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Motivation

Motivation

Both dendrimers and hyperbranched polymers (HBP) are three-dimensional highly
branched macromolecules with numerous functional groups. Because of their unique
physical and chemical properties such as low viscosity, high solubility determined by
the branching and the high functionality of these macromolecules, dendrimers and
HBPs are a promising class of materials for different chemical, physical and
biomaterial applications [Fre02]. In contrast to dendrimers, HBPs do not have a
perfect three-dimensional globular molecular structure and can be obtained by an
easy one step polycondensation or polyaddition of an AB,-type monomer [Voi0O0,
Jik01, Mor03, Gao04, Voi05] that makes it an even more attractive and perspective
material.

For the most of potential applications and bio-chemical / bio-physical processes of
both fundamental and technological aspects, the bulk properties of a material such
as structure and composition, the thermal behaviour, the molar mass and
polydispersity are of critical importance if subsequent coatings will be prepared.
Thus, surfaces of polymer films with predictable changing properties as well as the
control of these properties are more suitable for different kinds of coatings. The
development of new polymers that have all of the desired characteristics is costly and
unprofitable. In this field, HBP have become more important due to their low cost and
easy synthetic procedure. Many HBP such as hyperbranched poly(amide)s [Cos00],
hyperbranched poly(amine ester)s [Lim01] and oligosaccharides with branched
architecture [Kad98], have been tested in bio-aspects as potential bio-carriers and
bio-sensors. In this connection, HBP films containing high density of functional
groups can bind biomolecules with greater sensitivity than SAMs (self-assembled
monolayers) or linear polymers. At the same time, HBP molecules can be designed
to have a rather open structure, allowing the biomolecules penetrate the film more
easily than in conventional polymer films [Gao04]. All these factors make HBPs

attractive for different bio-applications.



Goals

Goals

The chief goal of the present work is to investigate the adsorption of model proteins
on hyperbranched aromatic polyester thin films from aqueous solution for practicable

bio-applications. There were four main objectives in this doctoral research project:

Firstly, to determine the chemical and physical properties of hyperbranched aromatic
polyesters having the same backbone structure and containing different functional

groups in solution and in solid state (Goal I).

Secondly, to clarify the surface properties of the coatings in dependence on the type
of functional groups and the influence of the self-organisation of HBPs due to

hydrogen bonded network on these properties (Goal II).

Thirdly, to study the behaviour of HBP thin films in an electrolyte solution. These
studies are expected to contribute to a better understanding of the interplay of

functional groups on the film stability and swelling behaviour (Goal IlI).

Fourthly, to study the adsorption of proteins on HBP surfaces that can be considered

to serve as model surfaces of biomaterials or/and biosensors (Goal IV).

HBP in dry state

@ aqueous media
B
iy B

swollen HBP layer

Goal IV ‘ l




Outline

Outline

The dissertation work focuses on the whole route of material development starting
from the investigations of properties of the initial (raw) HBPs to their applications.
Each research step is given in a separate chapter to enhance attention to various
aspects of the aim of the work. Thus, every chapter is started with an introduction.
After that, the methods applied and experimental procedure are described. Next part
tries to give the comprehensive description of the results obtained. At the end of the
chapter, the main points are summarized.

The Chapter 1 gives the theoretical description of the main experimental techniques
used in this work.

In Chapter 2 the chemical (chemical composition, purity, typical structure elements)
and physical (glass transition temperature, the temperature of the maximum
decomposition, the thermal stability at the high temperatures, molar mass,
polydispersity and possible aggregation in solution) properties examined by different
techniques of polymer analysis are described.

The Chapter 3 is divided into three separate parts:

In Chapter 3.1 the description of the formation and modification of inter- and
intramolecular hydrogen bonds of hydroxyl terminated HBP is presented to reveal the
information of hydroxyl groups re- and/or association due to the high temperatures
applied.

In Chapter 3.2 the nature of the solid-liquid interface of HBP thin films have been
studied by different surface sensitive techniques with respect to further protein
adsorption investigations.

In Chapter 3.3 the strategy for the fabrication of surface attached carboxyl
terminated HBP using “grafting to” technique is developed.

The Chapter 4 consists of two parts:

The first (theoretic) part outlines the basic principles of protein chemistry, factors
influencing on the protein molecule stability in aqueous medium, the mechanism of
protein adsorption and forces involved in the adsorption process. In the second part
the combination of different in situ techniques was applied to obtain a comprehensive
description of complex adsorption processes of protein molecules on different

polymer surfaces.
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Chapter 1. Theoretical background for the experimental

techniques

Abstract

The aim of this chapter is to give a theoretical description of the main experimental
techniques used in this work to characterise the hyperbranched aromatic polyester

(HBP) thin films in dry state as well as the adsorption-relevant surface properties.
1.1. Ellipsometry

Principles of ellipsometry

Ellipsometry is a very sensitive, non-destructive, label-free optical method for the
characterisation of thin films, surfaces, and material microstructures. Ellipsometry
measures the change in the state of polarisation of light reflected from a surface. The
state of polarisation of the polarised light beam is characterised by the phase and
amplitude relations of two components into which the total electric field vector E of
the light wave can be resolved (Figure 1.1). These two components p- and s-
(parallel and perpendicular in the plane of incidence) are orthogonal to each other,

and orthogonal to the direction of the beam propagation [Azz87, Sty99].

linearly polarised light elliptically polarised light
E o-plane

o-plane

Fig. 1.1. Reflection of polarized light [H{t1].
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Ellipsometry measures two ellipsometric angles ¥ and 4 in order to describe the
changes in the state of polarisation. Prior to reflection, the polarisation of light is

characterised by an amplitude ratio, £,/ E,, and phase difference (5, —9,), of the p-

and s- components. Upon reflection, both the amplitude ratio and phase difference
change. The angle 4 is the change in relative phase difference caused by the
reflection [Azz87, Sty99]:

A=(5;—5;)—(5;—5;) (1.1)
where r and i represent the reflected and incident light.
The angle ¥is defined by the ratio of the relative amplitude ratios before and after
the reflection:

tan ¥ = ﬂ (1.2)
E,/E;

The ellipsometric angles can be related to the optical constants by using the Fresnel
reflection coefficients which are dependend on the angle of incidence @y,
wavelength A, refractive index of an ambient medium ny, complex refractive index of
a pure substrate Ns, complex refractive index of a layer N; and thickness of a layer d;

(; =0,1,2... number of layer). The ratio of the Fresnel reflection coefficients, R, and
R corresponding to the p- and s-planes, defines the ellipticity p (complex number).

This definition is the fundamental equation of ellipsometry:

R
tan(‘l’)-e’A=R—p=p(®0,/1,i’lo,Ns,N_,~»dj) (1.3)

N

The complex refractive index N is a presentation of the optical constants of a
material and can be represented by following equation:

N =n+ik (1.4)
where n is the refractive index (real part), i the complex number and & is the
extinction coefficient (imaginary part).

The extinction coefficient is directly related to the absorption of a material and to the

absorption coefficient a by:

a=—— (1.5)

where A1 is the wavelength of light.
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The optical constants can also be expressed as complex dielectric function ¢ by:

E=¢&+ig, and N=¢&'? (1.6)

Although the complex index of refraction is often seen as constant for a given
material, one has to remember that both » and & vary with the wavelength of the

light and the temperature of the medium.

Ellipsometer configurations

All ellipsometer arrangements start with a light source and end with a detector. The
differences are in the arrangement of optical components between the source and
detector that defines the type of ellipsometer being used (Figure 1.2) [Woo, Wooa,
Wo0099].

Rotating Analyser
P —» S —»

/' Rotating Polarizer (RPE) \
& 5 @
/ Rotating Compensator (RCE) \

— P » > S > A —
Polarization Modulation

-
*P>m->s - @
\ Null Ellipsometer /

P»C»S —»(A

Light Source
Detector

Fig. 1.2. Scheme of ellipsometer configurations: P - polarizer, C — compensator, S —
sample, M — modulator, A — analyzer [Wooa].

Null-Ellipsometry configuration operates by adjusting the orientation of the
polarizer, compensator, and analyzer so that the light incident on the detector is
extinguished or "nulled". The main components of a common null ellipsometer are a
light source (e.g. He-Ne laser), optical components that are used to manipulate the
polarization of the light prior to and after reflection and a light detector. Generally, the
measurements are done at a single wavelength and at one angle of incidence. Thus,

only one pair ¥ and 4 is obtained from single measurement to describe a surface.

10
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Nevertheless, the obtained experimental ellipsometric data ¥ and 4 can be detected

very sensitive, i.e. submonolayer precision [Azz87, Arw93].

Rotating analyzer vs. rotating polarizer ellipsometers. There are some
discussions regarding the place of the monochromator for setting the measurement
wavelength in the rotating polarizer/analyzer system. The monochromator can be
incorporated into either the detector or the source side. If it is incorporated in to the
detector, than ambient light is easily rejected. On the other hand, if the
monochromator is part of the source, the probe beam is monochromatic and there is
no wavelength splitting element in the detector [Woo].

The M-44® (J. A. Woollam, USA) ellipsometer used in this work has a broad band
light source and places the monochromator in the detector unit [Woo, Wo0099]. The
light source is a xenon lamp, which gives unpolarized light with a broad light
spectrum. After the light passes the filter (option), which select a narrow light
spectrum (A > 400 nm), it goes through a prism polarizer. The diameter of the light
beam hitting the sample is about 2 mm. After reflection at the sample the polarization
of the light is measured. The rotating analyzer is identical with the polarizer but
rotating with the frequency of w=2nv. When the analyzer rotates it tracks the
polarization and the detector signal will be a sine curve with frequency 2v. The

detector is a photodiode-array.

Rotating compensator ellipsometer. The rotating compensator ellipsometer
configuration compensates for most of the disadvantages of the rotating analyzer
configuration. These advantages include: accurate measurements of the
ellipsometric ¥ and A parameters over the complete measurement range, no residual
input or output polarizations sensitivity, and the capability to directly measure
depolarization effects. The ellipsometer M-2000® (J. A. Woollam, USA) used in this
work also employs a CCD array detector making simultaneous acquisition of
spectroscopic ellipsometric data. In addition, by switching the light source and/or
diode array detector, it is possible to cover a variety of spectral ranges, from 371 nm
to 1679 nm [Woo, Wooa].

11
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1.2. Contact angle method

When a liquid drop is placed on a solid surface it will normally not only be in contact
with the solid surface, but also with a gas (air). Contact angle measurements are
widely used to characterise the particular solid/liquid interaction. Therefore, the
contact angle serves as an indication of wettability of a solid by a liquid. Classically,
the contact angle is described with in two ways: firstly, a force balance method and
secondly, the energetic description. When in static equilibrium the line delimits the
wetted and the dry part of the surface, the contact line has to remain fixed. In the
horizontal direction this is fulfilled by a simple force balance illustrated in Figure 1.3.
Therefore, drop of a liquid forming such angle may be considered as resting in
equilibrium by balancing three forces which are correlated by Young’s equation
[Kwo99]:

7/1\) COSQ = ysv _7/sl (17)

where @ is the contact angle of a liquid droplet on a solid surface. y,, %, and y are

the liquid/vapour, solid/vapour and solid/liquid interfacial tensions, respectively.

a)
complete
wetting
vapour
b) —
liquid W ,
partial
— : :
solid Vsl Yov c) wetting
Fig. 1.3. Scheme of three-phase Fig. 1.4. Different wetting situations of a
contact. droplet in contact with a solid surface.

There are two distinct equilibrium regimes often described in the literature: complete
and partial wetting [Gru01]. In the case of partial wetting (Figure 1.4), the contact
angle is finite (¢ > 0) and liquid droplet deposited on a solid forms an equilibrium
shape. The low values of @ indicate that the liquid spreads, or wets well, while high
values indicate poor wetting. If the angle is less than 90° the liquid wets the solid
(Figure 1.4b).

12
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If the angle is more than 90°, the term “non-wetting” is used (Figure 1.4c). The
contact angle value of zero represents complete wetting when liquid forms very thin

film on a solid surface.

Equation of State approach

Several approaches have been developed to calculate the surface tension
components from the contact angle measurements [Fow64, Owe69, Oss88, Goo92].
In this work, a combination of Young’'s equation (Eq. 1.7) and the equation-of-state
approach for the interfacial tensions proposed by Neumann [Kwo99] has been used

to calculate the solid/vapour interfacial tension (ys,):

Vg =V +Ve =2V 7, € P (1.8)

where y, and yy are the liquid/vapour and solid/liquid interfacial tensions. £ is an
empirical constant (0.0001247) [Kwo99]. Combining Eq. 1.7 and Eq. 1.8 one yields

the following relation:
cos@ =—1+2 {&e*ﬂ(ﬂﬁv*m)z (1 .9)
ylv

According to Eq. 1.9 the solid surface tension j, can be calculated from the
experimentally measured advancing contact angle € and the known j, of liquid,

mostly water.

Contact Angle Hysteresis
The difference between the advancing &, and receding 6 contact angle values is
called the contact angle hysteresis H. A great deal of research has gone into analysis

of the significance of hysteresis:
H=0,6-6, (1.10)

It should be noted that the advancing contact angle is more reproducible and less
sensitive to surface roughness and heterogeneity than the receding one. Therefore,
advancing angle data is commonly used to calculate surface and interfacial tension
components (except rough surfaces) [Goo92, Kwo99]. Generally, contact angle
hysteresis has been attributed to solid surface roughness, surface chemical
heterogeneity, swelling, penetration of liquid into the solid surface, and surface

reorientation of functional groups [Go092, Yas94, Mar94, Mar98a, Haz93, Hen04].

13
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Axisymmetric Drop Shape Analysis by Profile

Axisymmetric Drop Shape Analysis by Profile (ADSA-P) is a method often used to
assess time-dependent changes in the contact angle and liquid/vapour interfacial
tensions from a sessile or pendant drop. The strategy employed is to fit the shape of
an experimental drop to a theoretical drop profile according to the Laplace equation
of capillarity, which represents a relationship between the curvature of a liquid

meniscus and the surface tension y [Kwo99]:

1
AP=7(—+R—J=APO+APgh (1.11)

1 2

where AP is the pressure difference across the curved interface, R; and R, are the
principal radii of curvature of a drop and y is the liquid surface tension. APy is the
pressure difference in a reference plane, Ap is the density difference, g is the
acceleration due to gravity, and h is the vertical height of the drop measured from the
reference plane.

ADSA-P is based on the minimisation of an error function expressing the difference
between a measured experimental droplet contour and the theoretical curve. The
software also provides the drop volume, surface area and the radius of curvature at
the apex. The program requires several randomly chosen coordinate points along the
drop profile, the value of the density difference across the interface, and the
magnitude of the local gravitational constant as input. Each single image of a drop is
analysed ten times with twenty
different,  arbitrary  profile
coordinate points each time
[Gru96,Gru96a,Gru99]. Figure
1.5 shows the experimental
ADSA-P set-up used in this
work which consists of CCD
camera with objective, light

source, Xx-y-z-tilt manipulation

x-y-z-tilt 3 ,
stage - \ stage, monitor and computer

system with a frame grabber
and ADSA-P software.

Fig. 1.5. Experimental ADSA-P set-up.

14
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1.3. Electrokinetic method

The development of a net charge at the surface due to ions adsorption from the
solution and/or dissociation of surface groups affects the distribution of ions in the
surrounding interfacial region, resulting in an increased concentration of ions closed
to the surface. Thus an electrical double layer arises at the solid-liquid interface
(Figure 1.6). Generally, description of the charge distribution at the surface is based
on the model developed by Gouy and Chapman and completed by Stern and
Grahame [Hun86, Ste24, Bel02a]. The liquid layer surrounding a solid exists as two
parts. The first one is an inner region (Stern layer) where the ions are strongly bound.
The outer or diffuse region is less strongly attached. Within the diffuse layer there is a
boundary inside which the ions and solid form a stable entity. This boundary situated
between Stern and diffuse layers is called the plane of hydrodynamic shear or
slipping plane. The potential that exists at this boundary is known as the Zeta

potential.

distancez ——»

hydrated

o cations
SR OR R

~_slipping
plane

potential
=,

hydrated
anions

Fig. 1.6. Schematic representation

A \év_atelr/, of the electrochemical double layer
B e Ipols . at the interface [Jac96].
_immobile  mobile diffuse layer
" layer
surface

The zeta potential depends on the surface charge density and the double layer
thickness. The surface charge density, in turn, depends on the concentration of
“potential-determining ions” in the aqueous media that have a particular affinity for
the surface. Generally, the zeta potential is positive for low pH values and negative
for higher pH values. The point where the plot passes through zero zeta potential is
called the Isoelectric point which is very important for a surface analysis. A typical

plot of zeta potential versus pH is shown below (Figure 1.7).
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20
E {
— 10+
S
g 04— ;
S |o 16
S 104 pH-value
(O]
N |
-204

-m- dissociable basic molecule groups
—-o- amphoteric behaviour
-e- dissociable acidic molecule groups

Fig.1.7. Schematic representation of zeta potential vs. pH plots of
solids [Bel02al].

Several techniques can be used to determine the zeta potential of surfaces. Among
these techniques, the streaming potential technique is the most suitable for different
kind of solids (fibres, wafers, etc.). There are four distinct effects depending on the
way in which the motion is induced. These are:

Electrophoresis: The movement of charged particles relative to the liquid under the
influence of an applied electric field.

Electroosmosis: The movement of a liquid relative to a stationary charged surface
under the influence of an electric field.

Sedimentation potential : The electric field generated when charged particles move
relative to a stationary liquid under influenced gravity.

Streaming potential is the potential induced when an electrolyte solution flows across
a stationary, charged surface. Streaming potential quantifies an electrokinetic effect
which reflects the properties of the surface, the flow characteristics, and the
chemistry and thermodynamics of the electrolyte solution in the experiment.
Streaming potential is generated when an electrolyte solution is forced (by means of
hydraulic pressure) to flow through a channel formed by two plates. The liquid carries
a net charge. Its flow, caused by hydraulic pressure, generates a potential separation
and with it a streaming current [Sha69, Hun81, Bel04].

16
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Zeta potential can be derived from the experimentally measured streaming potential.
The relationship between the measurable streaming potential and the electrokinetic
potential of a cell is given by well-known Helmholtz-Smoluchowski equation:

AU nx

g = Ay e (1.12)

where Us is the streaming potential, p is the hydrodynamic pressure difference
across the channel, 7 is the viscosity of the solution and ¢ is the permittivity of the

solution, & is the permittivity of free space, xis the conductivity of a solution.

1.4. Infrared Spectroscopy

Infrared (IR) spectroscopy is one type of vibrational spectroscopy and used as the
most common analytical technique in organic and inorganic chemistry. The covered
range of wavelength of the IR spectroscopy is the wavenumber range from 10 000
(near-IR) to about 10 cm™ (far-IR). In practice, the wavenumber range which are
commonly used is corresponded to 4000 to 400 cm™ (mid-IR). The principal of IR
spectroscopy is that small molecules and macromolecules in different environments
can absorb varying light intensities and at varying frequencies. Thus IR spectroscopy
involves collecting absorption information and analysing it in a form of spectrum.

The characteristic frequencies for a particular molecule or segments are determined
by its vibrations, dependent upon the masses of the atoms of the molecule, their
spatial geometry, and the strengths of the connecting bonds. Usually, the IR
spectrum is divided on two main regions. The absorption bands of the region lies
above 1500 cm™ can be assigned to the individual functional groups, whereas the
region below 1500 cm™ contains mach more bands and characteristics of the
molecule as a whole [Hes97]. The Fourier transform (FTIR) technique was the
development of IR spectroscopy using the possibility of a simultaneous and almost
instantaneous recording of the whole spectrum in the different regions.

The application of IR spectroscopy to investigate the structural elements of biological
systems is limited by the presence of water. In biological molecules the interesting
resonance frequencies of the C=N, C=0, N-H or O-H vibrations are often hidden by

the strong IR absorption of the solvent water at around 3400 and 1600 cm™.
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Experiments in aqueous systems are therefore possible only with very thin water
layers and with high concentrations of the molecules of interest.

Therefore, a significant improvement of the sensitivity of IR spectroscopy might be
achieved using the Aftenuated Total Internal Reflection Fourier Transform (ATR-
FTIR) spectroscopy. The concept of the internal reflection spectroscopy originates
from the fact that a beam of radiation enters from a more optical dense (ATR crystal
with higher refractive index) into a less optical dense medium (sample with lower
refractive index). The fraction of the incident beam reflected increases when the
angle of incidence increases. All incident radiation is completely reflected at the
interface when an angle of incidence is greater than the critical angle of total
reflection (a function of refractive index). But, the beam or so-called evanescent wave
penetrates a very short distance beyond the interface and into the less-dense
medium. This penetration is typically at a depth of a few micrometers. As a result, the
reflected light intensity is reduced by the sample in regions of the IR spectrum where

the sample absorbs. Figure 1.8 illustrates the basic ATR principles.

biomolecules

2 oA, 22 B
.

“E@)
polymer film

ATR crystal

IR radiation to Detector

Fig. 1.8. Principle of attenuated total internal reflection (ATR) spectroscopy in the
system “ATR crystal(reflection element)/polymer film/adsorbed biomolecule layer’.
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1.5. Atomic Force Microscopy

The atomic force microscope (AFM) is one kind of a scanning probe microscope
(SPM). SPMs are designed to measure local properties, such as height, friction,
magnetism with a probe. To acquire an image, the SPM scans the probe over a small
area of the sample, measuring the local property simultaneously.

AFMs operate by measuring force between a probe and the sample. Normally, the
probe is a sharp tip, which is a tall pyramid with 15-40 nm end radius. Though the
lateral resolution of AFM is low (~30 nm) due to the convolution, the vertical
resolution can be up to 0.1 nm. To acquire the image resolution, AFMs can generally
measure the vertical and lateral deflections of the cantilever. The optical lever
operates by reflecting a laser beam off the cantilever. The reflected laser beam
strikes a position-sensitive photo-detector consisting of four-segment photo-detector.
The differences between the segments of photo-detector of signals indicate the
position of the laser spot on the detector and thus the angular deflections of the
cantilever (Figure 1.9). In contact mode, AFMs use feedback to regulate the force on
the sample. The AFM not only measures the force on the sample but also regulates
it, allowing acquisition of images at very low forces. The feedback loop consists of
the tube scanner that controls the height of the tip; the cantilever and optical lever,
which measures the local height of the

position-  —laserbeam s
——y

sensitive sample; and a feedback circuit that

detector

i attempts to keep the cantilever def-
cantilever

i lection constant by adjusting the
voltage applied to the scanner. A well-
constructed feedback loop is essential
to microscope performance.
Tapping mode works by vibrating a tip
which is at the end of a cantilever and
Fig. 1.9. Scheme of AFM [Ht3]. bringing the tip into intermittent contact
with a sample surface. When the tip interacts with a surface feature, its amplitude is
decreased from its previous amplitude of oscillation. The AFM senses this decrease,
and the tip is raised away from the sample in order to re-attain the previous
amplitude of oscillation. In this way, the tip can be rastered across the sample to
generate topographical images [Mir04, Htt2]. However, the resolution of tapping

mode AFM is arguable though it is certainly less than contact mode.
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Chapter 2. Characterisation of hyperbranched

aromatic polyesters

Abstract

This Chapter focused on the determination of the chemical and physical properties of
hyperbranched aromatic polyesters (HPB) having the same backbone structure and
containing different functional groups. Nuclear Magnetic Resonance (NMR) was used
to determine the chemical composition and purity of the HBPs in solution.
Additionally, Fourier Transform Infrared (FTIR) spectroscopy was applied to reveal
the typical structure elements of the HBPs in solid state (films). The glass transition
(Ty) temperature, the temperature of the maximum decomposition Tpre and the
thermal stability of HBPs at the temperature above their Ty were characterised by
Differential Scanning Calorimetry (DSC) and Thermo-Gravimetric Analysis (TGA).
The determination of molar mass and polydispersity of the HBPs was done by Size
Exclusion Chromatography (SEC). The results obtained with SEC using linear poly(2-
vinyl pyridine) as a standard show too low molar masses due to the very compact
structure of HBPs in a dissolved state. Therefore, the SEC coupled with the refractive
index (RI) and the light scattering detector (MALLS) was applied to achieve absolute
molar masses along the separation process and taking into account the actual
compactness of dissolved HBP molecules. Moreover, the second method is able to
give the information regarding the aggregation of HBP molecules in solution due to
hydrogen bonding which is very important for the formation of smooth and

homogeneous thin HBP films produced by the spin coating of the HBP solution.

2.1. Hyperbranched polymers (HBP): a promising class of materials

Dendritic polymers, including dendrimers and hyperbranched polymers, represent an
important class of polymeric materials which attracted an increasing interest during
recent years. Contrary to linear polymers, HBPs contain a large number of branching
points and functional end groups, which result in their unique physical and chemical
properties such as low intrinsic viscosity, high solubility, less flexibility, different
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relationship between hydrodynamic volume and molar mass, and different origin of
the glass transition temperatures. A large number of reviews concerning the
synthesis, modification, and application of HBPs has been published during last
years [Voi00, Jik01, Mor03, Gao04, Voi05].

Hyperbranched polymers (HBPs) do not have a perfect three-dimensional globular
molecular structure. They exhibit a random branched structure including linear,
dendritic and terminal units (Figure 2.1). In 1952, Flory described a concept of
polycondensation of ABx monomers which allows to obtain the hyperbranched
architecture of the macromolecules [Flo52]. He gave in detail the theory behind the
polycondensation of monomers with excess B functional groups and one A functional
group arranged on a molecule. He showed that branched polymeric products begin
to appear after the polymerisation had progressed to a definite extent. In 1982,
Kricheldorf reported the copolymerisation of AB and AB; monomers to form highly
branched polyesters [Kri82]. The name “Hyperbranched polymer” was applied for the
first time by Kim and Webster and published in 1988 [Kim88]. Their report described
the homopolymerisation of ABx type monomers to form hyperbranched

polyphenylenes as irregular analogue to dendrimers of high functionality [Kim90].

Fig. 2.1. Schematic representation of branched polymer architecture by AB; type
monomers exhibiting linear (L), dendritic (D), terminal (T) units and one unreacted
focal unit (A) based on the classic branched polycondensation approach by Flory
[Flo52, V0i00].

21



Chapter 2.
Characterisation of hyperbranched aromatic polyesters

The branching perfection of AB, systems is characterised by the average degree of
branching (DB), which was defined by Frechet [Haw91] as

D+T

DB=———
D+T+ L

(2.1)
where D, T and L are the number of dendritic, terminal and linear units, respectively,

(DB = 1 for a perfect dendrimers and DB < 1 for HBPs). Frey at al. [H6197] have
proposed another definition, where the number of actually existing growth directions

is compared to the maximum possible number of growth directions in AB; systems:

o 2D
2D+ L (2.2)

According to the later definition, the DB value range was assumed between 0 for the
linear polymer and 1 for the dendrimers. The DB of HBPs formed by a random
polymerisation of AB, monomers or by co-condensation of a core molecules By (f is
the core functionality) with AB, monomers may not exceed a value of 0.5 [Zag02].
There are many different factors influencing the DB of HBPs, e.g. activation of the
second B group of AB2 monomers after the reaction of the first B group, the synthetic
procedure where ABx monomers are slowly added to the core molecules By in
solution and other [Zag02].

The most studies of the HBPs are focused on their synthesis. However, since the
physical properties of HBPs under application crucially depend on the purity, the
average molar mass, polydispersity, and thermal stability, the aim of the work
described in this Chapter was to determine these parameters for the hyperbranched
aromatic polyesters with the same backbone structure and different terminal groups.
The chemical composition (in dissolved state) and typical structure elements (in solid
state) of HBPs were checked by Nuclear Magnetic Resonance (NMR) and Fourier
Transform Infrared (FTIR) spectroscopy. The Size Exclusion Chromatography (SEC)
was used to characterise the molar mass and polydispersity of the polymers.
Additionally, the SEC coupled with refractive index (RI) and a light scattering
detection (MALLS) was applied to achieve absolute molar masses along the
separation process. The glass transition temperature (Tg) and thermal stability of
HBPs at the temperature above Ty were characterised by Differential Scanning
Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA).
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2.2. Characterisation of hyperbranched aromatic polyesters with different

functional groups: Materials and Methods

2.2.1. Polymers
Hyperbranched aromatic polyesters (HBP) (Figure 2.2) with the same backbone

structure based on the monomer

\
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3,5-bis(trimethylsiloxyl)benzoyl chloride (a), 3,5-diacetoxy benzoic acid (b) and 5-
acetoxyphthalic acid (c) were synthesized by Schmaljohann and Pospiech using melt
polycondensation [Sch98, Sch03, Vo0i93].
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Fig. 2.2. Schematic representation of the hyperbranched aromatic polyesters, based
on the classic branched polycondensation approach according to Flory [V0i05,
Flo52].

2.2.2. Nuclear Magnetic Resonance (NMR)

The "H-NMR spectra were obtained on a Bruker DRX 500 (Germany) spectrometer
operating at 500.13 MHz. The spectra were measured from the HBP solution in
[?He]dimethyl sulfoxide (DMSO-ds, 5('H) = 2.50 ppm, &('*C) = 39.70 ppm, Merck,

Germany) using 5 mm diameter tubes.
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2.2.3. Fourier Transform Infrared (FTIR) spectroscopy

The FTIR spectroscopy was performed for the transmission measurements using a
Bruker spectrometer IFS 66v/S (Germany). All spectra were recorded in the spectral
range of 4000 - 600 cm™ with a resolution of 2 cm™ and an accumulation of 16 scans.
The spectra were recorded in the steady state under vacuum of 3 mbar. All HBP
samples were prepared as a thick film on KBr substrate by solvent casting from
tetrahydrofuran solution (THF, Merck, Germany). After that the samples were
carefully placed in an oven and dried at 40 °C under vacuum to remove the residual

solvent.

2.2.4. Liquid Chromatography
The Size Exclusion Chromatography (SEC) measurements were performed on

different types of chromatographic system.

System I: The chromatographic system was Agilent HP Series 1100 with the
refractive index (RI) detector (Agilent Technologies, Germany). The molar mass was
calculated using a calibration relationship determined with the linear polymer
standard poly(2-vinyl pyridine) (PVP, Polymer Standard Service, Germany). The
eluent was a mixture of N,N-dimethylacetamide (DMAc, Merck, Germany), 2 vol.%
water and 3 g/l LiCl (Fluka, Germany). The column set was ZORBAX PSM 60
Trimodale-S, 250mm x 6.2 mm (Agilent Technologies, Germany). The sample was

passed through the column at a flow rate of 0.5 ml/min.

System II: Modular builded SEC-system (KNAUER, Germany) with UV- and
refractive index (RI) detector, and multi angle laser light scattering detector (MALLS)
(DAWN-EOS, Wyatt Technologies, USA) was used to determine the molar mass and
any formed associations arising in the system. The refractive index increment dn/dc
was determined from RI-response for each HBP assuming a complete mass
recovery of a sample from the column and was used for the calculation of M,, from
SEC-MALLS. The eluent was THF. The measurements were carried out at a flow
rate of 1.0 ml/min on a 2-PL-Mixed B-LS column, 300 mm x 7.5 mm (Polymer Labs.,
UK).
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2.2.5. Differential Scanning Calorimetry (DSC)

The measurements were performed under nitrogen using a DSC 7 (Perkin Elmer,
USA) and DSC Q 1000 (TA Instruments, USA) to determine the glass transition
temperature (T4) of the polymers used. The samples were subjected to a heating-
cooling-heating cycle between 10 and 200°C for HBP-OAc and HBP-OH/OAc, 10
and 280 °C for HBP-COOH, -50 and 260°C for HBP-OH with a heating and cooling
rate of 20 K/min. On the basis of the DSC results, Thermo Gravimetric Analysis (TGA
Q 500, TA Instruments, USA) was applied to prove the thermal stability of the HBPs
at high temperatures which were used for the annealing procedure (see Chapter 3).
The samples were heated under nitrogen up to 180°C (HBP-OAc, HBP-OH/OAc) and
up to 240°C (HBP-OH, HBP-COOH) with heating rate of 20 K/min.

2.3. Molecular structure analysis of HBPs in the liquid and solid state

The 'H-NMR spectra of hydroxyl terminated hyperbranched aromatic polyester

(HBP-OH) used in this study are shown in Figure 2.3.

OH
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Fig. 2.3. "TH-NMR spectra of HBP-OH before (a) and after purification (b)
measured in DMSO-ds .
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From the spectrum (Figure 2.3a) the contamination of the received bulk polymer with
trimethylsiloxy (TMS) groups resulting from the synthesis using 3,5-
bis(trimethylsiloxyl) benzoyl chloride was calculated to be 14.8 mol-%. Since these
groups can affect the surface properties of films prepared from this polymer, it was
dissolved in THF containing 2.5 N hydrochloric acid and kept under nitrogen over
night in order to hydrolyse the TMS groups. A decrease of the TMS amount to 0.3
mol-% was determined. The "H-NMR spectrum of the purified HBP-OH bulk polymer
is shown in Figure 2.3b. Proton signals of the aromatic region were found between 7
and 9 ppm confirming the expected chemical composition and branched structure of
the compound. The degree of branching of 0.6 was calculated from the ">C-NMR

spectrum [Sch03].
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Fig. 2.4. "H-NMR spectra of HBP-COOH (a) and HBP-OAc (b)
measured in DMSO-ds .

The "H-NMR spectrum (Figure 2.4a) of purified carboxyl terminated hyperbranched
aromatic polyester (HBP-COOH) shows the typical signals of the hyperbranched core

between 7 and 9 ppm. The intensive signal at 13.5 ppm is attributed to the carboxyl
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end groups. The content of the ethyl ester groups coming form the precipitation of
THF solution in diethyl ether was calculated from two proton signals at 1.3 (-CHs) and
4.4 (-CHz-) ppm as 12.8 mol-%. The peaks in the range from 10 to 11 ppm
correspond to hydroxyl groups of non reacted monomer and the focal unit
(7.7mol-%).

After synthesis the acetate terminated hyperbranched aromatic polyester (HBP-OAc)
was purified two times by the precipitation from THF solution in water. Then the
sample was dried in an oven at 60 °C under vacuum for 24 hours to remove the
residual water. The chemical structure of purified HBP-OAc was controlled by
'H-NMR (Figure 2.4b). As just mentioned above, the peaks between 7 and 9 ppm
correspond to the branched structure of HBP. The intensive peak of the acetate end
groups was detected at 2.2 ppm. The small amount of hydroxyl groups (10.2 - 10.5
ppm) due to non full conversion or hydrolysis was calculated to be about 5.0 mol-%.
For the preparation of the hydroxyl/acetate terminated hyperbranched aromatic
polyester (HBP-OH/OAc), the HBP-OAc was hydrolysed at room temperature in
humid air to obtain the hydroxyl terminal groups. Then the HBP-OH/OAc was purified
and dried at 60 °C under vacuum for 24 hours. The amount of the hydroxyl groups
after hydrolysis calculated from 'H-NMR spectrum was found to be 22.5 mol-%.

In addition to the NMR measurements on dissolved HBPs, the typical structure
elements of the HBPs in solid state were proved by FTIR spectroscopy. The IR
transmission spectra of HBP films on KBr substrates are shown in Figure 2.5. As
expected, the spectra are similar to the spectra of thin HBP films on silicon wafers
measured by Beyerlein [Bey02]. Characteristic bands of the 1,3,5-trisubstituted
aromatic ring were detected between 1050-1000 cm™ (8CH in-plane) and
920-810 cm™ (5CH out-off-plane) for all used polymers. Other typical aromatic bands
can be observed at 3100 cm™ (vC-H arom.), 1599 and 1449 cm™ (vC=C arom.),
1084 cm™ (§C—H arom.).

The hydroxyl groups of HBP-OH were identified by their complex band around
3415 cm™ (vOH) indicating the existence of different types of hydrogen bonds.
Additionally, the phenolic OH associated groups and the ester groups gave widely
structured bands at 1323 cm™ and 1290 cm™ (vC-O with SOH), 1190 cm™ (8C-O
with 80H), 1135 cm™ (5C-O in C-OH). The ester carbonyl stretching vibrations
(vC=0) at about 1745 cm™ influenced by hydrogen bonds which are responsible for

the low frequency shoulder of the band.
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The wide band of hydroxyl vibration region (vOH) corresponding to the associated
carboxyl groups of the HBP-COOH was detected between 2600 and 3500 cm™. The
bands at 1436, 1205 cm™ (3C-O) and 1415 cm™ (50H) were attributed to the
complex vibration of carboxyl and ester groups of the HBP-COOH. The broad band
of the carbonyl region is formed by the ester carbonyl (vC=0, 1744 cm™) and the
complex band of hydrogen bonded carboxyl groups (vC=0 in —COOH, 1704 cm™)
[Bey01].
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Fig. 2.5. IR spectra of HBP films casted from THF solution on KBr substrate and
annealed at 40 °C for 30 minutes.

The weak broad absorption centred near 3432 cm™ comes from the phenolic OH
groups (vOH) of the HBP-OH/OAc. Two bands of the carbonyl region come from the
stretching vibrations of the backbone (1747 cm™) and terminal (1772 cm™) ester
groups. The observed peaks at 1280 and 1130 cm™' correspond to the vibrations of

ester groups in aromatic acid (3 -COOC-4 ).
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Additionally, the most important vibration modes of HBP-OAc and HBP-OH/OAc can
be assigned from the spectra: 1443 cm’’ (6CH3 45 in CH3-C=0), 1369 cm™
(8 -OCOCHSs), 1325 cm™ (5C-OH) and 996 cm™ (8CH3COO- acetate).

2.4. Comparison of molar masses of HBPs determined by different type of

chromatographic systems

The physical properties of polymeric materials depend not only on molecular
composition and architecture but also on molar mass average and molar mass
distribution. Moreover, the molar mass average and molar mass distribution of
hyperbranched polymers obtained by polycondensation also depend on the
conversion and monomer functionality. Generally, for AB, monomers at high
conversion the molar mass distribution of the product is extremely broad and the
polydispersity index (PDI=M\/M,) is predicted to approach infinity. Significant
deviations from the expected molar mass growth are caused by side reactions, e.g.
intramolecular interaction of A and B groups and intra- or intermolecular interactions
between B groups [Zag02, Zag04]. There are several methods for the determination
of polymer molar masses and their polydispersity.

The Size Exclusion Chromatography (SEC) is a relative method using the calibration
with defined linear polymer standards and it was applied to characterise the molar
mass and polydispersity of the polymers used.

SEC with calibration mode was used at first to characterise the molar mass and
polydispersity of hyperbranched aromatic polyesters with different end groups. The
molar mass determination by SEC is based on the fact that polymer coils migrate into
the pores of the stationary phase (Figure 2.6). Smaller coils with lower hydrodynamic
volume will penetrate deeper into the pores than larger coils and this elute later
(entropic interactions). Therefore, polymers with a larger size than the pore sizes are
excluded from penetration and elute at the beginning of the separation process
[Htt4]. However, exist several problems to determine the “real” molar mass of the
hyperbranched systems. The first problem is the broad molar mass distribution of
HBPs. The second one is the high molecular density of branched polymer molecules
compared to linear polymers of the same molar mass. Therefore, the calculated
values of the molar mass of HBPs using a linear polymer standard (e.g. polystyrene,

PS) are usually much more smaller than the “real” ones. The third problem is the
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large number of polar groups, which often leads to aggregation of the HBP molecules
increasing their calculated molecular weight or to stronger interactions of the polymer
with the material of a column leading to non-SEC separation mechanism (enthalpic

interactions).

Fig. 2.6. Separation principle of size exclusion chromatography (SEC) [H{t4].

For our measurements PVP as a linear polymer standard was used to evaluate the
molar mass (System |). However, due to factors mentioned above the obtained
values carry a relative character and permit only a qualitative comparison between
HBPs with a similar chemical composition and degree of branching. However, this
comparison should be carried out very carefully due to different chemistry and/or
polarity of the end groups of HBPs used. Table 2.1 shows the evaluated relative
values of molar masses and polydispersities of each polymer determined using a

linear standard (PVP) calibration.

Table 2.1. System I: The molar masses and polydispersities of HBPs obtained by
SEC with Rl detector and PVP-calibration, solvent: DMAc—H,O—-LiCl.

N polymer PDI = Mw/M,,
[g/mol] [g/mol]

1 HBP-OH 12 600 45 500 3.61

2 HBP-OH/OAc-1* 9600 42 100 4.38

3 HBP-OH/OAc-2* 8 800 33 200 3.77

4 HBP-OAc 7 600 27 000 3.55

5 HBP-COOH 15 300 34 000 2.22

* HBP-OH/OAc-1 and -2 are the acetate terminated HBP with subsequent
hydrolysis of two different synthetic series; ratio (OH/OAc // ~20/80).
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However, the hydrodynamic volume of HBP molecules especially having terminal
groups of high polarity can not be easily correlated to the volume of the linear
polymers. Additionally, Lederer et al. [Led02] showed that the hyperbranched
poly(etheramide) with molar mass on the top of the peak of about 60 000 g/mol
corresponds to the volume of PS or PVP with a molar mass of about 20 000 g/mol. It
means that the determination of the relative molar mass of HBPs obtained by a linear
polymer standard is not optimal because of the significant difference of the backbone

structure and solvation behaviour between HBPs and linear polymers.

The SEC coupled with refractive index (RI) and light scattering detection (MALLS) is
a method which allows to achieve absolute molar masses along the separation
process. After the separation of the sample the MALLS enables to receive the direct
signal of the scattering intensity which is proportional to the weight-average molar
mass and the polymer concentration. Additionally the light scattering detection gives
an information about the size of the polymers in solution and/or their aggregates.
Therefore, the investigation of the molar mass of HBPs dissolved in THF with SEC-
MALLS was applied to exclude the influence of a linear polymer standard on the
evaluation procedure. However, it was not possible to receive any RI- and LS-
chromatograms of HBP-OH and HBP-COOH. One reason might be their irreversible
adsorption to a column substrate. Therefore, all measurements using SEC-MALLS
were performed only for HBP-OAc, HBP-OH/OAc-1 and -2. It is interesting to note
the large difference of the intensity of the RI-signals between these three HBPs. The
response of the RI-detector (Figure 2.7) and the value of the refractive index
increment dn/dc (Table 2.3) increase from HBP-OH/OAc-2 to HBP-OH/OAc-1.
Moreover, the RI- chromatogram of these HBPs demonstrates the order of their
elution from the column, i.e. a decrease of the hydrodynamic volume:
HBP-OAc > HBP-OH/OAc-1 > HBP-OH/OAc-2.

The LS-response of HBP-OAc has a very intensive and well recognisable signal
between 9 and 10 ml (Figure 2.9) indicating the broad molar mass distribution and
possible aggregation. However, the LS detector is not particularly sensitive towards
the low molar masses. The problem is the strong dependence of the LS response on
molar mass and polymer concentration, i.e. only polymer molecules with a high molar

masses are able to give a scattering signal of high intensity.

31



Chapter 2.
Characterisation of hyperbranched aromatic polyesters

1.0¢10°
I L
£ 1m0’ -
=) :
E O
= o | =
s 1m0k S
@ : 3
= : =
5 ; o
S 1o’
E o

1.0¢10% - S T O

a0 12.0 16.0 20.0

elution volume [ml]

Fig. 2.7. System lI: Calibration curves of the molar mass (MM) evaluated
using the dn/dc of PS (bottom) and HBP (top) as a function of elution

volume, together with the SEC-MALLS chromatogram of RI response (—)
of HBP-OAc (magenta), HBP-OH/OAc-1 (blue) and HBP-OH/OAc-2 (red).
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Fig. 2.8. System II: Calibration curves of the molar mass (MM) evaluated
using the dn/dc of PS as a function of elution volume, and SEC-MALLS
chromatograms of LS(90°)-response of HBP-OAc (magenta),
HBP-OH/OAc-1 (blue) and HBP-OH/OAc-2 (red).

The Rl-response of HBP-OAc having very broad elution range is also attributed to
the high molecular mass and high polydispersity (Figure 2.7 and 2.9). Table 2.2

shows the SEC-MALLS results of molar masses obtained from LS- and Rl-detectors
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(Figure 2.9) and evaluated using the dn/dc of a PS dissolved in THF. The similar
trace of RI- and UV-signals obtained shows that there is no chemical heterogeneity in
the system. However, the differences of the slope of the calibration curves (Figure
2.8) of the high area of the elution volume indicates the distinction in the separation
mechanism: entropic (separation by size) and enthalpic (separation by interaction
with column material). Therefore, the calculated average values of M, were found to
be too high and the index of polydispersity too small compared to the “real” molar
mass distribution. Nevertheless, the proportionality of the UV-signal to the sequence
of the UV activity and its connection to the RI-signal indicate the chemical
heterogeneity of the HBP-OH/OAc-1 which could ascribed to the dependence of the
degree of modification on molar mass. It should be also noted that only HBP-OAc
shows this large difference between UV- and RI-signals compared to both
HBP-OH/OAc.
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Table 2.2. System Il: The molar masses obtained from LS- and RI- chromatograms
using the refractive index increment of PS (dn/dc = 0.184 ml/g), solvent: THF.

N polymer My Mw PDI
[g/mol] [g/mol]

2 HBP-OH/OAc-1 90 700 119 700 1.32

3 HBP-OH/OAc-2 42 600 50 200 1.2

4 HBP-OAc 925 000 1444 400 1.6
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Moreover, the non linear calibration curves presented in Figure 2.8 indicate a non
uniform separation process consisting of the entropic (SEC) and enthalpic
(adsorption) separation mechanisms in the chromatographic system. Therefore, the
calculated values of M, and M,/M,, of the HBPs based on the dn/dc of PS carry only
a relative character. The influence of the dn/dc on the values of the molar mass is
presented in Figure 2.7 and Tables 2.2 and 2.3. The difference between the results
obtained using the dn/dc of PS and HBP can be clearly seen.

The differences of the molar mass averages obtained by the calibration and MALLS
detection are presented in Table 2.3. The values of molar mass using SEC-MALLS
were obtained using the calculated dn/dc of each HBP. There are two possible
explanations of the large differences in the values of the molar mass determined by
SEC and SEC-MALLS. The most probable one is the strong dependence of the
hydrodynamic volume and coil density on the molar mass. The results obtained with
SEC using linear PVP as a standard show too low molar masses due to very
compact structure of HBPs in a dissolved state. On the other hand, SEC-MALLS
allows the determination of the exact molar masses (M,,) of the HBP taking into
account the actual compactness of dissolved HBP molecules near the concentration
used. The second one is the aggregation of the molecules dissolved in THF (e.g.
HBP-OAc), which can be influenced by the hydrogen bond formation. Differently, the
SEC-measurements with PVP-calibration were carried out in mixed solvent with LiCl,

which breaks eventual hydrogen bonds.

Table 2.3. The molar mass averages of HBPs obtained by the calibration (SEC) and
MALLS detection (SEC-MALLS).

N System |: SEC System II: SEC-MALLS
(DMAc-H,0O-LiCl) (THF)
polymer M, Mw PDI M, My PDI  dn/dc
[g/mol] [g/mol] [g/mol] [g/mol] (HBP)
[ml/g]

2 HBP-OH/OAc-1 9600 42100 4.38 128000 168000 1.31 0.131

3 HBP-OH/OAc-2 8800 33200 3.77 120000 144000 1.20 0.066
4 HBP-OAc* 7600 27000 3.55 1500 000 4 500000 3.00 0.133

* high molar mass due to aggregation, see text.
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2.5. Thermal properties of HBPs

Differential scanning calorimetry (DSC) was applied to investigate the thermal
behaviour of HBPs. There are many factors affecting the value of the glass transition
temperature (Tgy), e.g. molecular structure, molar mass, degree of branching in the
case of HBP, nature of end groups, and interactions such as physical and chemical
crosslinking (network formation). Figure 2.10 shows the DSC thermograms of the
first heating, the first cooling and the second heating scans of HBP-OH and
HBP-COOH. The DSC curves of the first heating show a broad peak at 100°C
caused by the vaporisation of the water absorbed within the polymers. The curves of
the first and second heating of HBP-OH and HBP-COOH show clearly a step in the

heat flow curves corresponding to the glass transition.
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S 1.2 ‘ 1.2;
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Fig. 2.10. DSC “heating-cooling-heating” cycle of HBP-OH and HBP-COOH.

The glass transition temperature of HBPs was evaluated from the second heating run
for all polymers and presented in Table 2.4. As can be seen, the hydroxyl and
carboxyl terminated HBPs gave the highest values of the Tg compared to the acetate
terminated HBPs. Such high temperature can be attributed mainly to the formed
network of intra- and especially inter-molecular hydrogen bonds within HBP-OH and
HBP-COOH. Moreover, the high value of molar mass of HBP-OH/OAc-2 leads to a
slight raise of the Tj,.
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Table 2.4. The glass transition (T,) temperature and temperature of maximum
decomposition (Tprg) of HBPs determined from the second DSC scans and TGA
data analysis, respectively.

polymer HBP-OH HBP-COOH HBP-OAc HBP-OH/OAc-1 HBP-OH/OAc-2

T4 [°C] 227 214 158 158 163

Tote [°C] 390 390/480/523 411 404 -

* HBP-OH/OAc-1 and -2 are the acetate terminated HBP with subsequent
hydrolysis of two different synthetic series; ratio (OH/OAc // ~20/80)

The investigations of the thermal stability in terms of dynamic TGA measurements
were performed in the temperature range from 20 to 800°C with a heating rate of 10
K/min and using nitrogen as inert gas. All HBPs showed good thermal stability up to
300°C before the degradation started. Figure 2.11 and Table 2.4 show thermograms
and the temperature of maximum decomposition (Tprg) of HBPs with different end
groups. The decomposition behaviour with sharp degradation slope is very similar for
HBP-OH, HBP-OAc and HBP-OH/OAc-1. The decomposition of HBP-COOH starts
earlier at the temperature of about 280°C. However, the maximum temperature of the
main decomposition of HBP-COOH occurs at 480°C.
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Fig. 2.11. Dynamic TGA curves obtained in nitrogen atmosphere.

Due to high temperatures applied for the annealing of HBP thin films during the

preparation for the contact angle, zeta potential and ellipsometric experiments (see
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Chapter 3), isothermal TGA measurements were performed for all HBPs
(Figure 2.12). The HBP-OH and HBP-COOH were heated at 240°C for 8 hours. The

temperature applied for the annealing of the HBP-OAc and HBP-OH/OAc-1 was
180°C. All HBPs showed good stability without any decomposition.
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Fig. 2.12. Isothermal TGA curves obtained in nitrogen atmosphere.
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Chapter 3. Characterisation of the film properties of

hyperbranched aromatic polyesters

3.1. Temperature-dependent FTIR spectroscopic and
thermoanalytic studies of hydrogen bonding of hydroxyl
(phenolic group) terminated hyperbranched aromatic
polyesters, HBP-OH

Abstract

The formation and modification of inter- and inframolecular hydrogen bonds of
hydroxyl (phenolic group) terminated hyperbranched aromatic polyesters (HBP-OH)
have been studied by temperature-dependent Fourier Transform Infrared (FTIR)
spectroscopy. Three ‘heating-annealing-cooling” (HAC) cycles starting from room
temperature to 235°C were measured.

The IR spectroscopic results indicate different types of hydrogen bond association.
The weakening and breaking of hydrogen bonds with increasing temperature was
observed. Additionally, a curve fitting procedure of the hydroxyl and carbonyl
vibration regions has been done to gather additional information of the hydrogen
bond association. On the basis of the band shifts and the changes of the normalised
integral band intensity (NIBI) and halfwidth of a band (HWB), the formation of a
network of hydrogen bonds was proposed. Four different interactions regarding
hydroxyl (phenolic) groups association were detected. Several types of associated
carbonyl groups existing within HBP-OH were revealed. The spectra and curve fitting
results indicate the relative stability of formed bond structures with participation of the
ester groups of the HBP rigid segments in the studied temperature region. Differential
Scanning Calorimetry (DSC) was applied to reveal changes in thermal behaviour
after the first, the second and the third HAC cycle. As expected, the aromatic ester
backbone structure strongly influences the glass transition. Therefore, the performed
measurements did not show any changes in glass transition related to the

rearrangements in the hydrogen bonded network.
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3.1.1. Role of supramolecular interactions in HBPs

Hyperbranched polymers (HBP) are an established class of polymeric materials, the
growing interest to which is demonstrated by the increasing number of publications
concerning their technological applications in different fields, e.g., sensors [Bel02,
Vol05], additives and coatings [Joh93, Sid01, Sid02, Bey01, Voi02]. Therefore, their
dynamics in films and possible self-organisation due to noncovalent interactions
based on the chemical composition are of crucial importance. Physical properties
such as thermal transitions, viscosity, surface tension and solubility are related to the
strength of attractive forces between molecules. Hydrogen bonding is one of the
most important non-covalent interactions playing a fundamental role in polymers in
the interpretation of the various properties when it comes to interactions between
macromolecules and macromolecules and substrate surfaces.

The hydrogen bond is not like a simple attraction between pointed charges. It
possesses some degree of ordered preference and can have some of the
characteristics of a covalent bond. Hydrogen bonding is a well-known phenomenon
which plays a key role in biology, biochemistry and biophysics regarding interactions
of proteins, nucleic acids and polysaccharides. This type of interactions is also of
crucial importance in synthetic polymer science, e.g. in the blend formation and the
mixing process of different polymers [Yhe01, Lee98, Ces93, Ces93a, Zie03, Kuo03].
Recently, the influence of hyperbranched polyesters based on the monomer 4,4-
bis(4-hydroxyphenyl)valeric acid and the core molecule 2-ethyl-2-(hydroxymethyl)-
1,3-propandiol on miscibility and formation of hydrogen-bonded complexes was
studied [Zie03].

Painter et al. characterized hydrogen bonds in a hyperbranched, dendrimer-like
polyester and its blends with poly(4-vinylphenol) by IR spectroscopy [Pai99]. They
also discussed in detail the effect of hydrogen bonding and the “screening effect” on
the carbonyl stretching region of IR spectra using different mixtures of a
hyperbranched polyester with ethylphenol [Pru01].

Cesteros et al. applied IR spectroscopy to characterise the effect of hydrogen
bonding in linear hydroxyl-containing polyesters [Ces93, Ces93a].

Furthermore, Zagar et al. [Zag03] applied temperature dependent IR measurements
together with hydration and H/D exchange experiments for the determination of the

hydrogen network of hydroxyl terminated hyperbranched aliphatic polyesters of the
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fourth generation. The authors also employed difference spectroscopy, 2D
generalized correlation infrared spectroscopy, and a band fitting procedure to study
the main hydrogen bond interactions in the polymer.

This Chapter is focused on the investigation of changes of hydrogen bonding [Col99]
in HBP-OH due to high temperatures and their influence on the glass transition
temperature by Fourier Transform Infrared (FTIR) spectroscopy and Differential
Scanning Calorimetry (DSC). In this contribution, the behaviour of hydrogen bonds in
phenolic group terminated hyperbranched aromatic polyesters (HBP-OH) at different
temperatures starting from room temperature to 235°C using three “heating-
annealing-cooling” (HAC) cycles was studied. Considering the chemical structure of
the polymer used, the existence of hydrogen bonding between the molecular
segments of the same HBP molecule or between neighbouring HBP molecules was
expected as a result of the interaction between the hydroxyl (phenolic) groups or
carbonyl groups having a proton acceptor character and the phenolic end groups.

DSC was applied to reveal changes in glass transition temperature of every cycle.

3.1.2. Application of “heating-annealing-cooling” cycles to study the hydrogen

network formation in HBP-OH

3.1.2.1. Temperature-dependent  Fourier = Transform Infrared (FTIR)
spectroscopy

The samples for IR measurements were prepared as films on KBr substrates by
solvent casting of the HBP-OH from 5.0 wt% tetrahydrofuran solution (THF, Merck,
Germany). After casting the solution, the solvent was evaporated during 3 minutes in
the open air at relative humidity of 45 + 5% and at a temperature of 24 + 1°C, both
were kept constant. Then the samples were carefully placed in an oven and dried at
40°C for 5 minutes without vacuum and under vacuum at 40°C for 20 minutes to
remove the residual solvent before the study.

A Variable Temperature Cell (SPECAC, UK) equipped with a temperature control unit
(SPECAC, UK) was used for the temperature-dependent IR transmission measure-
ments in a Bruker spectrometer Equinox 55 with DTGS detector (Germany). All
spectra were recorded in the spectral range of 4000 - 600 cm™ with a resolution of
2 cm™ and an accumulation of 16 scans. The heating runs (heating phase of the HAC

cycle) were done stepwise (in steps of 10 K) from 25 to 235°C. The spectra were
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recorded in the steady state under vacuum (5 mbar) and at the given temperature.
After heating up the sample was annealed isothermally at 235°C for 2 hours
(annealing phase of the HAC cycle). Eight spectra were measured with an interval of
15 minutes. After that, the sample was cooled down to 30°C and the spectra were

recorded every 10 K during the cooling (cooling phase of the HAC cycle).

Curve fitting of the spectra in the O-H and C=0 stretching vibration regions was
performed using the curve analysis program of the Bruker software OPUS 5.0. The
best fits were obtained using mixed Gauss-Lorenz profile and the Levenberg-
Marquardt fit procedure.

The normalised integral band intensity (NIBI) of the separated band components
A, B, C, D, E in the hydroxyl (vO-H) and carbonyl (vC=0) vibration regions (see

Figure 6) was calculated according Equations 3.1.1-3.1.4:

For (vO-H):
NIBI(A) = % (3.1.1)
NIBI(B) = % (3.1.2)
For (vC=0):
NIBI(D) = % (3.1.3)
NIBI(E) = % (3.1.4)

where A is the integral absorbance determined from the curve fitting analysis. The
band C (vC-H arom.) was used as internal standard for the hydroxyl vibration region.
Band position (in cm™) and halfwidth of the band (HWB) are the further fit results.
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3.1.2.2. Differential scanning calorimetry (DSC) and Thermo Gravimetric
Analysis (TGA)

A TGA Q 500 (TA Instruments, USA) was applied for the determination of the
degradation temperature Tprg of the HBP-OH. The measurements were performed in
the temperature range from 20 to 800°C with a heating rate 10 K/min and using
nitrogen as inert gas. Before measurement, the sample was heated at 30°C for 20
minutes. The changes in thermal behaviour of HBP-OH due to our HAC experiments
were determined using a DSC Q1000 (TA Instruments, USA). The samples of about
5 mg were accurately weighted into aluminium pans, sealed and then measured
under a nitrogen atmosphere at the heating scan rate of 20 K/min and at the
temperature range of 30°C to 270°C. Calibration of temperature and heat flow was
done using indium standard. According to the IR measurements the samples were
heated up to 235°C, annealed for 2 hours and cooled down to room temperature.
The resulting T4 of three samples was determined after the first, the second and the

third HAC cycle, respectively.

3.1.3. Hydrogen bond formation and reorganisation during “heating-annealing-

cooling” cycles

The temperature-dependent FTIR measurements were used to provide information
regarding the formation, weakening, breaking and redistribution of hydrogen bonds
[YheO1, Zie03, Eic03]. The IR survey spectra of the initial and annealed HBP-OH in
the full mid-infrared spectral region are given in Figure 3.1.1. The typical bands
attributed to the hydroxyl (vOH), carbonyl (vC=0) and aromatic vibration regions of
the spectra are fully described in the Chapter 2.4. The solvent THF was removed
complete only during heating above 180°C of the first HAC cycle (see heating1 of the
first HAC cycle in Figure 3.1.3 and 3.1.4, bands in the range 3000 — 2800 c¢m™,
Figure 3.1.1). The relative high temperatures needed to remove the solvent might be
due the interactions via hydrogen bonding between HBP-OH and THF molecules. On
the other hand, HBP molecules could form “ring-like” structure of hydrogen bonds

and by these prevent the diffusion of THF molecules.
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Fig. 3.1.1. FTIR spectra of the initial () HBP-OH film and annealed for
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Fig. 3.1.2. The B components (see Figure 3.1.6) of the spectra in the (vO-H) region
obtained by the curve fitting procedure (1 - before the first HAC cycle at 30°C,
2 — after the first HAC cycle at 30°C) and difference spectrum (3 = 2-1).

The content of the absorbed water within HBP-OH (from atmospheric humidity,
r.h. ~ 55%) was examined by checking the presence of a band near 1640 cm™
belonging to the bending vibration (8OH) of water molecules [Zag03]. However, there
was no visible band observed in this region of the survey spectrum (Figure 3.1.1).

Moreover, the results obtained by the utilisation of the difference spectroscopy also
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did not show the band assigned to the (6OH) of water molecules since the vicinity of
the carbonyl stretching band (vC=0) screened the water (50H) bending mode.

The broad complex band of the hydroxyl (vOH) vibration region at about 3410 cm™ is
attributed to the combined effect of the differently associated hydroxyl (phenolic)
groups, i.e. hydrogen bonding between hydroxyl and hydroxyl/carbonyl groups of
different strength and hydrogen bonding of water molecules. The difference spectrum
presented in Figure 3.1.2 clearly demonstrates this effect. Thus, the band at 3200
cm™' of the difference spectrum is ascribed mostly to the (vOH) of the residual water
molecules. These results showed a good agreement with the DSC data which

indicate a negligible amount of the water absorbed in the polymer (chapter 3.1.3.2.).

The IR spectra of HBP-OH film in the hydroxyl and carbonyl vibration regions at
different temperatures of three “heating-annealing-cooling” (HAC) cycles are shown
in Figures 3.1.3 — 3.1.5. The annealing of the polymer film above T4 (see Chapter
3.1.3.2) indicated that an equilibrium condition for specific interaction is obtained. As
expected, the hydrogen bonds in the HBP-OH were strongly influenced by heating
and cooling. The spectra of the first heating cycle show two significant changes in the
OH stretching region with an increase of the temperature: The absorbance
decreases and bands shift to higher wavenumbers. This observed progressive shift
of the (vO—H) band at about 3412 cm™ toward higher wavenumbers can be attributed
to a redistribution in the arrangement of hydroxyl group association. As described
previously [Ces93a, Zie03, Mat67, Zag03], the wide band of the hydroxyl (vO-H)
stretching region can be attributed to the summation of several contributions
corresponding to the distribution of hydrogen bonded hydroxyl groups at different
distances, geometry and with different force constants.

To gather additional information of the hydrogen bond rearrangement and/or
association due to HAC cycles applied, a curve fitting of the hydroxy! vibration region
in the range 3700 — 3000 cm™ was performed (Figure 3.1.6a). The fitting results
gave the band A at 3435 cm™ which corresponds to “weakly” hydrogen bonded
hydroxyl groups. The broad band B at around 3300 cm™ is attributed to the cross
effect of the “strongly” associated hydroxyl groups of HBP-OH. The position, the
normalised integral band intensity (NIBI) and halfwidth of the band (HWB) of the A
and B bands change during the three HAC cycles in a different matter (Figure
3.1.7a,b,c). The first position of the B band at 3250 cm™ (B4) is assigned to the
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associated OH groups of HBP-OH and residual water molecules. The second
position of the B band at 3300 cm™ (B5) and the third one at 3350 cm™ (B3) which
were strongly influenced by the first HAC cycle, are due to association of hydroxyl
groups and hydrogen bonding between hydroxyl and carbonyl groups of the polymer.
The pronounced reduction of NIBI during the first HAC cycle corresponds to the
breaking of B4 H-bonds with following removal of the absorbed water molecules
(curve B in Figure 3.1.7b). This is accompanied with a shift of B band position to
higher wavenumbers (B1 = B2 - Bs, see curve B in Figure 3.1.7a) which resulted in
an increase of the “weakly” associated hydrogen bonds (curve A in Figure 3.1.7b).
The nearly invariable values of HWB of A and B bands (Figure 3.1.7¢) indicate that
the mean diversity of the “weakly” and “strongly” associated hydrogen bonds are

almost constant during HAC cycles.
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Fig. 3.1.3. 3-D and contour plots of hydroxyl (vO-H) and carbonyl (vC=0) stretching
vibrations during the three HAC cycles.
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Fig. 3.1.6. Typical curve fitting results of the hydroxyl (vO-H) and carbonyl (vC=0)
vibration regions at the beginning of the first HAC cycle (30 °C) of HBP-OH.

The spectra of the carbonyl stretching region (Figure 3.1.5) of the first HAC cycle
showed a strong irreversible decrease of the relative absorbance of the carbonyl
band at about 1745 cm™ and pronounced increase of the relative absorbance at
about 1722 cm™ corresponding to the “free” and associated (Z,, Figure 3.1.8) C=0
groups. 3-D IR spectra (Figure 3.1.3b) clearly demonstrate these changes due to
heating.

Two band components (Figure 3.1.6b) belonging to “free” (band D) and associated
(band E) carbonyl groups were obtained from the curve fitting procedure. The
significant changes of the NIBI of E and D bands (Figure 3.1.7e) were attributed
mainly to the structural rearrangement of HBP molecules with weakening and
breaking the existing network of hydrogen bonds between O—H groups and creation
of a new one between O-H and the more electronegative ester groups. The small
increase of NIBI of the A band (Figure 3.1.7b) during the second and the third HAC
cycles indicates the relative high stability of the formed bond structures with the
participation of the ester groups of the HBP rigid segments in the studied
temperature region. Moreover, the consecutive increase of the HWB of the E band
(Figure 3.1.7f) indicates the existence of several types of associated carbonyl
groups within HBP-OH molecules, i.e. of carbonyl groups associated with OH of
different strength (A and B;) and re-associated Bs;. This rearrangement and/or
association of C=0 comes from the more favourable C=0 / OH interaction, which is a
function of the binding strength and possible structural arrangements of HBP

molecules.
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(D, E) band components: Band position: a) bands A and B; d) bands D and E,

NIBI: b) bands A and B; e) bands D and E,

HWRB: c¢) bands A and B; f) bands D and E.

A schematic representation illustrating several types of hydrogen bonds which might
be created in the polymer microstructure containing hydroxyl (phenolic) and ester
groups and the supermolecular situation during the most important first HAC
cycle from the point of view of FTIR results is shown in Figure 3.1.8. A significant
part of the hydroxyl groups interacts via hydrogen bonds with each other or with ester
groups to form single (Y, Z) or complex (X) H-bonding systems. The increase of the
mobility of molecules due to heating leads to weakening of the existing network of

hydrogen bonds, their rearrangement and creation of a new one (X4, Z4, Y1) with
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other O—H or ester groups involved of the same or neighbouring HBP-OH molecules
during cooling. It should be mentioned that nearly “free” OH groups were observed
only at 235 °C detected from the asymmetry of the band at the high frequency side at
about 3565 cm™ (Figure 3.1.4). Cooling down the system promotes the formation of

new inter- and intramolecular hydrogen bonds between O—-H groups (Y-types).
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Fig. 3.1.8. Scheme Illustrating the supermolecular interactions (X, Y, Z) occurring
upon heating and different types of hydroxyl bond interactions during the first
‘heating-annealing-cooling” cycle (HAC1): 1 - hydroxyl groups hydrogen bonded with
other hydroxyl groups in the same or neighbouring molecule, forming dimers, trimers,
etc.; 2 - hydroxyl groups hydrogen bonded with ester groups in the same or
neighbouring molecule; 3 - complex system containing 1 and 2 structures; 4 - non-
hydrogen bonded hydroxyl groups; § - non-hydrogen bonded carbonyl groups.
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To give a semi-quantitative estimation of the particularly H-bonded species,
Figure 3.1.9 combines and summarises the results of the changes in the normalised
integral band intensity (NIBI) of the hydroxyl (vO-H) and carbonyl (vC=0) groups
(NIBI is corresponding to the number of these groups) during all HAC cycles: As
can be seen, the NIBI of the B band corresponding to the “strongly” hydrogen
bonded OH groups is nearly constant during the first and the second HAC cycle. The
pronounced decrease observed after the third HAC cycle can be attributed to the
transformation of the “strongly” hydrogen bonded OH to “weakly” bonded ones (NIBI
of the band A). The slight reduction of the NIBI of the A band after the first HAC cycle
due to association with “free” carbonyl groups (band D), the breaking the bonds
between OH groups of the HBP-OH and water molecules, and the destruction of the
“strongly” bonded OH (band B) of the HBP-OH gave a large increase of the NIBI of
the E band (associated C=0). Furthermore, the NIBI of the E band shows a
subsequent increase during all HAC cycles which results from the association with

OH groups transferred from the “strongly” hydrogen bonded OH (band B).

90 -

751

60—f Band:
< mm E
= 451 —D
o : mm B
Z 4

30 CJA

15

04

1st h 1stC 2nd c 3rd c
HAC: before heating (h) and after cooling (c), at 30°C

Fig. 3.1.9. Changes in normalised integral band intensity (NIBI) of hydroxyl (vO—H)
and carbonyl (vC=0) vibration regions during HAC cycles.
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3.1.4. Effect of the “heating-annealing-cooling” cycles on the glass transition

temperature of HBP-OH

From the TGA measurements it was found that the HBP-OH is stable without
decomposition up to 300°C. Figure 2.11 (Chapter 2) shows the thermogram of the
decomposition behaviour with a sharp degradation slope and the temperature of
maximum decomposition Tpre = 390°C. The content of the water absorbed into the
initial polymer was calculated to be about 2%. The DSC curves of the first heating
(Figures 2.10 and 3.1.10) also show a broad peak at 100°C caused by the
evaporation of the absorbed water.

Many factors affect the value of the glass transition temperature, e.g. molecular
structure, molar mass, degree of branching in the case of HBP, nature of end groups,
and further interactions such as physical and chemical crosslinking (network
formation). Figure 3.1.10 shows DSC thermograms of the HAC cycles during the first
heating up to 235°C and the last heating up to 270°C to determine the resulting Tg. In
contrast to the H-bonding sensitive IR spectroscopy, the DSC measurements of the
samples prepared analogously as for the IR measurements did not show any
changes in the glass transition. This can be attributed mainly to the predominant
influence of the aromatic rings and formed network of hydrogen bonds independent

of the groups involved in the association itself on the values of Tg.
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Fig. 3.1.10. DSC thermograms of the HBP-OH of the first and the last heating cycle.
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3.1.5. Hydrogen bonding in HBP-OH: summary

Temperature-dependent IR measurements together with a curve fitting procedure
allowed a complete analysis of the spectra obtained for HBP-OH as well as to
determine hydrogen bond network organisation.

It was found that the HBP-OH forms a stable network of hydrogen bonds through the
interactions between the hydroxyl groups or hydroxyl and ester groups of the same
or neighbouring molecules. Thus, the irreversible changes of the carbonyl stretching
region of the spectra especially during the first HAC cycle were obtained.

The changes in the association of hydrogen bonding with temperature were clarified.
The formation of a better ordered and thermally more stable network of hydrogen
bonds occurred after the first HAC cycle. Most of formed hydrogen bonds between
OH and C=0 groups showed high stability and withstood higher temperature.

The creation of new stable hydrogen bonds between OH groups during every cycle
was observed.

Different Scanning Calorimetry did not show any changes in glass transition related
to the rearrangements in the hydrogen bonded network due to the strong influence of

the aromatic ester backbone structure on Tyg.
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3.2. Characterisation of the properties and swelling
behaviour of HBP thin films

Abstract

The nature of the solid-liquid interface of hyperbranched aromatic polyester (HPB)
thin films has been studied with respect to further protein adsorption investigations.
Contact angle measurements, atomic force microscopy, zeta potential
measurements and spectroscopic ellipsometry were used to characterize the
physical and chemical structure of the HBP thin fiims as well as the adsorption-
relevant surface properties. It was shown that film properties such as the effective
refractive index significantly depend on the thickness of HBP films whereas the water
contact angle does not reveal any changes with thickness variations. All surface-
sensitive methods used indicate marked swelling behaviour of HBP layers in
aqueous buffer solutions. Moreover, the degree of swelling, zeta potential as well as
surface free energy (in terms of water contact angle) strongly depend on the time the

films had been annealed above their glass transition temperature.
3.2.1. Swelling of polymer films: why to study?

For the most of potential applications of HBPs (chemical sensors, multifunctional
coatings, etc.) the surfaces of thin HBP films with predictable variable properties are
of critical importance. There had been many different methods applied to
characterise the properties of the surface of HBPs [Sid01, Sid02, Sid02a, Mac01,
Bru97, Orl02]. During the last years polymer films and surfaces in contact with
biomolecules are in focus of scientific and technological research activities. This is
demonstrated by the increasing number of publications concerning the behaviour e.g.
of complex multilayer systems formed by charged polymers in aqueous solution of
different pH, which is the native medium for proteins, cells, enzymes and antibodies.
Therefore, it is very important to clarify the dynamic properties of polymer thin films
such as swelling, the interaction of polymer molecules with an electrolyte solution
with further dissociation or hydration of polar groups, before the interaction with
biomolecules can be studied and understood.
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The swelling process disturbs and destructs the existed network of hydrogen bonds
due to dynamic movements involving diffusion of small molecules and ions into
existent voids, micro-pores or a free volume of polymers. Thus, swelling forces
segmental motion within the polymer, resulting in an increased distance between
polymer segments. This suggests that the film confinement tends to increase the
mobility of small species with further segment relaxation. For example, the transport
of ions through polyelectrolyte multilayers has been found to be enhanced with
increase of film thickness [Far01]. Additionally, McCormick et al. [McC03] showed
that the water absorption of polyelectrolytes increases the polymer mobility when
confined in a multilayer system.

The kinetics of the absorption process of small molecules into the polymer matrixes
and factors influencing this process have been a field of significant recent attention
[Tan01, Tan02, Vre75, Vog04, Tan04]. The influence of the film thickness on the
degree of swelling and swelling kinetics of water in thin poly(4-ammonium
styrenesulfonic acid) films was examined using X-ray reflectivity and quartz crystal
microbalance (QCM) measurements [Sch02]. Ellipsometry was applied to reveal the
changes in film thickness of a grafted hyperbranched poly(acrylic acid) as a function
of pH [Pee98]. The influence of chemical composition and annealing temperature of
phosphorylcholine biocompatible polymer films on swelling mechanism characterised
by diffusion and relaxation times was described by Tang et al. [Tan01, Tan02]. The
authors also supposed that hydrophilic and hydrophobic fragments of a polymer may
promote the formation of a structured morphology within the film which may influence
the water sorption.

Previously [Bey0O1a], the surface properties of thin films of hyperbranched aromatic
polyesters terminated by hydroxyl, carboxyl and acetoxy groups were studied. It was
found that the surfaces of these polymers are hydrophilic caused by polar functional
groups at the outermost surface. Using spectroscopic ellipsometry and reflectometric
interference spectroscopy, at first the swelling behaviour of the HBP films was
investigated at different atmospheric humidities. From the results it was concluded
that these HBP films might be used as sensor materials. Based on the results
obtained, HBP were studied in more details. Vapours of a homologous series of
alcohols from methanol to pentanol were exposed in the gas phase to the thin films.
It was demonstrated that a calibration and discrimination of the analytes is possible

depending on the functional groups of the HBP, and the polarity of the analytes,
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respectively [Bel02]. On the other hand, it was shown that the quantification of an
unknown quaternary mixtures of methanol, ethanol, propanol and butanol in aqueous
phase is possible using a combination of HBP and polyimide based sensors [Vol05].

Therefore, the main aim of this Chapter was to investigate the surface properties of
HBPs in aqueous media using different surface-sensitive techniques. The
morphology, thickness, and refractive indices of the initial HBP thin films were
checked by scanning force microscopy and spectroscopic ellipsometry. The surface
properties of HBPs controlled by the nature of terminal groups were determined by
water contact angle and zeta potential measurements in aqueous solutions of
different pH. The swelling behaviour of the films in the aqueous phase was monitored

in situ by spectroscopic ellipsometry and zeta potential measurements.

3.2.2. Wafer cleaning technology

The objective of wafer cleaning is the removal of particulate and chemical impurities
from the surface without damaging or deleteriously altering the substrate surface.
The traditional approach of wafer cleaning is based on wet-chemical processes.
There are a number of techniques employed for the wafer cleaning depending on the
nature of the impurities that need to be removed from the surface. In general, the
chemical cleaning is performed with a series of acid and rinse baths. Aqueous
cleaning solutions are currently the most widely used due to their many advantages
over alternative processes [Ker93].

To reveal the influence of the cleaning technology on the properties of the surface of
polished silicon wafers covered by a thermally oxidized silicon dioxide of about 55 nm
layer thickness used as substrates, two cleaning procedures were applied. As the
first cleaning method (M17) only acetone (Merk, Germany) and reagent-grade water
produced by Milli-Q filtration system were used to remove any impurities. After that
the wafers were dried with argon stream.

In the second method (M2), the silicon wafers were cleaned at first using a
dichloromethane of 99.5% purity (Acros, Germany) in an ultrasonic bath (2 times for
5 min). The ultrasonic shaking causes microscopic bubbles to form and collapse,
creating shock waves that loosen and displace any particles. After that, a hydrogen-
peroxide (HP) bath at 60 °C for 1 hour was applied. As a HP bath, a mixture of water,

ammonia solution (25%, Merk, Germany) and hydrogen peroxide (30%, Merk,

55



Chapter 3.
Characterisation of the film properties of hyperbranched aromatic polyesters

Germany) in the volume ratio 1:1:1 was prepared [Min02]. After cleaning, the
samples were rinsed with Milli-Q water and dried with argon. The HP bath slowly
dissolves the outer surface oxide layer and forms a new one by oxidation of the
surface. This oxide regeneration has a self-cleaning effect and helps the removal of
particles by dislodging them.
Figure 3.2.1 shows the influence of the cleaning method on the charge of the wafer
surface in the aqueous media measured by the zeta potential. The absolute value of
the Isoelectric Point, IEP, that describes the chemical properties of the surface, of the
cleaning method M2 displaces on 0.4 pH units to the acid region. This difference
caused by the increased
_e@ method 1 |IEP 4.0 number of silanol groups
- method 2 |EP 3.6 (-Si-OH) available at the wafer

surface. Moreover, the large
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3 4 5 6 7 8 9 was observed. AFM roughness
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Fig. 3.2.1. Zeta potential for silicon wafers  differences between these

plotted as a function of pH: M1 (®) and M2 (H). cleaning procedures.

3.2.3. Thin film preparation

HBPs were spin coated (20 seconds, 3000 rpom, Model 6708D Desk-Top Precision
Spin Coating System, Specialty Coating Systems, USA) as thin films from a 1.0 wt%
tetrahydrofuran solution (THF, Merck, Germany). The thickness was ellipsometrically
determined to be in the range from 30 to 40 nm. After preparation, the HBP films
were annealed for different time above Ty in vacuum (at 240°C HBP-OH and
HBP-COOH, at 180°C HBP-OAc and HBP-OH/OAc-1) to remove voids and
inhomogeneities in the polymer films due to release of stress and to form a stable
H-bonding network (checked for HBP-OH, see Chapter 3.1).

56



Chapter 3.
Characterisation of the film properties of hyperbranched aromatic polyesters

3.2.4. Methods applied to characterise HBP thin films in dry state and aqueous

media

3.2.4.1. Contact Angle Method

The wettability of polymer films was investigated by advancing and receding contact
angle measurements using a DSA 10 (Kriss, Germany) with deionized water (pH ~
6.4). The measurements were performed in the open air at relative humidity of 40 +
2% and at 24 + 1°C, which were kept constant. At least 9 separate measurements
were used in averaging the contact angle. The solid surface tension () was
calculated according Eq. 1.8 and Eq. 1.9.

Dynamic contact angles were measured as a function of time by means of the
Axisymmetric Drop Shape Analysis by Profile, ADSA-P (Chapter 1). The droplets of
the water with a volume of 200 ul and a phosphate buffer saline (pH 7.4) with a
volume of 50 ul were gently deposited onto the polymer surface. Small glass cell was

used to prevent evaporation effects.

3.2.4.2. Atomic Force Microscopy (AFM)

Sample surface topography was examined using a scanning force microscope
Nanoscope Illa-D3100 (Digital Instruments, USA), operating in tapping mode. All
images were taken for a dry surface under constant conditions at relative humidity of
50 + 5% and at 24 + 1°C.

3.2..4.3. Electrokinetic measurements

Streaming potential measurements were carried out using an Elektrokinetic Analyser
EKA (Anton Paar KG, Austria). Two wafers with the size of 10 x 20 mm each were
inserted into the device between two measuring cell parts separated by a defined
streaming channel. An electrolyte solution of 1x10° M KCI was pumped with
increased pressure through the streaming channel. The streaming potential was
measured for each pressure applied. The final value of the zeta potential was
calculated from the slope of the experimental plot.

Changes in pH were achieved by addition of 0.1 M KOH or 0.1 M HCI. The streaming
potential was detected using two Ag/AgCl electrodes. Due to the pressure difference,
potential separation by shearing of the mobile parts of the electrochemical double

layer takes place. Therefore, the streaming potential can be detected via electrodes
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placed on the sample. Streaming potential was measured by the so-called tangential
method, i.e. the electrolyte solution flows parallel to the polymer surface. The zeta

potential was calculated from the Helmholtz—Smoluchowski equation (Eq. 1.12).

3.2.4.4. Ellipsometry

A rotating analyzer type variable angle multiwavelength ellipsometer M-44 (J.A.
Woollam Co. Inc, USA) was used to determine the optical properties of substrates
and thin films on these substrates in the wavelength range of 428 to 763 nm (see
Chapter 1.2). Each ellipsometry measurement was started with determination of the
thickness and refractive index of a dry film in air at 22°C and 45 + 5% relative
humidity. The refractive index of dry polymer films was measured using three angles
of incidence 65, 70 and 75°.

The ellipsometric data were analysed using the WVASE 32 software package. The
refractive index n as well as the film thickness d were calculated from obtained
ellipsometric data ¥ and 4 using the Cauchy layer optical model to describe the

wavelength dependence of the refractive index:

B
n(A)=4,+— (3.1)

iZ

where n is the index of refraction, 1 is the wavelength [um], A, and B, are the Cauchy
parameters.

Note, that the HBP films are non-absorbing (k = 0) in the used visible spectral range.
The behaviour of the polymer thin films in aqueous media was investigated in a
quartz cell in the central area of which a sample was positioned and held by a special
holder (Figure 3.2.2). The light beam was directed to the middle of the sample
surface at an incidence angle of 68°. To consider a possible influence of cell
adjustment and window effects on the data the thickness of the polymer film being in
the cell was re-examined before filling with buffer solution. Then, a buffer solution of
3.0 ml volume was introduced into the cell using an Eppendorf syringe. Immediately
afterwards, subsequent time dependent ellipsometry autoscan was started to obtain

the equilibrium swollen state of the polymer film for at least 300 minutes.
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Fig. 3.2.2. Liquid cell for in situ ellipsometric measurements at solid-liquid interface.

For the evaluation of changes in the layer thickness and refractive index due to

swelling of the polymer film the optical model illustrated in Figure 3.2.3 was applied.

— Ambient: Buffer Solution

100
E‘ 80
K= — Cauchy: polymer film in swollen
c state, n and d are fitted
(®)]
‘©
<

—Si02 n=14571 k=0

—Si n=3.875 k=0.016

Fig. 3.2.3. Optical model, used for the fitting of the ellipsometric data to obtain
the refractive index n and the thickness d of the swollen HBP films.

Again, a Cauchy layer model was used for the swollen polymer film. The equilibrium

out of plane swelling degree (SD) was calculated as follows:

D, - D,

SD(%) = x 100 (3.2)

0
where D,, and Dy are equilibrium thickness values of the polymer film in swollen and

dry state, respectively.
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The actual refractive index of the pure buffer solution was separately determined
from an independent spectroscopic ellipsometry scan under the same conditions in

the solid-liquid cell using a well-known silicon wafer as inert reference sample:

(0.0023+0.0013)
22

n(PBS) = (1.321%0.0005) +

3.2.5. Role of end groups functionality on surface properties of HBP films:
-OH, -COOH, -OH/OCOCH; and -OCOCH,

Thin films of HBPs have been prepared by spin-coating from THF solution on silicon
wafers. It is well known that the topology of polymer surfaces has a very strong
influence on experimental data obtained by different surface sensitive techniques
such as contact angle, zeta potential, ellipsometry and others. Therefore, an
appropriate preparation of polymer films with a high reproducibility is very important.
As it can be seen from the AFM images, (Figure 3.2.4), HBP films in the thickness
range from 10 to 100 nm have very smooth and homogeneous surfaces with a
resulting roughness (rms) of about 1 nm. From these results, we conclude that the
subsequently obtained surface characteristics are controlled to a very large extent by

the surface chemistry and not the topology.

e 15

£10

e

> 05

2 0.0

0 5 10 15 20

length [um]
HBP-OAc

_ 15

€

€ 1.0

S 0.5

200

0 5 10 15 20
length [um]

Fig. 3.2.4. Topographical and corresponding section AFM images of HBP-OH and
HBP-OAc with scan size of 20 um x 20 um.
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The results of the water contact angle measurements for HBP films are presented in
Figure 3.2.5. Annealing of the thin films of HBPs having terminal groups of high
polarity (HBP-OH and HBP-COOH) results in an increase of the advancing contact
angle. The significant changes in the surface properties in terms of surface free
energy (7 ) were obtained when the samples were annealed above Ty at least for
one hour. Prolonged annealing did not further influence the surface free energy of
HBP-OH and HBP-OAc remarkably. It is interesting to note that the annealed sur-
faces of different HBPs show the mean equilibrium value of about 38 + 1 mJ/m?.
These changes might be influenced by a structural reorganization of hydrophobic and
hydrophilic segments, and hydrogen bonded network reorganisation due to
temperature (see Chapter 3.1) in order to become better segregated within the film
[Tan01, Tan02].
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The surface-energetic properties of the HBP-COOH films were changed similarly to
the HBP-OH films by the annealing. The originally hydrophilic HBP-COOH surface
was changed into a surface with a lower surface free energy. In this case only after
annealing time of 4 hours, no further change in the surface properties was observed.

These changes in the surface hydrophobicity are attributed mainly to the inter- and
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intramolecular re-association of hydrogen bonds between carboxylic groups of
HBP-COOH which occur during annealing and lead to an increase of both contact
angles (see Chapter 3.3).

After annealing of the polymer films for 1 hour, a decrease in the film thickness of
5.5, 9.1 and 2.6% and an increase in the refractive index of about 0.3, 0.2 and 0.1%
for HBP-OH, HBP-COOH and HBP-OAc were revealed due to restructuring of the
polymer molecules resulting in a closed and homogeneous film. Significant influence
of the polymer film thickness on the value of the contact angle measurements was
not observed. The influence of the varying thickness of untreated HBP films on the
refractive index of the polymer film at A = 630 nm is presented in Figure 3.2.6. It was
found that the refractive index (which can be correlated to material density as well)
decreases with increase of the film thickness. In the case of films with thickness
between 30 and 40 nm, the values of the refractive index were measured to be 1.651
+ 0.002 for HBP-OH, 1.610 + 0.003 for HBP-OH/OAc-1, 1.592 + 0.001 for HBP-OAc
and 1.630 + 0.001 for HBP-COOH.

1.661
1.641

1.621

n, » 630nm

1.601

1.58

1.56 3 —— —— N

d [nm]

Fig. 3.2.6. Changes in the refractive index n at 2 630 nm of untreated HBP films as a
function of layer thickness: HBP-OH (O), HBP-COOH (@®),HBP-OH/OAc-1 (O),
HBP-OAc (m).

Interesting results were obtained on thin films of HBP-OH/OAc-1 (22.5 mol-% of
phenolic groups, see Chapter 2.4.1) using broadband dielectric spectroscopy
employed to investigate the molecular dynamics of these films [Ser05]. It was found
that with decreasing film thickness and increasing refractive index, the slower

relaxation modes of the dynamic glass transition are gradually suppressed, resulting
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in an increase of the average relaxation rate and in a linear decrease of the dielectric
strength. This behaviour was attributed to an immobilization of the polymeric

segments at the periphery of the HBP molecules in the confinement of very thin films.

3.2.6. Stability, equilibrium swelling, kinetics and swelling degree of HBP thin

films in aqueous media

Polymers containing a large fraction of hydrophilic groups are likely to swell when
immersed into aqueous media, especially into electrolyte solutions. Therefore, the
possible self-organisation or self-cross linking due to noncovalent interactions such
as hydrogen bonding is of great importance in order to be able to understand the
dynamics in films immersed in an aqueous medium.

As just mentioned, the results obtained by the temperature dependent FTIR
spectroscopy (see Chapter 3.1) showed that HBP-OH forms a stable network of
hydrogen bonds through the interactions between the hydroxyl groups or hydroxyl
and ester groups of the same or neighbouring molecules. The applied cycles showed
the changes in the association of hydrogen bonding and an increase of the fraction of
strongly associated carbonyl groups due to heating up to a temperature above Ty.
Furthermore, Sun and Crooks [Sun02] observed strong adhesion of dendrimer
molecules of the sixth-generation poly(amido amine) to the mica surface. The
authors supposed that the electrostatic attraction and especially, the formation of
hydrogen bonds between functional groups of the dendrimers and the mica surface
and also between neighbouring dendrimer molecules play a key role in the stability of
the non-covalently attached layers in the liquid phase.

To investigate the stability and swelling behaviour of HBP-OH films in an aqueous
medium (PBS, pH 7.4; phosphate buffered saline: Na,HPO,, KH,PO,, KCI, NaCl) as
a function of annealing time of the initial samples, the variation of ¥ and A with time
was monitored by ellipsometry at the solid-liquid (polymer-aqueous solution)
interface. So, time-dependent data of the HBP-OH film thickness and refractive index
were obtained. The swelling kinetics of the HBP-OH films (annealed for 3 hours
before a swelling experiment) is plotted in Figure 3.2.7. Changes in refractive index
and thickness of the films indicate a typical swelling process which can be described

by a two steps mechanism:
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During the first step, already about 90 % of the total amount of the soaked buffer is
absorbed into the film within a few seconds. This can be classified by the Fickian
moisture diffusion [Tan04]. Buffer molecules penetrate into micro-voids and free
volume of HBP, interacting via hydrogen bonds. As a result of the corresponding out-
of-plane expansion, an increase of the thickness is observed. At the same time, the
uptake of the “optical thinner” buffer solution (n at 630 nm = 1.327) gives a decrease
of the effective refractive index of the swollen “effective” layer consisting of polymer
and penetrated buffer. The second, much slower step is due to relaxation processes
within the layers. The changes in conformation of the polymer molecules allow the

absorption of an additional amount of buffer by the layer [Tan01, Tan02].
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Fig. 3.2.7. Typical curves of changes in layer thickness d ((0) and refractive index n

at A 630 nm (O) with time due to swelling of an HBP-OH film (annealed for 3
hours / 240°C).

The strong effect of annealing time of the initial HBP-OH films on the changes in
refractive index and thickness of the films during swelling is illustrated in
Figure 3.2.8. An increase of the annealing time leads to a decrease of the
equilibrium swelling degree (SD) and an increase of the equilibrium refractive index n
due to a lower buffer uptake. Similar SD values for HBP-OH annealed from 3 to 5
hours show that an annealing time of up to 3 hours is enough for complete segment
reorganization within the polymer film. It was found that the values obtained for the
HBP-OH films annealed from 2 to 5 hours are similar resulting in a refractive index of
about 1.582. These results are in a good agreement with the data obtained by the
temperature-dependent FTIR spectroscopy showing the formation of the better

ordered and thermally stable network of hydrogen bonds after the first HAC cycle
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(Chapter 3.1). Thus, an increase of the annealing time reduces the buffer solution
uptake of the film due to increasing the polymer density by forming a stable network
of inter- and intramolecular hydrogen bonds through the interactions between the
hydroxyl groups or hydroxyl and ester groups of HBP-OH.

To examine the reversibility of swelling, the HBP-OH films were removed from the
buffer solutions after reaching the swelling equilibrium, rinsed with deionised water,
dried under an argon stream, and stored under constant conditions for three days.
The HBP-OH layers were re-examined having a thickness variation upon swelling of

about 4% from the initial state. Hence, a nearly complete reversible swelling process
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Fig. 3.2.8. Equilibrium swelling degree SD (01) and equilibrium refractive index n (O)
at A = 630 nm of the HBP-OH films in the swollen state as function of the annealing
time of the initial samples.

The stability of all HBP thin films untreated and annealed for 1 hour was examined
using aqueous solutions of different pH. The HBP films immersed in buffer solution of
pH 10.0 (buffer compounds: boric acid, KCI, NaOH; Bernd Kraft GmbH, Germany)
were not stable and partly removed from a substrate. An apparent low level of SD of
about ~15 % for untreated and annealed (240 °C) HBP-OH films using pH 4.0 (buffer
compounds: citric acid, NaOH, HCI; Bernd Kraft GmbH, Germany) was obtained. The
Milli-Q water (pH ~ 6.5) was applied to decrease the influence of buffer components
on the results obtained. The values of SD for untreated and annealed HBP-OH thin
films were found to be 25.1 and 19.6 %, which are lower compared to SD of about
33.1 and 23.7 % obtained for films swelled at pH 7.4.
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The annealing of the HBP-OH/OAc-1 thin films (180 °C) did not reveal a significant
influence on the values of SD obtained for different pH. The SD data obtained for the
films immersed in water, buffer solutions of pH 4.0 and 7.4 were found in the range
from 10 to 15 %. The HBP-COOH thin films showed strong dependence of the
annealing procedure on the swelling behaviour. The SD data obtained for untreated
and annealed (240 °C) HBP-COOH films were found to be 30.4 and 25.0 % for buffer
solution of pH 4.0, 52.0 and 31.6 % for the Milli-Q water. Thus, it appears that the
swelling properties of HBP thin films are governed not only by the annealing
procedure but also by their environment.

The changes in wettability of an untreated and an annealed (for 3 hours at 240 °C)
HBP-OH film during its contact with water was studied via measurements of
advancing contact angles using ADSA-P (Figure 3.2.9). Since the buffer is a
multicomponent solution, the water was used at first in order to minimise the number

of influencing factors (ions) on the obtained results.
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Fig. 3.2.9. Time-dependent changes in liquid/vapour interfacial tension y,, advancing

contact angle 6, and contact radius r using water measured on untreated (V, right)
and annealed (O, left) HBP-OH films.

66



Chapter 3.
Characterisation of the film properties of hyperbranched aromatic polyesters

It can be seen clearly that the contact angles decrease with time, i.e. the
hydrophilicity of the surface increases. These significant changes in the contact
radius r and advancing contact angle 6, can be attributed mainly to the spreading of
water droplet on the surface and a partial swelling, i.e., penetration of water
molecules into the bulk phase of the polymer film [Sed96, Kis99, Hen04]. Both curves
of 6, and r of an untreated and an annealed HBP-OH film have similar kinetics and
reached a plateau after 15 minutes. These results showed a good agreement with
the data of the swelling kinetics (Figure 3.2.7) obtained using spectroscopic
ellipsometer. The observed strong decrease in 6, and r within the first 10 minutes
(first step of the swelling kinetics) is due to water penetration within the film and also
the relaxation of hydroxyl groups at the surface, i.e., weakening and destruction of
the existent network of hydrogen bonds and creation of a new one.

To reveal the influence of the chemical composition of HBPs, the contact angle
measurement with a limited number of components under the same conditions in
order to follow the progress in the surface wettability by buffer was applied.
Figure 3.2.10 shows the changes of y,, 6, and r during the contact of the PBS (pH =
7.4) droplet with the untreated surfaces of HBP-OH and HBP-OAc. No changes in j,
for both HBPs were obtained during the time of the measurement (10 minutes). The
similar character of the curves, i.e. a decrease of 6, and an increase of r is indeed
the direct consequence of the swelling of HBP films [Sed96]. The results presented in
Table 3.2.1 reflect the changes in &; during the measured time. There was no effect
of the hydrophobicity of HBP surface on the spreading of the PBS or/and water
droplets on the polymer film observed. Surprisingly, the untreated HBP-OH did not
show any difference in the hydrophilic character of the surface due to contact with

PBS solution compared to the water.

Table 3.2.1. Changes in 6, due to contact PBS and water droplets with the surfaces
of untreated HBP-OH and HBP-OAc during 10 minutes.

PBS water
advancing contact angle
HBP-OAc HBP-OH HBP-OH
6o 76.1 57.0 56.5
610 73.6 55.0 54.6
AG= G- by 2.5 2.0 1.9
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Fig. 3.2.10. Time-dependent changes in liquid/vapour interfacial tension .,
advancing contact angle 6, and contact radius r using PBS measured on HBP-OAc
and HBP-OH) films.

Zeta potential measurements were performed to provide information on the stability
and charging behaviour of polymer surface immersed in an electrolyte solution. The
influence of annealing of thin films on the electrochemical double layer composition
due to swelling process [Bel04] is shown in Figure 3.2.11. The surfaces of the
untreated HBP-OH and HBP-OH/OAc-1 showed a strong decrease of the zeta
potential vs. time. This can be attributed mainly to a higher number of an ionisable
hydroxyl surface groups in a swollen layer compared to the surface of annealed films.
In this case, the equilibrium swollen state was not reached whereas for the annealed
HBP-OH and HBP-OH/OAc-1 surfaces a stable state was observed after a few
minutes. The surface of HBP-COOH did not reveal significant changes of the
annealing procedure on the film stability. As mentioned, annealing of thin films of
HBP-COOH leads to an inter- and intramolecular hydrogen bond network formation
of carboxyl groups of HBP-COOH and between HBP-COOH and hydroxyl surface
groups of a silicon wafer [Bey01]. However, the formed network is not strong enough

to withstand the influence of flowing electrolyte solution and dissociation of carboxyl
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groups. There was no difference observed between annealed and untreated
HBP-OAc films. These results agree well with the data obtained by the spectroscopic
ellipsometer which showed relatively good stability of the HBP-OAc thin films in

aqueous media of different pH.
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Fig 3.2.11. Zeta potential of untreated (®) and annealed for 1 hour (B) HBP films as
a function of time:

at 240°C HBP-OH and HBP-COOH, at 180°C HBP-OAc and HBP-OH/OAc-1.

To reveal the influence of the annealing process on the changes in the chemical
composition of HBP surfaces in the liquid phase the zeta potential was measured as
a function of pH (Figure 3.2.12). The pH value was varied between 2.5 and 6.0. It
can be seen that the zeta potential as a function of pH is linear except the
HBP-COOH. Moreover, the surface of HBP-OAc showed a lower values of Isoelectric
Point (IEP) compared to the surfaces of the HBP-OH and HBP-OH/OAc-1 (Table
3.2.2). There are two potential factors influencing the values of the IEP: The first one
is the adsorption of the simple electrolyte ions from the aqueous solution: K*, CI",
HsO*, OH". For instance, Zimmermann et al. [Zim01] observed a high relevance of

unsymmetrical (preferential) adsorption of ions as the origin of charge formation at
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nonpolar polymer material (Teflon AF) in aqueous environment. The [EP was
obtained at pH 4.0 at different KCI concentrations applied. They found that the
preferential adsorption of hydroxyl ions (OH") is predominated as compared to the
adsorption of hydronium ions (H3O") at similar concentrations (neutral pH). The
authors also showed that in this case there was no effect of the preferential
adsorption induced by chloride and potassium ions. Furthermore, the /EP of the
surface of photo-attached polystyrene (6, = 89.4) was obtained at 4.4 pH units
[Ger04].

The second influencing factor is the possible hydrolysis of the surface ester groups
with subsequent dissociation of the acetic acid during the relatively long time of
contact of the HBP-OAc with an electrolyte solution. Thus, the surface becomes
more hydrophilic because of the formed hydroxyl surface groups and the dissociated
carboxyl groups of the acetic acid located on the top of the surface of the HBP-OAc.
Usually, these two processes, the adsorption of ions and the dissociation of surface
groups, can exist parallel. However, one process can predominate over another one
thereby determine the charge of a polymer surface.

Furthermore, only a slight difference was obtained between /IEP belonging to the
untreated and annealed HBP-OH and HBP-OH/OAc-1. The small displace of IEP of
annealed surface on 0.3 pH units to the basic region might be caused by the
decreased number of the acidic OH surface groups on the top of the surface of
annealed HBP-OH and HBP-OH/OAc-1 films due to segments rearrangement of
molecules during heating above T4, promoting low amount of adsorbed ions. The
similar values of /EP of HBP-OH/OAc-1 compared to the HBP-OH can be effected by
the strong influence of the hydroxyl surface groups of amount of 22.5 mol-% (see
Chapter 2.4.1).

The charge of the HBP-COOH surface showed the lowest values of /EP which is
promoted mostly by the dissociation of the carboxyl surface groups (pKa of benzoic

acid is 4.20) due to their contact with an electrolyte solution.
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Table 3.2.2. |IEP for untreated and annealed for 1 hour at 240°C HBP-COOH and
HBP-OH, at 180°C HBP-OAc and HBP-OH/OAc-1 films.

surface HBP-OH HBP-OH/OAc-1 HBP-OAc HBP-COOH
untreated 4.2 4.2 3.8 3.3
IEP
annealed 4.5 4.6 41 3.5
20 HBP-OH 104 HBP-COOH
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Fig 3.2.12. Zeta potential for HBP surfaces plotted as a function of pH: untreated (®)
and annealed for 1 hour (R) at 240°C HBP-OH and HBP-COOH, at 180°C HBP-OAc
and HBP-OH/OAc-1.

71



Chapter 3.
Characterisation of the film properties of hyperbranched aromatic polyesters

3.2.7. Conclusions

In conclusion, it has been found that the surface properties of very smooth aromatic
HBP thin films depend on the annealing procedure. The difference in the water
contact angles for differently treated HBP surfaces, untreated and annealed ones
was observed. There is, however, after 1h annealing time no further significant effect
of the annealing time on the contact angles measured and, consequently, on the
surface free energy calculated for HBP-OH and HBP-OAc. Film thickness and
annealing procedure were found to have a significant influence on the value of the
refractive index which can be correlated to the film density.

Spectroscopic ellipsometry was applied in situ to study the swelling dynamics of HBP
thin films in electrolyte solutions of pH 4.0 and 7.4, and water (pH~6.5). It was shown
that all polymer films swell significantly, reversibly and had similar kinetics (very fast
initial phase with reaching a plateau). However, thin films of HBP-COOH were not
stable at pH above 7.

The SD data and equilibrium refractive index indicate that the formation of a compact
and dense layer structure within HBP-OH films due to hydrogen bonding among
terminal hydroxyl groups occurred after 3 hours of annealing.

The changes in the advancing contact angle due to contact of the polymer surface
with water and PBS droplet depend on a combined effect of layer swelling and
droplet spreading due to attraction of water molecules and electrolyte ions to the
hydrophilic surface groups.

Therefore, for the application of HBP films as biofunctional materials, a control of the
properties of HBP thin films immersed in an aqueous solution is necessary, when

subsequent protein adsorption experiments will be carried out.
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3.3. Preparation and characterisation of grafted films of
carboxyl terminated hyperbranched aromatic polyester,
HBP-COOH

Abstract

In this Chapter, the strategy for the fabrication of surface attached carboxyl
terminated hyperbranched polyester HBP-COOH that is based on “grafting to”
technique is presented. The branched chemical architecture with multiple carboxyl
groups should provide an excellent grafting capability including surface functionality.
Moreover, the high ageing temperature applied allows the formation of an inter- and

intramolecular hydrogen bonded network (self-cross linking).
3.3.1. Hyperbranched polymers on solid surfaces

The control of the surface properties and the stability of polymer thin films is of a
great importance in numerous technologies, such as biotechnology and advanced
microelectronics (biosensors) [Bel02, Vol05]. The attachment of the polymers to a
solid substrate is often necessary to enhance the stability of the films in different
environments. The formation of the attached polymer layer is generally carried out
using either of two techniques, namely physisorption or chemical bonding of polymer
molecules to a substrate. Commonly, the choice of the attachment techniques is
governed by the chemical composition of a polymer used.

The great advantage of hyperbranched polymers (HBPs) is that they usually
demonstrate a high thermal stability and have large number of functional groups
(Chapter 2). These polymers can form uniform layers with a significant fraction of
functional groups located on the top of the surface. Several strategies were
developed for the effective fabrication of the stable HBP layers. For instance, Crooks
et al. [Bru97, Hie98, Wel96] observed fairly uniform layers of functional HBPs with
controlled chemical composition and thickness obtained by the “grafting from”
technique. Moreover, Zhou et al. [Zho96] reported the preparation of a highly
branched poly(acrylic acid) films attached to a self-assembled monolayer of

mercaptoundecanoic acid on gold using a series of repeated “grafting to” steps. The
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fabrication of a molecular surface coating from an epoxy-functionalised
hyperbranched polyester functionalised by secondary epoxy groups was studied by
Sidorenko et al. [Sid02a]. The authors demonstrated the formation of an uniform
monolayer with extremely robust and sustain high compression obtained by melt
grafting of functionalised hyperbranched polymers to a bare silicon surface.

In the present Chapter 3.3, the fabrication of thin films from the carboxyl terminated
hyperbranched polyester (HBP-COOH) chemically grafted to the surface of silicon
wafers is described. Each step of the surface modification was controlled with

ellipsometry, atomic force microscopy (AFM) and contact angle method.

3.3.2. Hyperbranched molecules with carboxyl terminal groups: Grafting to a

solid surface (silicon wafer)

The grafted HBP-COOH films were prepared by two-step procedure using
3-glycidoxy-propyltrimethoxy silane (GPS, ABCR GmbH, Karlsruhe, Germany) as a
coupling agent (Figure 3.3.1) [Min02]. For the chemisorption of GPS to the activated
surface (see Chapter 3.2.2) of silicon wafers (Wacker Chemitronics, Germany) with
native silicon dioxide of about 2 nm layer thickness a 1 wt% GPS solution in dry
toluene (Merck, Germany) was used. The wafers were kept for 16 hours under argon
atmosphere (<1 ppm Hy0) to avoid polymerisation of GPS. Then the wafers were
washed two times in dry toluene in the argon box and three times in ethanol (Carl
Roth GmbH&Co, Germany) to remove the non-attached GPS molecules. After that
the wafers were dried under argon stream. HBP-COOH was dip coated (developed
at IPF, Dresden, Germany) in 2 wt% tetrahydrofuran (THF, Merck, Germany) or
methanol (Merck, Germany) solutions. Then the samples were annealed at 240 °C in
vacuum oven (Transparent Drying Oven Buchi model T0-51, Jepson Bolton & Co
Ltd, UK) for different time. The non-attached HBP-COOH was removed by THF or

methanol Soxhlet extraction for 4 hours.
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Fig. 3.3.1. Grafting of HBP-COOH to the silicon substrate.

3.3.3. Analytical methods

3.3.3.1. Investigation of hydrogen bonding formation during grafting reaction
by temperature-dependent FTIR spectroscopy

Temperature-dependent IR transmission measurements were made analogously as
described in Chapter 3.1. The samples were prepared as films on KBr substrates by

solvent casting from 5.0 wt% THF solution as reported in Chapter 3.1.2.

3.3.3.2. Surface properties of attached HBP-COOH films
The advancing and receding contact angles of water were measured using DSA

Kriiss (Germany) as described in Chapter 3.2.3.

3.3.3.3. Ellipsometry
The Single Wavelength ellipsometer (SE402 Mapping ellipsometer, Sentech) with a
He—Ne laser at A = 633 nm and an angle of incidence 70° was used for the

monitoring of each step of the “grafting to” process. The thickness of the native
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silicon dioxide layer was calculated to be 1.7 + 0.1 nm at refractive indices n = 1.457
(k = 0) for the silicon dioxide layer and N = 3.875 - i0.016 for the silicon substrate.
The thickness of the GPS (n = 1.429) [Min02] monolayer was evaluated as 0.6 + 0.2
nm using three layer model: Si/SiO,/GPS. The thickness of HBP-COOH layer was
calculated using the corresponding refractive indices of the polymer determined by

spectroscopic ellipsometry (see Chapter 3.2.4).

3.3.4. Fabrication of surface attached HBP-COOH by “grafting to” technique

During the grafting of the HBP-COOH (T4 = 214°C) to the GPS layer at the
temperature above T4 (240°C), two parallel processes may occur. The first is the
reaction between the carboxylic groups of the HBP-COOH and the epoxy groups of
GPS. However, the nature of GPS molecules gave rise to several types of surface
functionalities due to hydrolysis of the epoxy rings by traces of water (Figure 3.3.2)
[Min02, Luz00]. For instance, Minko et al. [Min02] applied X-ray photoelectron
spectroscopy (XPS) and ATR-FTIR spectroscopy for the analysis of the chemisorbed
GPS layer. They showed that grafted GPS contains only a small fraction of epoxy
groups of about 5-10 %. Most of them have undergone a ring-opening reaction and
isomerization to carbonyl groups or even oxidation. However, the hydrolysis of the
epoxy rings produces also the hydroxyl groups which can be used for the further

attachment of the polymer.
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Fig. 3.3.2. Schematic representation of GPS chemisorbed layer [Min02].

The second process is the “self-cross linking” of the HBP-COOH with the formation of
the inter- and intramolecular hydrogen bonds due to treatment using high
temperature. The latter can influence the subsequent extraction of non-attached

polymer molecules.
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Fig. 3.3.3. The hydroxyl vibrations (vO-H) of HBP-COOH: (1) before heating up at
25°C; (2) after 6 hours of annealing at 235 °C; (3) after cooling down at 26 °C.

The IR spectrum of the initial HBP-COOH in the full mid-infrared spectral region is
given in Figure 2.5. The broad band of the carbonyl region is attributed to the
combined effect of the ester carbonyl (vC=0, 1744 cm™) and the complex band
(weak and strong bonded -COOH) [Bey01] of hydrogen bonded carboxyl groups
(vC=0 in —COOH, 1704 cm™). Therefore for the interpretation of the hydrogen bond
network re- and/or association due to “heating-annealing-cooling” (HAC) cycle
applied only the O-H stretching region (3700 — 3100 cm™) was used. Note, the
bands of the initial IR spectrum between 2982 and 2500 c¢cm™ belong to the non
removed THF (see part 3.1.3.1). Figure 3.3.3 shows the IR spectra of HBP-COOH
film in the hydroxyl vibration regions at different temperatures of the HAC cycle:
before heating up at 25°C, after 6 hours of annealing at 235°C (T4 = 214°C) and after
cooling down at 26°C. As in the case of HBP-OH (Chapter 3.1), the hydrogen bonds
in the HBP-COOH also displayed strong influence by heating and cooling. The
(vO-H) band of the spectrum 3 shows progressive shift to higher wavenumbers
indicating the re-association of the hydrogen bonds with formation of the better
ordered H-bonded network.

Generally, the grafting conditions such as polymer solution concentration, the solvent
used, the thickness of the initial film, grafting time and the temperature have strong
influence on the quality of the obtained films. Therefore, it is very important to
optimise the conditions of the grafting reaction and to control each step of the grafting

process. The initially prepared films of HBP-COOH from methanol and THF solutions
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(~ 30 nm) showed very smooth and homogeneous surface coverage (Figure 3.3.4).
The thickness of attached HBP-COOH was measured as function of ageing time and
the extraction solvent (Figure 3.3.5, left). As can be seen, the thickness of the HBP-
COOH layer increases with the reaction time for both solvents and reaches

approximately 12 nm after 6 hours of annealing.

THF
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Fig. 3.3.4. AFM images of initial coated HBP-COOH obtained from different solutions
with scan size of 4 um x 4 um: topography, left; phase, middle; corresponding
sections, right.
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Fig. 3.3.5. Kinetics of grafting of the HBP-COOH from THF and methanol solutions
with subsequent extraction monitored with ellipsometer (left) and contact angle
measurements (right): THF () and methanol (O) extraction.
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The results of the ellipsometric mapping of the surface of a silicon wafer which
followed each step of grafting of the HBP-COOH with the utilization of four-layer
model (Si/SiO./GPS/polymer), are presented in Figure 3.3.6. The mapping was
performed with a step of 1 mm in two orthogonal directions. The Z-axis illustrates the
increase of the layer thickness starting from the substrate (silicon). The entire

thickness of the HBP-COOH is nearly constant and about 12 nm.

HBP-COOH

Fig. 3.3.6. Ellipsometric mapping of sample used after each step of surface
modification (silicon dioxide, black).

The AFM analysis of the grafted layer of the HBP-COOH after THF extraction
showed very smooth surface, without any dewetting and aggregates (Figure 3.3.7).
The advancing contact angle &, of the HBP-COOH layer with reaction time of 6 hours
(Figure 3.3.5, right) was found in the range between contact angles of untreated
(55.1 + 1.6°) and for 2 hours annealed non-grafted HBP-COOH. The methanol
extraction showed lower values of 6, compared to the values obtained after THF
extraction. The obtained data of the contact angle allow estimation of how the surface
is screened with the HBP-COOH deposited on the substrate. The &, of the silicon
dioxide surface covered with the chemisorbed GPS (Figure 3.3.8) was measured as
471 + 1.3°. The receding contact angles 6, of the grafted HBP-COOH show
independence on the extracting solvent compared to the advancing ones. Moreover,
the low values of 6 with the initial contact angle of 29.0 + 3.0° (GPS) allow the

conclusion that the surface is completely covered by the HBP-COOH.
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Fig. 3.3.7. Topographical (left), phase (middle) and corresponding section (right)
AFM images of grafted HBP-COOH (~ 12 nm) with scan size of 20 um x20 um and
3 umx 3 um.
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Fig. 3.3.8. Comparison of advancing (O &), receding ( 6, contact angles and

surface free energy (B ys,) for GPS and grafted HBP-COOH (~ 12 nm, 6 hours of
annealing) films.

To investigate the stability of HBP-COOH/GPS reactive layers in phosphate buffered
saline (PBS, pH 7.4) the spectroscopic ellipsometry was applied (Figure 3.3.9).
Several differently annealed samples to initiate the thermal grafting process were
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used. The films with 2 and 4 hours of annealing were not stable enough in the buffer
solution. The six hours annealed film was not removed from the substrate. However,

a equilibrium swollen state was not obtained.

100
1 } removed from
1 ' the surface
— 80+
S ]
L. ]
© |
o 604
w 4
()
g
O
£ 40
20Hrr
0 100 200 300

time [min]

Fig.3.3.9. Time dependent swelling of non-extracted HBP-COOH/GPS samples with
different times of annealing to proceed the grafting reaction: 4 (A) and 6 (O) hours.

3.3.5. Summary

It was demonstrated that immobilised uniform layer with the thickness of about 12 nm
can be fabricated by chemical grafting of carboxyl functionalised hyperbranched
polyesters to silicon wafer surface.

The dependence of the ageing time on the thickness and contact angle of attached
HBP-COOH layer was also studied.

Strong dependence of the thickness of the HBP-COOH layer on the data of the
advancing contact angle was found.

It suggests that these layers are monolayers (after solvent extraction) composed of
densely packed hyperbranched molecules.

The non-extracted HBP-COOH annealed for 6 hours showed instability in aqueous

electrolyte solution, although it was not removed from the substrate.
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Chapter 4. Adsorption of model proteins

Abstract

A combination of different surface-sensitive techniques was applied to obtain a better
understanding of adsorption processes of model proteins on hydrophilic surfaces of
hydroxyl (phenolic group), hydroxyl/acetate and acetate terminated hyperbranched
aromatic polyesters (HBP) in comparison to a hydrophobic polystyrene (PS) surface.
Surprisingly, the adsorbed amount of lysozyme (LSZ) and human serum albumin
(HSA) on the hydrophilic surface of HBPs having a weak negative surface charge
was larger than on the hydrophobic PS surface. The adsorption kinetics of both
proteins on the surface of HBP films was investigated in situ by spectroscopic
ellipsometry and compared to the results obtained for PS surface. The adsorption
kinetics of both proteins on all types of surfaces showed a very fast adsorption
process. The adsorbed amount indicates the differences between LSZ and HSA
adsorption on the polar surface of HBPs.

Furthermore, the irreversible adsorption of HSA on HBP-OH was examined by the
formation of Amid-I and Amid-Il bands using in situ Attenuated Total Reflection
Fourier Transform Infrared (ATR-FTIR) Spectroscopy.

Axisymmetric drop shape analysis by profile (ADSA-P) was applied to measure in
situ the changes in the contact angle and interfacial tensions as a result of the
adsorption of protein molecules from a sessile solution droplet. The observed effects
are very complex since not only the presence of proteins, including the arrangement
and conformation of the adsorbed molecules, but also the properties of the polymer
surfaces play a role.

Therefore this Chapter begins with a review of protein chemistry, factors influenced
on the protein molecule stability in aqueous medium, the mechanism of protein

adsorption and forces involved in the adsorption process.
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4.1. Theory of protein adsorption

The interfacial behaviour of proteins is of crucial importance in biochemical and
biophysical processes, especially in biomedical and biotechnological applications
such as drug delivery, biomaterials, biosensors, biotechnical separation methods.
Adsorption of proteins from an aqueous solution on a surface is the net result of
various types of interactions that simultaneously occur between all the components in
the system: the protein molecules, the initial state of the surface, the solvent (water),

the low molecular weight ions (buffer components), pH and temperature.
4.1.1. Structure of protein molecule

Proteins are copolymers of different amino acids which are linked to each other to
form linear polypeptide chain (Figure 4.1). The C-N bond is fixed in a plane because
of its partial double-bond character due to mesomery. In a random structure of a
polypeptide chain rotational mobility exists around the w and ¢ bonds. The amino
acid side groups R’, R? ... are positioned in trans configuration to minimise steric
barrier [Nor91]. The amino acids have varying polarity, resulting in a more or less
amphipolar protein molecule. Furthermore, some amino acid residues containing an
ionised group and can adopt positive or negative electric charge after protonation or
deprotonation. This makes the protein an amphoteric polyelectrolyte. Moreover, if a
polypeptide chain organises in secondary structures as helices or f-sheets, hydrogen
bonding between peptide units (Figure 4.1 and 4.2) strongly restricts the rotational

freedom along the polypeptide chain [NorX, Nor86, Nor98].
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Fig. 4.1. Schematic representation of a polypeptide molecule.
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4.1.2. Factors affecting protein folding and stability in aqueous medium

The complex internal and surface architectures of proteins (especially for globular
protein) make it difficult to characterise their organisation in aqueous medium which
is of primary importance in their adsorption behaviour. This indicates that protein
unfolding is a highly cooperative process. The distraction of any significant portion of
the folded structure leads to unfolding of all the rest. Thus, although conformational
entropy and hydrophobic effects dominate the folding process, no type of molecular

interaction is unimportant [Nor98, Nor91, Hay94].

Hydrophobic interaction

The term hydrophobic interaction refers to the subsequent aggregation of non-polar
components in an aqueous environment (Figure 4.2). The dehydration originates
from the fact that contacts between water molecules are much more favourable than
contacts between non-polar groups or between non-polar groups and water. Hence,
non-polar groups tend to be rejected from an aqueous environment rather than being
attracted to one another. Hydrophobic interaction is characterised by a large entropy
increase and a relatively small enthalpy effect. Moreover, it is considered as the

primary driving force for the folding process [Nor86, Nor98, Nor96].

hydrogen ionic bond
bond o

Fig. 4.2. Different possibilities to stabilise a protein molecule in
an aqueous medium.

Hydrogen bonds
Peptide unit in a protein backbone contains a hydrogen donor (-NH) and a strong
proton acceptor (-C=0) which are the basic components of a hydrogen bond

formation (Figure 4.2). For a series of globular proteins, Baker and Hubbard [Bak84]
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found that about 88 % of all peptide carbonyl groups are involved in the hydrogen
bond formation. Some amino acid side chains can participate in the hydrogen bond
as well, but their contribution to the total number of the internal hydrogen bonds is
typically small [Hay94, Bak84, Nor98].

Coulomb interaction

Most of the charged amino acid residues in a protein molecule are located in its
aqueous periphery. In the isoelectric region, the positive and negative charges are
more or less evenly distributed over the molecule. This results in the intramolecular
electrostatic attraction favouring a compact structure. However, excess of either
positive or negative charge leads to the intramolecular repulsion and therefore
promote an expanded structure. Near the isoelectric point Coulomb interaction is
expected to favour a compact conformation of a protein molecule. The promotion of
the more expanded structure occurs at more extreme pH values. However, the
Coulomb effects have large dependence on the distribution of the charged residues
on a protein molecule [Tan57, Tan57a, Mat86, Nor86, Nor98, Nor96].

Lifshitz - Van der Waals interactions

This interactions originate from interactions between fixed and/or induced dipoles of
protein molecules and also of surrounding aqueous medium. They are very sensitive
to the separation distance r between the dipoles, varying as r °. Upon folding the
polypeptide chain into a compact structure, dipolar interactions between the protein
and water are destroyed. On the other hand, dipolar interactions inside a protein
molecule and between the water molecules are newly formed. The overall effect of
dipolar interactions on protein stability is not clear, although it is generally assumed
that because of the relatively high packing density, dipolar interactions tend to
promote a compact structure [Nor98, Hay94, Nir77, Hay91].

Conformational (rotation) mobility along the polypeptide chain

The interactions which are directive limit the rotation along the polypeptide chain and
the side chains, prevent the formation of secondary structures as o-helices and
pleated fsheet structures. They also decrease the possibility of folding of the

polypeptide chain to form a compact molecule [Nor86].
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Bond lengths and bond angles

In order to attain optimum internal interactions, lengths and angles of chemical bonds
in a protein molecule may be more or less deformated. Such “stress and strain”
implies an increase of the bond enthalpy. Energy minimisation calculations indicate
that covalent bond distortions in native (crystallographic) protein provide small but

significant contrast to the folder state stability [Lev78, Cre84, Nor86, Hay94].

4.1.3. Protein Adsorption: Fundamental Principles

In protein adsorption studies surface properties such as electrical charge density and
hydrophobicity as well as environmental conditions like pH, temperature and ionic
strength are often taken as experimental variables. Moreover, the specificity and
complexity of the protein structure makes it difficult to investigate all these effects on
the protein adsorption process in an unambiguous and systematic way. Several
experimental studies [Zs086, Bry86, Han88] showed that the rate of the protein
adsorption on a surface of the synthetic linear polymers increases with an increase of
the polymer molar mass. Furthermore, it was shown that an increase of the surface
hydrophobicity leads to an enhancing protein adsorption [Han88, Hor87, Mal94,
Mal95]. The adsorption of a protein at a charged surface involves overlap of the
electrical double layers at the solvated surface and the solvated protein surface. This
overlap results in the electrostatic attraction between protein and the surface having

opposite charge or in repulsion if their electrokinetic charges are of the same charge.

The kinetics of protein adsorption are determined by the adsorption rate at the
surface, changes in conformation and/or surface diffusion and mass transport
limitations in either adsorption or desorption steps.

Adsorption of protein from aqueous solution on a solid surface is a complex process
involving the following steps (Figure 4.3) [Kri92, Nor95]: transport toward the
interface (1) and attachment at the interface (reorientation) (2), eventual structural
rearrangements in the adsorbed state (3), detachment from the interface (4) and
transport away from the interface (5).

Each of these steps can, in principle, determine the overall rate of the adsorption
process. Protein molecule attached to the surface via several segments may

rearrange its structure in order to optimise interaction with a surface. Such structural
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changes further contribute to the adsorption free energy. The desorption process is
not just the reverse of the adsorption process. Desorption needs a higher free energy
than the free energy involved in the initial binding between protein and a surface.
After desorption the protein molecules may restructure into its native conformation

(6), but also different conformations could equally well remain [Nor86].

6

-—
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3 H 4 Fig. 4.3. Schematic representation
— > the kinetics of processes occurring
~ during protein adsorption [Kri92,
AR S T R Nor9b].

4.1.4. Factors influencing the protein adsorption at solid/liquid interface

Influence of surface hydrophobicity

The extent of adsorption of proteins onto the surfaces of different hydrophobicity is
determined by combined effects of interactions between protein molecules and the
surface but also within the adsorbed protein layer [Nor98, Nor94, Nor86]. The surface
hydrophobicity which is influenced by the chemistry and the morphology of a polymer
surface is one of the main factors in the adsorption process and has been a field of
fundamental biophysical and biochemical studies [Mal94, Mal95, Mar02, Wer02,
Nor95, Arw93, Kra04]. Furthermore, a surface of different hydrophobicity results in
different biological response during adsorption of bioactive macromolecules, e.g.
enzymes, proteins and antibodies. Generally, it was found that on hydrophobic
surfaces, the structural changes in protein molecules and subsequent denaturation of
globular proteins during irreversible adsorption are stronger than on hydrophilic ones
[Tam93, Mur00]. For these reasons, polymers containing hydrophilic (polar) surface
groups, e.g. carboxyl, hydroxyl, amino or phosphate ones, which can create a net

electrostatic potential, are often used for investigations of interactions between
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protein and substrate [Nor92, But99]. Varying the hydrophobicity/hydrophilicity ratio
due to changing the chemical composition of a surface automatically involves
variation of protein/substrate (polymer) interactions. The adsorption on hydrophilic
surfaces is often driven by charge-related electrostatic attraction and entropic effects
arising from changes in conformational structure and hydration/dehydration of a solid
substrate and protein molecules [Mal94, Mur00, Nor0O, Nor98]. These processes are
not independent of each other and the magnitude and prevalence of one over the

others is related to the physicochemical properties of protein and polymer surface.

Individual characteristics of protein

Another important factor strongly influencing the adsorption process is the individual
characteristics of the used protein, i.e. size, shape and charge distribution [Nor98,
Nor00, Wer02, But99]. A high surface activity of protein molecules is governed by an
intrinsic property since proteins are complex molecules built up from about twenty
different amino acids. For instance, Norde et. al. [Nor00, Nor92] divided proteins into
two classes according to their electrostatic behaviour: The “soft”, structurally labile
proteins (e.g. human serum albumin, bovine serum albumin etc.) are able to display
large conformational changes upon adsorption. Their adsorption on a hydrophilic
surface is mostly governed by the gain in the conformational entropy and by
decreasing the order in the secondary structure. On the other hand, the “hard”
proteins (e.g. lysozyme, cytochrome c, RNase, subtilisin etc.) with a high internal
cohesion undergo limited or no structural rearrangements during adsorption. They

adsorb on a hydrophilic surface only due to electrostatic interactions.

Influence of protein hydrophobicity

Protein molecules contain both polar and non-polar parts. Therefore, their dissolution
in water leads to the hydration of hydrophilic groups. The hydrophobic fragments
arranged in the interior parts of a molecule. The distribution of the polar and non
polar parts on the periphery of a protein molecule is strongly dependent on their size.
Large proteins (human serum albumin, fibrinogen etc.) have small amount of non-
polar groups on the surface due to similar surface/volume ratio. For small ones (e.g.
lysozyme, cytochrome c, ribonuclease etc.), non-polar groups occupy about 50% of
the water available surface area [Lee71]. Moreover, the hydrophobicity influences the

protein structural stability which affects the adsorption [Ada74, Ohn76, Nor98].
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Influence of rearrangements of protein molecules

As just mentioned, the first two steps of a protein adsorption (Figure 4.3) are the
transport of protein molecules toward the interface and their attachment to a surface.
Generally, the intramolecular hydrophobic interactions become less important as a
structure-stabilising factor of an adsorbed molecule. This decrease of the
hydrophobic interactions between amino acid side groups leads to destabilisation of
a-helices and decrease of their content in a protein molecule. In the case of a
hydrophilic surface containing oxygen groups (e.g. glass, silica etc.) the peptide units
have to form hydrogen bonds to stabilise the protein molecule. Additionally, for a
hydrophobic surface, adsorption can induce extra intramolecular hydrogen bonding
due to increased or decreased ordering in the protein structure by promoting the
formation of secondary structures as a-helices and fsheets. As a result, the
structural rearrangements in a protein molecule could be a major driving force for the
adsorption [Ara90, Nor92a, Nor98a, Nor98, Nor86, Nor95].

It should be noted also that adsorption of bioactive macromolecules are strongly
influenced by the surrounding environment, i.e. pH, ionic strength and temperature of
the solution used. The structure, stability and charge distribution of protein might
change dramatically upon changes in the environmental conditions. Therefore, it can
be concluded that the cooperative influence of all these factors mentioned above has
made it difficult to characterise the behaviour of proteins at interfaces in a systematic

and precise way.
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4.2. Monitoring the protein adsorption on solid surfaces

Several studies were carried out to characterise the adsorption of proteins on
different substrates using different surface sensitive methods [Nor98, Nor92, Nor95,
Nor00, Noo99, EIw98, Mar93]. Simple null-ellipsometry was often applied to quantify
the level of protein adsorbed onto various solid/aqueous solution interfaces [Mal94,
Mal95]. Similar ellipsometric studies were done on the protein adsorption onto
crosslinkable hydrogel polymer surface with incorporated phosphorylcholine groups
and dodecyl chains [Mur00]. The residual level of protein adsorption on these two
polymer surfaces was found to be comparable to that on model surfaces such as
silicon oxide and PMMA. X-ray photoelectron spectroscopy and contact angle
measurements were applied to characterise the adsorption of BSA on hydrophilic
and hydrophobic surfaces [Kra04]. It was shown that BSA adsorbed in an one step
process on hydrophobic surface and in a two-step process on hydrophilic one. The
combination of two in situ techniques, null-ellipsometry and axisymmetric drop shape
analysis by profile (ADSA-P) was applied to monitor the protein adsorption at the
solid-liquid interface from a sessile solution droplet [No099]. It gave a possibility to
measure simultaneously the amount of adsorbed protein and the changes in the
solid-liquid interfacial tension during adsorption. Additionally, Van der Veg et al.
[Veg96] showed the pH dependence of the kinetic changes in both the solid-liquid
and liquid-vapour interfacial tensions during protein adsorption on FEP-Teflon
surface.

Also, there are many different methods applied to study the protein adsorption
phenomenon at polymer interfaces using platform technologies of surface
engineering situated in department of Biocompatible Materials of Leibniz-Institute of
Polymer Research (Dresden, Germany). Some of them are [Htt5]:

- Microslit Electrokinetic Set-up (MES) combined with in-situ reflectometric
interference spectroscopy (RIfS) which can provide new insights into protein
adsorption phenomena as the in-situ method and allows to analyse simultaneously
surface charge characteristics and optical layer thickness.

- Quartz crystal microbalance measurements providing information about mass
contribution and viscoelastic properties of the adsorbed biomolecules [Ren04,
Ren05].
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- High-sensitive differential scanning calorimetry (micro-DSC) allowed to obtain
information on a macroscopic level and to assess the overall structure of the protein

molecule, e.g. information on protein stability and denaturation temperature [Wel02].

Considering the importance of surface hydrophobicity in protein adsorption
applications, the aim of this Chapter was to investigate the adsorption of lysozyme
and human serum albumin as model proteins with opposite charges at the solid-liquid
interface of hyperbranched polymers (HBP) which are extraordinary materials with
high application potential [V0i05]. Nevertheless, in spite of prognosticated increasing
importance of HBPs for biomedical application, there were no published studies of
protein adsorption on hyperbranched aromatic polymers found.

In Chapter 3.2 of our studies [Mik05] we demonstrated the surface properties and
swelling behaviour of hyperbranched aromatic polyester (HBP) thin films in aqueous
medium. It was shown that all HBP polymer films used have similar swelling kinetics
and reached an equilibrium plateau within half an hour. Therefore, a pre-adsorption
period to obtain an equilibrium swollen state of these films was important to consider
as the first step in protein adsorption experiments.

In this Chapter the protein adsorption on the surfaces of the HBP-OH, HBP-OAc and
HBP-OH/OAc-1 was investigated at room temperature (23 + 1°C) using a
combination of in situ spectroscopic ellipsometry, ATR-FTIR spectroscopy and
Axisymmetric Drop Shape Analyses by Profile (ADSA-P). The results were compared
to those obtained for a polystyrene surface which was used as a more hydrophobic
reference material. Unfortunately, thin films of HBP-COOH were not stable enough at

pH 7.4 that did not allow us to use them in protein adsorption experiments.

4.2.1. Materials used in the adsorption experiments: polymers (HBP-OH, HBP-
OH/OCOCH;, HBP-OCOCHj,, PS), proteins (LSZ, HSA), buffer

4.2.2.1. Polymers
Hydroxyl (phenolic groups, HBP-OH), hydroxyl/acetate (HBP-OH/OAc-1) and acetate

(HBP-OAc) terminated hyperbranched aromatic polyesters (My, M,, T4, Tote are
given in Chapter 2) and polystyrene (PS, 148H BASF, Germany, M,, 188000 g/mol,
M, 97000 g/mol, T4 = 100 °C) were used as polymers to built up model hydrophilic

and hydrophobic surfaces. HBPs and PS were spin coated onto polished silicon
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wafers (20 seconds, 3000 rpm) as thin films from a 1.0 wt% tetrahydrofuran (THF) or
toluene solutions (both from Merck, Germany), respectively.

As reported in Chapter 3.2, the film thickness and annealing procedure have a
significant influence on the values of water contact angle and the refractive index that
can be correlated to the film density (Table 4.1) [Mik05].

Table 4.1. Mean thickness d°” and refractive index n®” , advancing 6, and receding 6,
contact angles of polymer films used in protein adsorption experiments.

Initial state ~ dY n"Y 04 o
Polymer
of surface [nm] [deq] [deg]
untreated 1.660 £ 0.007 54.0+04 20.1+1.3
HBP-OH* 30t5
annealed* 1.679+0.005 758+0.6 33.7+14

HBP-OH/OAc-1  untreated 30+5 1.606+0.004 74.2+1.2 53.0£1.6
HBP-OAc untreated 35+5 1.589+0.002 76.1+0.1 53.8+0.4

PS untreated 32+4 1.602+0.004 894+03 87.9+0.3

* annealed at 240°C for 3 hours

4.2.2.2. Proteins

Chicken egg white lysozyme (LSZ, Sigma, Germany) with molecular weight 16 600
g/mol and IEP of 10.7 (positively charged at pH 7.4) was used as supplied.
Lysozyme has a roughly ellipsoidal globular structure with dimension of 4.5 nm x 3.0
nm x 3.0 nm [Mal95]. Lysozyme is a small multidomain protein with high content of
secondary structure containing 42% of a-helix.

Human Serum Albumin (HSA) with molecular weight 66 000 g/mol and isoelectric
point (IEP) of 4.7 (negatively charged at pH 7.4) was purchased from Sigma
(Germany) and used as received without further purification. It is a globular but rather
flexible protein with an overall dimension of 15 nm x 3.8 nm x 3.8 nm. The protein
molecule consists of three globular units held together by short flexible regions. The

secondary structure contains 48% of a-helix and 15% of pB-pleated sheet [Wer99].
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4.2.2.3. Buffer

Phosphate buffer saline (PBS, pH 7.4, Sigma, Germany) was used to prepare single
protein solutions with concentration ¢ = 2.5 mg/ml and ¢ = 20 mg/ml. The prepared
solutions were bottled in plastic vials and immediately frozen at the temperature of —
20 °C. Before use, the protein solution was taken out from a refrigerator and kept at
room temperature for 1 hour. After that, a solution was used directly for the protein
adsorption experiments or for the preparation of the protein solutions of lower

concentration.

4.2.2. In situ ellipsometry studies of protein layers adsorbed at solid-liquid
interfaces: Comparison between experimental data for adsorption kinetics of
LSZ and HSA on HBP-OH films

The ellipsometric measurements of adsorption of model proteins were performed
using a variable angle multiwavelength ellipsometer M-2000VI, J.A. Woollam Co. Inc.
(USA) in the spectral range from 428 to 763 nm. It is a Diode Array Rotating
Compensator Ellipsometer (DARCE™) in PCSA configuration. As described in the
Chapter 3.2 [Mik05], the ellipsometric WVASE 32 software package was used to
evaluate the thickness d and refractive index n of the dry film from obtained
ellipsometric experimental data ¥ and A at three angles of incidence (65°, 70°, 75°).
The optical two layer model (Si substrate/SiO,/polymer) was used for the data
analysis. Optical constants of silicon and silicon dioxide at A = 630 nm were taken
from [Wer99, Woo]. First of all, the SiO, layer thickness was determined. In order to
determine d and n of the polymer film the fit was performed using the Cauchy
equation [Woo] over the measured spectral region, where the HBPs and PS films are
non-absorbing (k = 0).

The dynamic measurements of protein adsorption were performed in the special
quartz cell at an angle of incidence of 68° (Figure 3.2.2). The sample was placed in
the middle of the cell, and the measurement at the air-solid interface was done
before the buffer was added for the solid-liquid experiment to consider a windows
effect. The subsequent time dependent measurements were started from the
injection of buffer solution with volume of 3 ml by an Eppendorf syringe as it was
described earlier (Chapter 3.2) [Mik05]. In this way the equilibrium swollen state of

the polymer film was precisely determined. After that, the dynamic scan was stopped
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and the single spectroscopic scan was recorded. Then, a new dynamic scan was
started. One minute later, a protein solution of high concentration of desired volume
was injected. The record of the ellipsometric angles ¥ and 4 allows to determine the
thickness of the protein layer as a function of time. The different steps of a protein
adsorption experiment are schematically shown in Figure 4.4. For every experiment,
single spectroscopic ellipsometry scans were recorded prior to the introduction of the

protein solution and at the end of the adsorption period.

adsorption of protein

swelling of polymer layer

injection of protein solution

@ dynamic scan

thickness [nm]

[}
I
! &single spectroscopic scan
|

O

dry state

injection of buffer solution

time scale [min]
Fig. 4.4. Schematic representation of experimental steps in protein

adsorption experiments measured by ellipsometry.

At the same time, the large data sets of ¥, A -pairs are available to carry out a
successful fit to the assumed optical model as well as for crosschecking results.
Typical data of an adsorption experiment are shown in Figure 4.5. All experimental
data were of good reproducibility allowing the best fit. Differences between two sets
of data indicate the adsorbed amounts of HSA and LSZ. It can be seen that
adsorption causes changes in both #and A (Figure 4.5a). The largest difference in 4
occurs between 428 and 550 nm. Interestingly, with increase of 1 the difference of 4
decreases. In the near vicinity of 633 nm, which is a typical wavelength of a null-
ellipsometer, the difference in A is relatively small. Changes in ¥ are more
pronounced in the full wavelength range.

Figure 4.5b shows the ¥ and 4 profiles at 4 = 450 nm recorded for the adsorption
from HSA and LSZ solutions (c = 1.0 mg/ml) onto the surface of the untreated HBP-
OH during the first 10 minutes. The first set of ¥ and 4 was measured when the

surface was in contact with the pure buffer solution (dashed line). The second set of
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¥ and A was recorded during adsorption of a protein (solid line). The difference
between the end point of the first set and the starting point of the second set is due to
a re-alignment of the sample before recording the protein adsorption (Figure 4.4).
Clear difference can be seen between the ¥ and 4 of the swollen polymer film and
after protein is adsorbed. The strong increase of both angles corresponded to the
adsorbed protein layer, suggesting that the adsorbed amount varies little after just 2

minutes.
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Fig. 4.5. Spectroscopic ellipsometry data measured at the polymer/solution
interface (untreated HBP-OH / PBS) before (--=) and after (—) adsorption of HSA
(left) and LSZ (right) from solutions with concentration of 1.0 mg/mi:

2a) — wavelength dependence, 2b) — time dependence at A = 450 nm.
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Changes in the thickness of a protein layer adsorbed on the polymer substrate were
evaluated using the optical model illustrated in Figure 4.6. Note, it was assumed that
the protein adsorption does not change the structure of the underlying polymer layer,
and proteins do not penetrate into the swollen HBP layer. Unfortunately, often it is not
possible to determine simultaneously n and d of very thin layers (d < 10-20 nm) such
as the adsorbed protein layers because of a possible correlation of these
parameters. Moreover, the situation is more complicated for dynamic and non-dense
aqueous protein layer. This was the main reason why it was decided to use a
constant mean value of the refractive index np = 1.375 to describe the adsorbed
aqueous protein layer [Mal94, Mal95, Wer99] and to fit the corresponding layer

thickness dp.

100 — Ambient: PBS
'c 80 — Cauchy 2:adsorbed protein layer,
c nis fixed, d is fitted
= 60 — Cauchy 1: polymer film in swollen state;
2 40 n and d are fixed for the
_“C’ subsequent protein adsorption
20 — Si0O, n=14571 k=0

— Si n=3.875 k=0.016

Fig. 4.6. Optical model used for fitting of the experimental ellipsometric
data ¥ and A to evaluate the thickness d of adsorbed protein layer. The
refractive index n of the protein layer was fixed at 1.375 [Wer99].

The average thickness dp calculated in such manner from the data obtained by the
single spectroscopic scan after reaching the adsorption equilibrium, was finally used
to evaluate the adsorbed amount (I" ) of protein according the de Feijter et al.

equation [Fei78]:

(npl - nam

pl (dnj 4.1)
dc ,

where T is the adsorbed amount of protein [mg/mz], dp is the protein adsorbed layer

I'=d

thickness [nm], ny, is the effective refractive index of the protein layer fixed at 1.375
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[Wer99]; (dn/dc), is the refractive index increment of HSA (0.187 cm3/g) [Mal95,
Wer99] and LSZ (0.188 cm3/g) [Mal95, Fei78]. n.m is the refractive index of buffer
solution used as an ambient medium (n = 1.327 at L = 630 nm) [Mik05]. From the
point of view of the ellipsometry data evaluation I" should show an independence on
a possible np;, d, parameter correlation because here the unequivocally determined
“optical thickness” of the protein layer (product of d, and np ) is used for the

calculation (see Eq.1).

4.2.3. In situ Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)

Spectroscopy: a complementary analytical tool for protein adsorption studies

ATR-FTIR spectroscopy was applied to obtain further molecular evidence of protein
adsorption on HBP films. ATR-FTIR measurements were performed using an FTIR
spectrometer (IFS 28, Bruker-Optics GmbH, Germany) consisting of a special mirror
set-up and a removable in situ ATR sorption cell (Figure 4.7) surrounding a
trapezoidal ATR-Si-crystal of 50 mm x 20 mm x 2 mm and providing an incidence
angle of 45° [M0l02]. The Single Beam Sample Reference (SBSR) concept applied
by M. Mller [M0I02] in Leibniz Institute of Polymer Research (Dresden, Germany)
based on alternate recording of the intensities of the upper sample half (Is) and lower
reference half (Igr) of the ATR plate allows for convenient compensation of
background absorptions from the silicon ATR plate, polymer film, water vapour and
liquid water (from the buffer). Both half’s are sealed by O-rings and the front plate of
the in situ-cell forming two separate compartments, which can be filled by aqueous

solutions.

HSA solution

Si crystal ‘

Fig. 4.7. In situ ATR sorption cell (M. Miiller, IPF, Dresden, Germany).
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Intensity spectra were recorded in the spectral range of 4000 - 400 cm™ with a
resolution of 2 cm™ and 100 scans for both sample and reference half and were

processed to give absorbance spectra according to Equation 2:

1
Agpr = —log([—sj (4.2)

R

HBP-OH was coated onto the total front area of the ATR-Si-crystal from a 0.5 wt%
THF solution by a special spin coating set-up. The film thickness was ellipso-
metrically determined to be 32 nm after annealing for three hours at 240 °C in a
vacuum oven. At first, HBP-OH was equilibrated in the sample and reference half for
one hour with the buffer solution to obtain the swollen state of the HBP-OH film. After
that, in the sample compartment the buffer solution was replaced by 5 ml of the HSA
solution in order to avoid dilution of the protein solution by the buffer, whereas in the
reference compartment the buffer solution remained. Subsequently, 12 spectra were
measured with an interval of 5 minutes. After that the flow cell was rinsed with PBS to
remove non attached protein molecules and 3 spectra were recorded for the
following 30 minutes. Four protein concentrations of 0.05, 0.1, 0.5 and 1.0 mg/ml
starting from the lowest one were used. Thereby, the respective higher concentrated
solution was injected onto the bound layer adsorbed from the lower concentrated
protein solution. Protein adsorption was monitored by determining the integrated
absorbance value of the Amide-Il band, which is located near 1550 cm™ and shows

almost not interference with the 3(OH) band of liquid water from the buffer solution.

4.2.4. Axisymmetric Drop Shape Analysis by Profile applied in situ to study

kinetics of protein adsorption at HBPs and PS surfaces

In previous investigations [Noo99, Gru99], it was shown that contact angle
measurements based on Axisymmetric Drop Shape Analysis by Profile (ADSA-P,
Figure 1.5) can be used to access the changes in the surface energetics due to
protein adsorption. In the present study, the experiments with sessile solution
droplets were performed to measure changes in the contact angle and interfacial
tensions due to the adsorption of the proteins.

In the first type of experiments, a droplet of a protein solution with a volume of 50 pl

was gently deposited onto an untreated polymer surface and the changes in contact
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angle and liquid surface tension were measured during the protein adsorption up to
30 minutes. The set-up was covered by a small glass cell to prevent evaporation
effects.

In the second type of experiments, a buffer solution droplet with a volume of 200 pl
was placed onto the polymer surface and 30 minutes later, a protein solution (4 - 10
ul) with desired concentration was directly injected into the middle of the drop using
an Eppendorf syringe. From changes in droplet volume the final concentration of
protein was recalculated. This type of experiments was applied to simulate the
experimental steps used in the ellipsometric experiments. HBP-OH polymer
substrates were used as pre-swollen films. For this, the prepared HBP-OH films were
kept in a desiccator for three days to remove the residual solvent. After that, the
HBP-OH films were annealed in a vacuum oven at 240 °C for 3 hours. Pre-swollen
state was obtained by immersion of annealed HBP-OH films into PBS solution for a
half hour [Mik05]. After that, films were rinsed with reagent-grade water produced by
Milli-Q filtration system. The rest of water was removed from the surface with argon
stream and the sample was immediately used for the measurements. PS films were
used as prepared without any treatment.

It is well known that the adsorption of protein molecules at interfaces is accompanied
by changes in the interfacial tension. The change in the interfacial tension is
influenced by molecular characteristics of protein, protein solution concentration and
properties of a polymer surface. Usually, at higher protein concentrations more rapid
changes of the interfacial tension are observed [Noo99, Gru99]. The contact angle
d(t) and the liquid-vapour interfacial tension y,(t) data were obtained as function of
time from a sessile solution droplet on a polymer substrate by ADSA-P. These data
were combined with Young's equation (Eq. 1.7) to yield the overall changes of the
solid-liquid interfacial tension y(t) at any time t during the adsorption process. The
solid-vapour interfacial tension y, was estimated separately from water contact angle
measurements using the equation of state approach for solid-liquid interfacial tension
(Eqg. 1.8). The changes in the solid-liquid interfacial tension Ay(t) due to protein

adsorption were quantified by the following equation:
Ay () =y,(0)—7,(eq) (4.3)

where y5(0) and yy (eq) are the initial and final average values of the solid-liquid

interfacial tension. In the experiments using pre-adsorption time, it was assumed that
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76(0) and yg(eq) are the solid-liquid interfacial tensions of buffer solution and polymer
before injection and of a protein solution and polymer after injection of a protein

solution, respectively.

4.2.5. Adsorption kinetics of LSZ and HSA at solid/liquid interface of HBP-OH,
HBP-OH/OCOCH;, HBP-OCOCH; and PS films

Figure 4.8 shows the ellipsometric results of the adsorption process using a protein
solution with concentration of 1.0 mg/ml. There were no significant differences
between the adsorption kinetics of LSZ and HSA on different types of surfaces,
showing a very fast adsorption process. However, the adsorbed amount of these

proteins on the untreated HBPs and PS surfaces was different.
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Fig. 4.5. Adsorption kinetics of HSA (O) and LSZ (<), ¢ = 1.0 mg/ml, with following
rinsing with PBS () on HBP and PS films.

These results might be explained by different mechanisms of adsorption on more
hydrophilic HBPs and more hydrophobic PS surfaces (see values of the advancing
contact angle, Table 4.1). Thus, the adsorption of the first layer of LSZ on the weak
negatively charged HBP surfaces should be affected by the attractive electrostatic

interaction between surface and protein. Further adsorption is controlled by other
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factors, e.g. hydrophobic interactions between proteins in two layers and dynamic
movements of the first adsorbed layer [Wah95]. On the PS surface, the situation is
quite different. The adsorption of LSZ should be governed in that case mainly by the
hydrophobic interaction between the PS surface and the hydrophobic domains of
LSZ. The result of a low desorption due to rinsing with buffer from the hydrophobic
PS surface showed that LSZ has also a relatively high affinity to the hydrophobic
surface and the adsorption is essentially irreversible. The adsorption of LSZ on
several hydrophobic surfaces was previously documented by different groups [Nor95,
Mal94, Wer02]: They supposed that the adsorption of LSZ is determined by the
“hardness” of protein molecules adsorbed at the surface, i.e. physical interactions are
responsible for the protein-surface interactions and affecting the structure and
stability of the adsorbed molecules. For example, Wertz and Santore [Wer02] found
that LSZ undergoes interfacial orientation but resists to significant conformational
changes at the interface.

Surprisingly, the adsorbed amount of HSA (at ¢ = 1.0 mg/ml) on the polar surface of
HBPs having a weak negative surface charge is higher than on the more
hydrophobic PS. In contrast to HBP-OH and HBP-OH/OAc-1, the rinsing of PS and
HBP-OAc films with buffer reveals a decrease in the amount of adsorbed HSA.
However, Ballauff et. al. [Wit03, Jac04] have observed a strong interaction between
the negatively charged BSA and spherical polyelectrolyte brushes, e.g. poly(acrylic
acid) and poly(styrene sulfonic acid). They supposed that due to the heterogeneity of
the surface charge distribution of globular proteins, the protein adsorption also takes
place on the “wrong side” of the isoelectric point of a protein (pH > IEP;), i.e. due to
electrostatic interactions between negatively charged polymer and positively charged
protein patches. Therefore, depending on the number of these positively charged
patches the adsorption might be more or less strong.

On the other hand, the relative higher adsorption of HSA at the hydrophilic (polar)
surface can be also attributed to the rearrangements of the densely folded structure
of globular protein over time in order to optimise their interaction with a surface
[Nor95, Bar92]. In this case, the driving force of the adsorption must overcompensate
the opposite effects of hydrophilic dehydration and electrostatic repulsion [Nor92].
The hydrophobic parts of the protein which are located in the interior of the dissolved
molecule might be exposed to the shell due to adsorption. Such structure

rearrangement in the “soft” HSA molecule involving a reduction of intramolecular
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hydrophobic bonding and a decrease of the secondary structure [Nor0O] should play
a major role in the adsorption process on the more hydrophilic HBP surfaces.

The adsorption kinetics in terms of contact angle was studied by ADSA-P to reveal
changes in the solid-liquid interfacial tension s which can be used as a measure of
protein adsorption as well. Three different experimental runs of protein adsorption for
HSA solution (c = 1.0 mg/ml) at the untreated HBP-OH, HBP-OAc and PS surfaces
are shown in Figure 4.9. As expected [Vo0i91], in general the changes obtained in y,
and @ due to adsorbed proteins are more or less dependent on the type of protein

and the concentration used.
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Fig. 4.9. Different runs of liquid-vapour interfacial tension y,, contact angle 6, contact
radius r and volume V during protein adsorption from HSA solutions (¢ = 1.0 mg/ml)
at untreated HBPs and PS surfaces.
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The evaluated results of changes in the solid-liquid interfacial tension A4y according
to Eg. (3) due to adsorbed proteins on HBP-OH, HBP-OAc and PS surfaces are
shown in Figure 4.10. The adsorption of HSA on PS and HBP-OAc films is
accompanied by a significant change in y; compared with HBP-OH ones. Only small

differences in Ay, were observed when HSA or LSZ adsorb on hydrophilic HBP-OH

surfaces.
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Fig. 4.10. Changes in solid-liquid interfacial tension Ay due to
protein adsorption on different polymer surfaces.

In Figure 4.11, the results obtained from the wetting and ellipsometric experiments
for the adsorption kinetics of HSA on HBP-OH and PS are compared. HSA adsorbs
very fast on both types of surfaces. After a certain time there is (nearly) no further
change in the adsorbed amount of HSA but the solid-liquid interfacial tension  is
further decreased with time. This behaviour was also found by Noordmans et al.
[No099] and was explained by conformational changes of the adsorbed HSA
molecules. These changes are more pronounced for the more hydrophobic polymer
surface. The kinetics of the y; and thickness changes of the LSZ showed similar time

dependence as HSA with a distinct influence of concentration.
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Fig. 4.11. Time-dependent changes in ys (V) and thickness d (O) due to adsorbed
HSA (c = 0.1 mg/ml) at the untreated HBP-OH and PS surfaces.

Measurements using a pre-adsorption period in the buffer solution were carried out
exemplarily for HBP-OH to simulate the experimental conditions used in the
ellipsometric measurements. Figure 4.12 illustrates the time dependence of y, , 7
and @ during adsorption of HSA on PS compared to pre-swollen HBP-OH films. The
pronounced decrease in @ during contact with a pure PBS solution droplet can be
attributed mainly to the buffer penetration within the polymer film and an increase in
the hydrophilic character due to reorientation of polar surface groups of the HBP-OH.
Injection of HSA solution resulted in a rapid and pronounced increase in the contact
angle. The observed effect is very complex and it can not be excluded that this
behaviour is caused by a pinning of the contact line as there was no further change
in the contact angle with time. The decrease in y, over time, which can be

simultaneously measured, is due to the adsorption of HSA molecules at the liquid-
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vapour interface. Generally, on the polar hydrophilic surface of HBP-OH, a gradual
increase of 8 was observed for both proteins at different concentrations (Table 4.2).
On the more hydrophobic PS surface, the contact angle decreases in the presence of
adsorbed protein molecules showing a decrease in jyy during adsorption. The
calculated increase in yg during the adsorption of proteins at the HBP-OH surfaces

for this special type of experiments is still not clear.
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Fig. 4.12. The changes in n, ys and 6 during HSA adsorption of final concentration of
0.1 mg/ml on PS and pre-swollen HBP-OH films.
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Table 4.2. Changes in y, , ys and 6 due to LSZ and HSA adsorption on PS and pre-
swollen HBP-OH films (experiments with pre-adsorption period).

) c protein Any A A0
Polymer Protein [n?ng /mi] [mNy;m] [mNyZn] [deg]
0.1 15.9 -8.6 2.9
HSA 0.5 17.4 -11.1 2.8

HBP-OH
0.1 11.0 -5.9 2.2
LSZ 0.5 15.3 9.5 2.3
0.1 13.9 +7.4 +7.2
HSA 0.5 17.0 +10.7 +10.8

PS

0.1 5.2 +2.9 +2.6
LSz 0.5 8.9 +4.8 +4.5

Figure 4.13 shows the results obtained by a consecutive increase of protein
concentration during one ellipsometric experiment which gave the values of adsorbed
amount on HBPs and PS films corresponding to the results obtained from individual

measurements at a selected protein concentration.
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Fig. 4.13. Consecutive adsorption of LSZ and HSA on untreated HBPs and PS films
(c protein [mg/ml]: 0.1— 0.2— 0.4— 0.6— 0.8— 1.0).
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At the lowest concentration tested (c = 0.1 mg/ml) the adsorption kinetics is diffusion-
limited and the initial slope of the adsorption curves is clearly seen. Further injection
of a protein solution leading to the structural rearrangements involves an expanding
contact area between the protein molecules and the surface or with already adsorbed
molecules or displacement of neighbouring molecules [Nor95]. Such behaviour is the
reason for the increase in the adsorbed amount for LSZ as well as for HSA with
increasing the protein concentration. It is interesting to note that the adsorbed
amount increases more gradually in the case of LSZ than for HSA adsorbed on HBP-
OH films (Figure 4.13a). The mean values of the adsorbed amount at the adsorption
plateau at ¢ = 1.0 mg/ml were found to be 2.0 and 2.5 mg/m? for HSA and LSZ,
respectively.

To confirm the results and conclusions obtained by the ellipsometry and ADSA-P, the
adsorption kinetics of HSA at the HBP-OH surface was characterised by ATR-FTIR
spectroscopy as a complementary in situ technique. Figure 4.14 shows typical
absorbance spectra (Asgsr) recorded during the adsorption of HSA from buffered
solutions of four different concentrations onto the HBP-OH film, which was pre-
swollen by PBS. The spectra are related to the respective end state of adsorption for
each of the four concentrations used. These absorbance spectra reflect the direct
differences between the swollen HBP-OH film in contact to PBS and the swollen
HBP-OH film in contact to the buffered protein solution. In the spectral range of 1800
— 1400 cm™ the characteristic Amide-I and Amide-ll bands at around 1653 and
1547 cm™ are visible, from which protein adsorption can be confirmed on the
molecular level [MUI97]. The obvious presence of noise in these spectra prevents a
further detailed analysis of the conformational fractions, which is principally provided
by IR spectroscopy [Miy60, Byl86, Jac95]. However, both wavenumber positions
point to a considerable amount of a-helical structure, as it is claimed by the above
mentioned authors based on theoretical and empirical results [Mal02, MalO1].
Furthermore, in Figure 4.14 a significant increase of the Amide-l and Amide-ll
integrated band areas (IBA) in dependence of the protein concentration is obtained,
which is consistent with an increased amount of adsorbed protein. For quantitative
analysis of the adsorbed amounts only the Amide-Il band can be used, since the
Amide-| band is interfered by the 6(OH) due to water.
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Fig. 4.14. ATR-FTIR spectra, from bottom to top: HBP-OH in dry and swollen state,
HBP-OH in contact with 0.05, 0.1, 0.5 and 1.0 mg/ml HSA solutions (difference
spectra of the adsorbed proteins, see text).

The kinetics of the consecutive HSA adsorption on HBP-OH surface is shown in
Figure 4.15 for the four applied concentrations. The average IBA values attributed to
the end state before and after rinsing with PBS indicate the increase of the amount of
adsorbed HSA with increasing protein concentration. Further rinsing with buffer gave
only a slight decrease of IBA of Amide-Il due to desorption of non attached HSA
molecules from the top of the HBP-OH surface. This indicates again the irreversible
character of adsorption of HSA onto the surface of HBP-OH. Further injection of HSA
solution provides the formation of new interactions between polymer surface and

protein molecules.
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Fig. 4.15. Integrated band area (IBA) of Amid Il determined during protein uptake
(blank symbols) and rinsing with PBS (full symbols) for HSA solutions and HBP-OH.

4.2.6. Adsorption isotherms and adsorbed layer structure

The concentration dependence of the adsorption process for both proteins is shown
in Figure 4.16. The adsorbed amount slightly increases with protein concentration,
however, this increase is not linearly dependent on the concentration. At ¢ (LSZ) =
1.0 mg/ml it was found 2.5 mg/m? on HBP-OH, 2.5 mg/m? on HBP-OH/OAc-1, 2.4
mg/m? on HBP-OAc and 1.6 mg/m? on PS, respectively. For comparison, on
hydrophilic silica and hydrophobic methylated silica surfaces the amount of adsorbed
LSZ determined by Malmsten [Mal94, Mal95] was found to be 3.5 mg/m? (d ~ 11 nm)
and 2.8 mg/m? (d ~ 4 nm). Malmsten compared the values of the ellipsometrically
determined thickness d of the adsorbed protein layer with the molecular dimension of
the protein (see 2.2). The evaluation of our ellipsometric data (using a constant np,
=1.375) gave adsorbed LSZ layer thicknesses of 9.9 + 0.2 nm on HBP-OH, 9.4 + 0.4
nm on HBP-OAc, 10.0 £ 0.3 nm on HBP-OH/OAc-1 and 6.4 + 0.2 nm on PS films,
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respectively. Following the proposal of Malmsten [Mal94, Mal95] this should indicate
the formation of more than one layer of adsorbed LSZ on both surfaces.

In our HSA experiments, the maximum ellipsometrically determined layer thickness
(again with a constant np =1.375) obtained by adsorption from HSA solution (c = 1.0
mg/ml) was 8.0 + 0.1 nm (2.0 mg/m?) on HBP-OH, 6.8 + 0.3 (1.7 mg/m?) on
HBP-OH/OAc-1, 8.2 + 0.4 (2.1 mg/m?) on HBP-OAc films and 6.6 + 0.1 nm
(1.7 mg/m?) on PS films. Comparing again the HSA dimension (15 x 3.8 x 3.8 nm)
and layer thicknesses the formation of non compact adsorbed HSA layers on both
surfaces can be concluded [Mal94, Mal95, Fle93, Nor92b]. For the similar BSA,
Norde [Nor00] found also irreversibly adsorbed non-closely packed monolayers on

hydrophilic silica and hydrophobic polystyrene particles.
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Fig. 4.16. Adsorption isotherms of LSZ and HSA adsorbed on HBPs and PS films.

4.2.7. Summary, remarks to protein adsorption

In the present Chapter, a brief overview of the protein adsorption phenomenon and
experimental results confirming good binding ability of hyperbranched aromatic
polyesters (HBP) to several proteins are given. It is also proposed that only a
combination of different surface-sensitive techniques is able to give a better
understanding and a comprehensive description of the complex adsorption

processes of protein molecules on different polymer surfaces. In this connection
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several in situ techniques were applied to monitor the adsorption process of several
model proteins (LSZ and HSA) at the solid-liquid interface of the HBP thin films as
well as for PS (reference) films.

Using in situ spectroscopic ellipsometry, it has been found that a higher amount of
positively charged LSZ adsorbs on the hydrophilic HBP surfaces compared to the
hydrophobic PS surface.

In contrast to this, only the adsorption of non compact HSA layers on the surface of
HBPs was obtained. Moreover, compared to PS films, a higher amount of HSA
absorbed on HBP which have a weak negative surface charge.

The formation and build up of a HSA layer at the surface of HBP-OH was also
monitored in situ by ATR-FTIR spectroscopy. The irreversible adsorption of HSA was
examined and confirmed by the formation of Amid-lI and Amid-Il bands.

The kinetics of the protein adsorption was studied using in situ spectroscopic
ellipsometry and ADSA-P showing very fast adsorption process on HBPs and PS

surfaces.

There have been many studies done in the field of protein adsorption showing the
high adsorption rate of globular negatively charged proteins (e.g., HSA, |IEP=4.7;
a-lactalbumin, IEP=4.3; B-lactoglobulin, IEP=5.3) on hydrophobic surfaces compared
to hydrophilic ones [Mal95, Nor95, Mar02]. However, as just mentioned, no studies
were done using hyperbranched aromatic polyesters as a substrate. Therefore, the
difference between the adsorbed amount of HSA on hydrophilic HBPs surfaces and

more hydrophobic PS surface is marked.
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5. Summary and outlook of dissertation

The framework of this thesis aims to investigate the adsorption-relevant properties of
thin films of hyperbranched aromatic polyesters (HBP) with the same backbone
structure but different functional groups. These results may be employed to a variety
of different applications such as bio-active materials, bio-sensors, etc. Before
carrying out the protein adsorption experiments, the HBPs were studied by different
techniques in order to obtain the total information of properties and behaviour of the

polymers in dissolved and solid state.

One category of experiments was concerned with the characterisation of chemical
composition and typical structural elements, purity and physical properties of HBPs
which strongly influence the properties of polymer coatings. The HBPs show
relatively high glass transition temperatures and good thermal stability up to 300 °C.
The formation of large HBP aggregates in solution was revealed due to absolute
molar masses determination along the separation process and taking into account

the actual compactness of the dissolved HBP molecules.

A second group of experiments was carried out on HBP films revealing a strong
dependence of the annealing procedure on various properties of these coatings. The
formation of a better ordered and thermally more stable hydrogen bonding network
through the inter- and intramolecular interactions between the hydroxyl groups or
hydroxyl and ester groups of hydroxyl (phenolic groups) terminated hyperbranched
aromatic polyester (HBP-OH) with temperature was clarified. Film thickness and
annealing procedure were found to have a significant influence on the value of the
refractive index which can be correlated to the film density. We showed that the
surface properties (hydrophilicity/hydrophobicity) of HBP thin films are strongly
influenced by the annealing procedure. The stability and swelling dynamics of HBP
thin films in an electrolyte solution were significantly influenced by the type of the
functional groups and time of annealing. The temperature and ageing time
dependent character of the grafting reaction of the carboxyl terminated
hyperbranched aromatic polyester (HBP-COOH) was used for the fabrication of
surfaces with multiple carboxyl groups providing the grafting capability and including

the surface functionality. The high ageing temperature applied for the grafting
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reaction also promoted the formation of an inter- and intramolecular hydrogen

bonded network (self-cross linking) increasing the hydrophobicity of the surface.

The protein adsorption onto the surfaces of HBPs and polystyrene has been
monitored by lysozyme (LSZ) and human serum albumin (HSA) adsorption
experiments in order to find out the availability of these surfaces for the bio-
applications. The positively charged LSZ shows higher adsorption and formation of
interfacial multilayers on hydrophilic HBP surfaces compared to the more
hydrophobic PS surface. The adsorption of non compact HSA layers on the surfaces
of HBPs was obtained. Additionally, HSA shows a higher adsorbed amount on HBPs
having a weak negative surface charge than on PS films. The irreversible adsorption
of HSA on the surface of the HBP-OH was detected by the formation of Amid-I and
Amid-Il bands. The kinetics of the protein adsorption was studied using in situ
spectroscopic ellipsometry and ADSA-P showing a very fast adsorption process on
HBPs and PS surfaces.
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Fig. 5.1. Experimental steps to study hyperbranched aromatic polyesters.
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The main conclusion is that HBPs thin films showed good stability with predictable
variable properties in aqueous media and a higher bioactivity was found for all HBPs
tested compared to linear PS. Thus, HBPs might be used as a suitable potential
support for protein immobilization, and may open new perspectives for the

development of bio-objects with tuned binding affinity and structural stability.

However, there were only hyperbranched aromatic polyesters used in this work. The
aromatic backbone structure gives hardness and no flexibility to the hyperbranched
macromolecules. Therefore as a further research, it will be interesting to compare the
behaviour of HBPs with different backbone structure and the same terminal groups
for the better similarity (Figure 5.2), i.e. differences (or not) of the surface properties,
hydrogen bonded network formation and reorganisation due to high temperatures,
swelling behaviour in aqueous media and protein binding ability.

As the "motivation" implies, one present and future aim might be to find new potential
bio-chemical and bio-physical applications for the HBPs, e.g. in biosensors or bio-
carriers. For this reason, the stability of these polymers in aqueous media is a very
important factor. Therefore, the fabrication of surface attached HBP layers using
different kind of techniques (Figure 5.3) can be used as next step for further
research. Part of these ideas has been already realised in the project B 6 IPF SFB
287.
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Fig. 5.2. Schematic representation of hyperbranched aromatic (a), aromatic-aliphatic
(b) and aliphatic (c) polyesters with terminal hydroxyl groups.
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Cross-linking reaction within the layers
using bifunctional coupling agents
Bis-Oxazoline
DiisocyanateHexamethylendiisocyanat

Simultaneous immobilisation and cross-
linking on thick polymer layers (Teflon
AF, PTFE, PET) using low pressure
plasmaOptimisation of process
parameters: gas, time, excitation

Fig. 5.3. Different possibilities of immobilisation of hyperbranched macromolecules to
a substrate.

As the second idea, the modification of already synthesised hydroxyl or carboxyl
terminated hyperbranched aromatic polyesters by linear aliphatic polymers of
different chain length (Figure 5.4) is proposed. Thus, it will be possible to obtain
macromolecules with hard core and long flexible chains (charged or not charged).
Such molecules having a quite open structure might be used as potential

biomolecules (protein, enzyme, antibody) carriers.

3 r J 3
o~ ~~

Fig.5.4. Schematic representation of modification of hyperbranched molecule by
linear polymer (red dots are charged groups).
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List of symbols and abbreviations

List of symbols and abbreviations

ADSA-P
AFM
ATR
DSC
FTIR
HAC
HBP

-OH

-OAc

-OH/OAc

-COOH
IEP

KBr

LS
MALLS
min

mi

nm

NMR
PDI
ppm
PS
PVP
RI
secC
SEC
THF
TGA
uv

wit%

Axisymmetric Drop Shape Analysis by Profile
Atomic Force Microscope

Attenuated Total Reflection

Differential Scanning Calorimetry

Fourier Transform Infrared spectroscopy
Heating-annealing-cooling cycle
Hyperbranched polymer

hydroxyl group

acetate group

hydroxyl/acetate group (mixed composition)
carboxyl group

Isoelectric Point

Infrared

Potassium bromide

Light Scattering

Multi Angle Laser Light Scattering detector
minute

Millilitre

nanometre

Nuclear Magnetic Resonance
Polydispersity index

parts per million (concentration)
Polystyrene

poly(2-vinyl pyridine)

Refractive Index detector

second

Size Exclusion Chromatography
tetrahydrofuran

Thermo Gravimetric Analysis

Ultraviolet detector

weight per cent
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List of symbols and abbreviations

RQBQ?Q
L
O
3>

-~ ~.

absorption coefficient

Cauchy parameters

film thickness

relative phase shift

contact angle hysteresis

surface tension

complex number

intensity

extinction coefficient

wavelength

refractive index

complex refractive index

glass transition temperature
temperature of maximum decomposition
contact angle

relative amplitude ratio
number-average molecular weigh
weight —average molecular weight

polydispersity
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