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Chapter 1

Introduction

The investigation of water and aqueous solutions has been a fascinating topic of rese-
arch for scientists and philosophers through the entire existence of humans on earth
[1]. Many biological and chemical processes that are of great importance for human life
take place within a liquid environment [2, 3]. Usually, in this processes materials with
different structural properties come in contact, where interfaces between this materials
are formed. The understanding of the behavior of water and chemical processes at in-
terfaces have always been of great importance for human life [4, 5].
However, it took up to the late 18th century to discover the composition of water,
consisting of two hydrogen atoms and one oxygen atom [6]. With the knowledge of the
composition of water, further research on its properties and structure started [7, 8].
Especially in the case of liquid water, several anomalous properties were detected such
as the density maximum in liquid water at 4◦C [9], the increase of the isobaric he-
at capacity or the increase in isothermal compressibility with decreasing temperatures
[10, 11]. These and further thermodynamic, dynamic and structural anomalous pro-
perties of water are directly linked to its microscopic structure, which is still widely
discussed [12, 13, 14, 15, 16]. The highly complex and anomalous character of water is
a consequence of the existence of hydrogen bonds that connect two water molecules to
each other [17, 18, 19]. This type of bonding makes the water structure very flexible.
Each water molecule is able to form four hydrogen bonds, which may optimally arrange
themselves tetrahedrally around a water molecule. However, with a perfectly tetrahe-
drally ordered structured water neither all the anomalies of water may be described
[20, 21, 22] nor is this structure supported by experimental data [23, 15, 24, 25]. In cur-
rent literature, several different structures of liquid water are proposed and discussed
controversially [26, 27, 28, 29, 30]. One of the most popular theories describes water
as a mixture of two different states, high density water and low density water. In low
density water, water is tetrahedrally ordered, while in high density water the hydrogen
network is distorted, resulting in a denser packing of water molecules [31, 32, 26]. This
theory describes many anomalies of water very well even though an experimental con-
firmation is very difficult and still pending [31, 17, 12].
With a better understanding of the structure of water, also solvation science became
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Chapter 1. Introduction

an important research field during last decades [33, 34, 35]. Due to the high flexibility
of hydrogen bonds, water is a good solvent for hydrophilic solutes [36, 3]. Since the
majority of chemical reactions and biological processes take place within a liquid envi-
ronment, the understanding of solvation processes is of great interest [2, 3]. Especially
in the recent years, the traditional point of view of seeing solvents as inert media for
different molecular processes changed into recognizing solvents to have an active role in
such processes [36, 37]. However, understanding thoroughly such processes is difficult
since it requires a great knowledge of the influence of all components and the thermo-
dynamic properties of the system [38, 39].
In the presence of a solid, changes in the structure of water next to the solid-liquid
interface are induced [40, 36, 41, 42]. This type of water is therefore called interfacial
water. Additionally, also differences in the properties of the solid lead to differences
in the structure of interfacial water. One of the main aspects here is the distinction
between a hydrophilic and a hydrophobic surface. In the case of a hydrophilic surface,
water can perform an electrostatic interaction with the surface of the solid, which may
lead to a long range order in the interfacial water induced by the solid [43, 44, 45, 46].
In opposite, water is not able to perform an electrostatic interaction with a hydropho-
bic (nonpolar) surface and thus only Van der Waals interactions between water and
the hydrophobic surface are possible [36, 40, 45]. Therefore, an area of low electron
density forms between hydrophobic surfaces and water ranging over a few angstrom
[47, 48, 49, 50].
The presence of a solid also affects the solutes in aqueous solutions. Aqueous solutions
containing proteins have often been subject of research to study their structure as well
as their interaction with other molecules due to their key role in biological and tech-
nical processes [51, 52, 53, 54, 55]. In the presences of a solid-liquid interface, proteins
in aqueous solutions tend to adsorb on this interface [56, 57, 58]. Proteins at such in-
terfaces have a broad application field ranging from food industry over drug delivery,
application in biosensors or formation of biofilms on implants [59, 60, 61, 62, 63, 64].
Especially in the last case, an uncontrollable formation of biofilms on implants is unde-
sired since it supports growth of bacteria, so that the risk of an inflammatory reaction
rises [65]. In opposite, the lubricating properties of a biofilm can be used by a controlled
formation of biofilms on implants to support the ingrown of the implant [66]. One of
the main materials used for implants is titanium oxide [67]. Therefore, the investigation
of the adsorption behavior of proteins on titanium oxide is highly interesting. Nevert-
heless, the specific mechanism of protein adsorption is not completely understood yet
[68]. One of the main problems is the fact that the adsorption behavior is driven by
many parameters, such as the structure of the surface [69], concentration of the proteins
[70], ionic strength [71], cosolvents [72], electrostatic interactions [73] and thermodyna-
mic properties of the system like temperature [74, 75], pressure [76] or pH value [77].
Furthermore, since the solvent also plays an important role in the adsorption behavior
of proteins, it is necessary to investigate the adsorption behavior in-situ with atomic
resolution [78, 69]. There are several studies on the adsorption behavior on proteins
at solid-liquid interfaces using different experimental methods, e.g. ellipsometry [79],
surface plasmon resonance spectroscopy [80], atomic force microscopy [81] or neutron
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and X-ray scattering methods [82, 83]. The method of choice for this thesis is X-ray
reflectivity (XRR), since it fulfills all necessary requirements to study the protein ad-
sorption mechanism under varying thermodynamic conditions. Up to now, XRR was
used to investigate the adsorption behavior of proteins on silicon substrates, since only
these substrates are flat enough without curvature and have a surface roughness of only
a few angstrom, which is necessary to perform XRR experiments [69, 84, 74]. Neverthe-
less, new preparation methods allow to deposit other substances on the silicon substrate
that still fulfill these conditions [85, 86]. Therefore, a silicon wafer with a titanium oxide
layer was chosen as substrate material to be investigated in this thesis, since titanium
oxide surfaces are widely used in technical and medical applications [87, 88, 89, 90].
Since no studies on the adsorption behavior of proteins on with titanium oxide covered
silicon substrates are known yet, the protein of choice is lysozyme. The adsorption be-
havior of lysozyme on silicon oxide as a function of temperature was recently studied
[74]. Therefore, a part of this thesis deals with the adsorption behavior of lysozyme on
titanium oxide as a function of temperature as well as other thermodynamic properties
like pH value and pressure. Furthermore, the thickness of the titanium oxide layer was
varied to investigate its influence on the adsorption behavior. The results of this study
were already published in the journal Langmuir [91].
Another solid-liquid interface that plays an important role in several technical applica-
tions is the interface between a hydrophobic surface and aqueous solutions [92, 93, 94].
Here, especially the presence of ions at such interfaces is of great interest, since such
systems play a crucial role in several processes in industry [95, 96, 97]. Much pioneer
work has been done to describe the interactions between ions and hydrophobic surfaces,
but a complete description of the physical mechanism for the hydrophobic interacti-
on is still pending [98]. From MD simulations, different parameters like polarizability,
size and charge have been identified, effecting the accumulation of ions at interfaces
[99, 100, 101, 102]. In general, these parameters codetermine the hydration enthalpy of
ions and their ability to break or to stabilize the water network [36]. Thus, a variation
of hydration enthalpy has an impact on the hydrophobic interaction between ions and
interfaces.
In the past, the ion distribution at liquid-gas interfaces was in the focus of interest,
using several experimental techniques, yielding different conclusions. For example, Gho-
sal et al. [103] report on the accumulation of halides at the liquid-gas interface while an
XRR study of Sloutskin et al. [104] did not confirm the proposed strong ion accumu-
lation. However, liquid-gas interfaces are modulated by capillary waves, which are not
considered in MD simulations and cause a convolution of the simulated density profiles.
The proposed ion density excess at the liquid-gas interface might be significantly redu-
ced by this effect. The use of hydrophobic solid-liquid interfaces avoids this problem.
Especially the use of octadecyltrichlorosilane (OTS) coated surfaces seems to be very
promising because of the existence of the so-called hydrophobic gap [48] (low electron
density area between OTS and the liquid phase), which shows a strong signature in the
reflectivity signal. This signature is very sensitive on the adsorption of material at the
interface and can be used to analyze the formation of extreme thin layers [49]. OTS
is a self-assembled monolayer, consisting of a polar silanol head group that adsorbs on
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Chapter 1. Introduction

silicon oxide surfaces and a nonpolar alkyl chain group pointing towards the liquid.
Hydrophobic solid liquid-interfaces between OTS coated wafers and aqueous solutions
were intensively studied recently [48, 49, 105, 106]. High pressure effects on the struc-
ture of the hydrophobic gap or protein adsorption at such interfaces were investigated
as well as the effect of the change of the solvent from water to nonpolar solvents by
means of XRR, demonstrating the great capability of this technique [78]. Therefore, a
part of this thesis will deal with ion adsorption on OTS varying concentration and ion
size.
After the investigation of adsorption processes at solid-liquid interfaces, a second field
of study in this thesis is the solvent itself, liquid water. One of many approaches to
reveal new insight on the properties of liquid water is the investigation of the behavi-
or of water on very short time scales (femtoseconds and shorter) [107, 108, 109, 110].
Usually, pump-probe experiments are used to investigate such short time scales, where
a first laser or X-ray pulse initiates a process while a second pulse probes the system
after a desired time delay [111, 112, 113]. However, several difficulties limit the use
of ultrashort pulses to study the structure of water, such as a high repetition rate of
the laser or the necessity of changing the sample on very short time scales since the
pump and probe pulses produce damages in the sample. An alternative approach to
study the structure of water on even shorter time scales (attoseconds) was presented
by Abbamonte et al. in the year 2004 [114]. Here, Inelastic X-ray Scattering (IXS) is
used as experimental technique to investigate the evolution of an electronic density
disturbance in water on attosecond time scales with atomic resolution. X-ray based
methods, such as IXS, are widely used to determine information about the local atomic
and electronic structure of matter [115, 27, 116]. For example, IXS provides information
about the electron density of states, since the measured intensity in IXS experiments is
proportional to the dynamic structure factor [117, 27]. Moreover, the dynamic structure
factor is linked to the electron density propagator [118]. Thus, changes in the electron
density of the investigated system may be derived as described by Abbamonte et al.
[118]. However, the resolution of the propagator in space and time is limited by the
maximal investigated momentum and energy transfer ranges. Measuring IXS spectra
over large momentum and energy transfer ranges with a reasonable step size in momen-
tum and energy transfer is desirable but difficult. Due to the small cross-section of an
inelastic scattering event, such experiments have to be carried out at third generation
synchrotron radiation facilities [117]. In the year 2004, Abbamonte et al. were able to
investigate IXS spectra of water at ambient conditions within a momentum transfer
range between 0.476 Å−1 and 4.95 Å−1 and an energy transfer range between 0 eV and
100 eV, resulting in a spatial resolution of 1.27 Å and a time resolution of 41.3 as in
order to study the evolution of the electron density disturbance [114]. Due to technolo-
gical progress, currently the investigation of significantly larger momentum and energy
transfer regions is possible. In the framework of this thesis, electron density disturban-
ces in water were studied with a significantly higher resolution. Moreover, limitations
as well as requirements for such experiments are discussed. Besides measurements of
water at ambient conditions, the temperature was also varied to 4 ◦C and 90 ◦C to
investigate differences in the evolution of the electron density disturbance for different
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densities of water.
This thesis is therefore structured as follows: in chapter 2 the used sample systems are
introduced with special focus on the structure of liquid water and the solution of ions
and proteins in water. Furthermore hydrophilic and hydrophobic solid-liquid interfa-
ces will be discussed and a brief overview on adsorption processes in general is given.
Chapter 3 presents results of the study of adsorption processes at solid-liquid interfaces.
After an introduction in XRR theory and the presentation of experimental setups for
performing XRR experiments at solid-liquid interfaces, results on the adsorption beha-
vior of lysozyme on titanium oxide as a function of temperature, pH value, TiOx layer
thickness as well as pressure will be shown. Thereafter, the results of the study on the
adsorption behavior of ions on OTS will be presented. The local microscopic structure
of water is the object of chapter 4. In this chapter, a short overview on the theory
of IXS is provided together with a detailed description on how to derive the electron
density propagator, which will be thereafter investigated on ultrashort time and space
scales in liquid water at 4 ◦C, 20 ◦C and 90 ◦C. Finally, all results are summarized in
chapter 5 and an outlook on possible follow-up projects is given.
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Chapter 2

Samples

In the framework of this thesis, the local structure of water as well as adsorption pro-
cesses at interfaces between solids and aqueous solutions are investigated. Even though
water is a frequently studied system and became one of the main fields of research over
the last decades [119, 120, 121, 122, 36, 123], many open questions concerning the pro-
perties of water, caused by its structure, exist [18, 12, 124]. Moreover, the structure of
water at interfaces differs from the structure of bulk water, which becomes even more
intricate by replacing water by an aqueous solution [125, 126, 40, 127, 36]. Section 2.1
gives an overview on the structure of water and aqueous solutions. As solutes, several
ions as well as the protein Lysozyme were chosen [128, 129, 130, 131, 132]. A detailed
description on these materials is presented in sections 2.1.2 and 2.1.1.
When an aqueous solution is in contact with solids, a solid-liquid interface develops
(see for further details [133, 134]). In this case, molecules, which are solved in water,
tend to adsorb at the solid-liquid interface [135, 56]. However, many factors affect the
adsorption process such as Van der Waals forces [136, 69], electrostatic interactions
[73], addition of cosolvents [71, 137] or hydrophobic and entropic effects [138, 72]. This
will be explained in detail in section 2.2, in which also titanium oxide and octadecyl-
trichlorosilane (OTS) as surface material of the solids will be introduced.

2.1 Water and Aqueous Solutions

A more complete overview of scientific efforts regarding the structure of water and
aqueous solutions is given in literature [139]. Therefore, this section only summarizes
the necessary information.
Water is a small molecule consisting of two hydrogen atoms and one oxygen atom,
resulting in the molecular formula H2O. In liquid water, a single water molecule is V-
shaped with a mean O-H length of 0.97 Å and the mean H-O-H angle of 106◦. However,
these values differ for each individual molecule, being dependent on its energy and
surroundings. Each molecule is electrically neutral but polar, with the positive charge
distributed around the hydrogen atoms and the negative charge on the opposite side
around the oxygen atom. Due to the polarity of the molecules, two molecules can
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Chapter 2. Samples

attract each other. This attraction is the strongest in the case of an O-H bond of
one molecule pointing directly towards the oxygen atom of another molecule, which is
called hydrogen bonding. Two bonded molecules of water form a water dimer. Here, the
distance between the oxygen atoms is slightly below 3 Å, depending on the temperature
of the water.
By increasing the number of water molecules, further hydrogen bonds are formed,
resulting in a more complex structure of the water. There are several theories about
the structure of water. One of the most popular theories describes water as a mixture
of high density water (HDW) and low density water (LDW). In LDW, each water
molecule has four approximately tetrahedrally arranged electron pairs. Two of these
electron pairs are associated with covalent bonds to the hydrogen atoms, while the two
other electron pairs are remaining as lone pairs. In the case of HDW, the hydrogen
network is distorted, leading to a more packed structure.
It is widely accepted that the structure of liquid water, which is dynamic and can be
modified by thermodynamic properties like temperature and pressure, is connected with
the anomalies of water. For example, due to the tetrahedral hydrogen-bonded geometry,
the density of the solid state of water is lower than the density of liquid water. In the
solid state, the molecules form an essentially perfect tetrahedrally coordinated network
with much empty space between the molecules. This network is distorted upon melting,
leading to a more fluxional and denser packed network. At ambient pressure, a maximal
density of 1 g/cm3 at a temperature of 4◦C can be reached, which decreases both with
rising and decreasing temperatures.

2.1.1 Ions

The flexibility of the structure as well as the polarity of the molecules of water make it
a good solvent. During the interaction with ions, water molecules can solve cations by
orienting their oxygen atoms toward the ion and adopt the opposite configuration during
interaction with anions. Even though these interactions affect the local water structure,
no geometric distortion of water structure over long ranges occur [36]. However, due
to the fact that ions differ significantly in size (see for example table 2.1 for the ions
used in this thesis), the local structure of the solution varies for each ion. Therefore,
solutes may be classified in terms of their ability to enhance or degrade the short-range
order in the liquid. Large ions with a small charge per size ratio support the breaking of
hydrogen bonds in water, leading to a denser solution, which is more liquid-like. These
ions are called chaotropes. On the other hand, small ions, having a high charge per size
ratio, increase the local order in water and contribute to a more ice-like structure of
the solution. These ions are called antichaotropes or kosmotropes [36].

The ability to impose order on the hydrogen-bonding network or to break hydrogen
bonds becomes especially relevant for a coexistence of ions and proteins in an aqueous
solution. In this case, interactions between ions and proteins as well as ions and the
water molecules directly contacting the proteins (first hydration shell) occur, resulting
in a strengthened or weakened hydrophobic interaction. Here, chaotropes are able to
weaken the hydrophobic interaction, leading to a better solubility of the protein, which
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2.1. Water and Aqueous Solutions

Table 2.1: Properties of ions used in this thesis.

Ion Atomic Covalent Van der Waals Ionic
radius [Å][140] radius [Å][141] radius [Å][142, 143] radius [Å][144]

H+ 0.25 0.31 ± 0.05 1.10 0.10
Li+ 1.45 1.28 ± 0.07 1.82 0.76
Na+ 1.80 1.66 ± 0.09 2.27 1.02
K+ 2.20 2.03 ± 0.12 2.75 1.38
Rb+ 2.35 2.20 ± 0.09 3.03 1.52
Cs+ 2.60 2.44 ± 0.11 3.43 1.67
Cl− 1.00 1.02 ± 0.04 1.75 1.81
Br− 1.15 1.20 ± 0.03 1.85 1.96
I− 1.40 1.39 ± 0.03 1.98 2.20

is called salting-in. On the other hand, kosmotropes are able to strengthen the hydro-
phobic interaction and thus to decrease the solubility of the protein in solution, which
is called salting-out. Ions can also directly interact with proteins. Ions with a strong
salting-in effect are strong denaturants. A classification of ions in order of their ability
to salt-in or salt-out proteins is given by the Hofmeister series [145, 146]. However, the
mechanism of the Hofmeister series is not entirely clear yet [147]. The classification of
the ions used in this thesis is as follows: [148]

kosmotropes chaotropes

Cl− > Br− > I−

Cs+ > Rb+ > K+ > Na+ > Li+.

2.1.2 Proteins

Proteins are large molecules consisting of long chains of amino acid residues. Due to
their functions in biological processes in organisms, proteins play a crucial role in human
life [149, 38]. Each function of a protein originates from its three dimensional structure.
There are four distinct characteristics in the structure of a protein [150, 151]:

Primary structure The primary structure is an amino acid sequence, also called
polypeptide chain, starting from an amino-terminal and ending with a carboxyl-
terminal.

Secondary structure: The secondary structure is the pattern of hydrogen bonds
between backbone amine and carboxyl groups. The most common pattern are
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α-helices (right hand-spiral conformation), β-sheets (two or three backbone hy-
drogen bonds are forming a generally twisted, pleated sheet) and turns (the poly-
peptide chain reverses its overall direction). In a protein, many regions of different
secondary structures may occur.

Tertiary structure: The tertiary structure is the three-dimensional structure of a
protein and describes the spatial relationship between the secondary structures.
In a functional protein, the tertiary structure is usually complex due to non-
local interactions that force the protein to fold and stabilize it. By unfolding, the
protein loses its tertiary structure and thus the functionality.

Quaternary structure: The quaternary structure depicts the arrangement of several
protein molecules, which form a protein complex.

The solution of large molecules like proteins in water differs from small molecules (as
presented in section 2.1.1) [36]. Since proteins consist of polar and non-polar regions,
an integration of the protein into the water structure is not favorable. Instead, water
is able to form bonds with the hydrophilic sites, while it does not form bonds with
the hydrophobic sites. Therefore, between two hydrophobic molecules in water or a
hydrophobic molecule in water and a hydrophobic surface bordering on the aqueous
solution, an attractive interaction occurs, which is called the hydrophobic effect [92].
This effect causes the hydrophobic areas of the protein to be folded inside, while the
outer, hydrophilic, parts of the protein interact with water, which develops hydration
shells around the protein. The hydrophobic effect also promotes aggregation of partic-
les or the adsorption of particles at interfaces, due to the forced minimization of open
H-bonds [36]. A detailed description of the adsorption process at interfaces is given in
section 2.2.3.
To investigate the adsorption behavior of proteins at interfaces, lysozyme, which is an
antimicrobial enzyme, was the protein of choice.

Lysozyme consists of 129 amino acids
with a mass of 14.307 kDa that are
folded in an almost ellipsoid shape with

dimensions of 30 × 30 × 45 Å
3

[152].
The tertiary structure of lysozyme
is shown in figure 2.1. Lysozyme is
thermally stable up to a denaturation
temperature of 71 ◦C. At ambient
conditions, the isoelectric point (IEP)
is at pH 11 [153], which means that
lysozyme is positively charged at pH 7. Figure 2.1: Tertiary structure of lysozyme.

[154]

Since lysozyme is a functional protein, its interaction with other molecules and inter-
faces is of great relevance. The next section gives a description on the interaction of
lysozyme at solid-liquid interfaces.

10



2.2. Interfaces

2.2 Interfaces

An interface arises between two materials with different structural properties. In the
case of the contact of a liquid with a solid material, a solid-liquid interface is formed at
the transition region between the solid and the liquid. Next to the solid-liquid interface,
the liquid phase changes its structure due to surface forces applied by the solid surface
[40, 36, 41, 42]. Therefore, the liquid reorients, leading to changes in the electron density,
viscosity, polarity and refractive index of the liquid next to the solid surface (see figure
2.2). In the case of water, this type of liquid is called interfacial water. The properties
of the interfacial water strongly depend on the surface with which it comes in contact
[43, 44, 45, 46]. Here, a major differentiation is given by the polarity of the surface,
which will be discussed in the following subsections.

Figure 2.2: Scheme of the electron density (top) and molecular structure (bottom) of a liquid
at the solid-liquid interface. [40]

2.2.1 Hydrophilic Surfaces

Hydrophilic surfaces are able to form H-bonds with water and thus induce a long
range order in interfacial water. The interfacial energy between the surface and water
can be determined by a measurement of the contact angle ΘC between a water drop
and the surface [155]. A scheme of a liquid drop on a surface and the corresponding
interfacial energies is shown in figure 2.3. The contact angle and the interfacial energies
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are connected via the Young equation [156]

γLV cos(ΘC) = γSV − γSL, (2.1)

where γLV is the liquid-vapor interfacial energy, while γSV describes the solid-vapor
interfacial energy and γSL the solid-liquid interfacial energy. Surfaces in contact with
water, which have a contact angle below 90◦ are called hydrophilic, while surfaces with
a contact angle above 90◦ are called hydrophobic [157].

Figure 2.3: Scheme of a liquid drop on a surface and the corresponding interfacial energies,
based on [156].

Titanium oxide with amorphous structure [85, 86] was the material of choice as a
hydrophilic solid. The contact angle of titanium oxide is in the region between 50◦-
70◦ [158]. Titanium oxides are widely used in industry and medicine and thus the
investigation of adsorption processes of particles on titanium oxide is of large interest
[87, 88, 89, 90]. Especially in the case of dental medicine, titanium with a TiO2 layer on
top is used as a preferred implant material [67]. Studying the adsorption of proteins on
titanium oxide is in so far important as adsorbed proteins can initiate the formation of
biofilms, which usually results in unwanted consequences [63]. A biofilm on an implant
surface may support growth of bacteria, so that the risk of an inflammatory reaction
rises [65].

2.2.2 Hydrophobic Surface

On hydrophobic surfaces, water is not able to form H-bonds with the surface. Much
effort has been put in to investigate the interface between the hydrophobic surface of
octadecyltrichlorosilane (OTS) and aqueous solutions [48, 49, 105, 106, 78]. OTS forms
a self-assembled monolayer on silicon oxide substrates due to its amphiphilic structure
(see figure 2.4): the head group of OTS, consisting of an silicon atom and three chlorine
atoms, is polar, which makes it possible to adsorb on the silicon oxide surface under
release of the chlorine atoms, while its long-chain alkyl tail group ((CH2)17CH3) is
non polar providing the hydrophobic surface. At the interface between the OTS tail
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group and water, a low electron density area arises, the so-called hydrophobic gap.
The existence of the hydrophobic gap is shown in various experiments. However, there
is no consensus about the shape of the hydrophobic gap [48, 49]. Nevertheless, recent
studies limit the size of the hydrophobic gap to 1 Å - 6 Å [49, 106]. Further investigation
on the adsorption process of molecules on OTS regarding changes in the hydrophobic
gap will provide a better understanding of both the adsorption process at hydrophobic
interfaces as well as the role of the hydrophobic gap and its behavior in presence of
additional molecules. Therefore, the adsorption process of ions was investigated in this
thesis as a function of ion concentration and ion size.

Figure 2.4: Scheme of an OTS molecule with chlorine atoms colored in green, silicon in grey,
carbon in black and hydrogen in white. [159]

2.2.3 Adsorption Processes

Interfaces do not only affect the structure of interfacial water, but also have an in-
fluence on molecules solved in water. For example, in the presence of a solid-liquid
interface, molecules tend to adsorb on this interfaces due to minimization of the total
energy of the system [56, 160, 58]. Therefore, the properties of the solid surface play
an important role in the adsorption process. In the case of proteins, a differentiation
between hydrophilic and hydrophobic surfaces is necessary. On hydrophilic surfaces, the
hydration shell of the protein comes in contact with the surface and thus the protein
is able to keep its native form [83, 74]. This is not possible in the case of hydrophobic
surfaces. Here, the hydration shell can not interact with the non-polar surface. Due
to the hydrophobic effect, it is energetically favorable for the protein to unfold [161].
Thereafter, the hydrophobic areas of the protein, which are kept in the inner area of
the protein in the native form, can adsorb on the non-polar surface, while the hydro-
philic areas of the protein are pointing towards the liquid phase. This process changes
the properties of the hydrophobic surface significantly, making it lose its hydrophobi-
city [162, 68]. Due to the strong interaction of the hydrophobic surface with proteins,
this irreversible adsorption process under denaturation of the protein is very favorable
when proteins come in contact with hydrophobic surfaces [68]. This adsorption process
is schematically illustrated in figure 2.5.

Another approach on the description of the adsorption process is the thermodynamic
point of view with the adsorption process being driven by enthalpy and entropy of the
system [164]. Spontaneous adsorption of a protein occurs in the case when more energy
is released from the system than gained, which can be described by the change of Gibbs
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b) c)a)

Figure 2.5: Different adsorption states of lysozyme on graphite. a) Most favorable adsorption
geometry of lysozyme on graphite in the initial stage. b) Final metastable state of lysozyme on
graphite under loss of secondary structure. c) Final, unfolded state of lysozyme on graphite.
[163]

law of free energy via [92, 165]

∆G = ∆H − T∆S (2.2)

with Gibbs free energy G, the enthalpy H, the entropy S and the temperature T of
the system. When energy is released from the system, ∆G is smaller than zero and
spontaneous adsorption occurs. Since these parameters are strongly affected by the
thermodynamic properties of the system, those properties have a crucial impact on the
adsorption process [164].
The adsorption behavior of lysozyme at solid interfaces was already subject of earlier
studies. As an example, Kiesel et al. investigated the adsorption behavior of lysozyme
on silicon oxide as a function of temperature [74]. In this study, with rising temperature,
being still below the denaturation temperature, a higher amount of lysozyme adsorbed
on silicon oxide. However, for temperatures above the denaturation temperature, the
adsorbed amount of lysozyme on silicon oxide increased drastically compared to tem-
peratures below the denaturation temperature, resulting in a large amount of adsorbed
lysozyme on silicon oxide. These results will be compared to measurements on titanium
oxide performed in this thesis. Furthermore, the influence of further thermodynamic
properties like pressure and pH value of the aqueous solution on the adsorption of ly-
sozyme on titanium oxide will be investigated in this thesis.
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Adsorption processes at
solid-liquid interfaces

When an aqueous solution comes in contact with solids, the solid-liquid interface de-
velops as a boundary between the solid and the liquid phase. Solutes like proteins as
well as ions, that are dissolved in water, adsorb at solid-liquid interfaces. To investiga-
te these adsorption processes at solid-liquid interfaces in-situ with atomic resolution,
X-ray reflectivity (XRR) has been established as a powerful technique. XRR provides
information on interfacial properties such as electron density, thickness and roughness
of such (multi-) layer systems, combined in an electron density profile (EDP). Using
high energy X-rays at a high photon flux allows the utilization of complex sample
environments that are necessary to investigate the adsorption process under different
thermodynamic conditions such as high temperature or high pressure. Thus, XRR is
the method of choice in the framework of this thesis.
First, the theoretical background of the XRR method is presented in this chapter,
followed by experimental details of XRR measurements to investigate the adsorption
behavior of lysozyme on titanium oxide as well as ions on OTS. Afterwards, results of
these measurements are presented and discussed.

3.1 Theoretical Background

In this section, the theoretical background of the X-ray reflectivity method is discussed.
First, the scattering geometry will be presented. Second, a theoretical description of
the reflectivity process at the simplest possible system, a smooth surface, is shown.
Afterwards, the theory of XRR of more realistic and complex systems like rough sy-
stems and multilayer systems is discussed. As X-ray reflectivity is a well understood
technique and part of many textbooks, this chapter only shows an overview based on
the textbooks of M. Tolan [166], J. Als-Nielsen and D. McMorrow [167].
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Chapter 3. Adsorption processes at solid-liquid interfaces

3.1.1 The Scattering Geometry

A scheme of the scattering geometry of an XRR experiment is shown in figure 3.1.
An incident X-ray beam with the wave vector ki impinges the sample at an angle αi.
It is then scattered with the wave vector kf at the angle αf between scattered beam
and sample surface as well as the angle φ between the plane of the incident beam and
surface normal, while another part of the beam is transmitted into the sample with the
wave vector kt under the angle αt. In an XRR experiment, the angle αf is equal to the
incident angle (αf = αi) and the angle φ is equal to zero (in-plane scattering).

Figure 3.1: Scheme of the reflection and transmission geometry of an electromagnetic wave,
based on Tolan [166].

The momentum transfer q = kf − ki can be calculated via

q =

qxqy
qz

 = |ki|

cos(αf ) cos(φ)− cos(αi)
cos(αf ) sin(φ)

sin(αf ) + sin(αi)

 (3.1)

with |ki| = 2π
λ and λ as the wave length of the incident beam. Due to the XRR geome-

try (αf = αi and φ = 0), only the component qz perpendicular to the sample surface
contributes to the momentum transfer, which can be thus described as qz = 4π

λ sin(αi).
Hence, XRR data contains only information on the laterally averaged electron density
profile of an interface.

3.1.2 Smooth Surfaces

The main goal of XRR experiments is to characterize the investigated sample by de-
termination of its electron density profile in vertical direction. Here, the sample can
be described as a solid state body consisting of an arrangement of atoms that act as
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harmonic oscillators with resonance frequencies ωj . Since the frequency of the incident
beam ω is much higher than ωj , the index of refraction is given by

n = 1− δ + ıβ = 1− λ2

2π
r0ρ+ ı

λ

4π
µ (3.2)

with the so-called dispersion δ, the absorption β, the classical electron radius r0, the
electron density ρ and the linear absorption coefficient µ. The dispersion is usually in
the range from 10−5 to 10−8, while the absorption is typically one to three orders of
magnitude smaller for sample systems used in XRR experiments in the framework of
this thesis.
At smooth surfaces, the condition of continuous electromagnetic waves is fulfilled, lea-
ding to Fresnel’s formulas for the reflectivity coefficient r and transmission coefficient
t:

r =
ki,z − kt,z
ki,z + kt,z

, t =
2ki,z

ki,z + kt,z
. (3.3)

Since the real part of the index of refraction is almost one, differences between the
polarization planes can be neglected. Moreover, there is a critical angle αc below which
external total reflection occurs. Using Snell’s law and a Taylor expansion for the trans-
mission angle αt results in the approximation αc ≈

√
2δ.

The reflected intensity R is given by R = |r|2, while the transmission is T = |t2|. In
the case of sharp and smooth surfaces, the reflected intensity is called Fresnel reflecti-
vity RF and the transmitted intensity Fresnel transmission TF . Examples for Fresnel
reflectivity and transmission are shown in figure 3.2. The Fresnel reflectivity can be

characterized by RF = 1 for αi < αc and RF ≈
(
αc
2αi

)4
for αi > 3αc.

Since real sample systems are not perfectly smooth and may consist of more than one
layer, the next subsection deals with the influence of multilayers and roughness on the
reflectivity data.

3.1.3 Real Surfaces and Interfaces

In the case of real surfaces and interfaces, roughness effects have to be taken into ac-
count. As shown in figure 3.3, EDPs of perfectly smooth surfaces have a discontinuity in
the transition region between two different media. However, since XRR data provides
only laterally averaged information, the transition region of rough interfaces can be
described as an ensemble of smooth surfaces with continuously varied refractive index
nj(z). This transition region is schematically shown in figure 3.4. The electron density
profile becomes continuous and the transition region can be described by a Gaussian
error function, where the full width at half maximum of the transition region is the
root-mean-square (rms) roughness σ.

Hence, the reflectivity of rough surfaces is described by

R(qz) = RF e
−q2zσ2

, (3.4)
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Figure 3.2: Fresnel reflection and Fresnel transmission as a function of normalized incident
angle [168].
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Figure 3.3: a) Reflected intensity of a smooth (blue), rough (green) and multilayer (red) system
divided by the Fresnel reflectivity. The data was calculated from electron density profiles shown
in b). b) Electron density profiles of the corresponding reflectivities shown in a).

leading to a damping of the reflected intensity in comparison with the Fresnel reflec-
tivity at high incident angles. Due to the fact that the Fresnel reflectivity spans over
several orders of magnitude for a typical XRR experiment, a high photon flux is neces-
sary.
Moreover, real systems mostly consist of more than one layer. An approach to calculate
the reflectivity of multilayer systems was presented 1954 by L. G. Parratt [170]. Here,
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Figure 3.4: Scheme of the determination of the roughness at a rough interface. [169]

at each of the N layers of the multilayer system the incident beam is both reflected and
transmitted. The part of the beam transmitted at the first layer becomes the incident
beam for the second layer, which is both reflected and transmitted, too. Since the last
layer is the bulk material, the transmitted beam at this layer is adsorbed and thus can
be neglected. Henceforth, the reflectivity can be recursively calculated beginning with
the reflected beam at the last layer. Interferences between reflected beams at different
layers lead to so-called Kiessing fringes [171] in the reflectivity curve (see figure 3.3).
Combining the Parratt’s algorithm with modified Fresnel coefficients, one may calcula-
te the reflectivity of rough multilayer systems. However, the roughness has to be much
smaller than the layer thickness, since otherwise discontinuities in the electron density
profile occur. To prevent these discontinuities, the electron density profile is divided
into thin slices that can be calculated by Parratt’s algorithm. This procedure is called
the effective density model, which is able to characterize real systems.
An alternative approach is formulated within the kinematical or first-order Born ap-
proximation, where only single scattering events are taken into account. This allows
to describe the scattering amplitude as the Fourier transform of the vertical electron
density ρ(z) via

R(qz) = RF (qz)

∣∣∣∣ 1

ρ∞ − ρsolution

∫
dρ(z)

dz
eiqzzdz

∣∣∣∣2 (3.5)

with ρ∞ − ρsolution as the difference between the bulk electron density of the substrate
and the solution. However, since the qz range in an experiment is limited, the resulting
electron density profile is not unique. Moreover, calculations using the kinematical ap-
proximation show differences towards experimental data at low qz values and a direct
inverse Fourier transform is impossible due to the square of the absolute value of the
integral, since all phase information is lost.
As shown in this section, XRR is a powerful technique to obtain information on rough-
ness, layer thicknesses and electron density differences in multilayer systems. However,
the roughness of the investigated samples plays an important role, since for rough sy-
stems the reflected intensity is decreasing exponentially. Moreover, for large qz-values
the intensity is proportional to q−4

z . Therefore, to access a large qz range, high photon
flux is necessary. In the case of solid-liquid interfaces, as investigated in this work, it
is also necessary for the incident beam to pass through a water layer and fulfill other
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requirements, as described in the following section.

3.2 Experimental Details

From the technical point of view, a parallel well focused, monochromatic x-ray beam
that offers a high flux of highly energetic photons has to be provided to perform XRR
experiments at solid-liquid interfaces. Therefore, the experiments shown in the frame-
work of this thesis were performed at third generation synchrotron radiation sources,
which are introduced in the following subsection. Subsequently, the used sample systems
are presented. There is a set of requirements for the sample cells as well as the used
samples that are illustrated in the sample systems section. Finally, the experimental
procedure is described in the last part of this section.

3.2.1 Experimental Facilities

In the framework of this thesis, experiments were performed at beamlines of four dif-
ferent synchrotron radiation sources: BL9 at DELTA (Dortmund, Germany), P08 at
PETRA III (Hamburg, Germany), MS-X04SA at SLS (Villigen, Switzerland) and ID31
at ESRF (Grenoble, France). Since the experimental setups at these beamlines are si-
milar, only the example of beamline BL9 at DELTA will be discussed in detail.

Beamline BL9 at DELTA, Dortmund, Germany:
As presented by Paulus et al. [172] (see also [173, 174, 175]) and schematically shown
in figure 3.5, beamline BL9 of DELTA (Dortmunder ELekTronenspeicherring-Anlage)
produces X-rays by a superconducting asymmetric wiggler, which operates at a criti-
cal energy of 7.9 keV. The optical elements of the beamline are optimized to operate
at a photon energy of up to 27 keV, providing a photon flux of 7 × 108 photons per
second and square millimeter at a storage ring current of 100 mA (storage ring energy:
1.5 GeV). This energy is ideal to investigate biological materials like proteins because
of a minimized radiation damage in the energy region around 25 keV [176], but with
the energy being still high enough to pass through a water phase with a thickness of
1 cm. Afterwards, the X-rays are monochromatized by a silicon (311) double-crystal
monochromator, leading to an energy resolution of ∆E/E = 10−4. To collimate the
beam as well as define the beam size, a slit system consisting of three slits (c, e and g in
figure 3.5) is installed, of which the first two slits collimate the X-ray beam vertically,
while the third slit defines the vertical size of the beam to 0.2 mm, leading to a final
beam size of 0.2 mm × 1 mm (V × H) at the sample position. The slits e and g enclose
an auto-absorber system that limits the photon flux and thus the amount of photons
incoming at the sample that is monitored by the NaI detector monitors d and h. The
sample is located in the sample cell at the position i. Since during XRR experiments
the intensity is recorded as a function of incident angle with the reflected angle being
equal to the incident angle, the experiments are performed in Θ - 2Θ geometry. The
incident angle arises from the rotation of the sample stage, while the reflected angle
occurs from a rotation of the detector, which is twice as high as the rotation of the
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sample. After being reflected at the sample, the X-ray beam passes through a slit sy-
stem (j), which suppresses diffuse scattering. Finally, the reflected intensity is detected
by a Pilatus 100K area detector (k), so that it is possible to detect both the reflected
intensity and diffuse scattering simultaneously. At BL9, the adsorption of lysozyme on
titanium oxide was investigated as a function of different thermodynamic conditions.
With the presented setup, it took 20 minutes to conduct an XRR measurement.

Figure 3.5: Schematic setup of the beamline BL9 at DELTA, based on Paulus [172]. Com-
ponents: a: superconducting asymmetric wiggler, b: silicon (311) double-crystal monochromator,
c, e, g, j: slit systems, d, h: detector monitors, f: auto-absorber system, i: sample cell, k: Pilatus
100K area detector.

The presented setup is typical for performing XRR experiments at synchrotron radia-
tion sources. In the following, major differences between the other used experimental
facilities and the already presented beamline will be shown.

Beamline ID31 at ESRF, Grenoble, France:
Lysozyme adsorption on titanium oxide interfaces was also investigated at the beamline
ID31 of the ESRF (European Synchrotron Radiation Facility) (see ID31 Homepage
for detailed beamline setup [177]). The ESRF operates at a storage ring energy of
6 GeV with a current of 200 mA[178]. This beamline is specialized in high energy X-
ray scattering and thus a setup with an incident photon energy of 70 keV and a beam
size of 0.005 mm × 0.04 mm (V × H) was used. Using the high flux of the beamline
has to be done carefully because of the risk of beam damage in the sample. Especially
the investigation of solid-liquid interfaces is prone to beam damage [179, 180] due to
the fact that X-rays produce radicals in water, which alters the water structure and
the structure of the hydration shell of the proteins. Therefore, the counting time at
high incident angles was reduced along with an increase in angle step size and absor-
ber plate thickness. At beamline ID31, the pressure-dependent adsorption behavior of
lysozyme on titanium oxide was investigated with a scan duration of 3 minutes per scan.

Beamline X04SA at SLS, Villingen, Switzerland:
The setup of the beamline X04SA of the SLS (Swiss Light Source) is described in de-
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tail by Willmott et al. [181] and Patterson et al. [182]. To perform experiments in the
framework of this thesis, the surface diffraction end station of the beamline was used.
This beamline provides a significantly higher photon flux than BL9 at DELTA due to
the higher storage ring energy (2.4 GeV) and current (400 mA, top-up operation mode),
as well as the use of an undulator instead of a wiggler as insertion device, resulting in a
maximum flux of > 1013 photons per second at an incident energy of 12 keV. However,
since an incident energy of 25 keV (resolution: ∆E/E = 1.4 · 10−4) was used at a beam
size of 0.05 mm × 0.2 mm (V × H), the incoming photon flux at the sample was redu-
ced. The reflectivity data was recorded by a Pilatus 100K detector. This setup is well
suited for the investigation of ions at hydrophobic interfaces, resulting in a recording
time of less than 10 minutes for each scan.

Beamline P08 at PETRA III, Hamburg, Germany:
The adsorption of ions at hydrophobic interfaces was also investigated at beamline
P08 of PETRA III (Positron-Elektron-Tandem-Ring-Anlage) [183]. This synchrotron
radiation source operates at a storage ring energy of 6 GeV and a beam current of
100 mA. Thus, with the present devices of beamline P08, a maximal flux of 2 · 1013

photons per second at an incident energy of 8.4 keV is achievable. However, the needed
incident energy of this experiment is higher due to the requirement of passing a water
layer of 1 cm thickness. Therefore, an incident energy of 25 keV was chosen. The beam
size was set to 0.05 mm × 0.1 mm (V × H) and a Pilatus 100K detector was chosen to
record the reflectivity. With this setup, 10 minutes were necessary to perform an XRR
measurement.

3.2.2 Sample Systems

This subsection introduces the sample systems that were investigated in the framework
of this thesis. In a first study, the adsorption of lysozyme on titanium oxide surfaces
was studied as a function of temperature, pressure, pH value and titanium oxide layer
thickness. The second study deals with the investigation of the adsorption behavior of
several kinds of ions on the hydrophobic surface of an OTS layer at ambient conditions.

Lysozyme on Titanium Oxide:

Very smooth silicon wafers (roughness: (2±0.5) Å) with a native silicon oxide layer
with a thickness of 1 nm and a roughness of (3±1) Å were purchased from Wacker Sil-
tronic (Burghausen, Germany) and used as substrate material. Titanium oxide layers
were deposited on top by means of atomic layer deposition (ALD) [85, 86]. The ti-
tanium oxide was produced using TiCl4 and H2O. This technique allows to deposit
titanium oxide layer by layer on top of the silicon wafer, keeping the roughness of the
titanium oxide layer small. Thus, silicon wafers with titanium oxide coating layer thick-
nesses with the dimensions of 50 Å, 60 Å, 80 Å (each layer with a roughness of 4 Å,

22



3.2. Experimental Details

respectively) and 115 Å (roughness: 6 Å)1 were produced. In this case, the structure of
the titanium oxide is amorphous [184]. To characterize the sample surface for surface
defects, atomic force microscopy (AFM, see [185, 186] for further details) snapshots of
the sample surface were taken (see figure A.1 in the appendix). These snapshots show
a complete surface coverage of the titanium oxide. Prior to use, the wafers were cut
into 10 × 19 mm2 pieces, cleaned for 5 minutes in an ultrasonic bath and rinsed with
ultrapure water.
Lysozyme was used as a model protein for investigating the adsorption behavior of
proteins on titanium oxide. The adsorption behavior of this protein was already inve-
stigated on silica surfaces as a function of temperature [74] and is thus a well suited
protein to be investigated on titanium oxide. The results of the investigation shown in
this thesis will be compared to the study of Kiesel et al. [74]. Lysozyme was purcha-
sed from Sigma-Aldrich (Taufkirchen, Germany) as lyophilized powder and was used
as received. This protein is obtained from hen egg white and can be described as a

prolate ellipsoid with dimensions of 30 × 30 × 45 Å
3

[152], having an isoelectric point
(IEP) at pH 11 [153]. To obtain an aqueous protein solution, lysozyme was solved in
an aqueous buffer solution yielding a protein concentration of 1 mg/mL. In case of
temperature-dependent measurements, a 10 mM phosphate buffer at pH 7 was used,
while for pressure-dependent measurements a pressure stable 20 mM BisTris buffer was
chosen [187] at pH 7.1. At this conditions, the zeta potential of the titanium oxide
layer is slightly negative. For pH-dependent measurements, lysozyme was dissolved in
ultrapure water and the pH value was adjusted by the addition of HCl or NaOH.

Ions at Hydrophobic Interfaces:

To produce hydrophobic OTS-coated wafers, silicon wafers were used as substrate ma-
terial and coated by the subsequently presented procedure. This preparation is descri-
bed in detail by Paul Salmen [78] and is slightly different from other known methods
[48, 188]. All chemicals used in this subsection were purchased from Sigma-Aldrich
(Taufkirchen, Germany).
First, silicon wafers are cut into 10 × 19 mm2 pieces and cleaned in isopropanol, ace-
tone, and chloroform, 15 minutes in a supersonic bath, respectively. Afterwards, the
wafers are put into a mixture of hydrogen peroxide (1/3) and sulfuric acid (2/3), in
which they stay for 45 minutes. This mixture removes organic residues and etches the
surface of the wafer, whereby silanol groups are generated at the surface. Afterwards,
the wafers are cleaned in three water baths to remove the mixture from the surface
of the wafer. With this method, the wafers are hydrophilized offering a contact angle
below 10 ◦, which is necessary for a proper deposition of OTS molecules. In the next
step, the wafers are dried by an argon flow. This method keeps the silanol groups on
the surface of the wafer intact [189] and allows a smooth growth of OTS monolayers.
Afterwards, the dry wafers are placed into a mixture of chloroform (1/3, water-free)

1The titanium coating was produced by Tobias Gahlmann and Dr. Andreas Behrendt, Institute of
Electronic Devices, University of Wuppertal, 42119 Wuppertal, Germany
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and hexane (2/3, water-free) with 1 mM OTS. Since this mixture is water-free, OTS
head groups can only form a bond with the surface of the wafer, leading to a silicon
oxide monolayer at the surface, while the non-polar OTS tail groups are pointing away
from the surface. This procedure takes at least 12 hours. Afterwards, the wafers are
finally cleaned several times alternatingly in toluol and hexane baths to remove OTS
residues. The wafers are now hydrophobic with a homogeneous surface [78] and can be
stored at room conditions. Prior to use, the wafers are cleaned in isopropanol in an
ultrasonic bath.
To investigate the adsorption of ions at OTS wafers, ions were produced by dissolving
salt in ultrapure water. Different compounds were chosen to study the adsorption be-
havior as a function of ion size and position in the Hofmeister series [190, 147, 191].
Therefore, several combinations of alkali metals and halogens were chosen as well as
alkali metals and hydroxides. These compounds with a purity of at least 99.9% were
purchased from Sigma-Aldrich (Taufkirchen, Germany): NaCl, NaBr, NaI, HCl, LiCl,
KCl, RbCl, CsCl, LiOH, NaOH, KOH, RbOH and CsOH. Further details on these com-
pounds are presented in section 2.1.1.

3.2.3 Sample Environment

In order to study the adsorption behavior of proteins on titanium oxide as well as ions
on OTS, three different custom made sample cells were used for different thermodyna-
mic conditions. These sample cells are presented in this subsection in detail.

Pressure Variation
Pressure-dependent measurements were performed in an already existing sample cell,
which is schematically shown in figure 3.6 a). This sample cell was introduced by Wir-
kert et al. [192] and allows to measure a sample volume of about 375µL in a pressure
range between 50 bar and 5 kbar by XRR.

To resist the high pressure, the outer sample cell with the dimensions 98 mm × 90 mm ×
80 mm (length in beam direction × width × height) consists of high-strength stainless
steel (type 2.4668, NiCr19Fe19Nb5Mo3). Two synthetic diamond windows (marked with
the letter W and D in figure 3.6 a)) with a thickness of 1 mm and a diameter of 6 mm
are located concentrically along the beam path. Because of the strong absorption of the
windows as well as the sample liquid, high photon energies ( > 20 keV) are required
[172]. This is fulfilled at all experimental stations (see 3.2.1). XRR measurements at a
maximum angle of incidence of 7.7 ◦ at a beam height of 0.1 mm can be performed. The
sample is placed in the inner cell (see figure 3.6 b)) and is then placed in the opening
O (see figure 3.6 a)) of the outer cell. The inner cell consists itself of three elements:
the sample holder (B in figure 3.6 b)), a breech (A in figure 3.6 b)) and a casing (C in
figure 3.6 b)) with Kapton windows (K in figure 3.6 b)). First, the wafer (maximum
size 7.5 mm × 7.5 mm) is placed in the sample holder and fixed with a screw (S in
figure 3.6 b)). Afterwards, the casing is filled with the sample liquid, while the sample
holder is placed inside and locked with the breech. To prevent the Kapton window from
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a) b)

Figure 3.6: Schematic setup of the high pressure sample cell, published by Wirkert et al. [192].
a) Sketch of the sample cell and scheme of the scattering geometry: The opening of the beam
path W through the diamond windows D as well as the opening for the inner sample cell O are
highlighted in the upper part of the figure. The lower part of the figure shows the beam path
through the sample cell. b) Scheme and photograph of the inner sample cell with the breech
(A) incl. rubber membrane M , sample holder B incl. screw S to fix the sample and cover plate
C incl. Kapton windows K.

rupture by applying pressure (because of the volume change of the sample liquid), a
rubber membrane (M in figure 3.6 b)) is spanned over the boring of the breech. After
placing the inner sample cell inside the outer sample cell, pressure may be applied by
filling the outer sample cell with pressure-transmitting material (water). By changing
the amount of the pressure-transmitting material with a high pressure pump, the pres-
sure applied on the sample may be altered. Additionally, installed pressure monitors
track the pressure inside the pressure circuit.

Temperature Variation
In experiments, where the temperature was varied, a sample cell presented by Salmen
[78] was used. This sample cell (see figure 3.7) consists of a stainless steel cell body
with Kapton windows and stainless steel sample holder.

A wafer with dimensions of 10 mm × 19 mm (length × width) is placed in the sample
holder and fixed with PTFE plates on opposing sides of the holder. Thereafter, the
sample holder is positioned inside the sample cell and mounted on a small pin to fix
the location of the wafer inside the sample cell. This allows a fast alignment after wafer
exchange. Afterwards, the interior of the cell may be filled with up to 10 mL of the sam-
ple liquid. However, 4 mL sample liquid are enough to perform XRR experiments on
solid-liquid interfaces. If desired, an additional heat exchanger plate may be mounted
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Figure 3.7: Scheme of the temperature variation sample cell [78]. a) Sketch of the whole sample
cell (left), inner part of the sample cell (middle) and sample holder (right). b) Photographs of
the cell components. [78]

below the sample cell to change the temperature of the sample by a continuous flow
cooling/heating system.

Room Conditions Setup
A part of the experiments are performed at room conditions. In these experiments, the
sample cell presented in figure 3.7 is used. However, during sample changes the cell has
to be cleaned very carefully to ensure correct results. Therefore, to reduce the cleaning
time a second sample cell was produced. This sample cell has the same layout as the
sample cell shown in figure 3.7, but the body of the cell consists of PTFE, which may
be cleaned significantly quicker. Photographs of the sample cell are shown in figure 3.8.

Figure 3.8: Photographs of the sample cell used for experiments at room conditions: Whole
sample cell (left) and sample holder incl. wafers (right).
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3.3. Data Treatment

These sample cells are suitable to be used at all beamlines presented in section 3.2.1 to
perform XRR experiments at solid-liquid interfaces. The analysis of the obtained XRR
data is presented in the next section.

3.3 Data Treatment

In a first step of XRR data analysis, the raw data is corrected for its background by the
subtraction of the transverse diffuse scan and normalized afterwards. Subsequently, the
electron density profiles can be determined by minimizing the mean square deviation
between the reflectivity data and a reflectivity curve that is calculated by Parratt’s
recursive algorithm [170] in combination with the effective density model [166], using a
least-squares fitting routine. As presented beforehand in section 3.1, the EDP contains
information on the layer thickness d, electron density ρ and interfacial roughness σ of
each layer of the model system.
In the past, many studies were performed to investigate the EDP of silicon and silicon
oxide interfaces (see e.g. references [193, 69, 106, 194]). It is widely accepted that
for measurements at high momentum transfers the EDP of silicon and silicon oxide
interfaces is best described by Steinrück et al. [194]. This model includes an area of
lower density between the silicon and silicon oxide layer. However, due to the fact that
most measurements presented in this chapter do not exceed a momentum transfer of

0.4 Å
−1

, the resolution is not high enough to resolve this area. In this case, the EDP
presented by Tidswell et al. [193] is the EDP of choice, describing the data most fittingly.
Since the model systems as well as the analysis procedures differ from this point on
for both studies, first the analysis of lysozyme adsorption on titanium oxide will be
presented, followed by the study of the adsorption behavior of ions on OTS.

3.4 Lysozyme on Titanium Oxide

In the study of lysozyme adsorption on titanium oxide, the reference sample system
(without protein) was modeled as follows: silicon was used as substrate material with
a silicon oxide layer on top, followed by a titanium oxide layer and water. For mea-
surements of lysozyme solution, one layer of adsorbed lysozyme was added on top of
the titanium oxide layer. A fit to the data with more layers instead of a single slab
for the protein, which often yields a better adaption of the fit [83], caused no impro-
vements. Due to this, it was decided to keep the model system as simple as possible.
Since no changes in the substrate material during protein adsorption are expected, the
substrate parameters obtained from the reference measurements were kept fixed within
the corresponding measurement series. Changes in the reflectivity data were expected
to be produced by changes within the lysozyme layer. During pressure variation, the
electron density of water changes significantly. Thus, this parameter was calculated for
each pressure and kept constant during analysis.
With the electron density profiles of the pure water measurements ρref (z) and the ly-
sozyme solution electron density profiles ρ(z), the volume fraction profile φ(z) along
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Chapter 3. Adsorption processes at solid-liquid interfaces

the surface normal can be calculated by

φ(z) =
ρ(z)− ρref(z)

ρlys − ρwater
(3.6)

where ρlys is the electron density of lysozyme, ρwater the electron density of water (e.g.

0.334 e−/Å
3

at ambient conditions) [195, 74] and φ(z) the lysozyme portion in the
adsorption layer, which is assumed to be a composite of lysozyme and water. The value

for ρlys was chosen as 0.49 e−/Å
3
. This value is calculated by Kiesel et al. [74] using the

program package chimera [196, 197] on the basis of a PDB file without a hydration shell
[152]. Other studies propose a lower electron density [83]). However, to keep the results

of titanium oxide on a comparable level to silicon oxide, ρlys was set to 0.49 e−/Å
3
.

The volume fraction profiles describe the surface coverage at position z, which can be
used to calculate the adsorbed amount Γ of lysozyme via

Γ =
m

v

∫
φ(z)dz (3.7)

with the molar mass m (14.3 kg/mol) and molar volume v (9348 m3/mol) of lysozyme
[152]. Note that Γ represents the minimal adsorbed amount observable by XRR [83].
This analysis procedure is used for every measured XRR data series of lysozyme ad-
sorption on titanium oxide for different thermodynamic conditions. The results of this
study are already published in the journal Langmuir [91]. In the following, temperature-
dependent measurements will be presented.

3.4.1 Temperature

Temperature-dependent XRR measurements of lysozyme on a 60 Å thick titanium oxi-
de layer are shown in figure 3.9 a). The reflectivities were normalized by the Fresnel
reflectivity of a smooth silicon-water interface.

Strong oscillations in the reflectivity data occur from the 60 Å thick titanium oxide
layer. By inserting the lysozyme solution, both the minima positions and shapes vary
slightly due to the adsorption of lysozyme on titanium oxide. As shown in the EDPs
in figure 3.9 b), the increase of temperature results in an increase of electron density
and layer thickness of the adsorbed lysozyme layer, and thus in a stronger adsorbance.
The differences in the shapes of the reflectivity curves of figure 3.9 a) seem to be quite
small at first sight. Thus, the temperature-dependent reflectivity data is compared to
the measurements at 20 ◦C again in figure 3.10 to highlight the differences. It is obvious
that with rising temperature, the minima are less pronounced and shifted to a lower
qz-value. This is due to a stronger adsorption of lysozyme on the titanium oxide surface.
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Figure 3.9: a) X-ray reflectivity data of a temperature series at ambient pressure. The measured
data is displayed using open circles, while solid lines represent the fit to the data calculated
from an optimized model system. The color scale corresponds to the legend in b). Lysozyme
80 ◦C 2 is the second measurement at 80 ◦C repeated one hour after the first measurement.
The spectra are shifted on the y-scale for better visualization. b) Electron density profiles of
the temperature series shown in a).

Figure 3.10: Temperature-dependent changes in the reflectivity data compared to the measu-
rement at 20 ◦C (black). The spectra are shifted on the y-scale for better visualization.
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Chapter 3. Adsorption processes at solid-liquid interfaces

For a better discussion of the results, volume fraction profiles and the adsorbed amount
of lysozyme were calculated via equations 3.6 and 3.7. The volume fraction profiles of the
temperature series are shown in figure 3.11 a), while the adsorbed amount of lysozyme
is presented in figure 3.11 b). At a temperature of 20 ◦C, the adsorbed lysozyme layer
has a thickness of 45 Å, which is equal to the length of the long axis of one lysozyme
molecule. Hence, the adsorption with the long axis perpendicular to the sample surface
seems to be preferred. However, the maximum surface coverage at this temperature is
only 14%. With rising temperature up to 60 ◦C, only a slight increase in the surface
coverage occurs. Changes in the shape of the lysozyme layer are observed starting from
a temperature of 70 ◦C, which is close to the denaturation temperature of lysozyme
(71 ◦C at pH 7 [198]). Here, an increase of layer thickness, which goes in hand with
a decrease in layer density, is observable. While the overall surface coverage decreases
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Figure 3.11: a) Volume fraction profiles of the temperature series shown in figure 3.9. b)
Temperature-dependent adsorbed amount of lysozyme on titanium oxide. The green symbols
correspond to the data shown in a) and figure 3.9, while the blue symbols correspond to a
measurement on a thicker titanium oxide layer shown in figure 3.12. Moreover, to compare the
results, the adsorbed amount of lysozyme on silicon oxide as previously published [74] is shown
in black. The errorbars of the data points are smaller than the data points themselves (±0.3
mg/m2).
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3.4. Lysozyme on Titanium Oxide

from 15.8% at 60 ◦C to 10.9% at 70 ◦C, a slight increase of adsorbed amount of lysozyme
(see figure 3.11 b)) is observed. This behavior can be explained by a partial unfolding
of the protein yielding lower electron densities and larger layer thicknesses. Due to
this, a lower surface coverage is observed, since the surface coverage depends on the
maximum density in the protein layer. The slight increase of Γ also points to an ongoing
adsorption of proteins from the bulk phase. As the proteins tend to aggregate at high
temperatures, a further increase of the temperature to 80 ◦C leads to an even higher
amount of adsorbed lysozyme. This effect continues with proceeding time. A second
measurement at 80 ◦C one hour after the first measurement reveals an even higher
amount of adsorbed lysozyme on the titanium oxide surface. However, even in this
measurement the adsorbed amount of lysozyme is still smaller than on silicon oxide as
observed in a previous study [74].

To validate the results, a second temperature-dependent XRR series of lysozyme ad-
sorption on titanium oxide was produced. This time, a thicker titanium oxide (115 Å)
layer was chosen. The reflectivity data, as well as the EDPs and the volume fraction
profiles are shown in figure 3.12. Here, the temperature-dependent behavior of lysozy-
me adsorption is analogous to the thinner titanium oxide layer (see figure 3.10 a)). In
the temperature region between 20 ◦C and 50 ◦C, almost no change in the adsorbed
amount of lysozyme is observable. However, for this sample system a significant incre-
ase in adsorbed lysozyme occurs already at 60 ◦C. This is different to the 60 Å thick
titanium oxide layer, for which the temperature-dependent increase of the amount of
the adsorbed lysozyme started at 70 ◦C. The EDPs and volume fraction profiles give
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Figure 3.12: a) Electron density profiles of temperature-dependent adsorbed lysozyme amount
on a 115 Å thick titanium oxide layer. b) Volume fraction profiles of the temperature series
shown in a).
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Chapter 3. Adsorption processes at solid-liquid interfaces

a hint on a rearrangement of the adsorbed lysozyme layer from a one layer to a two
layer system due to the increase of the lysozyme layer thickness under an almost con-
stant overall adsorbed amount of lysozyme. This rearrangement is completed at 70 ◦C.
Here, compared to 60 ◦C, the amount of covered titanium oxide surface by lysozyme
is smaller, but an increase in lysozyme layer thickness to a value of 90 Å is present.
This layer thickness corresponds to the size of two lysozyme molecules. However, rai-
sing the temperature further to 80 ◦C does not lead to more lysozyme adsorption. The
temperature-dependent adsorbed amount of lysozyme on this titanium oxide layer is
also presented in figure 3.11 b) and compared to temperature-dependent adsorption of
lysozyme at silicon oxide as well as on the thinner titanium oxide layer.
Even though the temperature-dependent adsorption behavior of lysozyme on titanium
oxide is similar for both investigated titanium oxide layer thicknesses, the overall adsor-
bed amount varies as a function of titanium oxide layer thickness and is even in both
cases smaller than the adsorbed amount of lysozyme on silicon oxide. This leads to
the assumption that the lysozyme adsorption on titanium oxide covered silicon wafers
is dependent on the titanium oxide layer thickness. This assumption will be further
discussed in the next subsection.

3.4.2 Titanium Oxide Layer Thickness

To investigate the impact of titanium oxide layer thickness on the lysozyme adsorp-
tion at titanium oxide-water interfaces, XRR measurements on wafers with different
titanium oxide layer thicknesses at room conditions were performed. The reflectivity
data as well as the EDPs are shown in figure 3.13, while the volume fraction profiles
and the adsorbed amount of lysozyme are shown in figure 3.14. Interestingly, there is a
clear impact of the titanium oxide layer thickness on the adsorbed lysozyme amount. A
thicker titanium oxide layer causes more lysozyme adsorption. This dependence might
give a hint that Van der Waals interactions play an important role on the adsorption
behavior of lysozyme on different surfaces [69].
In order to get an estimate of the Van der Waals contributions, the non-retarded Hama-
ker constants for two different sample geometries are calculated. First, the interaction
between titanium oxide and lysozyme via water is analyzed. In this case, the Hamaker
constant is calculated by [199]

Aijk = (
√
Aii −

√
Akk) · (

√
Ajj −

√
Akk) (3.8)

with the Hamaker constant of titanium dioxide Aii = 15.3 · 10−20 J [200], the Hamaker
constant of water Akk = 3.7 · 10−20 J[199] and the Hamaker constant of lysozyme Ajj .
A discussion on the interaction of lysozyme molecules in water is provided by Gripon
et al. [201], leading to the value of Ajj = 13.8 · 10−20 J via equation 3.8. This approach
yields Aijk = 3.6 · 10−20 J, which indicates an attractive interaction. To estimate the
effect of the silicon below the titanium oxide layer, the Hamaker constant for silicon in-
teracting with lysozyme via titanium dioxide was calculated. Here, Aii = 18.5 · 10−20 J
for silicon was used [202]. This rough estimate yields a Hamaker constant of -8 · 10−20 J,
indicating a slight repulsive interaction. Thus, in the sample geometry used, the silicon
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Figure 3.13: a) X-ray reflectivity data (circles) with fit (solid lines) of lysozyme adsorpti-
on on titanium oxide with different titanium oxide layer thicknesses at room conditions. b)
Corresponding electron density profiles.
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figure 3.13 b). b) Adsorbed amount of lysozyme on titanium oxide as a function of titanium
oxide layer thickness, calculated from the volume fraction profiles shown in a). The errorbars
were estimated by variation of lysozyme layer fit parameters.

substrate appears to be repulsive, which might result in a reduced adsorption at low
titanium oxide layer thicknesses.
To explain the weak adsorption in comparison to the silicon dioxide surface, surface
charge effects have to be taken into account, since one of the key factors in the ad-

33



Chapter 3. Adsorption processes at solid-liquid interfaces

sorption process are electrostatic interactions. The experiments on silicon oxide and
titanium oxide were performed at a pH value of 7±0.2. The IEP of silicon oxide is at a
pH of 2.0 [203], while titanium oxide has its IEP around a pH value of 5 [204], resulting
in a higher surface charge of silicon oxide at these experimental conditions and thus in
a stronger attraction of lysozyme with an IEP at a pH of 11. A complete study on the
pH dependence of lysozyme adsorption on titanium oxide surfaces will be presented in
the next subsection.

3.4.3 pH value

The pH-dependent measurements of lysozyme adsorption and EDPs on a silicon wafer
with a 60 Å thick titanium oxide coating at room conditions are shown in figure 3.15,
while the corresponding volume fraction profiles and adsorbed lysozyme amounts are
shown in figure 3.16.

Almost no lysozyme adsorbs at pH values below 5, since both the titanium oxide surface
and lysozyme are positively charged. At a pH value of 7, which is higher than the IEP of
titanium oxide, the titanium oxide surface is negatively charged. Here, the adsorption
behavior of lysozyme was already shown in figure 3.11. The highest adsorbed amount
occurs at a pH value of 9.8, where titanium oxide is strongly negatively charged, while
lysozyme still carries a positive charge [205]. Even though the pH value difference for
titanium oxide to the IEP is 4, which is equal to the difference of measurements of
silicon oxide at pH 7 with an IEP at pH 3, there is still less lysozyme adsorbing than
on silicon oxide. Consequently, the different adsorption behavior on silicon oxide and
titanium oxide is not only occurring due to surface charge differences and thus has to
be explained by material composition and structure [206, 69]. Raising the pH value
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Figure 3.15: a) X-ray reflectivity data (circles) with fit (solid lines) of lysozyme adsorption on
titanium oxide as a function of pH value at room conditions. b) Electron density profiles of the
data shown in a).
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Figure 3.16: a) Volume fraction profiles of lysozyme adsorption on a 60 Å thick titanium oxide
layer as a function of pH value at room conditions. The electron density profiles are shown in
figure 3.15 b). b) Adsorbed amount of lysozyme on titanium oxide as a function of pH value.
The errorbars were estimated by variation of lysozyme layer fit parameters. The red line is a
guide to the eye to illustrate the behavior of the adsorbed amount of lysozyme as a function of
pH.

further to 12 leads to less adsorption on titanium oxide. This pH value is beyond the
IEP of lysozyme and thus lysozyme and the titanium oxide surface are not oppositely
charged anymore.
With the pH-dependent data as well as the data of lysozyme adsorption on titanium
oxide as a function of titanium oxide layer thickness, the different adsorption behavior
of lysozyme on titanium oxide compared to silicon oxide can be described by differences
in the material composition, structure and surface charge.

3.4.4 Pressure

Finally, pressure-dependent measurements on titanium oxide coated silicon wafers were
performed. The results for measurements on a 60 Å thick titanium oxide layer are shown
in figure 3.17 (reflectivity curves and EDPs) and figure 3.18. XRR data and EDPs of
further pressure-dependent studies are shown in the annex in figures A.3, A.5 and A.7.

With rising pressure, lysozyme desorbs from the titanium oxide surface (see figure
3.18 a)). However, this effect is almost completely reversible by reducing pressure. The
effect of pressure on proteins in solution is frequently discussed in literature. It was
shown that high pressure has an impact on protein-protein interactions, protein ac-
tivity, folding and hydration and on the formation of protein dimers and oligomers
[207, 208, 209, 210, 211, 212]. Studies on protein adsorption under high hydrostatic
pressure are rare [192, 213]. In general, the application of high pressure transfers the
system under investigation into a state with reduced volume. This can cause a de-
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Figure 3.17: a) X-ray reflectivity data (circles) with fit (solid lines) of lysozyme adsorption
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Figure 3.18: a) Volume fraction profiles of lysozyme adsorption on a 60 Å thick titanium
oxide layer as a function of pressure at room temperature. The electron density profiles are
shown in figure 3.17 b). b) Adsorbed amount of lysozyme on titanium oxide with different layer
thicknesses between 50 Å and 80 Å as a function of pressure. The errorbars were estimated by
variation of lysozyme layer fit parameters.

stabilization or denaturation of proteins, which might go in hand with an increased
adsorption due to the interaction between hydrophobic parts of the protein and the
surface. Moreover, the volume of the protein hydration shell and its density is chan-
ged [210], resulting in an overall reduction of the systems volume. As a consequence, a
completely hydrated protein in bulk solution might be preferred compared to a weakly
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bound protein offering a defective hydration shell towards the substrate. As lysozyme
is very pressure stable, this scenario might explain the observed desorption.

With these results, a complete set of temperature, pressure and pH-dependent stu-
dies of lysozyme adsorption on titanium oxide layers with different layer thicknesses
were presented and analyzed in this section. A final conclusion on these results will be
presented together with the results of the study of ion adsorption on OTS in subsection
3.6.

3.5 Ions on OTS

The second part of this study explores the adsorption process of ions at a hydropho-
bic surface. The investigation of hydrophobic interfaces takes on greater importance
in modern research [84, 214, 215]. Previously, OTS has often been subject of scientific
interest, since this self-assembled monolayer has the property to generate spontaniously
a hydrophobic surface on silicon [48, 105, 216, 217, 218]. Hence, the adsorption behavior
of different substances on OTS was investigated [48, 219, 78]. However, the results of
these experiments are controversially discussed and a complete description of the ad-
sorption process is still pending. Especially the hydrophobic gap, a zone of low electron
density at the interface between the OTS tail group and a liquid, is not yet completely
understood [220, 221, 222, 49, 78]. In this study ions are solved in water, which may
overcome the hydrophobic gap upon adsorption on OTS and hence give new insight
into structural changes of the hydrophobic gap. The presence of ions at hydrophobic
interfaces is of great interest, since such systems play a crucial role in several processes
in industry [95, 96, 97].

The reference system (without ions) is structured as follows: Silicon was used as sub-
strate material, followed by a silicon oxide layer, a layer for the head group of OTS, an
OTS tail group layer and a layer for the hydrophobic gap. Finally, a layer of water was
modeled on top. An example for an XRR measurement and an EDP of this system is
shown in figure 3.19. Here, the x-axis starts at the beginning of the OTS head group,
since changes in the XRR data during the addition of ions did not affect the respective
signal of the silicon and the silicon oxide of each wafer. Hence, the electron density,
layer thickness, and roughness of the OTS head group, OTS tail group, and the hydro-
phobic gap were the free parameters to be optimized to describe changes in a series of
measurement. The electron density of water (or aqueous solution) was calculated and
not optimized during analysis.
Ions are added to the system by solving the compounds listed in subsection 3.2.2 in
water. In the case of e.g. lithium chloride, the salt solves in water, leading to a separati-
on of both ions Li+ and Cl−. These ions approach to the solid-liquid interface between
the OTS tail group and the aqueous solution. Three adsorption pathways are possible
on how the ions adsorb at the solid-liquid interface (see also figure 3.20).

In the first case, the OTS layer is completely continuous. Due to the dense packing of
OTS molecules, the OTS tail group is perpendicular to the silicon surface. Hence, ions
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Figure 3.19: Example sample system of OTS coated silicon wafers: Silicon is the substrate
material, followed by silicon oxide, the OTS head and tail groups and a hydrophobic gap between
the OTS tail group and water.

Figure 3.20: Three possible adsorption pathways for the adsorption of ions on OTS: 1. The
OTS layer is completely closed and the ions adsorb on top of the tail groups of the OTS. 2: The
OTS layer is not completely closed, so that ions may pass through the OTS layer and adsorb
both on the OTS tail group as well as on the silicon surface below the OTS. 3: The OTS layer
is not completely closed and has enough gaps that ions only adsorb on the silicon surface.
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can only adsorb on top of the OTS tail groups without affecting the shape of the OTS
head and tail groups in the EDP. Thus, both electron density and layer thickness of the
OTS head and tail groups should not change and differences between measurements
with different ion concentrations on the same surface should only be reflected by changes
in the hydrophobic gap and the adsorbed amount of ions.
The second case describes a not entirely continuous OTS layer, so that ions fit between
the OTS molecules and thus may both adsorb on top of the OTS tail group as well as on
the silicon oxide layer of the wafer. Since there is space between the OTS molecules, it
is possible that they are tilted and do not point exactly perpendicular from the surface.
This will cause a decrease of the layer thickness of the OTS tail group in the EDP.
However, with ion adsorption on top of the silicon oxide layer of the wafer, the space
between OTS molecules is reduced, which will straighten the OTS molecules. After
straightening all OTS molecules, no more increase in OTS tail group layer thickness
is expected, which means that with rising ion concentration a saturation in the layer
thickness of the OTS tail groups has to be reached. Moreover, the adsorbed ions between
the OTS molecules should raise the electron density of the OTS head and tail groups.
In the third case, it is again assumed that the OTS layer is not completely continuous
and thus there is enough space for the ions to adsorb on silicon oxide between the OTS
molecules. However, the difference to the second case is that the gaps between the OTS
molecules are so large that the adsorption of ions does not affect the OTS. In this case,
no interaction between the ions and OTS occurs, which would result in a constant layer
thickness of OTS head and tail groups. However, because of the adsorption of the ions
between the OTS molecules, the electron density at least of the OTS head group should
increase.
All of these assumptions do have a distinguishable fingerprint on the EDP and may
thus be verified by XRR. Therefore, XRR is the method of choice to investigate the
adsorption behavior of ions at hydrophobic interfaces. In the next subsection, the results
of the adsorption behavior of lithium chloride solved in water on OTS will be presented
as a function of lithium chloride concentration. Afterwards, the cation and the anion
will be replaced by other cations and anions, respectively, to investigate the effect of
ion size as well as the position of ions in the Hofmeister series (see section 2.1.1 for
further details).

3.5.1 Lithium Chloride

In a first step, to identify effects caused by impurities of the purchased compounds,
the adsorption behavior of a baked out (30 minutes at 400 ◦C) lithium chloride-water
mixture and untreated lithium chloride-water mixture on OTS was investigated. The
XRR data of lithium chloride solved in buffer on OTS is shown in figure 3.21. Main
differences in the reflectivity occur in the region of the first local minimum around

0.2 Å
−1

. With rising ion concentration, the minimum is more pronounced and shifts
towards lower qz-values. As shown in figure 3.22, this induces changes in the EDPs in
the properties of the OTS tail group, the hydrophobic gap and in an appearance of
an additional layer at the interface of the hydrophobic gap. In the case of baked out
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Figure 3.21: XRR data of in water solved lithium chloride adsorption on an OTS wafer as
a function of concentration. In case a), the lithium chloride was baked out for 30 minutes at
400 ◦C before solved in water, while in b) the XRR data of untreated lithium chloride is shown.
The circles represent the measured data, while the solid lines show the fit to the data. The data
as well as the fits are shifted on the y-scale for better visualization.
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Figure 3.22: EDPs of in water solved baked out (a)) and untreated (b)) lithium chloride
adsorption on an OTS wafer as a function of ion concentration.

compounds (see figure 3.22 a)), the electron density and layer thickness of the OTS
tail group increase continuously with rising ion concentration. Moreover, the shape of
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the hydrophobic gap changes as well as the adsorbed amount of ions at the interface of
the hydrophobic gap with rising concentration. The hydrophobic gap becomes smaller
with increasing concentration. Due to the high amount of solved ions in water, also
the overall electron density of the LiCl solution increases. These results differ from the
adsorption behavior of lithium chloride that was not treated before the measurements.
In this case, already at a concentration of 0.1 M a strong increase in the electron density
and layer thickness of the OTS tail group occurs, while the adsorbed amount of ions at
the interface of the hydrophobic gap is quite small. Raising the concentration to 0.5 M
does not lead to further significant changes in the hydrophobic gap region.
To investigate systematic changes in the EDPs with rising ion concentration as well as
changes between different ions, the following parameters will be analyzed in detail in
this chapter: the OTS tail group electron density ρtg and its increase with added ions
∆ρtg (as the difference between the OTS tail group electron density of a measurement
with and without ions), the OTS tail group layer thickness dtg and its increase with
added ions ∆dtg, the integral over the hydrophobic gap Ihg and its increase with added
ions ∆Ihg as well as the integral over the adsorbed ion layer Iion. The meanings of
these parameters are illustrated in figure 3.23 for clarification on the example of an
XRR measurement of an OTS wafer in pure water and on an OTS wafer in a LiCl-
water solution with the concentration of 2 M. In this figure, only the significant z-region
of the EDPs is shown.
The integral value of the hydrophobic gap Ihg is calculated by the integral over electron
density values lower than the electron density of the OTS tail group and bulk liquid for
all positive z-positions. The value Iion is calculated by the integral over electron density
values higher than the electron density of the bulk liquid, starting at z-positions higher
than the z-position of the minimum of the hydrophobic gap. As no changes in the OTS
head group were observed, only the parameters presented in figure 3.23 are evaluated.
Furthermore, because of the fact that error analysis in XRR measurements is difficult,
errors for these parameters are determined by varying fit parameters of the OTS tail
group and hydrophobic gap around the best fit and checking the fit consistency. Hence,
depending on the data quality, following error ranges were estimated: The error of the
electron density of the OTS tail group ρtg varies in the range between ±0.002 and
±0.005 electrons per cubic angstrom, errors of the OTS tail group layer thickness dtg
in the range between ±0.2 and ±0.5 angstrom and errors in the integral values of the
hydrophobic gap and ion layer in the region between ±0.01 and ±0.03 electrons per
square angstrom, respectively. The error values of the differences between two values
are calculated according to Gaussian error propagation.
For further analysis, the parameters that were presented in figure 3.23 will be compared
between the baked out and the untreated lithium chloride. A comparison of these
parameters is shown in figure 3.24. In the case of the electron density of the OTS tail
group (see figure 3.24 a)), solved baked out lithium chloride in water lead to a continuous
increase of this parameter with rising concentration. Only for a 0.1 M concentration,
a small decrease in electron density of the OTS tail group is observable. However,
this deviation is within the uncertainty of the measurement. At the maximum LiCl
concentration of 2 M, the increase of electron density in the OTS tail group is 0.02±0.002
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Figure 3.23: Illustration of the investigated parameters of the increase of OTS tail group
electron density ∆ρtg, increase of OTS tail group layer thickness ∆dtg, integral over the hy-
drophobic gap Ihg and integral over the adsorbed ion layer Iion on the example of the EDP
differences between a 2 M LiCl-water mixture and a pure water measurement.

electrons per cubic angstrom. Using the untreated compound also lead to a continuous
increase of the electron density of the OTS tail group, but this increase is significantly
stronger than for the baked out compound. Starting at a concentration of 0.1 M, the
increase in electron density is as strong as at concentrations between 0.5 M and 1 M for
the baked out compound, even though the electron density of the OTS tail group of the
pure water measurement was already higher for the wafer that was used to investigate
the adsorption effect of the untreated compound. Comparing the resulting values of
electron density and length of the OTS tail groups of each salt concentration to those
of pure water measurements show the changes in the OTS arrangement on the wafer
as a function of salt concentration. Here, higher values of OTS tail group electron
density and length represent a denser packed arrangement of OTS molecules on the
silicon wafer. Hence, in the case of baked out lithium chloride, there were less ions
adsorbing in-between the OTS tail groups. This is even more pronounced by looking
at the differences in electron density of the OTS tail groups (see figure 3.24 b)).
A similar behavior can be observed for the length of the OTS tail group (see figure
3.24 c)). Adding the untreated compound leads already at a concentration of 0.1 M to
an increase of the length of the OTS tail group of 2.19 ± 0.2 Å, which is comparable
to the maximum possible increase for the baked out LiCl system (see figure 3.24 d) for
differences in OTS tail group lengths as a function of concentration). Moreover, this
study reveals that the increase of the OTS tail group in length is restricted to a value
between 2 Å and 3 Å, depending on the value of the length of the OTS tail group for a
pure water measurement (between 17.5 Å and 22 Å).

Another significant difference between the two systems is revealed by investigating the
integrals of the hydrophobic gap and their differences between a pure water measure-
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Figure 3.24: Comparison of the changes of the electron density (a)) and layer thickness (c))
of the OTS tail group as well as their differences (b) and d)) compared to a pure water mea-
surement as a function of ion concentration between baked out and untreated lithium chloride.
The x-axis is scaled to the square root of the concentration for better visualization.

ment and the system with added ions (see figure 3.25 a) and b)). Whereas in the case
of the baked out compound the integral value of the hydrophobic gap decreases with
rising concentration, this value increases for the untreated compound. In contrast, an
ion layer adsorbs at the interface of the hydrophobic gap in both cases (see figure 3.25
c)). However, the baked out compound tends to adsorb significantly stronger on the
hydrophobic surface, represented by much higher Iion values compared to the untreated
sample, even though no trend in the maximum concentration of the adsorbed ion layer
is observable (see figure 3.25 d)).
All these results point out the difference in the behavior of the systems as a function
of pre-experimental treatment. These differences indicate impurities in the used com-
pounds that are reduced or even eliminated by baking out. Hence, to obtain correct

43



Chapter 3. Adsorption processes at solid-liquid interfaces

0 0.1 0.5 1 2

Concentration [M]

0.35

0.4

0.45

0.5

I hg
[e

- /Å
2
]

a) LiCl
LiCl baked out

0 0.1 0.5 1 2

Concentration [M]

-0.15

-0.1

-0.05

0

0.05

0.1

I hg
[e

- /Å
2
]

b) LiCl
LiCl baked out

0 0.1 0.5 1 2

Concentration [M]

0

0.1

0.2

0.3

0.4

I sa
lt

[e
- /Å

2
]

c)

LiCl
LiCl baked out

0 0.1 0.5 1 2

Concentration [M]

0

0.5

1

1.5

2

2.5

3

M
ax

im
um

 Io
n 

C
on

ce
nt

ra
tio

n 
[M

] d)

LiCl
LiCl baked out

Figure 3.25: Comparison of the changes of the integral value of the hydrophobic gap (a))
and its difference compared to a pure water measurement (b)), the adsorbed ion layer (c)) and
the maximum concentration of the adsorbed ion layer (d)) as a function of in water solved ion
concentration between baked out and untreated lithium chloride. The x-axis is scaled to the
square root of the concentration for better visualization. The dotted line in d) represents the
case of no ion adsorption on OTS.

results of the adsorption behavior of ions on OTS, every sample was baked out before
usage. Moreover, the adsorption behavior of lithium chloride hints the second pathway
of ion adsorption on OTS (see figure 3.20) due to the increase of electron density and
layer thickness of the tail group.
To confirm this adsorption pathway, the adsorption behavior of different ions on OTS
was investigated and will be shown in the following subsections. First, several cations
were examined with regard to their different sizes as well as position in the Hofmeister
series.
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3.5.2 Cation Variation

In a first step, lithium is replaced by other cations such as sodium, potassium, rubidium
and caesium. Moreover, the adsorption behavior of ions resulting from a solution of
hydrochloric acid in water is studied. The experiments and data analysis were performed
analogously to the previous section. Figures 3.26 and 3.27 show the EDPs of ion-
water mixtures on OTS as a function of ion concentration of hydrochloric acid, sodium
chloride, potassium chloride, rubidium chloride and caesium chloride (the corresponding
XRR data is shown in the appendix in figures B.1 - B.5).

Investigating the adsorption behavior of hydrochloric acid on OTS (see figure 3.26 a))
leads to a surprising result: In opposition to the adsorption behavior of lithium chloride
(see figure 3.22 a)), for which adding lithium chloride led to changes in the electron
density and length of the tail group, almost no changes are observable by adding hydro-
chloric acid in the OTS region. Even by increasing the hydrochloric acid concentration
to 5 M, no changes in the OTS tail group are detected. Only the shape of the hydro-
phobic gap changes very slightly with a very small ion layer forming at the interface of
the hydrophobic gap. This result coincides with pre-experimental expectations due to
the fact that the hydrochloric acid is extremely soluble in water.
In opposition to this, replacing the hydrochloric acid with sodium chloride (see figu-
re 3.26 b)) yields considerable changes. Here, even small amounts of ions lead to a
strong increase in the OTS tail group length and a small increase in the OTS tail
group electron density. Furthermore, a significantly larger layer of adsorbed ions forms
at the interface of the hydrophobic gap compared to the measurement of hydrochloric
acid at a concentration of 5 M. Raising the concentration of sodium chloride to 0.5 M
and 1 M leads to a continuous, slight increase in OTS tail group electron density and
length, while the amount of adsorbed ions at the interface of the hydrophobic gap in-
creases strongly. Hence, with rising concentration, more ions are adsorbing in-between
the OTS tail groups as well as at the hydrophobic interface. The maximal investigated
NaCl concentration of 2 M reveals another strong increase in electron density of the
OTS tail group, while the length of the OTS tail group decreases slightly. This implies
that the maximum length of the OTS tail group is reached. The adsorbed amount of
ions at the interface of the hydrophobic gap increases only slightly, too, which is a hint
on a saturation of the adsorbed ion amount for solved sodium chloride. Measurements
on higher NaCl concentrations were not possible. For all measured concentrations only
small changes in the integral value and shape of the hydrophobic gap occurred.
Figure 3.26 c) shows the adsorption behavior of potassium chloride on OTS as a functi-
on of ion concentration. Like in the case of sodium chloride, electron density and layer
thickness of the OTS tail group increases with rising concentration. Furthermore, an
additional layer at the interface of the hydrophobic gap is formed. However, there are
also differences in the EDPs: In the case of a 0.1 M KCl-water mixture, only the OTS
tail group electron density increases, while the OTS tail group decreases slightly. Rai-
sing the concentration further to 0.5 M leads to a significant increase of the OTS tail
group length, while the electron density of the OTS tail group increases only slightly.
This is different to sodium chloride, where the maximal OTS tail group length was
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Figure 3.26: EDPs of HCl (a)), NaCl (b)) and KCl (c)) on OTS as a function of ion con-
centration. The corresponding XRR data is shown in the appendix in figures B.1, B.2 and
B.3.

already reached at a concentration of 0.1 M. Raising the potassium chloride concentra-
tion to 1 M leads to a further strong increase in the OTS tail group electron density,
while the OTS tail group length decreases slightly. During all these measurements, the
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Figure 3.27: EDPs of RbCl (a)) and CsCl (b)) on OTS as a function of ion concentration.
The corresponding XRR data is shown in the appendix in figures B.4 and B.5.

integral value of the hydrophobic gap as well as the amount of adsorbed ions stayed
almost constant. However, their shape changed continuously with increasing concentra-
tion. The hydrophobic gap becomes sharper with increasing concentration, while the
adsorbed ion layer is shifted to lower z-values. This means that the ions adsorb closer
to the interface, which may affect the shape of the hydrophobic gap and thus lead to
a decrease of the hydrophobic gap. However, the integral value of the hydrophobic gap
does not increase due to the fact that the rising electron density of the hydrophobic
gap is counteracted by rising electron density of the OTS tail group. Again, due to the
high absorption of X-rays in the KCl-water mixture, it was not possible to investigate
the adsorption behavior of ions for higher concentrations of KCl.
The adsorption behavior of rubidium chloride is shown in figure 3.27 a). Here, with
rising concentration, OTS tail group electron density and length increase continuous-
ly. The behavior of the hydrophobic gap and the adsorbed ions is comparable to the
observations on KCl-water mixtures: with rising concentration, the layer of adsorbed
ions as well as the hydrophobic gap become sharper. Here, the integral value of the
hydrophobic gap decreases continuously with rising concentration, while the amount
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of adsorbed ions increases slightly. Unfortunately, due to the strong absorption, the
highest concentration possible to investigate was 0.5 M.
Finally, the largest investigated cation was caesium. However, the maximally possible
concentration to investigate was 0.1 M. Figure 3.27 b) shows the adsorption behavior
of caesium chloride. Already at the concentration of 0.1 M, a strong increase in OTS
tail group electron density as well as length is observed. Moreover, a distinct layer of
adsorbed ions forms at the hydrophobic interface. However, this concentration is not
high enough to produce changes in the shape of the hydrophobic gap, while its integral
value rises slightly with ion addition.

As already presented in the case of lithium chloride in figure 3.24, changes of the OTS
tail group electron density and length, the integral values of the hydrophobic gap and
adsorbed ions as well as their difference values compared to pure water measurements
are shown for all the compounds discussed in this section in figure 3.28 as a function
of concentration.
Figures 3.28 a) and b) show changes in the OTS tail group electron density as a function
of concentration. Hydrochloric acid is the only compound showing almost no changes
in the OTS tail group electron density with rising concentration, while all other com-
pounds cause an increase in the OTS tail group electron density with rising concentra-
tion. Figure 3.28 b) indicates that the increase in the OTS tail group electron density is
correlated to the ion size. Larger ions induce a stronger increase in the OTS tail group
electron density at a given concentration. Rubidium is the only ion not following this
trend by increasing the OTS tail group electron density slightly less than expected at
a concentration of 0.1 M. However, these results support the conclusion that for every
concentration an almost equal amount of ions adsorb between the OTS tail groups. The
different increase in electron density then results from the different amount of electrons
and thus electron density of each cation. This suggests that the adsorbed amount of
ions between the OTS tail groups is almost independent of the cation type, but may be
controlled by the anion type. The influence of the anion variation will be investigated
in the next subsection. Nevertheless, due to the lack of data at high concentration for
large ions, these results need to be validated by further experiments.
The increase in the OTS tail group length as a function of concentration for different
compounds is shown in figures 3.28 c) and d). All compounds (except hydrochloric acid)
increase the OTS tail group length to a maximum value between 19 Å and 20.5 Å, which
is equal to an increase of 1 Å to 2.5 Å. Smaller ions (lithium and sodium) generate a
strong increase in OTS tail group length (2 Å to 2.5 Å), while larger ions (potassium
and rubidium) generate only an increase of the OTS tail group length of 1 Å to 1.5 Å.
Only caesium does not follow this trend by increasing the OTS tail group length to
2 Å at a concentration of 0.1 M. Due to the fact that the OTS tail group increase is
linked to the orientation of the OTS molecules on the wafer (see figure 3.20 b)), a
stronger increase in the OTS tail group is connected to more upright OTS molecules on
the wafer perpendicular to the wafer surface. Neglecting the caesium measurement and
considering the results of the OTS tail group electron density increase shows that lithi-
um and sodium are able to produce a more upright orientation of the OTS molecules
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Figure 3.28: Comparison of the changes of the electron density (a)) and layer thickness (c))
of the OTS tail group as well as their differences (b) and d)) compared to a pure water measu-
rement as a function of ion concentration for varied cations. The x-axis is scaled to the square
root of the concentration for better visualization.

than potassium and rubidium. This may be indeed reasoned by the ion size, because
small ions have more options to be placed around the OTS molecules. Since the cation
is placed first, the ion size of the cation is relevant, even though the ion size of chloride
is larger than of all cations.

Investigating the integral value of the hydrophobic gap (see figure 3.29 a)) as well as
changes in this value (see figure 3.29 b)) upon concentration increase and the integral
value of the adsorbed ion layer (see figure 3.29 c)), no systematic changes are observa-
ble. Moreover, the differences in the hydrophobic gap integral value vary in the range
of ±0.15 electrons per square angstrom, while the integral value of the adsorbed ion
layer seems not to correlate with ion size. However, the shapes of the hydrophobic gap
and the ion layer change in the case of high concentrated potassium chloride, rubidium
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Figure 3.29: Comparison of the changes of the integral value of the hydrophobic gap (a)) and
its difference compared to a pure water measurement (b)), the adsorbed ion layer (c)) and the
maximum concentration of the adsorbed ion layer (d)) as a function of ion concentration for va-
ried cations. The x-axis is scaled to the square root of the concentration for better visualization.
The dotted line in d) represents the case of no ion adsorption on OTS.

chloride and caesium chloride, respectively. The larger the ion, the bigger changes are
induced at equal concentrations. Here, the adsorbed ion layer shifts towards the OTS
with rising concentration, leading to a sharpening of the hydrophobic gap. However,
this does not affect the integral value of the hydrophobic gap. Furthermore, also the
maximum ion concentration of the adsorbed ion layer (see figure 3.29 d)) is not corre-
lated with cation size.
This study reveals that the adsorption behavior of ions at the hydrophobic interface of
OTS varies for different cations. All the investigated ionic compounds have an impact
on both the OTS tail group and the hydrophobic gap by adsorbing both in-between the
OTS tail groups as well as at the interface of the hydrophobic gap, which is illustrated
as pathway in figure 3.20 b). Investigating changes in the OTS tail group revealed that
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for each concentration the overall amount of adsorbed ions is almost independent of
the different cations, leading only to an increase of the OTS tail group electron den-
sity that correlates to the ion size. Moreover, small ions are able to cause a higher
increase in OTS tail group length, while larger ions have a greater impact on shape
changes of the hydrophobic gap and adsorbed ion layer. However, no ion type is able to
induce significant changes in the integral value of the hydrophobic gap. Furthermore,
the integral value as well as the maximum ion concentration of the adsorbed ion layer
do not correlate with the size of the cations and show no significant changes through
cation variation. To investigate the impact of the anion on the OTS structure and ion
adsorption, the next subsection deals with measurements where the anion was varied.
Here, sodium was chosen as the cation counterpart.

3.5.3 Anion Variation

To examine the influence of the anions on the adsorption behavior of ions at the hy-
drophobic interface between OTS and water, three different compounds were solved in
water and investigated as a function of concentration: sodium chloride, sodium bro-
mide and sodium iodide. Unfortunately, due to the high absorption of bromide and
iodide ions, only concentrations of 0.1 M could be investigated. The EDPs of the inve-
stigated ionic compounds are shown as a function of concentration in figure 3.30 (the
corresponding XRR data is shown in the appendix in figures B.6 and B.7).

Solved sodium bromide in water (see figure 3.30 b) leads to a significant increase in both
the OTS tail group electron density and length. Furthermore, a small ion layer adsorbs
at the interface of the hydrophobic gap. This ion layer induces slight changes in the
shape of the hydrophobic gap. Even though the shape of the hydrophobic gap becomes
sharper with sodium bromide addition, the integral value of the hydrophobic gap does
not decrease, but instead increases slightly. This is the result of the same process that
was discussed in the previous subsection: The integral value of the hydrophobic gap
increases even though the shape of the hydrophobic gap becomes sharper due to the
increase in OTS tail group electron density.
The last investigated compound upon anion variation is sodium iodide. Here, the ad-
dition of ions leads again to an increase in both the OTS tail group electron density
and length. Compared to all investigated compounds before, it is the highest obser-
ved increase in OTS tail group electron density with 0.035± 0.002 electrons per cubic
angstrom. This increase is twice as high as in the case of caesium chloride. The increase
in OTS tail group length with less than 1 Å is quite small. As already observed for all
other compounds, also in the case of sodium iodide a small ion layer at the interface
of the hydrophobic gap occurs at this concentration. This small layer causes significant
changes in the shape of the hydrophobic gap, combined with an increase in the elec-
tron density of the OTS tail group. The shape of the hydrophobic gap is much sharper
compared to the shape of the hydrophobic gap of the pure water measurement. Even
though the shape of the hydrophobic gap becomes much sharper by adding sodium
iodide, the integral value of the hydrophobic gap increases.
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Figure 3.30: EDPs of NaCl (a), also shown in figure 3.26 b)), NaBr (b)) and NaI (c)) on OTS
as a function of ion concentration. The corresponding XRR data is shown in the appendix in
figures B.2, B.6 and B.7.

Quantitative changes of the OTS tail group electron density and length as well as the
integral values of the hydrophobic gap and adsorbed ion layer as a function of ion con-
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centration for different anions are shown in figures 3.31 and 3.32. In the case of the
OTS tail group electron density (see figures 3.31 a) and b)), the addition of all com-
pounds lead to an increase of this quality, which is correlated to the size of the ion. The
larger the ion, the higher the increase in electron density of the OTS tail group. With
0.014 ± 0.002 electrons per cubic angstrom, the increase in OTS tail group electron
density for a 0.1 M concentrated sodium bromide-water mixture was higher than the
increase of OTS tail group electron density of a 1 M concentrated sodium chloride-water
mixture. Replacing sodium bromide by sodium iodide lead to a more than twice as high
increase in the electron density of the OTS tail group. This behavior is comparable to
what was shown for the case of cation variation (see section 3.5.2). Also the behavior
of the OTS tail group length (see figures 3.31 c) and d)) is comparable to the case of
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Figure 3.31: Comparison of the changes of the electron density (a)) and layer thickness (c))
of the OTS tail group as well as their differences (b) and d)) compared to a pure water measu-
rement as a function of ion concentration for varied anions. The x-axis is scaled to the square
root of the concentration for better visualization.

53



Chapter 3. Adsorption processes at solid-liquid interfaces

0 0.1 0.5 1 2

Concentration [M]

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

I hg
[e

- /Å
2
]

a)

NaCl
NaBr
NaI

0 0.1 0.5 1 2

Concentration [M]

-0.02

0

0.02

0.04

0.06

0.08

0.1

I hg
[e

- /Å
2
]

b)

NaCl
NaBr
NaI

0 0.1 0.5 1 2

Concentration [M]

0

0.05

0.1

0.15

0.2

I io
n

[e
- /Å

2
]

c)

NaCl
NaBr
NaI

0 0.1 0.5 1 2

Concentration [M]

0

1

2

3

4

M
ax

im
um

 Io
n 

C
on

ce
nt

ra
tio

n 
[M

] d)

NaCl
NaBr
NaI

Figure 3.32: Comparison of the changes of the integral value of the hydrophobic gap (a)) and
its difference compared to a pure water measurement (b)), the adsorbed ion layer (c)) and the
maximum concentration of the adsorbed ion layer (d)) as a function of ion concentration for
varied anions. The x-axis is scaled to the square root of the concentration for better visualization.
The dotted line in d) represents the case of no ion adsorption on OTS.

cation variation (see section 3.5.2): increasing the ion size lead to a smaller increase in
the OTS tail group length.
Moreover, changes in the integral value of the hydrophobic gap (see figure 3.32 a) and
b)) and integral value of the adsorbed ion layer (see figure 3.32 c)) were investigated.
As in the case of cation variation, a slight increase of the integral value of the hydro-
phobic gap is observable upon concentration increase of the ionic compounds, but being
still in the region of ±0.15 electrons per square angstrom. However, the shape of the
hydrophobic gap and the ion layer get sharper upon addition of a compound, which is
comparable to large cations (e.g. adsorption of caesium chloride) in the previous sub-
section. Moreover, the maximum ion concentration of the adsorbed ion layer (see figure
3.32 d)) may be correlated to the anion size. The maximum ion concentration of the

54



3.5. Ions on OTS

adsorbed ion layer is decreasing for larger anions. Nevertheless, this has to be approved
by further measurements.
Hence, all the conclusions drawn concerning the adsorption behavior of ions at the
hydrophobic interface of OTS, which were derived from cation variation, are confirmed
by anion variation. However, investigating the cation variation for another anion may
provide new insight into the adsorption behavior of ions on OTS. Therefore, alkali me-
tal hydroxides were chosen as sample material. Their adsorption behavior on OTS will
be discussed in the following subsection.

3.5.4 Hydroxides

To get a greater knowledge of the adsorption behavior of ions on OTS and the con-
sequences of the presence of ions for the OTS system, the adsorption of solved alkali
metal hydroxides was investigated. The results are comparable to the results of section
3.5.2, while differences can only be reasoned by the change of anion type.
Before analyzing the results, it is necessary to mention that by adding hydroxide com-
pounds on top of the OTS wafers, a bubble formation occurred (see figure 3.33), being
stronger with increased concentration and increased cation size. After removing the io-
nic compound after the measurements, the OTS surface was dull. Hence, this chemical
reaction may have attacked the OTS surface. However, during analysis no changes in
the parameters of the substrate as well as the silicon oxide or OTS head group were
observable. Therefore, the analysis was undertaken in the same way as the analysis of
chlorine compounds.

Figure 3.33: Bubble formation during measurement of a 0.5 M CsOH-water mixture on an
OTS wafer.

Figures 3.34 and 3.35 show the EDPs of the concentration-dependent adsorption beha-
vior of LiOH, NaOH, KOH, RbOH and CsOH on OTS (the corresponding XRR data
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Figure 3.34: EDPs of LiOH (a)), NaOH (b)) and KOH (c)) on OTS as a function of ion
concentration. The corresponding XRR data is shown in the appendix in figures B.8, B.9 and
B.10.

is shown in the appendix in figures B.8 - B.12). In the case of lithium hydroxide (see
figure 3.34 a)), already a small amount of ions added (concentration: 0.1 M) leads to a
strong increase in the length of the OTS tail group, while the electron density of the
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Figure 3.35: EDPs of RbOH (a)) and CsOH (b)) on OTS as a function of ion concentration.
The corresponding XRR data is shown in the appendix in figures B.11 and B.12.

OTS tail group stays almost constant. Furthermore, a small amount of ions adsorbs
at the interface of the hydrophobic gap, leading to a sharpening of it. Moreover, in
opposite to ion adsorption with halogens as anion, a significant decrease in the integral
value of the hydrophobic gap occurs. This is the result of the combination of an increase
in electron density of the hydrophobic gap together with an almost constant electron
density of the OTS tail group with an additionally sharper shape of the hydrophobic
gap. Increasing the concentration to 1 M, almost no changes in the OTS tail group
occur anymore. However, changes in the hydrophobic gap and the adsorbed ion layer
are more pronounced in this case. The amount of adsorbed ions at the interface of the
hydrophobic gap increases drastically, leading to a further sharpening of the shape of
the hydrophobic gap. Hence, there is also a further decrease of the integral value of the
hydrophobic gap.
The concentration-dependent adsorption behavior of sodium hydroxide is comparable
to lithium hydroxide. Unfortunately, only 0.1 M sodium hydroxide solution could be
investigated. Here, adding ions leads to an increase in the length of the OTS tail group,
while the electron density of the OTS tail group shows almost no change. There is
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also a small ion layer adsorbing at the interface of the hydrophobic gap, resulting in a
sharpening of the shape of the hydrophobic gap and a decrease of the integral value of
the hydrophobic gap.
The adsorption behavior of potassium hydroxide on OTS differs significantly from those
of lithium hydroxide and sodium hydroxide. Even though at a concentration of 0.1 M
there is an increase in the OTS tail group length going in hand with only a slight incre-
ase in electron density, the size of the hydrophobic gap decreases drastically. Here, the
electron density of the hydrophobic gap increases to a value that is only slightly below
the electron density of the OTS tail group, while the adsorption of the ion layer at the
interface of the hydrophobic gap results in a sharpening of the shape of the hydropho-
bic gap. Hence, the integral value of the hydrophobic gap decreases much more than
the integral value of the hydrophobic gap of LiOH-water and NaOH-water mixtures.
Unfortunately, measurements of higher concentrated mixtures were also impossible for
potassium hydroxide. Here, an investigation of the behavior of the hydrophobic gap at
higher ion concentrations would have been very interesting with regard to a complete
vanishing of the hydrophobic gap.
Increasing the cation size further to rubidium results in a reduction of the effects that
were seen in the case of potassium hydroxide. Even though the length of the OTS tail
group increases by an almost constant electron density, this increase is smaller com-
pared to potassium hydroxide. Moreover, the electron density of the hydrophobic gap
does not increase as strong as in the case of potassium hydroxide, even though in the
case of rubidium hydroxide a higher amount of ions adsorbs at the interface of the
hydrophobic gap. Hence, the integral value of the hydrophobic gap in the case of 0.1 M
concentrated rubidium hydroxide is higher compared to 0.1 M concentrated potassium
hydroxide. Nevertheless, raising the concentration of rubidium hydroxide to 0.5 M re-
sults in a significant reduction of the integral value of the hydrophobic gap. This is
caused by a strong increase of the electron density of the hydrophobic gap. Moreover,
there is a strong increase of the adsorbed amount of ions upon constant electron den-
sity and length of the OTS tail group. Here, the hydrophobic gap is almost completely
closed.
The last investigated compound is caesium hydroxide. Here, a 0.1 M mixture induces
an increase in the electron density of the OTS tail group going in hand with an in-
crease of the length of the OTS tail group. This is the only compound of the series of
hydroxides that induced a significant change in the electron density of the OTS tail
group. Furthermore, a high amount of ions is adsorbing at the interface of the hydro-
phobic gap. Due to an increase in the hydrophobic gap electron density, the integral
value of the hydrophobic gap decreases too. However, this is the smallest decrease of
the integral value of the hydrophobic gap for all compounds containing hydroxide at
a concentration of 0.1 M. With a further increase in concentration to 0.5 M caesium
hydroxide, the electron density of the OTS tail group increases too. There is also an
increase in the OTS tail group length to (26.7 ± 0.2) Å. This value is higher than pos-
sible for an OTS tail group. Therefore, something must adsorb directly on the OTS
tail group, overcoming the hydrophobic gap. Interestingly, there is still a 2 Å long area
with a reduced electron density located below the adsorbed ion layer. This area has an
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electron density that is comparable to the electron density of pure water. Here, further
investigations are necessary to reveal the character of this area of lower electron density.

To compare the influence of the ion size as a function of concentration on the OTS
tail group and the hydrophobic gap, the in figure 3.23 illustrated parameters were inve-
stigated for hydroxides and shown in figures 3.36 and 3.37. Furthermore, the parameters
investigated in the case of sodium chloride that were shown previously in figures 3.28,
3.29, 3.31 and 3.32, are presented for comparison.

The concentration-dependent behavior of the electron density of the OTS tail group is
presented in figure 3.36 a) and its differences compared to a pure water measurement
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Figure 3.36: Comparison of the changes of the electron density (a)) and layer thickness (c)) of
the OTS tail group as well as their differences (b) and d)) compared to a pure water measure-
ment as a function of ion concentration for varied cations with hydroxide as anion. Additionally,
the data of sodium chloride, which was shown in figures 3.28 and 3.31, is plotted for comparison.
The x-axis is scaled to the square root of the concentration for better visualization.
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Figure 3.37: Comparison of the changes of the integral value of the hydrophobic gap (a)) and
its difference compared to a pure water measurement (b)), the adsorbed ion layer (c)) and the
maximum concentration of the adsorbed ion layer (d)) as a function of ion concentration for
varied cations with hydroxide as anion. Additionally, the data of sodium chloride, which was
shown in figures 3.29 and 3.32, is plotted for comparison. The x-axis is scaled to the square
root of the concentration for better visualization. The dotted line in d) represents the case of
no ion adsorption on OTS.

in figure 3.36 b). Here, it is observable that the increase in electron density by adding
compounds containing hydroxide (except caesium hydroxide) are smaller compared to
the increase of sodium chloride, for each concentration respectively. Moreover, there is
no correlation between ion size and increase in electron density of the OTS tail group
in the case of LiOH, NaOH, KOH and RbOH. The only compound causing a significant
increase in the OTS tail group electron density is caesium hydroxide. Here, the elec-
tron density increases as a function of concentration with an increase of 0.019± 0.002
electrons per cubic angstrom at a concentration of 0.1 M and the maximum increase of
0.029± 0.002 electrons per cubic angstrom at the concentration of 0.5 M. The value at
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0.1 M is comparable to the OTS tail group electron density increase of 0.1 M caesium
chloride, which was unfortunately not measured at 0.5 M. Hence, in presence of caesi-
um, the anion seems to be unimportant for the increase of the electron density of the
OTS tail group. However, for smaller cations, the anions play a crucial role. In the case
of chloride, the increase of the electron density of the OTS tail group was correlated to
the cation size, while in the case of hydroxides for all cations (except caesium) almost
no increase in the electron density of the OTS tail group occurs. Due to the fact that
the cation adsorbs first in-between the OTS tail groups, this means that in the case
of hydroxides only a very small amount of ions adsorb in-between the OTS tail group,
whereas in the case of chloride, an almost constant amount of ions adsorbed in-between
the OTS tail groups, leading to the correlation of the increase in OTS tail groups to
the ion size.
The length of the OTS tail group is also increased by addition of ionic compounds (see
figures 3.36 c) and d)). However, in the case of hydroxides, no correlation between ion
size and increase in the length of the OTS tail group occurs. This result is equal to
the chlorine compounds, where also no correlation between ion size and increase in the
length of the OTS tail group was observable. However, since the increase in the OTS
tail group length is finite, a saturation in the increase of the OTS tail group length
occurs with increasing ion concentration of both compound types. Nevertheless, by
using 0.5 M caesium hydroxide, an even higher increase in the OTS tail group length is
achievable. This is possible by a complete closure of the hydrophobic gap. Accordingly,
ions may then adsorb directly on top of the OTS tail group, resulting in an artificial
raise of the OTS tail group length.
Regarding the integral value of the hydrophobic gap (see figure 3.37 a) and b)), repla-
cing the chloride anion by hydroxide provided new insights into the adsorption behavior
of ions on OTS. Due to the fact that the electron density of the hydrophobic gap incre-
ases significantly with the addition of an ionic compound containing hydroxide, while
the electron density of the OTS tail group stays almost constant, a significant decrea-
se in the integral value of the hydrophobic gap is observable. Moreover, this decrease
of the integral value is correlated to the cation size. Small cations (lithium, sodium
and potassium) lead to a higher decrease in the integral value of the hydrophobic gap
compared to larger cations like rubidium and caesium (see figure 3.37 b)). However, in
the case of lithium and sodium, the integral value of the hydrophobic gap was quite
high at the pure water measurement. Hence, a better overview on the changes in the
integral value is given by the absolute values (see figure 3.37 a)). Here, it is clear that
potassium, rubidium and caesium addition are able to reduce the integral value of the
hydrophobic gap below 0.1 electrons per square angstrom. This means that the hydro-
phobic gap almost vanishes upon addition of these compounds, which is in opposite to
the chlorine compounds, for which almost no changes in the integral value of the hydro-
phobic gap occurred upon addition of ionic compounds. Therefore, these results imply
that the anion type has a strong impact on the hydrophobic gap. However, also the
impact of the cation is not negligible. A special case is the case of caesium hydroxide at
a concentration of 0.5 M, where the hydrophobic gap seems to be overcome due to the
high detected OTS tail group length. This result suggests the possibility of a complete
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closure of the hydrophobic gap.
Finally, the integral value of the adsorbed ions as well as the maximum ion concen-
tration of the ion layer at the interface of the hydrophobic gap was investigated (see
figure 3.37 c) and d)). Here, a strong correlation between the ion size and the adsor-
bed amount of ions is observable with regards to the integral value of the adsorbed
ion layer. Nevertheless, the maximum ion concentration is independent of the cation.
However, the integral value at a concentration of 0.1 M is below 0.2 electrons per square
angstrom for all cations (except of caesium), which is smaller than the integral value
of all chlorine compounds at the same concentration except of sodium chloride. Hence,
also in the case of the integral value of the adsorbed ions, both the cation and the anion
play an important role. Nevertheless, the fact that the ion layer is at the interface of
the hydrophobic gap, which is almost completely closed in some cases, has an impact
on these results.

3.6 Conclusions

Within this chapter, two different studies on the investigation of the adsorption beha-
vior at solid-liquid interfaces were presented. These studies were performed by means
of XRR, revealing high resolution EDPs with the possibility to track even very small
changes in-situ on the investigated interface.

The first study dealt with the adsorption behavior of lysozyme on titanium oxide surfa-
ces as a function of temperature, pressure, pH value and titanium oxide layer thickness.
In accordance with a former study using silicon oxide surfaces, a slight adsorption of
lysozyme on titanium oxide with rising temperature in the temperature region between
20 ◦C and 60 ◦C was observed. Raising the temperature to the region of the tempe-
rature of denaturation (71 ◦C) resulted in a strong increase of the adsorbed lysozyme
amount. However, even beyond the denaturation temperature, the adsorbed amount of
lysozyme is still smaller than on silicon oxide. Due to the fact that adsorption process is
partially driven by electrostatic interactions, surface charge dependent measurements
were performed by changing the pH value of the system. Below a pH value of 5 al-
most no lysozyme adsorption on titanium oxide was observable, because of the positive
charge of both the titanium oxide and lysozyme at these conditions. Increasing the pH
value further resulted in a stronger lysozyme adsorption with the maximum adsorbed
amount of lysozyme at a pH value of 9.8. Nevertheless, even at this pH value the adsor-
bed amount of lysozyme on titanium oxide is smaller than on silicon oxide. A further
increase of the pH value leads to a reduction of the adsorbed lysozyme amount due
to the IEP of lysozyme being around a pH value of 11. Above this pH value, again
both the titanium oxide surface and the lysozyme are equally charged, resulting in a
decrease of the adsorbed amount of lysozyme. Due to different adsorbed amount of
lysozyme on titanium oxide and silicon oxide surfaces at equal surface charge (com-
pare results of titanium oxide measurements at pH 7 and silicon oxide measurements
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at pH 9.8 ), these results indicate that not only surface charge differences, but also
structural differences have to be taken into account. Therefore, titanium oxide layer
thickness dependent measurements were performed, resulting in a higher amount of
adsorbed lysozyme with rising layer thickness of titanium oxide. Additionally, the Ha-
maker constant for the sample geometry was calculated, leading to the conclusion that
the silicon substrate appears to be repulsive, resulting in a reduced adsorption of ly-
sozyme at thin titanium oxide layers. Finally, pressure-dependent measurements were
performed, which showed a desorption behavior of lysozyme with rising pressure, being
almost completely reversible by releasing pressure. These results indicate that lysozy-
me under hydrostatic pressure prefers to be completely hydrated in solution instead
of having a defective hydration shell near the substrate. Thus, desorption of lysozyme
at the interface is preferred leading to a smaller adsorbed amount of lysozyme at the
titanium oxide surface. The presented results point out that the adsorption process of
lysozyme depends strongly on the properties of the interface it adsorbs on.

After investigating protein adsorption at the hydrophilic surface of titanium oxide,
a second study with regards to the adsorption behavior of ions at the hydrophobic sur-
face of a with OTS coated silicon wafer was performed. Here, the aim was to investigate
ion adsorption at the hydrophobic surface as a function of concentration and ion size.
Simultaneously, changes in OTS, caused by addition of ionic compounds, were investi-
gated. First, three different possible pathways for ion adsorption were formulated and
the correct pathway of ion adsorption on OTS was determined. Moreover, the necessity
to bake out the ionic compounds before usage (here: 30 minutes at 400 ◦C) was shown
by comparing results of baked out and untreated lithium chloride adsorption behavior
on OTS.
Due to the fact that upon addition of ionic compounds the electron density as well as
the length of the OTS tail group changed, while all parameters of the OTS head group
stayed constant, it was revealed that the OTS molecules did not form a completely clo-
sed layer and were not oriented completely perpendicular to the surface plane. Adding
ions lead to a reorientation of the OTS tail groups, which resulted in an increase of the
OTS tail group length in the EDP. Moreover, the ion adsorption occurred in-between
the OTS tail groups, which resulted in an increased OTS tail group electron density
in the EDP going in hand with no changes in the OTS head group parameters. This
pathway is the second pathway that was shown in figure 3.20.
Ion size dependent studies were first performed by varying the cation. At the beginning,
the adsorption behavior of hydrochloric acid was investigated. Almost no changes in the
concentration-dependent EDPs were observable. Thereafter, the adsorption of in water
solved alkali metals other than lithium was investigated. Raising the concentration of
these compounds leads to an increase in both the electron density and layer thickness
of the OTS tail groups going in hand with an increased amount of ions at the interface
of the hydrophobic gap. However, the behavior of the integral value of the hydrophobic
gap did neither correlate to concentration of ions nor to ion size. Concerning the elec-
tron density of the OTS tail group, the electron density increased with rising ion size.
Due to the fact that the electron density of each ion increases with rising ion size by
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itself, this result may be interpreted by an almost constant amount of adsorbed ions,
independent of ion size. This result is also confirmed by the investigation of the maxi-
mum ion concentration in the adsorbed ion layer. Here, no correlation between ion size
and the maximum ion concentration in the adsorbed ion layer is observable. The OTS
tail group length increase was also dependent on the ion size. Small cations (lithium and
sodium) caused a stronger increase in the OTS tail group length at low concentrations,
which means that small cations are able to induce a more upright orientation of the
OTS molecules than potassium and rubidium, since these cations have more available
space to adsorb on. Here, the size of the cation is relevant due to the fact that the
cation adsorbs first in-between the OTS tail groups, followed by the anion. However,
due to the fact that an increase in the OTS tail group length is caused by reorientation
of the OTS tail group, it is obvious that there is a limit in the increase of the OTS tail
group length. The maximum increase of OTS tail group length was reached for large
cations at higher concentrations compared to small cations.
Even though the integral value of the hydrophobic gap was not correlated neither to
the concentration of ions nor to ion size, the shape of the hydrophobic gap changed
upon concentration raise of large cations. Starting with potassium, the shape of the hy-
drophobic gap became sharper going hand in hand with a small increase in the electron
density of the hydrophobic gap at high concentrations. However, due to the increase in
the electron density of the OTS head group, almost no changes in the integral value
of the hydrophobic gap occurred. Furthermore, also the integral value of the adsorbed
amount of ions showed no correlation with ion size. However, like in the case of the
hydrophobic gap, the shape of the adsorbed ion layer changed upon concentration raise
of large cations. The shape of the ion layer became sharper, while the adsorption shif-
ted towards the hydrophobic gap, which may also have an impact on the shape change
of the hydrophobic gap for these cations. Furthermore, for all cations the adsorbed
amount of ions increased with rising concentration.
In a next step, the anion was varied by keeping sodium as the cation. Here, raising
the concentration lead also to an increase in both the OTS tail group electron density
and length. These results are comparable to the cation variation, being also ion size
dependent in the same way. However, in the case of OTS tail group electron density, by
raising the anion size a stronger increase occurred compared to changes of the cation
size. Furthermore, results in the increase of the OTS tail group length are comparable
to the chlorine compounds with large cations. Also the changes in the integral values
and shapes of the hydrophobic gap and adsorbed ion layer are comparable to the results
of large cations, even though the overall adsorbed amount of ions for sodium bromide
and sodium iodide is smaller than those of the chlorine compounds.
Finally, alkali hydroxides were solved in water and the adsorption behavior of these
ions on OTS was investigated. Surprisingly, only in the case of caesium hydroxide the
electron density of the OTS tail group increased significantly. All other compounds cau-
sed an electron density increase of the OTS tail group that was smaller than the one
that was caused by sodium chloride. Hence, in the presence of hydroxide, only a small
amount of ions adsorb in-between the OTS tail groups. Nevertheless, this is enough to
reorientate the OTS tail group, resulting in an increase of the OTS tail group length
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that is comparable to chlorine compounds. The strongest differences between hydroxide
and chlorine as anion occurred in the hydrophobic gap. The presence of hydroxide leads
to a significant decrease of the hydrophobic gap. Together with the almost constant elec-
tron density of the OTS tail group, this results in a significant decrease of the integral
value of the hydrophobic gap, being below 0.1 electrons per square angstrom in the case
of high concentrated potassium hydroxide, rubidium hydroxide and caesium hydroxide.
In the case of a 0.5 M concentrated caesium hydroxide solution, the hydrophobic gap
seems even to be completely closed due to the fact that the OTS tail group length
increases beyond reasonable values. This may only be explained by ions adsorbing di-
rectly on top of the OTS tail group, overcoming the hydrophobic gap. Concerning the
adsorption of ions, there are also differences compared to chlorine compounds: With
the exception of caesium hydroxide, in the case of all other compounds the adsorbed
amount of ions is smaller than in the case of chloride compounds. However, the results
gained by the compounds containing hydroxides have to be interpreted with caution
due to the fact that a chemical reaction occurred by adding these mixtures on top of
the OTS, resulting in a bubble formation inside the sample cell.
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Chapter 4

Electron Density Disturbance
Evolution in Water on
Attosecond Time Scales

The main subject of this chapter is the structure of pure water. Much effort has been ma-
de to investigate the structure of water during last centuries [223, 224, 225, 226, 36, 12].
However, there are still many unsolved questions regarding the physical and chemical
properties of water and the anomalies of water that are assumed to be caused by its
structure [227, 228, 26, 229, 230]. In recent years, with the construction of new, po-
werful synchrotron radiation sources and free electron lasers, structural investigations
have proceeded to even smaller time and length scales. With the use of high energy
X-rays, spatial resolution in the sub-Angstrom region is possible, while time scales shift
towards femtoseconds and sub-femtoseconds [231, 232, 233]. Therefore, to study these
ultrafast dynamics, usually pump-probe experiments are used, where a first laser or
X-ray pulse initiates a process and a second one inspects the system after a desired
time delay [111, 112, 113]. By varying the delay time, dynamics of processes on very
short time scales can be investigated. However, the necessity of ultrashort pulses, a
high repetition rate of the laser as well as the necessity to change the sample on short
time scales limit those experiments.
In the year 2004, Abbamonte et al. presented a method to image the space and time
evolution of electron density disturbances in water with non-resonant Inelastic X-ray
Scattering (IXS) [114]. IXS reveals information on the dynamic structure factor of a
system, which contains the electronic information of the system as a function of ener-
gy and momentum transfer of the X-rays. Here, ultrafast dynamics can be studied by
investigating the sample structure up to a high energy transfer region, while a high
momentum transfer provides spatial resolution in the Angstrom regime. For example,

by investigating a momentum transfer region of up to 5 Å
−1

and an energy transfer
region of up to 100 eV, dynamics with a spatial resolution of 1.27 Å and a time reso-
lution of 41.3 as were investigated [114]. However, the scattering cross section of this
technique is very small, resulting in long exposure times of the sample. Therefore, the
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experimental conditions have to be kept constant during a long time (over one day for
the experiments performed in the framework of this thesis), which limits sample sy-
stems that may be investigated by this technique. Moreover, highly absorbing sample
cells cause problems due to the fact that especially in the case of high momentum and
energy transfers the signal is weak.
In the framework of this thesis, electron density disturbances in space and time in water
were investigated at 4 ◦C, 20 ◦C and 90 ◦C at ambient pressure by IXS. Momentum

and energy transfers were studied up to 24.48 Å
−1

and 3000 eV, resulting in a time
resolution of 2.1 as and a spatial resolution of 0.26 Å.
This chapter is structured as follows: First, the theoretical background of IXS will be
presented regarding the extraction of time and space resolved information on the dyna-
mic structure factor. Afterwards, the experimental setup and experimental procedure
will be introduced, followed by a discussion of the data analysis. Here, special attention
will be payed to the steps necessary to obtain the dynamic structure factor from the
experimental data and to calculate the electron density propagator. Thereafter, ima-
ging the density disturbances is possible by performing two Fourier transforms on the
density propagator. Here, an analysis on the dependency of investigated momentum
and energy transfer ranges on the density disturbances evolution is performed in detail
for all three measured temperatures. The obtained results will then be summarized in
the last section of this chapter.

4.1 Inelastic X-ray Scattering Theory

The theory of non-resonant Inelastic X-ray Scattering methods is subject of several
textbooks like [117, 234]. Hence, this section gives only a short overview on the IXS
technique with focus on the extraction of the dynamic structure factor and the electron
density propagator. A complete theoretical description on inelastic X-ray scattering
methods is given by Schülke [117].
The non-resonant Inelastic X-ray Scattering technique probes the interaction of an
incoming photon and a sample with transferred momentum and energy. A scheme of
the scattering geometry is shown in figure 4.1. Here, the incoming photon with wave
vector k1, energy ~ω1 and polarization ε1 is scattered at the sample at an angle of 2Θ
into a photon with the wave vector k2, energy ~ω2 and polarization ε2. The wave vector
k1 is linked to the incident photon energy λ1 via |k1| = 2π

λ1
. The transferred energy is

then
~ω = ~ω1 − ~ω2 (4.1)

while the momentum transfer is equal to

~k = ~k1 − ~k2. (4.2)

Hence, the absolute value of the momentum transfer is given by

~k = ~
√
k2

1+k2
2 − 2 |k1| |k2| cos (2Θ) = ~

√(ω1

c

)2
+
(ω2

c

)2
− 2

ω1

c

ω2

c
cos (2Θ). (4.3)
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2θk1, ħω1, ε1

k2, ħω2, ε2

q

Sample

Figure 4.1: Scheme of the scattering geometry in an IXS experiment based on Schülke [117].
The incident photon with wave vector k1, energy ~ω1 and polarization ε1 is scattered at the
sample at the angle 2Θ. The scattered photon has a wave vector k2, energy ~ω2 and polarization
ε2.

In an experiment, the parameters k1, ω1, ε1, k2, ω2 and ε2 can be controlled, resulting in
a free choice of energy and momentum transfer. The measured experimental quantity is
proportional to the double differential scattering cross section (DDSCS) d2σ

dΩd~ω , which is
defined as the current of the scattered photons with energy in the range [~ω,~ω + d~ω]
into the solid angle element [Ω,Ω + dΩ] normalized to the current of incident photons
relating to the solid angle element dΩ and the energy element d~ω.
To describe the interaction between photons and matter from the theoretical point
of view, the static Schrödinger equation must be solved. The DDSCS is derived by
application of Fermi’s golden rule to the Hamilton operator Hint in lowest order per-
turbation theory, which describes the interaction between an electromagnetic field and
the sample’s electrons in the non-relativistic case neglecting magnetic interactions via

Hint =
∑
j

e2

2mec2
Â2
j +

∑
j

e

mec
p̂j · Âj . (4.4)

Here, e is the eletron’s charge and me its mass, while Âj is the vector potential of the
electromagnetic field and p̂j the momentum of the jth electron [235]. A fundamental
difference between both terms of the Hamiltonian has to be taken into account: The
first part of the Hamiltonian is proportional to the square of the vector potential of
the electromagnetic field and hence describes a two-photon process, where the incident
photon is annihilated and a new, scattered photon is created. This is a non-resonant
inelastic scattering process for ω1 6= ω2 and an elastic scattering process for ω1 = ω2.
The second part of the Hamiltonian is proportional to the vector potential of the elec-
tromagnetic field and thus describes an absorption process, where the incident photon
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is annihilated. This term only contributes in second order perturbation theory and
therefore describes resonant inelastic scattering for incident energies in the region of
the binding energy of a bound electron. Therefore, this term will be neglected in the
following. Hence, the non-resonant part of the DDSCS can be derived by Fermi’s golden
rule in the Born approximation [236, 117] to

d2σ

dΩdω2
=

(
dσ

dΩ

)
Th

S (k,ω) (4.5)

with Thomson’s scattering cross section(
dσ

dΩ

)
Th

= r2
e (ε1 · ε2

∗)2 (4.6)

describing the photon-electron coupling and the dynamic structure factor

S (k,ω) =

(
ω2

ω1

)∑
i,f

∣∣∣∣∣∣
〈

f

∣∣∣∣∣∣
∑
j

eık · rj

∣∣∣∣∣∣ i
〉∣∣∣∣∣∣

2

δ (Ei − Ef + ~ω) , (4.7)

containing all information of the electronic system that can be extracted from the non-
resonant Inelastic X-ray Scattering (NRIXS) spectrum. Here, re is the classical electron
radius, rj the position operator of the jth electron and |i〉 and |f〉 the initial and final
state, respectively. Hence, the dynamic structure factor describes the probability of
all excitations from the initial states |i〉 into final states |f〉 with energies Ei and Ef ,
respectively, with ensured energy conservation via δ (Ei − Ef + ~ω).
With the free choice of electron and momentum transfer, different excitations can be
probed in an IXS experiment:

Phonon excitations In the case of krd ≈ 1 and ω ≈ ωph phonon excitations occur,
where rd is the interionic distance and ωph is the phonon frequency.

Valence electron excitations With krc ≈ 1 and ω ≈ ωp valence electron excitati-
ons occur. Here, rc is the interparticle distance and ωp is the plasmon frequency.
Hence, collective plasmon excitations and particle-hole excitations can be inve-
stigated.

Inner-shell excitations, X-ray Raman Scattering (XRS) Inner-shell excitations
are probed in the case of ka < 1 (dipole excitations) or ka ≈ 1 (non-dipole ex-
citations) and ~ω ≈ EB with the orbital radius a and the binding energy of an
electronic level EB.

Compton scattering For large momentum qrc � 1 and energy transfers ~ω � E0,
the impulse approximation is satisfied and Compton scattering occurs. Here, E0

denotes the characteristic energy of the system (e.g. the binding energy of core
electrons or the Fermi energy for valence electrons).
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Figure 4.2: Schematic overview of possible excitations that can be stimulated in an IXS expe-
riment, as shown by Lehmkühler [239]. The energy transfer axis represents only the dimension
of the energy loss at which the different excitations occur. The effective values vary for each
sample system, respectively.

The different excitations are presented in figure 4.2. Here, the energy transfer axis
only represents the dimension of the energy loss at which the different excitations
occur, while effective values vary for each system, respectively. For example, electron
binding energies are element specific and are thus located at specific energy transfer
position, depending on the element. A list with electron binding energies can be found
in literature [237, 238]. In contrast, the location of the Compton scattering maximum
on the energy transfer axis depends on the momentum transfer.
Due to the fact that the dynamic structure factor contains all information of the elec-
tronic system, it is possible to probe spatial and temporal phenomena of the electron
density on attosecond time scales and sub-angstrom length scales by IXS experiments.
However, simply performing a Fourier transformation would yield a correlation function
with no causal properties, hence containing no useful information on the investigated
system. However, there is a method to derive a retarded electron density propaga-
tor χ (x,t) from an IXS experiment [114, 118], which will be further discussed in this
section. Therefore, the dynamic structure factor is first transformed to

S (k,ω) =
∑
i,f

|〈f |n̂(k)| i〉|2 Pnδ (Ei − Ef + ~ω) (4.8)

with the Boltzmann factor Pn = exp[−En/kBT ] and n̂(k) as the Fourier transform of
n̂(x,0), the operator of the total electron density at position x and zero time point
t = 0. The dynamic structure factor is then related to the propagator of the electron
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density via the quantum mechanical version of the Fluctuation-dissipation theorem by

S (k,ω) =
1

π

1

exp[−~ω/kBT ]− 1
Im [χ (k,ω)] . (4.9)

Hence, an IXS experiment only provides information on the imaginary part of the
propagator χ and the so-called “inverse scattering problem“ for IXS has to be solved.
This is the reason, why a simple double Fourier transformation of the dynamic structure
factor does not contain useful information on the investigated system.
The solution of the inverse scattering problem goes in hand with the understanding
of what information was lost in the experiment. Due to the fact that a propagator’s
function is to describe the system’s evolution in time, it needs to depict the causalities
of this system. However, different conventions for causality may be chosen. For example,
a retarded propagator χR (x,t) describes dynamics only for times t > 0, leading to an
entropy increase, while in the case of an advanced propagator χA (x,t) dynamics only
for times t < 0 take place, resulting in an entropy decrease. However, the common
part of all these conventions is that if these propagators are transformed into reciprocal
space, they all have the same imaginary part and only differ in their real part. Hence,
only the causality itself is lost in an IXS experiment, since IXS experiments provide only
microscopic information and thus do not contain information about the entropy of the
system. Therefore, there is a method consisting of four steps to reconstruct causality
with the data from the experiment and thus to solve the inverse scattering problem.
The first step is to extract the quantity Im [χ (k,ω)] by symmetrizing the data via

Im [χ (k,ω)] = π [S (k,ω)− S (k,− ω)] . (4.10)

In a second step, the data must be analytically continued on the energy transfer scale
to preserve causality in the final result. Now, it is possible to obtain χ (k,t) in the third
step, either by performing a sine transformation of the imaginary part Im [χ (k,ω)] via
[118]

χ (k,t) = 2

∫
dω Im [χ (k,ω)] sin (ωt) (4.11)

or by retrieving the real part of χ (k,ω) over the fact that it satisfies the second Kramers-
Kronig relation [240]

Re [χ (k,ω)] =
2

π
P

∫ ∞
0

dω′
Im [χ (k,ω′)]

ω′ − ω
(4.12)

and further perform a Fourier transform on the reconstructed χ (k,ω) from the real and
imaginary part by

χ (k,t) =
1

π

∫ ∞
0

dω [sin (ωt)Im [χ (k,ω)] + cos (ωt)Re [χ (k,ω)]] . (4.13)

In equation 4.12, P denotes the principal part of the integral. Finally, in the fourth
step, χ (x,t) may be obtained by a spatial Fourier transformation of χ (k,t). Due to
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this procedure, retarded causality is imposed and χ (x,t) is a retarded propagator that
is nonzero only for times t > 0, resulting in increasing entropy. The propagator

χ (x,t) = − ı
~
〈[n̂ (x,t) ,n̂ (0,0)]〉Θ(t) (4.14)

describes the probability of the evolution of a disturbance in the electron density from
the origin n̂ (0,0) at time t = 0 to n̂ (x,t) at position x and time t > 0. Here, Θ(t) is a
step function to ensure the correct evolution of the time axis.
After the theoretical background was set on how to investigate disturbances in the
electron density on extreme small time and space scales by an IXS experiment, an
experimental setup and the experimental procedure will be introduced in the next
section.

4.2 Experimental Procedure

Due to the small cross-section of an inelastic scattering event, IXS experiments can
only be performed at a few synchrotron radiation sources around the world. The IXS
experiments that are shown in the framework of this thesis were performed at the
Taiwan inelastic X-ray scatting beamline BL12XU at SPring-8 (Super Photon ring -
8 GeV) in Hyogo, Japan. The schematic setup of the beamline is shown in figure 4.3.
X-rays are generated by a 4.5 m long in-vacuum undulator with a magnet period of
32 mm [241] and monochromatized by a Si(111) double-crystal monochromator with
an energy width of 3 eV at 19.5 keV. The high resolution monochromator (HRM, see
figure 4.3) was not used in this experiment. Subsequently, the beam is focused by Pt
mirrors into a 30µm × 30µm spot. A phase retarding plate is additionally installed to
maximize the flux at scattering angles in the region around 90 ◦, which is necessary due
to the fact that the X-rays are parallel polarized and thus no signal can be detected at a
scattering angle of 90 ◦. Further focusing is achieved by a Kirkpatrick-Baez mirror just
in front of the sample, leading to a 15µm × 40µm spot with a flux of 5 · 1012 photons per
second at the sample position. After performing the scattering process at the sample,
the beam is bragg reflected at a Si(660) analyzer crystal and is thereafter detected by
a NaI(Tl) point detector. Sample, analyzer crystal and the detector are placed on a
Rowland circle [117]. In this experiment, the scattering plane is in the horizontal plane,
while the Rowland circle is in vertical geometry. This allows maximizing the intensity
in forward scattering geometry. Moreover, silicon PIN diodes are available to monitor
the beam intensity before or after the sample.

To investigate density disturbances in water as a function of water temperature, a
custom made sample cell, which is produced by Dr. Nozomu Hiraoka1 and is shown in
figure 4.4 a), was used. The sample cell consists of a copper cylinder with a rectangular
copper ground plate. The cylinder has a semicircular Kapton window for the X-ray path
and an inner opening with a diameter of 15 mm for sample liquid storage. Moreover, the
rectangular ground plate has two connections to be connected to a water flow cooling

1Dr. Nozomu Hiraoka, National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan
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Figure 4.3: Schematic setup of the beamline BL12XU at SPring-8, published by Hiraoka et
al. [242].

Detector

2θ
Sample 

cell

b)a)

Heating
 foil

Cooling
system

Tempe-
rature
sensor

Incident
beam

Figure 4.4: IXS sample cell (a)) and beamline BL12XU setup (b)).

system. This system is able to adjust the temperature of the whole sample cell in the
temperature region between 0 ◦C and 95 ◦C with temperature fluctuations below 0.1 ◦C
over the whole exposure time of the experiment. Additionally, a heating foil may be
adapted below the sample cell to further ensure temperature stability.
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Before installing the sample cell at the beamline, it is filled with degassed, ultrapure
water and covered with sealing tape. A photograph of this setup is shown in figure 4.4
b). In addition to this, the beam path before (green) and after (red) the scattering
process is marked and the path of the transmitted, not scattered beam is shown as a
dotted green line to illustrate the scattering angle 2Θ.
With this setup, density disturbances in water were investigated at water temperatures
of 4 ◦C, 20 ◦C and 90 ◦C. Therefore, the scattered intensity was recorded as a function
of scattering angle 2Θ for angles in the region between 2 ◦ and 78 ◦ with a step size of 2 ◦

and in the region between 100 ◦ and 148 ◦ with a step size of 3 ◦ at an incident energy
of 19.460 keV. Furthermore, measurements were performed for angles in the region bet-
ween 55 ◦ and 73 ◦ with a step size of 2 ◦ and in the region between 91 ◦ and 142 ◦ with
a step size of 3 ◦ at an incident energy of 25.540 keV. Thereby, a momentum transfer

region between 0.34 Å
−1

and 24.48 Å
−1

was covered. The investigated energy transfer
region was chosen as follows: -20 eV to 1000 eV energy transfer in the momentum trans-

fer region between 0.34 Å
−1

and 4.77 Å
−1

, -20 eV to 2000 eV in the momentum transfer

region between 5.10 Å
−1

and 18.96 Å
−1

and -20 eV to 3000 eV for momentum transfers

up to 24.48 Å
−1

. This ensures to cover almost the complete Compton scattering profile
within the chosen energy transfer region. Moreover, after each measurement, a shorter
measurement was performed at a higher sample cell position, without any water in the
flight path. This measurement is used to investigate the scattering of the empty cell
for background subtraction. With all these measurements, one temperature could be
investigated within two days.
After collection of the data, data analysis can be performed according to the procedure
explained in section 4.1.

4.3 Imaging the Electron Density Disturbances in Water

The method presented by Abbamonte et al. [114, 118] is a powerful tool to extract
electronic density disturbances in a sample system from IXS data. This section presents
the analysis and results of IXS measurements of water at 4 ◦C, 20 ◦C and 90 ◦C. First,
it is necessary to extract the dynamic structure factor from measured data. This will be
presented in the next subsection. Afterwards, electron density disturbances in water will
be shown at different time positions on attosecond time scales. Moreover, momentum
and energy transfer dependencies on the results will be discussed in order to find the
momentum and energy transfer regions that are necessary to be investigated to achieve
results with desired precision. Thereafter, time resolved electron density disturbance
evolution will be presented as a function of water temperature. Finally, this chapter
will finish with a short conclusion of the gathered results and an outlook on further
projects.
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4.3.1 The Dynamic Structure Factor

Knowledge about the dynamic structure factor is necessary for investigating electronic
density disturbances in water on attosecond time scales. However, the measured data
contains several other contributions besides the dynamic structure factor. Hence, the
first step of data analysis is the correction of the measured data with regards to these
contributions. Due to the fact that high energy and momentum transfer regions were
measured, Compton scattering contributions have the greatest impact on the measured
IXS data. Therefore, the data underlies corrections, which are specific for Compton
scattering experiments. In a Compton scattering experiment, the measured intensity I
can be written as [239]

I = B + C · (J +M) (4.15)

with background scattering B, an energy dependent correction factor C, the experi-
mental Compton profile J and multiple scattering contributions M . The goal is to
extract the experimental Compton scattering profile, since it is correlated to the dyna-
mic structure factor via

S (k,ω (pz)) =
m

~k
J (pz) (4.16)

with

pz =
meω

k
− ~k

2
≈ mec

(
~ω1 − ~ω2 −

(
~2ω1ω2/

(
mec

2
))

(1− cos (Θ))√
~2ω2

1 + ~2ω2
2 − 2~2ω1ω2 cos (Θ)

)
(4.17)

under the consideration of a radial symmetric sample cell. Therefore, first the energy
transfer axis is calibrated with regards to the elastic line and the measured background
scattering is subtracted. Moreover, contributions from the tails of the elastic line have
an impact on the measured IXS data. Due to the fact that already at small energy
transfer values contributions from valence band electrons and plasmons occur (see fi-
gure 4.2), being overlapped by the tails of the elastic line, it is not possible to solely
subtract the part of the elastic line with at positive energy transfer values. Instead, the
part of the elastic line at negative energy transfer values is mirrored to positive energy
transfer values and subtracted from the measured data.

Thereafter, the energy dependent correction factor C is calculated and the measu-
red data is divided by this factor. The energy dependent factor C is a product of four
correction components including the corrections for air absorption Cair, sample absorp-
tion Csample, reflectivity of the analyzer crystals Cac and the relativistic cross section
Crel.
The correction factor for air absorption contains the air absorption of the scattered
X-rays with energy E via [239]

Cair = e−dairµair(E). (4.18)

Here, dair = 150 cm denotes the distance between the sample and the detector and
µair (E) is the energy dependent absorption coefficient for air (calculated via the “Photon
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Cross Section Database“ of the National Institute of Standards and Technology [243]).
Due to a constant incident energy, only air absorption of the scattered X-rays contri-
butes to the correction factor Cair.
In the case of the sample’s absorption factor, both the incident and the scattered X-
rays have to be taken into account, leading to the absorption coefficient µsample =
µ (E1) + µ (E), where E1 denotes the incident energy. Hence, the correction factor for
sample absorption with the chosen sample geometry and sample thickness dsample =
15 mm can be calculated by

Csample =
1− e−dsampleµsample

dsampleµsample
. (4.19)

The energy dependent reflectivity of the analyzer crystals is beamline specific and thus
the correction factor Cac is provided by the beamline scientist of beamline BL12XU,
Dr. Nozomu Hiraoka.
The last required correction factor to determine C is the correction factor for the
relativistic cross section. Due to the fact that IXS experiments are performed at energies
higher than 25 keV, relativistic effects have to be taken into account. The influence
of relativistic effects on X-ray Compton scattering experiments is well discussed in
literature [244, 245, 246, 247, 234]. For this experiment, the relativistic cross section is
therefore described by

Crel =
R1

R2
+
R2

R1
− 2 sin2 (Θ) cos2 (β) (4.20)

with the angle β between the scattering plane and the polarization vector of the incident
beam. The factors R1 and R2 are defined by

R1 = ~ω1

(
mec

2 − (ω1 − ω2 cos (Θ))
pz
~k

)
(4.21)

R2 = R1 − ~2ω1ω2 (1− cos (Θ)) . (4.22)

After the determination of all the factors for the correction factor C, the data can be
divided by this correction factor, so that the last remaining step is to subtract multi-
ple scattering effects to obtain the Compton scattering profile and thus the dynamic
structure factor.
In an experiment, a finite probability for multiple scattering events is given, which
depends on the incident energy and polarisation of the X-rays as well as the sample
geometry and scattering angle. Multiple scattering affects the shape of the Compton
profile, leading to asymmetries in the measured data. Several programs have been pre-
sented to calculate the multiple scattering contribution on the measured data utilizing
a Monte Carlo code over the last decades [248, 249, 250, 251], resulting in the develop-
ment of the program MUSCAT [252] that has been used to calculate multiple scattering
effects. With this program, single and multiple scattering events can be separated from
the data to subtract the multiple scattering effects and correct the data.

77



Chapter 4. Electron Density Disturbance Evolution inWater on Attosecond Time Scales

After the multiple scattering effects are subtracted, the Compton scattering profile
is obtained and the dynamic structure factor can be determined. Finally, the data is
normalized by the f-sum rule [117]∫ ∞

0
ω ·S (k,ω) dω =

~k2

2me
(4.23)

and extrapolated on a larger energy transfer axis (up to 5 keV using a tail of a gaussian
function) as proposed by Abbamonte et al. [114, 118], to preserve causality in the
final result (see also section 4.1). Furthermore, even after the subtraction of the elastic
line, there are still small contributions at low energy transfer values. However, inelastic
scattering is defined to converge towards zero for very small energy transfer values.
Therefore, at energy transfer values below 10 eV, the measured data is corrected by
a tail of a Gaussian function. The imaginary part of the propagator χ (k,ω) is then
calculated via equation 4.10. A comparison between the corrected and the raw data is
shown in figure 4.5 for a small momentum transfer value (a)) and a large momentum
transfer value (b)). Here, the raw data was multiplied by a factor to achieve an equal
intensity at the maximum of the Compton profile for comparison reasons. For both
momentum transfer values, the figure shows only small deviations from the raw data
to the corrected data, exhibiting the good data quality of the measurements. However,
at small energy transfer values, corrections are necessary to extract the elastic line’s
contributions. Furthermore, the corrections lead to an increase of the Compton profile
symmetry.
Finally, using this procedure, the imaginary part of the propagator χ (k,ω) can be
calculated for all temperatures and is shown in figures 4.6, 4.7 and 4.8. Figure 4.6
presents a 2-D plot of the imaginary part of the propagator as a function of momentum
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Figure 4.5: Comparison between raw and corrected IXS data for a small momentum transfer
value (a)) and a large momentum transfer value (b)). for comparison reasons, The raw data is
multiplied by a factor to match the intensity value at the maximum of the Compton profile.
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transfer on the x-axis and energy transfer on the y-axis, while figure 4.7 shows the
imaginary part of the propagator as a function of momentum transfer and figure 4.8
exhibits the imaginary part of the propagator as a function of energy transfer.

Figure 4.6: The imaginary part of the propagator χ (k,ω) is shown for water temperatures of
4 ◦C, 20 ◦C and 90 ◦C as a function of momentum transfer on the x-axis and energy transfer
on the y-axis.
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Figure 4.7: The imaginary part of the propagator χ (k,ω) is shown for water temperatures of
4 ◦C, 20 ◦C and 90 ◦C as a function of momentum transfer.

The figures 4.6, 4.7 and 4.8 present the differences in the imaginary part of the pro-
pagator χ (k,ω) for all temperatures. Only small differences occur upon temperature
variation. In all cases, the propagator has its maximum in the momentum transfer

region around 4.8 Å
−1

and in the energy transfer region around 80 eV extending over
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Figure 4.8: The imaginary part of the propagator χ (k,ω) is shown for water temperatures of
4 ◦C, 20 ◦C and 90 ◦C as a function of energy transfer.

a range of ± 1 Å
−1

and ± 40 eV. For larger momentum and energy transfers, the in-
tensity of the imaginary part of the propagator drops rapidly to 80% of the maximal
value and lower. Since the imaginary part of the propagator χ (k,ω) already contains
all the information on the system’s evolution in time, differences in the shape of its
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maximum already hint differences in the system’s evolution in time that will be further
investigated in the next sections.

4.3.2 Imaging The Electron Density Disturbances

After deriving the imaginary part of the propagator χ (k,ω), it is possible to proceed
with the determination of the propagator χ (x,t) according to the instruction given in
section 4.1. In the last subsection, the data was already symmetrized and analytically
continued to an energy transfer region up to 5000 eV. Therefore, the next step is to
perform a Fourier transform to obtain χ (k,t). Therefore, both possible pathways were
tested to obtain χ (x,t) as discussed in section 4.1. First, the real part of χ (k,ω) was
calculated with equation 4.12. The real and imaginary parts of χ (k,ω) for a small
and a large momentum transfer value are shown in figure 4.9. Besides main features
around 0 eV, two additional peaks in the propagator χ (k,ω) at energy transfer values of
-535 eV and 535 eV occur, which are stronger pronounced at large momentum transfer
values compared to small momentum transfer values. These peaks are the result of the
stronger pronounced oxygen K-edge of the propagator χ (k,ω) at measurements at high
momentum transfers.
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Figure 4.9: Real and imaginary part of the propagator χ (k,ω) shown for a small momentum
transfer value (a)) and a large momentum transfer value (b)).

With the real and imaginary part of χ (k,ω), it was completely reconstructed and
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a Fourier transform via equation 4.13 was performed. Alternatively, also the Fourier
transform of twice the imaginary part of χ (k,ω) was performed via equation 4.11. The
results of both pathways are shown in figure 4.10 again for a small and a large momen-
tum transfer value. Here, χ1 (k,t) denotes χ (k,t) calculated as a Fourier transform of
the real and imaginary part of χ (k,ω) and χ2 (k,t) is calculated by a Fourier transform
of twice the imaginary part of χ (k,ω). Figure 4.10 points out that both pathways lead
to identical results.
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Figure 4.10: Comparison of the both possible pathways to determine χ (k,t) shown for a small
momentum transfer value (a)) and a large momentum transfer value (b)). Here, χ1 (k,t) is the
sum of the Fourier transforms of the real and imaginary part of χ (k,ω), while χ2 (k,t) is the
Fourier transform of twice the imaginary part of χ (k,ω).

After deriving χ (k,t), the propagator χ (x,t) can finally be calculated by a spatial Fou-

rier transformation. With measured momentum transfers up to 24.48 Å
−1

and energy
transfers up to 3000 eV, χ (k,t) is determined with a spatial resolution of 0.26 Å and a
resolution on the time axis of 1.38 as. However, due to the extrapolation of the energy
transfer axis up to 5000 eV, the resolution of the time axis is even reduced to 0.82 as.
This reduction of time resolution may lead to incorrect conclusions of the results, be-
cause some time points are calculated instead of measured. However, due to the fact
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that at all measurements almost the complete Compton profile was measured within
the observed energy transfer regions, the extrapolation of the energy transfer axis only
covers the end of the tails of the Compton profile and hence should not influence the
results. Figure 4.11 a) shows the final result of χ (x,t) after the spatial Fourier trans-
formation as a function of x as an example at 32.62 as. This result can also be shown in
3D by a 360◦ rotation of the x-axis (see figure 4.11 b)), assuming a rotational invariance
of the propagator χ (x,t).

0 2 4 6

x [Å]

-2

-1.5

-1

-0.5

0

0.5

(
x

,t 
) 

[e
- /Å

3
] a)

Figure 4.11: a) Snapshot of the evolution of the propagator χ (x,t) at 32.62 as for water at
20◦C. b) The evolution of the propagator χ (x,t) at 32.62 as for water at 20◦C is shown in 3D
by a 360◦ rotation of the x-axis.

Figure 4.11 describes the evolution of the disturbance in electron density 32.62 as after
the interaction of a photon with an electron. Here, the amplitude of χ (x,t) denotes
electron density differences compared to the electron density at the time of interaction
(t = 0 s). There is a strong negative amplitude of the propagator at x = 0 Å, fading
away oscillating at higher distances, with the strongest amplitude at the position of
1.53 Å. Investigating further snapshots as a function of time, one can precisely describe
the evolution of the density disturbance. This will be done in section 4.3.4 for all three
measurements, but first, the dependency of the data quality on the momentum and
energy transfer is investigated in the next subsection.

4.3.3 Momentum and Energy Transfer Dependency

As already introduced at the beginning of this chapter, density disturbances in water
were already investigated with IXS on attosecond time scales by Abbamonte et al. [114].
However, there are differences between the results obtained in this experiment compared
to Abbamonte et al. (see figure 4.12). In the experiment performed by Abbamonte et
al., the main feature in the χ (k,ω) spectrum occurs in the energy transfer region of

the water plasmon and in the momentum transfer region around 2 Å
−1

, while in this
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experiment the maximum in χ (k,ω) occurs from the Compton profile contribution in
the energy transfer region around 100 eV and in the momentum transfer region around

5 Å
−1

. Nevertheless, final results on χ (x,t) show numerous similarities (see also figure
4.12). A key factor to determine χ (k,ω) is the correct application of the f-sum rule
(see equation 4.23). Due to the fact that the integral is performed over ω ·S (k,ω),
a profound insight specifically on the contributions at high energy transfer values is
necessary. Furthermore, as shown in figure 4.5, the maximum of the Compton scattering
profile shifts both in momentum and energy transfer towards higher values, resulting
in an increased complexity for extrapolation of the data at higher momentum transfer
values, as performed by Abbamonte et al [114]. Hence, a systematic analysis of the
impact on the momentum and energy transfer ranges on the final results is necessary
to estimate the quality of the results.

Figure 4.12: Top: Comparison of χ (k,ω) obtained by Abbamonte et al. [114] (left) and in this
experiment (right, inset of the middle figure in figure 4.6). Bottom: Comparion of the snapshots
of χ (x,t) calculated by Abbamonte et al. [114] (left) at 32.9 as and in this experiment (right,
see also figure 4.11) at 32.6 as.

For the systematic analysis of the impact on the momentum and energy transfer range
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on χ (x,t), momentum transfers of up to 5 Å
−1

, 10 Å
−1

, 15 Å
−1

, 20 Å
−1

and 24.48 Å
−1

were investigated, respectively, while the energy transfer region was simultaneously
varied in the region of up to 200 eV, 500 eV, 1000 eV, 1500 eV, 2000 eV and 3000 eV,
respectively. The normalization of the spectra is performed as previously in the case of
energy transfer ranges that are large enough to perform this normalization. For smal-
ler energy transfer ranges, the normalization is performed over the full energy transfer
range. To obtain the impact of this variation, snapshots at all points in time were first
calculated for the propagator χ (x,t)ref with the best spatial and time resolution (with

a momentum transfer region of up to 24.48 Å
−1

and an energy transfer region of up
to 3000 eV), which is chosen as reference for the following comparison. Thereafter, the
propagators χ (x,t)k,t were calculated for combinations of all other momentum trans-
fer and energy transfer regions. Due to the fact that the resolution of the propagators
χ (x,t)k,t is worse compared to χ (x,t)ref , missing points on the space axis were calcu-
lated by linear interpolation. Points missing on the time axis were omitted in case of
lacking temporal resolution. Subsequently, for each point in time, the linear interpola-
ted data of χ (x,t)k,t was subtracted from χ (x,t)ref and the resulting, absolute values
were summed to obtain a difference value. Finally, this difference value was normali-
zed by the number of investigated time points to be comparable for all combinations
of χ (x,t)k,t, calling it ∆ henceforth. The value was determined in the spatial region

between -6 Å and 6 Å and in the time region between -1000 as and 1000 as due to the
fact that beyond these regions only background signal occurred.
Figure 4.13 represents the differences ∆ as a function of momentum transfer for all
investigated energy transfer regions. It clearly shows that with rising maximum mo-
mentum transfers the difference value ∆ decreases significantly. This is most likely
caused by a better spatial resolution, resulting in less differences due to less necessary
interpolation points of the data (see figure 4.14 a) for graphical details). Furthermo-
re, increasing the energy transfer region results in an increase of ∆, even though the
time resolution becomes better with increasing energy transfer region. However, this
effect can be neglected due to the approach by which ∆ is calculated. Since there is no
interpolation on the time axis, errors between two time points are neglected. Hence,
only differences on the space axis are investigated by ∆ as a function of momentum
transfer for different energy transfer regions. Nevertheless, as shown in figure 4.5 b), it
is necessary to obtain information on large energy transfer regions when investigating
high momentum transfer regions due to the fact that the maximum of the Compton
profile shifts towards higher energy transfer values.

The impact of momentum and energy transfer is shown for two examples in figure 4.14.
Using momentum transfer regions with different maximum momentum transfer values,

starting with 5 Å
−1

up to 24.48 Å
−1

, result in different spatial resolutions, which are
shown for the snapshot taken at 32.6 as in figure 4.14 a). Here, for example, only the
largest momentum transfer region enables resolving the shoulder at 0.5 Å. Reducing
the momentum transfer region, and thus the spatial resolution, lead to significant dif-

ferences in obtained structures, e.g. for 5 Å
−1

. This was also determined in the case of
time resolution, which is shown in figure 4.14 b) for the electron density disturbance
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Figure 4.13: The difference value ∆ is shown as a function of momentum transfer for different
energy transfer regions.
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Figure 4.14: a) The impact of space resolution on χ (x,t) is shown as a function of momentum
transfer energy on a snapshot at 32.6 as. b) The impact of time resolution on χ (x,t) is shown
as a function of energy transfer for the electron density disturbance evolution at x = 0 Å.

evolution at x = 0 Å. Here, features in the region of up to 5 as can only be resolved by
the largest investigated energy transfer region. Therefore, especially at small time and
space regions, the investigation of large energy and momentum transfers is crucial to
obtain correct results for the propagator χ (x,t).
After the impact of momentum and energy transfer regions on χ (x,t) is discussed, the
electron density disturbance evolution is presented for all three investigated tempera-
tures in the next subsection. Here, the maximally investigated momentum and energy
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transfer regions were chosen to determine χ (x,t).

4.3.4 Time Resolved Density Disturbance Evolution

The evolution of disturbances in electron density in water for water temperatures of
4 ◦C, 20 ◦C and 90 ◦C at different time points after the scattering event is presented in
figures 4.15, 4.16 and 4.17.
Before 0 as, which is equal to the time before the interaction between X-rays and water’s
electrons, no disturbance in electron density is expected. This is the case as shown in
figure 4.15 a) (with the exception of small noise effects due to a finite energy transfer
and momentum transfer scale before the Fourier transformation). At t = 0 as (see figure
4.15 b)), the electron density disturbance appears as a strong maximum in χ (x,t) at the
point of interaction (x = 0 Å), fading out rapidly with rising distance to the interaction
point. However, due to the time resolution of 0.82 as, a correct calculation of χ (x,t)
at t = 0 as is difficult. On small time scales, a strong decrease in the electron density
is expected due to the X-ray interaction with electrons. This is observed already after
one attosecond (see figure 4.15 c)), when at the interaction point a minimum occurs.
In the following, the first maximum of the electron density disturbance wave is propa-
gating, represented by a broadening of χ (x,t) in space at 4 as (see figure 4.15 d)). At
15 as (see figure 4.16 a)), the first maximum of the electron density disturbance wave
already propagated to a distance of 1 Å from the interaction point, while the minimum
at the point of interaction is about to switch into a maximum. Before 40 as (see figure
4.16 b)), the turnover of the minimum into a maximum is completed, when also first
differences as a function of temperature occur. This is represented by an increase of
the amplitude of χ (x,t) at the point of interaction, which becomes larger with rising
temperature, indicating a faster evolution of χ (x,t) at 90 ◦C.
The intensity of the first maximum of the electron density disturbance wave slowly
decreases with proceeding time, while a second maximum of the electron density di-
sturbance wave is about to be emitted at 66 as, represented by a broadening of χ (x,t)
at the point of interaction (see figure 4.16 c)). With proceeding time, differences in the
density disturbance evolution velocity as a function of temperature are apparent too,
being mostly pronounced at zero points of the amplitude of χ (x,t) at the point of inter-
action. As shown in figure 4.16 d) at 116 as, the amplitude of χ (x,t) is still positive at
4 ◦C, almost zero at 20 ◦C and negative at 90 ◦C. This means, that the electron density
disturbance evolves faster at 90 ◦C than at 20 ◦C and 4 ◦C. With further proceeding
time (see figures 4.17 a)-c)), the amplitude movement of χ (x,t) at the point of interac-
tion is similar in the case of 4 ◦C and 20 ◦C, while it is completely opposite at 90 ◦C.
Finally, at times above 600 as, the electron density disturbance is almost completely
faded out and only a small impact at the point of interaction is still noticeable (see
figure 4.17 d)).

In the following, differences in the evolution of electron density disturbance maxima as
a function of temperature are investigated. Therefore, the amplitude of χ (x,t) at the
point of interaction is plotted as a function of time for all three temperatures in figure
4.18.
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T=4°C T=20°C T=90°C

Figure 4.15: Electron density disturbance evolution in water for 4 ◦C (left), 20 ◦C (middle)
and 90 ◦C (right) at following time points: a) <0 as, b) 0 as, c) 1 as and d) 4 as.

Figure 4.18 shows that the amplitude of χ (x,t) at the point of interaction has the lar-
gest absolute values for all three temperatures on short time scales. Directly after the
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T=4°C T=20°C T=90°C

Figure 4.16: Electron density disturbance evolution in water for 4 ◦C (left), 20 ◦C (middle)
and 90 ◦C (right) at following time points: a) 15 as, b) 40 as, c) 66 as and d) 116 as.

interaction at t > 0 as, the amplitude decreases on short time scales. This is the moment
when the first maximum of the electron density disturbance wave is emitted, which is
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T=4°C T=20°C T=90°C

Figure 4.17: Electron density disturbance evolution in water for 4 ◦C (left), 20 ◦C (middle)
and 90 ◦C (right) at following time points: a) 195 as, b) 280 as, c) 338 as and d) 600 as.

equal for all temperatures within the available range of time resolution (0.82 as). With
proceeding time, the amplitude of χ (x,t) oscillates, reaching a state of complete relaxa-
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Figure 4.18: The amplitude of χ (x,t) is shown at the point of interaction as a function of
time for all three temperatures. The inset is a zoom of the figure for smaller amplitude values.

tion around 600 as. However, differences as a function of temperature occur during these
oscillations of χ (x,t) (see inset in figure 4.18). Already the second local maximum of
χ (x,t) is at slightly different time points for each temperature, occurring first at 90 ◦C
at 62±5 as, followed by 20 ◦C at 67±5 as and 4 ◦C at 75±5 as. In the following, the
electron density disturbance evolution at 90 ◦C develops faster than at 20 ◦C and 4 ◦C,
that have almost the same evolution velocity, resulting in an earlier time point of the
emission of the second electron density disturbance maximum at 90 ◦C (at 107±5 as)
compared to 20 ◦C and 4 ◦C (at 118±5 as). The third local maximum of the amplitude
of χ (x,t) at the point of interaction at 90 ◦C occurs at 205±5 as, where at 20 ◦C and
4 ◦C the amplitude of χ (x,t) is almost zero. From this time point, the evolution of
the amplitude of χ (x,t) has shifted by half a phase at 90 ◦C, resulting in an inverted
amplitude compared to 20 ◦C and 4 ◦C. At time points, when at 20 ◦C and 4 ◦C a local
maximum in the amplitude of χ (x,t) occurs, there is a local minimum at 90 ◦C and
vice versa until the oscillation of the amplitude of χ (x,t) fades out. Differences in the
evolution might be explained by different densities of water at investigated tempera-
tures. The density of water is equal to 1 g/cm3 at 4 ◦C, which is the highest possible
electron density of liquid water, leading to water molecules being located as closely as
possible to each other. Hence, at this temperature, the evolution of an electron density
disturbance may be suppressed by neighboring molecules as strong as possible in liquid
water. At 20 ◦C, the density has still a value of 0.998 g/cm3, resulting in an almost
equal suppression of the electron density disturbance, while at 90 ◦C the density is
already reduced to 0.965 g/cm3. Here, compared to water at 4 ◦C, the electron density
disturbance wave may propagate more freely due to less electron density caused by the
surrounding atoms.
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Next, the propagation of the first maximum of the electron density disturbance wave
in space and time as a function of temperature is investigated. Therefore, the temporal
evolution of the electron density disturbance is shown for different distances from the
point of interaction for all three temperatures in figure 4.19.
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Figure 4.19: The temporal evolution of χ (x,t) is shown for different distances from the point
of interaction for 4 ◦C (a)), 20 ◦C (b)) and 90 ◦C (c)) with the zoom on time points above 20 as
as inset. The black markers represent the local maxima of the electron density disturbance
wave, describing its evolution in space and time, while the black lines represent an exponential
fit of the local maxima points.

Figure 4.19 demonstrates the evolution of the first maximum of the electron density
disturbance wave for all three temperatures, showing only small deviations in the evo-
lution of it in time and space as a function of temperature. The amplitude of the first
maximum of the electron density disturbance wave is represented by black markers in
figure 4.19, showing its exponential decrease as a function of time. An exponential fit
to the data via

χ (x,t) = χte
−t/τt (4.24)

is also shown in figure 4.19 as black line to calculate the temporal dampening exponent
of the first maximum of the electron density disturbance wave τt. Here, χt denotes the
amplitude of χ (x,t) at t = 0 as. This value is fitted together with τt, but was kept at
almost equal values for all temperatures. The fitted temporal exponential dampening
of the first maximum of the electron density disturbance wave is also plotted for all
temperatures together in figure 4.20 a), where the colored lines correspond to the black
lines in figure 4.19 a)-c). The evolution of the exponential dampening is almost equal
for all temperatures. However, on small time scales the amplitude of χ (x,t) is equal
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at 4 ◦C and 90 ◦C, being a bit higher at 20 ◦C, while in the time region beyond 20 as
the amplitudes of χ (x,t) at 20 ◦C and 90 ◦C become similar, while the amplitude of
χ (x,t) at 4 ◦C is slightly above those of the other temperatures. As expected, the
values for τt differ only slightly for each temperature. However, with 7.7±0.1 as at 4 ◦C
the dampening exponent is higher compared to 6.3±0.1 as at 20 ◦C and 6.4±0.1 as at
90 ◦C, which means that the evolution of the first maximum of the electron density
disturbance wave is more strongly suppressed at 20 ◦C and 90 ◦C.
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Figure 4.20: The evolution of the exponential dampening of the first maximum of the electron
density disturbance wave is shown for all three temperatures as a function of time a) and space
b). The colored lines in a) correspond to the black lines in figure 4.19 for all three temperatures.
c) Positions of the local maxima of the electron density disturbance wave at different distances
from the point of interaction are presented as a function of time for all three temperatures. The
dotted lines represent a logarithmic fit to the data to calculate the lifetime of the first electron
density disturbance wave.

It is further possible to calculate the evolution of the first maximum of the electron
density disturbance wave in space, which is presented in figure 4.20 b) for all three
temperatures. Comparably to the evolution of the first maximum of the electron density
disturbance wave in time, in this case an exponential decrease for all three temperatures
is also observable. However, differences occur only on short distances. A dampening
coefficient can be calculated by fitting an exponential function to the data, which is
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adapted by

χ (x,t) = χxe
−x/τx (4.25)

with χx as the amplitude of χ (x,t) at x = 0 Å and the spatial dampening coefficient
τx. For all temperatures, the spatial dampening coefficient is equal to 0.34±0.01 Å,
which means that there are no differences in the dampening of the first maximum of
the electron density disturbance wave in space.
Finally, other properties of the first maximum of the electron density disturbance wave,
like its lifetime or mean velocity, are calculated. Therefore, in figure 4.20 c), the positions
of the local maxima of the electron density disturbance wave at different distances from
the point of interaction are shown as a function of time for all three temperatures. With
a logarithmic fit via

x (t) = log

(
t

τ
+ 1

)
, (4.26)

the lifetime τ of the first maximum of the electron density disturbance wave can be
calculated to 6.43±0.1 as at 4 ◦C, 6.13±0.1 as at 20 ◦C and 6.09±0.1 as at 90 ◦C. Mo-
reover, the mean velocity of the first maximum of the electron density disturbance wave
during the first 2.3 Å is calculated to 0.0448 Å/as at 4 ◦C, 0.0495 Å/as at 20 ◦C and
0.0504 Å/as at 90 ◦C, resulting in the fastest evolution of the first maximum of the
electron density disturbance wave at 90 ◦C. Compared to the speed of light c, this is
equal to 0.0149 c at 4 ◦C, 0.0165 c at 20 ◦C and 0.0168 c at 90 ◦C

4.4 Conclusions

In this chapter, a complete study on the evolution of the electron density disturbance
in water on attosecond time scales by means of IXS is presented for water temperatu-
res of 4 ◦C, 20 ◦C and 90 ◦C. For this purpose, a setup was implemented to perform
such experiments at the Taiwan inelastic X-ray scatting beamline BL12XU at SPring-
8. This study contains a detailed analysis of the temporal behavior of the propagator
χ (x,t) at the point of interaction between the X-rays and water’s electrons as well as
the evolution of the first electron density disturbance wave front in space and time for
all three temperatures, accompanied by 3D snapshots of the spatial evolution of the
electron density disturbance in water at selected time points.
Several steps in data analysis were necessary to extract the propagator χ (x,t) from
the raw data and imaging the electron density disturbances. The data treatment and
application of correction factors were described in detail. Subsequently, the procedure
to extract χ (x,t) by calculating the imaginary part of χ (k,ω) from the dynamic struc-
ture factor and applying two Fourier transformations is presented. Moreover, a study
on the effect of momentum and energy transfer ranges on χ (x,t) was shown due to the
fact that the final results of χ (x,t) depend on the investigated momentum and energy
transfer ranges. Thus, compared to the study presented by Abbamonte et al. [114], it
was possible to investigate the evolution of the electron density disturbance in time and

95



Chapter 4. Electron Density Disturbance Evolution inWater on Attosecond Time Scales

space more precisely with a better resolution in time (0.82 as) and space (0.26 Å). Final-
ly, 3D snapshots of χ (x,t) were presented for certain time points and the evolution of
χ (x,t) for all three temperatures was discussed. Therefore, first the temporal behavior
of the propagator χ (x,t) at the point of interaction between the X-rays and water’s
electrons was investigated with the result that dynamics occur on faster time scales at
90 ◦C compared to 4 ◦C and 20 ◦C, where the evolution of χ (x,t) is almost equal. This
result can be explained by changes in water’s density as a function of temperature. Due
to the fact that water has the highest density at 4 ◦C, with a comparable density at
20 ◦C, the evolution of the electron density disturbance is suppressed by surrounding
molecules in a similar way. At 90 ◦C, the density of water is significantly smaller, lea-
ding to less suppression of the evolution of the electron density disturbance.
Furthermore, the evolution of the first maximum of the electron density disturban-
ce wave in space and time was analyzed for all three temperatures. Even though the
evolution of the first maximum of the electron density disturbance is almost equal for
all temperatures, small deviations could be determined. Whereas the evolution of the
maximum of the first electron density disturbance wave in space is almost completely
equal for all three temperatures, it is suppressed the strongest at 4 ◦C in time. With
the calculation of the dampening coefficient in space and time, as well as the lifetime
of the electron density disturbance wave and its mean velocity, the description of the
evolution of the first maximum of the electron density disturbance wave was completed.
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Chapter 5

Summary and Outlook

In this thesis three different studies on water and aqueous solutions were presented.
Two of these studies were investigating adsorption processes at solid-liquid interfaces
by means of XRR, while the third study probed electron density disturbances in water
on attosecond time scales by means of IXS.
First, a complete description on the lysozyme adsorption on the hydrophilic surface of
titanium oxide coated on a silicon wafer as a function of temperature, pH value, tita-
nium oxide layer thickness and pressure was presented. This were the first successful
performed XRR experiments on a titanium oxide surface revealing the information that
the adsorbed amount of lysozyme on titanium oxide differs from that of lysozyme on
silicon oxide both at same thermodynamic conditions and at same electrostatic con-
ditions (modulated by pH value variation). These results confirm that the adsorption
process of lysozyme is not only depending on surface charge differences, but depends
strongly on the interface it adsorbs on. The calculation of the Hamaker constant leads
to the conclusion that the silicon substrate appears to be repulsive, which results in
a reduced adsorption of lysozyme at thin titanium oxide layers. These results were
verified by measurements of lysozyme adsorption on titanium oxide as a function of
titanium oxide layer thickness. Moreover, pressure-dependent measurements revealed
a desorption of lysozyme from titanium oxide with rising pressures, being almost re-
versible by releasing pressure. Hence, it is indicated that under hydrostatic pressure
lysozyme prefers to be fully hydrated in solution instead of having a defective hydrati-
on shell, which would result in an increased amount of lysozyme at the titanium oxide
surface.
This description of the adsorption behavior of lysozyme was performed at a lysozyme
concentration of 1 mg/mL to be comparable to the study of lysozyme adsorbing on
silicon oxide [74]. However, investigating the adsorption behavior of differently con-
centrated lysozyme solutions may provide new insight into the adsorption behavior.
Furthermore, titanium oxide is a reactive material that alters its biocompatibility by
UV-light irradiation [253]. Hence, investigating the adsorption behavior of lysozyme
on titanium oxide under UV-light irradiation should also be considered as an future
project due to its importance for technical applications [254].

97



Chapter 5. Summary and Outlook

The second study of this thesis dealt with the adsorption behavior of ions on the hy-
drophobic surface of an with OTS coated silicon wafer. The adsorption of different
alkali metal halogens as well as alkali metal hydroxides provided information on the
adsorption process of ions at this hydrophobic interface as a function of ion size and con-
centration. First, the adsorption pathway of the solved ions was determined. Thereafter,
under cation variation of alkali metal halogens, concentration-dependent measurements
revealed the higher ability of small ions to straighten up the tail groups of the OTS
layer compared to larger ions, which includes the information that the OTS molecules
are not completely straight perpendicular to the surface plane before ion addition. Fur-
thermore, the shape of the adsorbed ion layer on top of the hydrophobic gap varies with
ion size. Large ions produce an adsorbed layer that is thinner but has a higher electron
density compared to small ions. These results were confirmed upon anion variation of
alkali halogens. However, changing the anion to hydroxide resulted in differences in
the electron density profiles compared to alkali metal halogens. In the case of hydroxi-
des significantly less ions adsorbed in-between the OTS tail groups, being still able to
straighten up the OTS tail groups to full length perpendicular to the surface plane.
Moreover, hydroxides induced strong changes in the shape of the hydrophobic gap. At
high concentrated alkali metal hydroxide solutions, the ions even seem to adsorb di-
rectly on top of the OTS tail group, overcoming the hydrophobic gap. However, these
results of alkali metal hydroxide adsorption on OTS have to be interpreted with caution
since the addition of this aqueous solution on OTS directly leads to a chemical reaction
resulting in bubble formation inside the sample cell.
Even though this study reveals new insight into ion adsorption processes at the hy-
drophobic surface of OTS, further measurements of higher concentrated ion solutions
as well as other ion types would complete the knowledge of this processes. The use of
CaCl2 would probe a cation that is more chaotropic than other studied cations, while
the investigation of the adsorption behavior of ionic liquids would probe larger ions
with regards to the possibility to adsorb in-between the OTS tail groups.
Finally, the evolution of electron density disturbances in water was investigated on ul-
rashort time scales (with a resolution of 0.82 as) with sub-angstrom resolution (0.26 Å)
for water temperatures of 4 ◦C, 20 ◦C and 90 ◦C. This study extended an earlier study
presented by Abbamonte et al. [114] and provided new insight into the density distur-
bance evolution in water on ultrashort time scales due to the significantly improved
time and space resolution. The necessity of increasing the resolution in time and space
was shown by calculating differences in the final results by variation of the momentum
and energy transfer range. Moreover, the comparison of two additional temperatures
revealed differences in the electron density evolution of water as a function of tempera-
ture. There is a phase shift in the oscillation of the electron density at 90 ◦C compared
to 4 ◦C and 20 ◦C at time points beyond 200 as after the interaction, which is sugge-
sted to originate by differences in the density of water. However, significant differences
are not observable on shorter time ranges, as was shown for the evolution of the first
maximum of the electron density disturbance for all three temperatures.
Hence, investigating the evolution of the electron density disturbance in water with
different densities (e.g. by a further increase of the temperature of water going in hand
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with an increase in the pressure of water) may provide new insights into this rese-
arch field. Furthermore, also the investigation of the evolution of the electron density
disturbance in aqueous solutions would be of high interest.
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[27] F. Lehmkühler, Y. Forov, T. Büning, Ch. J. Sahle, I. Steinke, K. Julius, Th.
Buslaps, M. Tolan, M. Hakala, and C. Sternemann. Intramolecular structure and
energetics in supercooled water down to 255 k. Physical Chemistry Chemical
Physics, 18(9):6925–6930, 2016.

[28] P. Ball and J. E. Hallsworth. Water structure and chaotropicity: their uses, abuses
and biological implications. Physical Chemistry Chemical Physics, 17(13):8297–
8305, 2015.

[29] J. A. Sellberg, C. Huang, T. A. McQueen, N. D. Loh, H. Laksmono, D. Schle-
singer, R. G. Sierra, D. Nordlund, C. Y. Hampton, D. Starodub, D. P. DePonte,
M. Beye, C. Chen, A. V. Martin, A. Barty, K. T. Wikfeldt, T. M. Weiss, C. Caron-
na, J. Feldkamp, L. B. Skinner, M. M. Seibert, M. Messerschmidt, G. J. Williams,
S. Boutet, L. G. M. Pettersson, M. J. Bogan, and A. Nilsson. Ultrafast X-ray
probing of water structure below the homogeneous ice nucleation temperature.
Nature, 510(7505):381–384, 2014.
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Appendix A

Lysozyme on Titanium Oxide
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Figure A.1: Atomic Force Microscopy snapshot of a with titanium oxide covered silicon wafer.
The snapshot shows a completely closed titanium oxide layer.
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Appendix A. Lysozyme on Titanium Oxide
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Figure A.2: Pressure dependent XRR measurements of lysozyme on the first wafer with a 50 Å
thick titanium oxide layer, shifted on the y-scale for better visualization. The circles represent
the measured data, while the solid lines show the fit to the data.
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Figure A.3: a) EDPs of pressure dependent lysozyme adsorption on the first silicon wafer with
a 50 Å thick titanium oxide layer at ambient temperature. b) Volume fraction profiles of the
EDPs shown in a).
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Figure A.4: Pressure dependent XRR measurements of lysozyme on the second wafer with
a 50 Å thick titanium oxide layer, shifted on the y-scale for better visualization. The circles
represent the measured data, while the solid lines show the fit to the data.
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Figure A.5: a) EDPs of pressure dependent lysozyme adsorption on the second silicon wafer
with a 50 Å thick titanium oxide layer at ambient temperature. b) Volume fraction profiles of
the EDPs shown in a).
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Figure A.6: Pressure dependent XRR measurements of lysozyme on a silicon wafer with a 60 Å
thick titanium oxide layer, shifted on the y-scale for better visualization. The circles represent
the measured data, while the solid lines show the fit to the data.
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Figure A.7: a) EDPs of pressure dependent lysozyme adsorption on a silicon wafer with a
60 Å thick titanium oxide layer at ambient temperature. b) Volume fraction profiles of the
EDPs shown in a).
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Figure B.1: XRR data of the adsorption of in water soluted hydrocloric acid on an OTS wafer
as a function of ion concentration. The circles represent the measured data, while the solid
lines show the fit to the data. The data as well as the fits are shifted on the y-scale for better
visualization.
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Figure B.2: XRR data of the adsorption of in water soluted sodium chloride on an OTS wafer
as a function of ion concentration. The circles represent the measured data, while the solid
lines show the fit to the data. The data as well as the fits are shifted on the y-scale for better
visualization.
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Figure B.3: XRR data of the adsorption of in water soluted potassium chloride on an OTS
wafer as a function of ion concentration. The circles represent the measured data, while the
solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale for
better visualization.
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Figure B.4: XRR data of the adsorption of in water soluted rubidium chloride on an OTS
wafer as a function of ion concentration. The circles represent the measured data, while the
solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale for
better visualization.
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Figure B.5: XRR data of the adsorption of in water soluted caesium chloride on an OTS
wafer as a function of ion concentration. The circles represent the measured data, while the
solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale for
better visualization.

XXXV



0 0.1 0.2 0.3 0.4

q
z

[Å-1]

10-3

10-2

10-1

100

R
/R

F

0 M NaBr
0.1 M NaBr

Figure B.6: XRR data of the adsorption of in water soluted sodium bromide on an OTS wafer
as a function of ion concentration. The circles represent the measured data, while the solid
lines show the fit to the data. The data as well as the fits are shifted on the y-scale for better
visualization.
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Figure B.7: XRR data of the adsorption of in water soluted sodium iodide on an OTS wafer
as a function of ion concentration. The circles represent the measured data, while the solid
lines show the fit to the data. The data as well as the fits are shifted on the y-scale for better
visualization.
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Figure B.8: XRR data of the adsorption of in water soluted lithium hydroxyde acid on an
OTS wafer as a function of ion concentration. The circles represent the measured data, while
the solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale
for better visualization.
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Figure B.9: XRR data of the adsorption of in water soluted sodium hydroxyde on an OTS
wafer as a function of ion concentration. The circles represent the measured data, while the
solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale for
better visualization.
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Figure B.10: XRR data of the adsorption of in water soluted potassium hydroxyde on an
OTS wafer as a function of ion concentration. The circles represent the measured data, while
the solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale
for better visualization.
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Figure B.11: XRR data of the adsorption of in water soluted rubidium hydroxyde on an OTS
wafer as a function of ion concentration. The circles represent the measured data, while the
solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale for
better visualization.
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Figure B.12: XRR data of the adsorption of in water soluted caesium hydroxyde on an OTS
wafer as a function of ion concentration. The circles represent the measured data, while the
solid lines show the fit to the data. The data as well as the fits are shifted on the y-scale for
better visualization.
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