brush
at 25°C and 40 °C. Spectra are referenced to tanW¥g; of a clean silicon
wedge under the same conditions. Note that the different interfaces
(silicon/solution vs. brush/solution) cause an overlap of amide I by a
downward-pointing §(H,O) band.
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FIGURE 5.21: Change of the v(H,O) amplitudes of a traditional PNI-
PAAm brush (PNI-100) and the two copolymer brushes PNI-70 and
PNI-40 in dependence of temperature in comparison to an optical si-
mulation of a swollen brush without temperature-responsive behavior.
A simulation is included to show the temperature-dependent changes of
v(Hz0) in a constantly swollen polymer (d =30nm, 50% H2O). Ampli-
tude values are relative values normalized to the state at 25°C.

brush suggests that the PNIPAAm block in the copolymer brushes undergoes a smaller
decrease in water content and an overall weaker temperature-dependent transition.
This behavior is attributed to the increased amount of PGMA present in the layer, its
hydrophobicity suppressing the diffusion of water into the brush. In the copolymer
brushes the grafted ends of the PNIPAAm blocks—that is, the connections between
PNIPAAmM and PGMA—can be deep within the cross-linked PGMA network. This is
due to the one-step coating process of the block copolymers instead of the traditional
two-step procedure (see section 4.2.2) and results in the PGMA network in the copoly-
mer brushes being thicker than the average 2nm PGMA anchoring layer in traditional
grafting-to brushes. It causes the PNIPAAm chains to be partly trapped, restricting their
mobility which in turn decreases the temperature-dependent switching behavior. In
PNI-40 the PNIPAAm fraction seems to be too low to enable siginificant swelling. The
mobility is limited to such an extent that it prevents water molecules from entering the
brush. Consequently, if the brush does not properly swell in water, there can hardly be
any potential for changes in interactions between polymer and water that are necessary
for a collapse of the brush.
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There is another important difference between traditional PNIPAAm brushes and the
copolymer brushes: The little extent of switching in the copolymer brushes is spread
over a wide temperature range. This can be followed by looking at the degree of
changes that occur in the water stretching band around 3600 cm™!. In figure 5.21 the
amplitude value of vH>O is displayed for PNI-70, PNI-40, and a traditional PNIPAAm
brush (PNI-100). The amplitudes of each sample are normalized to the value at 25°C
to compensate for differences in brush thickness. Additionally, the same data was
calculated for a simulated polymer layer that does not exhibit any functional behavior.
The simulation describes a constantly swollen polymer layer of d =30 nm and 50% water
content without any temperature-responsive changes. This visualizes the change in
vHO amplitude that occurs in all brushes due to the temperature-dependency of water
in the swollen layer.

The simulated plot (stars) in figure 5.21 shows a linear decrease of the amplitude in
dependence of temperature. A similar course is observed for the amplitudes of PNI-70
(circles) and PNI-40 (triangles), but for these layers the slope is steeper and slightly
curved. At low temperatures the curves have a higher slope that levels off around 35 °C
to a similar slope as the simulation. This indicates that at temperatures <35°C there is
a change of the water stretching vibrational mode additional to the temperature-de-
pendent one that is described by the simulation. It is caused by changes in swelling of
the brush in the range of 25-35 °C. It is likely that the transition already starts at lower
temperatures, as it was determined with VIS ellipsometry (see figure 5.17).

The last plot in figure 5.21 (squares) describes the change in the »(H>O) band of the
traditional PNIPAAm brush (PNI-100). Contrary to the copolymer brushes, this curve
clearly shows a transition from swollen to collapsed brush in a small temperature range
(32-35°C).

Summarizing the results on the functional behavior of PNIPAAm-b-PGMA brushes,
it was found that the brushes hardly swell in water. Their thickness increases only
very little and the brushes show no collapse when the temperature is raised. IR-SE
spectra however indicated that on the molecular level some changes of the interactions
between polymer and water take place upon an increase in temperature. Compared to
traditionally prepared PNIPAAm grafting-to brushes the changes were less prominent,
but of the same nature. Amide-water as well as amide—amide hydrogen bonds can be
identified in the “swollen” state. Above PNIPAAm’s LCST, the amount of amide-water
interactions decreases, indicating less hydration of the polymer chains. The amount
of amide—amide interactions on the other hand did not increase simultaneously, as
they do in traditional PNIPAAm brushes. This can be explained by steric hindrance
in the copolymer brush, which is caused by the cross-linked network of PGMA blocks
throughout the layer. This steric hindrance is likely to be the reason why the changes in
the in situ IR-SE spectra take place over a wide temperature range for the PNIPAAm-b-
PGMA samples, in contrast to the abrupt switching of traditional PNIPAAm brushes
around 32 °C. The formation of amide—-amide hydrogen bonds between neighboring
PNIPAAm chains facilitates the collapse, because the chains are drawn closer to each
other and water molecules are released from the layer.

At this point it is questionable, if the PNIPAAm-b-PGMA samples can be called
brushes. According to the calculated grafting densities (0.3-0.5 chains/nm?) and the
radius of gyration of the copolymers” PNIPAAm fractions (4.1-4.5nm) [63] the samples
are in the brush regime. However, due to the structure of the layer, the PNIPAAm chain
mobility—an important characteristic of polymer brushes—is strongly limited.
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5.3 Protein adsorption

Proteins are an important class of biomacromolecules, being involved in a large number
of biological processes. They are composed of a long chain of amino acids connected via
amide bonds, the so-called peptide bonds. The sequence along the peptide chain is called
primary structure. These chains are folded to form a secondary structure, e.g. « -helices
or (3 -sheets, and the folded sections can further interact with each other, which is called
tertiary structure. When several of such clusters interact with each other to form the full
protein, it is called quarternary structure. Apart from the primary structure, the other
structures are formed mostly by non-covalent interactions, especially hydrogen bonding
and hydrophobic interactions. The resulting three-dimensional structure is highly
specific [143]. It is also the reason why proteins are very sensitive to environmental
changes, such as pH or temperature [144]. This leads to unfolding and denaturation of
the protein and consequently to a loss of protein function. Similar processes can happen
upon adsorption of the protein [145].

In some cases protein stability can be enhanced via immobilization in a membrane or
on a surface. For example, immobilization of trypsin can enhance its stability at elevated
temperatures or basic pH (6-10) and increase its storage stability in buffer solution [146].
In such cases, the type of immobilization—covalent linking, physical adsorption, etc.—is
of importance to maintain protein activity [144, 147]. Possible applications for such
immobilized proteins are catalytic reactions, biosensors, or tissue engineering [50].

The latter was being focused on in the joint DFG-NSF project in which this work
was involved. As described in chapter 2, the goal of the project was to create functional
polymer interfaces that can control cell attachment and detachment and maybe even
cell proliferation via immobilization of growth factors within the polymer. Adsorption
of cells to a surface takes place via membrane proteins or extracellular proteins [5].
Therefore the first step to evaluate the brushes” behavior towards biomolecules is to
study the adsorption and desorption of simple proteins on the surfaces.

PNIPAAm has been of high interest because it is biocompatible and shows a tem-
perature-dependent transition close to the physiological temperature. For traditional
PNIPAAm brushes both protein adsorbing [6, 8, 90] and repelling [7, 43—46] results
are described in literature, depending on the molecular weight and grafting density
of the chains. Considering brushes with thickness and grafting density similar to
the brushes studied in our group (grafting density 0.1-0.3 chains/nm?, thickness up to
30 nm) PNIPAAm is protein-resistant in most cases. This is advantageous for biomedical
applications which demand that the surfaces do not adsorb proteins or other biomole-
cules [148, 149]. Examples for PNIPAAm brushes with protein adsorption abilities are
those with low grafting densities [8] or PNIPAAm-co-PGMA surfaces [9].

Protein adsorption is mainly dependent on hydrophilic and hydrophobic interacti-
ons. Usually, the uncharged, hydrophobic domains are hidden in the inner core of a
protein and most of the charged ones are present at or close to the surface [144]. The
resulting net charge is individual for each protein and pH-dependent, with the pH
value at which a protein has a net charge of zero being called the isoelectric point (IEP).
Since driving forces of protein adsorption are usually of hydrophobic origin, the IEP is
an important value around which the respective protein adsorbs strongest [145, 150].
Unfolding can enhance hydrophobic protein—surface interactions, leading to strong ad-
sorption, but it is often irreversible because extensive unfolding leads to denaturation of
the protein. Thermodynamic reasons can also be a driving force for protein adsorption.
This has been found in a study of protein adsorption on polyelectrolyte brushes, where
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apart from electrostatic repulsion also entropic forces influence the protein affinity of
the brush [151].

Protein adsorption to polymer brushes can take place in three different generic modes
that are called primary, secondary, and ternary adsorption [3, 152]. Primary adsorption
takes place when the protein diffuses between the polymer chains and adsorbs directly
to the substrate surface. Secondary and ternary adsorption describe adsorption to the
polymer chains, either on top of the brush surface (secondary adsorption) or within
the brush (ternary adsorption). Which mode of adsorption takes place is dependent on
several factors, for example protein size, grafting density of the brush, chain length, or
polymer—protein interactions.

The blood plasma protein fibrinogen (FIB) was chosen for the adsorption expe-
riments because it strongly (and in many cases irreversibly) adsorbs to hydrophobic
surfaces [153], serving as a good indicator for the presence of PGMA segments on the
top of the copolymer brushes. FIB is an elongated 340 kDa blood plasma protein with
approximate dimensions of 5 x 5x45nm [154]. Its IEP lies around pH 5.5 [155, 156].

Adsorption on PNIPAAm-b-PGMA brush samples was determined with in situ
ellipsometry in the VIS and IR ranges. Additionally, FIB adsorption was performed on
a plain silicon substrate and a thin PGMA layer. In all experiments measurements of
adsorption processes monitiored under otherwise identical conditions were referen-
ced to the spectrum of the initial sample spectrum before the adsorption, leading to

tan‘I’sample+pr0tein / tan\I’sample .

5.3.1 Fibrinogen adsorption on Silicon and PGMA

Prior to the protein experiments on polymer brushes, the adsorption of FIB on a silicon
substrate (hydrophilic surface) as well as on a ~ 2.5nm thin PGMA layer (hydrophobic
surface) was evaluated. Both of these substances are expected to adsorb FIB [48, 157].
Their affinity towards proteins is important for our studies on polymer brushes, because
they might influence the adsorption results due to primary and ternary adsorption.
Especially in the case of PGMA we were interested in the adsorption results, because
PGMA is present in the copolymer brushes and might have an influence on the behavior
of the brush-liquid interface towards proteins. Additionally, knowledge of the protein’s
amide bands is necessary, since PNIPAAm also contains amide groups, causing an
overlap of the vibrational bands in the spectra.

Figure 5.22 displays in situ tan¥ spectra of bare silicon (left) and the thin PGMA
layer (right) immersed in FIB solution, referenced to the same samples in protein-free
buffer solution. Referenced in situ tanV spectra are a measure of the change in optical
contrast of the brush—solution interface. Upon protein adsorption, upward-pointing
vibrational amide I and II bands will become visible, which is clearly the case in these
experiments. On both samples, FIB adsorption is evidenced by the presence of strong
amide I and I bands around 1650 cm ™! and 1550 cm ™!, respectively.

On silicon the subsequent spectra at 25, 45 and again at 25 °C show an increase of
adsorbed FIB over a time period of about 6 hours. The shape of the amide bands does
not differ when adsorption takes place at 25 or 45 °C, the latter being just below the
temperature of the first denaturation step of FIB [158, 159]. The additional spectrum
of the adsorbed layer recorded in protein-free PBS after a buffer rinse at 25 °C (green
spectrum in figure 5.22) also shows no decrease in the amide bands. This indicates that
FIB is strongly adsorbed to the substrate and its structure in the adsorbed state does not
change in the measured temperature range.
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FIGURE 5.22: IR-SE spectra of FIB adsorption at 0.25mg/ml to a bare

silicon surface (left) and a 2.5nm thin PGMA layer (right). The spectra

are referenced to the respective sample in plain PBS buffer solution.

Adsorptions were performed for several hours until no further increase

in protein signal was detected. Spectra shown in green were recorded

after the adsorption experiment with the layers immersed in pure PBS
buffer solution.

Similar observations were made for the thin PGMA layer. However, on PGMA the
adsorption process was completed after only about 10 minutes and the adsorbed amount
is much lower than on silicon. A temperature increase up to 40 °C did not increase the
adsorbed amount and neither did any of it desorb during the buffer rinse.

After the in situ experiments, the average protein layer thickness and refractive index
in dry state were determined with ex situ VIS ellipsometry. It resulted in n,, =1.65 and
dary = (20 £2) nm on silicon and 4,y = (7 &= 1) nm on PGMA. These values are consistent
with FIB’s optical properties [160]. It seems that FIB has a different affinity towards the
silicon surface than to PGMA [161]. On PGMA, the maximum adsorbed layer thickness
was reached after about 10 minutes, while on silicon it took about 2 hours for a similar
amount to adsorb. The adsorption process on silicon continued for several hours until
maximum layer thickness on silicon was reached, with the FIB layer being three times
as thick as on PGMA. A possible explanation is as follows: The strength of initial FIB
adsorption on the more hydrophilic silicon surface is low, enabling surface reorganiza-
tion which leads to a higher surface coverage or maybe even multilayer formation [162].
On PGMA however, initial adsorption is too strong to enable reorientation. FIB adsorbs
strongly upon contact with the surface leading to a quick adsorption process and proba-
bly some chemical attachment via reaction between amino acid residues and PGMA'’s
epoxy groups [48].

In figure 5.23 the in situ tanW spectra of adsorbed FIB layers on Si and PGMA after a
buffer rinse are displayed in the same plot window to be able to directly compare the
amide band shape. It is evident that the band envelope is different for FIB adsorbed
on the two substrates. On Si (black spectrum), amide I shows increased intensity in
the range of 1630-1600 cm~! and decreased intensity in the range of 1690-1670 cm~*
compared to the amide I band shape on PGMA (grey spectrum). Amide II is of higher
intensity on Si in the range of 1540-1500cm~!. The changes might be related to a
different secondary structure on the two surfaces. According to literature [138, 163] the
above mentioned spectral ranges of the amide I band are correlated with vibrational
modes of 3-sheets (~ 1630 cm™1) and turns (1682-1662 cm 1), indicating less 3-sheets
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FIGURE 5.23: Direct comparison of IR-SE spectra of FIB adsorption to

silicon and PGMA. Displayed are the green spectra from figure 5.22 on Si

and PGMA (adsorbed FIB after a buffer rinse at 25 °C), with the intensity
of the spectrum on PGMA increased by a factor of 3.

and more turn structures in FIB adsorbed on PGMA. Together with the observed fast
adsorption rate on PGMA we conclude that fibrinogen has a higher affinity towards
the hydrophobic PGMA surface and undergoes changes in its secondary structure to
increase the area of interaction with the surface.

5.3.2 Fibrinogen adsorption experiments on PNIPAAm-b-PGMA brushes

In the special case of PNIPAAm-b-PGMA copolymer brushes, we were interested in
the protein affinity compared to traditional PNIPAAm brushes. As mentioned in the
beginning of this section, PNIPAAm layers of similar structure and thickness are known
to be protein-repellent, especially in the swollen state below the LCST [43, 45, 47].
Recent studies of our group [75] about the detailed switching behavior of PNIPAAm
brushes revealed that the brushes in their collapsed state are less hydrophobic than
previously thought. Similar findings have also been made by Brouette et al. [46]. This
might be the reason for PNIPAAm’s protein-resistancy below as well as above its LCST.
PGMA layers on the other hand have a high affinity towards proteins because of their
hydrophobicity [48, 164].

Due to the incorporation of PGMA blocks the PNIPAAm-b-PGMA brushes are more
hydrophobic than traditional PNIPAAm brushes [63] and could have a higher affi-
nity towards proteins than pure PNIPAAm brushes. Especially at temperatures above
PNIPAAm’s LCST, when the PNIPAAm chains are collapsed, it might be possible for
PGMA domains to be exposed on the surface and accessible for protein adsorption. FIB
adsorption studies below and above the LCST are a good indicator for the presence of
PGMA segments at the interface.

The samples were measured via in situ VIS and IR ellipsometry in PBS buffer solutions
(pH 7.4) containing 0.25 mg/ml FIB (see section 3.1.3). VIS ellipsometry experiments
were done by Eva Bittrich at IPF Dresden, while IR-SE experiments were performed at
ISAS in Berlin. Different experimental setups of the in situ cell for VIS and IR measure-
ments required the brushes to be prepared on different substrates. The parameters of
the brush samples are summarized in table 4.6.
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Similar results were obtained with the two methods: Up to 40 °C no protein adsorption
on PNIPAAm-b-PGMA brushes was detected. Thickness and refractive index values
of VIS ellipsometric measurements stayed about the same as they were in plain PBS
solution at the respective temperature (table 5.6).

IR-SE tan¥ spectra show only those changes that occur due to the temperature-
dependent switching behavior of the brush (figure 5.24) but no protein amide bands.
These results indicate a PNIPAAm-dominated brush—-solution interface of PNIPAAm-
b-PGMA brushes. Although AR-XPS measurements revealed the presence of some
PGMA segments in the topmost part of the brush layers [63], these segments are suffi-
ciently screened by PNIPAAm which prevents FIB adsorption. These results indicate
a brush-solution interface that is dominated by PNIPAAm chains, both above and
below the LCST of PNIPAAm. It seems that PNIPAAm’s hydrophilic characteristic,
even in its collapsed state, prevents interaction with the protein. It underlines previous
observations made in our group [75] and also in literature [46], that PNIPAAm in its col-
lapsed state is still hydrophilic, and that the hydration of the PNIPAAm chains prevents
polymer—protein interaction.

TABLE 5.6: VIS ellipsometry results on switching behavior and protein

adsorption experiments on PNIPAAm-b-PGMA brushes. The values were

determined via a layered optical box model [165]. Errors of d and n are
less than 0.5nm and 0.003, respectively.

PNI-70 PNI-40
Experiment d[nm] n(633nm) | d [nm] n (633nm)

dry 26.1 1.555 25.4 1.482

PBS 18 °C 26.3 1.510 25.6 1.505
PBS 40 °C 26.3 1.504 27.9 1.484
FIB/PBS40°C | 269 1.500 28.2 1.481
PBS 40 °C 27.1 1.498 27.8 1.463
PBS 55 °C 32.5 1.477 36.4 1.446
FIB/PBS55°C | 37.2 1.473 40.3 1.441
PBS 55 °C 36.6 1.476 46.1 1.437

Experiments at higher temperatures up to 55 °C, however, revealed some differences. In
PBS the brush thickness determined with VIS ellipsometry increased several nanometers
in accordance with a decreasing refractive index of the swollen layer, indicating a further
swelling of the brush (see figure 5.17 and table 5.6). Addition of FIB to the solution
at 55 °C resulted in a further increase in thickness (data not shown) and detection of
adsorbed protein on the brushes. It was observed that FIB underwent denaturation and
precipitated when it was added to the solution at 55 °C.

IR-SE spectra also revealed protein adsorption at 55 °C via the appearance of protein
amide bands. Just as it was observed in VIS ellipsometry experiments, FIB precipitation
took place in the flow cell. At first, it was suspected that FIB adsorbs more easily in
its denatured state, which is the case above 48 °C. However, after a buffer rinse the
IR-SE spectrum showed significant differences that cannot be explained solely by FIB
adsorption, as can be seen in the lower panel of figure 5.25.

Combined evaluation of VIS and IR results showed that the observed swelling of
the PNIPA Am-b-PGMA brushes in PBS at temperatures above 40 °C was followed by a
detachment of the brushes from the substrate. The detachment was verified by an in situ
IR-SE switching experiment of another sample in plain PBS at 25 and 55 °C (figure 5.25,
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FIGURE 5.24: In situ IR-SE spectra of protein adsorption experi-
ments on PNIPAAm-containing polymer brushes at temperatures above
(max. 43 °C) and below PNIPAAm’s LCST. Left panel: Pure PNIPAAm
brush (100%) immersed in HSA solution and PNIPAAm-b-PGMA brus-
hes (70.6% and 40.8%) immersed in FIB solution. Right panel: Spectra of
the same brushes recorded in plain buffer solution—but otherwise iden-
tical conditions—before the protein experiment. Spectra are referenced
to tan Ug; of bare silicon substrate in protein-free buffer. Comparing the
spectra on the left to the switching signatures in protein-free buffer on
the right, no differences are observed, that is, no protein adsorption takes
place.

lower panel) and inspection of the wedge directly after the experiment (figure 5.26). The
brush seems to have detached like a sheet from the surface, probably in the convective
flow during the buffer rinse. Only at the edges of the wedge some polymer remained,
because these parts were protected by the teflon seal of the in situ cell frame. Note that
detachment only took place in buffer solution. During an identical switching experiment
of a PNI-70 brush in plain water the brushes were stable, even at 55°C (figure 5.25,
upper panel).

Ex situ VIS ellipsometric measurements of the samples, that were used for FIB
adsorption at 55 °C, were done after the adsorption experiments and revealed a much
lower and inhomogeneous ‘brush’ thickness than before (8-12 nm instead of the initially
determined ~25nm). This supports the hypothesis of partial detachment of the brushes
and subsequent protein adsorption on the exposed silicon surface. The measured
organic layer thickness of <12nm on the samples fits these assumptions, taking into
account how long the samples were immersed in protein solution at 55 °C (~2h) and
the estimated adsorbed FIB layer thickness on silicon after this time (see section 5.3.1).

The reason to why the covalent PNIPAAm-b-PGMA brushes detached from the
silicon substrate around 55 °C is currently unknown. Interestingly, before the switching
experiments in PBS solution were performed, all samples had been measured the same
way in water where they resisted detachment. We assume the buffer ions that penetrate
the brush influence brush stability at this point.
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FIGURE 5.25: In situ IR-SE tan Wgy,s, spectra of PNI-70 at 25 and 55 °C.

Upper panel: Brush in water. Lower panel: Brush in PBS. Spectra are

referenced to tan Wg; of bare silicon substrate under the same conditions.

Note the reduced amplitudes of the polymer bands in the spectrum in
PBS at 55 °C, indicating a loss of polymer on the surface.

FIGURE 5.26: Photograph of an intact PNI-70 sample (left) and the da-
maged sample (right). On the intact sample on the left, one can see the
darker and less reflective area of the brush layer, with the edge of the
layer visible that results from the dip-coating process. The sample on the
right is the one from the experiments shown in figure 5.25, photographed
after the in situ experiment at 55°C. It is clearly damaged, with only
parts of the brush layer remaining around the edges, where the layer was
protected by the teflon seal of the in situ cell frame.






Summary

In this work, temperature-responsive functional polymer layers have been studied,
which are promising in the field of biomedical research, for example as coating material
for substrates used in tissue engineering. The behavior of such polymer brushes was
characterized in the physiological temperature range, since there is great potential for
biomedical applications. One example is the control of attachment and detachment of
cells, given that the chosen polymer shows the desired interaction with biomolecules
without affecting the function of the biomolecule. A difficult task is to properly charac-
terize the functional behavior of the brushes in situ, especially mixed layers that consist
of two or more different polymers and are aimed at combining certain characteristics
in one brush. This work took part in a DFG-NSF funded project that aimed at creating
polymer brushes, particularly temperature-responsive ones, with the ability to control
protein or cell adhesion and detachment. A long term goal is the idea to immobilize
growth factors within the brush, that can be presented at the surface in a controlled
manner via the functional behavior.

In situ VIS and IR ellipsometry are powerful methods to probe the ultrathin brushes
in solution. Results obtained from the two methods complement each other and provide
a good understanding of the chemical and physical characteristics of the brushes. In
IR-SE, the interactions between functional groups of the polymer and water can be
studied via their vibrational modes. In this work special focus was put on the amide I
vibration containing mainly the C=0 stretching mode. VIS ellipsometry provided
complementatry information about swollen thickness and water content of the brushes.

Two different temperature-responsive brush systems, containing either POx or PNI-
PAAm as the responsive polymer, were studied. Both are biocompatible, non-toxic
polymers showing a change from water-soluble to water-insoluble at increasing tempe-
rature.

The investigated POx system was composed of a random copolymer of a temper-
ature-responsive POx (cPrOx) and a non-responsive, hydrophilic one (MeOx). The
copolymer with 25% MeOx content showed nearly the same LCST as PNIPAAm, which
is around 32 °C. Additionally, brushes of the pure PcPrOx and PMeOx were studied. In
IR-SE spectra three different forms of interaction of the C=0 vibrational band could be
identified: Free C=0 and two hydrated states, either hydrogen-bonded to one water
molecule (weakly hydrated) or two water molecules (strongly hydrated). In situ spectra
of the temperature-responsive pure PcPrOx brush revealed that in water only a small
fraction of C=0 groups remains in the non-interacting state, both below and above the
LCST. The strongly hydrated state was found to be the most abundant below the LCST
and the interactions changed to an equal abundance of weakly and strongly hydrated
states when the temperature was raised to above the LCST. For the copolymer25 brush,
similar observations were made but with less prominent changes in the vibrational
spectra, because the incorporation of 25% MeOx leads to a higher hydrophilicity and
therefore less intense switching behavior of the copolymer brush. A contrary result was
obtained from VIS ellipsometry, showing stronger changes in brush thickness during
the transition of copolymer25. Combining the resutlts, we conclude that there are
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additional water molecules present in the swollen brush. These do not directly interact
with polymer chains but contribute to the swelling and collapse of the brush.

Due to the missing N—H group in POx there is no other possibility for C=O groups
to form hydrogen bonds, making POx brushes a simple example for the simulation of
mixed polymer brushes. In dry state IR-SE spectra, the copolymer composition was
successfully simulated using previously determined optical constants of the pure POx
brushes. In aqueous environment it was possible to simulate the pure PcPrOx and
PMeOx spectra in the range of the C=0 stretching mode via three oscillator contributi-
ons representing the three forms of interaction. However, the PMeOx brush revealed
incomplete swelling, that was identified by a lower redshift of the C=0O frequency in
swollen state compared to the other POx samples and was probably caused by the
low molecular weight of PMeOx chains in the pure brush. The C=0O moieties in the
copolymer25 sample on the other hand—both in cPrOx and MeOx sections—were fully
hydrated. Using the optical constants from the pure PMeOx brush lead to a bad repre-
sentation of the MeOx fraction in copolymer25 and consequently to an unsuccessful
simulation. To be able to properly simulate the mixed brushes, pure POx brushes with
similar molecular weights need to be studied, that show the same hydration in water as
the desired mixed brush.

The PNIPA Am-containing brushes were prepared from a block-copolymer of PNIPAAm
and the anchoring polymer PGMA. These PNIPAAm-b-PGMA brushes were studied as
alternative to the well-known traditional PNIPAAm brushes, with focus on the switching
behavior and the interaction with proteins below and above PNIPAAm’s LCST. The
first IR-SE experiments in dry state proved the difficulty to simulate mixed brushes
when interactions between the polymers are present. A simulation trial of the mixed
PNIPAAm-b-PGMA brushes by using optical constants of PNIPAAm and PGMA was
not successful. It revealed that the brushes can not be represented by data of the pure
polymers, because the PNIPAAm and PGMA blocks are intertwined in the layer where
they form additional interactions between their functional groups. Further evaluation
was therefore focused on qualitative characterization of the switching behavior, using
in situ IR and VIS ellipsometry as well as in situ AFM. Both VIS ellipsometry and AFM
experiments showed only a small swelling of the ~30nm PNIPAAm-b-PGMA layers
in cold water and hardly any collapse upon increasing temperature. The results stood
in contrast to the strong swelling and deswelling behavior of traditional PNIPAAm
brushes. Nevertheless, in situ IR-SE spectra revealed changes of interactions of the
amide groups in the PNIPAAm blocks. The changes were less intense than in traditional
PNIPAAmM brushes, which can be correlated with a decrease of PNIPAAm content
in the layer. It was concluded that there is a small amount of water present in the
brushes interacting with the PNIPAAm blocks. Changes in temperature result in a
change from amide-water to amide-amide interactions but the water molecules remain
trapped in the brush. This is caused by the cross-linked hydrophobic PGMA network
throughout the brush layer, restricting the mobility of water and PNIPAAm chains and
consequently preventing the swelling and collapse of the brush. In situ AFM images
revealed a smooth surface of the brushes, both at low and higher temperatures. This
lead to the conclusion that only the topmost part of the layer can swell in water, as it is
dominated by PNIPA Am blocks.

In the last part, protein adsorption experiments on PNIPAAm-b-PGMA brushes
were performed to evaluate the presence of PGMA segments at the brush-solution in-
terface. PGMA has a high protein affinity due to its hydrophobicity while PNIPAAm is
hydrophilic and mostly protein-repellent. The chosen protein FIB was also adsorbed to



Chapter 5. Results and Discussion 75

a plain silicon substrate and a thin PGMA layer. On Si the adsorption took much longer
and the resulting FIB layer was much thicker than on PGMA. It was concluded that the
interaction between silicon and FIB is less strong, enabling reorientation of the elongated
protein molecules to form a thicker layer. On PGMA however, hydrophobic interactions
lead to strong adsorption and partial unfolding of the protein. On PNIPAAm-b-PGMA
brushes no FIB adsorption took place. In situ IR-SE spectra only showed the switching
behavior in the amide bands. This proves the immediate brush—solution interface to be
dominated by PNIPAAm blocks, that sufficiently cover underlying PGMA and prevent
any interaction between PGMA and FIB. At this point, IR-SE was advantageous, as it
is very sensitive to small amounts of adsorbed biomolecules. Hence, it is an optimal
method to study antifouling properties.

Overall, POx brushes can be a suitable alternative to PNIPAAmM brushes. The most
prominent difference is the missing N—H group in POx. This leads to the impossibility
of amide—amide hydrogen-bond interactions and consequently to a slower switching
process compared to the abrupt transition of PNIPAAm brushes. Additionally, it can be
useful when growth factors are immobilized within a brush. Growth factors are proteins
that stimulate cellular growth or proliferation. In IR-SE, using POx brushes can help
differentiate between spectral signals of brush and growth factor, which is difficult for
PNIPAAm brushes due to their structural similarity to proteins. IR-SE is a valuable tool
to distinguish these different vibrational modes and study their interactions with the
environment.

The technique also helped to gain insight into the interactions of the mixed PNI-
PAAmM-b-PGMA system with water, even though the layers showed no collapse. In
future studies involving growth factors, the sensitivity for changes of interactions within
the brush can help to identify the influence of the growth factor on the functional brush
behavior. IR-SE is an ideal method in this case, because the spectral signals of biomo-
lecules are directly visible and the method is very sensitive to changes of interactions.
Complementary (in situ) AFM measurements can provide surface topography images,
e.g. to evaluate if the growth factor molecules are sufficiently hidden within the brush
layer.
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