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“The Warrior of the Light sometimes
behaves like water, flowing around the
obstacles he encounters.

Occasionally, resistance might mean
destruction, and so he adapts to the
circumstances. He accepts, without
complaint that the stones in his path
hinder his way through the mountains.

Therein lies the strength of water: It
cannot be touched by a hammer or
ripped to shreds by a knife. The
strongest sword in the world cannot
scar its surface.

The river adapts itself to whatever
route proves possible, but the river
never forgets its one objective: the
sea. So fragile at its source, it
gradually gathers the strength of the
other rivers it encounters.

And, after a certain point, its power is
absolute.”

Paulo Coelho
from Warrior of the Light



Abstract

In this thesis, we explore the behavior of water at charged surfaces. More
specifically, we investigate two different model systems to increase our knowledge
about the structure of water at a charged surface. To that end, we mainly use Sum
Frequency Generation Spectroscopy (SFG), a nonlinear optical method that provides
the vibrational response of only the interfacial molecules.

In a first approach, we bring water in contact with a conductive solid surface,
namely graphene. To that end, we explore different methods to deposit a graphene
monolayer on an optically transparent substrate. The resulting graphene layers are
characterized using optical microscopy and Raman spectroscopy. Moreover, we build
a spectro-electrochemical cell and investigate the graphene electrochemically. Finally,
we spectroscopically study the water structure at the graphene surface as well as
changes in the interfacial water structure that appear upon changing the applied
potential to the surface.

As a second approach to study the water structure at charged surfaces, we use
charged lipid monolayers. Lipid monolayers are often used model systems for
biological membranes. Here, we change the surface charge density by preparing
monolayers consisting of lipid mixtures with headgroups bearing different charges. We
can thus vary the surface charge in a controlled way while monitoring the water
structure. We find that the water orientation at charged lipid monolayers saturates at
surprisingly low surface charge densities. Using MD simulations, we discover two
different mechanisms of saturation, namely, charge condensation in the diffuse layer
and restructuring in the Stern layer.

In addition to exploring the water structure at these charged lipid monolayers,
we also investigate the surface potential of these systems. To that end, we use two
different methods, Second Harmonic Generation (SHG) and the vibrating plate
capacitor method. The two techniques provide surprisingly different results. We use
SFG to disentangle the contributions of the various molecular moieties to the surface
potential signal of the two different methods. While the SHG signal is influenced by
contributions from the interfacial water molecules, the lipids, and hyper-Rayleigh
scattering, the signal obtained by the vibrating plate capacitor method is dominated by
the lipid carbonyl groups.

The carbonyl groups in phospholipid monolayers have a surprisingly big impact
on the results of the surface potential measurements with the vibrating plate capacitor
method. Additionally, the frequency and intensity of the carbonyl bands are very
sensitive to the hydration state of lipid monolayers on water. We thus also investigate
the structure of the lipid carbonyl groups in phospholipid monolayers in more detail.
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We find that there are two differently oriented carbonyl groups in the monolayer that
have a substantially different hydrogen-bonding environment.

In addition to thoroughly studying the water structure at charged lipid
monolayers, we also investigate the zwitterionic lipid-water interface. The most
abundant lipids in biological membranes have zwitterionic headgroups. The water
molecules at zwitterionic lipid monolayers are oriented with their dipoles pointing up
toward the monolayer. Thus, the interfacial water molecules orient as if the zwitterionic
lipids were negatively charged. In the last chapter of this thesis, we investigate the
origin of this apparent negative charge of zwitterionic lipids. We find that the water
orientation at zwitterionic lipid monolayers origins mainly from the local structure of the
charged groups.
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Zusammenfassung

In dieser Arbeit wird das Verhalten von Wasser an geladenen Oberflachen
untersucht. Genauer gesagt erforschen wir zwei unterschiedliche Modellsysteme um
unser Wissen Uber die Struktur von Wasser an geladenen Oberflachen zu erweitern.
Hierzu wird die nichtlineare optische Methode Summenfrequenzspektroskopie
verwendet, mit der das Schwingungsverhalten von Molekllen an der Grenzflache
untersucht werden kann.

Zuerst untersuchen wir Wasser in Kontakt mit der festen, leitfahigen Oberflache
Graphen. Hierfir testen wir unterschiedliche Methoden der Ubertragung einer
Graphenmonoschicht auf ein optisch transparentes Substrat. Die resultierenden
Graphenschichten werden mittels optischer Mikroskopie und Raman-Spektroskopie
charakterisiert. Des Weiteren konstruieren wir eine spektroelektrochemische Zelle, in
der man Graphen elektrochemisch untersuchen kann. Anschlielend untersuchen wir
die Wasserstruktur an der Graphenoberflache, sowie deren potentialabhangige
Anderungen, spektroskopisch.

In einem zweiten Ansatz verwenden wir geladene Lipidmonoschichten, um die
Wasserstruktur an geladenen Oberflachen zu untersuchen. Lipidmonoschichten
werden oft als Modellsysteme fiir biologische Membranen verwendet. Wir &ndern die
Ladungsdichte der Oberflache indem wir Monoschichten aus Lipidmischungen
herstellen, deren Kopfgruppen unterschiedliche Ladungen haben. Auf diese Weise
kbnnen wir die Ladungsdichte kontrolliert einstellen und unterdessen die
Wasserstruktur untersuchen. Unsere Ergebnisse zeigen, dass die Wasserorientierung
an geladenen Lipidmonoschichten bei Uberraschend niedrigen Ladungsdichten
sattigt. Mit der Hilfe von MD Simulationen stellen wir fest, dass diese Sattigung mit
zwei unterschiedlichen Mechanismen stattfindet: Ladungskondensation in der diffusen
Schicht und eine Umstrukturierung in der Sternschicht.

Wir untersuchen nicht nur die Wasserstruktur and der Oberflache der
geladenen Lipidmonoschichten, sondern auch das Oberflachenpotential dieser
Systeme. Hierfur verwenden wir zwei unterschiedliche Methoden: Die Methode der
Frequenzverdoppelung sowie die Schwingkondensatormethode. Interessanterweise
liefern die beiden Methoden stark unterschiedliche Ergebnisse. Wir verwenden die
Summenfrequenzspektroskopie um die verschiedenen molekularen Beitrage zum
Oberflachenpotentialsignal zu entwirren. Wahrend das Signal der Frequenz-
verdoppelung von den Wassermolekilen an der Grenzflache, den Lipiden und der
Hyper-Rayleigh-Streuung beeinflusst wird, wird das Signal der Schwingkondensator-
methode von den Carbonylgruppen der Lipide dominiert.
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Die Carbonylgruppen in Phospholipidmonoschichten haben einen erstaunlich
groRen Einfluss auf die Ergebnisse der Oberflachenpotentialmessungen mit der
Schwingkondensatormethode. Auflerdem sind die Frequenz und Intensitat der
Carbonylbanden sehr stark vom Hydratationszustand der Lipidmonoschichten auf der
Wasseroberflache abhéngig. Deshalb untersuchen wir auch die Struktur der
Carbonylgruppen in den Lipidmonolagen genauer. Unsere Ergebnisse zeigen, dass
es in der Lipidmonoschicht zwei unterschiedlich orientierte Carbonylgruppen gibt, die
stark unterschiedlich wasserstoffbriickengebunden sind.

Neben der ausgiebigen Erforschung der Wasserstruktur an geladenen
Lipidmonoschichten, untersuchen wir auch das Verhalten von Wasser an
zwitterionischen Lipidmonoschichten. Lipide mit zwitterionischen Kopfgruppen sind
ein Hauptbestandteil von biologischen Membranen. An solchen zwitterionischen
Lipidmonoschichten ordnen sich Wassermolekiile so an, dass ihre Dipole nach oben
zeigen. Das heil3t, das Wasser verhdlt sich so, als ob die zwitterionischen Lipide
negativ geladen waren. Im letzten Kapitel dieser Arbeit untersuchen wir den Ursprung
dieser scheinbar negativen Ladung zwitterionischer Lipide. Unsere Ergebnisse
zeigen, dass die Wasserorientierung an zwitterionischen Lipiden hauptsachlich durch
die lokale Struktur der geladenen Gruppen hervorgerufen wird.
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1 Introduction

Water is one of the most abundant substances in our universe and covers about
two thirds of our planet (1). It is believed that life on earth originated in the aqueous
solutions of the oceans. Water is also necessary for living organisms, as it plays a key
role in many biological processes. As such it is not surprising that it also played an
important role in philosophy and religion in human history. In the 6™ century B.C.,
Thales of Miletus for example, who is often said to be the founder of Greek philosophy,
thought that water was the one and only building block of all matter. Around two
hundred years later, Aristotle assumed water to be one of four fundamental elements,
together with air, fire and earth. The believe of water being a fundamental element
lasted for over 2000 years, until it was shown experimentally in the second half of the
18™ century that water is a compound consisting of the two elements hydrogen and
oxygen (2, 3).

Despite its abundance on earth and importance for life, many of its properties
are still not well understood (1). Single, isolated water molecules have been quite well
characterized. An isolated water molecule has an O-H distance of about 0.96 A and
an H-O-H angle of 104.5° (see Figure 1-1). Due to the different electronegativity of
hydrogen and oxygen, water has a relatively large dipole moment of 1.85D (4).
However, things get complicated when we are not only considering isolated water
molecules but an ensemble of water molecules in the condensed phase.

—"-

0.96 A
—

Figure 1-1: Schematic picture of two hydrogen-bonded water molecules.

If water molecules are brought together close enough, at a distance of around
3 A, they form hydrogen bonds. Hydrogen bonds are relatively strong intermolecular
chemical bonds with a strength of around 0.1-0.3 eV. The hydrogen bond network of
water is the main reason for many unique physical properties of water such as the
density maximum at 4 °C, the high surface tension, and the large heat capacity. The
fact that the density of frozen water is lower than liquid water at 4 °C, is very important
for nature. If ice would not float on water and form an insulating barrier, all lakes and
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ponds would freeze all the way through at cold temperatures. This would kill most
living organisms within the water (2, 4).

Even without the layer of ice, the water surface has unique properties, since the
hydrogen-bond network is interrupted and the density is reduced. Therefore, the
properties of interfacial water molecules might differ quite drastically from those of bulk
water (5). Water at the interface of a material is characterized by the interfacial
molecules, which represent only a very small part of the aqueous system.
Nonetheless, these few water molecules affect how the material and water interact,
and often influence the macroscopic properties of the material (6).

1.1 Water at charged surfaces

Water is frequently found to be in contact with charged surfaces. Natural
occurring examples are riverbeds, where water is flowing on top of minerals, which will
often have a partially charged surface. There are also numerous technological
applications, such as in electrochemistry, where the interface of charged surfaces with
water is important.

If a charged surface is brought in contact with an agueous solution, an electrical
potential difference evolves across the interface. This results in a change in the
composition of the electrolyte close to the surface because it is more favorable for
counterions to be close to the charged surface and for coions to be farther away. There
are multiple models describing the boundary between the charged surface and the
solution. In the simplest model of such an interface, the counterions bind directly to
the charged surface and neutralize the surface, similar to a capacitor. This capacitor
like electric double layer is called the Helmholtz layer. In an extension of this simple
model, Gouy and Chapman took the disrupting effect of thermal fluctuation, which
moves counterions away from the surface, into account. The thermal motion leads to
the formation of a diffuse double layer, which extends farther into the bulk than just
one molecular layer. Both of these models are not a very good representation of the
structure of a double layer. While the Helmholtz model overestimates the rigidity of the
solution at the interface, the Gouy-Chapman model underestimates its structure. Thus,
the two were combined in the so-called Stern model. Here, the ions closest to the
interface form the Helmholtz plane, while the ions in the subsequent layers form a
diffuse layer as in the Gouy-Chapman model. Grahame then further modified the
model by adding an “inner Helmholtz layer” to the Stern model. The inner Helmholtz
layer describes a layer of ions that have abandoned their solvation shell and are
directly adsorbed to the charged surface (7, 8). A schematic of a charged surface-
water interface is shown in Figure 1-2.
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Figure 1-2: Schematic representation of the stern layer model, the solvated counterions in the stern layer
are strictly ordered in the outer Helmholtz plane (OHP) and distributed more randomly in the diffuse layer.

As described above, there are many existing models trying to describe the
structure of the electrical double layer. However, determining the exact microscopic
structure of such interfaces experimentally and thus evaluating the applicability of the
models remains very challenging. Since knowing and controlling the interfacial
structure at electrified interfaces is of great importance in biological, electrochemical
and geochemical applications (9), there have been multiple attempts to investigate it.
In 1993, Franklin et al. used electron paramagnetic resonance to investigate the
dependence of the interaction of spin labeled ions with membranes on pH and
potential (10). A couple of years later, Werner and coworkers reported an improved
method to determine the electric potential at the shear plane of solid liquid interfaces
using conductance measurements (11), while Yang et al. used atomic force
microscopy to investigate the membrane dipole potential (12). Some insights into the
structure of zwitterionic membranes were reported by the group of Prof. Grébner. They
determined the charge distribution within zwitterionic membranes and the change at
the charge sites upon protein adsorption using nuclear magnetic resonance (13). A
deeper understanding of the double layer structure was obtained by Brown et al. in
2016. They used x-ray photoelectron spectroscopy to determine the dependence of
the Stern layer thickness on the hydration radius of the cation (14). This is just an
ensemble of examples and by no means a complete recount of recent progress in the
research of charged liquid interfaces. However, it nicely illustrates the amount of work
invested in the research of electrified interfaces in different scientific fields. Even
though our understanding has increased significantly, there is still no consensual
picture of the exact water structure and ion distribution at said interfaces.

In this work, we investigate the water structure at various charged surfaces.
More specifically, we are interested in the change in water structure upon varying the
surface charge. Two complementary approaches to control the surface charge are
used. In a first approach, we use a conductive solid surface and vary the charge by
changing the potential at the surface. The surface chosen to investigate is a monolayer
of graphene immobilized on a CaF: or SiO; substrate. In a second approach, charged
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lipid monolayers are used, and the surface charge is varied by changing the ratio of
positively and negatively charged lipid molecules at the surface.

1.2 Water at conductive solid surfaces

Graphene is a two-dimensional material consisting of sp? hybridized carbon
atoms that form a hexagonal structure (see Figure 1-3) (15). The 2p orbitals form the
T bonds that are delocalized over the entire two-dimensional structure. This results in
many of the outstanding properties of the material such as its high stiffness, high
thermal conductivity, zero effective mass, high charge carrier mobility and gas
impermeability. Also, it is optically transparent (16).

Figure 1-3: Honeycomb structure of monolayer graphene.

As an integral part of graphitic materials, graphene has been studied since the
1940s; however, at those times, it was believed that planar freestanding graphene
does not exist. In 2004 monolayer graphene in the free state was first reported (17). A
few years later, in 2010, Novoselov and Geim were awarded the Nobel Prize for their
groundbreaking work on graphene. Due to its fascinating properties graphene has
received a lot of attention since its discovery (15). It has a large number of possible
applications such as in polymer nanocomposites (18), transistors (19) or solar cells
(20). Thus, graphene has been thoroughly investigated in the last years.

Despite all the research invested, it is still a challenge to prepare well-defined
graphene with high quality in larger amounts. There are numerous possible ways of
preparing graphene. The simplest way to produce graphene is the so-called “scotch
tape method”. In this method, graphene layers are cleaved from graphite using an
adhesive tape. Since this is a simple and cheap way to prepare graphene, it is often
used to study the physical properties of graphene. However, it is relatively labor
intensive, has poor reproducibility, involves the danger of contamination from the
adhesive and only yields relatively small flakes. Its applicability for electrochemical
purposes is thus somewhat limited. Some more elaborate preparation methods
include chemical exfoliation of graphite, chemical vapor deposition (CVD), reduction
of graphene oxide, unrolling of carbon nanotubes (CNT) and many more (15).
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In this thesis, we investigate the influence of applied potential on the interfacial
water molecules in contact with the electrode. To that end, our collaborators prepare
graphene layers using different preparation methods and transfer the graphene onto
optically transparent substrates. Then the graphene layer is brought in contact with an
agueous solution, a potential is applied to the graphene, and sum frequency
generation (SFG) spectroscopy is used to study the interface.

The results of this study are discussed in detail in Chapter 2. Briefly, we have
built a spectro-electrochemical cell and have shown that it may be used to investigate
graphene layers electrochemically and spectroscopically. However, the samples seem
to be altered by exposing it to the electrochemical environment or the elevated
potentials. Furthermore, depending on the sample the potential dependent water-
graphene SFG spectra exhibit substantially different signal trends. It is thus difficult to
draw conclusions on potential dependent changes in the interfacial water structure
from these experiments. We have also measured static SFG spectra of the graphene-
water interface. The results of these experiments indicate that the water structure at
the graphene surface is dominated by the underlying substrate.

1.3 Water at biological membranes

Cell membranes constitute the border of cells and separate the cytosol from the
extracellular environment. In addition to that, many organelles in eukaryotic cells are
surrounded by membranes that separate the organelles from the rest of the cell. Cell
membranes are semipermeable and regulate which substances can move in and out
of the cell. Embedded in the cell membranes are proteins that act as sensors, enabling
the cell to react to changes in its environment or signals from other cells. The main
structural component of cell membranes are lipids that arrange in bilayers. This bilayer
structure results from the fact that lipid molecules are amphiphilic, they consist of
hydrophilic headgroups and hydrophobic tails. Water is the only solvent in which the
segregation of these hydrophilic and hydrophobic groups is possible. The bilayer
structure is thus driven by hydrophobic interactions and Van der Waals forces (21).
The hydration of lipid headgroups strongly influences the physical and structural
properties of membranes. The strength of the interaction between the interfacial water
molecules and the membranes depends strongly on the hydrophilicity of the
headgroups (4).

Many biological reactions take place at the membrane-water interface. The
synthesis of proteins, as well as the energy production and the communication
between inside and outside of the cell, is controlled in the membrane. The
communication is carried out by ions that are pumped through ion channels as well as
enzymes that travel between the cytosol and the membrane. The activity of these
enzymes is often modulated through their binding to the membrane. Thus, numerous
biological reactions are basically catalyzed at the lipid-water phase boundary, which
makes this interface very interesting to study (22).
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Cell membranes consist of a wide range of more than 1000 different lipids, with
various chain lengths and headgroups, where the lipid headgroups are either
zwitterionic or negatively charged at physiological pH. Depending on the membrane,
up to 30 % (23) of the lipids are charged, which leads to a range of charge densities
from 0.002 to 0.1 C/m? (24). The net surface charge density of the membrane strongly
influences the hydration of the lipids and thus the functionality of the membrane (25).

The most abundant group of lipids in cell membranes are the so-called
glycerophospholipids that have a phosphate group in the headgroup that is connected
to two aliphatic tails via a glycerol (21). Figure 1-4 shows the chemical structure of a
phospholipid with the zwitterionic headgroup phosphatidylcholine (PC), which
constitutes more than 50% of the phospholipids in most eukaryotic cells (23).

O
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Figure 1-4: Chemical structure of the zwitterionic lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC).

Lipid monolayers on aqueous solution surfaces are a very good model system
for membrane surfaces. Of course, there are some inherent limitations to using
monolayers as model systems for membranes, such as the fact that transmembrane
processes cannot be probed. However, many other processes at membrane surfaces
can very well be mimicked using lipid monolayers since they resemble half a
membrane. Using lipid monolayers to obtain insights into membrane surfaces offers
the advantage of changing the density and composition of the system in a very defined
way. Various different techniques, such as x-ray, neutron scattering, Brewster angle
microscopy, fluorescence microscopy, surface pressure measurements, surface
potential measurements and nonlinear optical spectroscopies have been used to
investigate different properties of lipid monolayers (26).

In this work, we investigate the interface between water and lipid monolayers
with varying charge density. Since, as mentioned above, the charge density of the
membrane influences the membrane hydration and thus the functionality of the
membrane, it is very interesting to look at the behavior of water upon changing the
charge density of the lipid layer. However, changing the charge density of a lipid
monolayer and looking at the response from the interfacial water molecules is not only
interesting from a biological point of view. It also constitutes a platform to investigate
electrostatic double layer models. Changing the charge density of a lipid monolayer is
a very simple way of changing the surface potential. Thus, this is an interesting
complementary way to vary the surface potential in a controlled way. However, one
has to keep in mind that there are substantial differences between solid-liquid and
lipid-liquid interfaces. Thus, a direct comparison might be challenging. In this thesis,
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we mainly use SFG spectroscopy to investigate those interfaces. However, we also
use Brewster angle microscopy, surface pressure measurements, surface potential
measurements using the vibrating plate capacitor method and second harmonic
generation (SHG) spectroscopy to complete the picture.

The results of this study will be discussed in detail in the Chapters 3 to 6. Briefly,
we have found that the water orientation at charged lipid monolayers saturates upon
increasing the charge density and that this saturation occurs with different
mechanisms in the Stern and diffuse layer. Furthermore, we have disentangled
various molecular contributions to surface potential measurements of these interfaces
performed with the vibrating plate capacitor method and SHG. Moreover, we have
shown that there are two populations of lipid carbonyl groups in lipid monolayers. One
population is oriented with their oxygen atoms pointing up, whereas the other one is
oriented with their oxygen atoms pointing down. Finally, we have unraveled the origin
of the apparent negative charge of zwitterionic lipid monolayers on water.

1.4 Sum frequency generation spectroscopy

Studies aimed at elucidating the properties of specifically the interface of water
are very challenging: many experimental methods are limited because they are not
surface specific and thus the bulk signal overwhelms the signal originating from the
interfacial region (6). This limitation can be overcome with second-order nonlinear
optical spectroscopies.

Spectroscopy is the study of the interaction between radiation and matter. Many
properties of materials can be discovered by its interaction with light. Water interacts
with light of various wavelengths, however, in this thesis, we will focus on the very
strong interaction of water with infrared (IR) light of specific frequencies due to its
molecular vibrations. By using an infrared-based spectroscopy, we can specifically
detect water molecules through their molecular vibrations. Moreover, by employing the
interfacial specific SFG spectroscopy, we can obtain molecular information of just the
interfacial molecules. We are thus equipped with the perfect tool to study the interfaces
described above.

The first SHG experiment was reported in 1961, when Franken et al. (27)
irradiated a crystalline quartz with a pulsed ruby laser and observed a signal at double
the frequency of the incoming light. This new method can be used for bulk experiments
in non-centrosymmetric media. However, if applied to centrosymmetric media, it
becomes surface specific. Due to this surface specificity and the enormous range of
possible applications, it immediately attracted a lot of attention (28). The method was
thus soon developed further. In 1987 the group of Y.R. Shen reported the first
vibrational spectrum of a monolayer by using infrared-visible sum frequency
generation spectroscopy (29). Since then there has been an uncountable amount of
studies using SHG and SFG to investigate interfaces.
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Since water is a nonlinear molecule, it has 3N-6 normal modes of vibration,
namely an asymmetric stretch, a symmetric stretch, and a bend vibration. These three
different types of molecular vibrations are illustrated in Figure 1-5.

asymmetric stretch symmetric stretch bend
Figure 1-5: Schematic picture of the vibrational modes of a water molecule.

The vibrational frequency of a molecule depends strongly on its mass as well
as the strength of the chemical bonds involved. Thus, molecules absorb a very specific
frequency of infrared light. This interaction of the molecules with IR light can be used
to determine the structure of materials. The molecular vibrations of water molecules,
mentioned above, are excited at frequencies of 3756, 3657, and 1595 cm
(asymmetric, symmetric, and bending vibration, respectively) in the gas phase (4).
These values change quite drastically to 3400 (symmetric and asymmetric stretch
vibration) and 1650 cm™ (bend vibration) for liquid water (30) mainly due to the
hydrogen bond network. In this work, we primarily investigate the OH stretch vibration
of the water molecules to gain insight into the interfacial structure and alignment.

Due to symmetry constraints, which will be explained in detail in the Theory
section, sum frequency generation spectroscopy of centrosymmetric media gives a
signal originating only from the interfacial molecules. This is demonstrated in
Figure 1-6, where an SFG spectrum of the D.O-air interface and an IR spectrum of
D,0O are compared. The broad signal at lower wavenumbers, present in both spectra,
originates from deuterium bonded DO molecules. The sharp feature around
2730 cm, that is only present in the SFG spectrum, originates from free OD oscillators
pointing toward air. In the IR spectrum, the signal from the deuterium bonded bulk D-O
molecules is so strong that the relatively weak free OD signal originating only from a
few interfacial water molecules is overwhelmed and thus not visible at all. In SFG on
the other hand, the signals from the deuterium bonded D20 and the free OD have
almost the same intensity. Since the free OD signal can only stem from the topmost
water layer, where the oscillators point toward air, this indicates, that the SFG signal
is in fact solely coming from the first one or two monolayers of water.
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Figure 1-6: SFG spectrum of the D20-air interface as well as an IR spectrum of D20. The IR spectrum is
obtained by plotting the imaginary part of the refractive indices of D20 reported in Ref. (31)

1.5 Qutline

The following section contains the theoretical background of the methods used
in this thesis. The results of our studies of charged water interfaces are presented in
the subsequent chapters. In Chapter 2, we investigate the graphene-water interface
electrochemically and spectroscopically. Whereas, the Chapters 3 to 6, deal with
charged lipid-water interfaces. More specifically, in Chapter 3 we investigate the water
structure at charged lipid monolayers. This study has been published in the journal
Science Advances. In Chapter 4 we explore different molecular contributions to the
surface potential of charged lipid-water interfaces measured with SHG and the
vibrating plate capacitor method. We have published this study in The Journal of
Physical Chemistry Letters. In Chapter 5 we explore the orientation of the lipid
carbonyl groups in the monolayers on water. Finally, in Chapter 6 we discuss the origin
of the apparent negative charge of zwitterionic lipid monolayers.

1.6 Theory

1.6.1 SFG spectroscopy

Spectroscopy is a general term of analytical methods that rely on various
interactions of electromagnetic radiation with matter. Properties of the matter can be
probed if the wavelength of the light matches the energy of a quantum transition of the
matter. In such a way, electronic motion, molecular vibrations, molecular rotations and
spin states may be investigated, just to name a few (32). However, as already
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mentioned above, in most linear spectroscopic methods, the signal from interfacial
molecules is overwhelmed by the bulk signal.

This limitation can be overcome by SFG spectroscopy. SFG spectroscopy is
based on a second-order nonlinear optical process, in which a fixed-frequency visible
and a tunable infrared pulsed laser beam overlap in time and space at the interface,
where a signal at the sum of their frequencies is generated. Figure 1-7 shows a
schematic (left) as well as an energy level scheme (right) of the SFG process. If the
frequency of the infrared beam is resonant with a vibrational mode of the sample
molecules, the signal is strongly enhanced (6).

plane of incidence

N — = virtual state

VIS SFG

vibrational excited
state

IR

saple ground state
Figure 1-7: Schematics of the sum frequency generation process.

The electric field (E) of a lightwave induces a polarization (P) in the incident
material:

P = gxE Q)

Where y is the macroscopic average of the polarisability and is referred to as the linear
susceptibility and ¢, is the vacuum permittivity. Upon the increase of the electric field,
nonlinear effects become significant:

P = g(yWE + yPE2+y®E% ) = P14+ P24+ P3 ... (2)

Where y® and y® are the second and third order nonlinear susceptibilities.

To show the origin of SFG mathematically, we can use the frequency
dependence of the incident electromagnetic field E = E; coswt and subsequently
express the electric field at the surface as the sum of two different incident electric
fields:
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E = E; cosw,t + E, COS w,t 3)

Since SFG is a second-order nonlinear process, only the second-order
polarization P? is detected. Thus, for the following derivations, only the second-order
part of Equation 2 is taken into consideration. Substituting Equation 3 into the
second-order term of Equation 2, we obtain:

P?2 = gyx@(E; cosw,t + E, cOS w,t)?
1
= 5% x@ (EZ + E? + E2c052w, t + E2C0S2w,t 4)
+ 2E,E,cos(w, + w,)t + 2E; E;c08(w; — w,)t)

Thus, the second-order term contains two frequency independent direct current (DC)
fields, a contribution at double the frequency of each incoming field (SHG), a
contribution at the sum of the frequencies of the two incoming fields (SFG) and a
contribution at the difference of the two incoming frequencies (difference frequency
generation, DFG). The SFG component of the second-order term is thus given by

Pér¢ = goX P Ey sEjrCoS(wy s + wip)t (5)

Where Ey;s and E;p are the local electric fields of the incoming visible and IR beam,
respectively. Those two incoming beams that are directed at the sample surface have
to overlap in time and space for an SFG signal to be generated. The direction of the
generated coherent signal for the case of all three beams being parallel to the interface
may be calculated using the conservation of momentum:

NsrWspSiNOsp = Ny 5wy sSiNGy s £ Nypw RSING R (6)

Where n describes the refractive index of the medium through which the respective
beam travels, w is the frequency and 8 is the angle of the beam to the surface normal
(see Figure 1-7). The positive or negative sign in Equation 6 represents the case of
CO- or counter-propagating incoming beams, respectively.

The second-order nonlinear polarizability y(?, first described in Equation 2, is
a third rank tensor that describes the relationship between the incoming electric fields

and the induced polarization. It thus has a total of 27 components. However, due to

()

symmetry constraints, there are only four non-zero and independent Xijx components

that may generate an SFG signal from the surface of an isotropic medium with C,,
&)
ijk
polarization combinations of the SFG, visible, and IR laser beams:

symmetry. It is possible to probe different components of the y;;, tensor using different
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pss=x), ; sps=xD, ¢ ssp=xl, o pep =D X2 kD 1D,

Here p denotes light polarized parallel to the plane of incidence and s denotes light
polarized perpendicular (German: senkrecht) to the plane of incidence (see
Figure 1-7). The polarizations are listed sequenced with increasing wavelength; that
is in the order SFG, visible, IR. Probing different polarization combinations may give
more detailed information about the molecular orientation at the interface. In this
thesis, most spectra are recorded in ssp polarization combination.

As mentioned above, SFG spectroscopy is surface sensitive. This is true
because centrosymmetric media do not give rise to an SFG signal. This can be
understood as follows: if the direction of an electric field is inversed in centrosymmetric
media, the polarization is inversed, i.e.:

P@ = y@E2 (7)
—P®@ = y@)(=E)? (8)

Thus, P is equal to —P. However, y® is identical in Equation 7 and 8. This can only
be true if ¥ is zero (33). The intensity of the generated signal is proportional to y(?,
viz.,

2
[gpg & |X(2)| EyisEr 9

Therefore, the isotropically distributed bulk molecules do not contribute to the SFG
signal.

At the interface the inversion symmetry is broken. Thus, SFG is a highly surface
selective technique (6, 34). Furthermore, the molecules need to have a net polar
orientation to give rise to an SFG signal. If the molecules are oriented in an equal
number of opposite directions on the surface, there is no SFG signal.

The second-order nonlinear polarizability y® contains the molecular
information we obtain with SFG spectroscopy. x® is a macroscopic average of the
molecular hyperpolarizability g of the interfacial molecules. It thus represents the
molecular response of the sum of all the interfacial molecules:

22 = 2<R(¢)R(9)R(<p)ﬂa,;y> (10)

aﬁ’y

Where R(Y)R(O)R(¢p) is the product of three rotational matrices converting the
molecular to the surface coordinate system and N is the number of molecules per unit
volume. Equation 11 shows a simple expression for g that is applicable when the
system is close to a vibrational or electronic resonance:
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1 My A,
Bapy = 5, (w, — 5) —ir) (11)
Here, w, and w are the frequency of the resonance and the incoming beam
respectively. 't is the relaxation time of the excited state and M,z and A, are the
Raman and IR transition moments (6). The difference between w,, and w approaches
zero upon approaching a resonance and thus the signal increases. Equation 11
describes g for SFG. In order to describe an SHG process, the two tensors describing
the Raman and IR transitions, have to be exchanged by tensors describing a
two-photon absorption and a stimulated emission process (35).

The SFG signal does not solely arise from resonant contributions )(,(f) from the

interfacial molecules but it also contains a nonresonant component )(12,213 The overall
interfacial response to the incident electric field is thus given by the sum of the
resonant and nonresonant contributions: () :Xff) +X§/213- The nonresonant part
arises mainly from electronic transitions and is largely frequency independent.
Especially metal and metal-oxide materials exhibit a strong nonresonant signal that
may interfere with the resonant signal of interfacial water, and sometimes even

overwhelm the water signal (36).

Since the detected SFG signal is proportional to the square of the sum of the
individual contributions to x| the individual components interfere with each other.
Thus, in order to be able to quantify the molecular response from an SFG experiment,
it is necessary to fit the data. This is usually done using a model based on Lorentzian
lineshapes.

X = Agei+ ) (Ant (g = 0, +i03) (12)
n

where 4,, I,, and w, represent the area, half-width at half-maximum, and vibrational
frequency of mode n, respectively, while A, and ¢ denote the amplitude and phase of
the nonresonant contribution. The nonresonant contribution varies only slowly with
frequency and is thus assumed to be constant (35). The sign of the area of a vibrational
mode provides information about the orientation of the probed molecular groups. Yet,
there are often multiple possible ways of fitting the data. It is thus often impossible to
unambiguously define the sign of a vibrational mode. However, the sign of the
resonances can be retrieved using phase-resolved SFG measurements, which will be
explained in detail in section 1.6.5. Knowing the phase of the resonances restricts the
fits and renders the results significantly less ambiguous.

Another factor that influences the SFG spectrum is the strength of the local
electric fields of the laser beams at the interface. For the local electric fields of the
incoming visible and IR beams this becomes apparent upon looking at Equation 5.
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Apart from the intensity of the incoming beams, the magnitude of the local electric
fields depends also on the bulk linear refractive indices of the sample. This relationship
is described with the local field factors, the so-called Fresnel factors. In the case of a
thin film between two media, such as a graphene layer on a CaF. substrate in contact
with water, the SFG signal is generated at both interfaces, the graphene-CaF;
interface, and the graphene-water interface. This is shown schematically in Figure 1-8.

IR
VIS

SFG

medium 1-e.g. CaF,

interface 1

medium 2-e.g. graphene

interface 2 SFe o
medium 3-e.g. water

Figure 1-8: Schematic of an SFG process at a three-layer system.

Since the total SFG intensity is given by the sum of the two contributions, the
Fresnel factors for both interfaces must be considered (36). The Fresnel factors of the
first interface, i.e., the CaF,-graphene interface are given by (37)

p
B30 @) = [t (- e ot 13)
L (w) = L(l + 15,e2h) (14)
yy 1+ T152T2536’2iﬁ 23
LY (w) = L (1+71E eZiﬁ)& (15)
“ 1+ T1772r2p3€2iﬁ 23 niznterfacel

Here w is the frequency of the beam and n,, n, are the refractive indices of the first
and second layer (graphene and CaFa, respectively). nipterracer 1S €qual to ny or n,
depending on which of these layers has the largest nonlinear optical response. 6, and
6, are the angles of incidence of the beams with respect to the surface normal in layer
1 and 2 (illustrated in Figure 1-7). r and t are the linear reflection and transmission
coefficients at the interface of the layers, where the subscripts specify the interface
(12 relating to the CaF2-graphene interface and 23 to the graphene-water interface),
and the superscripts denote the s- or p-polarization of the light.

P n;cosd; — n;coso; (16)
Y mjcosB; + n;cosb;
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S = niCOSQi - njCOSGj (17)
7 n;c0s6; + n;Ccosb;

2n;C0s6;
t) = (18)
Y n;cos; + n;cos6;
5 = ZniCOSHi 19
Y n;c0s8; + n;cosb; (19)
The variable g in the equations 13, 14 and 15 is a phase difference factor:
2n
B = Trzzdcose2 (20)

Where A is the wavelength and d is the thickness of the thin film, in our example the
graphene layer.

For the second interface, in this example the interface between graphene and
water, the Fresnel factors are defined as follows:

. t? cosf
L2 =eld 12 (1 —¢P 2 21
wx (W) 1+ T‘lz;sz3€21'6 ( 23) cosé, (21)
L, (w) = eiAL(l +753) (22)

7 1+rrze?h #

. t? nin,

L2, (w) = 61A+(1+rp)— (23)
ZZ 1+ rlpzrzz;emﬁ 2 iznterfacez

In analogy to nypterfacet Ninterfacez 1S €qual to n, or ng depending on which medium
has a higher nonlinear optical response. The factor e* takes into account the phase
mismatch between the SFG signal generated at interface 1 and 2 (i.e., CaFz2-graphene
and graphene-water).

2nn, sped
A - = -
SFG AspGCOSO; spg (24)
27Tn2'VI5d 27‘[111‘1/1561 .
Ays= - (tanB, y;s + tand, sr)sinG, ys (25)

Av1s€0S8; ys Avis
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A= - tand, ,, + tang sing
R A1rc0s8, 1 Mir (tanfy 1 2,576)SINGy 1R (26)

As mentioned above, the Fresnel factors of all three optical beams influence
the SFG signal. However, there is only little dispersion at the SFG frequency, and the
visible beam is narrow and therefore, cannot give rise to a frequency dependence.
Thus, those two beams only influence the magnitude of the signal and not the spectral
shape. The Fresnel factors in the IR frequency region, on the other hand, show a
strong frequency dependence due to the frequency dependence of the refractive index
of bulk water. Therefore, as long as one is mainly interested in the spectral shape as
opposed to the magnitude of the signal, the Fresnel factors of the IR beam are most
relevant. To obtain accurate ¥ values from SFG me