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CHAPTER |
Introduction

Liquids and solutions seem to be *“easy” substances which surround us in our daily
life, including drinks, cleaning chemicals, and medicine.

Therefore, at first sight, one would think that liquids and solutions probably are
well-known “chemicals”. This is probably true, but not on an atomic scale! Indeed, the
geometric structure of liquids and solutions has been investigated by neutron and x-ray
scattering as well as infrared spectroscopy [e.g., Har05, Wer04] but much less is
known about their electronic structure. Since it is the intermittent bonding between
molecules that gives aqueous solutions their peculiar characteristics, the electronic
structure plays a crucial role in understanding the properties of the liquid state. In
particular the dynamical aspects, e.g., the continuous forming and breaking of bonds
within the hydrogen bond network, govern the microscopic and macroscopic behavior
of liquids and solutions. Thus, a detailed investigation of the electronic structure of
liquids is important to understand chemical and biological processes in aqueous
environments. Soft x-ray techniques are an excellent choice to perform such
investigations because they probe the local partial density of states.

This thesis focuses on the investigations of the electronic and chemical
properties of liquids and solutions, which is still a very young field of research but also
very important. In particular, understanding biological molecules in their natural
environment, i.e., in aqueous solution, is crucial to understand biological processes,
e.g. in bio-medicine. One example for such processes is the mechanism of the selective
permeation of ions through channels in cell membranes [Hil92, Bez08]. Among the
biological molecules, amino acids in solutions play an important role since they are the
building blocks of peptides and proteins.

One main obstacle for investigating liquids and solutions with soft x-rays is that
very sophisticated experimental setups are needed for these measurements. Such setups
are not commercially available. The measurements presented in this thesis were
performed in the new synchrotron endstation SALSA (Solid And Liquid Spectroscopic
Analysis) which is dedicated to the studies of biologically relevant systems in their
natural environment [Blu09]. This endstation was developed and commissioned within
the framework of this thesis. In particular, a novel flow-through liquid cell was
developed.



The new setup was used to investigate different liquids and solutions. For
experiments on solutions, a detailed knowledge of the pure solvent is essential.
Therefore, concentration dependent measurements of sodium hydroxide (NaOH) and
sodium deuteroxide (NaOD) were performed. NaOH was used as a solvent to change
the pH-values of the amino acids, which form the center of this thesis. To achieve a
basic knowledge of the electronic structure of amino acids and their pH-value
dependency the simplest amino acid glycine and a small amino acid lysine were
investigated. With the measurements of a simple alcohol and a simple acid, namely
methanol and acetic acid, two common liquids used in daily life are a further topic.

The thesis is organized as follows: in Chapter 2 an overlook of the applied
measurement techniques (photon-in-photon-out) is provided, and the approach of the
RIXS map is introduced. The necessary experimental equipment with the newly
designed flow-through liquid cell and the SALSA endstation are explained in Chapter
3. In Chapter 4 the aqueous solutions of NaOH and NaOD are in the focus of the
investigation. The amino acid solutions of glycine and lysine for different pH-values
are the topic of Chapter 5. In Chapter 6 first investigations of methanol and acetic acid
are presented.



CHAPTER II
Spectroscopic Methods

The central topic of this thesis is the study of the electronic structure of liquids and

aqueous solutions. Despite the difficulties of the experimental realization (which is the
topic of chapter 3), soft x-ray photon-in-photon-out methods together with a 31
generation synchrotron source with tunable energy and high flux appear to be an
excellent choice for these studies. While x-ray absorption spectroscopy (XAS) studies
the unoccupied states, x-ray emission spectroscopy (XES) probes the occupied states.
Finally, both techniques can be combined as resonant inelastic x-ray scattering (RIXS)
providing additional information.

The following chapter will give insight in these three measuring techniques and
will explain their basic physical principles. Furthermore, an introduction into the
concept of RIXS-maps will be given. These maps make it possible to get the full XAS,
XES, and RIXS information in one 2-dimensional image.

2.1 X-ray Absorption Spectroscopy

When atoms or molecules are irradiated with photons of sufficient energy, these
photons can be absorbed by exciting an electron from an occupied orbital of the
molecule into unoccupied states or removing it from the system (see Figure 2.1).

Soft X-ray absorption spectroscopy (XAS, often referred to as near edge x-ray
absorption fine structure (NEXAFS)) takes advantage of this process, by using tunable
energy to selectively excite electrons from a core level to an unoccupied state. Every
photon entering a material system has a probability F,_, , to be excited from the initial
state i to a final state /. With the perturbation Hamiltonian /,, representing the photon

this process can be described by Fermi's Golden Rule [Dir27]:
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Figure 2.1: a) Schematic drawing of an excitation process into an unoccupied state. b) Excitation into a
state above the vacuum level. The Schematic drawing is shown for a semiconductor but the
processes are also possible for metals and molecules.

Where E; and E are the energies of the initial and final states and /v represents the
energy of the emitted (+/4v) or absorbed (—4v) photon. The Dirac delta function

ensures the energy conservation, i.e. £, —E; +hv=0.

By applying the dipole approximation and neglecting multi-photon processes,
the probability B, . can be expressed by:

2

P, o S(E, —E, £ hv) (22)

> (rfesi)

Where e stands for the unit vector of the wave amplitude and x, for the linear

momentum operators of the electrons. The sum accounts for all electrons interacting
with the photon field and the dipole approximation considers the electric field to be
constant over the spatial distribution of the affected electron wave function.
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Figure 2.2: Schematic drawing of the decay processes. a) excited initial state, b) Auger decay process,
and c) radiative decay process.

To extract an expression for the absorption intensity /,,,(/4Vvi,) from the
probability B, . it has to be integrated over all possible final states /. The intensity can
then be described by [Fer50]:

2 2

]XAS(hVin)OCZ p(E,)

S

S(E,—E,thv)= ‘Z<f|éxk|i>

X (rie

with E, = E, + hv,, (2.3)

Where p,(E,) stands for the density of states (DOS) and the matrix element makes

sure that only transitions that fulfill the selection rules are allowed (symmetry and
dipole selection rules [Kuk97]:AL=+1, AS=0, AJ =%1,0 without J=0—>AJ =0,
and Am ;=%L0 without m ;=0>Am, =0 if AJ =0). Thus, only suitable states are
probed, and the partial density of states can be used in equation 2.3. Furthermore, a

wave-function overlap between initial and final state is needed. Caused by the
localization of the core hole, only the density of states in the environment of the core



will be probed. Therefore, p,(£,) can be replaced by the local partial density of
states p,,(E,) (LPDOS).

After the excitation of an electron from a core level to an unoccupied state the
now existing core hole can be refilled by an electron from a higher occupied level. For
light elements this happens on the femtosecond time scale.

The energy gained when refilling the core hole can be “used” in two different
ways:

1. The radiative decay (fluorescence): a photon with less or equal energy than the
incident photon is emitted

2. The Auger decay: the energy is used to emit a weakly bound electron

Both processes are schematically shown in Figure 2.2. For light elements, the latter
decay of both is usually more probable (emitted photons are ~ 0.1 % or less with
respect to the total yield [Kra79]).

There are different ways to detect an absorption signal, e.g., transmission mode,
electron yield (EY) mode, and fluorescence yield (FY) mode. For the transmission
mode the photons passing through the sample without being absorbed are detected, and
the absorption is directly inferred from this. In the soft x-ray range this method requires
very thin samples. The EY mode is based on the Auger decay process and secondary
processes, i.e. the method is very surface sensitive due to the mean free path of the
electrons (typically a few nanometers [Tan93]). Both techniques are not suitable for the
liquid flow-through cell design and the resulting measurements of liquids presented in
this thesis. Therefore, the detection mode of choice is the FY mode, in which the
emitted photons are detected. This method is bulk sensitive; thus it is possible to pass a
membrane which is necessary to separate the liquid from UHV (see chapter 3). While
in the so called total yield mode, all outgoing particles are detected, in the partial yield
mode only selected energies are detected.

Apart from a small elastic contribution, most of the secondary photons have an
energy below the absorption edge. Therefore, the absorption coefficient of the emitted
photons is usually lower than for the absorbed ones which leads to saturation effects
(sometime also called self-absorption). This effect depends on the geometry of detector
and beam with respect to the sample. Very detailed information to self-absorption and
saturation is given in the doctoral thesis of Oliver Fuchs [Fuc09 Dr].

Further information on XAS/NEXAFS can be found in [St692].
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Figure 2.3: Schematic drawing of the non-resonant x-ray emission process.

2.2 X-ray Emission Spectroscopy

Whereas XAS probes the unoccupied electronic states, x-ray emission
spectroscopy (XES) gives insight into the occupied electronic states. The XES process
works as follows: after an electron from a core level is excited the system relaxes by
filling the core hole with an electron typically from a valence level and a photon is
emitted. The electrons allowed to refill the core hole are selected by the same selection
rules as mentioned in 2.1; the process is schematically shown in Figure 2.3. In the case
in which the core hole is filled by the excited electron, the photon is “reflected”
without energy loss. The resulting peak is the so called elastically scattered or
Rayleigh line.

The emission process is also described by Fermi’s Golden Rule in equation 2.1
(hv has to be positive) and the XES intensity can be expressed as follows:

2

IXES (h Vout) o

X rlesl)

pi(E) with E, =E, +hv,, (2.4)



Above, XES is shown as a simple two-step process. This gives a reasonable
approximation for non-resonant excitations, i.e. the core electron is excited into a state
above the vacuum level or into an occupied state, and the decay occurs without phase
correlation with the absorption process. In the next section, XES will be discussed in
the correct one step process which has to be applied for resonant excitation.

2.3 Resonant Inelastic X-ray Scattering

From the discussion of XES above it seems that the energy of the emitted
photon is independent of the excitation energy. This is not valid for resonant
excitations. Here, coherence between the emission and the absorption process exists,
and the resonant emission has to be treated as one-step scattering process. This process,
in general, is a form of electronic Raman scattering and is often referred to as resonant
inelastic x-ray scattering (RIXS).

In the one-step process picture there is the probability of a transition from an
initial state i with the energy E; to a final state f with the energy E, involves an
intermediate state m with the energy E, and the emission of a photon with the energy
hv,, The scattering process requires second order perturbation theory, leading to the

Kramers-Heisenberg formalism [Kra25]. In 1992 the formalism was — for the first time
— used by Ma et al. to explain resonant effects in XES spectra [Ma92, Ma94].
Disregarding the non-resonant term and multiple-photon processes, results in the cross
section for the inelastic scattering process. Hereby, a photon with the energy Av, is
absorbed, and a photon with the energy hv, 6 is emitted into the solid angle Q

[Ma94]:

‘2

Tolv) 5 (P2, m)m|p-2,}i)
v, dQ T (Em_Ei_hVin)2+rrizl 4

out

5(hv, ~hv,, ~E,+E) (2.5)

where I, identifies the lifetime broadening of the intermediate state m. The o

function ensures the energy conservation and shows the independence of the emitted
photon energy from the intermediate state. The denominator in equation 2.5 defines the
resonance condition, i.e., intermediate states are preferred which have an energy of
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m

hv, above the initial state i. If there are real states in the range of |Em -E -hv,

it is called the on-resonance case [Cal98]. Furthermore, there is a near-resonance case
with |Em -E -hv,

as an excitation into virtual intermediate states.

>T" . The probability for the latter is much lower and is interpreted

For completeness it should be mentioned that RIXS can also be used for band
structure studies. For crystalline samples in the one-step scattering process the wave
functions in equation 2.5 can be described by periodic Bloch wave functions with a
well defined crystal momentum k. If the excitation is coherent over many lattice unit
cells and if the momentum of the x-ray photon can be neglected for soft x-rays the
emission and the absorption process have to take place at the same position in the
Brillouin zone. This crystal momentum conservation was first described by Ma et al.
[Ma92, Ma94, Ma96]. The neglect of the momentum is a good approximation for
photons in the very low soft x-ray range. However, for higher excitation energies the
the momentum be included. This was shown for the example of the Si K edge
(Epxc=1840 eV) by Ma et al. [Ma95].

One of the main advantages of this technique is that for soft x-rays the selection
of k-vector is only chosen by the excitation energy and not by the experimental
geometry and thus RIXS can even be used to study poly-crystalline samples.

A nice overview about band structure studies with RIXS with detailed
information and examples was published by S. Eisebitt and W. Eberhardt [Eis00].

2.3.1 RIXS Dynamics

To study the electronic structure, dynamics are of interest and should not be
neglect. This was illustrated in the Presentation Speech for the Nobel Prize in
Chemistry 1986 given by Sture Forsén. Forsén compared a scientist with a spectator of
a drastically shortened version of a classical drama, where he or she is only shown the
opening scene of the first act and the last scene of the final. The main characters are
introduced, then the curtain falls for change of scenery and as it rises again, on the
scenery floor a considerable number of dead bodies can be seen and a few survivors.
Not an easy task for the inexperienced to unravel what actually took place in between
[For86]. Hereby, the core-hole lifetime can be a useful tool to study dynamics and so to
unravel what took place in between.

In principle two different kinds of dynamics were found for the RIXS process,
namely electron and proton dynamics. Electron dynamics are especially important for
solids, where RIXS can be used for band mapping.



Hereby, electron-electron and phonon-electron interactions can lead to
scattering processes that cause a loss of k-information, i.e. dephasing. A common
approximation is to divide the spectra into a so-called ‘incoherent’ fraction, which
shows no excitation energy dependence and a so-called ‘coherent’ fraction f (i.e. the
ratio between coherent and total intensities), which is given by:

f=—12 (2.6)
TD+TL

where 7, identifies the dephasing time and 7, the lifetime of the core hole. If the core

hole lifetime is known, it is then possible to determine the characteristic dephasing
time from the RIXS spectra [Ma96, Min98, Eis00, Rub00]. The coherent fraction is
rarely more than 10% and decreases by increasing the excitation energy higher above
the threshold, because the possibility of scattering processes increases with higher
excitation energy [Rub00]. Furthermore, it is possible to “shorten” the core-hole
lifetime by detuning the excitation energy to below the absorption onset according to
Heisenberg’s uncertainly principle [Bj697].

In addition to the scattering processes described above proton dynamics are
reported [Bj692, Bj697, Bri99, Fuc08, Ode09, Ode09 2] which also take place on the
time-scale of the core hole lifetime. If the excitation leads to an anti-bonding
intermediate state, the atoms start to move apart, i.e. the molecule starts to dissociate.
This is especially valid for low-Z elements such as hydrogen atoms, which can move
far enough (during the core hole lifetime) to cause a significant change in the resulting
emission spectra. The results of the atom movement are two different signatures in the
spectrum: an undissociated component representing the intact molecule and a
dissociated component. The latter is the fraction of molecules, for which the
corresponding molecular bond no longer exists, i.e. the proton has no significant
overlap with the electron density of the rest of the molecule. For instance RIXS spectra
of liquid water reveal a peak splitting, which is not seen in PES measurements. This
splitting can be explained by proton dynamics [Fuc08, Fuc08 co, Ode09, Ode09 2].
The concept of proton dynamics is based on the final state rule [Bar82, Nil95], and the
final state with the displaced protons can be observed in the emission spectra.

Proton dynamics are of particular importance for soft x-ray measurements of
liquids, to which this thesis is dedicated. Therefore, more details on that will be given
in chapters 4 and 5.

Further information about RIXS dynamics can be found in [Rub00].

-10 -
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2.3.2 Raman Shift

In most RIXS spectra right below the absorption edge a shift of the emission
lines parallel to the Rayleigh line can be observed which is called Raman shift. It is the
result of the Lorentzian resonance condition and the energy-conserving Dirac delta
function (see equation 2.5): The Lorentzian makes detuned excitations into short-lived
virtual states below the absorption onset possible. In the final state, however, the
excited electron has to be lifted from the virtual state into a real state. The necessary
energy has to be “paid” by the emitting photon leading to a shift of the emission
spectrum to lower energies.

Within this work, the Raman shift will show up in different occasions (e.g.
chapter 4).

2.3.3 Two-dimensional RIXS Map

In section 3.4.2 the novel high-transmission soft x-ray spectrometer used for the
measurements in this thesis will be described. With this instrument it is possible to
detect complete RIXS maps within 10 to 60 minutes instead of a small number of
spectra at selected excitation energies. A RIXS map is a two-dimensional
representation of the color-coded emission intensity as a function of emission
(abscissa) and excitation (ordinate) energy. Thus it provides the full information
accessible with soft x-ray spectroscopies. Especially, resonant effects which go along
with intensity variation and energy shifts, which were always difficult to identify, since
only a few emission spectra at selected excitation energies were available, can be
found more easily.

Most of the data in this thesis will be presented in the form of RIXS maps. In the
following, the principle of a RIXS map is explained using H,O as an example. Figure
2.4 (left side) shows the resonant series of H,O (O-K edge) measured with a state-to-
the-art soft x-ray spectrometer based on the Rowland-circle geometry. The excitation
energies range from 533.5 eV (bottom spectrum, cyan) to 550.1 eV (top spectrum,
red). Each spectrum was measured for 600 s adding up to a total measuring time of 3 h
20 min. In comparison Figure 2.4 (right side) shows the spectra recorded with the new
spectrometer. These spectra are subset of the RIXS map in Figure 2.5. Their total
measuring time was approximately 5 min, i.e. a measurement time of 15 s per
spectrum. No difference in statistics between the spectra can be found. The resolution
of the new spectrometer is even slightly better than that of the Rowland-circle
spectrometer. In Figure 2.5 the whole O-K edge RIXS map is shown. The

-11 -
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Figure 2.4: Left: O-K edge RIXS series measured with a Rowland-circle soft x-ray spectrometer. Total
measuring time for 20 spectra: 3 h 20 min. Right: Single spectra from RIXS map. Total
measuring time for 20 spectra: 5 min.

emission spectrum (non-resonant) excitation energy of 550.1 eV is shown at the top of
the map (also red spectrum). The spectrum on the right hand side represents a partial
(the intensity between emission energies of 516.2 and 533.8 eV were added up)
fluorescence yield absorption spectrum. The elastically scattered peak (Rayleigh line)
can be found as a bright diagonal line with equal excitation and emission energies in
the lower right corner of the map. Every line of the map is a single spectrum at a
certain excitation energy. With the color-coded intensity it is now much easier to
identify resonant effects.

The results in chapter 4, 5, and 6 will be mostly presented in RIXS maps and
discussed in the different sections.

-12 -
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Figure 2.5: O-K edge RIXS map of H,O. The horizontal axis represents the emission energy, the
vertical axis shows the excitation energy, and the emission intensity is color-coded. Above
the map, a non-resonant spectrum at an excitation energy of 550.1 eV is shown. The right
panel corresponds to a partial fluorescence yield absorption spectrum. The Rayleigh line
can be found as a diagonal line in the right lower corner of the map. The three colored
horizontal lines stand for the excitation energies shown in Figure 2.5.

2.4 X-ray spectroscopy of molecules

The focus of the here presented thesis is on the studies of liquids and solutions
with x-ray spectroscopy, which is a very young field of research. However, the study
of molecules with x-ray spectroscopies (in particular with XAS) has been done for a
long time. In the following section an overview is given why x-ray spectroscopy is an
excellent tool to study the electronic structure of molecules. A few examples are given.

First of all XAS as well as XES are probes of the local density of states. Thus it
is possible to focus the study on a specific element of the molecule. This gives detailed
information about the wave functions of the unoccupied and occupied molecular
orbitals [Mei89]. The element specific excitation can be used as a tool for “choosing” a

-13 -



specific functional group, e.g., in this thesis the amine and carboxylic functional
groups of glycine (see chapter 5).

Furthermore, the techniques can be used to investigate a selective excitation of
chemically shifted atoms of the same element in the molecule. Hereby, the influence of
a core-hole modifies the empty orbital structure in terms of symmetry and energy
shifts. Core-level shifts can be observed in the absorption spectra and can be used to
selectively generate core-holes on different atoms of the same element for the emission
studies. E.g., N, absorbed on Ni (100), here the two chemically different N atoms can
be observed in the XAS spectrum for the N1s =2 2 n transition [San93, Nil97, Ben98].
In this thesis such a chemically selective excitation was used in the case of acetic acid
(see chapter 6).

With x-ray spectroscopy it also possible to investigate the symmetry of well-
ordered molecules on surfaces. By using dipole selection rules with suitable
experimental geometries the contributions from n and ¢~ orbitals can be separated. A
good example molecule which was studied in our group in quite some detail with both
XAS [Umb90, Tab95, Umb98, Sch05, Zou06, St692, Fri02, Fri03, Gus07] and XES
[Fuc PT] is 3,4,9,10-perylene tetracarboxylic acid dianhydride (PTCDA).

While as discussed above x-ray spectroscopies give detailed information about
the electronic and chemical properties of molecules, the measurement itself is difficult
due to the sensitivity of the molecules towards soft x-rays as will be discussed in the
following.

Beam damage

Under the impact of photons organic molecules react very sensitive to x-rays
[McC58, Ste70, Box71, Box72, Isa73, Box74, Lin74, Ada76, Ben82, Ebe83, Wad&4,
Str93, Boz94, Che96, San97, Bur00, Abd00, Feu0O0, HeiOl, Pen01, KemO1, Cof02,
San02, Che02, Dow04, Zub04, Zub04 2]. Radiation induced damage manifests itself
in the disturbance of a long-range crystalline or supermolecular order and in chemical
modifications of the system under study, e.g., dissociation, free radical formation, or
mass loss. The radiation-induced chemical modifications can be observed in the
spectra mostly by spectral changes over time. For example amino acids decompose
under radiation via several pathways, including dehydrogenation, decarboxylation,
deamination, and dehydration [Zub04]. Zubavichus et al. showed on the example of
phenylalanine and tyrosine which components of the molecule is influenced by the
radiation. If the molecule possesses a carboxylic fractional group this one is the first
that decomposes [Zub04 2].

-14 -
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For synchrotron based studies the flux density of the beam is very high and can
cause beam damage in less than a second. To rule out possible beam induced changes
in the XES and XAS spectra the samples have to be handled with special care. From
beam damage series (measuring spectra on the same spot on a solid sample as a
function of time) the critical exposure time after which beam damage becomes visible
can be determined. To avoid significant damage the sample can be measured while
continuously scanning the beam across the sample such that the critical exposure time
is never reached for each single measureing position [Fuc PT].

In this thesis the focus is on liquids and solutions. Since many such samples
consist of (organic) molecules beam damage effects will also take place. While for
static cells these effects were reported [Fuc09 Dr], they can be avoided by using a
flow-through liquid cell as described in the following chapter.
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CHAPTER 1l
INSTRUMENTATION

ln recent years, the investigation of the electronic structure of liquids has grown to a

vivid research field. Since all measurement techniques to study the electronic structure,
in particular photoelectron spectroscopy (PES) as well as soft x-ray emission (XES)
and absorption (XAS) spectroscopy, require ultra-high vacuum (UHV), which is
incompatible with liquids, these investigations are a technical challenge. To use the
wealth of information offered by these techniques sophisticated experimental setups
are needed. First attempts to measure liquids with PES date back to the early seventies
[Sie73] using a wetted wire or wheel and differential pumping. Today, such PES
measurements can be performed with a liquid micro jet injected directly into the
vacuum [Wil04, Win06] or a droplet train [Sta08]. However, this approach has two
major disadvantages. First, the liquid in the jet is far away from thermodynamic
equilibrium, i.e. the measured spectra are always a mixture of gaseous and liquid signal
[Win06]. Second, due to the short inelastic mean free path of the electrons (typically a
few nanometers [Tan93]) only the surface of the liquid can be studied, which is
expected to be different from its bulk [Sie85]. These limitations can be overcome by
using photon-in-photon-out techniques in the soft x-ray range with an information
depth of a few hundred nanometers. The information depth of these techniques makes
it possible to separate the sample liquid from the UHV and thus study the liquid of
interest in thermodynamic equilibrium at normal pressure. The separation of liquid and
UHV is accomplished by a thin window membrane. In the following the different
membranes used in this thesis are discussed followed by a description of the designs of
the flow-through liquid cell, the SALSA endstation, and the VLS spectrometer. In the
last subsection of this chapter Beamline 8.0.1 at the Advanced Light Source (ALS) is
described.

3.1 Membranes

Since 1994 Silson Ltd (UK) produces ultra-thin silicon nitride (SizsN4) window
membranes which are extensively used within the x-ray and e-beam communities [Sil].
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Figure 3.1: Schematic drawing of a window membrane.

With these Si;N4 membranes the liquid of interest can be separated from the UHV
which makes it possible to use bulk-sensitive techniques like XES and XAS for the
study of liquids [Guo02, Dud04].

In principle all membranes are based on the same design which is shown in
Figure 3.1. X-ray photons (with an information depth of typically a few hundred
nanometers) enter through the window membrane into the liquid and the emitted
photons then exit via the same opening. Even if the design of the membranes is very
similar not every membrane material can be used for every measurement.

There are two main requirements for a suitable membrane material: First the
membrane must not contain the studied element (i.e. to detect the nitrogen K edge one
can not use a silicon nitride (Si3N4) membrane) and second, the transmission should be
high at and around the respective absorption/emission edge (see Figure 3.2). For this
thesis the main focus is on organic samples. Thus, the most important edges are the
oxygen K, the carbon K, the nitrogen K, and the sulfur L,3 edges. In Figure 3.2 the
total transmissions of suitable membranes are shown over a photon energy range from
10 to 650 eV (note that the energy range of the used x-ray spectrometer is between 130
and 650 eV, see section 3.4.2). Vertical colored bars identify typical excitation and
emission energy ranges of the important edges.

To achieve optimal transmission, Si3Ns membranes (Silson Ltd) with a
thickness of ~100 nm were used for the O K and C K measurements and silicon
carbide (SiC) membranes (NTT group) with a thickness of ~150 nm were used for the
O K and N K measurements. The SizN4 and the SiC membranes have a silicon frame
and a membrane size of 1x1 mm” (see Fig. 3.1). Due to the strong absorption of the Si
L3 edge both membrane materials are not suited for the S L,3 edge, since the
theoretical transmission of Si3N4 and SiC membranes of the required thickness is
below 1% (see Figure 3.2 and [CXROY]). Instead, carbon-based (and Si-free) materials
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Figure 3.2: Calculated (total) transmissions for different window membrane materials (Si;N,, SiC,
diamond film, Polyimide, and pure carbon) in the photon energy range between 10 and
650 eV [CXROY]. Colored vertical bars represent typical excitation and emission energies
for the relevant edges (the sulfur L, 5 edge, the carbon K edge, the nitrogen K edge, and
the oxygen K edge).

can be used [Hes03]; by now three different types were tested. First, a polyimide
(C2H 9N,05) membrane (Luxel) with a thickness of ~1 um and a membrane size of
Imm in diameter, second, a diamond film (Applied Diamond) with a thickness of ~400
nm and also an opening of 1 mm in diameter, and third, pure carbon membranes
(Joakim Andersson, Uppsala University, Sweden) with a thickness of ~80 nm and
~100nm. The latter will be the choice for future measurements at the S L, 3 edge.

3.2 Flow-Through Liquid Cell

The membranes described above are necessary to separate the sample liquid
and the UHV and are integrated in a so called liquid cell which will be described in this
section.
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Figure 3.3: a) Flow-through liquid cell integrated into a standard CF150 flange. b) View onto inset, top
part with liquid valves removed. ¢) Disassembled cell; view onto cooling circuit channel,
inset is lying next to the flange.

First XES and XAS experiments on liquids were performed using static liquid
cells [Guo02, Hes03, Dud04, Ode05]. In a statistic cell, a small amount of liquid is
encapsulated behind the window membrane on a modified sample holder, which
allows the introduction of the liquid cell into the UHV like any other (dry) solid
sample. However, there are several disadvantages of the static cell concept. First, a
temperature control is difficult with this design and was not implemented in any of
these static cells. Furthermore, due to the (necessary) high x-ray intensity for XES
measurements, an increased local temperature in the liquid near the window membrane
is unavoidable, even when the liquid cell body is externally cooled. For water and
many other liquids, this as well as x-ray induced dissociation processes can lead to the
formation of bubbles behind the window. Furthermore, for solutions the deposition of
solutes (or dissociation fragments thereof) on the inside surface of the membrane
potentially occur, which can have a strong contribution to the measured spectra.
Finally, chemical interactions between the liquid and the window membrane were
found, e.g., the oxidation of (oxygen-free) Si-based membranes during the study of
water [Fuc08 2].

To avoid or minimize these issues a first flow-through liquid cell was
developed in our group [FucO8 2]. This cell is integrated into a standard UHV sample
manipulator with XYZ-translation. In this design, the investigated liquid is
continuously sucked through the cell with a flow rate of approximately 45 ul/s, e.g.,
replacing the content of the cell 15 times per second. Similar designs of a flow-through
cell are used by Forsberg et al. [For07] to study atmospheric corrosion by soft x-rays
and by Tokushima et al. [Tok09].

In this thesis a completely new design of a flow-through liquid cell is presented.
In this new design an optical microscope can be integrated into the liquid cell.
Moreover it contains an improved temperature control, its maintenance is simplified,
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Figure 3.4: Exploded view of the flow-through liquid cell. For better visibility, the Viton gaskets are
not shown.

and it is much more flexible for further applications (such as investigations of
solid/liquid interfaces and electrochemical cells).

Figure 3.3 shows pictures of the new flow-through liquid cell and of its easy
disassembly. All parts are labeled in the exploded view of the cell in Figure 3.4. The
cell is integrated into a standard CF150 (8” outer diameter) flange. For temperature-
controlled measurements, a separate, Teflon-insulated liquid circuit channel is milled
into the flange (see Figure 3.3c and Figure 3.4). A temperature control liquid is
pumped through the channel with a water chiller, resulting in a strongly improved
temperature response, with respect to former liquid cells. With this setup temperatures
from approximately 1 °C up to approximately 90 °C can be reached.

The “heart” of the cell is a removable inset which is vacuum-sealed with a
Viton O-ring (see Figure 3.3 b, ¢ and Figure 3.4). The inset contains the window
membrane, sealed with a Viton O-ring, and a stainless steel plate with two
feedthroughs (inlet and outlet) and a channel for the liquid. This is depicted in Figure
3.5, which shows a detailed sketch of the inset.

The sample liquid is sucked through the inlet into a 100 um deep channel (65
mm long and 1.3. mm wide) and passes behind the window membrane, creating a
bubble-free laminar flow. The sucking helps to reduce the pressure on the window
membrane which reduces the risk of a membrane break. With respect to the
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Figure 3.5: Detailed sketch of the liquid cell inset and the plate with the liquid channel. The plate fits
into the cut-out of the inset.

previous design [Fuc08 2], the liquid volume in the cell is reduced from 15 to 8.5 pl.
This volume can be separated from the liquid reservoir by fast-closing liquid valves
(Parker; see Figure 3.3 and Figure 3.4). In the case of a membrane rupture, a fast
pressure sensor closes the valves within 1.5 ms, leaving only the small sample liquid
volume of the liquid cell exposed to the vacuum. Thus, the time for the recovering of
the vacuum can be reduced in respect to older setups. Furthermore, the overall sample
volume is minimized by this out-of-vacuum design. Due to the easy accessibility of the
liquid valves, all tubes are outside the vacuum and can be kept very short reducing the
total volume of the sample liquid required to less than 10 ml.

One big advantage, with respect of maintaining the liquid cell, is the easy and
fast exchange of the inset and the possibility to use very different window membrane
types (i.e., materials), sizes, and thicknesses (see section 3.1) by having insets adapted
to the respective membrane. To exchange the inset the top part with the liquid valves
has to be removed and the inset can be taken out without interference with the cooling
circuit (see Fig 3.3 b).

The new flexible cell design can be used for a variety of different experiments,
using different insets for variable membrane types as well as an inset for solid state
samples. The latter is important to obtain reference spectra for comparison with the
liquids. Furthermore, it is possible to perform optical microscopy of the liquid sample
exposed to the beam. For this purpose, the stainless steel plate containing the liquid
channel can be replaced by a glass plate, and a microscope is mounted between the
fast-closing liquid valves (see Figure 3.4).
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Micrometer caliper

Space for piezo element and heater

Figure 3.6: Modificated flow-through liquid cell for the investigation of solid-liquid interfaces. The
picture shows the cell with movable sample plate, micrometer caliper, piezo element, and
heater.

The next section will give an insight what can be done with this new liquid cell
in the future.

3.3 Further Developments of the Liquid Cell — an Outlook

As mentioned above, the new flow-through liquid cell is a very flexible design,
and can thus be modified for the use in a variety of different experiments.

One of these further developments of the liquid cell is dedicated to study the solid-
liquid interfaces (e.g. for investigating the chemical bath deposition process frequently
used in thin film solar cells [Wei03, Wei03 2, Bar05, Bar05 2, Béar05S 3, Bir06,
Enn06]). For this purpose, the top part of the cell and the plate with the liquid channel
was modified as can be seen in Figure 3.6.

In this design, the sample can be moved near the window through a round cut-
out in the middle of the plate with the liquid channel. For a precise movement toward
the window membrane, a micrometer caliper and a piezo element are used, onto which
the solid sample (e.g. a thin film solar cell) is mounted. Furthermore, the sample plate
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Figure 3.7: Picture of the SALSA endstation at Beamline 8.0.1 of the Advanced Light Source,
Lawrence Berkeley National Lab. 1: analysis vacuum chamber, 2: flow-through liquid cell,
3: pneumatic valve to separate liquid cell and analysis chamber, 4: micrometer x-y-z
precision stage, 5: VLS soft x-ray spectrometer, and 6: electron analyzer (Specs PHOIBOS
150MCD) suspended by springs.

can be heated from the back side. All other parts (i.e. liquid valves, inset, and cooling
circuit) are identical to the flow-through liquid cell presented in section 3.2. The liquid
is (again) sucked through the inlet feedthrough and passes between the window
membrane and the solid sample. Systems of interest to be investigated with this setup
are for example fuel cells as well as the layer growth from a solution.

Furthermore, first gas measurements were performed with cell described in this
chapter. For these first experiments, a gas reservoir was installed in front of the liquid
inlet. The gas is then sucked through the cell with the same system used for the liquids
(for an example see chapter 5).
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3.4 The SALSA Endstation — Home of the Flow-Through Liquid Cell

The SALSA (“Solid And Liquid Spectroscopic Analysis) endstation with the
mounted liquid cell is shown in Figure 3.7. SALSA includes a custom-built analysis
(vacuum) chamber (with the attached flow-through liquid cell), a high-resolution high-
transmission x-ray spectrometer described in section 3.4.2 and in [Fuc09], and a Specs
PHOIBOS 150MCD electron analyzer. For solid sample measurements the cell can be
replaced by a custom-built preparation chamber with a standard UHV manipulator and
surface preparation equipment, as discussed below. Figure 3.8 shows a photograph of
SALSA with the preparation chamber mounted.

3.4.1 The SALSA Chamber

The CF150 flange of the new flow-through liquid cell is attached to the
backside of the analysis chamber. It is connected to the chamber via a CF150
pneumatic valve (VAT) with an independent pumping system. With this valve the
flow-through liquid cell can be separated from the analysis chamber, which is useful
for two reasons. First, with the valve closed it is possible to replace the inset or the
membrane without compromising the vacuum in the SALSA analysis chamber.
Second, it protects the analysis chamber in the case of a membrane rupture. In this
case, sample liquid is released into the vacuum leading to a fast pressure rise in the
chamber. At a pressure of 5x107 mbar, a fast pressure sensor trips, closing not only the
fast liquid valves in the cell, but also the CF150 pneumatic valve, a CF40 pneumatic
valve separating the analysis chamber and the soft x-ray spectrometer, and a fast valve
installed in the beamline close to the endstation. The interlock system is fast enough
that the rest of the beamline is not affected by the pressure rise. With the closed CF
150 pneumatic valve the vacuum in the analysis chamber and the x-ray spectrometer
can start to recover immediately after the membrane rupture. Thus the recovering time
could be reduced (to approx. 30 min) in respect to older designs.

The analysis chamber is nearly a semi-cylinder, with the center point at the
window membrane of the liquid cell. This center point is also the focus position of the
synchrotron beam and the x-ray and electron spectrometers. To achieve this alignment,
the entire analysis chamber can be adjusted with micrometer precision using an xyz-
stage (Huber). The range of motion is £25 mm in the x and y direction and 10 mm in
the z direction, respectively.

SALSA is — as the name tells — not only an endstation for liquids but also for
solid state samples. As mentioned above, a preparation chamber with a standard

-25 -



Figure 3.8: Picture of the SALSA endstation with connected standard manipulator for solid state
samples.

manipulator can be attached to the back of the analysis chamber, replacing the flow-
through liquid cell (Figure 3.8). Furthermore, an electron analyzer (SPECS Phoibos
150 MCD) is installed in the analysis chamber. Since the analyzer is rigidly attached
and thus has to be moved with the entire chamber, the analyzer is suspended with six
springs to remove the load from the chamber and, in particular, the xyz-stage.

The soft x-ray spectrometer (which is described in 3.4.2) is attached to the
analysis chamber with a bellow, and thus maintains its position with respect to the
synchrotron beam when the analysis chamber is moved to align the liquid cell with
respect to the beam.

3.4.2 The X-ray Spectrometer

The high-resolution, high-transmission x-ray spectrometer connected to the
SALSA chamber is a soft x-ray spectrometer with a variable-line-space (VLS) grating.
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I3

Figure 3.9: Schematic drawing of the x-ray spectrometer. S is the sample, A is an aperture that is used
for the alignment process, M is the spherical mirror, G is the variable-line-space grating,
and D is the CCD detector. The solid line shows the center path of the x-rays after proper
alignment. [Fuc(09]

It consists of a spherical mirror, a subsequent blazed plane VLS grating, and an
uncoated back-illuminated CCD-camera detecting the photons in normal incidence. A
schematic drawing is shown in Figure 3.9.

The VLS spectrometer uses the focused synchrotron spot on the sample as
source, so no entrance slit is needed. The spot needs to be < 30 um (dispersive
direction) to avoid a reduction of the target energy resolution. The achieved design
goal of the spectrometer was to detect all biological relevant edges (O K, N K, CK, S
L,3) in one energy window with a resolving power of E/AE > 1200 over the whole
energy range. It reaches an efficiency about two orders of magnitude higher than any
other state-of-the-art spectrometer. The usable energy range is between 130 and 650
eV. The lower edge is due to the geometry of the optical elements and the upper
restriction is caused by the Nickel coating of the spherical mirror and the grating (i.e.
all photon energies above Ni edges get absorbed).

The energy calibration for all measurements was done by the alignment of the
VLS grating in first order position. Due to the design of the spectrometer it is possible
to detect the second and third order of Nitrogen in one energy window. For the first
vibrational resonance of N, gas (nominal at 400.88 eV, the energy calibration of the
beamline has to be verified by an N, x-ray absorption spectrum) the spread between
the elastically scattered peaks (second and third order) has to be 1339.5 channels. This
can be tuned by adjusting the grating angle. The right position of the peaks (channels
349.5 and 1689.0) is reached by moving the CCD detector up or down.
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Figure 3.10: Schematic drawing of the beamline 8.0 of the Advanced Light source in Berkeley [ALS].

Detailed information about this x-ray spectrometer can be found in [Fuc09] and
[Fuc09 Dr].

3.5 The Beamline

The SALSA endstation is dedicated to soft x-ray measurements. Such
measurements (in particular x-ray emission) require a 3™ generation synchrotron light
source. All experiments presented in this thesis were performed at beamline 8.0 of the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory in Berkeley,
California. Beamline 8.0 of the ALS is designed for high photon flux. This is achieved
by using a minimal number of optical elements as shown in Figure 3.10. The beamline
operates at photon energies between 80 and 1400 eV using a 5-cm-periodic undulator
together with an 1.9 GeV electron beam (of the storage ring). After leaving the
undulator the x-ray beam is focused by a condensing mirror on a spherical-grating
monochromator with three interchangeable gratings (150, 380, and 925 lines/mm)
based on the Rowland-circle-geometry. The resolution of the monochromator is
selectable by varying the entrance and exit slits. A typical energy resolution of the
beamline is < 8000 E/AE at a photon flux of ~ 10" — 6 x 10" photons/s. In addition to
the optical elements shown in Figure 3.10, a bendable mirror placed close to the
SALSA endstation can be used for refocusing in the vertical direction. With this a spot
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size of about 30 um x 100um can be achieved, which is necessary for the energy
resolution of the x-ray spectrometer. After this last mirror a gold mesh is installed for
measuring the Iy current, which is proportional to the beam intensity and therefore can
be used for normalization purposes.
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CHAPTER IV

Sodium Hydroxide and Sodium Deuteroxide in
Aqueous Solution

ln the recent past, the photon-in-photon-out techniques introduced in chapter 2 were

also used for the investigation of liquids and solutions. Especially in the beginning the
main focus was on the investigations of liquid water [Wer04, Ode05, Smi04, Fuc0S,
Tok08]. Especially the local hydrogen bonding configuration was and still is under
discussion [Fuc08, Fuc08 co, Tok08, Pet08]. Our group [Fuc08] and Tokushima et al.
[Tok08] presented new high-resolution XES (HRXES) spectra that reveal a fine
structure in the 1b; emission line of liquid water. Furthermore, a surprisingly large
isotope effect in the XES spectra of H;O and D,O (deuterium oxide) as well as a
temperature and an excitation-energy dependence was observed. In our model [Fuc08],
the spectra are described as a superposition of two individual spectral components, one
representing the intact water molecules and the second one relating to ultra-fast
molecular dissociation on the timescale of the emission process. The assignment of the
latter component representing the dissociated water molecules is supported by its
similarity to the (resonantly excited) XES spectrum of the OH" ions in an aqueous
sodium hydroxide (NaOH) solution, as well as by theoretical considerations [Ode05,
0de09, Ode09 2]. Based on these experiments, aqueous NaOH as well as sodium
deuteroxide (NaOD) solved in D,O was investigated in detail in this thesis. This is
especially important because NaOH was used as a strong base to change the pH-values
of the amino acid solutions presented in chapter 6.

Sodium hydroxide is completely ionic, i.e., it contains sodium cations and
hydroxide anions. The anions make NaOH and NaOD strong bases. In the solid state
the ions from a crystalline lattice.

Considering the importance of the aqueous hydroxide ion in chemistry and
biology, it seems surprising that only a few investigations of its electronic properties
exist. In the literature, x-ray absorption studies of aqueous OH™ ions were performed by
Cappa et al. [Cap07]. Furthermore, studies with x-ray diffraction spectroscopy
[Meg08, Tia08, Spa99, Sch95] and x-ray photoelectron spectroscopy [Azi08, Win06,
Win04] can be found.
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In this thesis, XAS, XES, and RIXS studies were performed on aqueous NaOH
and NaOD solutions with different concentrations. A RIXS map of solid NaOH is also
presented for comparison with the liquid data. The concentrations were chosen to
25wt%, 12.5wt%, and 6.25wt% and were reached by adding H,O or D,0 to a 50 wt%
NaOH solution and a 40 wt% NaOD solution, respectively. For the solid sample a
NaOH pallet was used and mounted on a sample holder with carbon tape.

4.1 Aqueous Solutions of NaOH and NaOD

4.1.1 The XAS Spectra — Isotope Effect and Concentration Dependence

Figure 4.1 shows the XAS spectra of NaOH and NaOD which are compared to

those of H,O and D,0. For water and heavy water the typical absorption edges with a
pre-edge can be observed. While the pre-edge (at a photon energy of ~534.5 eV)
corresponds to the unoccupied 4a; molecular orbital, the main edge (~536.5 eV)
originates from the 2b, orbital. For D,O the absorption onset is at slightly higher
excitation energy than for H,O (blue shift of about 160 meV) [Fuc08, Cav05, Ode05].
This shift of the absorption onset can tentatively be explained by a slight difference in
the initial state [Fuc09 Dr]:
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Figure 4.1: XAS spectra of aqueous NaOH and Figure 4.2: XAS spectra of aqueous NaOH

NaOD solutions (25 wt%) and H,O and NaOD solutions  with

and D,0O. different weight concentrations
(25 wt%, 12.5 wt%, and 6.25
wt%).
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At the same temperature the deuterated liquids have a less dynamical hydrogen bond
network in comparison to liquids containing hydrogen [Har05] and thus have an
energetically lower arrangement in the initial state of the absorption process. A similar
isotope effect can be observed of the NaOH and NaOD solutions with 25 wt% in
Figure 4.1. Here, the shift between the two species is approximately 230 meV and
might also be a result of the dynamic hydrogen bond network. The absorption spectra
of NaOH and NaOD reveal an additional feature at ~533 eV in comparison to the H,O
and D,O spectra. This pre-pre-edge is exclusively assigned to the OH and OD" ions
[Cap07]. With the pre-pre-edge, a direct probe of the electronic structure of the
hydroxide ions without spectral contributions from water is possible. In the NaOH
XAS spectrum an intensity jump at ~ 538 eV is visible which is a measurement
artifact.

Please note that the intensities of the pre-edge as well as of the pre-pre-edge
appear pronounced in Figure 4.1 in respect to other published data. This is a result of
the fluorescence yield saturation effects mentioned in chapter 2.

Figure 4.2 shows the concentration dependence of the aqueous NaOH and
NaOD solutions. Here, the pre-pre-edge feature is an indicator for the concentration of
the solution. The lower the peak intensity of the pre-pre-edge is, the lower the
concentration of the solution and vice versa. A more quantitative evaluation is difficult
due to the mentioned saturation effects.

4.1.2 The Non-Resonant O K Edge XES Spectra — Concentration Dependence

The non-resonant O K edge emission spectra the OH and OD" ions (Egyx =
549.9 eV) are dominated by the emission lines of the solvent. The significant features
of water and heavy water are visible, consisting of emission from 1b,, 3a;, and the
(split) 1b; orbitals [Fuc08, Tok08, Wei09]. As mentioned above, the spectrum of water
is a superposition of two different species: the spectrum of undissociated water
molecules, which is responsible for the high energy 1b; peak, and the spectrum of
dissociated water molecules, which is represented by the low energy 1b; peak and
which is similar to that of OH" ions [Fuc08, Ode09, Ode09 2]. In Figure 4.3 the non-
resonant O K edge emission spectra of NaOH and NaOD are shown together with
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those of non-resonant waterand heavy water spectra. The highest concentration of 25
wt% means that one OH" ion is surrounded by 6.7 water molecules or one OD" ion is
surrounded by 6.2 D,O molecules. For this concentration the high energy 1b,
component merely appears as a shoulder of the (dominant) low energy 1b; peak. By
lowering the concentration (12.5 wt% = 15.5 H,O / OH or 14.3 D,O / OD’, 6.25 wt%
= 33.3 H,O / OH" or 30.8 D,O / OD’) more H,O or D,O molecules surround the ions
and the 1b; high energy “shoulder” increases in intensity. For the 12.5 wt% solution of
NaOD the splitting of the peak is already clearly visible. The energy positions of the
3a;, 1by, and low energy 1b; peaks match those of pure water or pure heavy water
perfectly [Fuc08, Wei09]. The experimental data thus confirms the theory that the high
energy lb; peak represents the undissociated water molecules.

4.1.3 The RIXS Maps - the Electronic Structure of the Hydroxide and
Deuteroxide lons

All spectra presented in the sections above were taken from RIXS maps. In the
following the RIXS maps of the NaOH and NaOD solutions will be discussed.
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Figure 4.4: Top: O K-edge RIXS map of an NaOH solution (25 wt%). The horizontal axis represents
the emission energy, the vertical axis shows the excitation energy. The emission intensity is
color-coded (in arbitrary units). The absorption onset of H,O is shown as yellow horizontal
line. The vertical lines give the positions of the OH™ (red) and H,O (black) orbitals. Above
the map, a non-resonant spectrum at an excitation energy of 549.9 eV is shown. The right
panel corresponds to a partial fluorescence yield absorption spectrum by integrating over all
emission energies shown. The left part of the map represents the (magnified) 2a, orbital of
water. Bottom: O K-edge RIXS map of a NaOD solution (25 wt%). The lines represent the
same features as in the NaOH map.
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Since only the ratio between OH™ (OD") and H,O (D,0) changes for different weight
concentrations, in the following exemplarily the maps with the highest concentration
(25 wt%) are discussed. In the following text the maps are shortly called: “NaOH” and
“NaOD”. In Figure 4.4 the RIXS maps of NaOH and NaOD with 25 wt% are
presented. The spectra at the top of the maps show the non-resonant excited emission
spectra (Egxe = 549.9 eV), which are also shown in Figure 4.3 and the spectra on the
right represent the partial fluorescence yield absorption spectra (see Figure 4.1 and
4.2). The maps can be separated into two main parts, namely below and above the
absorption onset of the solvent (yellow horizontal lines). For the NaOH RIXS map the
water onset is also visible by the 2a; emission line of H,O. The 2a, orbital appears at
an emission energy ~507.5 eV. The 2a; intensity is very weak in comparison to the
other water emission lines because of the dominant s-character of this orbital and thus
the very small dipole transition matrix element. In the RIXS map the area around the
2a; was magnified to make the line visible. The 2a; orbital represents exclusively the
H,0 molecules and is not influenced by the hydroxide ions. Therefore, the line is a
good indicator for the H,O absorption onset. The same 2a, line is visible for the NaOD
RIXS map but here the emission energy window was chosen differently in Figure 4.4
(bottom) to emphasize the main part from 518 eV to 530 eV.

Below the solvent absorption onset, the emission spectra (i.e., horizontal cuts
through the RIXS map) are dominated by two main peaks of the occupied OH™ or OD"
ion orbitals, namely the 3a and the le; orbitals. Above the absorption onset, four peaks
are found, similarly to the emission spectrum of water and heavy water as was
discussed in the section before. The vertical lines in Figure 4.4 show the energetic
position of the emission lines of the different ion (red) and solvent (black) orbitals. As
will be discussed in the following, an undisturbed spectrum of the OH and OD’ ions
can be extracted from the RIXS map. For this purpose, an excitation energy between
the absorption onset of OH™ (OD") at 531.6eV (531.9 eV) and H,O (D,0) at 533 eV
(533.3 eV) is chosen. In this region, the emission spectra of the ions are neither
influenced by emission from the solvent molecules nor by Raman-shifts of the OH".
The emission spectra at these energies are shown in Figure 4.5. As mentioned above
two main peaks can be observed. The presence of two lines, as well as their energy
separation, agrees well with density functional theory (DFT) calculations of a single
(i.e., gas phase) OH™ or OD" ion. The DFT calculations were made with Gaussian03
and the basis set B3LYP/6-31G+(d,p). In Figure 4.5 the 3a orbital is found at an
emission energy of 522.6 eV, and the le; orbital at an emission energy of 526.1 eV,
i.e., separated by 3.5 eV. In comparison the calculated energy separation is found to be
~ 3.3 eV for both ions.
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spectrum of a NaOD solution (25
wt%) at an excitation energy of
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by density functional theory are
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Figure 4.6: O K-edge XES spectrum of a

NaOH solution (25 wt%) at an
excitation energy of 532.5 eV,
compared with an O K-edge XES
spectrum of H,O at the same
excitation energy.

Both peaks in the emission spectra show a slight asymmetry on the low photon
energy side. This “shoulder” rises with increasing excitation energy. The asymmetry
might be the result of different effects. First, the asymmetry could be due to the limited
excitation resolution which might result in a contribution from Raman-regime of the
solvent. To estimate the intensity of such contributions, the emission spectra of NaOH
and H,O at an excitation energy of 532.5 eV were compared and are shown in Figure
4.6. The water and NaOH RIXS maps were measured right behind each other and thus
the spectra could be normalized on the nitrogen signal of the Si3N4 window membrane
for a quantitative comparison. As evident from Figure 4.6, the water Raman
component can not be responsible for the asymmetry of the peaks. Other origins of the
asymmetry might be different local environments of the individual OH / OD" ions with
slightly different emission energies or effects due to coupling to vibrational states. The
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Figure 4.7: O K-edge RIXS maps of NaOH solutions (6.25 wt% left and 25 wt% right). The part of
interest is zoomed and the color code is modified to reveal the weak features.

most probable explanation for the asymmetry is an ultra-fast dissociation on the same
timescale as the RIXS process, similar to the case of H,O and D,0. This explanation is
supported by the fact that the intensity of the shoulder in the OH™ spectrum is higher
than in the OD" spectrum. As mentioned before the “shoulder” changes with the
excitation energy but the OD™ spectrum “shoulder” is always weaker than the
corresponding OH™ “shoulder”. For the deuteroxide ion the proton dynamics is slower
than for the hydroxide ion (nearly a factor of two due to their mass) and thus the
possibility for the OH" to dissociate is higher than for the OD". In fact, first dynamical
DFT calculations of NaOH solutions by M. Odelius [Ode Pri] also reveal a second
peak next to the 1e; peak at lower energy. This peak is consistent with the shoulder in
the experimental data and supports the dissociation model. In such an ultra-fast
dissociation process of the OH ion, the proton moves away and leaves an O ion
behind. This results in the observed spectral intensity at lower emission energy than
that of the starting ion. Thus it is most likely that the dissociated component and the
asymmetry of the peak is indicative for O If one could measure an emission spectrum
of a single O* ion, the spectrum would be free of vibrational broadening and thus the
spectral features would appear as very sharp lines. In a resonant Auger study of HCI by
Bjornholm et al. [Bj697] sharp lines were found for the spectral fraction of the
dissociated molecule. They also calculated RIXS spectra of HC1 which showed similar
sharp features for the dissociated component. However, newer dynamical calculations
of different liquids and solutions (e.g., [Ode09] and calculations performed by M.
Odelius for the studies in chapter 5) always show a continues shift of the emission lines
as a function of time. Thus the resulting spectrum will reveal broadened features.
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A closer look at the RIXS maps reveals additional features that are less
obvious. Figure 4.7 shows two “close-up” RIXS maps of the NaOH solutions with 25
wt% and 6.25 wt%. The diagonal line in the maps is the Rayleigh (elastically scattered)
peak. The Rayleigh line shows two resonances at excitation energies of 532.5 eV
(weak for the 6.25 wt% solution) and of 534.5 eV. These resonances are the result of
an enhancement of the particular decay channel due to a resonant population of
unoccupied molecular states, i.e., the pre-edge (4a; orbital of water) and the pre-pre-
edge. At these energies a core exciton is formed which leads to an enhanced elastic
peak. For a higher OH" ion concentration the resonance in the pre-pre edge is stronger.

From the resonances additional intensity extends horizontally towards the
emission spectrum and is nearly independent of the chosen emission energy. This
additional intensity might be due to different effects, i.e., vibrational broadening,
electron losses, or a different chemical environment, and thus results in a continuum of
energy losses. For the RIXS maps with higher concentration the intensity of this “loss
continuum” is (again) higher.

Furthermore, a vertical line at an emission energy of 526.4 eV can be observed,
which is due to a non-resonant spectrum excited with higher harmonics/orders of the
undulator/monochromator.

4.2 Solid NaOH - an Investigation

In Figure 4.8 the RIXS map of solid sodium hydroxide is shown. The emission
spectrum at a (non-resonant) excitation energy (Egx. = 549.9 eV) is shown at the top
and on the right side the PFY absorption spectrum is presented, which is integrated
over the whole emission energy range (512 eV — 536 eV).

The XAS spectrum in Figure 4.8 is quite different compared to the XAS spectra
of the aqueous solutions which is expected due to the difference between the hydration
shell environment of the solutions and the ion lattice of solid NaOH. For the solid XAS
spectrum a dominant pre-edge feature at ~ 533 eV can be observed which corresponds
to the pre-pre-edge feature in the liquid spectra. At first glance the solid state pre-edge
feature seems to be broader compared to the pre-pre-edge features in the solution.
After subtracting the background (in the case of the solution the background is water)
the solid shows a FWHM of 1.6 eV and the solution a FWHM of 1.3 eV.
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Figure 4.8: O K-edge RIXS maps of solid NaOH. Above the map, a non-resonant spectrum at an
excitation energy of 549.9 eV is shown. The right panel corresponds to a partial
fluorescence yield absorption spectrum by integrating over all emission energies shown.
The dotted vertical lines indicate the areas above the Raman regime and the dotted
diagonal lines stand for the Raman regime. The crossing points of the horizontal line
through the HOMO and the Rayleigh line indicate the HOMO-LUMO distance.

In Figure 4.9 the non-resonant emission spectra of solid NaOH (Egx.= 549.9 eV),
NaOH in solution with 25 wt% (Egxc= 549.9 eV), and liquid water (Epx.= 550.1 eV) are
shown. For a better comparison the resonant XES spectra (dotted in Figure 5.9) of the
solution at an excitation energy of 532.5 eV and the solid at an excitation energy of
533.5 eV are also presented in the graph. As for the XAS spectra, a difference between
the solid and the liquid spectra is expected due to the different local environment. The
non-resonant spectrum of the solid NaOH reveals two main peaks at 521.6 eV and
526.3 eV. Hereby, the low energy feature is associated with the 3a orbital in the
solution and is not suppressed by a water signal in the solid state as can be seen in the
non-resonant spectrum of the solution. The high energy feature can be assigned to the
le; orbital and shows a red shift of 0.3 eV in respect to the non-resonant XES spectrum
of NaOH in solution. For this peak at the high energy side as well as at the low energy
side a shoulder can be observed. While the low energy shoulder is very
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Figure 4.9: Non-resonant O K XES spectra of Figure 4.10: Model of the NaOH unit cell. The
liquid water with Eg,= 550.1 eV, lattice constant is 5.10,A and the
NaOH solution (25 wt%) with ion diameters are 2.8 A for the o*
Eixe= 549.9 eV, and solid NaOH ions and 1.9 A for the Na" ions.

with Eg,= 549.9 eV. Resonant O K
XES spectra (dotted) of the NaOH
solution (Eg,= 532.5 eV) and the
solid NaOH (Eg,= 533.5 eV) are
shown for comparison.

obvious in the non-resonant spectrum it only occurs as a slight asymmetry in the
resonant spectrum similar as in the case of the resonant solution XES spectrum. In
comparison the high energy shoulder seems to be a separate feature in the resonant
region, as can be best seen in the RIXS map in Figure 4.8. The shoulders of the le;
emission line might be explained by the following model:

The ion lattice of NaOH has a NaCl structure. Hereby, the next neighbors of a
hydroxide ion are sodium ions. In Figure 4.10 the unit cell of NaOH is shown with a
lattice constant of 5.10 A and the ion diameters of 2.8 A (0*)and 1.9 A (Na") [Sch95].
Hydroxide ions in NaOH tend to undergo a pronounced self-dissociation, i.e., the OH
can form H,O as well as O” ions [Sch95, Spa99]. The proton of one hydroxide ion can
move nearly freely between the nearest neighbor oxygen ions and the OH ion can thus
dissociate to H,O and O%, as is indicated by arrows in Figure 4.10. In [Sch95] this
probability to find a H" ion in NaOH was calculated. Since x-ray emission
spectroscopy is fast enough to measure the different states they should be visible in the
detected spectrum. In the case of NaOH three components should be visible, a strong
OH signal, a water signal, and an O” signal. The deprotonated component can be
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found at the low energy side, which is also in agreement with the observation of a
possible dissociation process in the resonant liquid NaOH spectra. The high energy
shoulder of the main peak in the non-resonant emission spectrum of solid NaOH would
then represent the water component. Hereby, the energy position would be in good
agreement with the high energy 1b; peak of liquid water spectrum, which represents
the undissociated water molecules.

To verify this model ground-state calculations as well as calculations including
dynamics are necessary which will be performed in near future.

In Figure 4.8 also different black lines are drawn. The diagonal dotted lines
(which are parallel to the elastically scattered peak in the right corner) indicate the
Raman-like regime of the main peaks. For the “water feature” the Raman shift is not as
clearly observable as for the main peaks because it is suppressed by the non-resonant
features of the higher harmonics/orders of the undulator/monochromator. The vertical
dotted lines show the above Raman regime. At the crossing points of these two lines a
horizontal line is drawn. Since the Raman regime ends once the excitation energy is
high enough to reach the LUMO, the distance between the crossing point of the high
energy peak and the crossing point at the elastically scattered peak can be indicated as
the distance between the HOMO and the LUMO. The crossing point for the 3a peak is
at an excitation energy of 534 eV. For the high energy features the Raman shift is not
as clear as for the 3a peak since it interferes with the highly-excited non-resonant
spectrum (see above) and is close to the other strong line. For the NaOH specific
HOMO-LUMO distance the crossing point of the main feature is taken (at an
excitation energy of 534.3 eV). Thus the resulting HOMO-LUMO distance would be
8.1 £ 0.3 eV. However, in view of the selfdissociation model presented above, it is
questionable whether it makes sense to give a clear position for the HOMO-LUMO
distance. Because it is difficult to assign the correct position of the 1e; emission line
(HOMO) while there is the H,O dissociation feature on the higher energy side of the
HOMO.

4.3 Summary

In this chapter the XES and XAS spectra and the RIXS maps of NaOH, NaOD
solutions with different weight concentrations and solid NaOH were presented.

The XAS spectra of the solutions and the solid state revealed a pre-edge feature
that could be exclusively assigned to the OH™ and OD" ions. The intensity of this pre-
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edge resonance depends on the ion concentration. Furthermore, the solution spectra are
dominated by the solvent, namely H,O or D,O, where the typical unoccupied
molecular orbitals are observed. For the solid NaOH XAS spectrum a similar pre-edge
feature could be observed which is slightly broadened in respect to the solution spectra.

The non-resonant XES spectra of the solutions also showed a concentration
dependence of the high energy 1b; emission line. The high energy 1b; peak stands for
the undissociated water and thus the peak intensity is an indication for how many water
molecules are in the solution. The OH / OD" absorption onset is at lower energies than
the absorption onset of water / heavy water. Therefore, the presented RIXS maps gave
the possibility to reveal the undisturbed OH / OD" emission spectrum below the water
absorption onset. Two main peaks could be observed which are in good agreement
with DFT calculations of the ions. Both peaks show an asymmetry at the low energy
side. Here (again) proton dynamics during the core-hole lifetime takes place. The solid
state XES spectra revealed a high energy and a low energy shoulder for the le; peak.
With the suggested model of pronounced self-dissociation the high energy shoulder
was assigned to the water component and the low energy shoulder to the O* ion
component.

Furthermore, an estimation of the HOMO-LUMO distance of solid NaOH
could be given by assigning the OH" feature to the corresponding HOMO level.
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CHAPTER V
Studies of Amino Acids in a Liquid Environment

The first amino acid — aspargine — was discovered in 1806 by the French chemists

Vauquelin and Robiquet [Vaul806]. Today, twenty naturally occurring amino acids
are known. These standard amino acids are the building blocks for proteins and
peptides and thus of all living creatures [Bry03]. Particularly relevant in understanding
biological activity is the effect of water on the protein structure and how water
molecules arrange around protein molecules under physiological conditions. When
studying the electronic structure of amino acids one goal is thus to shed light not only
on the electronic structure of amino acids as such, but also on their interaction with
water molecules from the hydration shell. Then, in a next step, hydration shell
influences on entire proteins can be studied, such that, in the future, it might even be
possible to solve the mystery of the salt and solvent effects on the structure of proteins,
as described by the Hofmeister series [Col85, Cac97].

An amino acid is a molecule containing both amine and carboxyl functional
groups. These functional groups are connected via the same carbon atom (a-carbon).
The general chemical structure of the twenty standard amino acids (also: -

amine group

carboxyl
dgroup

o W

Figure 5.1: General chemical structure of an a-amino acid in its neutral state, containing an amine and a
carboxyl functional group, as well as an R group representing an organic side chain.
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amino acids) is shown in Fig. 5.1. The group labeled R - located next to the a-carbon -
represents an organic side chain. Amino acids can be classified in four groups: weak
acid, weak base, hydrophilic, or hydrophobic. To which group an acid belongs is
determined by the side chain (R group) [Cre93].

As mentioned above, the standard amino acids contain an amine functional
group as well as a carboxyl group and can therefore be acid and base at the same time.
For this reason amino acids are very sensitive to pH-value changes. At a certain pH-
value, known as the isoelectric point, the number of protonated amine groups with a
positive charge is equal to the number of deprotonated carboxyl groups with a negative
charge. Overall the molecule is neutral. In this configuration, amino acids are also
called zwitterions. Note that amino acids can only be in the zwitterionic state as solids
and in solution but not in the gas phase [Rem06]. In an (aqueous) solution the
configuration of the amino acid depends on the pH-value. For a neutral pH-value the
zwitterionic form is dominant; at low pH values, i.e., for an acidic solution, the amino
acid is in a cationic form, and for high pH values, i.e., a basic solution, the dominant
form is the anion. To understand the pH dependence it is necessary to know the pK,
value (the acid dissociation constant) given by:

[47][H"]

K =-log,, K, with K =
p a glO a a [HA]

(5.1)

HA is a generic acid (Breonsted-acid) and A™ represents the conjugated base of the acid.
For amino acids, the separate pK, values of the carboxyl group (pK ;) and the

amine group (pKyy ) are important. At these values the protonation of the amine

fraction or the carboxyl fraction start and the isoelectric point is given by:

_ PKcoonr + PKyy,

H. =
p 1so 2

(5.2)

The various amino acids possess different pK, values, but within the given error bars, a
value of 2.1 + 0.3 for the pK oy and of 9.5 + 1.5 for the pK,; can be used [Nel00].

In contrast to their central importance for biological processes, only a limited
number of studies dealing with the electronic structure of amino acids exist in
literature. For solid state amino acids there are mainly x-ray absorption (XAS) and x-
ray photoelectron spectroscopy (PES) investigations [Yag 04, Zub04, Zub04 2, Bee0S5,
Has98, Nyb00, Nyb03, Zub07, Zub05, Zub06, Boe97, Tan01, Gor03, Kaz02, Zub04 3,
Cop04, Tzv04, Zub05 2, L6f97, Wu87, Wil09, Ote06, Boz94], glycine x-ray emission
spectroscopy (XES) studies [Has00, Nyb00, Nyb03], and a few investigations by ultra-
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violet photoelectron spectroscopy (UPS) [Nyb03, Bee05]. Furthermore, the electronic
structure of gas phase amino acids was investigated by XAS and PES [Gor03, Ple07,
Cou05, Ple07 2, Pow03, Sla88, Kla76, Can79, Can83]. For amino acids in solution,
where the pH-dependence plays an important role, reports in literature are rare,
presumably due to the technical challenges of studying liquids and solutions with
electron and x-ray spectroscopies, as mentioned in Chapter 3. In the recent past, first
XAS studies dealing with solutions and pH-dependence were published by Messer et
al. [Mes05, Mes05_2] and Aziz et al. [Azi08 2], as well as one XPS study by Nolting
et al. [Nol07].

Studying organic molecules in general and amino acids in particular with soft
x-ray techniques is a challenge, in particular since they are very sensitive to x-rays.
High photon densities, such as those at third-generation synchrotron undulator
beamlines, can cause beam damage to the sample within less than a second. Earlier
(2004) studies of our group were conducted to derive the various possible ways of
beam damage for a variety of amino acids, e.g., via dehydration and decarboxylation
[Zub04, Zub04 2, Zub04 3]. A recent study by Wilks et al. is in accordance with these
results [Wil09]. To avoid beam damage, the experiments have to be carefully planned
and optimized to minimize or avoid all radiation induced effects. For example, beam
damage of solid amino acids can be determined by a series of spectra taken after
increasing exposures to x-rays. Therefore, spectra with one, two, three...up to 20
seconds have to be recorded on the same spot. From such a series the critical exposure
time after which beam damages contribute a significant portion to the overall spectrum
can be determined. For solutions, beam damage is not as critical as for the solid state,
provided the solution can be flowed at a sufficient rate. Experiments using static
solutions, in contrast, are invariably prone to a multitude of experimental artifacts and
should be considered with great caution. As described in Section 3.2, the solution in
our experiments is measured in a flow-through mode and thus is never exposed for
more than 1 ms to the beam, thus ensuring that undamaged molecules are being
measured at all times.

For amino acids in solution, other experimental challenges need to be
overcome. As an example, glycine and lysine showed a high tendency to form a gas
bubble behind the window membrane during flow operation. The presence of such a
bubble can easily be identified when comparing the data with reference measurements
of gaseous N, (Fig. 5.2). In general, all measurements of liquids can suffer from this
complication, e.g., if a small air bubble is present in the liquid feed-in tubes.
Depending on the liquid, the bubble oftentimes simply passes the window membrane
during the measurement process, momentarily reducing the RIXS intensity. For amino
acids, however, we find that the bubble (from residual air in the feed-in tube or beam-
induced) does not move through the cell, but nests right behind the window membrane
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Figure 5.2: RIXS map of N, gas. Characteristic features are marked with circles.
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Figure 5.3: RIXS map of glycine pH-value 12.61. The four regions indicate the change between gas
bubble behind the membrane and the “real” liquid. IT and IV corresponds to liquid spectra.

- 48 -



Chapter V - Studies of Amino Acids in a Liquid Environment

while the liquid is passing “behind” the bubble. This likely occurs for two reasons
playing together. First, the membrane is always bulging towards the vacuum and thus
forms a cavity suitable for gas bubble trapping. And second, solutions of small amino
acids (like glycine and lysine) have a higher surface tension than most other solutions
of relevance here [Moo86]. Therefore, it is energetically favorable to form a bubble
and attach it to the membrane environment, rather than to dislodge and remove it with
the flowing solution.

If a bubble has formed behind the membrane, the XES spectra or the RIXS map
show contributions from the gasous species, for example of N, molecules when
comparing with the reference map (spectra) shown in Figure 5.2. The RIXS map of N,
shows its “fingerprint” with some characteristics and very sharp features in the
resonant region (in the map indicated with ovals). Furthermore, the XES spectrum of
N; (at an excitation energy of 423eV, shown above the map in Fig. 5.2) shows clearly
separated peaks. Figure 5.3, in contrast, shows a time-dependent (as well as excitation-
energy dependent) map of glycine (pH value of 12.61), during the collection of which
a bubble temporarily formed behind the window (Region I and III), while other regions
(IT'and IV) show RIXS map information representative of glycine.

To solve the “bubble problem”, further optimization of the membrane and its
inner surface are necessary. A first step is to change the membrane design to reduce the
bulging and a variation of the flow speed to increase the possibility to remove the
bubble. Other possible solutions could be to change the pressure in the cell to reduce
bubbles or to include a flow-barrier into the liquid channel to make an artificial swirl
behind the membrane.

5.1 The Smallest Amino Acid: Glycine

The simplest of all amino acids — glycine — has an R group consisting of a
single hydrogen atom. Glycine has the function of a neurotransmitter and is a building
block of structural proteins, as in, e.g., fibroin, collagen, a-keratins, and tropomyosin
[Nyb00].

Figure 5.4 shows the chemical structure of glycine in its neutral state, as a
zwitterion, as an anion (“deprotonated”), and as a cation (“protonated”). Furthermore,
the pK, values (pKy, =9.77 and pK oy = 2.35) and the pKis (6.06) value are given.
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Figure 5.4: Top: neutral and zwitterionic state of glycine. Bottom: possible protonated states of glycine.
On the left side the anion with the protonated carboxyl fraction (called: deprotonated state)
is shown and on the right side the cation with the protonated amine fraction (called
protonated state).
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In literature [Nel00], the anion is known as the deprotonated amine fraction (pK, )

and the cation as the protonated carboxyl fraction (pK .,y )- In this thesis - for

simplicity - the anion is referred to as the deprotonated state and the cation as the
protonated state.

For the experiments presented in the following, an aqueous solution with half of
the saturation concentration of glycine was used (12.5 g/ 100 ml). The pH-values were
regulated with sodium hydroxide. The pH-value for the zwitterionic state was set to
6.14 = 0.05 (short pH 6; the isoelectric point is at 6.06) with a pH-meter. For the
deprotonated state the pH-value was 12.61 + 0.05 (short pH 12). A value high above
the pKyy, value was chosen to ensure that indeed all amine groups are deprotonated.

For the glycine studies the main focus was on the nitrogen K edge. Glycine
molecules possess only one nitrogen atom. Thus every change around this nitrogen
atom, like the deprotonation of the amine fractional group, should be visible in the N K
x-ray spectra. Low pH-values, which would be needed to generate the protonated state,
were not possible to achieve with the current set-up. To measure below the
PK coon Value would cause a high risk of corrosion of the stainless steel walls of

various parts of the liquid cell design. Note that, at the nitrogen edge, it is expected that
the spectra of the zwitterionic state and the protonated state are very similar due to the
very similar environment of the N atom. This is also true for the oxygen and carbon K
edges when comparing the zwitterionic state and the deprotonated state, as will be
shown later in this chapter.

5.1.1 The Nitrogen K Edge Absorption - a Comparison between Solid State,
Solution, and Gas Phase

For solid state and gaseous glycine the unoccupied states have been studied
quite in detail [Ple07, Gor03, Zub04, Has98, Zub05, Zub06, Boe97,Kaz02, Zub04 3,
Cop04, Wil09]. Therefore, for the investigation of this amino acid, the absorption
spectra are a good starting point.

The comparison of gaseous, aqueous, and solid state glycine N K-edge
absorption spectra for a pH-value of approximately 6 is shown in Figure 5.5. The
absorption spectrum of the powder sample was measured with total electron yield
(TEY) and the aqueous solution with partial fluorescence yield (PFY). Both spectra
look similar in shape. This leads to the conclusion of a weak influence of the water
molecules on the spectral signature of the N K-edge XAS spectra (which are very
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Figure 5.5: N K XAS of gas phase glycine Figure 5.6: N K XAS of gaseous glycine (red)
(red) [Gor03], a glycine aqueous [Gor03], aqueous glycine pH 12
solution with pH 6 (blue), and a (blue), and Na'Gly powder
glycine powder sample (black). sample (black) [Zub06].

The gas phase is measured with
inner-shell electron energy-loss
spectroscopy, the solution with
partial fluorescence yield, and the
powder sample with total electron
yield.

broad). In contrast, the gas phase inner-shell electron energy-loss spectroscopy
(ISEELS) spectrum shows two main differences with respect to the solution and the
solid spectra [Gor03]. First, a clear red shift of the main peak is visible and, second,
two pre-edge features at 401.3 eV and 402.5 eV emerge. It should be noted that in gas
phase the amino acid does not form a zwitterion and thus possesses an NH, amine
group, while glycine molecules in the solid and the solution both have a protonated
amine group NH;' and therefore a different local structure probed in the N K-edge
XAS spectra [Gor03]. The gas phase spectrum should therefore rather be compared
with that of a solution at pH 12. As shown in Figure 5.6, they are indeed very similar,
supporting this argumentation.

Regarding the red shift observed in Figs. 5.5 and 5.6 (i.e., powder and pH 6
solution vs. gas phase and pH 12 solution), we speculate that it is due to the change of
the large charge near the probed N atoms. Fig. 5.6 also shows, as a reference, a
spectrum of Na'Gly” powder [Zub06]. The Na'Gly powder sample should more
closely resemble that of the pH 12 solution, but it is a commercially bought sample and
the composition is not well known, i.e., it is not certain the sample contains only
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deprotonated amine fractional groups. Furthermore, the here-studied Na'Gly powder is
an ionic solid, which is not identical to a deprotonated solute molecule in a solution.
Thus, it is not surprising that the spectrum differs from that of the pH 12 solution and
of the gas (as well as from the zwitterionic powder sample).

The two pre-edge features in the gas and pH 12 glycine spectra can be assigned
to nitrogen 1s > o transitions and are representative for the deprotonated amine
fractional group [Gor03, Mes05]. Note that the here-presented liquid absorption
spectra are consistent in shape, energy position, and intensity with the liquid absorption
spectra previously published in literature [Mes05]. Since there is a clear difference in
the absorption spectra between the protonated and deprotonated amine fractional group
the next step is to investigate the non-resonant emission spectra to shed further light on
the electronic structure of the glycine solute and the impact of the solvent environment.

5.1.2 The Nitrogen K Edge Emission of Glycine — Impact of Different pH-Values

The differences between the zwitterionic and the deprotonated state should also
induce significant changes in the non-resonant x-ray emission spectra of glycine. To
understand and interpret the emission spectra correctly (in this section the N K edge
spectra), proton dynamics during the core-hole lifetime and therewith the possibility of
hydrogen dissociation on the femtosecond timescale have to be taken into account, as
in the case of water [Fuc08].
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Figure 5.8: Bottom: B3LYP calculated positions and intensities of the molecular orbitals for the pH 12
solution. Green spectrum: calculated spectrum broadened by a Gaussian (FWHM 0.4 eV).
Blue peaks: broadened by a Gaussian and different Lorentzians. The pictures above show
the most prominent orbital corresponding to each group of orbitals. Red spectrum: sum of
the calculated blue peaks. Black spectrum: non-res. N K XES of glycine pH12 (Egy.= 420
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In Figure 5.7, the non-resonant XES spectra of two different glycine solutions,
pH-values of 6 and 12, are shown. The spectra are extracted from the N K RIXS maps
at an excitation energy of 420 eV. As can be seen, the spectra are very different.

Density functional theory (DFT) calculations can reveal the orbitals of the
molecule and their energies in respect to each other. Therefore, Michael Odelius
(Fysikum, Stockholm University, Sweden) performed DFT calculations by using the
StoBe-deMon code [Her02] on the level of gradient-corrected exchange and
correlation functionals [Per86, Bec88]. All atoms were described with double-zeta
valence basis sets including polarization functions [God92], except for the core-excited
atom, which is described using a flexible IGLO basis set [Kut90]. The calculations for
a single deprotonated (pH12) glycine molecule surrounded by water molecules, i.e., in
solution, showed the occupied molecular orbitals, which can refill the N1s core-hole.
In order to display the calculation on a common energy scale with the experimental
data, a constant offset was added to the energy position of the orbitals, such that the
highest calculated orbital fits the position of the corresponding experimental peak at
395.8 eV. The occupied orbitals are shown in forms of lines at the bottom of Figure 5.8
and the solid curve above the lines represents the spectrum of the occupied orbitals
after including the experimental broadening by convolving every single orbital with a
Gaussian with a full width at half maximum (FWHM) of 0.4 eV. To also include the
lifetime broadening, the calculated spectrum was convoluted with suitable Lorentzian
functions to account for lifetime, vibrational and other broadenings. The Loretzian
width varies between 0.7 eV (highest energetic peak) and 2.5 eV (lowest energetic
peak). Assuming, that the lifetime broadening is dominant this can be understood as
follows. The lifetime broadening includes not only the lifetime of the N1s core-hole
which would be equal for all peaks but also of the respective valence-hole. To refill a
valence-hole the dominating electronic decay process is an Auger process and
therefore, the energy gain when refilling the valence hole from a state of higher energy
must be high enough to excite the another electron into an unoccupied state. The lower
the state the higher is the possibility for a refill and the shorter is the lifetime of the
valence-hole. A shorter lifetime of the valence-hole then leads to a larger lifetime
broadening. This was also observed for CdS [Wei07]. In Figure 5.8 the peaks for
different lifetime broadenings are shown (blue) as well as their sum (red). For the
single peaks the molecular orbitals were sorted into groups. For each group of orbitals
the one with the strongest spectral intensity is also shown in Figure 5.8. These orbitals
can be seen enlarged in the appendix of this thesis.

The intensity variation between the different orbitals is a result of the
corresponding dipole matrix elements (equation 2.3) and depends on their symmetry,
shape, and overlap with the nitrogen s orbital. E.g., the highest occupied molecular
orbital (HOMO, green line) at 395.8 eV has a p-type character with a knot-plane at the
N atom. The orbital is mainly localized at the nitrogen atom, which leads to the
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Figure 5.9: Bottom: B3LYP calculated positions and intensities of the molecular orbitals for the pH 6
solution. Green spectrum: broadened by a Gaussian (FWHM 0.4 eV). Blue peaks:
broadened by a Gaussian and different Lorentzians. The pictures above show the most
prominent orbital corresponding to each group of orbitals. Red spectrum: sum of the
calculated blue peaks. Black spectrum: non-res. N K XES of glycine pH12 (Egy.= 420 eV).
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intensity in the spectrum (please note, the molecule belongs to the Cg group). For the
next orbital shown (lower energy, orange line) the orbital has also a p-character but is
more delocalized and therefore, the intensity is lower. The molecular orbitals which
have only a minimal contribution to the spectrum are mostly orbitals with s-type
symmetry. Furthermore, Figure 5.8 shows the experimental data (top spectrum) for the
pH 12 solution. The calculated spectrum is in very good agreement with the
experiment. The main difference is the missing intensity on the low energy side of the
HOMO peak (around 394 eV) and between 385 eV and 387 eV. This can be attributed
to the fact that the calculation is an electronic ground state calculation which does not
include proton dynamics and final-state effects. Further calculations are needed to
verify this model.

For the zwitterionic state (pH 6) the same calculations were performed. The
result is shown in Figure 5.9. Again the single lines represent the calculated molecular
orbitals and the spectrum above represents the convolution with a Gaussian function
(FWHM = 0.4 eV). The lifetime broadenings were chosen the following way: same
molecular orbitals at pH 6 have the same broadening width as for pH 12 and for the
molecular orbitals which had no contribution to the pH 12 spectrum the widths were
chosen similar. Thus the lifetime broadening varies between 1 eV and 2.5 eV. The
different lifetime broadened peaks as well as the sum and the corresponding prominent
orbitals are also shown in Figure 5.9 (enlarged in the appendix). Even without
convoluting the lifetime broadening it is apparent that the calculation looks quite
different to the experimental data (top spectrum). The experimental spectrum has the
highest intensity for the high energy peak at 395.1 eV which is very weak in the
calculated spectrum. Good agreement is achieved at the low energy side of the
spectrum (approximately 5 eV lower at 389.7 eV). First preliminary dynamical
calculations made by M. Odelius indicate that the non-resonant XES spectrum of the
pH 6 solution is very strongly influenced by proton dynamics involving a rapid N-H
bond elongation. l.e., during the lifetime of the core-hole a proton of the protonated
amine group (NH;") moves away from the molecule. Ultimately this dissociation
process results in an amine group similar to the one at higher pH value (NH,). In first
approximation, the experimental spectrum can then be described by a (weighted) sum
of the dissociated spectrum, i.e., with NH, group, and the undissociated spectrum, i.e.,
with NH;" group (similar to the case of water see chapter 5 and [Fuc08]). This model
can indeed explain the dominant high energy peak for the experimental data which is
prominent for glycine at high pH. This is illustrated in Figure 5.10 where the calculated
spectra of pH6 and pH 12 were added (with weighting factors of 1 for the spectrum at
pH 6 and 1.2 for the spectrum at pH 12) and compared with the experimental spectrum
of the zwitterion. As can be seen, the sum is in agreement with the dominant peaks at
389.7 eV and 395.1 eV. However, it shows a much lower intensity between 392 eV to
394 eV. This might be due to the rather simple model but also (speculatively) point to a
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Figure 5.10: Comparison of the non-res. N K XES spectrum (pH 6) with the calculated pH 6 spectrum
(incl. proton dynamics) and the sum (pH 6+1.2* pH 12) of the calculated spectra for pH 6
and pH 12.

third component (NH"). Figure 5.10 also shows the first calculated emission spectrum
of a glycine pH 6 solution including dynamical effects. The calculation includes the
experimental broadening and the lifetime broadening of the core-hole but no additional
broadenings. The calculation still looks different as compared to the experiment but
clearly points out the evidence of proton dynamics.

5.1.3 The Nitrogen K RIXS Map of the pH 6 Solution

The left side of Figure 5.11 shows 12 resonant XES spectra of the glycine solution
with a pH-value of 6. Excitation energies vary from 404.7 eV (bottom spectrum) up to
411.6 eV (top spectrum) which is also indicated by the elastically scattered peak at the
respective photon energies. The shown spectra represent horizontal cuts through the
map. The only visible difference in the spectra is a decrease of the intensity of the peak
at an emission energy of 395 eV for the spectrum excited with a photon energy of
404.7 eV. The dissociation of the amine group which was described in the section
above, in form of the high energy peak is noticeable in every spectrum. The N K RIXS
map corresponding to the single spectra on the left can be seen in the middle of Figure
5.11. The inset on top of the map represents a non-resonant XES spectrum with an
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Figure 5.11: In the middle the N K RIXS map of the pH 6 solution is shown. On top of the map a non-
resonant XES spectrum (Eg,, = 420 eV) is shown. On the left side resonant spectra are
shown representing horizontal cuts through the map for excitation energies between 404.7
eV and 411.6 eV. The right side represents the different decay channel-selective partial
fluorescence yield XAS spectra for the regions chosen in the RIXS map (black lines).

excitation energy of 420 eV. The black vertical lines separate the energy regions for
the decay channel-selective partial fluorescence yield absorption spectra shown on the
right of Figure 5.11. In RIXS maps it can often be observed that resonantly enhanced
features use the fluorescence yield from other decay channels leading to intensity
variations with excitation energy for the different decay channels. The noise for the
area a is much higher than for the other areas because the represented occupied
molecular orbital has an s-character and is therefore weaker. All decay channel-
selective PFY XAS spectra in Figure 5.11 (right) look very similar.

5.1.4 A Glance at the Carbon K and the Oxygen K Edge of Glycine

When comparing different pH-values (pH 6 and pH 12) most changes are
expected at the nitrogen K edge. In comparison, the carbon K edge and the oxygen K
edge are expected to be much more similar for the two pH-values. Here, the structure
of COO  is the same for both cases and for the oxygen edge there should only be a
spectral change by switching to low pH-values at which the carboxyl group gets
protonated.
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Figure 5.12: C K XAS of glycine solutions for Figure 5.13: O K edge of the glycine pH 6

pH 6 (black) and pH 12 (red). solution. The spectrum looks
The blue spectrum was taken similar to a spectrum of H,O
from literature [Mes05] and since the water molecules are
reveals the typically XAS dominant at the O K edge.

spectrum for glycine at the C K
edge with the sharp Cls 2> 7
transition.

The Carbon K edge of Glycine

The carbon K edge for pH 6 and pH 12 was measured with XAS and the result
is presented in Figure 5.12. The spectral features in the spectra of the different pH-
values (red and black line) are similar but are quite different to the spectrum found in
literature [Mes05]. The strong resonance at 288.6 eV can be assigned to the C 1s =
Tc—o  transition [Mes05], which is supported by different calculations and previous
measurements of solid and gaseous glycine. The broad resonances at higher energies
are due to transitions to a variety of different o states [Mes05]. At approximately 290
eV a feature is formed by transitions on the amine carbon whereas, all other features at
higher excitation energies have significant contribution from the carboxyl carbon as
well as from the amine carbon [Gor03, Mes05].

The resonance at 288.6 eV is present in the pH 6 and pH 12
measurements presented here but very weak (dotted line). The experimental data also
shows features which are not visible in spectrum taken from literature. This might
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(again) be a hint for a gas bubble behind the window membrane. However, this could
be excluded by checking the spectral region of the oxygen edge which is measured
with the new VLS spectrometer in parallel to the carbon edge. A gas bubble behind the
window membrane is usually indicated by the missing of the splitting of the 1b; orbital
(high energetic peak in the water XES spectrum) which is the most characteristic
feature of the spectrum of liquid water. As can be seen in Figure 5.13 the oxygen edge
of the carbon spectrum shows similar features than a typical liquid water spectrum with
the molecular orbitals 1b,, 3a, and the splitted 1b; [Fuc08, Wei09, Ode09, Ode09 2]
but the splitting is not as clear due to possible deposits on the window membrane.

These deposits would be another possible explanation. In this case, the carbon
signal of the solution might still be visible but the spectrum would be dominated by the
“dirt” background spectrum. The deposit could be on the vacuum side of the window
membrane and might be result of contamination over time of storage or more likely be
from a layer of organic material deposited on the liquid side of the window membrane.
For the latter the XAS and XES spectra are expected to be similar to amorphous carbon
due to the extended exposure to x-rays which is true for the XES spectra shown in
Figure 5.14 [Abr08]. In future experiments care has to be taken to avoid contributions
from any deposits on the window membrane. This can be done by control
measurements with pure water before and after the actual measurement. For pure water
there should be no signal at the carbon edge.

Due to the strong amorphous carbon like contributions in the spectra it is
impossible to shed light on the electronic structure of the carbon edge of glycine. In the
carbon XES spectra one would expected to be able to distinguish between the amine
carbon and the carboxyl carbon during by resonant excitation of the respective
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Figure 5.15: Non-resonant O K XES spectra of Figure 5.16: Comparison of O K XAS spectra of
glycine solution with pH 6 and pH glycine solution pH 6 and of liquid
12 (E=549.9 V). water. The glycine spectrum shows

an additional feature at 532.8 eV.

N 1s levels. Indeed, XPS spectra [Wu87, Boz94] show a splitting between these core
levels of 2 eV.

The Oxygen K Edge

Glycine has the highest solubility for HO (24.99 g in 100 g solvent) while e.g. for
hexane the solubility is only 1.21x10° g/ 100 g [Fen75]. Therefore, water is the
solvent of choice which complicates the interpretation of the oxygen K edge because
the measured spectrum is always a sum of the spectra of the solvent and of the solute.

As can be seen in Figure 5.15, water is the dominant contribution in the
absorption spectra which exhibits the typical pre-edge of water at ~ 535 eV
[Fuc08 PRL, Cav05, Ode05]. In the pH 6 solution an additional feature at 532.8 eV
(pre-pre-edge) can be found which was also observed for gas phase and solid state
glycine at the oxygen edge [Gor03, Mes05]. The pre-pre-edge can be assigned to the
Ols = mc—o transition [Mes05]. Since glycine is expected to have the same local
environment for pH 6 and pH 12 at the carboxyl group (COO") the XAS spectrum of
the pH 12 solution is supposed to reveal the same pre-pre-edge as for the pH 6
solution.
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Figure 5.17: O K edge RIXS map of a glycine solution at a pH value of 6. The top panel shows the non-
resonant emission spectrum (Eg,=549.9 eV) and the panel on the right the PFY absorption
spectrum. The area circled in the map shows the glycine specific emission features. Right:
resonant O K XES spectrum (Eg,=532.8 eV) of the same solution. The corresponding
molecular orbitals are shown above the emission peaks.

The non-resonant XES spectra are also dominated by the solvent (Figure 5.16).
For the pH 6 solution the spectrum shows the occupied molecular orbitals of water
with the typical splitting of the 1b; peak. Figure 5.16 also shows the non-resonant XES
spectrum of the pH 12 solution. Since the pH-value was reached by adding NaOH to
the zwitterionic glycine solution, the XES spectrum of pH 12 looks very similar to a
non-resonant NaOH spectrum with high concentration (see chapter 4).

The O K RIXS map of a glycine solution with a pH value of 6 is shown in
Figure 5.17. The non-resonant emission spectrum on top of the map is the one shown
in Figure 5.16, the absorption spectrum (on the right hand side in Fig. 5.17) was
presented in Figure 5.15. When exciting into the pre-pre-edge and thus into the Ols =
Te—o transition below the water absorption onset (~ 534 eV) the emission spectra can
exclusively be attributed to the oxygen atoms of the glycine molecule. The
corresponding region is marked in the map. A resonant XES spectrum at an excitation
energy of 532.8 eV is shown in Figure 5.18 (top). Furthermore, in Figure 5.18
calculations at the O K edge of glycine with pH 6 are presented. At the bottom the
occupied molecular orbitals are shown and the solid green line above represents the
spectrum of the occupied orbitals after including the experimental broadening by
convolving with a Gaussian (FWHM = 0.4 eV). Broadenings due to valence hole
lifetime and other effects (e.g. vibrations) were described by a Lorentzian (assuming
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Figure 5.18: Bottom: DFT calculated positions and intensities of the molecular orbitals for the pH 6
solution. Green spectrum: broadened by a Gaussian (FWHM 0.4 ¢V). Blue peaks:
broadened by a Gaussian and different Lorentzians. The pictures above show the most
prominent orbital corresponding to each group of orbitals. Red spectrum: sum of the
calculated blue peaks. Black spectrum: res. O K XES of glycine pH6 (Egy. = 532.8 V).
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that the valence hole lifetime is the dominating effect). Their widths vary between 0.1
eV for the highest energetic peak and 0.7 eV for the lowest energetic peak.

The calculated wave functions of the four orbitals leading to the strongest
spectral intensity are also shown in Figure 5.18 (enlarged shown in the appendix). The
two molecular orbitals with the highest emission energies (526.5 eV and 525.5 eV) are
the oxygen lone-pair orbitals which have a strong p-type character. For the orbital at
526.5 eV the knot-plane of the orbital is lying in the symmetry-plane of the molecule.
The knot-plane of orbital corresponding to the peak at 525.5 eV is turned by 90° and
thus perpendicular to the symmetry-plane. The molecular orbitals at 522.7 eV and
522.2 eV are oc.o bonding states with a small wave function amplitude around the O 1s
orbital and thus the intensities of the peaks corresponding to these orbitals are weaker.

The main difference between calculated and experimental spectrum is the
energy distance between the two high energy lines which is much smaller in the
calculated spectrum. Two possible reasons for this discrepancy are: First, the
calculation is again only a ground-state calculation and thus dynamical effects and
final-state effects are not taken into account. Second, the experimental spectrum is a
resonant emission spectrum (the non-resonant spectra are dominated by the water
signal) while the calculated spectra are for non-resonant excitation. In the resonant
XES spectra different additional effects can influence the spectra, e.g., contributions
from the Raman-regime of the solvent and energy shifts in the resonant region.

5.1.5 Summary

In this section XES and XAS spectra of glycine solutions at the three relevant
edges were presented. It is the first time resonant XES data of this molecule is
available and with the help of the novel instrumentation presented in chapter 3 (namely
the high-resolution, high-transmission x-ray spectrometer and the new liquid flow-
through cell) it was possible to measure complete RIXS maps.

By varying the pH-value of the solution, the influence of the deprotonation of
the amine group on the spectra was observed in the XES and XAS spectra at the
nitrogen edge. Furthermore, the spectra were discussed in detail together with DFT
calculations. It can be found that the XES spectra of the pH 12 solution are in very
good agreement with the calculations not taking dynamic effects into account whereas
for the pH 6 solution pronounced differences between this type of calculation and the
experiment were found. First preliminary calculations taking dynamic effects into
account showed that at pH 6 proton dynamics play a prominent role and the spectrum
can be seen as a combination between dissociated amine groups (pH 12) and
undissociated amine groups (pH6).
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The carbon edge spectra are dominated by deposits on the window. For the
deposits a similarity to amorphous carbon could be found. For this edge further
investigations are needed.

At the oxygen edge the XES as well as the XAS spectra are dominated by the
used solvent for excitation energies above the respective absorption edge of the
solvent. The absorption spectra show a glycine specific pre-pre-edge feature. By
exciting into this “pre-pre-edge”, the resonant XES spectra reveal the occupied orbitals
for glycine. With the help of DFT ground-state calculations an assignment of the
spectral lines to molecular orbitals is possible.

5.2 An Amino Acid with Two Amine Groups: Lysine

Lysine is one of the essential amino acids. Together with histidine and arginine,
it is one of the base-amino acids which means that it possesses an alkaline group that is
protonated in the neutral state. Compared to glycine that has a hydrogen atom as R-
group, lysine has an n-buythamine side chain which is a stronger base than the a-amine
group. With the a-amine group and the n-buythamine side chain lysine thus consists of
two amine fractional groups.

Figure 5.19 shows the chemical structure of lysine in the zwitterionic state, with
two deprotonated amine groups and with two protonated amine groups. Finally, lysine
is also shown as cation with all fractional groups (including the carboxyl group)
protonated. Furthermore, the pK, and pKjs values are given. For lysine there are not
only pKyy, and pK,oy values but as well a value for the side chain ( pK ,, ).

As for glycine (at pH 6), a half-saturated aqueous solution (15 g / 100 ml) of
lysine was used for the measurements. Since lysine is a base in aqueous solution the
pH-values were not only regulated with sodium hydroxide but also with hydrochloric
acid to achieve the lower pH-values. The pH-value for the zwitterionic state was set to
9.59 (short pH 9; the isoelectric point is at a pH of 9.74). For the double-deprotonated
state the pH-value was 13.28 (short pH 13), and the double-protonated state was set to
a pH-value of 5.15 (short pH 5). The focus of the lysine studies was on the nitrogen
edge, and thus on the pH-induced local changes of both amine fractional groups. Note,
that at a pH of 9 the deprotonation and thus the zwitterionic state is not accomplished
at the a-amine group but at the side chain amine group.

Lysine also shows the tendency to hold gas bubbles right behind the window
membrane (see discussion above). Therefore, the maps are partly (especially before the
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Figure 5.19: Top left: neutral and zwitterionic state of lysine. Top right: double-deprotonated state of
lysine. Bottom left: double-protonated state of lysine. Bottom right: triple-protonated state
(carboxyl group is protonated).
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Figure 5.20: Non-resonant N K XES spectra of Figure 5.21: Differences of the spectra in

three lysine solutions with different Figure 5.20. The double-
pH concentrations (pH 5, pH 9, and deprotonated state (pH 13) was
pH 13) and glycine with pH-value 6 subtracted from the other states
and pH-value 12. with similar weight factors.

absorption onset and at the absorption edge) disturbed by spectral features of the air in
the bubbles (mainly N, and O, gas). As a result only the non-resonant N K edge
emission spectra are presented in the following. These spectra were verified with the
oxygen signal appearing in the same energy window of the spectrometer. Since the
oxygen signal reveals the typical emission lines of liquid water the N K edge spectra
are real solution spectra.

The Nitrogen K Edge — a Comparison of Different pH-Values

Messer et al. [Mes05_2] found that the XAS spectrum of lysine in the liquid
zwitterionic state can be explained as a mixture of the protonated and deprotonated
XAS spectra of glycine. At pH 10, the XAS spectrum of lysine shows the two pre-edge
features representing the NH, fraction and the broad resonance at approximately 406
eV for the NH;'. This assignment is based on the fact that in the zwitterionic state a
deprotonated amine group exists in addition to the protonated amine group. This result
leads to the speculation that the absorption spectra are dominated by the “fingerprints”
of the NH, and NH;" fractions. Thus a XAS spectrum of a lysine solution at pH 5 at
which both amine groups are protonated, should look similar to those of a glycine
solution at pH 6 for which the amine group is also protonated. The spectra of lysine at
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pH 13 at which both amine groups are deprotonated should look similar to the XAS
spectra of glycine at pH 12.

In Figure 5.20, non-resonant XES spectra of lysine solutions with the three
different pH-values are presented together with the two different pH-values of glycine
for comparison. All three spectra of lysine are dominated by a sharp peak at ~ 395 eV
and a broad shoulder between 385 eV to 393 eV. The main difference between the
different pH-values is the ratio between these two features: The lower the pH-value,
the higher is the spectral weight of the broad shoulder between 385 eV and 393 eV.
Since the lysine solution with pH 13 consists of two deprotonated amine groups, the
feature at 395 eV most likely can be associated with the deprotonated state (similar to
glycine). As in the case of glycine the weight of this peak decreases with decreasing
pH-value. In Figure 5.21 the differences of the spectra shown in Figure 5.20 are
presented. Here the pH 13 spectrum was subtracted from the pH 9 and the pH 5
spectrum with similar weight factors (1*pH 9 — 0.9*pH 13 and 1*pHS — 0.89*pH 13).
The weight factors were chosen so that the difference spectrum was never negative.
The differences show the increase of the low energy area as a function of pH-value.
Based on the differences between the spectra at different pH-values and the results on
glycine discussed above, the spectra can now be qualitatively explained as follows.
The peak at 395 eV is mainly related (and thus indicative) to deprotonated amine
groups (NH,), while it is weaker for protonated amine groups (NH3"). However, due to
proton dynamics during the core-hole lifetime as it was observed for glycine it is
expected that the peak at 395 eV is still visible even for protonated amine groups.
Thus, the experimental spectrum at the lowest pH is the sum of the dissociated amine
groups (NH;) and the undissociated NH;" groups. The larger broadening width of the
lysine spectra peaks in comparison to the glycine peaks (see Figure 5.20) might be due
to the two amine groups with a slightly different chemical environment.

The findings above lead to the following picture: Deprotonated amine groups
have a characteristic emission feature at approx. 395 eV. This feature is also visible for
emission spectra with no deprotonated amine groups because of ultra-fast dissociation
processes. Between 385 eV and 393 eV the emission spectra are dominated by the
protonated (NH;") amine groups. The higher the intensity in this area the more
protonated amine groups are in the solution. Thus XES is a good tool to indicate the
different amine groups in an amino acid. Provided that for one amino acid the spectra
with all amine groups protonated and with all amine groups deprotonated are available,
it is possible to determine the relative fraction of protonated/deprotonated amine
groups for different pH-values by describing the emission spectrum as a superposition
of the spectra of the two “extreme” cases.

Furthermore, it will be interesting, whether it will be possible to distinguish
between the two different amino group nitrogen atoms in future resonant XES
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investigations. Especially in the zwitterionic state, they have a different local
environment and should be separable in the spectra. In XPS measurements the splitting
of these core-levels was found to be 2 eV in a solid state sample [Boz94]. For pH 13
and pH 5 this separation is expected to be much smaller because the amine groups have
the same structure. Furthermore, the RIXS maps at the oxygen K edge might give
additional experimental input. Finally, calculations might shed more light on the
influence of proton dynamics on the spectra of lysine and allow a more quantitative
evaluation.

5.3 Summary and Outlook

In this chapter the focus of the investigations was on the electronic and chemical
properties of two different amino acids. Glycine is the simplest amino acid and
contains only one amine group while lysine has two amine groups. In the neutral state
amino acids function as a base and acid at the same time. Thus they are called
zwitterions and are very sensitive to pH changes. The pH-dependency of amino acid
solutions was demonstrated for the nitrogen K edge XAS and XES spectra. By
changing the pH-value the local environment at the nitrogen atom changes (NH, <
NH;3"), which has a direct influence on the spectra. Furthermore, for lower pH-values
(protonated amine groups) the XES spectra are influenced by strong proton dynamics.

During the core-hole lifetime a proton of the protonated amine group
dissociates from the molecule and the remaining amine group has the structure of the
deprotonated group. First DFT calculations confirm this dissociation model of amino
acids. Qualitatively the high energy peak in the N K XES spectra can be attributed to
the deprotonated amine group and the low energy area to the protonated amine group.
As the comparison between glycine and lysine shows, the exact shape of the spectra
depends on the chemical environment of the amine groups.

The oxygen K RIXS maps are dominated by the signal from the solvent (H,O
and aqueous NaOH solution). Still, the XAS spectra show a pre-pre-edge feature 532.8
eV which can exclusively be related with the amino acid oxygen atoms. By exciting
into this unoccupied state of glycine the O K RIXS map reveals the occupied orbitals
of glycine with high wave function amplitude around the O 1s core-levels. First DFT
calculations are in good agreement with the experimental data and show that the two
high energetic peaks can be seen as the oxygen lone-pair orbitals lying parallel and
perpendicular to the symmetry-plane of the glycine molecule. The peaks at lower
energy can be described as 6¢.o bonding states.
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For future measurements it is very important to take special care of the bubble
problem discussed above. With this problem solved a complete set of RIXS maps at all
relevant edges will give the full electronic information of the respective amino acid.
Further DFT calculations (at all edges) will help to understand the spectra and reveal
proton dynamical effects. The parameter window should also be extended to low pH-
values to investigate the protonation change at the oxygen edge and to complete the
picture at the nitrogen edge. With the new silicon-free membranes described in chapter
3 amino acids with sulfur groups (e.g., cysteine) can now be part of the investigantions.

On step ahead of the amino acids is the investigation of peptides and proteins.
They consist of different amino acids and are named depending on the number of
amino acids in the molecule (< 100 amino acids: peptide and > 100 amino acids:
protein). The smallest peptide diglycine is a good starting point for the investigations.
Diglycine is a combination of two glycine molecules where a water molecule is
removed at the peptide bond. Fist XAS measurements show an enormous change in the
N K spectra in comparison to a single glycine molecule (see Figure 5.22). Further
measurements of diglycine, especially the RIXS map are expected to give detailed
information about the peptide/protein bonds and their influence on the electronic and
chemical properties of peptides/proteins.
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CHAPTER VI
Simple Alcohols and Acids

ln this chapter the focus is on measurements of the simplest alcohol (methanol) and

the simplest carboxylic acid (acidic acid). Both liquids play a role in our daily life and
are also part of biological processes.

6.1 Methanol

Methanol is the simplest alcohol and can be synthesized from the simplest
alkane methane by replacing one hydrogen by a hydroxide group. The chemical
structure of methanol is shown in Figure 6.1. The properties of methanol are important
for different technical applications. At room temperature, methanol is a polar liquid
and due to its low freezing point (-97°C) it is often used as anti-freeze, e.g., in cars or
pipelines. In addition, it is a very common solvent. During the last decades it became
more and more important for the automotive industry and can be used as motor fuel or
as component of biodiesel.

While the geometry of liquid methanol was under debate the last 50 years
[Tau52, Pau67, Tor89, Hau87, Jor81, Han03, Mor(02, Pag03, Sar93, Mon81, Tan84]
little is known about its electronic properties. The structural discussion was about the

Methanol
H3C_OH

e

Jd v

Figure 6.1: Chemical structure of methanol.
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hydrogen bonding network in liquid methanol. Hereby two different scenarios were
suggested. In the first model it was proposed that the molecules build hydrogen bonded
one-dimensional chains [Tau52, Tor89]. In contrast, the second model proposed that
the molecules form cyclic (hydrogen-bonded) hexamer structures [Pau67]. In both
cases the molecules cluster and the hydrogen bond is formed at the hydroxide group. In
the case of a ring structure every hydrogen atom of the hydroxide group should be
involved to form the hydrogen bonds. In literature this discussion is supported by
theoretical [Tsu99, Hau87, Jor81, Han03, Mor02, Pag03] and experimental studies
[Sar93, Mon81, Tan84, Nar84, Mag82, Yam99]. Most experiments used neutron
diffraction or x-ray scattering. The application of XAS and XES to liquid samples gave
new input to the discussion about the microscopic structure of methanol [Guo03,
Kas05]. Based on their data and DFT calculations Guo et al. [Guo03, Kas05] proposed
a model containing a mixture of chain and ring structures.

For this thesis pure liquid methanol was used to measure RIXS maps of the C K
and the O K edge.

6.1.1 The O K Edge of Methanol

In Figure 6.2 the O K edge RIXS map of liquid methanol is shown. A non-
resonant emission spectrum at an excitation energy of 549.4 eV is shown on top of the
map. On the right side the partial (514.5 eV — 533 eV) fluorescence yield absorption
spectrum is presented.

The absorption spectrum reveals three weak features at 534.5 eV, 535.8 eV, and
537 eV (indicated by the black dotted horizontal lines). These peaks are in good
agreement with other experimental data of liquid methanol [Guo03, Kas05].
Furthermore, the peak positions agree with theoretical studies of gas phase methanol
[TamO8, Hu06, Hui91] where the first resonance at about 534 eV is assigned to the
Ols > GO_H* transition with some contributions of the p orbital at the C atom [Wil05].
The next two feature are assigned to the 3pa and the 6c.o resonances [Tam08]. In the
calculated spectra the peaks are present for the hydrogen bond ring configuration as
well as for the chains. For the rings all molecules are equivalent and thus the
absorption features are at the same photon energy for each molecule. For the chains the
local environment of each molecule is different which leads to shifted peak positions in
the absorption spectra for each molecule [TamO8]. Thus, the experimental spectra are a
mixture of the two components leading to the weak features observed. Furthermore,
saturation effects might be a reason for the weakness of the pre-edge features.
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Figure 6.2: O K edge RIXS map of liquid methanol. The top panel shows the non-resonant emission
spectrum (Eg,.=549.4 eV) and the panel on the right the PFY absorption spectrum. The
dotted horizontal and vertical lines represent the absorption and emission features.

The (non-resonant) x-ray emission spectrum at 549.4 eV on top of the RIXS
map in Figure 6.2 shows four main features, namely the 5a’, the 1a’> and 6a’ (which
appear as one line), the 7a’ and 2a’’ emission lines [Kas05]. Guo et al. and Kashtanov
et al. described the x-ray emission spectra as a superposition of ring and chain
components [Guo03, Kas05]. The high-resolution spectra in this thesis reveal a clear
splitting of the high energy feature (525.9 eV and 527.1 eV) which might be
interpreted as the different bonding species described in [Guo03, Kas05]. Hereby, the
high energetic component (527.1 eV) would represent the chain structure and the low
energetic (525.9 eV) the ring structure. The two other features at 523.2 eV and 520.8
eV would be a superposition of chain and ring structure. At an excitation energy of
534.5 eV (first resonance feature, marked with horizontal dotted line) the RIXS map
reveals only one peak which - following the model of Guo and Kashtanov - would
stand for the ring structure. The shift of the emission features between first and second
dotted horizontal line of the map can again be attributed to Raman effects.

The model of Guo et al. [Kas05] seems quite unlikely based on their own DFT
XES calculations of gas phase methanol. These calculations (Figure 6.3) reveal two
clearly separated peaks (in the spectra 525.9 eV and 527.1 eV) without any hydrogen-
bond interaction and are in very good agreement with our non-resonant XES spectrum
as can be seen in Figure 6.3. The model of Guo et al. is based on their calculation of a
very limited “liquid” system, i.e. an (isolated) chain and an (isolated) ring. These
calculations lead to only one (much broader) high-energy feature instead of the 7a’ and
2a’’ lines. For chains they find a different energy position of this feature as for rings
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which they identify with the two lines in the experimental spectra. While the data of
Guo et al. might be explained by these calculated spectra, our high resolutions spectra
are much better explained by their gas phase calculations. As will be shown below,
also our C K XES rather supports a simpler model in which the spectra can mainly be
explained by an interaction free system (gas phase) and the influence of hydrogen
bonding has to be searched in the finer details and based on more comprehensive
calculations.

6.1.2 The C K Edge of Methanol

The x-ray absorption spectrum of the carbon K edge of liquid methanol is
shown in Figure 6.4 as the right panel of the RIXS map. It is a partial fluorescence
yield spectrum (emission energies between 286.4 eV and 299.4 eV were integrated).
The spectrum reveals three main features; one at 287.8 eV, one at 289.1 eV, and the
third one at 290.1 eV (horizontal dotted lines). The absorption sepctrum presented here
is in good agreement with gas phase measurements of methanol [Tam08] as well as
measurements of liquid methanol [Kas05]. Hereby, the first absorption feature (287.8
eV) is assigned to a Cls = 6o transition and the second feature (289.1 eV) contains
a combination of Cls =2 GC_H* and Cls 2 3pa” resonances. The two features shift for
the ring structure with respect to the molecule [TamO08]. Furthermore, the absorption
spectrum of liquid methanol is dominated by saturation effects which weaken the
“contrast” in the spectrum.

The (non-resonant) x-ray emission spectrum (299.4 eV) of liquid methanol at
the C K edge is presented on top of the RIXS map in Figure 6.4. Where former
publications of Kashtanov et al. [Kas05] only showed a broad emission line at
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Figure 6.4: C K edge RIXS map of liquid methanol. The top panel shows the non-resonant emission
spectrum (Eg,=299.4 eV) and the panel on the right the PFY absorption spectrum. The
dotted horizontal and vertical lines represent the absorption and emission features.

approx. 276.5 eV with a shoulder at ~ 280 eV the high-resolution XES spectra in this
thesis reveal more details. Here, four main emission lines (5a’, 1a’> + 6a’, 7a’, and
2a’’) are clearly visible at emission energies of 274.1 eV, 276.2 eV, 278.7 eV, and
280.8 eV. These peaks are again in very good agreement with the gas phase
calculations presented in [Kas05] as can be seen in Figure 6.5 where calculation and
experiment are compared. The split peak at 276 eV in the calculation appears as one
broad line in the experiment (276.2 eV).

The C K XES and the O K XES calculations show the same molecular orbitals
(5a’, 1a”, 6a’, 7a’, and 2a’’) which can be seen in Figure 6.6 together with the
experimental spectra. In this graph, the O K and C K emission spectra are plotted on a
common energy scale by setting the energy of the 2a’’ orbital to a value of 0 eV. Both
spectra show the same orbitals, as expected but with different intensities. These
different intensities are a result of the localization of the orbital in the molecule. For
example the 2a’’ emission line dominates the O K spectrum but is much weaker in the
C K spectrum, i.e., the wavefunction of this orbital is more located around the oxygen
atom. In comparison, the wavefunctions of the 1a’> and 6a’ orbitals seem more located
at the carbon than at the oxygen. The wave functions of the 5a’ and the 7a’ seem to be
delocalized for both atoms. Note, that in the experimental spectrum the 7a’ line is
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much broader in the C K spectrum than in the O K spectrum and thus appears to be
weaker.

The RIXS map in Figure 6.4 shows a clear shift of the emission lines in the
excitation energy region from 286 eV to 290 eV. This can not alone be due to a
Raman-shift because the spectrum does not shift parallel to the elastic peak (see Figure
6.4). The map reveals even more effects, e.g., in the zoomed area shown in Figure 6.7.
This area represents the region at the absorption resonances and close to the elastically
scattered peak. As can be seen there are strong resonant features at the elastically
scattered peak and discrete losses over an excitation energy range of ~1.5 eV can be
found. The strong resonant feature at the elastically scattered peak represents a core
exciton. With a core exciton also a local change in the environment can be found and
thus other losses are favored. This is the reason why the losses in this map can only be
found in the extended area shown in Figure 6.7. Possible reasons for the losses could
be e.g. vibrational broadening or a change of the overall system due to ultra-fast
electron hopping. To verifiey the resons this map area as well as the whole RIXS map
will be subject of further investigations. Also DFT calculations for the liquid state will
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Figure 6.7: Extended area of the C K edge
RIXS map. Discrete losses of
the elastic peak are visible (see
text).
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be performed to shed light on the origins of the effects observed in the RIXS map.

6.2 Acetic Acid

Acetic acid is the simplest carboxylic acid where the hydroxide group of
methanol is replaced with a carboxylic group (CH3COOH). Its chemical structure is
shown in Figure 6.8. As an aqueous solution it is often simply called vinegar, since
acetic acid gives vinegar its characteristic smell. Pure acetic acid (also called: ice-
vinegar) has a freezing point below room temperature (16°C) and is a water-free acid
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Figure 6.8: Chemical structure of acetic acid. Figure 6.9: O K XAS spectra of pure acetic
acid, aqueous acetic acid and
pure water.
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Figure 6.10: O K edge RIXS map of pure liquid acetic acid. The top panel shows the non-resonant
emission spectrum (Eg,=549.8 eV) and the panel on the right the PFY absorption
spectrum. The horizontal lines represent the regions where it is possible to distinguish
between the two different chemical species of oxygen atoms.

but very hygroscopic. Acetic acid can be produced with methanol carbonylation, i.e.,
methanol reacts with carbon monoxide with the help of a catalyst. Furthermore, it is
produced in the human body as a result of alcohol oxidation.

In respect to the electronic structure for acetic acid — as for methanol — little is
known. A few studies of gas phase acetic acid with electron energy loss spectroscopy
[Duf08, Rob88, Urq02] and XPS [Bri9l, Bri91 2] were published. In the recent past
Tokushima et al. [Tok09] presented the first O K XES and XAS studies of liquid acetic
acid.

The O K and C K RIXS map measurements for this thesis were recorded with
nearly pure (99.7%) acetic acid. The aqueous acetic acid solution was reached by
mixing pure acetic acid with the same amount of ultra-pure water. In the following the
first is called “pure acetic acid” and the second “aqueous acetic acid”.
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Figure 6.11: O K edge RIXS map of aqueous acetic acid. The top panel shows the non-resonant
emission spectrum (Eg=549.8 eV) and the panel on the right the PFY absorption
spectrum. The horizontal lines represent the regions where it is possible to distinguish
between the two different chemical species of oxygen atoms.

6.2.1 The O K Edge of Acetic Acid— a RIXS Map Study

Recently the first XAS and XES spectra at the oxygen K edge for liquid acetic
acid were published by Tokushima et al. [Tok09]. They revealed a strong excitation
energy dependence in the XES spectra through site-selective excitation of the two
oxygen atoms in the carboxyl group. Therefore, the absorption spectra are a good
starting point to find the energies locally exciting the different O atoms in the
molecule. In Figure 6.9 the O K XAS spectra of pure acetic acid, aqueous acetic acid,
and pure water are shown. The pure acetic acid spectrum shows two resonant features
at 532.3 eV and 534.5 eV. the spectrum of the aqueous acetic acid is very similar to the
one of pure acetic acid but the two resonances have both a small blue shift (for the first
resonance (532.3 eV): 0.1 eV and for the second resonance (534.5 ¢V): 0.4 eV). Due to
the comparison with gas phase acetic acid [Rob88, Duf08] as well as with liquids with
only the C=0 (acetone OC(CHs),) or the hydroxide (H,O) component Tokushima et al.
[Tok09] were able to assign the two resonant features to certain transitions and thus to
the two different oxygen atoms. The strong resonance at 532.3 eV represents the Ols
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> 7 transition at the C=0 component. The mentioned resonance is present in the
acetone absorption spectra but not in liquid water. The second resonance can be
assigned to the Ols = 7 transition of the hydroxide component but also to the Ols >
3p transition of the C=0 component. However, the contribution of the C=0 component
is negligible for the acetic acid spectra [Rob88, Tok09]. Furthermore, in Figure 6.8 the
influence of the water is visible for the aqueous acetic acid solution. This can be seen
by the shape of the aqueous acetic acid spectrum in the region of the pre-edge and
main edge of liquid water. Since the two resonances could be assigned to the two
different oxygen atoms it should be possible to distinguish the two chemical
components in the XES spectra by selective excitation into the pre-edges.

In Figure 6.10 the O K edge RIXS map of pure acetic acid is shown. As can be
seen, the map is separated into three different excitation energy regions corresponding
to the edges in the XAS spectrum. Hence, we can select a chemical site by tuning the
excitation energy. For region I (excitation energy from 529 eV to 533.7 eV) a very
narrow peak (FWHM 0.43 eV) at an emission energy of ~ 526.3 eV can be observed
(also see Figure 6.12) which can — together with the other emission features — be
assigned to the oxygen atom belonging to the C=0O component. The region II
(excitation energy from 533.7 eV to 535.7 eV) reveals a different emission spectrum in
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terms of peak separation, structure and width in respect to region 1. Hereby, a broader
peak at ~526.2 eV can be observed. Since this area is assigned to the oxygen atom of
the hydroxide group, the broadening of the peak might be explained by core-hole
induced dynamics and thus the probed site with the lighter mass atom shows larger
peak broadenings [Tok(09]. For excitation energies above 535.7 eV (region III) the
resulting spectra are a combination of both components. Measurements as well as DFT
calculations by Tokushima et al. [Tok09] are in very good agreement with the results
for pure acetic acid presented in this thesis.

The O K RIXS map of aqueous acetic acid is presented in Figure 6.11. In
comparison to the RIXS map of pure acetic acid the presence of the liquid water is
noticeable. In the non-resonant region the emission lines of water (1b,, 3a;, and 1by)
can be observed (see chapter 4) and in region II the influence of water broadens the
main peak which is related to the Og. atom in pure acidic acid. The XES spectra taken
with excitation energies in region I and II of pure acetic acid and aqueous acetic acid
are shown for comparison in Figure 6.12. For the spectra at an excitation energy of
532.3 eV (pre-pre-edge) the influence of the water in negligible because the excitation
is far below the water absorption onset (~534 eV). At this energy, the features can be
assigned to the oxygen atom of the C=O component (see above). In comparison the
XES spectra excited into the hydroxide component (Egx.= 534.5 eV) show a clear
water influence. The orbital structure of pure acetic acid is not observable anymore and
the spectrum is dominated by one main peak. This peak shows a similar structure as
the main peak in a water XES spectrum with the same excitation energy (also shown in
Figure 6.12). Thus it is a clear indication that at the Op.y atom an interaction between
the acetic acid and the water molecules take place.

6.2.2 The C K Edge of Acidic Acid

While for the O K edge of liquid acetic acid first XES and XAS measurements
were performed only gas phase XAS spectra are available for the carbon K edge
[Rob88, Duf08]. For the C K edge it is again possible to distinguish between two
chemical species of carbon atoms; one belonging to the methyl group (CH3) and the
other to the carboxyl group (COOH). In Figure 6.13 a gas phase spectrum of acetic
acid measured with inner-shell electron energy loss spectroscopy (ISEELS) [Rob88] is
shown together with an XAS spectrum of pure liquid acetic acid. The gas phase
absorption spectrum reveals a very dominant sharp resonance at 288.7 eV which can
be assigned to the Cls > 3p/cc_H* transition of the CH; component and the Cls - T
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transition of the C=0O component. At excitation energies below this resonance, a weak
feature can be observed at ~ 287.4 eV which exclusively belongs to the CHj
component. The gas phase spectrum above 290 eV is nearly flat and only two very
weak features can be seen at 290.56 eV and 291.64 eV [Duf08]. In comparison to the
gas phase spectrum, the liquid spectrum looks totally different as can be seen in Figure
6.12. But even with the totally different shape of the liquid XAS spectrum the two first
gas features can be seen in the liquid phase. Hereby, the feature at ~ 287.4 eV is much
more dominat in the liquid phase as in comparison to the gas phase. This might be due
to saturation effects of the fluorescence yield mode where the first feature would be
amplified in respect to the other features. Furthermore, weak depositions on the
membrane can lead to a change in the spectrum. A hint therefore, could be the feature
at ~ 285.5 eV in the liquid spectrum. A further explanation for the differences in the
spectra is the difference between single molecules (gas phase) and the hydrogen bond
network (liquid). Even so the hydrogen bonds take place at the oxygen and one would
expect that the carbon spectrum is not influenced by the hydrogen bond network. But it
seems that while building the hydrogen bonds also a change in the carbon environment
of the carboxyl carbon takes place and as a result the absorption spectrum reveals a
different structure. But to verify the influence of the hydrogen bond network on the
carbon atom two steps have to be made. First, with further measurements the saturation
effects and the depositions on the membrane have to be ruled out and second,
measurements, e.g., different alcohol solutions, are necessary as well as calculations
for liquid absorption spectra.
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Chapter VI — Simple Alcohols and Acids
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Since acetic acid contains two differently bound C atoms it might be possible to
observe the two chemically different species in the XES spectra in a similar way as for
the oxygen edge. In Figure 6.14 the non-resonant spectrum of acetic acid is shown in
comparison to the one of methanol. Some similar features in the spectra can be found.
In the simplest approximation, assuming that the CH3z group in methanol is similar to
the one in acetic acid and rather independent of the carboxylic group, the spectrum of
acetic acid can be understood as superposition of the separate spectra of the two C
atoms. Based on this assumption, the non-resonant methanol C K XES spectrum was
subtracted from the acetic acid non-resonant XES spectrum with a weight factor of
0.54 as can be seen in Figure 6.14. This difference spectrum represents the independent
COOH group. The subtraction has to be done because there is no chemical which
consists of only one carboxyle group and without a C-C bonding. For the difference
spectrum shown in Figure 6.15 the molecular orbitals of the carbon of the carboxyle
group should have the same or similar molecular orbitals than for the oxygen. In Figure
6.15 the difference spectrum was compared with both resonant oxygen spectra of
Figure 6.12. The orbitals are in good agreement for oxygen and carbon.

In further measurements it is planned to measure a RIXS map of gas phase
acetic acid to shed more light on the role of the hydrogen bonding environment.
Furthermore DFT calculation will also help to get a better understanding of the C K
edge of liquid acetic acid.
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6.3 Summary

In this chapter XES, XAS, and RIXS studies of the smallest alcohol (methanol)
and smallest acid (acetic acid) at the oxygen and the carbon edge were presented.

The methanol XES spectra for the carbon K edge as well as for the oxygen K
edge are in very good agreement with DFT calculations of gas phase methanol. This
suggests that previous explanations of the data [Guo03,Kas05], which explained the
spectra by a superposition of two different hydrogen bond configurations are unlikely.
The presented high-resolution spectra reveal for the first time a clearer structure at the
C K edge.

The acetic acid is a good example that x-ray spectroscopies are ideal tools to
distinguish between different chemical species of the same element. For the O K edge
the C=0 component and the hydroxide component can be separated in the XAS
spectrum and thus also in the XES spectra. The regions in the resonant excitation areas
belong to the C=0 or the hydroxide component and in the non-resonant region the
spectra are a superposition of both components. Furthermore, for the aqueous acetic
acid solution a clear influence of water environment was observed. In this thesis first
XAS and XES spectra for the C K edge are presented. The XAS spectra are very
different compared to the gas phase spectra. This might be due to hydrogen bond
network effects or saturation effects. For non-resonant XES, spectra of acetic acid and
methanol were subtracted with a certain weight factor (acetic acid — 0.54*methanol) to
reveal the emission spectra of the carboxyl component.

Both CH3 containing liquids, methanol and acetic acid, will be the basis of
further investigations and especially DFT calculations are needed for a more detailed
understanding. Then it might be possible to reveal, e.g., the role of the very sharp
feature in the O K edge spectra of acetic acid with a FWHM close to the experimental
resolution.

- 86 -



Summary

This thesis was dedicated to the studies of the electronic and chemical properties of

liquids and solutions using soft x-ray spectroscopies. The used photon-in-photon-out
methods namely x-ray absorption spectroscopy (XAS), x-ray emission spectroscopy
(XES), and resonant inelastic x-ray scattering (RIXS) appeared to be an excellent
choice for these studies.

In the framework of this thesis, the necessary experimental setup for using the
above mentioned experimental techniques on liquids was developed. Hereby, a new
flow-through liquid cell was introduced which simplifies the studies of liquids and
solutions. The cell design is very flexible and thus can be modified for gases and
liquid/solid interfaces. With this cell it is possible to study the samples under well-
controlled conditions (temperature and flow rate). The novel flow-through liquid cell is
part of the new SALSA synchrotron endstation including an electron analyzer and a
novel high-resolution, high-transmission soft x-ray spectrometer. The latter makes it
possible to measure two-dimensional RIXS maps in a very short time, which include
the full excitation and emission information in one plot.

Making use of the new instrumentation, a variety of different liquids and
solutions were investigated. As first system, aqueous solutions of sodium hydroxide
(NaOH) and sodium deuteroxide (NaOD) were investigated. In the XAS as well as in
the XES spectra a pronounced concentration dependence was found. At non-resonant
energies, the spectra are dominated by the solvent and thus look similar to water.
Making use of the pre-pre-edge in the absorption spectra which can exclusively be
attributed to OH" / OD" it was possible to extract the resonant emission spectra of the
ions which show an indication for proton dynamics during the core-hole lifetime. For
the solid state NaOH XES spectra it was possible to reveal a high energetic shoulder
and a low energetic shoulder at the high energy emission feature. These shoulders can
be assigned to self-dissociation processes where OH™ forms O* jons and H,O. The
study of NaOH was also of interest for the studies of the amino acids, which were in
the focus of the next part, since the pH-values of the respective solutions were
controlled by NaOH.

In the next part of this thesis, amino acid solutions were investigated. Amino
acids are the building blocks of peptides and proteins and thus important for life
science. The investigated representatives were glycine, the simplest amino acid, and
lysine, an amino acid with two amine groups. Both amino acids react on pH-value

-87 -



changes at the amine group where the local environment at the nitrogen atom changes
(NH, < NH;"). A strong change of the spectra induced by this
protonation/deprotonation could be found. Furthermore, for low pH-values (protonated
amine groups) the amine groups are influenced by strong proton dynamics. First DFT
calculations confirm the dissociation model of the amino acids. Qualitatively the high
energy peak in the N K XES spectra can be attributed to the deprotonated amine group
and the low energy area for the protonated amine group.

Besides amino acids, alcohols and acids are important in biological processes.
Therefore, the smallest alcohol (methanol) and the smallest carboxylic acid (acetic
acid) were under investigation. For the liquid methanol XES spectra a very good
agreement with DFT calculations of gas phase methanol could be found. This
observation suggests that the influence of the environment (hydrogen bonding) on the
spectra is small. The achieved spectra are in good agreement with DFT calculations
found in literature. It was possible to selectively excite the two non-equivalent oxygen
atoms in acetic acid and to reveal the carboxyl specific C K XES. The carbon XAS
spectra showed strong differences compared to gas phase measurements which might
be a hint for the influence of the hydrogen bond network.

The investigation of the electronic and chemical properties of liquids and
solutions is a very young field of research and the results presented in this thesis show
that it is a very interesting topic. The presented results can be seen as the fundamental
frame work for all following studies. With the understanding of basic, i.e., simple,
systems as shown in this work it will be possible to understand complex biological
systems in their native environment, e.g., peptides and proteins, which are the building
blocks of life.

- 88 -



Zusammenfassung

Die hier vorgelegte Doktorarbeit wurde der Untersuchung der elektronischen und

chemischen Eigenschaften von Fliissigkeiten und Losungen mittels weicher Rontgen-
strahlen gewidmet. Die verwendeten Photonen-rein-Photonen-raus Methoden, nament-
lich Rontgenabsorptionsspektroskopie (XAS), Rontgenemissionsspektroskopie (XES)
und resonante inelatische Rontgenstreuung (RIXS) stellten sich als exzellente Metho-
den heraus, diese Systeme zu untersuchen.

Im Rahmen dieser Arbeit wurde eine experimentelle Anlage gebaut, welche
notwendig ist um die genannten Messmethoden zur Untersuchung von Fliissigkeiten zu
nutzen. Zentraler Teil dieser Anlage ist eine neuartige Durchflussnasszelle, die die
Handhabung der Messungen im Vergleich zu dlteren Nasszellen vereinfacht. Dabei ist
sie variabel genug, um sie zur Messung von Gasen oder Fliissig-Fest-Grenzflichen
anzupassen. Mit der Zelle ist es mdglich, die zu untersuchenden Fliissigkeiten unter gut
kontrollierten Bedingungen (Temperatur und Durchfluss) zu untersuchen. Die Durch-
flussnasszelle ist Teil einer neuen Synchrotronendstation (SALSA). Fiir die Messungen
stehen dabei ein Elektronenanalysator und ein neuartiges hochauflosendes, hocheffi-
zientes Weichrontgenspektrometer zur Verfligung. Mit diesem Spektrometer ist es
moglich, zweidimensionale RIXS Karten in sehr kurzer Zeit (wenige Minuten) aufzu-
nehmen, welche die vollstindige Information von Rontgenabsorption und Rontgen-
emission beinhalten.

Mit Hilfe der neu entwickelten Instrumentierung war es moglich, eine Reihe
unterschiedlicher Fliissigkeiten und Losungen zu untersuchen. Als erstes System wur-
den wissrige NaOH bzw. NaOD Losungen erforscht. Die nicht-resonanten Emissions-
spektren sind stark von dem genutzten Losungsmittel dominiert und haben daher Ahn-
lichkeit mit den Spektren von Wasser und schwerem Wasser. Es war moglich, eine
Abhingigkeit der Spektren von der Ionenkonzentration festzustellen. Trotz der Ahn-
lichkeit der Spektren zu Wasserspektren war es aufgrund eines OH™ / OD" spezifischen
Charakteristikums an der Absorptionskante moglich, resonante Spektren von OH/OD"
ohne Beitrag des Spektrums von Wasser zu erhalten. Diese Spektren zeigten Anzei-
chen fiir Protonendynamik auf der Zeitskala der Rumpflochlebensdauer (~ 3 fs). Fiir
die Emissionsspektren von NaOH im festen Zustand konnten an der hochenergetischen
Hauptline eine niederenergetische und hochenergetische Schulter festgestellt werden.
Diese Schultern sind das Ergebnis des Eigendissoziationsprozesses von OH Ionen, bei
welchem O Ionen und H,O gebildet werden. Weiterhin waren die Untersuchungen an
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Natronlauge von Interesse fiir die folgenden Aminosdurenmessungen, da Natronlauge
genutzt wurde, um die gewiinschten pH-Wert Anderungen zu erreichen.

Die zweite Gruppe von Fliissigkeiten, die in dieser Arbeit untersucht wurde,
sind Aminosduren. Aminosduren sind die Bausteine fiir Peptide und Proteine und da-
mit sehr wichtig fiir alle Biowissenschaften. Als Vertreter der Aminosduren wurden
Glycin — die kleinste Aminosédure, und Lysin — eine Aminosdure mit zwei Amingrup-
pen — untersucht. Beide Aminosiuren reagieren sensibel auf Anderungen des pH-
Wertes mit einer Deprotonierung/Protonierung der Amingruppe (NH; <> NH3"). In den
experimentellen Spektren konnte ein deutlicher Einfluss dieser Prozesse gefunden
werden. Die gemessenen Spektren der protonierten Aminosduren zeigen deutliche An-
zeichen fiir Dissoziationsprozesse. Erste DFT Rechnungen bestitigten diese Anzeichen
und unterstiitzen das Dissoziationsmodell der Aminosduren. Qualitativ l4sst sich sagen,
dass sich die hochenergetische Linie in den N K XES Spektren auf die unprotonierten
Amingruppen bezieht und der niederenergetische Bereich im Spektrum den protonier-
ten Gruppen zugeordnet werden kann.

Neben Aminosduren sind auch Alkohole und organische Sduren von Bedeutung
fiir biologische Prozesse. Daher wurden als Vertreter aus diesen Gruppen der einfachs-
te Alkohol (Methanol) und die einfachste Siure (Essigsdure) untersucht. Die O K und
C K XES Spektren von fliissigem Methanol stimmen hervorragend mit Gasphasen
DFT Rechnungen {iberein. Dies ldsst den Schluss zu, dass der Einfluss der Umgebung
(Wasserstoftbriickenbindungen) auf die Spektren gering ist. Durch resonante Anregung
in geeignete unbesetzte Orbitale war es moglich, die zwei unterschiedlichen Sauer-
stoffatome der Essigsédure zu unterscheiden und auch einen Anhaltspunkt fiir die Car-
boxylgruppen-spezifischen C K XES Spektren zu bekommen. An der Kohlenstoftkante
zeigten die XAS Spektren grofle Unterschiede zu Gasphasenmessungen, was ein Hin-
weis auf den Einfluss der Wasserstoffbriickenbindungen ist.

Die Untersuchung der elektronischen und chemischen Eigenschaften von Fliis-
sigkeiten und Losungen ist immer noch ein sehr junges Forschungsgebiet. Die Ergeb-
nisse dieser Doktorarbeit zeigen, welch interessantes Forschungsgebiet dies ist. Die
vorgestellten Ergebnisse konnen als die grundlegende Basis fiir alle weiteren Untersu-
chungen in diesem Forschungsfeld angesehen werden. Mit dem Verstidndnis einfacher
Systeme wird es moglich sein in Zukunft auch komplexe organische Verbindungen in
ithrer natiirlichen Umgebung zu untersuchen. Ein Beispiel hierfiir wiaren die Peptide
und Proteine, welche die Bausteine jedes Lebens bilden.
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Appendix

A. Molecular orbitals of a deprotonated glycine solution (pH12) shown in Figure 5.8

related to N K XES.

First the molecule in aqueous solution without orbitals is presented and the following
molecular orbitals are shown from low (number 1) to higher (number 6) emission
energies corresponding to the energies in Figure 5.8.

T T
N K XES P el
pH12 . WYy
Experinfent
’3:‘ Calculation P :
& ‘ Pl }
a H HE .
k] 1 234 56
g P
£ P
o .
Q : :
N |Gaussian + ;
g Lorentzian :
5]
z I
I
|
[
Gaussian AW i
\//\/ \\/\_}/\\/
DFT — L \‘h ‘\I‘ Lol l ll
380 385 390 395 400

Emission Energy (eV)

e

-91] -






Appendix

B. Molecular orbitals of a protonated glycine solution (pH6) shown in Figure 5.9
related to N K XES.

First the molecule in aqueous solution without orbitals is presented and the following
molecular orbitals are shown from low (number 1) to higher (number 8) emission
energies corresponding to the energies in Figure 5.9.
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Appendix

C. Molecular orbitals of a protonated glycine solution (pH6) shown in Figure 5.18
related to O K XES.

First the molecule in aqueous solution without orbitals is presented and the following
molecular orbitals are shown from low (number 1) to higher (number 4) emission
energies corresponding to the energies in Figure 5.18.
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