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ABSTRACT

This thesis reports on ground state and excited state electronic-structure studies from water and
aqueous salt solutions by means of liquid-jet soft-X-ray photoemission (PE) spectroscopy. Novel
PE spectroscopy methods and detection schemes are utilized in order to investigate changes in
electronic structure, ion-solvation and nuclear dynamics upon soft-X-ray irradiation.

The first part of the thesis addresses the influence of atomic ions on the electronic structure
of water. Hydrated ions have a profound effect on the geometric structure of liquid water and
changes in the electronic structure are intuitively expected. However, using direct photoelectron
spectroscopy, it will be shown that even very high salt concentrations have a negligible effect on
the liquid water electronic structure. An almost unchanged PE spectrum is observed when going
from neat water to 8 molar Nal concentration, which is argued here to be a result of the highly
efficient screening of the ionic charges by the polarizable water molecules.

Besides the direct photoelectron experiments, novel spectroscopy methods are presented, ex-
ploiting non-local autoionization processes upon core-ionization. These electronic decay path-
ways involve energy- and electron transfer between neighboring molecules. Two types of non-
local decay mechanisms are presented, intermolecular Coulombic decay (ICD) and electron-
transfer mediated decay (ETMD), which are shown to be general phenomena in weakly interact-
ing systems, such as hydrogen-bonded networks. The characteristics of these two decay channels
can be used to infer information about solvation structure and dynamical processes in aqueous
solution upon core-level ionization.

In particular, I report on proton nuclear dynamics triggered by soft-X-ray irradiation of the
aqueous ammonium cation, NHJ (aq). The probability for ICD between N 1s ionized ammo-
nium and surrounding water molecules scales with hydrogen-bond strength. PE spectral changes
when comparing normal ammonium and its deuterated form, ND (aq), are related to altering
nuclear dynamics along the N-H/D coordinate. Most notably, it is observed that a complete
proton transfer between ammonium and a coordinated water molecule proceeds within the ultra-
short lifetime of the N 1s vacancy (~7 fs). This complete chemical reaction is even accompanied
by a second, although incomplete proton transfer to a second water molecule.

Very highly concentrated aqueous solutions have usually a high abundance of associated ion
pairs, which possibly enables non-local autoionization pathways solely involving ions while ne-
glecting the solvent water. I show that ETMD spectroscopy is very sensitive to local molecular ar-
rangement due to its extreme short-range dependence. It is possible to directly extract ion-pairing
character — be it separated, solvent-shared or contact pairing — from ETMD spectral analysis.
However, experimental detection of low-energy ETMD electrons is very challenging when using
standard PE spectroscopy. For the first time, the electron—electron coincidence detection scheme
was applied to a liquid jet. This allowed to record Li 1s ETMD spectra from lithium aqueous solu-
tion, Li™ (aq), with enhanced collection efficiency compared to conventional detection schemes.
ETMD spectroscopy’s unique ion-pair sensitivity is proven by changes in the PE spectral shapes
corresponding to ETMD when comparing LiCl versus LICOOCHs.
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ZUSAMMENFASSUNG

Die vorliegende Dissertation behandelt die Untersuchung von Dynamiken der elektronischen
Struktur von fliissigem Wasser und wissrigen Lsungen mittels R6ntgen-Photoelektronen-(PE)-
Spektroskopie unter Zuhilfenahme eines Fliissigkeitsstrahls. Neuartige PE-Detektiermethoden
werden genutzt, um Anderungen von elektronischer Struktur, Ionensolvatisierung und nuklearer
Dynamiken, die in Flissigkeiten aufgrund von Rontgenbestrahlung auftreten, zu beobachten.

Im ersten Teil dieser Arbeit beschiftige ich mich mit dem Einflusses von Ionen auf die elek-
tronische Struktur von Wasser. Hydratisierte Ionen beeinflussen die geometrische Anordnung
von Wassermolekiilen beachtlich und Anderungen der elektronischen Struktur von Wasser sind
somit intuitiv erwartbar. Mit Hilfe direkter Photoelektronen-Spektroskopie wird gezeigt, dass bei
Zugabe sehr hoher Salzkonzentrationen nur einen vernachlissigbarer Eftekt auf die elektronische
Struktur von Wasser eintritt. Die Beobachtung eines nahezu unverinderten PE-Spektrums bei
einer Konzentrationsinderungen des Salzgehaltes von 0 molar zu 8 molar Nal ist ein Hinweis auf
die auf8erordentlich effizienten Schirmungseigenschaften polarisierbarer Wassermolekiile.

Neben direkten Photoelektronen-Experimenten werden auch neuartige Methoden der PE-
Spektroskopie vorgestellt, welche nicht-lokale Autoionisations-Prozesse ausnutzen, die nach
Kernniveau-Ionisation auftreten. Diese elektronischen Zerfallskanile beziehen Energie- und
Elektronentransfer-Mechanismen zwischen benachbarten Molekiilen mit ein. Im speziellen
werden zwei Arten nicht-lokaler Zerfallsmechanismen vorgestellt: Intermolekularer Coulomb-
Zerfall (ICD) und elektronentransfer-vermittelter Zerfall (ETMD), welche beide generelle
Phinomene in schwachgebundenen Systemen, beispielsweise wasserstoftbriicken-gebundenen
Molekiilen, darstellen. Es wird gezeigt, dass die Charakteristika dieser zwei Zerfallskanile genutzt
werden kénnen, um Informationen tiber die Solvatationsstruktur und dynamische Prozesse her-
auszufinden, welche in wissrigen Losungen nach Kernniveau-Ionisation auftreten.

Konkret prisentiere ich Nachweise fiir Protonendynamiken zwischen Ammoniumkationen
und umgebenem Wasser, welche nach Bestrahlung mit Réntgenlicht auftreten. Die Wahrschein-
lichkeit von ICD zwischen N 1s jonisiertem Ammonium und umgebenen Wassermolekiilen
skaliert mit der Stirke der vorhandenen Wasserstoftbriickenbindung. Es wird gezeigt, dass Un-
terschiede im PE-Spektrum zwischen normalem Ammonium und dessen deuteriertem Analo-
gon auf verinderte nukleare Dynamiken entlang der N-H/D Bindungsachse zuriickzufiihren
sind. Es wir demonstriert, dass sich ein vollstindiger Protonentransfer zwischen Ammonium und
einem umgebenen Wassermolekiil innerhalb der extrem kurzen Lebensdauer des N 1s Loches ab-
spielt (~7 fs). Diese ultraschnelle chemische Reaktion wird sogar noch von einem zweiten, wenn
auch unvollstindigen, Protonentransfer begleitet.

Sind Tonenpaare in wissriger Losung vorhanden, so werden nicht-lokale Zerfallsprozesse er-
moglicht, die ausschlieflich zwischen den Ionen stattfinden. Ich werde zeigen wie ETMD als
empfindliches Instrument zur Bestimmung lokaler Molekiilanordnung genutzt werden kann und
dass die Art der Ionenpaarung — sei es getrennt, Losemittel-geteilt, oder in Kontakt — aus den
entsprechenden ETMD-Spektren abgeleitet werden kann. Da es mit Hilfe konventioneller PE-
Spektroskopie-Methoden schwierig ist, Elektronen geringer kinetischer Energie zu messen, werde
ich die Anwendung der Elektron-Elektron-Koinzidenzmethode auf den Fliissigkeitsstrahl prisen-
tieren. Dies ermdglicht Li 1s ETMD-Spektren von Lithiumkationen in wissriger Losung mit er-
hohter Detektierefhizienz zu messen. Die Empfindlichkeit von ETMD fiir Ionenpaarung wird
anhand eines Vergleiches zwischen LiCl und LICOOCH 3 nachgewiesen.
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as Attoseconds
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BE Binding energy
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DI Double ionization
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PE Photoemission
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Preface

Scientific advance always depends on societal and technical realities. However, the other
way around, scientific needs catalyze societal and technical developments. In this simple
formula lies everything I need to explain the immense importance of science for a mod-
ern society. Despite the common argument that the sheer act of acquiring knowledge
about nature is a fundamental human behavior, ' I believe this is not necessarily true. Of
course, people strive for explanations of phenomena they do not understand, which is
most easily observed for young children who lust for answers. However, this is not what
scientific research is about. Recapturing the latter argument, most people are satisfied
with whatever they get as an answer. They do not question or challenge an explanation
as long as it is reasonable enough. Even more, given the person they ask for an answer is a
well-known authority, people tend to believe even semi-reasonable ‘truths’, as shown in
the famous Milgram experiment.” I believe in that regard people are much more a ‘social’
than a ‘scientific’ species. Scientists are different from that usual behaviour in a sense that
they challenge not only well-established explanations, but also their own opinions. 3

My personal answer to the question of why science is important is less romantic but

more practical. I believe science is crucial for a modern society that relies on z7ust and

sound decisions. In that regard we as scientists should always be aware that our work



relies deeply on the trust people give us and that we must continuously communicate
the complex interplay between society and science. * For example, the medieval, a time in
which science was considered a witchcraft, was dominated by social threats, plagues, wars
and extreme poverty all over Europe.”™” On the other hand, the work of researchers can
‘by accident’ result in developments that revolutionize the communication of a whole
planet as happened in the late nineties at CERN. When the physicist Tim Berners-Lee
worked on a solution to simplify the communication between him and his colleagues, he
finally created the hypertext markup language (HTML) and the hypertext transfer pro-
tocol (HTTP) which is the basis for what we know today as the ‘world wide web’.'!!
Further positive examples of the interplay between science and society can be easily found
when looking at the timeline of the Nobel prizes. For instance, Wilhelm Conrad Réntgen
was the first person ever granted a Nobel prize in physics. '>'? His remarkable discovery of
high-energy radiation was enabled by at that time state-of-the-art gas discharge lamps.'*
Today we call this radiation ‘X-rays’. The impact of this discovery is wide-ranging, and
X-rays were adapted very quickly in multiple fields. The modern medical diagnostic

would not be possible without its imaging possibilities. 15-1

¥ Tt also provides valuable ap-
plications in areas such as archeology and arts."”~** Our current understanding of matter
on an atomic scale is largely acquired by means of X-ray spectroscopy. 2324 Today, we are
in the middle of a transition into a post-industrial century where many kinds of tradi-
tional work are about to be automatized.”*® As such our society as a whole evolves in
a direction where knowledge will be fundamental part of our every-day lives. A big part

of our job as scientists was always to differentiate facts from fakes and as such I cannot

overstate the importance of science for our future society.

The present thesis tries to connect to these developments by using X-ray methods.
The aim of my studies is to fundamentally understand basic mechanisms in radiation
chemistry, e.g., processes that lead to biological radiation damage. I am particularly in-
terested in intermolecular ultrafast energy transfer and charge migration processes that
occur upon X-ray irradiation of aqueous solutions. I will present novel X-ray spec-
troscopy techniques, i.e., X-ray photoemission (PE) spectroscopy applied to liquid-phase
water and aqueous solutions. With photoemission spectroscopy it is possible to map

the measured kinetic energies (KE) of emitted electrons onto the electronic structure of



the system under observation.”” Despite the requirement for high vacuum conditions
in PE spectroscopy, the past decades engendered successful technological advances using
micrometer-sized liquid jets providing the possibility to measure electron signal from lig-
uid phase samples. *>* For almost 20 years the liquid jet was the only experimental tech-
nique to access volatile samples with PE spectroscopy. Only relatively recent, experimen-
tal approaches such as utilizing ambient-pressure electron analyzers, ultra-thin graphene
membrane flow cells and the ‘dip-and-pull’ method, have become available. 30-35 Despite
these new approaches, the liquid jet is still the most convenient technique due to its rela-
tively simple applicability and for many scientific questions it is irreplaceable. The X-ray
light characteristics are of particular importance for these types of experiments, calling for
the continuous development of advanced light sources. All results presented in this the-
sis are measured at the synchrotron facility BESSY II at the Helmholtz-Zentrum Berlin

(HZB), Germany.

This thesis presents an extract of the findings I made during my 3-year PhD work at the
HZB and the Fritz-Haber-Institut of the Max Planck Society. It is structured into eight
chapters. First, I introduce the general topic, motivate my work and present the theoret-
ical background (Chapters 1-2). In Chapter 3 I give an overview of the techniques and
experimental approaches that I used. I also describe the ‘SOL*” liquid-jet photoelectron
setup I used to acquire most of the data in this thesis, and which I planned and built
from scratch during my PhD time together with Robert Seidel and Bernd Winter. In the
results section I first address the influence of hydrated ions on the water electronic struc-
ture (Chapter 4). Solvent water is often considered a passive medium in which chemistry
takes place, while neglecting the influence of a solute on the overall bulk water structure.
This assumption may be intuitive for highly dilute aqueous samples but is questionable
for high salt concentrations. I show that even for very highly concentrated 8 M Nal solu-
tions the water electronic structure barely changes. The most important finding of this
aspect of my work is that the lowest ionization energy of water, which is community-
wide used as an energy reference, remains constant as well. In the next part of my thesis I
present my studies on intermolecular electron and energy transfer processes upon X-ray
ionization (Chapters 5-6). Chapter 5 addresses intermolecular Coulombic decay (ICD)

which is a certain type of electronic decay that involves energy transfer between neighbor-



ing molecules. ICD rates strongly compete with its local analog the Auger decay.*® It will
be shown that the probability of ICD increases with hydrogen-bond strength and that a
comparison between ICD signal from a molecule in its normal and deuterated form can
be exploited to gain information about nuclear dynamics on an ultrafast timescale. In
the last part of the results (Chapter 6), I will focus on electron-transfer mediated decay
(ETMD). I will introduce my choice of the benchmark system Li™ in aqueous phase to
probe ETMD without competition from other decay channels. Electrons ejected due
to ETMD in lithium are relatively slow compared to electron emission from other decay
channels. Slow electrons are challenging to measure by means of standard photoelectron
spectroscopy, due to large background signal. I apply a novel, highly sensitive detection
scheme in order to detect ETMD electrons and discriminate them from background elec-
trons, thus achieving a large signal-to-noise ratio. Further on, I demonstrate the sensitiv-
ity of ETMD to local atomic environment (first hydration shell) and I show this method
to be a powerful tool to detect ion pairing in electrolyte solutions. My thesis is closed by

a summary (Chapter 7), and an outlook (Chapter 8).
y (Chap p

In writing my thesis I was very careful to make sure that results are introduced in an un-
derstandable fashion. Therefore, my personal accomplishments are not ‘hard-cut’ from
the fundamental results of my predecessors and it might be sometimes difficult to differ-
entiate for the reader. The results are presented in Chapters 4-6. My own work focussed
predominantly on experimental studies and theoretical findings in this thesis are mostly
acquired by the group of Petr Slavi¢ek. Chapter 4, presenting studies on aqueous Nal
entirely covers work I did (the experimental parts). In Chapter S the experimental results
on aqueous ammonium present work I did, while all results on pure water, ammonia
and hydrogen peroxide review former work, yet they are necessary here to introduce and
motivate the ammonium experiments. In Chapter 6 all experimental results of lithium
chloride measured with the magnetic-bottle setup are done by me. I also contributed to
the work measured with a hemispherical analyzer, however these results are already pub-

lished in greater detail in a former thesis. 37

The present work compiles the current status of ongoing research on ICD and ETMD
in liquid phase. As such it is part of the Deutsche Forschungsgemeinschaft (DFG) Re-

search Unit FOR 1789 on ‘Interatomic and Intermolecular Coulombic Decay’, which



is a collaborative cluster of scientists that aims to demonstrate the importance of ICD
and ETMD in a broader context, bridging the gap between fundamental research on the
correlated motion of electrons and nuclei, and applied research, e.g., on the role of low-

energy electrons in radiation chemistry.






Introduction

Water is by far the most important molecule for life on earth. In fact, it is considered the
main prerequisite for life to appear on a planet.38 At first glance, water — H,O — is a rel-
atively simple three-atomic molecule. 3 However, the understanding of the intermolecu-
lar interactions between water molecules in the condensed phase is still incomplete. Until
today over 70 anomalies at which water properties are different from those of other lig-
uids, such as the density anomaly at 4 °C, have been identified. 3841 Another example is
that despite its small molecular weight, which is comparable to gaseous compounds like
N,, CO,, SO, and H,S, water stays liquid under standard atmospheric conditions. **
This is caused by the propensity of water molecules to form a tight network via hydro-
gen bonds, which raises the boiling point to 100 °C. Liquid water is the result of flexible
hydrogen bonds which undergo quick structural rearrangements. It takes only picosec-
onds for a water molecule to break its hydrogen bond and reach out for a new partner
to form a bond.*> When put into water, many organic molecules form also hydrogen
bonds with water, making it an ideal biological environment and furthermore enabling
the organization of biopolymers in three-dimensional structures. 4495 Indeed, water is the
main medium accommodating biomolecules; e.g., the human body consists of approx-

imately 60% water.*® The transient hydrogen bonds can drive dynamic exchange pro-



cesses of charge or energy which is why water can also act as a reactant in many biochem-

47,48 (

ical reaction pathways. Its large total molecular dipole moment of 2.95 Debye only
1.85 Debye for an isolated water molecule) supports the dissociation of polarizable or-

ganic groups such as NH,, OH and COOH, thus enabling further reactions.

Water is omnipresent in biological tissue, and as such its active role in biomolecular
damage due to high-energy irradiation should not be underestimated. *> As an example,
it has been found that radiation damage of DNA strands by high-energy photons is not
only caused by direct exposure, but also, to an even higher extent, mediated by the prod-
ucts formed upon irradiation of water.”>" Two main mechanisms are described in the
literature. For the direct process, energy deposition by high-energy photons creates elec-
tron holes in the DNA, which then migrate to specific sites where subsequent reactions
form ionic radicals and finally cause the risk of disease.’*~>> On the other hand, for the in-
direct process, photo-excited bulk water molecules dissociate into highly reactive radicals,
e.g., ‘OH and H™, or create slow electrons, which have been found to cause single and
double strand breaks in DNA molecules.’*” Studies using low-energy electron irradia-
tion on DNA-deposited surfaces have demonstrated that electrons with energies below
the ionization threshold attach to the DNA, thus creating a transiently excited anionic
species which subsequently decays via dissociation. % In complex systems, a third mech-
anism occurs in which energy is deposited in molecules bound to the DNA, including
solvation water. The so called quasi-direct effect acts on the DNA base via hydrogen ab-

straction.’’

Exploring the exact mechanisms driving the functional degeneration of biological com-
pounds upon irradiation with high-energy light is necessary in order to anticipate conse-
quences of radiation exposure and to design concepts for radiotherapy. “*~** Intermolec-
ular decay processes initiated by photoionization create large amounts of electrons with
kinetic energies (KE) of 1-10 eV, an energy range which is known to effectively cause
degradation of biomolecules. % For example, recent theoretical studies on hydrated metal
ions revealed that, if sufficient energy is deposited into the system, intermolecular charge
transfer processes combine into complex relaxation cascades.® The authors created an
unstable trication by removing a core electron from micro-solvated Mg2+. They showed

that the trication decays via a multitude of non-radiative channels while returning to bi-



valence after all. These cascades have been found to be a source of highly reactive radicals
and slow electrons. Absorption of an X-ray photon by a metal jon predominantly re-
leases a core electron, which in turn creates a positively charged species in an excited state.
Typically, this state decays via emission of a second-order electron, which accumulates a
further positive charge, either at the originally ionized atom, or at water molecules in the
hydration shell. The doubly-ionized residual is very likely to undergo further chemical
reactions, which, as a consequence, causes decomposing of biomolecules in the vicinity
of X-ray exposure.®

The present work is motivated by the study of energy and charge transfer processes
occurring in aqueous solution immediately after irradiation with X-ray light. I aim to
understand the underlying decay mechanisms as well as their impact on charge delocaliza-
tion. On the molecular level, charge and energy transfer processes in atoms or molecules
can only be understood in combination with profound knowledge about the system’s

electronic structure, which is most directly accessed by photoemission spectroscopy.**®
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Photoemission Spectroscopy

Photoemission spectroscopy” is an experimental technique to access the electronic struc-
ture of atoms and molecules.>”*’ PE spectroscopy, as well as every other X-ray based spec-
troscopic technique, is an element specific technique, providing the ability to probe a
defined atom at a defined orbital, while being sensitive to the chemical environment. o8
During the last decades electron-detection schemes proved to be particularly suitable for
electronic structure analysis. As compared to other observables (e.g., measuring photons,
atoms or ions) electrons offer a unique combination of several practical aspects, such as:
surface sensitivity, easy tunability in energy and space by electric fields, easy countability
and the fact that electrons disappear after they have been detected.?” Also, photoemis-
sion is always symmetry allowed, whereas photon-absorption based detection is subject
to more stringent selection rules.®” The promotion of an initially bound electron into a
higher energy state is always the starting point for PE spectroscopy and is usually (but not
only) realized by either electron impact or high-energy irradiation. Nowadays, the latter

is most common due to the development of tunable and high-intensity light sources.

“The term photoemission might be confusing as it describes the detection of emitted electrons rather
than photons. ¢7 However, photoemission spectroscopy is not synonymous with photoelectron spec-
troscopy. Photoemission is a generic term including photoelectron as well as second-order electron emis-
sion processes.

11
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Figure 2.1: Diagram of the energy levels involved in a photoemission experiment. A (photo-) elec-
tron can be detached from the system (ionization) if the initial photon energy hv is high enough to
exceed a given core or valence orbital binding energy (BE). The BEs are referred to the vacuum level
beyond which the ejected electrons are free. The kinetic energies (KE) of all ejected electrons give
rise to the PE spectrum. Inelastically scattered electrons contribute to the increased background
signal at low KEs. The cutoff at which the electrons KEs are too small to exceed the ionization
threshold (also referred to as work function ® for solid materials) depends on the system and also
on the experimental conditions. After ionization, the remaining electron vacancy can recombine
with a valence electron while ejecting another valence electron (Auger electron). The kinetic en-
ergy of the Auger electron depends on the energies of the orbitals involved, rather than the photon
energy. After Auger decay the system remains in a two-hole state. Unfilled circles indicate electrons
involved in the ionization/decay process.
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Photoemission is a generic term referring to all kinds of electron ejection, indepen-
dent of the particular mechanism. Dependent on whether the initially bound electron
gets promoted into a continuum or a bound state, one refers to (photo-) ionization or
resonant (photo-) excitation, respectively. After excitation (resonant or ionization) the
system remains in a transient state which eventually decays. Different decay scenarios
may occur upon excitation, which to a large extent depend on the initial photon en-
ergy. De-excitation pathways are classified into relaxation via photon emission (radiative)
or second-order electron emission (non-radiative).”’ Note that non-radiative decay, also
referred to as autoionization, usually occurs upon high-energy excitation. Low-energy
inner-valence excitation often only heats up the system — by converting initial energy into

vibrational energy — and does not initiate further autoionization.

In an experiment, the measured KEs of all liberated electrons give rise to the PE spec-
trum which can be directly related to the occupied orbitals in the target sample.?”*® A
prototypical PE spectrum is presented in Figure 2.1. The shown spectrum is artificially
generated and not measured, however it serves well to demonstrate the key elements. It
features valence band and core level peaks on top of a sloping background created by sec-
ondary inelastically scattered electrons with a sharp cutoft at zero KE. The next sections
will explain all mentioned processes, i.e., photoionization, resonant photoexcitation and

autoionization, in greater detail.

2.1 PHOTOIONIZATION

If sufficient initial photon energy is provided to exceed the sample-specific ionization
threshold (commonly referred to as work function @ for solid materials, or ionization
potential for free molecules) an initially bound (photo-) electron liberates. Note that
sometimes the term ‘photodetachment’ is used, referring to electron ejection from an ini-
tially anionic system. Another common term is ‘direct PE’, as a contrast to second-order
(indirect) autoionization. Photoionization is a direct measure of the occupied electronic
structure, because the KE of the released electron is related to its initial orbital BE via the

photoelectric law 2771

BE=hy—KE—® (2.1)

13



where the Planck constant / and the light frequency » determine the photon energy. Dif-
ferent chemical environments can alter a systems BEs considerably, leading to shifts in KE.
This is one of the main reason why electron spectroscopy for chemical analysis (ESCA)

has become a wide-spread technique. *>">""

Photoionization is a photon-in—electron-out process. As such measured KEs reflect
always a final state that is lacking one electron with respect to the initial ground state. On
ultrafast timescales the orbital energies adapt to the missing electron, whereas on longer
time scales the atoms and molecules surrounding the newly formed ion rearrange. In
practice the situation can be more complex, and several approximations are often incor-
porated to interpret/understand the processes occurring. ”” The approximations relevant

for a given process depend on both the molecule and the photon energy employed.

* First, the ‘independent-particle assumption’ excludes complex electron—electron
interactions, assuming a photoelectron experiences an average electrostatic poten-

76

tial created by positive (nuclear) and negative (electronic) charges.”® This assump-

tion is reasonable for weakly interacting systems like hydrogen-bonded liquids.

* Removing charge from an initially ground-state system is also accompanied with
changes in orbital energies. The ‘sudden approximation’ assumes that the passive
orbitals, i.e., orbitals that keep their electrons, are the same in the final state as they

were in the initial state.”””®

This assumption is called ‘sudden’ since photoelec-
trons are fast enough to neglect the aforementioned changes in orbital energies.
Under this assumption the binding energies measured in a PE experiment equal
the ground-state orbital energies, known as Koopmans’ binding energies. For very
low-KE photoelectrons, that linger in the proximity of the emission center, as well
as second-order electrons that are born later in time the ‘sudden approximation’ is
not fulfilled. As a rule of thumb, the ‘sudden approximation’ is justified for elec-
tron kinetic energies above tens of electronvolts (eV). In PE spectroscopy, typical
photon energies range between extreme ultraviolet (XUV, 10-124 eV), soft-X-ray
(124-12400 V) and hard-X-ray (12.4-124 keV).”” Extreme ultraviolet photoemis-

sion spectroscopy gives access to the valence band structure, whereas (soft-) X-ray

photoemission spectroscopy (XPS) provides information on the localized core lev-
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els and energetic shifts which relate to chemical bonding and many-electron ef-
fects.®® Experiments reported in this thesis utilize photon energies within the soft-

X-ray regime, ranging between 100 eV to 1600 eV.

* Finally, the ‘Born-Oppenheimer approximation’ assumes that the nuclear and elec-
tronic motion can be separated and that electrons will adapt to a given nuclear
conformation as nuclear motion is very slow compared to electronic motion.*

8182) than

As photoionization occurs on much faster timescales (attoseconds (as)

8354) this approximation is relevant for

any atomic movement (femtoseconds (fs)
molecules and strongly correlated systems. However, similar to the ‘sudden ap-
proximation’, the ‘Born-Oppenheimer approximation’ fails for low-KE electrons
and electrons from second-order processes that take place on longer timescales and
may entangle with nuclear motion, as will be detailed later in this thesis. The ‘Born-

Oppenheimer approximation’ also fails when vibrational frequencies are compa-

rable in energy to the energy difference between electronic states.

2.2 AUTOIONIZATION

Autoionization is a so-called second-order process that can follow photoionization or res-
onant photoexcitation upon X-ray irradiation. Both excitation mechanisms create an
electron hole, leaving the system in an excited state, which will eventually relax via elec-
tronic decay. Different decay channels are possible, all of which result in difterent final
states. Beside radiative decay, where the excess energy is released via emission of a photon
(also referred to as fluorescence ™), for non-radiative decay a second-order electron is be-

ing ejected (autoionization*>*”)

. Thus, in general terms autoionization is characterized
as a process in which a system ionizes itself autonomously, i.e., without further influ-
ence from outside. Note, that in this thesis autoionization is always referred to as self-
ionization upon photoexcitation, while this term is used in a wider context in literature.
For example, a randomly chosen, intact water molecule will dissociate (or autoionize)
in liquid water without further influence, producing hydronium (H;O%) and hydrox-

ide (OH™) ions, within ~10 hours." In the simplest picture, a complete autoionization

process involves three orbitals — the initially ionized/excited orbital, the electron donating
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orbital and the electron emitting orbital. An atom or molecule that is neutral in its initial
state ends up in a doubly charged final state following photoionization and subsequent
autoionization. I will later show that different autoionization processes lead to altering
locations of these two charges. I particularly differentiate between final states that have
both charges localized at one site (2h) and those that have the two charges at separate sites

(1h1h), on different molecules.

2.2.1 AUGER DEcCAY

The Auger decay — discovered by Lise Meitner®” and named after Pierre Auger” — is an
autojonization process in which all involved molecular orbitals are located on the same

91,92

atom or molecule. The final state is of 2h character. The Auger process for a given

system, A, with initial charge 4 can be described as

by + A7 — AT 1 €ohoto T Ehuger (2.2)

Two free electrons are produced in the process. The KE of the photoelectron, epporo, i
determined by the initial photon energy, whereas the KE of the Auger electron, eauger,
depends only on the orbitals involved, as shown in the energy diagram of Figure 2.1. For
example, considering a core ionization followed by valence electron relaxation and valence

electron ejection, the energy of an Auger electron can be estimated as
KfAuger R BEcore — BE atence1 — BEvalence 2 (23)

This is only a rough estimate and neglects contributions from screening and the Coulom-
bic repulsion of the two resulting electron holes, but also nuclear rearrangement. Auger
transitions are denoted according to the involved atomic shells, e.g., KLL for a K-shell
vacancy and L-shell relaxation and emission. In the case of more complex systems as
molecules, the orbital notation is often more appropriate, e.g., 1s-1b;1b; for oxygen 1s
(K-shell) ionization and valence relaxation/ejection from the water 1b; valence orbital. If
energetically feasible, each electron occupying a state above the core hole can serve as decay
or emission partner. The combination of all possible Auger decay channels results in ex-

tended Auger spectral features in a PE experiment. Since the energy levels of an atom are
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discrete, the resulting energy spectrum of the Auger electron is discrete and characteristic
for each element. However, features are commonly overlapping, and disentanglement of
individual transitions is experimentally rather complicated and only possible with com-

putational support.

After a core vacancy is filled, a new vacancy in a higher-lying orbital is generated which
will immediately be filled due to transitions from even higher orbitals and so on. This
cascade continues until the system remains in a relaxed state. For high-Z elements, a sin-
gle vacancy in the K shell can result in hundreds of possible transitions; each transition
results in the emission of X-rays or electrons. The case of electron emission (Auger de-
cay) leads to continuous accumulation of positive charge and the electrostatic potential
between the escape electron and the atomic core can reduce the electron emission yield. >
Therefore, the Auger decay process is less probable for heavy atoms (higher than Z = 30
for a K-shell vacancy), with X-ray emission being the dominant relaxation pathway.?’
However, for light elements Auger decay dominates by far (99%).”* The lifetime of a
core-ionized atom is on the fs timescale.”™”” Accordingly, Auger decay is supposed to
proceed within a narrow time window, while being sensitive to electronic or even nu-
clear dynamic processes happening in that time frame. In the ‘slow’ (but still ultrafast)
fs time frame of the Auger process, the system may have already responded to the core
vacancy. Photoionization proceeds on an ‘instantaneous’ as-timescale (i.e., 1000 times
faster). "% Both processes combined - ‘fast’ photoionization (start) and ‘slow” Auger de-
cay (end) — provide a time window which is exploited as so-called core-hole clock.””” A
typical O-H stretch frequency at ~3500 cm ™ (= 10 fs period of a full oscillation) falls
into that time window.!*° The final Auger spectrum is, quite naturally, a composition
of all Auger electrons emitted for individual decay channels while the dynamics of the
core excited/ionized species evolve. The core-hole clock is therefore useful to provide an
upper time limit for electronic and nuclear dynamics which can occur concurrently with

core-hole relaxation.

Auger decay is typical for isolated gas-phase species, but for molecules in clusters or
the condensed phase (e.g., aqueous species) the environment affects or decidedly engages
in the relaxation processes.lm Additional decay channels may open, and neighboring

molecules engage in energy and/or electron exchange or nuclear motion within the core-
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hole lifetime. %> Note that electronic and nuclear motion is always coupled, but some-
times the coupling is small enough to neglect it. In the next section of my thesis I will

introduce two intermolecular/interatomic (non-local) autoionization mechanisms.

2.2.2 RESONANT PHOTOEMISSION

If the incident photon energy is not sufficient to liberate a core electron, but large enough
to promote that electron into an initially unoccupied orbital, the process is referred to as
resonant excitation. The resonantly excited system remains in an excited but neutral state.
Accordingly, emission upon resonant photoexcitation can occur via different radiative
(resonant inelastic X-ray scattering (RIXS)'>'%*) and non-radiative (resonant photoe-
mission (RPE)'?) relaxation channels. I only focus on the non-radiative contribution,
which can be divided into two main processes. First, for spectator Auger decay an elec-
tron from an occupied orbital recombines with the core-level vacancy. The excess energy
is then used to emit an initially uninvolved valence electron. Compared to ‘normal’ Auger
decay (2h), spectator Auger decay results in an one-hole state (1h). The additional nega-
tive charge screens the core hole which leads to an increased KE of the spectator Auger
electron as compared to ‘normal’ Auger electrons. Second, if the initially excited elec-
tron participates in subsequent decay one refers to participator Auger decay. Figure 2.2
visualizes the process in an energy-level diagram. The energy gained by a participator de-
cay equals the initial excitation energy. As a consequence, an Auger electron created via
participator Auger decay carries the exact same kinetic energy as a photoelectron created
by direct photoionization. Thus, RPE complements the photoionization process with a
lifetime delay which adds up to enhanced signal intensity in an RPE experiment. 106,107
The intensity of the RPE spectrum is, however, not just a superposition of the individual
processes (participator Auger decay plus direct photoionization). Instead, the electron
wave function amplitudes of both processes add up coherently and the resulting intensity
profile follows the Fano-formalism.'” A typical example is the water O 1s — 4a; transi-
tion. The corresponding resonance energy is around 535 eV. At resonant photon ener-
gies 535 eV < hv < 538 eV participator Auger decay intensifies the water valence features
in a PE spectrum. Above the O 1s ionization threshold (>538 eV photon energy) the par-

ticipator Auger electrons vanish and extended Auger features dominate the PE spectrum.
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Figure 2.2: Diagram of the energy levels involved in a resonantly enhanced photoemission process.
The core level electron is promoted to an unoccupied orbital and decays directly after in the vacancy
it left behind (participator Auger decay). The excess energy can be used to eject an electron from
a higher lying (valence) state. The resulting Auger electron has the exact same kinetic energy as a
direct photoelectron from the same (valence) orbital. Unfilled circles indicate electrons involved in
the ionization/decay process.
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RPE spectroscopy can be a very powerful technique to measure photoemission signal
from systems where regular PE spectroscopy is not sensitive enough. However, spectral
comparability between RPE and direct photoionization is not always straightforward. A
study that describes both, the basic concepts and capabilities of RPE for the detection of

water dissociation at the hematite nanoparticle surface in aqueous solution can be found

in Ref'”.

2.2.3 INTERMOLECULAR CouLoMBIC DEcAY

If the decay pathway upon core-ionization involves neighboring sites, which is possi-
ble for weakly bound aggregates, such as van-der-Waals clusters and hydrogen-bonded
systems, the process is a non-local autoionization process. 110" A non-local decay always
causes charge separation between two separated molecules or atoms, which is mediated
either by electron, nuclear or energy migration. One of these non-local processes is the
interatomic/-molecular Coulombic decay (ICD).'"* ICD is always initiated by excita-
tion/ionization. The excess energy gained upon subsequent electronic relaxation of a
created vacancy transfers to a neighboring atom or molecule, which ionizes accordingly.
ICD terminates in a doubly charged state with both positive charges located on separate
entities (1h1h character), e.g., one charge sitting at a solute ion while the other charge is
located at a hydration shell water molecule in an aqueous salt solution. % Fora species, A,
with charge, g, that decays via ICD to a neighbor, L, the whole process is described as

by + AL — ATTLY + e+ aep (2.4)

The second-order emitted electron is called ICD electron, eicp. The energy-level diagram
of ICD is shown in Figure 2.3. The energy transfer between A and L proceeds by means
of a virtual photon exchange. The virtual photon has no physical meaning and is only a
rationalization of the matrix element resulting from Coulombic interactions.'"* This is
chosen in analogy to the virtual photon exchange for dipole—dipole coupling in quantum
electrodynamics.''""** The efficiency of energy transfer is inversely proportional to the
sixth power of the distance between donor and acceptor. If an orbital overlap between the

two constituents is given, the ICD probability shows an exponential dependency to the
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Figure 2.3: Diagram of the energy levels involved in an interatomic/intermolecular Coulombic decay
process. Initiated by core ionization, the remaining core electron vacancy recombines with a valence
electron. By transferring the excess energy to a second monomer it autoionizes accordingly. The
released ICD electron is independent of the initial photon energy and carries more KE than the
respective Auger decay analog, due to reduced Coulombic energy stored in the system. Unfilled
circles indicate electrons involved in the ionization/decay process.
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distance, making ICD extremely sensitive to small distance, essentially only involving the
next neighbors of the ionized site. 113 In that sense, ICD is very similar to the Forster res-
onant energy transfer (FRET).""* FRET is also mediated by non-radiative dipole~dipole
coupling. However, ICD does not necessarily require resonant energy transfer as the fi-
nal state of one of the involved electrons is a continuum state. !°! In other words, Forster
transfer does not lead to ionization, whereas ICD does. Therefore, ICD is far more gen-

eral than resonant energy transfer.

ICD is an ultrafast relaxation pathway, which proceeds on the timescale of sub-100 fs
and its probability depends strongly on the number of nearest neighbors; the more neigh-
bors, the faster ICD proceeds. 10LIIS Nonetheless, if energetically feasible, local Auger de-
cay rates usually dominate ICD rates, making experimental observation of ICD challeng-
ing. Differentiation between Auger and ICD electrons can be realized by either discrimi-
nating Auger decay (by the choice of the system), or by careful electron KE analysis. The
final states in ICD are populated by two positive charges distributed between two sepa-
rated sites, as compared to local Auger decay that has both charges at one location (com-
pare Figure 2.1 and Figure 2.3 ). Accordingly, for ICD the total energy is lowered due
to reduced Coulomb repulsion between the final state charges. Thus, considering two
identical monomers, ICD creates second-order electrons with slightly higher KEs as com-
pared to the respective Auger electrons. Another way to observe ICD is by detecting the
two positively charged ionic products which repel each other (Coulomb explosion) upon
ICD. The strength of the repulsion depends on the ion—ion distance and a measurement

of the ionic momenta reveals the initial molecular arrangement. ''¢!"”

ICD was first predicted in 1997''® and experimentally verified six years later by PE spec-
troscopy studies of atomic neon clusters, where a non-radiative decay has been observed,
which is possible only by electron emission from neighboring sites of the vacancy.'*® This
early work laid the foundations for exploring ICD in more complex systems. The first
demonstration of ICD in aqueous solution was presented in 2008, by resonantly excit-
ing O 1s from OH™ aqueous solution.'"” The respective RPE spectrum showed signal
corresponding to ICD decay between OH™ and coordinated water. A sensitivity of ICD
to solvent structure in liquids has been found for both Auger decay and ICD."**"*! Few

years later, a comparison of the autoionization features between normal and deuterated
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water in liquid phase revealed that, due to its distance sensitivity, ICD spectroscopy is
an ideal tool for probing local hydrogen-bond strengths, nuclear dynamics and solvent

structure. >° I will describe the details of this latter study in Chapter 5.

2.2.4 ELECTRON-TRANSFER MEDIATED DECAY

Unlike Auger decay and ICD, for electron-transfer mediated decay (ETMD) the electron
vacancy (upon ionization/excitation) is refilled by an electron from a neighboring atomic
or molecular species.'** The excess energy is either used to autoionize the electron donor
itself (Auger-like), or a third, so far uninvolved species is being ionized (ICD-like). The
first is referred to as ETMD(2), whereas the latter is referred to as ETMD(3). '** The num-
bers in brackets indicate how many species are involved in the process. Similar to Auger
decay and ICD, the ETMD electron is independent of the initial photon energy. How-
ever, ETMD produces charges that are not located on the initially photoionized molecule.
Thus, the initially ionized site remains neutral upon ETMD, whereas it is singly charged
after ICD and doubly charged after Auger decay. Whether the final two-hole state is lo-
cated on a single (2h) or shared between two (1h1h) entities, depends on the actual decay

pathway, as is shown in the following equations:

ETMD(2): hv+ AL — ALY +e )+ eprup (2.5)
ETMD(3): b+ A'LiL, — ATLL] + ¢, + €Ermp (2.6)

Both ETMD processes are sketched in Figure 2.4. The difference in Coulombic repul-
sion is reflected in the KE of the outgoing ETMD electron, egryp, making it possible
to experimentally differentiate between ETMD(2) and ETMD(3). For certain species
ETMD is found to be a very efficient mechanism for the production of dications. Com-
pared with direct double photoionization, ETMD has a several orders of magnitude
higher efficiency to produce doubly charged final states.'*

ETMD was first theoretically described for neon-argon dimers. '** The authors of this
study introduced ETMD as a process competing with ICD and concluded that ETMD is
about four orders of magnitude less efficient for that particular system. With decreasing

intermolecular distance ETMD becomes however more prominent. At small distances
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Figure 2.4: Diagram of the energy levels involved in an electron-transfer mediated decay process.
Initiated by core ionization, the remaining core electron vacancy recombines with a valence electron
from a second monomer. The excess energy is used to autoionize the transfer-electron donor itself
(left) or a third, so far uninvolved monomer (right). The created ETMD electron is independent of
the initial photon energy. Unfilled circles indicate electrons involved in the ionization/decay process.
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ICD is only one order of magnitude more efficient. The lower ETMD efhiciency is caused
by the fact that electron transfer crucially depends on orbital overlap, whereas ICD has a
R~ (with nuclear distance R) dependency and does not require orbital overlap. 1> Thus,
ETMD is expected to be only relevant in systems comprising subunits with more direc-
tional and stronger orbital overlap. As such, ETMD is an ideal sensor for first solvation
shell composition of strongly coordinated systems. However, observation of electronic
signal from ETMD is most probable in scenarios where ICD and local Auger decay are
energetically not possible or highly unfavored. This is the case, for example, for an Ar 3s

122,126,127 WhICh have

vacancy in a Kr-Ar-Kr trimer'* and also for solvated lithium ions
no remaining electrons to relax into a Li Is vacancy.

In Chapter 6, I will present experimental proof for ETMD to be sensitive to changing
solvation in aqueous environments. ETMD is a relatively recently discovered process, at
least from an experimental point of view. There are other systems where ETMD may be
tavored over the alternative processes (or reasonably competitive), which are of particular
relevance, but we are only beginning to understand these processes, and trying to exploit

them as spectroscopic tool. I will also discuss ideas of studying ETMD in more complex

systems.

2.3 SPECTRAL INTENSITIES

PE energies can be measured with great precision (modern electron analyzers feature few-
meV energy resolutions®”). For certain types of experiments, it is important though to
be able to quantitatively interpret signal intensities which can then be used to determine
relative sample composition or fragments of chemical processes. On a fundamental level,
signal intensities, i.c., the photocurrent in a PE spectrum result from electronic transi-
tions between an initially bound state (eigenstate (7]) and a final state (eigenstate |f)). The

corresponding probability I'is given by Fermi’s golden rule'**

4%
P 7| (AH|i) |? 0(Er — E — b) (2.7)

where E; and E are the energies of the initial and final state, respectively, and the

d-function ensures energy conservation. Based on the approximations made in Sec-
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tion 2.1, the Hamiltonian A can be reduced to the interaction of an electron in an elec-

tromagnetic field, E (so-called ‘dipole approximation’)

tt

H=—i- (2.8)
with ¢ being the dipole moment. As a result, in this simplified but powerful picture,
the photoionization process only depends on the initial and final state energies and the

electrostatic potentials that are present.

However, in practice, signal intensities depend on multiple factors, some of which are
of experimental nature (as collection space angle, spectrometer transmission function,
target density and photon flux), and some of physical nature (as ionization cross-section,
probing depth, etc.). Some of the experimental factors are unknown and expressed as an

alignment factor, 4. The total PE intensity can be described by*"'*’

I=A4-F- Mtarget * Iphoto ZIMFP (29)

with the photon flux, F; the element-specific density, 7rgr, the electron’s inelastic mean
free path (IMFP), /nvep, and the relative photoionization cross section, ophoro. The pho-
toionization cross section is an element and orbital specific quantity which describes the
probability of photoionization to occur upon interaction of an atom or molecule with
an incident photon. In fact, also the polarization of the incoming light has an impact on

the ophoro Of polarized atoms. 130-132

Free electrons have a significantly high propensity to interact with matter, i.e., much
higher than photons. 133,134 The IMFP describes the mean distance an electron travels be-
fore undergoing inelastic scattering. Inelastic scattering causes loss of electron KE and
to some extent loss of information relevant in a PE experiment.'*” Electron scattering
is a generic term referring to either electron-electron and electron—phonon collisions
(for solid state and very low electron KEs), or electron-impact jonization/excitation.?’
As such the IMFP has an inverse dependency on the scattering cross section of a material,
Inviep = (Mool + 0a1) ", with the electron total scattering cross section g (not to confuse
with 7o) at a given kinetic energy and the material density 7. (not to confuse with

the target specific ntarget).29 In most cases 7 is not homogenous but a depth distribu-
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Figure 2.5: Panel A: Experimentally derived effective attenuation length (EAL) and simulated inelas-
tic mean free path (IMFP) curves for liquid water. Details are described in the main text. Panel B:
Schematic graphic of the electronic attenuation as a function of the depth into solution for the two

cases: high and low initial electron KE. Inelastic and elastic mean free path (IMFP and EMFP) are

depicted in the inset sketch. Panel A adapted from Ref3®,

tion density function, 7(z), with depth, z. The total attenuated intensity /(z) for the

photoelectrons escaping the material can be approximated as an integral, weighted expo-

nentially by the IMFP:
1(z) = /n(z) el dg (2.10)

The IMEP is statistically defined as the length at which the total number of electrons
without KE loss drops to 1/e. For few selected metals the ‘universal curve’ (UC) has been
established which presents the electron IMFP in nanometers as a function of the elec-
tron KE (see Figure 2.5A)."** The UC has its minimum between 10 eV and 100 eV, an
energy range where inelastic scattering is very effective since valence and core-level excita-
tions with energies 7 eV lead to electron energy loss. While being well established for
the solid phase, the IMFP is still under debate for the liquid phase.'**"** Few stud-
ies have accomplished experiments giving access to the IMFP curve for liquid water; re-
sults are compiled in Figure 2.5A. Presented curves are deduced from angular distribu-
tions as obtained from core orbital photoelectron signal intensities of pure water (blue
curve, EAL2),"*”!%” and the black curve (EAL1) uses experimental values derived inde-

138

pendently. *® The gray curve (IMFP1) was estimated using a Bethe surface constructed
from liquid water inelastic X-ray scattering data.’*® The red curve (IMFP2) reflects an

estimate that has been scaled to better agree with energy-dependent photoelectron angu-
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lar distributions.’*” The gray dashed line is a reprint of the UC.'** Note that the UC is
referenced to the Fermi level whereas liquid water IMFP and EAL are referenced to vac-
uum level. The curves shown in Figure 2.5A have their minima at approximately 50 eV
to 100 eV KE, where the IMFP for electrons is only about some few nm. In a PE ex-
periment, electron signal measured with low-KE energy will thus be strongly attenuated,
whereas the attenuation is smaller for high KEs. The depth-dependent signal attenuation
for electrons with low and high KEs is sketched in Figure 2.5B.

Due to the small IMFP, soft-X-ray PE spectroscopy probes mainly a thin layer at
the sample surface and PE experiments have to be performed under vacuum condi-
tions.?>!*" Only recent techniques as the liquid-jet approach used in my studies were
successfully applied to PE spectroscopy from highly volatile liquids (discussed in Chap-
ter 3).%%! Inelastically scattered electrons lose their energy and appear as enhanced back-
ground signal in the low-KE energy region of a PE spectrum, close to the zero-energy
cutoff (see also Figure 2.1). In contrast, elastic scattering occurs as an unbound elec-
tron propagates through a medium and eventually scatters by maintaining its energy but
changing its initial direction. This includes excitation of rotational modes, thus the term
‘elastic’ is often used less strictly, including minimal energy loss. Accordingly, elastic scat-
tering leads to broadening of the angular distribution in a PE experiment. The travel
distance accompanied with elastic scattering is called elastic mean free path (EMFP), see
also the inset in Figure 2.5B. The actual type of energy loss depends strongly on the KE
of the electron, '#1-1%3

Due to the typically unknown factors contributing to PE signal intensity and the fact
that in most cases knowledge of relative intensities is sufficient, y-axes of PE spectra are
usually labeled with ‘arbitrary units’ in the literature. In my thesis, PE spectra will always

have a blank y-axis, representative of arbitrary units and plotted linear with PE yield.
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Experimental Methods

Photoemission spectroscopy from liquids is a fast-developing research field.'** To over-
come the problems of electrons having a small escape depth in a condensed phase, mul-
tiple approaches have been made during the last 40 years. In 1973, Siegbahn and Sieg-
bahn used liquid solutions of low vapor pressure to measure photoelectrons.”>”> These
samples were introduced into the vacuum chamber via a needle with the exiting viscous
liquid constantly flowing over a metal substrate. The jet diameter was about 1 mm and
the sample chamber, which was pumped down to the sample’s vapor pressure, was sepa-
rated by differentially pumped slits from the high-vacuum part of the electron analyzer.
Due to the restriction to low-vapor-pressure samples the field of liquid phase PE spec-
troscopy entered a state of hibernation until advance was made with the introduction
of micrometer-sized liquid jets, compatible with vacuum techniques.23’145"148 Photoe-
mission spectroscopy from liquids is still a young research field and only a handful ap-
proaches have been developed to date. For a long time the liquid-jet was the only ex-
perimental technique to access highly volatile samples with PE spectroscopy. Only very
recently, new experimental approaches such as near-ambient pressure PE spectroscopy,
ultra-thin graphene membrane flow cells and the ‘dip-and-pull’ method have become

available. =% However, to guarantee a continuous replacement of the liquid sample and
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to eliminate the potential influence of cell membranes or substrates affecting the mea-
sured signals, the use of a liquid jet with micrometer thickness is still the most attractive
alternative. Detailed description of the liquid-jet technique and its advantages over the
other approaches will be given in Section 3.2. This Chapter also includes descriptions of

the light source, the vacuum chamber, and detection techniques.

3.1 LIGHT SOURCES

The choice of an ideal light source is determined by the photon energy and temporal reso-
lution. For coincidence techniques as used in this thesis (described in Section 3.5) sources
with low photon flux and kHz to MHz repetition rates are necessary. Moreover, pulsed
light of high repetition rate suits liquid-jet experiments as it prevents sample space charg-
ing due to ionization.'* Table-top laser systems provide pulses with high photon flux
and are widely available, B0 bt are usually limited to the extreme ultra violet regime.
X-ray energies >5 eV can only be achieved using higher harmonics, which reduces the
photon flux.°* Energies of tens to several hundred eV (soft-X-ray) are needed to cover
the full electronic structure of light elements. Other common laboratory-based X-ray
sources such as Helium II (21 eV and 41 eV respectively) and Al Ko (1486.6 ¢V) provide
higher energies but lack temporal resolution. Also, these sources are not tunable in en-
ergy. Precisely selected photon energies are of great importance, as the initial excitation
determines the possible decay channels. Too high photon energies enable too many possi-
ble decay pathways, making a spectral deconvolution impossible. On the other hand, too
low energies do not initiate second-order decay at all. Especially for RPE experiments
precise excitation of a well-known orbital is absolutely necessary.

First attempts on building energy-tunable light sources have been made by bom-
barding charged particles on selected metals to produce X-ray radiation at the metal
element characteristic energies.'®>>!>* This so-called ‘Bremsstrahlung’ (German for
‘braking radiation’) is produced upon electron-impact ionization. Generally speaking,
Bremsstrahlung is any radiation produced due to the de-/acceleration of a charged parti-
cle. Yet, accessible photon energies are pre-determined by the targeted material and the
photon flux is rather low (10? photons/sec). >> High flux radiation and continuously tun-

able photon energies could only be realized with synchrotron radiation (which is a certain
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type of Bremsstrahlung) produced at synchrotron facilities. The idea was introduced
in 1945 with the theoretical description of highly collimated electromagnetic radiation
which propagates tangentially to a charged particle with relativistic velocity, if this particle
is forced on a bent trajectory.>® Natural sources of synchrotron radiation are astronom-
ical objects like pulsars or quasars containing hot plasma moving inside strong magnetic
fields.”” Synchrotron radiation features several unique properties. First, it provides a
wide-range energy spectrum from infrared up to hard-X-ray radiation. Furthermore, it
is highly intense (high photon flux), and pulsed with a well-defined time structure for
both pulse length and spacing. Moreover, synchrotron light is naturally polarized. Syn-
chrotron radiation is considered to be highly ‘brilliant’, which is a term that combines the
aspect of intensity, angular divergence, cross-sectional area of the beam and bandwidth.
The greater the brilliance, the more photons of a given wavelength and direction within
a certain bandwidth are concentrated on a spot per unit of time.

All experimental data presented in this thesis were measured at the U49/2 PGM1,
U41 PGM, or UE56/2 PGM1 undulator beamlines of BESSY II at the Helmholtz-
Zentrum Berlin. All three beamlines provide a small focus of 100 x 22 um? (U49),
20 x 10 pm?* (U41) and 90 x 90 um? (UES6). °%">? The energy resolution of all beam-
lines is better than AE/E = S - 1074 i.e., 350 meV for 650 eV photon energies and
60 meV for 200 eV energies. The photon flux at around 100 eV photon energy is on the
order of 3 - 10" photons/sec for all three beamlines. The micro-focus spot of the U41
beamline suited our experimental requirements best, but unfortunately stopped opera-

tion in 2015.

3.I.1 SYNCHROTRON RADIATION

A synchrotron facility provides radiation of a broad energy range. The emitted photon
energy can be derived from the energy loss of a charged particle under acceleration. '®’ It
is assumed that, independent of the true trajectory, a charged particle moves along a linear
path for infinitesimal small distances. It moves with velocity, v, and emits photons since
it is forced on a bent trajectory. The emitted radiation propagates tangentially with the
velocity of light, c. The charged particle emits a photon at position A, at # = 0 and at

position B, at # = #’. The time of observation is at # = ¢’ + d#, which implies that the
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Figure 3.1: Sketch of a charged particle on a bent trajectory (gray dotted line). For infinitesimal
short time scale the particle passes a linear path and emits parallel light beams (black lines). The
solid red line indicates one stationary electric field line seen by an observer at time £ = t' + de.
Local electromagnetic field components (gray arrows) parallel and perpendicular to the photon
propagation emerge due the inhomogeneity of the emitted field line.

light emitted at point A travelled already a distance of ¢ (# + d) and the light emitted in
point B a distance of ¢ dz. This causes a local inhomogeneity of the electromagnetic field
which can be separated in a radial, £,, and a tangential, £y, part as shown in Figure 3.1.
The ratio of the electric field components can be expressed by the ratio of the two photon

path lengths which were emitted from point A and B as

E; tsinfdv
- 1
E. cdt (3.1)

In the limit of infinitesimal times (d# — 0) the particles’ acceleration can be assumed
constant (dv/dr = a). By substituting » = ¢ rand inserting Coulomb’s law the equation
reduces to

q .
EFp=—1 @ 2
? 47 e rc? @ s (3:2)

with the vacuum permittivity, £y, and the particle charge, g. The energy flow per area is
given by Pointing’s law

S =gk (3.3)

Inserting Equation (3.2) into Equation (3.3) and integrating the energy flow over all di-

rections gives Larmor’s formula

de. &a*
dt  6re 7
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where g has been replaced by the elementary charge, ¢, and the Lorentz factor,
y=1/4/1— (%) ?, has been added to account for relativistic electrons. Thus, the power
of the radiation scales with »*, i.e., with the energy of the electron beam to a high order,
which is one reason why large synchrotron facilities of several hundred meters circumfer-

ence are needed in order to accelerate electrons up to 8 GeV. lol

3.1.2 UNDULATOR DEVICE

The generation of synchrotron light underwent three major generations in the last
60 years. 162 The first generation was only parasitic, because accelerators were primarily
used for high-energy or nuclear physics. As the concept proved its success, dedicated elec-
tron storage rings were built to produce synchrotron light. These facilities, which are
designed with the main focus on producing synchrotron light, are considered as second-
generation synchrotron sources. Storage rings are to date the basis for most synchrotron
sources. The demand for bright light sources raised and dedicated insertion devices such
as undulators were developed (third generation of synchrotron sources). Undulators con-
sist of an array of closely spaced vertically oriented dipole magnets of alternating polarity.
An electron beam passes longitudinally through the array, while its trajectory oscillates in
the horizontal plane on a sine-shaped path. As the electron trajectories bend due to the
magnetic field, they emit synchrotron radiation. Light amplification occurs if the oscillat-
ing electron beam, A, is in phase with the emitted photons wavelength, lph, as depicted
in Figure 3.2. Under this assumption, the amplified photon wavelength can be expressed
as the difference between the mean velocities of the electron beam along the y-direction,
Uy, and ¢:
Al

I = (= 7) = (3.5)

The electron velocity has only contribution in the xy-plane whereas the magnetic field
lines are aligned along the z-axis. The Lorentz force dictates the trajectory. Solving the

relativistic Lorentz force for a given magnetic field strength, By, with the electron mass,

m, results in the undulator formula (for a more detailed derivation see Refs. 10316%).
). | K2 €B() ). 1 : 1
doph = — [1+ = |, ith K?=|—"-—"5) = 3.6
B0 ( 2 ) v (27rmel 2 (3.6)
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Figure 3.2: Concept schematic of an undulator. Two arrays of alternating permanent magnets

are arranged in two rows such that each magnet faces another magnet of opposite polarity (in
z-direction). The emerging magnetic field lines force electrons (with velocity along the y-axis) on
a sine-shaped path (oscillations in x-direction). The permanent electron de-/acceleration induces
light emission whereas photons which are in phase with Ay become amplified via constructive
interference.

The relation shows that the emitted synchrotron radiation has longer wavelengths at ris-
ing magnetic field strengths and shorter wavelengths at rising electron energies. The elec-
tron energies are determined by the accelerator, but the field strength in the undulator
section can be tuned mechanically by adjusting the vertical spacing (gap) between the pole
tips. The radiation cones emitted at each bend along the propagation direction interfere
constructively. As a result, the so-created synchrotron beam features multiple spectrally
narrow peaks — a fundamental and its higher harmonics. The beam is highly collimated

in both, horizontal and vertical direction, that is, the beam has a high spectral brightness.

3.2 THE LiQUID MICROJET

The small IMFP of free electrons was ever since a problem in PE spectroscopy. De-
spite the early pioneering work from Siegbahn and Siegbahn on highly viscous samples,
PE experiments were mostly performed under ultra-high vacuum conditions, which re-
stricted this method to solid-state and vapor-phase physics. The key idea for applying
PE spectroscopy to the liquid phase is by creating a micrometer-sized stream which in-
troduces the liquid sample into vacuum.*> The small cylindrical size of the jet ensures a

fast gas density decrease, scaling inversely quadratic with distance (#~2) from the jet axis,
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Figure 3.3: Sketch of a liquid jet introduced into a vacuum chamber via a glass capillary to maintain

|— ~5mm —

a pressure of 10™ mbar. The jet of ~40 ms™? velocity has an approximately 1 cm length of laminar
flow. The interaction spot at which liquid and X-ray beam interact is very close to the capillary
exit; commonly at ~5 mm distance. The vapor density decreases with increasing distance to the
jet with r™2 so that a sizeable number of ejected electrons can reach the detector without energy
loss. Experiments described in this thesis are usually measured with capillaries which create a jet
of around 25 pm in diameter. The X-ray beam is focused down to a comparable size in order to
minimize vapor contribution to the PE signal.

which increases the IMFP tremendously, from pm to mm (see Figure 3.3). The liquid
jet is formed by pushing water with approximately 0.5 ml/min through a tapered glass
capillary with an orifice of typically 10-35 pm size. The choice of orifice size is a tradeoff
between vapor phase contribution, and sample waste (preferentially small diameter) and
jet stability (preferentially large diameter). The high pressure needed to form the jet is de-
livered by a high-performance liquid chromatography (HPLC) pump connected to the
nozzle via chemically resistant tubings. As the jet has to be extremely stable over time, an
additional loop is installed between nozzle and HPLC pump in order to damp pulsing
induced by the pump. Prior degassing of the sample solution avoids gas bubbles which,
when reaching the nozzle outlet, would lead to freezing inside the glass nozzle.

The so-created jet has a velocity of around 40 ms™, fast enough to maintain an
approximately 1 cm length of liquid laminar phase until solid ice droplets are formed
due to cooling by evaporation. In the laminar region, the jet is considered to be in a
thermodynamic equilibrium, since evaporative cooling is effectively much slower than

liquid-liquid molecule collisions. The time for evaporation of a monolayer of water
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(~ 0.3 nm) is between 50 ns*** and 100 ns*’ for a >10 um jet. Molecular rearrangement
and molecule-molecule collisions that lead to equilibrium occur on a picosecond (ps)
timescale, hence four orders of magnitude faster than evaporation. The diffusion coefhi-
cient of solutes in liquid water is comparably high. It takes approximately 4 ns for a solute
of 1 mol per liter (M) bulk concentration to form a surface adsorbate layer, and 40 us fora
0.01 M concentration.*” The given jet velocity implies that the liquid flow needs approxi-
mately 125 ps to reach the point of observation at 5 mm distance from injection; thus the
jet setup resembles natural surface/bulk concentrations. The temperature also resembles

<

real’ conditions, as a room-tempered water jet of 21 um diameter loses only about 20 K

during this time due to evaporation. 148

Another advantage of the liquid jet is that in PE experiments from electrically non con-
ducting or poorly conducting aqueous liquid surfaces, electrostatic charging is consider-
ably reduced through rapid liquid exchange. However, it has been known from the very
first measurements that a neat liquid water jet will be almost inevitably charged, and only
some of the underlying contributions to charging have been discussed. '*~'¢” There are
two major sources of charging the liquid jet, (i) electrokinetic charging, induced by fric-
tion between sample and glass capillary/tubings and (ii) space charging due to photoion-
ization of the liquid sample. In addition, a third effect (iii), the possible change or evolu-
tion of the solution surface potential due to a molecular dipole layer must be taken into
account. This effect is associated with the orientation of molecules at the water/aqueous
solution—vacuum interface; and related, the possible larger surface propensity of one type
of charged species (atomic ions such as iodide) compared to another species will give rise
to a double layer. It is perhaps useful to recall that molecular adsorption on single-crystal
surfaces (typically investigated by PE spectroscopy in ultra-high vacuum) is well known
to cause changes of the sample’s work function.'*® For aqueous-solution PE spectroscopy
this has never been considered. Any of these three effects will influence the kinetic energy

of the photoelectron (the position of the PE peak) that is measured in the experiment.

I only mentioned the most prominent contributions to potential jet charging. Other
effects, such as chemical charging from dissociation of molecules (due to breaking of ei-
ther covalently or electrostatically bound systems), could be considered as well, but are

expected to have only minor contribution. Distinction and quantification of these con-
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tributions in the PE spectra is beyond the recent experimental capabilities, and will have
to await more dedicated liquid-jet designs. These effects make every single microjet exper-
iment unique and careful calibration of each experimentis crucial. For most experiments,
however, addition of millimolar salt concentrations is sufficient to prevent evolution of
local space charges induced by high-flux radiation and electrokinetic charging. Accurate

energy calibration is one motivational aspect of Chapter 4.

3.3 SOL3?

The experimental station SOL?, at which the majority of the experiments described here
was conducted, was built at the synchrotron facility BESSY II in order to measure PE
spectra from volatile samples. I was fully involved in planning, constructing and com-
missioning SOL?. A detailed description of the setup together with proof-of-principle
measurements can be found in Ref**. SOL? consists of three main components: (i) The
electron analyzer, (ii) the interaction chamber, and (iii) a differentially pumped stage be-
tween analyzer and chamber (see Figure 3.4). The electron spectrometer used for SOL?
is a ‘ScientaOmicron R4000 HiPP-2” high-resolution hemispherical electron energy ana-
lyzer developed for near-ambient pressure photoelectron spectroscopy.

The analyzer (i) consists of two hemispherically shaped electrodes (radius of the outer
hemisphere is 200 mm), set at high electrostatic potentials in order to disperse electrons
of different KEs for imaging. All electrons that enter the analyzer through asslit are forced
on a curved trajectory. The particular trajectory depends on the initial electron KEs and
the electrode potential, but also the angle of entry will affect the electron paths through
the analyzer. The choice of electrode potential filters out all electrons of a certain energy.
Electrons with KEs different from this so-called ‘pass energy’ collide with the analyzer
walls and get thus eliminated before reaching the detector unit at the end of the analyzer,
opposite to the entrance slit. However, all electrons with KEs within the given pass en-
ergy window (+£8% distribution) are imaged onto a 2-dimensional detector, consisting
of a micro-channel plate (MCP)/fluorescence screen stack and a charge-coupled device
(CCD) camera. The detector image registered by the CCD camera corresponds to a rect-
angle of 560 simultaneous energy channels and 460 channels in the spatial/angular dis-

persion. The pass energy is fixed during a PE measurement. Electrostatic lenses prior to
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Figure 3.4: Sketch of the basic components of the soL? experimental station for liquid phase PE
spectroscopy at BESSY II. The jet is introduced into the experimental vacuum chamber via a glass
capillary. After passing the interaction region, where liquid and X-ray beams are crossed, a liquid
nitrogen cooled vessel catches the jet. The distance to the interaction region is ~5 mm for the
glass capillary and on the order of 500 um for the analyzer entrance. Photoelectrons enter the
differentially pumped electron analyzer via an entrance cone of 500 um diameter size. This is nec-
essary to separate the 10 mbar atmosphere of the interaction chamber from the high vacuum
part of the analyzer. The electron analyzer is differentially pumped featuring four chambers sep-
arated by mm-sized pinholes. An electrostatic hemisphere energy disperses the electron stream
which eventually hits a detector consisting of a fluorescence screen-MCP stack. The detector stack
requires ultra-high vacuum conditions, e.g., a pressure of 10° mbar. SOL3 features the possibility
to measure PE angular distributions (anisotropy parameter, B) by rotating the electron analyzer
around the X-ray beam axis.
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the entrance slit enable well-defined de- or acceleration of the electron beam. By continu-
ously changing the lens voltages, it is possible to scan through the distribution of electron
KEs. The R4000 is capable of detecting electron energies ranging from 5 ¢V to 6000 eV
(XUV to soft-X-ray) in transmission mode and 10 eV to 6000 eV in angular mode. Nine
different slit sizes at the hemisphere entrance are available, of which we used mostly the
largest one (0.5 X 30 mm?) for enhanced signal collection rate. At this slit size, the energy
resolution is 25 meV at 200 eV KE (for 20 eV pass energy). The energy resolution, AE,
of an electron analyzer depends mainly on the slit size , d, the radius of the hemisphere,

R, and the acceptance angle, #, and can be estimated using the relation:

d o
AE = (ﬁ + 5) (3.7)

The hemispherical analyzer is pumped to reach a final pressure of 10~ mbar at the
MCP. Ambient pressure operation of the R4000 analyzer is accomplished with the help
of a multi-stage pumped drift stage (iii). A S00 um entrance cone separates the first sec-
tion of the drift stage from the interaction chamber and is followed by three differentially
pumped drift stages to overcome the maximal pressure difference of 107'° mbar between
interaction chamber and detector. Each section is equipped with one or two 250 L/s
turbo-molecular pumps and separated by wm-sized pinholes. Electrostatic lenses guide

the electrons through these pinholes.

Near-ambient pressure measurements can be realized at SOL? either by using liquid
jet experiments or liquid—surface approaches stabilized at high relative humidity. Max-
imal pressures equal 20 mbar H,O or 50 mbar N, at the sample position.30’31 When
running the liquid jet experiment, the pressure in the interaction chamber can be as low
as 10™* mbar; this pressure is reached by using two cold traps (metal cylinders with ap-
proximately 1000 cm? surface area each) filled with liquid nitrogen and a 1600 L/s non-
corrosive turbo-molecular pump. The interaction chamber (ii) is designed to be rather
big which facilitates maintenance and also increases the volume for evaporated water and
hence decreases the gas load at the jet. The interaction point is in the middle of the
chamber, where synchrotron beam, jet, and analyzer axis intersect (center of Figure 3.4).

Downstream the jet axis, at the opposite side of the interaction chamber, is a dedicated lig-
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uid nitrogen vessel which is needed to collect and freeze the liquid jet immediately. The jet
itself is mounted on an xyz-manipulator with pm screws to allow for precise positioning.
The distance between analyzer cone and liquid jet is kept small (approximately 500 pm)
to reduce the travel length of the free electrons. Analyzer cone and jet can be observed
through front and bottom windows. A camera with =30x magnification is installed to
monitor the jet. This is crucial for an initial rough positioning of the jet and for stability
monitoring, as it is important to have jet, synchrotron beam focus, and analyzer aligned
to overlap and kept stable on a pm-scale.

SOL? is equipped with a manual swing mechanism, allowing for quick rotation of the
analyzer about the synchrotron-light beam axis. This rotation allows for detection of
angular distributions of emitted electrons at any angle between 0° and 90°, with respect
to the polarization vector of the synchrotron light, which is typically in the floor plane.
To rotate the analyzer, breaking the vacuum is necessary. External magnetic fields, in
particular, the earth magnetic field, are compensated for by a Helmholtz-coil arrangement
consisting of three pairs of separately powered magnetic coils. Currents are optimized to
yield zero magnetic field, measured with a Hall sensor in front of the electron analyzer

entrance cone.

3.4 MaGNETIC-BOTTLE TIME-OF-FLIGHT SPECTROMETER

Another approach to measure electron KEs, is by detecting their velocities using a time-
of-flight (TOF) spectrometer. This technique is particular useful for time-resolved exper-
iments due to the possibility of collecting a whole electron spectrum in a single shot. The
basic concept of a TOF spectrometer is that the time required for an electron to pass a

defined length is related to its kinetic energy via

1 5\ 2
KE = ~my - () —eU (3.8)
2 ;

with the electron mass, 7z, elementary charge, ¢, retardation voltage, U, and the flight
length, 5. Flight times of the setup I used (~60 cm flight length and 10-100 ¢V KEs) are
typically on the order of 50-200 ns. Accordingly, itis clear that this method needs pulsed

light with a repetition rate lower than the electron flight times, such as kHz lasers, free
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electron lasers or specific operation modes of synchrotron sources. BESSY II provides
the so-called ‘single-bunch mode’ in which the repetition rate is reduced to 1.25 MHz
(800 ns between pulses). The electron flight times were synchronized to an electron
bunch marker signal provided by BESSY II and were finally recorded using a multi-hit
capable time-to-digital converter of 60 ps bin width. Measured time channels translate
directly into flight times by putting 1 channel to 60 ps. Note that for short electron flight
times the number of electrons reaching the detector within the 60 ps is higher then for
longer flight times. This leads to unjustified high signal in the extracted spectra. A Ja-
cobian factor, d#/dKE , has to be multiplied to every single data point to ensure area
conservation in the spectrum. Calibration measurements, i.e., measuring a well-known
core-hole peak at different photon energies is necessary before each single measurement
to have a reliable energy reference. Nonetheless, an uncertainty of these data points leads

to a systematic uncertainty of £0.25 eV for the kinetic energy axis of the whole spectrum.

The magnetic bottle setup used in my work is basically an electron TOF spectrometer
in which additional magnetic fields dramatically increase the collection efficiency, while
still covering the full kinetic energy range in a single measurement. The total efficiency
is linear and between 24% and 50% (MCP efficiency already included). A detailed de-
scription of the theory of a magnetic-bottle TOF can be found in Ref"’; the here used
setup is best described in Refs'”*'”!. Figure 3.5 presents a sketch of the setup. Compared
to SOL? the rotatable electron analyzer is now exchanged by a TOF spectrometer and a
450 mT permanent magnet (Sm,COy7) is placed below the interaction region; all other
parts are similar. The permanent magnet creates a strong inhomogeneous field and addi-
tional coils inside the TOF drift tube create a weak homogeneous field. The so created
diverging magnetic field aligns the trajectories of electrons that travel from the strong
field region to the weak field region. This significantly enhances the electron collection
efficiency as the collection angle is almost 47 (27 for the liquid-jet geometry). The coils
guide the collected electrons along the drift tube whereas the electron trajectories inside
the TOF resemble a bottleneck, which is the reason for the naming of the spectrometer.
After reaching the end of the drift tube electrons are counted by an MCP pair. The signifi-

cantly enhanced collection efficiency and compatibility with the liquid-jet source present
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Figure 3.5: Sketch of the basic components of the magnetic-bottle PES experimental station for
liquid phase PE spectroscopy at BESSY II. The components for handling the liquid jet are identical to
the soL3 setup. The electron analyzer is replaced by a magnetic-bottle time-of-flight spectrometer
featuring a drift tube with two coils, a small and a large one, in order to de- and accelerate electrons
on their way to the MCP-fluorescence screen stack at the end of the spectrometer. The collection
efficiency is increased by a permanent magnet placed below the point of liquid-light interaction.
The magnet setup can be aligned relative to the drift tube via a xyz-manipulator. Opposite the
magnet and 45 mm away from the interaction region is the entrance cone (25 mm in diameter) of
the drift tube. The drift tube has an inner diameter of 85 mm and a length of 600 mm.
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two obvious advantages of this detection technique; a drawback on the other hand is that

angular information is lost.

3.5 ELECTRON-ELECTRON COINCIDENCE

As mentioned earlier, inelastically scattered electrons create a large background signal in
the low-KE part of a PE spectrum. In our case ETMD creates slow electrons around
30-40 eV, as will be explained in Chapter 6. As the physical origin of two electrons — be
itan ETMD electron or an inelastically scattered electron — with same KE cannot be dis-
entangled by means of conventional PE spectroscopy, alternative detection schemes have
to be used. The key idea of electron—electron coincidence detection is to selectively de-
tect slow electrons that are coincident with a photoelectron; i.c., slow electrons that reach
the detector within a defined time span after a photoelectron of known KE is detected.
We reduced the photon flux considerably to about 101 photons/sec using a beamline slit
of 1-10 um and an insertion device aperture of 0.1 mm. This was necessary in order to
reach a situation in which, for most of the BESSY pulses, zero or one electron reaches
the detector within the given time window. Each time two electrons reach the detector
within that time span, a coincidence event was recorded and accordingly represented in
a 2-dimensional map. The coincidence map x-axis represents the first electron and the
y-axis the second one, as sketched (not measured) in Figure 3.6. The map is divided by
a diagonal while the bottom-right half-map is empty. This is because our detector does
not differentiate between electrons and counts always the first electron arriving at the
detector as fastest electron. In the experiments described here typical acquisition times
were 1800 seconds per map. In this time, typically 6 million coincidence events could be
registered.

Different processes upon single-photon absorption can lead to the ejection of elec-
tron pairs. Most of the electron pairs (triggering coincidence events) are physically un-
related, be it by ionization of two separated monomers or by detection of electrons that
outrun the 800-ns time window and appear in later bunches. All of these so-called ‘ran-
dom events’ represent electron pairs that share independent total energies and appear as
noisy background contributions to a coincidence map. Signal from electron pairs result-

ing from ionization followed by a second-order process, such as autoionization, shows
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Figure 3.6: Principal sketch of an electron-electron coincidence map as measured with the
magnetic-bottle TOF spectrometer. If a two-electron event occurs at the detector within the
measuring window (800 ns in our case), the flight times of the electrons will be mapped onto a
2-dimensional representation. The fastest electron is always plotted on the x-axis which is the rea-
son why the bottom right part of the map is empty. Random coincidences - two-electron events
where both electrons are not related to the same decay process — can have all kinds of energy
distributions for both electrons and appear as unstructured background. Processes that are related
to an ionization event appear as dense areas along vertical lines in the map.
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up along a vertical line; see shaded line in Figure 3.6. Note that the temporal delay be-
tween photoelectron (first) and autionization electron (second) due to the lifetime of the
excited, singly ionized state is at most in the few fs range and does not play a role in the
interpretation of the flight times.

To extract the underlying signal of electrons only related to ionization — the ‘true coin-
cidences’ — I select a narrow region of interest (ROI) on the x-axis that exactly covers the
vertical line. Afterwards integration along the y-axis gives a spectrum that contains ion-
ization related second-order electrons together with a random background. A binning
factor of 20 is usually sufficient to ensure enough counts per channel. To get rid of back-
ground signal the same procedure was performed for a region next to the original ROL, on
the right hand side. This region is considered to mostly contain signal from random coin-
cidences and inelastically scattered electrons from true coincidences. As the new region
is on the right side of the original ROI it contains slower electrons. The number of elec-
trons recorded is generally higher for faster electrons as these arrive at the detector more
frequently within a given constant time span. To account for this behavior, I rescale the
integrated signal intensity of the off-region to match the baseline of the integrated ROI
spectrum. Subtracting both spectra provides the background-free second-order electron
spectrum. Results from using this detection method for measuring ETMD from aque-

ous lithium solutions are presented in Chapter 6.
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Photoemission from Liquid Water

The electronic configuration of an isolated water molecule in the ground state is
(1a;)*(2a;)*(1by)*(3;)*(1b;)?, adopting a C,, representation.'”* Within this description,
the highest-energy electrons are associated with the 1b; orbital which is primarily of oxy-
gen lone-pair character (O 2p,) and is thus non-bonding. The lower-lying non-bonding
3a, orbital is again predominantly of oxygen p-orbital type, while the 1b, electrons dom-
inantly contribute to the O—H bonds. The 2a, orbital results from O 2s—H 1s hybridiza-
tion, yet it shows largely O 2s character. A typical PE spectrum from liquid water using
a liquid jet is presented in Figure 4.1. It consists of two main regions; the valence band
orbitals are located around 10-35 eV BE, and the core level is at around 530-540 eV BE.
The valence spectra were measured at 150/175 eV (liquid/gas) and the core level at 575 eV
photon energies. All peaks represent molecular orbitals of the water molecule, as pre-
sented in the energy diagram in the top part of Figure 4.1. Note, that a PE spectrum
of liquid water always inevitably contains a considerable amount of gas-phase water due
to evaporation around the liquid jet. A spectrum of solely water vapor was measured
by moving the jet out of the beamline light focus (to identify the gas-phase features), as
presented in Figure 4.1 with a thin dashed line. Electron-density contours visualize the

shape of molecular orbitals. The orbital plots represent computed electronic densities of
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Figure 4.1: Top: Energy-level diagram and molecular bonding scheme of the H,O molecule. All
atomic and molecular levels are positioned according to their binding energy (taken from Ref%2 for
the atoms and from Refs”3174 for H,0) on the energy scale. Electron-density contours are assigned
to each molecular orbital, according to Ref!’?, Bottom: Liquid-jet PE spectrum from liquid water
in the O 1s and valence band region. Additional signal from gaseous water is brought by the vapor
waist around the liquid jet. The pure gas-phase spectrum of water is shown for the outer-valence
region (9-21 eV BE, dashed spectrum). The gas spectrum is shifted by -0.48 eV to align with the
liquid phase spectrum. Dashed lines assign all gas peaks to their molecular orbital. Liquid phase
contributions are shifted to lower BEs by some eV due to dielectric screening, as indicated by arrows
for the 1b; peak. 4a; and 2b, orbitals are unoccupied orbitals and therefore not visible in the PE
spectrum.
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free water molecules. '’ Electrons of the free water molecule are tightly bound, with the
first ionization energy (1b; electron) at 12.6 €V, followed by higher ionization energies
from the 3a; (14.8 eV), 1b, (18.6eV), 2a; (32.6eV) and 1a; (O 1s, 539.9 eV).?82%173-175
These ionization energies, which correlate with electron BEs, are solvent-shifted to ap-
proximately 1.2-1.4 eV lower values in liquid water due to dielectric screening and inter-
molecular interactions;'"*~'"* the gas-liquid BE shift for the O 1s core-levelis 1.8 eV. Also,
the distribution of electron BEs is broader for aqueous phase than for the gas phase due
to the many hydration configurations adopted in liquid water. The 3a; peak in liquid wa-
ter exhibits a doublet structure that arises from the strong 3a;-3a, orbital interactions in
the fluxional hydrogen-bonded network;'”~'#" this separates the 3a, in a bonding (32, H)
and a non-bonding (3a;L) orbital. This peak splitting is known to be less pronounced in
liquid phase than for crystalline ice, with the differences in the ice and liquid water spectra
interpreted as a consequence of the varying local geometries in the disordered structure

of liquid water.'”

Liquid-jet PE spectra are calibrated and presented with respect to the vacuum level.
However, determination of exact absolute binding energies in a liquid-jet experiment is
challenging since an inhomogeneous field between charged jet and grounded analyzer
will influence the KE of emitted electrons on their way to the detector (see Section 3.2
for more detail). One of the consequences is that the measured BEs of the gas-phase H,O
orbitals are usually not proper references for assigning liquid-phase binding energies. As
electrostatic potentials affect the energies of all outgoing electrons similarly, energy shifts
are not peak specific and will affect the whole PE spectrum; the effect is the same as if
one applies a bias voltage to a conductive sample. Therefore, determination of one sta-
ble reference in a PE spectrum allows for calibration of all other peaks. This issue was
acknowledged already early on and has been a topic of debate and concern in the liquid-
jet community. Examples of thorough investigations focusing particularly on this aspect
involve Refs”®'*". For all studies an assumption was made that the BE of a solute species
can be obtained with reference to the lowest-ionization peak (1by) of liquid water. The
1b; peak was chosen since it is energetically well separated from other orbitals. However,
the exact value of the 1b; peak is not settled and ranges between 11.16 eV BE (onset at

approximately 9.9 eV BE)* and 11.31 eV BE'*’. The two values were determined by
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referencing the spectra to water vapor. In these studies, the gas phase peak position was
constant, which is not necessarily true but a consequence of thorough grounding and a
low light flux. The consequences of insufficient grounding and space charging due to
high flux (effects (i) and (ii) as explained in Section 3.2) are presented in greater detail in
the outlook (Chapter 8). In my studies, the 1b; BE of 11.16 eV according to Ref*® is
used, which I also confirmed by manually reducing the conditions leading to charging
considerably. Both, sample flow rate and photon flux were reduced up to a point where
charging was negligible and measured BEs did not shift any further in the PE spectrum.
Note, that especially reducing the flux will inevitably decrease the signal intensities in an
PE experiment.

Adding millimolar concentrations of salt to neat water is usually a good compromise
between sufficient conductivity and an undistorted water spectrum. This is a very com-
mon procedure in liquid-jet experiments to reduce charging effects without sacrificing
light flux. However, this leads to the question how solutes influence the electronic struc-
ture and thus the measured binding energies of liquid water. One justification for using
this procedure is that even at considerably high concentrations of for example 1 M salt
solution, undistorted water molecules with ~55 M*? would still be the dominant con-
figuration. Thus, in most liquid jet studies, the assumption is made that small amounts
of solutes do not change the overall electronic structure of water and PE spectra of aque-
ous solutions are essentially a superposition of the water PE spectrum and single solute
peaks of approximately Gaussian shape.**!”>!* However, until today, this assumption
has never been verified. The following chapter presents my study on the influence of
highly concentrated dissolved sodium iodide, Nal, on the electronic structure of liquid

water, which has been recently submitted. '**

4.1 WATER IN THE PRESENCE OF SALT

More than a hundred years ago, the ionic theory of electrolytes was established, 183 yet
the molecular understanding of ion-solvent interactions is still incomplete.'®* Even
the geometric structure of neat liquid water itself remains a subject of ongoing contro-
versy. 185-190 Especially at very high concentrations of several M, the effects of salt on the

water electronic structure is highly unclear. One early liquid-jet study observed the water
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electronic structure to be unaffected up to addition of 12 M of Nal.'”" This is, however,
counterintuitive and presumably a consequence of the experimental resolution available
at that time, because adding high concentrations of electrolytes into liquid water should
have a profound effect on the electronic structure of water, especially when going to con-
centrations at which the water hydrogen-bond network is highly distorted”. Also, at high
concentrations, the effect of ions may be stronger than the electrostatic effects of the wa-
ter molecular dipoles. Such ionic effects might be specific as different ions adopt different
proximities to individual water molecules.'"”'”® However, it is noted that the effects of
ions on nearby water molecules are considerably greater for gaseous species when com-
pared to liquid water, the latter exhibiting a large screening ability.'”*~"* In addition to
the dielectric screening by the solvent, the electrostatic attenuation brought about by the

ions (i.e., Debye-Hiickel screening'””)

must be explicitly considered. Such screening abil-
ities will scale with electrolyte concentration. Recent studies utilizing X-ray scattering
methods revealed that the influence of ions on the water structure is poor and does not ex-

tend beyond the first coordination shell, """

with only a few exceptions where strongly
hydrated ions, are found to affect the hydrogen-bond network considerably (cooperative
effect).?”’ As such the iodine anion, I™, has been found to have an exceptional influence
on the extended hydrogen-bond network due to its large polarizability that can delocalize

charge towards its solvating water molecules. 198

A detailed understanding of the associated effects on the electronic structure are im-
portant from a fundamental perspective as well as for applications. For instance highly
concentrated electrolytes extend the water electrochemical window from 1.5 eV up to
3.0 ¢V, prompting recent suggestions to use such solutions in environmentally friendly
water-based batteries.>’'2%* Also, the anomalous increase in screening length that follows
the classical decrease of the Debye screening length has been found to be relevant in chem-
istry, biology and energy storage.”**?"> As the structure and formation of an ionic envi-
ronment is of fundamental importance for understanding electrochemical processes in

water, I seek to quantify the mentioned effects in the following.

"The water-to-solute ratio of a 12 M Nal aqueous solution is approximately 5:1.
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4.2 NAlIN AQUEOUS SOLUTION: FROM Low TO HiIGH CONCENTRATIONS

Extended valence band PE spectra from 0.05 M, 0.5 M, 1 M,2.5M,3 M, 4 M,5M,6 M,
7 M and 8 M Nal in aqueous solution have been measured to identify and quantify spe-
cific changes of the electronic structure of water. Solutions were prepared by dissolving
Nal of 299% purity (Sigma-Aldrich, #793558) in highly demineralized water (conduc-
tivity ~0.2 uS cm™"). Photon energies of 180 eV and 198 eV were used to measure the
tull valence spectrum. Additionally, 650 eV photons were used to be more bulk sensitive,
corresponding to approximately S nm probing depth.'#*~"*% Several studies on interfacial
density distribution of different ions have demonstrated that electrons with KEs >600 eV
yield bulk properties.**™*" Electrons were detected using the SOL? setup. It is particu-
larly important to think about precision in our measurements. The U49 beamline resolu-
tion is on the order of 60 meV for ~200 eV photon energies and 350 meV for ~650 eV
photon energies. However, from fitting analyses of the 3a;, 1b,, and 1b; PE peaks in
multiple data sets under similar conditions, it is concluded that water peak positions and
widths can generally be determined with 40-60 meV uncertainties in the ~200 eV and
650 eV photon energy data sets, which is a more realistic estimate of the accuracy of re-
ported values. Similar uncertainties are obtained for the more intense and spectrally sep-
arated solute peaks (Na™ 2p and I 4d). In situations where solute peaks overlap with
other features (I” Spand I~ Ss peaks) and solute concentrations are relatively low, the BE

determination uncertainties are dominated by fitting errors in the range of 40-400 meV.

Figure 4.2 shows the valence band photoelectron spectrum from 0.5 M and 8 M Nal
aqueous solution in the 5-60 eV BE range, measured at 198 eV photon energy. Both spec-
tra are manually shifted in energy to align at the liquid water 1b; peak at 11.16 eV, and are
normalized to the liquid 1b; intensity. A linear background is subtracted to account for
inelastically scattered electrons. The seemingly better energy resolution of the 8 M spec-
trum (best seen at the gas-phase 1b; peak) is due to a better conductivity and thus more
effective charge compensation as compared to the 0.5 M spectrum. As an electrostatic po-
tential between jet and analyzer influences emitted electrons from gas phase molecules as
afunction of their distance to the analyzer, gas phase peaks become broadened. The large

peak at 35 eV BE arises from ionization of Na™ 2p. Peaks near 8 ¢V and 55 eV BE are due
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Figure 4.2: Valence photoelectron spectra of 0.5 M (black) and 8 M (red) Nal (ag) measured at
198 eV photon energy. Both spectra are energetically aligned at the Na* 2p and I” 4d peaks after
shifting the liquid water 1b; peaks to 11.16 eV BE as indicated by dashed lines. Small structures
on the slightly increased signal in the 41-52 eV BE region for the 8 M solution can be assigned
to energy loss processes where Nat 2p photoelectrons excite quasi-optical transitions of water?%°,
Schematics of the molecular orbitals of water in the top right corner are taken from Refl72, Figure
reprinted from Ref182,
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to ionization of I~ Sp and I~ 4d orbitals, respectively. 29136 The double-peak structure
arises from different spin-orbit states. The intensity of solute peaks scales with salt con-
centration but does also reflect photoionization cross sections and angular distributions
of the respective orbitals.’** The important observation from Figure 4.2 is that all sol-
vent and solute peaks are aligned for the two solutions, as indicated by dashed lines. This
absence of any obvious energy shifts implies that electronic structure changes due to the
ion—water interactions are absent or small. Yet, detailed spectral analysis does reveal a very
small energy shift of the water 1b, peak, and a change of the spectral shape of the water 32
peak occurs, which will be focused on later in greater detail. The evolution of the energy
positions of solute peaks is displayed in Figure 4.3. I~ 4d undergoes only a minor spectral
change when comparing 0.5 M and 8 M. A slight BE shift of =100 + 60 meV from 0.5 M
to 8 M Nal is observed, which is on the order of our estimated experimental accuracy.
Na™ 2p is even more stable. For low concentrations the 2p peak is dominated by back-
ground signal from water 2a;. To judge the 2p location and shape, the 2a; background has
been subtracted and Gaussian fits were calculated which are almost identical for both con-
centrations, as indicated by shaded areas in Figure 4.3B. This procedure yields a BE shift
of only 20 £ 60 meV for Na™ 2p when going from 0.5 M to 8 M Nal (aq). The I” Sp
peak position is also rather stable with a BE shift of only —110 + 70 meV when going
from 0.5 M to 8 M Nal aqueous solution, as presented in Figure 4.3C. This observation
is in contrast with previous investigations that did not observe any influence of high con-
centrated aqueous alkali halides on the solute BEs.?!! Obtained experimental BEs of the
solute orbitals are summarized in Table 4.1 where energies reported for crystalline Nal
are reported as well. /> Note, that I™ Sp orbitals form the valence band in the crystalline
phase and hence, their BEs are not included. The energy positions differ between solid
and condensed phase but the energy differences between all Nal peaks as well as the spin-
orbit splittings are the same. This weak sensitivity to the different environments is a clear
indication of a negligible effect of the solvation on the electronic structure of the ionic
constituents. In this case the maintenance of constant energetic differences cannot be
associated with a constant spectral offset of the cation and anion features as any solvent-
induced perturbations or bonding interactions would be expected to lead to differential

shifts of the anion and cation peaks.
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Figure 4.3: Photoelectron spectra of 0.5 M (red) and 8 M (black) Nal (aq) measured at 198 eV
photon energy. Gaussian fits of the respective peak components are presented by gray shaded
areas. The Gaussian curves are intensity normalized in order to better visualize their energy po-
sitions and widths; white numbers indicate the respective scaling factors for the 0.5 M fit curves.
Panel A: Enlarged view of I" 4ds;; and I” 4ds/,. A factor of 16 is applied to the 0.5 M spectrum to
yield the same peak height as the spectrum measured at 8 M solution. Panel B: Enlarged view of
Na* 2p and 2a;. A factor of 14.5 is applied to the 0.5 M spectrum to yield the same Na* 2p peak
height as the spectrum measured at 8 M solution. Spectral contributions due to 2a; ionization have
been subtracted. Panel C: Enlarged view of I" 5ps,; and I 5p3/,. A factor of 20 is applied to the
0.5 M spectrum to yield the same peak height as the spectrum measured at 8 M solution. Note that
intensity scaling factors differ from the theoretically expected factor of 16, as background signal
from inelastically scattered electrons increases with raising salt concentration. Also, iodide tends
to populate the liquid—-vacuum interface®'® which causes slightly higher iodide signal contribution
in our spectra as would be expected from the bulk concentrations. Figure reprinted from Ref82,
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After I demonstrated that solute ionization energies underlie only minor relative
change with changing chemical environment, I want to take a closer look at the solvent
water structure itself — something that has been widely overlooked in past studies. Fig-
ure 4.4 shows a concentration series of the outer valence PE spectrum from 0.05 M to
8 M Nal (aq). Note, that over the large concentration variation the viscosity of the aque-
ous solution increases, potentially leading to the liquid jet experiencing small changes
in position which will alter the relative liquid-gas signal intensity ratio. A continuous
narrowing of the gas-phase peak linewidths when going from 0.05 M to 8 M is due to a
reduced vapor pressure and increased conductivity of the higher concentrated solutions.
Spectra are again energetically aligned at 11.16 eV for water 1b;. Gaussian multi-peak fits

180,191

have been applied for each spectrum according to Refs , as indicated by shaded ar-
eas. Note the smaller water 1b; gas-phase peak in the spectra of Figure 4.4 as compared
to Figure 4.2 is due to a smaller focal size of the photon beam of the U41 PGM beam-
line at BESSY II. It is clearly seen from Figure 4.4 that the 1b; peak remains constant in
shape (location is manually fixed) for all concentrations and no specific solute-induced
effect is detected. The other water peaks are strongly overlapping, yet the fit curves show
a—-370 + 60 meV BE shift of the 1b,, as indicated by a small arrow in the top-most spec-
trum. The evolution of the peak positions obtained from Figure 4.4 is linear as visualized
in Figure 4.5. Indicated error bars were determined from standard deviation of the fitting

procedure. The 1b, relative energetic shift with concentration can likely be considered an

absolute energetic shift as the relative separations of the solute PE spectra features and the

Table 4.1: Measured ionization energies from Nal in aqueous solution and in crystal phase. Aqueous
phase spectra were measured using a photon energy of 198 eV to probe solute ionization energies
with interface sensitivity. Crystal phase energies are taken from Ref?!?. Table reprinted from
Ref182,

Peak Binding energy [eV]
0.5 M S.0M AE Nal crystal
I_5p3/2 783+£0.04 7.72+0.05 —0.1140.07 -
I_Sp1/z 8.70 £0.11 8.67+0.05 —0.03£0.12 -
Na™ 2p 35.394+0.04 35.414+0.04 —+0.0240.06 29.29
If4d5/2 53.84+0.04 53.74+£0.04 —0.10+£0.06 47.68
I_4d3/2 55.52 4+ 0.04 55.444+0.06 —0.08+0.07 49.35
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Figure 4.4: Valence photoelectron spectra from Nal aqueous solutions as a function of concentra-
tion, 0.05 M to 8 M. The photon energy was 180 eV. Intensities were normalized to yield the same
1b; peak heights for each solution. Peaks in grey are the Gaussian fits representing the photoelec-
tron contributions due to ionization of the four water valence orbitals. Solid black lines represent
Gaussian fits of gas-phase water valence orbitals. For the lowest concentration, the fit parameters
previously reported for water were used. 28 For the higher concentrations, all liquid-phase peak po-
sitions were allowed to vary. Both 3a; Gaussian fit component peaks (3a;L and 3a;H, see main
body of the text for details) are constrained so that they exhibit similar widths and heights in each
spectrum. Arrows indicate shifting peaks. Smaller linewidths of the gas-phase contributions for
high Nal concentrations are caused by decreasing gas phase density around the jet due to reduced
vapor pressure and increasing sample conductivity. Figure reprinted from Ref182,
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Figure 4.5: Changes of the water 1b, binding energy and 3a; energy splitting in Nal aqueous
solutions as a function of concentration, 0.05 M to 8 M. All data are extracted from Figure 4.4. The
error bars represent the uncertainties of the fitting procedure. Figure reprinted from Ref 182,

liquid water 1b; feature all remain unaltered over the studied concentration range. Given
the opposite charges of the solute components, the expected non-bonding nature of the
water 1b; orbital, and the intermolecular bonding character of the 1b, orbital, the alter-
native explanation that the 1b, feature remains fixed in energy while the solute and 1b,
solvent features shift is deemed likely. The second notable spectral change occurs at the
position of the water 3a; peak, in the 12-16 ¢V BE region. Atlow concentrations the flat-
top profile typical for neat liquid water, represented by two Gaussians, is observed. The
flat top turns into a curved maximum when approaching high concentrations which can
be attributed to the reduced splitting of the 3a;. Thereby the bonding 3a;H experiences
a shift to lower BEs and the non-bonding 3a;L orbital a shift to higher BEs. In the spec-
tral analysis all peak parameters where free to change, I only restricted the 3a,H and 3a;,L
peaks to be of similar width and intensity as has been manifested in Ref"®. The shifts
are indicated by small arrows in the 8 M spectrum of Figure 4.4. The total reduction of
the 3a; splitting amounts to 450 + 90 meV for the 8 M concentration. The evolution is
again linear as displayed in Figure 4.5. A peak width analysis of the 3a;, 1b, and 1b; peaks

revealed no noticeable trends and is therefore not further considered here.

The measurements at 180 eV and 198 eV are rather interface sensitive. To explore

the ionization energies deeper into bulk, PE spectra at 650 eV photon energy have been

58



I 4d

P E——|

P NP IR I S R
22 20 18 16 14 12 10

oo b b v by by b b b b by b b by by

56 52 48 44 40 36 32 28 24 20 16 12 8
Electron binding energy [eV]

Figure 4.6: Valence photoelectron spectrum from 0.5 M (black) and 8 M (red) Nal (aq) measured
at 650 eV photon energy. Inset: Enlarged region of the outer-valence spectrum. Figure reprinted
from Ref 82,

recorded. Results from the 650-¢V photon energy measurements are shown in Figure 4.6.
The first observation is that solute features are much more enhanced with respect to the
low photon energy measurements. This is due to larger relative photoionization cross
sections and photoelectron angular distributions. Most prominent is the large increase
of the I” 4d to Na™ 2p intensity ratio, where the initially larger Na™ peak height be-
comes much smaller than the I™ peak height; primarily due to the steep increase of the
iodide 4d anisotropy parameter between 200 eV and 600 eV electron KE. 129 Note, that
the detection angle was 90° with respect to the polarization direction of the linearly po-
larized incident light. Another observation is, that due to the enhanced solute intensities,
an additional iodide peak — the I™ Ss orbital — appears at around 20 eV BE. This feature
is located at the high energy side of water 1b,, see inset of Figure 4.6. This peak shows a
rather broad structure but its location is confirmed by our computation, giving a value of
20.2 + 0.2 V. This assignment is also in agreement with the ~20% smaller cross section

213)

compared to the I~ Sp (value taken for atomic iodide“'”). Considering a further reduc-

tion of 1/3 since a s-orbital only holds two electrons while a p-orbital has six of them and
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Table 4.2: Measured ionization energies from Nal in aqueous solution and in crystal phase. Aqueous
phase spectra were measured using a photon energy of 650 eV to probe solute ionization energies
with higher bulk sensitivity. Crystal phase energies are taken from Ref?!?, Table reprinted from
Ref182,

Peak Binding energy [eV]

0.5 M 8.0M AE Nal crystal
175p3/2 7824004 7.71£0.04 —0.11+£0.07 -
Ifspl/2 8.714+0.10 8.67+£0.04 —0.0440.11 -

I75s - 19.60 £ 0.40 - 11.21
Na™ 2p 35.44 £0.04 35.41+£0.04 —0.03+£0.06 29.29
I"4ds ), 53.89+0.04 53.74+0.04 —0.15+0.06 47.68
If4d3/2 55.57 £ 0.04 55.444+0.04 —0.13+£0.06 49.35

even further reduction due to the smaller anisotropy parameter in the case of s-orbital

ionization, the intensity reduces to less than a fourth of the Sp intensity.

Most important when comparing Figure 4.6 with Figure 4.2 is that one can essentially
draw the same conclusions as for the interface-sensitive spectrum. Again, when referenc-
ing both spectra to the 1b; feature, all solute ionization energies remain mostly aligned
with changing concentration; minor BE shifts of maximal —150 £ 60 meV (for I 4ds )
are observed. The positions of the individual concentration-dependent solute peaks are
summarized in Table 4.2. Also the solvent water features do not change considerably.
However, small spectral variations are again observed for the orbitals 3a; and 1b,, which
shift in the same direction as for the low photon energies, by a similar amount. Upon
closer inspection, a =330 £ 60 meV BE shift of the 1b, orbital is extracted when the Nal
concentration is raised from 0.5 M to 8 M, similar to the interface sensitive analysis of
Figure 4.4. The 3a;L and 3a;H fit components are found to shift to higher and lower
BEs, respectively, resulting in a narrowing of the peak separation by 310 £ 120 meV.
Thus, one can conclude that the concentration-dependent BE changes extracted from
Figure 4.6 are equivalent to the trends observed in the interface-sensitive measurements

in Figure 4.2. Considering the surface activity of [, 2L2ta-2le

the overall preservation of
the PE spectrum when probing bulk rather than interface is a further clear indication of

a minimal effect of solvation on the electronic structure of the ionic constituents.
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4.3 DIELECTRIC SCREENING OF L1QUID WATER

The observation that the large structural changes, occurring when going from the dilute
aqueous solution to the viscous almost crystalline-like phase, have so little effect on the
PE spectra are clearly surprising. To further investigate the mechanisms theoretical sim-
ulations have been performed by the Slavi¢ek group. Briefly described, they modelled
water clusters embedded in a dielectric continuum to account for the environment of
water dipoles. The clusters were generated in two different ways. First, the geometries
were optimized for a water pentamer in which the central water molecule is perfectly
tetrahedrally solvated (non-optimized). To investigate the effect of ionic solutes they
replaced one of the water units in the water pentamer either by a sodium cation (posi-
tioned in place of the hydrogen bond donor molecule) or an iodide (positioned in place
of the hydrogen bond acceptor unit), or both ions replacing two water monomers. As
a second approach, they also performed molecular dynamics (MD) simulations for neat
water, and 3 M and 8 M Nal in water, in order to account for structural variations. 500
randomly selected water heptamers have been extracted from simulated boxes of different
sizes: 2240 water moleculesin a ~3.3 x 3.3 x 6.2 nm? box for the neat water simulations,
2496 water molecules, 155 iodide and 155 sodium ions in a ~3.5 x 3.5 x 7.1 nm> box
for the 3 M simulations, and 1540 water molecules, 350 iodide and 350 sodium ions in
a~3.4x 3.4 x 6.4 nm’ box for the 8 M simulations. The pressure was kept at 1 bar and
the temperature at 300 K. Details regarding the used packages and parameters for the MD

simulations are given in Refs?!7-2%¢,

The ionization energies for both optimized and realistic clusters extracted from the
MD trajectory were calculated in a way that the ionization is treated as an excitation into
adistant center. Details of the calculation can be found in Ref?”’. As the models used are
of a rather limited size, we account for the remaining water molecules by a dielectric con-
tinuum. However, the screening ability of electrolyte solutions is different from that of

d.??8-231 The value of the dielectric constant €, decreases

neat water and needs to be adapte
with increasing electrolyte concentration for a wide range of salts. This phenomenon is
called dielectric decrement and results from the formation of hydration shells around ions

and ion pairs which prevents orientation of these water molecules in the external electric
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Table 4.3: Average coordination numbers of iodide and sodium around a central water molecule as

inferred from RDFs of water heptamers. Figure adapted from Ref182,

Concentration Coordination number I~ Coordination number Na*
3M 0.450 0.329
SM 2.691 1.001

field. The dielectric properties of electrolytes are still subject of research and beyond the
scope of the present study. The pragmatic approach is to align €, according to our ex-
perimental data (as will be shown later). The permitivities are set to: €, = 22 for 8 M
Nal solution, €, = 46 for 3 M Nal solution and €, = 78.39 for pure water. The optical

dielectric constant, however, stays approximately constant, at €4, ~ 1.78.

I want to start with looking at the molecular structure as obtained from MD simula-
tions. Radial distribution functions (RDFs) are presented in Figure 4.7. Panel A displays
the RDFs for the distance between water oxygen and the an-/cation for 3 M and 8 M
Nal (aq). The first peak of O-Na™ lies at 2.37 A while the O-I~ distance is located at
3.50 A, which is in line with neutron diffraction studies.?>?*> With the RDFs it is pos-
sible to determine the coordination numbers of the ions, as presented in Table 4.3. The
RDF of Na -1~ shows a first maximum at ~3 A as presented in Figure 4.7B. This first
peak indicates contact ion pairs, while the second maximum at ~5 A is an indication
of solvent-shared ion pairs. The fraction between contact- and solvent-shared ion pairs
increases when going from 3 M to 8 M concentration as the number of available hydrat-
ing water molecules decreases. Figure 4.7C represents the RDFs for O-O for 0 M, 3 M
and 8 M aqueous Nal solution. The structural changes inferred from the O-O distance
are only marginal. However, for the 8 M solution, the RDFs differ significantly. The
strong decrease of the first maximum indicates that the water hydrogen bond structure is
strongly distorted which is brought about by ions coordinated around most of the water
molecules. In summary, the impact on the overall water structure for 3 M Nal solution is
small with average coordination numbers of only 0.450 for iodide and 0.329 for sodium
(see Table 4.3). In 33% of the 500 simulated structures the sodium cation resides within
the first hydration shell, while only 15% are tetrahedrally coordinated, featuring an ideal
O-H--I" angle of 109°. The iodide is in the first solvation shell for 44% of the structure,

with 27% being tetrahedrally coordinated. Less than 5% have both, anion and cation in
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Figure 4.7: Radial-distribution functions for (panel A) O-Na* and O-I", (panel B) Na*-I" in 3 M
and 8 M aqueous solutions of Nal, respectively. Panel C: Radial distribution functions for O-0O for

pure water, 3 M and 8 M aqueous solutions of Nal. Figure reprinted from Ref 182,
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the first hydration shell. This, however, changes with higher concentration. For 8 M Nal
solution, a randomly selected water molecule would typically have a sodium cation in its
first solvation shell at a distance of 3.2 A and one iodide within a distance of 4.5 A. The
same molecule has in average a second iodide in its first, and a third iodide in its second
solvation shell. The MD simulations also reveal that the sodium cation integrates quite
well into the tetrahedral structure. The average H-O--Na™ angle is 120°, while 80% of
the structures have a sodium cation and 100% an iodide in the first solvation shell. Iodine
anions generally induce a larger structural change as the average O-H---I" angle is simu-
lated to be 170°. The amount of tetrahedrally coordinated ions yields to 35% (sodium),
55% (iodide) and 20% (sodium and iodide).

We have seen from the MD calculations that, in particular for high concentrations,
ionic solutes change the natural water structure considerably, which opens the question
why the overall PE electron spectrum remains remarkably constant. To explore this, ion-
ization energies (IE) have been inferred from the water pentamer, (H,O)s, for both, free
molecules and embedded into a dielectric continuum. Furthermore, the three cases of
the ions coordinated around the central water molecule have been simulated; (H,O),I™,
Na*(H,0), and Na*(H,O0);1". The results are presented in Figure 4.8A. The water or-
bitals 1by, 3a; and 1b, have been evaluated. The IEs of all water molecules in the particular
cluster are indicated by small horizontal lines. Consequently, the number of those line
reduces to four (or three) when replacing one (or two) water molecules by ions. The solid
circles represent the mean value of all individual IEs for the respective configuration and
orbital. Vertical bars represent the total range of the individual IEs for all five (or four, or
three) water molecules. Already for the pure water pentamer the range of IEs of all five
water molecules is large; up to >2 eV. The central water molecule has generally the least
variation in IE, because it is best stabilized by the surrounding water units. It is appar-
ent that IEs change largely when adding ions into the clusters. For the configuration of
sodium replacing one water monomer, Na™(H,O)s, the effect is strongest, providing a
maximum energy shifts of up to 6.1 eV (for 3a; ) to higher BEs. Replacing one outer water
with iodide, (H,O),I7, has the opposite effect, e.g., shifting the same orbital by 5.1 eV to
lower BEs. The IE shifts reduce if both sodium and iodide are coordinated around a cen-

tral water molecule and thus compensate their influence. Yet, the shifts are still large; up
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Figure 4.8: Calculated ionization energies (IE) from water pentamers in a model water cluster.
Panel A: IEs of 1by, 3a; and 1b, orbitals are represented for four different configurations: Clusters
of (i) five water molecules, (ii) four water molecules and iodide, (iii) four water molecules and
sodium, and (iv) three water molecules, iodide and sodium. The O-I" distance is 3.6 & and the
O-Na™ distance is 2.3 & in all configurations. IEs for each water in the cluster were calculated, as
indicated by small horizontal lines. The solid circles indicate the averaged value of the individual
IEs for all water molecules for the respective coordination and orbital. Panel B: IEs of the same
orbitals, but with the four cluster variants embedded into a dielectric continuum. Figure reprinted

from Ref 82,
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to 2.9 ¢V when comparing the individual IEs. However, the averaged IEs are reasonably

stable with shifts <0.8 eV.

Embedding these clusters into a dielectric continuum reduces the changes drastically.
The polarizable continuum model is a commonly used method in computational chem-
istry to model the solvation effects of dipolar solvents.****** This model mimics the di-
electric field induced by dipolar solvents rather than computing a large cluster of the sol-
vent molecules. This reduces the computational costs significantly and makes ab 7nitio
computations feasible. The results are presented in Figure 4.8B. As can be seen in the
figure, all three orbitals remain stable under varying ionic environment. The calculated
averaged IE values for the water pentamer (11.5 eV for 1by, 13.9 ¢V for 3a; and 17.3 eV
for 1b,,) are remarkably close to the experimentally observed binding energies, compare
Figure 4.1. The case of both iodide and sodium around the central water molecule leaves
the IEs rather unaffected; a maximum shift for the averaged IEs of <0.4 ¢V is observed,
which is on the order of the experimentally observed shifts. Furthermore, the range of the
individual IE for a specific orbital and configuration is reduced, with a maximum range
of 1.8 eV for the 3a; orbital in the Na*(H,0), pentamer. This shows very well the ability
of the dielectric continuum to shield intermolecular interactions. In general, the effect
of the cation on the IEs is stronger than the anion. This is brought about by the closer
distance between water and cation compared to water and anion, as can be seen in the

RDFs in Figure 4.7.

The computations of micro-solvated clusters visualize the stabilizing effect of a di-
electric continuum very well. The simulated IEs resemble the experimental values with
<1.8 ¢V deviation. However, the large range of possible individual IEs prevents us from
exploring the reason for the experimental observations. In order to generate a more com-
prehensive picture the aforementioned total number of 500 clusters as extracted from
MD simulations have been sampled. Simulations of 8 M Nal concentration were per-
formed by putting Na* and I~ always in the first solvation shell around the central water
molecule. For 3 M concentration, however, both ions were allowed to exist at larger dis-
tance to the central monomer (solvent-shared). The simulated PE spectra are shown in
Figure 4.9. We first focus on the neat water spectrum (0 M) at the bottom of Figure 4.9A.

Calculated (red curves) and experimental (gray curves, taken from Figure 4.4) spectra are
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Figure 4.9: Theoretical photoemission spectra (red) resembling 0 M, 3 M and 8 M Nal in aqueous
solution. Panel A: Simulations for water heptamer clusters containing one Na* and one I~ ion
embedded in a polarizable continuum having the permittivity 78.39 which corresponds to pure
water. Panel B: Simulations for the same water clusters embedded in a polarizable continuum
having the permittivity 46 for 3 M Nal and 22 for 8 M Nal solution. Experimental spectra (grey) are
reprinted from Figure 4.4. Data for water correspond to water heptamers embedded in polarizable
continuum having the permittivity 78.39 in both (A) and (B). The theoretical spectra are shifted to
lower BEs by 0.3 eV so that those spectra representing neat water are aligned at 11.16 eV BE for
the 1b, in accord to experimental data. Vertical dashed lines indicate the 1b,, 3a;L, 3a;H and 1b,

energy positions, as inferred from the fittings in Figure 4.4. Figure reprinted from Ref 182,
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in very good agreement. All water valence peak energies overlap exactly. Even the flat-top
structure of the 3a; peak is resembled. This is indicated by vertical dashed lines in Fig-
ure 4.9 which mark the 1by, 3a,H, 3a,L, and 1b, energy positions inferred from the peak
fittings. The calculated peaks are narrower which is due to the classical nature of the MD
simulations used in the present study.'”” The dielectric constant of all three spectra was
set to €, = 78.39 in order to mimic water. The 3a; loses its flat-top structure when going
to 3 M and 8 M, similar to what we have seen in the experiment. On the other hand, both
1b; and 1b, experience an energy shift in opposite directions: 1b; (~150 meV) to higher
BEs and 1b, (~200 meV) to lower BEs. The theoretical 1b; shift is in disagreement with
our experimental observations, as argued above. In Figure 4.9B, we adjusted the model
slightly by accounting for a change in the dielectric constant when replacing water with
iodide and sodium. The small shift of the 1b; energy almost disappears once we apply
€ = 46 for 3 M and ¢, = 22 for 8 M Nal in water. The small energy shift of the 1b, still

remains. This result is in very good agreement with our experimental findings.

4.4 WEAKENED INTERMOLECULAR INTERACTIONS

I want to emphasize that both experiment and computations show a remarkable stability
with respect to increasing solute concentration. The observed shifts are relatively small
(<450 meV) within a total concentration range of 7.95 M. In Figure 4.4 I have shown
that for the 3 M Nal solution the 1b; peak aligns with neat water and the 1b, peak shifts
by less than 100 meV to lower BEs compared to neat water. For the 8 M Nal solution,
the 1b, peak shifts to lower BEs by ~370 meV compared to neat water. This observation
is explained in terms of stabilization of the non-bonding 1b, orbital by the sodium cation,
and destabilization of the 1b, orbital by the iodine anion. The main effect from the elec-
trolyte is caused by the sodium cation according to our calculations. The electrostatic
interaction between the anion and the water is smaller since its coordination distance is
larger. Upon increasing the ion—water distances, the energy shifts decrease. We make sim-
ilar observations for the 3a; electrons. The 3a; spectral change, however, is explained by
a weakening of the 3a;L-3a;H interaction between neighboring water molecules upon
addition of the salt. Proton vibrations of the hydrogen-bond donor unit apparently mod-

ulate the electronic interaction, i.e., the interaction is different for different geometric
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arrangements. When some of the associated water units are replaced by ions, the inter-
molecular bonding interaction is weakened, resulting in a narrowing of the 1b; and 3a,
PE features. Thus, our findings show very well that disruption of the hydrogen bonds in
water that mediate intermolecular interactions has a considerable effect on the electronic

structure of water.

Adding high concentrations of solutes to water reduces intermolecular interactions
up to a point where the individual water units can be considered as separated, yet em-
bedded in a dielectric continuum. This effect is the most robust manifestation of ionic
influence on the electronic and molecular structure of liquid water. Altered intermolec-
ular interactions in water with increasing salt concentration have also been observed in
other spectroscopies. Studies using techniques such as infrared >/, (low-frequency) Ra-

238-241

man , time-resolved Kerr effect’*” and dielectric relaxation 43?4

show evidence for
partial breaking of the water hydrogen-bond structure'” and the formation of solvation
shells around the ions. These studies draw similar conclusions, that the main structural
change is connected to the first solvation shell and the effect is small beyond the solvation
shell. Recent studies utilizing infrared spectroscopy on water nanodroplets containing ei-

200

ther Na™ or I",** and resonant X-ray emission on hydrated MgCl, ** also support this

conclusion.

The finding that the large molecular structure change, i.c., the transformation from
the dilute aqueous solution to the viscous phase, has so little effect on the PE spectra
is clearly surprising. Both the PE spectroscopy experiments and theoretical calculations
show that the solute and solvent peak positions in the PE spectra are surprisingly sta-
ble with respect to increasing electrolyte concentrations. One important consequence
from an experimental and practical viewpoint is that the present results fully justify the
common procedure of aligning liquid-jet PE spectra from aqueous solutions using the
well-resolved liquid water 1b; peak. The relative energetics of the solute peaks — that are
energetically-referenced to the 1b; peak — are found to be insensitive to ion concentra-
tion. This behavior may surprise in the light of the X-ray PE spectroscopy technique’s
high sensitivity to a local atomic (chemical) environment which can lead to core-level
(chemical) energy shifts of several electron volts.”””>** The insensitivity of the present

spectra points toward the impressive screening ability of polar liquids and the more delo-
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calized nature of the valence electrons on which we focus here. The experimental results
presented indicate that aqueous-phase valence electron BEs are quite insensitive to purely
electrostatic interactions between molecules over a wide range of concentrations. We can
contrast this result with autoionization electron energetics that have been shown to be
much more sensitive to intermolecular interaction. '*>'?” The next chapters of this the-
sis deal with autoionization spectroscopy as an approach to acquire information on local

solvation, ion pairing and nuclear dynamics upon core-level photoionization.
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Autoionization from Aqueous Systems

In the previous chapter I demonstrated how photoionization from liquid water creates
photoelectrons with KEs directly related to the occupied electronic structure of water.
As core-level photoionization results in an excited state, the system relaxes within a few fs,
i.e., approximately 4 fs for O Isand 6.4 fs for N 1s vacancies.””” The excess energy (some
hundred eV) upon core-level de-excitation can trigger a multitude of processes. In the cur-
rent chapter I focus on non-radiative relaxation processes that occur upon ionization of
the oxygen 1s orbitals of water and other hydrogen-bonded systems (and later nitrogen 1s
for NH; and NHY). Before proceeding, it is relevant to first clarify the terminology of
the current chapter. The term ‘water Auger’ electrons, refers to Auger electrons released
from the water molecule upon ionization of the O Islevel. The O 1s BE of liquid water is
538.1 eV.** Liquid phase water valence binding energies range from 11.2 eV to 31.2 €V.
Thus, based on Equation (2.3), water Auger electrons have KEs between 515.7 ¢V and
475.7 V. This is however only a rough estimate that neglects binding energy lowering
of the double-ionized final state due to polarization screening which has been shown to
cause KE shifts of several electronvolts. The magnitude of the polarization screening shift
scales with the square of the charge, so doubly charged final states with the two holes lo-

calized on the same molecule will be shifted down even further.**® The spectral range in
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which Auger electrons appear will be called autoionization spectrum because also ICD
electrons contribute to this KE region. In this chapter I start by introducing previous

discoveries on ICD in liquid H,O, NHj; (aq) and H, O, (aq) before I move on to recent
results on NHJ (aq).

5.1 CoREe-LEVEL ICD IN AQUEOUS SOLUTIONS
A typical autoionization spectrum of gas phase water recorded at 600 eV photon energy

is presented in the top tier of Figure 5.1. The intensity onset is around 507 eV KE with
the leading local Auger peak at ~503 eV KE. The leading 2h state (indicated by a dashed
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Figure 5.1: Oxygen 1s autoionization electron spectra from water in the gas phase and liquid phase.
The experimental spectra were measured at 600 eV photon energy. In the gas phase local Auger
processes occur solely resulting in 2h states, whereas additional intensity on the high-energy side in

the liquid phase spectrum is an indication of non-local 1h1h states. The leading 2h state is indicated
by a dashed line. Figure adapted from Ref?*°.
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line) is due to 1s-1b;1b; Auger decay. The middle spectrum shows the analogous liquid
water spectrum which exhibits more extended features. This is due to the fact that this
spectrum is a combination of liquid and gas phase water. The spectrum has been aligned
for a 4.5 eV gas-to-liquid-phase energy shift arising from liquid water’s electronic polar-
ization. The most remarkable part in the liquid phase spectrum is the broad new sig-
nal at >505 eV KE. This is solely liquid phase contribution and the gas phase autoion-
ization spectrum does not exhibit similar features. We already know that the gas-liquid
BE shift of valence and core level is rather similar, i.e., ~0.4 eV difference (1.8 eV for
O1s and 1.4 ¢V for 1b;). This implies, according to Equation (2.3), that liquid phase
2h Auger states are shifted by approximately 0.8 eV (2 X 0.4 ¢V) compared to gas phase.
Yet, the high-energy shoulder extends up to 10 eV higher KEs (505-515 ¢V KE). This is
an unequivocal signature of 1hlh final states of liquid water and thus a clear indication
of charge migration within the 4-fs lifetime of the water O 1s core-hole. Whether this is
mediated by nuclear motion or electron transfer (or both) is not directly clear from this
measurement alone. In the gas phase, autoionization is considered as purely electronic
and local, because gas molecules do not interact with each other. However, none of the
above assumptions are justified in condensed-phase systems, characterized by bonding in-
teractions between the constituting monomers (hydrogen bonds in liquid water). Here,

nuclear dynamics can contribute to the relaxation of core-ionized states.

5.2 PROTON TRANSFER IN WATER

The next step was to explore whether charge separation in liquid water (occurrence of
1h1h states), which is absent in gas phase water (only 2h states), results from nuclear or
purely electronic processes. In the following, I will discuss the effect of nuclear dynam-
ics on an autoionization spectrum. A full O-H stretch vibration (~10 fs'%°) proceeds
on the same timescale as autoionization from water O 1s (~4 fs), as described in Sec-
tion 2.2.1. Thus, nuclear motion can principally be traced by means of ICD/ETMD
spectroscopy.” In order to determine autoionization spectral changes resulting from nu-
clear rearrangement in more detail, theoretical simulations have been performed by quan-
tum chemical methods.”*’ Figure 5.2 shows simulated autoionization spectra for three

explicit geometries of the water pentamer (as depicted), representing structural changes

73



upon proton dynamics. Results are shown for the O-H proton-transfer coordinates
0.95 A (ground-state geometry, Panel A), 1.40 A (referred to as “Zundel-like’ structure >,
Panel B), and 1.85 A (water—hydronium complex, Panel C). The areas under the black,
red, and blue curves reflect the contributions of the local Auger, ICD, and ETMD pro-
cesses, respectively, to the total spectral intensity according to the calculations. As intu-
itively expected, local relaxation (resulting in 2h final states) is the by far dominant chan-
nel for the ground-state nuclear geometry (but excited state electronic configuration),
while ICD and ETMD have only minor contribution to the spectrum in this geometry.
The probability for non-local decay pathways increases dramatically when one proton of
the central water monomer is shared with a neighboring water monomer, resulting in a
transient Zundel-like structure, OH--HT..H,0.?"?1=2%° In this case it is seen that 1h1h
final states resulting from ICD (i.e., OH--H"--H,O™v) are as probable as 2h final states
resulting from normal Auger (ie., OH"--HT...H,0).**’ The same holds for the proba-
bility of ETMD which can create both 2h and 1h1h final states: OH ™ --H"-.H,0** for
ETMD(2) and OH™--H"..H,O"..H,O" for ETMD(3). These results indicate that a
possible proton transfer would increase the probability of ICD and ETMD significantly
if the proton migration is significant enough within the fs time window. For exam-
ple, a recent study has demonstrated a 10-fold enhancement of the ICD efficiency for
proton-transferred geometries in ammonia clusters as compared to the ground state ge-
ometry.”*”>*° Note that the additional signal from 1h1h final states would shift the total
spectrum (gray shaded area) to higher KEs, which is consistent with our experimental
observation, compare Figure 5.1. This is due to reduced Coulombic interaction for sepa-
rated charges as explained in Section 2.2.3. The local Auger electrons also shift to higher

KEs as a function of nuclear coordinate, however not to the same extent.

In summary, we can see that the probability of charge-separated final states (1hlh)
compared to localized final states (2h) increases significantly with increasing proton dis-
tance; an effect named proton-transfer mediated charge separation (PTM-CS).****” Con-
sequently, if PTM-CS supports non-local decay processes, systems with slower proton
mobility should show a lower abundance of 1h1h final states. To test this assumption, an
autoionization spectrum of heavy water (D,O) in comparison with normal water (H,O)

has been measured and compared in Figure 5.3. The normal water spectrum (black curve)
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Figure 5.2: Simulated autoionization spectra of water pentamers in the three coordinations: With a
proton from the central monomer detached at a distance of 1.85 A (Panel C), and 1.40 A (Panel B).
Panel A represents ground-state configuration. For all three configurations the contributions of
Auger decay (black), ICD (red) and ETMD (blue) have been simulated. The gray curve represents
the resulting total autoionization spectrum. Figure adapted from Ref?4,
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Figure 5.3: Oxygen 1s autoionization spectra from normal (black) and heavy (red) liquid water.
The experimental spectra were measured at 600 eV photon energy. Figure adapted from Ref24?,
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Figure 5.4: The O 1s ionized lowest potential-energy surface (PES, gray line) along the O-H coordi-
nate for H,O/D,0 as inferred from quantum chemical calculations. The ground-state O-H distance
before ionization is at 0.95 A. Upon ionization, an energy minimum at 1.75 & implies a complete
proton transfer. The time frame of only 4 fs (core-hole lifetime) limits the wave packets to a mean
distance of only 1.15 & and 1.05 & for H,O (black dashed line) and D,O (red dashed line), respec-
tively. Figure adapted from Ref?*°,

is the same as in Figure 5.1. The striking difference between the normal and the heavy iso-
tope spectra is found in the high-KE shoulder of the spectrum, which has been argued
to result from the differences in the decay rates forming 1hlh final states. However, the
spectral intensity in the high-KE region is less strong for the deuterated form of water as
compared to the spectrum of normal water. This is a clear indication for a kinetic isotope
effect (i.e., the involvement of nuclear motion). Since deuterium is heavier than hydro-
gen, the O-D stretch frequency as well as the deuteron-transfer dynamics is slowed down

compared to that of normal hydrogen.*”

Quantum dynamical calculations®® of the O 1s core-ionized lowest potential-energy
surface (PES) associated with O—H stretching of the water dimer, shown in Figure 5.4,
support this interpretation. The O-H stretch mode is identified as the most impor-
tant proton-transfer coordinate (as explained earlier) and the chosen dimer geometry cor-
responds to the structure of condensed-phase water (I}, ice) with an O-O distance of
2.7 A.* The core-ionized PES of the water and D, O dimers indicates that dissociation is
energetically feasible, featuring a minimum at 1.75 A for both isotopes (gray curve in Fig-
ure 5.4). At that distance the proton/deuteron is fully detached, creating OH*-.H;0™
(or the respective deuterated forms). However, the PES is rather flat and the driving force

for this reaction is not strong and thus not likely to complete within the lifetime of the
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core-ionized state. This can be seen when comparing the calculated wave packets (squared
wave functions) of the ionized water dimer in the ground-state geometry and the struc-
ture that evolves after 4 fs, when the average O—H distance has increased. The wave pack-
ets overlap at # = 0 (ground-state geometry before ionization) and diverge after 4 fs. In
the ground state (before ionization) the O-H distance is 0.95 A for both normal and
heavy water as indicated by black (H,O) and red (D,O) solid lines in Figure 5.4. After
4 fs the wave packet for normal water has its center at 1.15 A and reaches out to a max-
imum of 1.6 A (black dashed line). In contrast to that, the wave packet of D,O (black
dashed line) does not evolve as far, with a center at 1.05 A extending to a maximum dis-
tance of 1.35 A. These calculations demonstrate the weaker nuclear dynamics in heavy
water as compare to normal water and thus explain, based in the findings from Figure 5.2,

the attenuated creation of 1hlh final states in D,O upon O 1s ionization.

Both, calculations on small clusters and measurements on two water isotopes suggest
that PTM-CS strongly enhances non-local decay pathways. As an overview, the full
PTM-CS process in water with its possible decay channels is sketched in Figure 5.5. Start-
ing from the ground-state dimeric structure, H,O--H, O, a positive charge is created at
one water site upon O 1s ionization. The electronically excited state induces a proton
transfer along the hydrogen-bond axis, which results in an excited singly charged Zundel-
like structure, *OH.-H™"--H,O. The asterisk indicates a neutral but excited molecule.
Autoionization — be it of Auger, ETMD or ICD nature - of the excited Zundel-like sys-
tem occurs within 4 fs. Different non-radiative decay processes are possible, of which
Figure 5.5 only sketches the most important. The PTM-Auger decay, i.c., Auger de-
cay of a transient proton-transferred geometry, results in an OH*..H"..H, O final state
(left branch in Figure S.5). The ultimate configuration is H,O**-.H,O. Alternatively,
the positively charged parent water molecule repels the proton, which finally creates
OH™..H;0™". However, this complete proton transfer happens slower than the 4-fs
time span and has thus no influence on the outgoing Auger electron and cannot be
detected by means of PE spectroscopy. Another decay channel, PTM-ICD creates an
OH--H*.~H,O™ final state, with charges already spatially separated after 4 fs (middle
branch in Figure 5.5). Coulombic repulsion will push the hydrogen to its original po-

sition, ending up with HyO%.~H,O™. The last shown example (right branch in Fig-
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Figure 5.5: Sketch of PTM-CS processes upon O 1s ionization of a water dimer. Water oxygen
atoms are represented by red circles and hydrogen atoms by white circles. Proton transfer along
the hydrogen bond axis creates an intermediate Zundel-like ionic state. Electronic relaxation oc-
curs either local, via Auger decay, or non-local, via ICD and ETMD. Only one possible ETMD channel
is shown in this schematic, ETMD(2). ETMD(3) is a fourth possible decay channel for water clus-
ters bigger than two. Final charge states after 4 fs are indicated at the bottom. Further (slow)
charge migration caused by Coulombic interaction of the charged species is outside the measurable
capabilities of PE spectroscopy and thus neglected in this picture.
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Figure 5.6: Populations of the final states by different competing electronic relaxation processes
in the model water pentamer computed for different time instants. At 4 fs the population of ETMD
and ICD final states amounts to 25% and 20% respectively. The populations were obtained by
determining the areas of the respective contributions to the total spectral intensities of the spectra
in Figure 5.2. Figure reprinted from Ref24?,

ure 5.5) is PTM-ETMD(2), which ends up in a OH™--H"..H,O*" final structure. We
see from Figure 5.5 that the final products of autoionization are diverse. Water dications
are mainly produced by Auger decay, while pairs of water cations are produced by ICD
and ETMD. So-called PTM fragments (OH™, OH~, H;0™, etc.) are produced by all
PTM-autoionization processes which occur for geometries along the proton transfer co-

ordinate with O-H distances larger than 1.4 A.

The total populations of the Auger, ICD, and ETMD final states have been calculated
for different times after ionization, see Figure 5.6. At 4 fs, 2h final states created by Auger
decay — beit ground-state or proton-transferred — amount to 51%. Charge separated 1hlh
final states amount to 45%; 20% created by ICD and 25% by ETMD. Figure 5.6 also il-
lustrates very well the enhancement of charge-separated 1hlh final states at later times. It
is non-trivial though to disentangle PTM-Auger and PTM-ICD in an experiment since
they both contribute to the autoionization spectrum with similar KEs. Yet, the com-
bined study of autoionization spectroscopy of different isotopes and quantum chemical
calculations provide a clear indication for enhanced population of non-local 1h1h final
states by nuclear dynamics. As a consequence, it seems reasonable to assume that non-

local autoionization is both, a general phenomenon for hydrogen-bonded systems and in
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principle scales with the strength of the intermolecular interactions. In the next section, I
will show that non-local relaxation, in particular ICD, is well observable in other aqueous

systems and ICD spectroscopy can be used as a probe for hydrogen-bond strength.

5.3 PROTON TRANSFER IN OTHER AQUEOUS SYSTEMS

Autoionization spectra from other hydrogen-bonded systems of distinctly different hy-
dration configurations have been studied: H,O, (aq)***, NH; (aq)**” and their deuter-
ated analogues. The aim was to investigate (i) if PTM-CS associated non-local decay is a
general phenomenon for hydrogen-bonded systems, (ii) how the strength of intermolec-
ular interaction affects non-local decay rates, and (iii) if these processes can be exploited
to gain information on liquid-state structure. Hydrogen peroxide, H,O,, was chosen be-
cause it can be considered a complex analog to water, as H,O, and water exhibit equally
strong hydrogen bonds. On the basis of the findings for liquid water, our expectation is
that nuclear dynamics is more probable the stronger the intermolecular hydrogen bonds
are. Ammonium, NHj, in aqueous solution has a weaker hydrogen bond interaction
with water than the water—water hydrogen bonds. NH; was chosen as a good compar-
ative model system due to its isoelectronic structure with water and its biological rele-
vance, as it resembles the amino group found in many biomolecules such as proteins. For
NHs, the proton transfer is expected to occur along the hydrogen bond donor coordi-
nate, N-H--O. A third, and important reason for choosing ammonia is that the BE of
nitrogen Is lies around 400 eV >*, well below oxygen 1s (around 538.1 eV BE**’) which
limits possible decay channels upon N 1s ionization significantly. The nitrogen 1s core-
hole lifetime (6.4 fs) is on the same order as for oxygen (4 fs).”*””

Figure 5.7 presents molecule geometries corresponding to hydrogen-bonding arrange-
ments with densities obtained from MD simulations at 300 K for a solute in a water
box. Further details regarding the simulation program are found in Refs**%*. A hy-
drogen bond is considered as particular strong if two conditions are fulfilled. First, the
distance between proton donor and acceptor (O-O or N-O) must be smaller than
3.2 A, and second the hydrogen bond must be somewhat collinear to the covalent bond,
N/O-H--O = 180° + 60°. Molecular arrangements that fit these requirements are indi-

cated by a gray rectangle in Figure 5.7. This area comprises most data points from liquid

81



180
5 160 |
P i
g 140 | +
©
O. [
- 120 | . o
T I g
S 100 o FEg T e M0 (ag)
i * "« NH5(aq)
i + H,0, (a
80 L L \2 2\( q)
2.0 2.5 3.0 3.5 4.0

N/O-0 distance [ﬂ]

Figure 5.7: Density plot along two coordinates characterizing hydrogen-bond strengths in water,
ammonia (aq) and hydrogen peroxide (aq). X-axis: The distance between the oxygen or nitrogen,
for water (blue), hydrogen peroxide (red) and ammonia (black) respectively. Y-axis: Angle between
the heavy atom (oxygen or nitrogen) and the oxygen of a neighboring water molecule. The gray
area indicates geometries corresponding to strong hydrogen-bonding. Figure reprinted from Ref261,

H,0 and H,0; (aq), but not from NHj (aq) which indicates that ammonia tends to
form on average weaker hydrogen bonds. PTM-CS is anticipated to be less likely here.
The trend in hydrogen-bond strengths follows H,O, (aq) > H,O > NHj (aq). PTM-CS
has been shown to scale the same way, however in the case of H,O, (aq) experimental
validation of strong nuclear dynamics could not unequivocally be demonstrated because
of competing intramolecular de-excitation. Also, unlike in water, for H,O, (aq) the dica-
tionic final states (2h) have energies very similar to the states that correspond to delocaliza-
tion of the two charges across the H,O, molecule (1h1h). Nonetheless, it has been shown
that the probability of PTM-CS is a general phenomenon in hydrogen-bonded systems
and strongly correlates with hydrogen-bond strength, which naturally makes this partic-
ular spectral fingerprint (the high energy part of the autoionization spectrum) a rather
sensitive probe of hydration structure. My next step is to explore the effect of charge and
addition of a further hydrogen bond. The systems under investigation are NH; (aq) and
ND; (aq).
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5.4 ProTON DYNAMICS IN AQUEOUS AMMONIUM

Based on the findings that PTM-CS correlates with hydrogen-bond strength, a large effect
was expected when going from neutral to cationic molecules. The results presented in this
chapter have been published in Ref?®. Ammonium, NHI , in aqueous solution is an
ideal case, as it forms stronger hydrogen bonds with water than does neutral NH;, H,O
or H,0,.%7%¢ The positive charge of NH induces a strong dipole interaction with wa-
ter already in the ground-state. Another effect of the positive charge is stronger repulsion
of a proton from the parent cation when compared to neutral NHj. Furthermore, we ex-
pect that one additional hydrogen compared to NHj increases the coordination number
and thus the probability for a proton transfer. Lastly, core ionization of the ammonium
cation creates an excited, doubly charged cation, (NH?) * which is suspected to enable

a possible double-proton transfer:
(NHZ')" - 2H,0 — (NH,)* + 2H,0" (5.1)

Inferred from these considerations and based on our observations from the previous stud-
ies a strong PTM-CS and thus ICD effect is expected for ammonium in aqueous phase.
The investigation of relaxation processes in NHJ (aq) is an important prerequisite for
understanding radiation induced damage in biological relevant molecules, as amino acids
and proteins.

Again, the first step is characterizing the hydrogen-bond strength of NH{ -~H,O and
compare it with the aforementioned aqueous solutes. The stronger interaction of ammo-
nium with water can be already inferred from a computational analysis of the molecu-
lar dimers; the NHI---HZO complex is stabilized by 87 kJ/mol, which is much stronger
compared to the NH;--H,0O (10 kJ/mol) and the H,O--H,O (21 kJ/mol) complexes.
The bond strengths correlate with the intermolecular distances between the heavy atoms
(N/O and O) contributing to the hydrogen bonds in the dimers: ~2.67 A bond length
for ammonium, ~2.9 A for water, and ~3.24 A for ammonia. Similar to the previous
studies, the hydrogen-bond strengths of aqueous solutes are determined more accurately
by their geometrical configuration, which was approached by 46 initio MD simulations

in thermal equilibrium. Simulations have been performed by the Slavi¢ek group and fur-
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Figure 5.8: Density plot along two coordinates characterizing hydrogen-bond strengths in water,
ammonia (aq) and ammonium (aq). X-axis: The distance between the oxygen or nitrogen, for
water (blue), ammonia (black) and ammonium (red), respectively. Y-axis: Angle between the
heavy atom (oxygen or nitrogen) and the oxygen of a neighboring water molecule. The gray area
indicates geometries corresponding to strong hydrogen-bonding. Panel A represents the strongest
hydrogen bond and panel B the second strongest. Figure reprinted from Ref2%°,

ther details regarding the programs and parameters are found in Refs**~®. The par-
ticularly strong hydrogen bond network of ammonium is presented in Figure 5.8, from
which we infer similar hydrogen bond lengths (2.5-3.0 A) and angles (120°~180°) for
the strongest hydrogen bond of NH] than for water. NH; (2.8-3.3 A and 100°-180°)
has the same values as in Figure 5.7, essentially outside the region of strong hydrogen
bonding. The ammonium cation can potentially form four hydrogen-donor bonds and
the simulated average coordination number is 3.3. This motivated us to also analyze the
second-strongest hydrogen bond, which turned out to also be in the region of strong
bonding. This finding of a second strong hydrogen bond aligns with our idea of a two-
proton transfer upon core ionization. According to the average coordination number we
computed the energetics of the micro-solvated NH/ (H,O); cluster upon core ionization.
The computed 2-dimensional lowest PES associated with two N-H transfer coordinates
upon N 1s core-ionization is shown in Figure 5.9. Details regarding the geometry opti-
mization and construction of the PES are found in Refs**’~*"". The PES has a negative
slope with an energy minimum at ~1.8 A for the N-H distance along both coordinates,
along the strongest and the second strongest hydrogen bond. The N-H distance of 1.8 A

corresponds to a complete proton transfer, forming H;O™. The steep negative slope of
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Figure 5.9: Two-dimensional cut through the excited-state potential-energy surface of a core-
ionized NHZ(H20)3 cluster, representing the electronic energy as a function of the N-H distances
along the direction of two hydrogen bonds. The N-H ground state distance (before excitation) is at
1.0 . The minimum energy corresponding to the fully transferred proton is at ~1.8 A for both the
strongest (H’) and the second-strongest (H”) hydrogen bond, as marked by black dotted lines. The
global minimum of the energy surface is for both protons fully transferred. Figure adapted from
Ref25%,

the surface indicates that a double-proton transfer is energetically favorable. Yet, the pure
energetics do not tell whether these dynamics actually happen within the ultra-short time
window of 6.4 fs. Dynamical calculations on the N 1s core-ionized state for a large num-
ber of hydrated ammonium clusters, NHI(HZO)ZO, are presented in Figure 5.10, where
proton density is plotted as a function of N-H/D distance for two protons at # = 0 and
t = 7 fs. Figure 5.10A presents the case of normal ammonium whereas Figure 5.10B is
for the deuterated form. Both, normal and deuterated form have the same ground state
(t = 0) N-H/D distance of ~1.0 A. We observe a considerable migration of proton 1
and 2 within the 7 fs for both normal and deuterated species. In the non-deuterated case
the density distribution of the strongest hydrogen-bonded proton reaches out to 2.1 A
N-H distance after 7 fs with a center at 1.8 A. Remember that 1.8 A is the energetic min-
imum and corresponds to a proton fully transferred, creating ammonia and hydronium
cation. The density distribution of the second proton after 7 fs reaches out to 1.9 A with
a center at 1.4 A which is almost half the way between its parent NH{ molecule and
the coordinated water monomer. The deuterated picture in Figure 5.10B shows similar

dynamics but slowed down as expected. The center of the proton density plot of the
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Figure 5.10: Time-dependent proton (deuteron) densities along the proton (deuteron) transfer
coordinates obtained from MD simulations on the core-ionized state of the (Panel A) NHZ(HZO)ZO and
(Panel B) NDZ(Dzo)zo clusters. The initial structures were taken from liquid-phase MD simulations
of the solvated ammonium cation in the ground state. Densities along the strongest (dashed line)
and second strongest (dotted line) N-H bonds are shown after 7 fs, together with the ground-state
proton density (thick line). Figure adapted from Ref2%°,

first (strongest hydrogen-bonded) deuteron is at 1.4 A N-D distance, while the second

deuteron peaks at 1.2 A after 7 fs.

Similar to our previous studies on NHj the signature of PTM-ICD is expected at the
high-KE side of the N 1s autoionization spectrum near 380 eV KE. >’ Figure 5.11 shows
autoionization spectra from 2 M NH,Cl (in H,0O) and 2 M ND,ClI (in D,0) aqueous
solutions measured at 500 eV photon energy. Spectra are presented as measured. Only
intensities were scaled in order to align the integrated area under both curves, which is
justified by similar ionization- and decay cross sections of normal and deuterated ammo-
nium. The spectrum exhibits a distinct double-peak structure, which we will refer to as
peak A and peak B. The first observation in Figure 5.11 is a distinct isotope effect on the
high-KE side of the spectrum, which aligns with our expectations that autoionization
creates 1h1h final states with a high probability in NH;. ND4CI (aq) has considerably
less intensity on the high-KE shoulder than NH4Cl (aq). Note, that less high-KE signal
of ND,4Cl (aq) is compensated for by more intensity on the peak maximum of feature A
and B. This is a well-known effect, which we have seen already for H,O. The abundance

of 1h1h final states correlates with a decrease of 2h states, as a core-ionized state can only

86



Electron kinetic energy [eV]

345 355 365 375 385 395

|
* NH,CI (aq)
+ ND,CI (aq)

3 - 12+
Zundel-analog [@]
transient

e Vs
3 O+E@]+ 3 Of;[@]Jr Iv.2

Figure 5.11: Top: Nitrogen 1s autoionization spectra from 2 M NH,4Cl (black curve) and 2 M ND4ClI

(red curve) aqueous solution measured at 500 eV photon energy. Peak A is assigned to 2h states
of NHZ while peak B represents 2h states of NH;. Bottom: Schematic illustration of the proton dy-
namics occurring upon N 1s core ionization. Only two water monomers are illustrated for simplicity.
The single cartoons illustrate: (I) Local Auger decay of core excited NH?*, (II) local Auger decay
and ICD of proton-transferred transient NH3*.--H"---H,0, (III) local Auger decay of core excited
NH3*, and (IV) local Auger decay and ICD of proton-transferred transient NH3---H*---H,0. The car-
toons are ordered vertically due to the temporal succession of the processes I to IV, with IV being

completed after 7 fs. Figure adapted from Ref2%°,
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decay by one pathway, creating either a 2h or a 1h1h final state. Peak A and B both show
a similar isotope effect and are distinctly separated from each other. Note that non-local
decay processes occur continuously while the proton transfer evolves, with rising prob-
abilities at later times within the 6.4 fs and the abundance of 1hlh final states increases
gradual with time. This, however, does not explain the drastic intensity increase leading
to peak B. We therefore conclude that the peaks A and B correspond to two indepen-

dently emitting species, each influenced by nuclear dynamics.

In contrast to H,O and NHj, NH;|r is not stable as a gas phase species, and thus we
must rely on theory in estimating the leading local Auger energy of NH (gas). To cal-
culate the absolute energy position of the leading local Auger peak, we first calculated
the energy of the leading Auger peak in the gas phase as the difference between the core-

ionized state and the ground state of the doubly-ionized system. Further details regard-

272-274

ing the simulation are found in Refs . After determining the gas-phase energy, we

can estimate the solvent energy-shift using a polarizable continuum model according to
Refs**>*”>. The model employed was first tested for well-studied water and ammonia
molecules. All results are compared in Table 5.1. As can been inferred from Table 5.1 cal-
culated gas-phase energies are within 0.1 eV accuracy and aqueous phase is within 0.5 eV
accuracy. The experimentally non-existent gas phase NH] value is calculated to be at

349.8 eV and in the aqueous phase at 361.9 eV, which is only 0.6 ¢V below the center

Table 5.1: Calculated and experimental energies of the leading (local) Auger peak for H,O, NH3
and NH}ir in the gas phase and in aqueous solution. The calculated gas-phase values were obtained
using the MOM-CCSD(T) method with cc-pCVTZ basis set for heavy atoms and cc-pVTZ basis set
for hydrogen atoms. The solvent shift was calculated within a polarizable continuum model as

£25° and has been used to determine the theoretical Auger energies for aqueous

described in Re
phase. The molecular geometries were optimized at the MP2/cc-pVTZ level. Experimental values
for H,O and NH; are taken from Figure 5.1 and Ref259, respectively. The value for NHj}r (aq) is

obtained from Figure 5.11 (peak A), and the bracket indicates that the peak assignment is assisted

by computations. Table reprinted from Ref?%°.
Species Energy (gas) [eV] Energy (aq) [eV]
Exp. Theory Exp.  Theory
H,O 498.6 498.7 503.1 503.6
NH; 370.0 374.0 374.0 374.4

NH;  notavailable 349.8 (362.5)  361.9
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of peak A. The calculations assume ground-state geometry of the system, thus ignoring
the dynamics of the core-ionized state. An isotope shift of approximately 600 meV can
already been seen for the local peak A, as indicated by arrows in Figure 5.11. Our calcula-
tions show for the gas-phase molecule the N-H bonds are elongated by 0.1 A which leads
to a 600 meV shift to higher KEs. Thus, we have evidence to assign peak A at 362.5 eV
as the leading local Auger peak of NH; (aq).

As argued above, peak B has to be the signature of a different decay channel, unrelated
to local and non-local decays of NH and its transient structures. A most likely explana-
tion of the presence of peak B is based on the following consideration (compare cartoons
in Figure 5.11): Att = 0 after the ionization event, the only possible structure, with
100% contribution to the autoionization signal, is NHff* ~H,0, assigned to peak A. The
dominant electronic decay channel in this case is local Auger decay leading to 2h states as
shown in panel (I). The core-ionized state establishes a proton transfer from ammonium
to a neighboring water monomer and NH;’ *..H™...H,O transient structures evolve in
time, as shown in panel (II). Peak A broadens with increasing NH; *.-H " distance. Auger
(II.1) and ICD (II.2) electrons emitted during the transfer process carry more KE due to
reduced Coulombic interaction and thus contribute to the high-KE side of peak A. The
population of these transient structures decays exponentially as they are formed later in
time and autoionization continuously drains the population. The emergence of a new
peak B hence indicates that a new relaxation channel opens within t < 6.4 fs, leading to a
sudden increase of electron emission near 373 eV KE. We conclude that once a full proton
transfer is completed, as predicted from the dynamics calculations, core-ionized ammo-
nia remains: NH7 *--H*..H,0 — NH;*-~-H;0". The peak B s thus a signature of local
Auger decay of the core-ionized ammonia molecule which forms upon complete proton
migration. This coincides with the location of the leading aqueous phase 2h Auger peak
of NHj (aq) at 374 eV, compare Ref**?. Panel (III) illustrates the local Auger decay of
ammonia. Panel (IV) shows the analog process to panel (II), with (IV.1) being the Auger
decay and (IV.2) the ICD of the transient proton-transferred structures. The second

proton transfer is slower and does not exhibit a complete transformation. The predicted
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mechanism is summarized in the following equations:

First (complete) proton transfer: NH;*.. H,0 — NH;*.. H;0™" (5.2)
Second (incomplete) proton transfer: NH;*.- H,O — NH}-- H"-. H,O  (5.3)

The first proton transfer leads to the formation of core-ionized ammonia NH; * and
a hydronium cation within <6.4 fs. As soon as the first proton transfer is completed,
NH; ™" decays via local Auger and ICD. The second proton transfer creates an intermedi-
ate NH3--H™...H,O structure. Note that the two proton motions are not sequential, yet
the NHj signature only appears as the first proton, be it either of both, is fully transferred.
Hence, the existence of the well separated peak B confirms the remarkable conclusion of
a full chemical reaction NH; " — NHj within less than 10 fs which, to our best knowl-
edge, has never been observed before in an experiment. Due to the very effective charge
separation observed here and the fact that ion pairing in ammonium chloride is well char-
acterized?’¢, the ammonium cation seems a very suitable test case for probing the local
environment.

In this chapter I presented non-local electronic decay mechanisms which are general
phenomena in hydrogen-bonded systems. Furthermore, I discussed experimental and
theoretical findings of nuclear dynamics supporting the population of 1hlh final states.
Yet, in certain cases it is impossible to distinguish decay rates quantitatively and to differ-
entiate between competing non-local autoionization channels, e.g., ICD versus ETMD,
as they create free electrons with comparable KEs. In the next chapter, I show how it is
possible to discriminate certain decay channels, i.e., local Auger decay and ICD, by the

choice of the system.
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ETMD in Aqueous Lithium Solutions

ETMD has been predicted theoretically to occur in hydrogen-bonded complexes. 64,126,249

As other decay channels (ICD, PTM-Auger decay, etc.) effectively compete with
ETMD?%!27%278 'we chose a system in which no other non-radiative relaxation channel
than ETMD is allowed. Hence, autoionization signal (if present) can be unambiguously
assigned to ETMD electrons. We measured lithium in aqueous solution in the form of
lithium chloride, LiCl, and lithium acetate, CH;COOLI (short: LiOAc). Upon Li 1s
core ionization the lithium cation assumes an 1s'2s” excited state which cannot relax via
Auger decay or ICD due to the lack of occupied higher orbitals. "> However, ETMD re-
mains a possible decay channel. The results presented in this chapter have been published
in Refs!?>1%7,

In order to describe the possible ETMD pathways that can be expected in LiCl (aq), I
refer to Figure 6.1. Li1s ETMD always features a non-local electron transfer between the
ionized Li** and a neighboring water molecule. Figure 6.1 only illustrates the most rele-
vant ETMD pathways and ignores orbital specific ETMD. The simplest case is electron
transfer between lithium and one single neighboring water molecule. In this case, the
electron-donating water molecule emits an ETMD electron and the process is referred to

as ETMD(2): W2, The number in brackets refers to the number of monomers involved
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Figure 6.1: Energy-level diagram of the three most relevant ETMD channels in Li 1s ionized LiCl (aq):
ETMD(2): W2, ETMD(3): Ww™, ETMD(3): W'CI™'. The number in brackets refers to the number
of monomers involved in the respective ETMD process, including lithium, and the letters (W and CI)
indicate the species involved. Superscripts describe the electron vacancies in the final state of the
respective molecule or atom (e.g., Wt indicates a water monomer with one electron missing). KE
denotes the kinetic energies of electrons emitted in the ETMD processes. These are measured in
the experiment.

in the respective ETMD process, including lithium, and the letters (W = Water and CI)
indicate the neighboring species involved.'** Superscripts describe the electron vacancies
in the final state of the respective molecule (e.g., W™ indicates a water monomer with
one electron missing). ETMD(2): W2 creates a doubly ionized final state with both elec-
tron vacancies located at one water molecule. The second process shown in Figure 6.1 is
ETMD(3): W'W~! which involves three monomers. The lithium core-hole is again re-
filled by a water electron while the excess energy transfers to a third, so far uninvolved
water molecule and induces electron ejection. The final 1hlh state (one hole at each wa-
ter) creates ETMD electrons with higher Coulombic energy due to reduced Coulombic
interaction. ETMD(3): W~'Cl™ is analog to the ETMD(3): W "W~ process but with
the excess energy transferred to a nearby chloride anion. The emitted ETMD electron
originates from electron detachment of chloride and carries potentially even higher KE,

because Cl~ has weaker bound occupied orbitals than water.

92



6.1 ETMD as A PROBE FOR LOCAL SOLVATION

In Figure 6.1 I have shown that the KE of the emitted ETMD electron depends fully on
the molecules and orbitals involved in the decay process. Neglecting electron—electron in-
teractions, Coulombic interactions, core-hole screening and dielectric contributions one
can roughly estimate the KE of the outgoing ETMD electron according to the following

relation:

KEETMD =60.4¢eV — E1 - E2 (61)

The Li 1s BE is 60.4 eV and E,/E, are the BEs of the orbitals involved in the
process. If taking only the highest occupied orbitals into account (1b; = 11.2eV BE
and Cl3p=9.5eVBE"®), one can estimate the KEs of the three above ETMD
processes to: KE(ETMD(2): W—2) = KE(ETMD(3): W'W~!) = 38.0 ¢V and
KE(ETMD(3): W'Cl™") = 39.7 eV . When considering the 3a; (13.5 eV BE) of water
the involved orbital these values change to 33.4 ¢V and 37.4 eV respectively. Apparently,
electrons emitted in different ETMD processes have different KEs and thus are expected
to show different characteristic spectral shapes depending on the specific decay mecha-
nism. Based on this consideration, our motivation was to gain information about the
local environment around lithium by exploiting the short-distance dependence of the
ETMD rates. Note that the time scale of ETMD is short (~fs) compared to the mini-

mum lifetime of an ion pair in solution (~ns).

In order to quantify the energies of the diverse ETMD processes more precise ab ini-
tio calculations on small cluster models with fixed geometries have been performed by
the Slavi¢ek group. As ETMD only involves the nearest neighbors, calculations have
been performed for three explicit solvation configurations: Contact (CP), solvent-shared
(SShP) and solvent-separated (SSP) ion pairs. All clusters consist of one Li* cation, one
Cl™ anion, and five solvent water molecules, while the Li™ cation is tully solvated in all
three clusters. The Lit —CI~ distance is inferred from the radial distribution functions
in Figure 6.2A, being 2.4 A in the CP model, 4.3 A in the SShP model and 6.4 A in the
SSP model. The distances between the ions and the nearest water molecules are fixed to
d(Lit—0) = 1.95 A and d(Cl~—0) = 3.18 A. The radial distributions show that CP

abundance rises with rising LiCl concentration. Quantitatively, CPs amount to 17% for
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Figure 6.2: Panel A: Radial distribution functions for LiCl aqueous solutions. Shown are the Li*-CI”
and Li* -0 radial distribution functions for 3 M, 4.5 M and 6 M LiCl (aq). The first maximum of Li*-CI”
atr = 2.36 & corresponds to a contact ion pairing. The second peak of these curves at r = 4.62 &
is attributed to a solvent-shared ion pair structure. Panel B: Integration of the (background-free)
curves for Li*-CI™ shown in panel A up to a certain distance value. The first plateau gives the
percentage of contact ion pairs: 17% for 3 M, 27% for 4.5 M and 40% for 6 M solution. Figure

adapted from the supplementary information of Ref1?2,
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the 3 M, 27% for the 4.5 M, and 40% for the 6 M solutions, as can be inferred from Fig-
ure 6.2B. The prevailing configuration is always the SShP geometry, yet the number of
CPs becomes considerable with very high concentrations. This is reasonable as the num-
ber of available water molecules contributing to an intact solvation shell around Li* di-

minishes at high salt concentrations.

The ETMD double-ionization energies of the clusters were calculated using the
second-order algebraic diagrammatic construction method, ADC(2), which is an approx-
imation scheme for the two-particle propagator. Further details of this method are de-
scribed in Refs'*>**»*”?. The computed ETMD spectra for all three models are shown
in Figure 6.3. For each model transition probabilities of all possible ETMD channels
were calculated. The ETMD channels are color-coded, indicating ETMD(3): W—'W !
(red), ETMD(3): W'Cl™! (green), ETMD(2): W2 (blue) and ETMD(2): C1* (yel-
low). The theoretical spectra are shifted to higher KEs by 7.65 ¢V, 5.03 ¢V and 3.89 eV
for SSP, SShP and CP models, respectively, in order to align at the ETMD(3): W~ 'W~!
curve maximum. We chose this contribution since it is the most probable decay channel
in the calculated concentration range, and thus contributing most to the overall ETMD

Spectrum.

As already mentioned the SShP model (middle panel in Figure 6.3) is the most promi-
nent in all concentrations. It exhibits a well-defined main peak at 31 ¢V KE and two
smaller peaks, one spreading between 20 €V and 25 ¢V KE and another one at 38 ¢V KE.
The decomposition reveals that the peak maximum at 31 ¢V KE mainly arises from
ETMD(3): W'W . A detailed analysis reveals that most of the electrons originate from
deeper-lying 3a; orbitals of water. The highest 1b; orbitals contribute only in small frac-
tions. The favored decay of 3a; electrons results from beneficial orientations of the wa-
ter monomers in the first solvation shell around Li*. The oxygen atoms of water point
towards the cation thus maximizing the overlap of the 3a; orbitals (compare top part
of Figure 4.1) with the spherical 1s orbital of Lit. The low (26 ¢V KE) and high-KE
(36 eV KE) tails of the ETMD(3): W'W ! curve (red) arise from 1b,/3a; and 1b,/3a,
-ionized states, respectively. The intensity between 15 eV and 25 eV KE is essentially at-
tributed to ETMD(2): W2, Again, the relaxation involves predominantly 3a; orbitals.

The different intensities between ETMD(3): W W~ and ETMD(2): W2 can be ex-
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Figure 6.3: Theoretical ETMD spectra as calculated from the three cluster models representing (top)
solvent-separated (SSP), (middle) solvent-shared (SShP) and (bottom) contact (CP) ion pairing.
The solid gray line always represents the total ETMD spectrum while the colored lines show the
contribution of the different ETMD pathways, see legend. Transition intensities responsible for the
spectra are visualized by bars on the bottom of each spectrum. The spectrum is created by applying
a 3.6 eV broadening to the transitions. The geometries of the cluster models are depicted in the
insets of each spectrum (red: oxygen; green: CI~; grey: Li*; white: hydrogen). Figure adapted
from Ref!%2,
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plained by the fact that ETMD between Li* and water scales approximately proportional
with the number of availably water monomers. However, while ETMD(2): W~ only in-
volves water molecules in the first solvation shell, ETMD(3): W—'W ! also reaches out
to the second solvation shell. This is caused by the short-distance dependence of ETMD,
yet for ETMD(3): W~'W ™! the transfer-electron donating water monomer in the first
solvation shell can very well transfer its energy to a water monomer in the next (third)
shell. The high-KE side of the SShP model spectrum arises from ETMD(3): W~'CI%.
The overall ETMD spectrum of the SSP model (top panel in Figure 6.3) has a simi-
lar structure except for the missing peak at 38 ¢V KE and a slightly more pronounced
shoulder of the main peak at 26 ¢V KE. This is attributed to a similar structure of the
first solvation shell of Li* in both cluster models. Although the arrangement of wa-
ter molecules in the first solvation shell of Li™ is very similar for SSP and SShP cluster
models, structures differ significantly beyond the first solvation shell. The counter ions
are much closer (only separated by one water monomer) in the SShP model, which en-
hances the probability for ETMD(3): W~'CI~!. This is responsible for the missing fea-
ture at 38 ¢V KE in the SSP model. In the CP model (bottom panel in Figure 6.3), how-
ever, the ETMD(3): W'Cl™! feature (green) dominates the overall shape of the spec-
trum and becomes the main peak, while ETMD(2): W% and ETMD(3): W~'W ! have
still considerable contribution. However, the contribution of these two processes de-
creases due to the reduced number of water monomers in the first solvation shell in the
CP model. The shape of ETMD(3): W'W ! curve (red) changes dramatically. This is
caused by different water orbitals coming into play. The CP influences the first-shell
water structure such that the Li 1s orbital overlaps better with water 1b;. This pro-
motes ETMD processes involving 1b;, which contribute to the high-energy side of the
ETMD(3): W'W~! spectrum (at 36 eV KE). Also, the CP model is the only configura-
tion in which ETMD(2): Cl~? exists substantially. ETMD(2): Cl~? creates a CI* cation.

6.2 EXPERIMENTAL EVIDENCE OF ETMD

After I have shown that the spectral shape of an ETMD spectrum can be well related to
the local molecular environment, I now discuss the experimental measurements. Our

motivation is to observe experimental signatures of increased contact pairing in LiCl (aq)
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when going from moderately high (3 M) to very high (8 M) concentrated solutions. As
shown in Figure 6.2 we expect enhanced contact pairing for rising salt concentrations.
Provided this is true, ETMD would be a straight indicator for the presence of CPs. The
detection of ETMD electronsis experimentally challenging. ETMD signature is expected
in the 30-40 eV KE range. This is a region where a large background from secondary
(inelastically scattered) electrons forms the low-kinetic energy part of the photoelectron
spectrum (as explained in Chapter 2). This background signal dominates the electron
spectrum by far and ETMD is only observable by subtracting a reference (pure water)
spectrum from the LiCl (aq) spectrum. This technique requires relatively long acquisi-
tion times and a stable liquid jet position. The top spectrum in Figure 6.4 shows data
of a 120-minutes measurement from water and LiCl (aq) at 171 eV photon energy (well
above Li Is at 60.4 ¢V BE). The difference between the top spectra (LiCl (aq) minus wa-
ter) identifies ETMD electronic signal (plotted below in Figure 6.4). This is the first ob-
servation of ETMD in liquid phase. The subtracted spectra are noisy. In order to show
that the data are statistically significant the as-measured individual data points have been
five-point binned and the resulting error bars have been determined. The spectral shape
matches qualitatively with the computed spectra. The peak maximum at 31.5 eV KE
is close to the theoretical value (31 eV KE). A difference of 0.5 eV is probably due to
residual repulsion energy that cannot be screened completely in aqueous media. The
spectrum resembles best the theoretical spectrum for SShP cluster geometry, which is ex-
pected. Analogous measurements are also performed for 4.5 M LiCl (aq) at 175 eV pho-
ton energies, as shown in the bottom part of Figure 6.4. The first observation from this
measurement is that the kinetic energy range of the difference spectrum is the same as for
the 3 M solution. The insensitivity of the ETMD spectra on photon energy (171 eV ver-
sus 175 eV) confirms that the signal indeed arises from autoionization, rather than direct
ionization. However, the effect of different ion pairing arrangements can only be barely
quantified. The 4.5 M LiCl ETMD spectrum has slightly more intensity at the low-KE
side (attributed to SSP) and slightly more intensity at the high-KE side (attributed to
SShP). The poor signal-to-noise ratio and a too narrow range over which salt concentra-
tions were varied hinders univocal observation of the ETMD spectral changes. Therefore,

we repeated these measurements using the electron—electron coincidence method utiliz-
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Figure 6.4: Top: The as-measured spectrum of 4.5 M LiCl aqueous solution (red) and the reference
spectrum of neat water which only contains contributions from inelastically scattered photoelectrons
(black), measured at 171 eV photon energy. Middle: Difference of the top spectra reveals ETMD
signal with a maximum at 31 eV KE. Bottom: The analog data as the spectrum in the middle but
for 4.5 M concentration, and a photon energy of 175 eV. Figure adapted from Ref!?2,
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ing a magnetic-bottle TOF spectrometer, as introduced in Section 3.4. The coincidence
technique aims to detect ETMD electrons with significantly reduced background signal,
in order to find changes in ETMD spectral shapes as a function of salt concentration.

This will be demonstrated in the next section.

6.3 JoN-PairinGg: L1Cr VErsus LIOAC

In the last two sections I could show that ETMD can be measured in a PE experiment
and that this type of spectroscopy has the potential of being a powerful tool for prob-
ing local solvation, such as ion pairing in aqueous solution. However, the measurement
remains challenging due to the relatively low KE of the ETMD electrons. Standard PE
spectroscopy using a conventional hemispherical electron analyzer failed to provide suf-
ficient signal statistics to unequivocally observe ETMD spectral changes as a function of
solute concentration. In order to elaborate on the sensitivity of ETMD to local atomic
environment, we employ the electron—electron coincidence technique using a magnetic
bottle time-of-flight spectrometer to achieve better signal statistics, with significantly less
contribution of background electrons. This approach has been recently demonstrated
for the inner-valence ionization of water clusters, where ICD electrons could be distin-
guished from the direct photoelectrons.** We follow a two-fold strategy: First, we extend
the LiCl (aq) concentration range to higher concentrations: 4.5 M, 6 M and 8 M. Espe-
cially at very high concentrations (8 M) a significant amount of CPs is expected, which
should be reflected in the ETMD spectra as enhanced intensity at higher KEs. Second,
we explore the actual sensitivity of this spectroscopy to the counterion by performing
back-to-back measurements from LiCl and LiOAc aqueous solutions. LiOAc is chosen
in particular because previous studies showed a strong tendency for close contact between
Li* and the acetate anion. '’ The strong interaction is a result of the high electronegativ-
ity of the acetate group and a bidentate ion-pair geometry. CI™ is less electronegative and
the Lit —Cl~ contact pair has a monodentate geometry.

A typical coincidence map of LiCl (aq) measured at 110 eV photon energy is pre-
sented in Figure 6.5. The main window plots all coincidence events detected within
800 ns, which is the repetition rate of the BESSY II light pulses in single-bunch mode.

Remember from Section 3.5, that most of the signal in the map results from random co-
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Figure 6.5: Main window: Coincidence map of electron pairs detected after photoionization of LiCl
aqueous solution (8 M) at 110 eV photon energy. Electron pairs are plotted versus their time-
of-flight, while the flight times of the faster electron is plotted along the horizontal axis, and the
slower ones along the vertical axis. Short flight times correspond to high electron kinetic energies,
and vice versa. Vertical features of increased point density indicate processes at which the first
electron arises from photoionization. Hyperbolic lines (in one instance marked by a dashed red
line), indicate double ionization (DI) events with a random energy sharing between the two electrons.
Inset: Spectra created from integration along the region of enhanced line density and a region right
besides, which are attributed to Li 1s ionization and random noise, respectively. The spectra are
transformed into a kinetic-energy scale. The pronounced difference (27 eV to 37 eV KE) is due to
ETMD upon Li 1s ionization and the small difference in the 41 eV to 45 eV KE region is caused by
double-ionization. Figure adapted from the supplementary information of Ref!?”,
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incidences, which can have multiple reasons. Signals from direct photoemission appear
as vertical lines in the map since electrons resulting from these processes will coincide
with ‘random’ electrons. This can be well seen at approximately 50 ns flight time (e;-axis)
where vertical lines represent signal from water valence ionization. The hyperbolic line
(red dashed line) is caused by double ionization events. This can be the result of inelas-
tic scattering of a valence photoelectron, which kicks out another valence electron from
a second water molecule (usually in the gas phase surrounding the jet). Those electron
pairs can have any KE combination, as long as the sum of the two energies equals the ini-
tial photon energy minus the respective two-hole final state energy. Note that W—W~!
is the most likely final state for double-ionization as water molecules are the most abun-
dant species. Faint diagonal striations starting, e.g., at 280 ns and 350 ns on the e, axis
are an artifact from the detector electronics. Enhanced signal density due to Li 1s pho-
toionization is found at ¢; &~ 100 ns in the map of Figure 6.5. Integration over a narrow
range around 100 ns along the e,-axis reveals a well resolved feature between 28 eV and
37 eV KE. The so-created spectrum is plotted as a function of KE of the second electrons
in the inset of Figure 6.5. Oxygen 1s photoelectron spectra of liquid water were used
as calibration points. Note that the hyperbolic line from double-ionization events inter-
sects with the blue dashed line giving rise to the enhanced signal between approximately
41 eV and 45 eV KE in the blue spectrum in the inset of Figure 6.5. We observe this fea-
ture to diminish with rising salt concentrations which matches with our explanation of
electron scattering ionization off a water molecule. The observed main feature is a strong
evidence that Li 1s ionization triggers second-order electron emission. A background-free
spectrum is created by subtracting a region directly adjacent to the ROI (dark gray line

in the inset of Figure 6.5).

The ETMD spectra from electron—electron coincidence measurements at 110 eV pho-
ton energy are presented in Figure 6.6. The shown spectra in Figure 6.6A represent data
from 4.5 M LiCl (black line) and LiOAc (red line) aqueous solutions. The 4.5 M LiCl
spectrum from Figure 6.4 (bottom spectrum), which was measured in a non-coincident
fashion using a hemispherical electron spectrometer is shown for comparison (black
dashed line). The most conspicuous observation is that qualitatively, no differences be-

tween the two spectra are seen. They are similar in shape and energy, which unequivo-
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Figure 6.6: Panel A: Li 1s ETMD spectra from 4.5 M aqueous LiCl (black) and 4.5 M aqueous
LiOAc (red), measured by electron-electron coincidence at 110 eV photon energy. The bottom

spectrum (black dashed) is reprinted from Figure 6.4, representing 4.5 M LiCl (aq) measured with

a conventional hemispherical electron analyzer. Panel B: ETMD spectra from LiCl (aq) of 4.5 M

(black), 6 M (blue), and 8 M (gray) salt concentration. The gray rectangle spanning over panels
A and B indicates the energy region between 34 eV and 38 eV KE in which enhanced ETMD signal

intensity from contact ion pairing is predicted. Figure reprinted from Ref!?7,
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Figure 6.7: Li 1s ETMD electron spectra from 4.5 M aqueous LiCl (black) and 4.5 M aqueous
LiOAc (red), measured by electron-electron coincidence. For both solutions, spectra measured at
110 eV photon energy are compared to 135 eV photon energy. The spectra are qualitatively and
quantitatively equal, except for the region between 41 eV and 45 eV KE. This feature is due to
double-ionization brought by electron impact from valence photoelectrons with other water valence
electrons. The kinetic energy of electron pairs produced by double ionization scales with photon

energy and is therefore not apparent in the 135 eV spectra. Figure adapted from the supplementary

information of Ref!?’,

cally confirms that both, the spectra measured in Figure 6.4 and here indeed arise from
Li1s ETMD. This interpretation is further supported by the fact that no photon energy
dependencies are seen in Figure 6.7, as expected for an autoionization process. Yet, it is
noteworthy that the signal-to-background ratio in the coincidence experiment is roughly
1:2, compared to 1:50 in the former measurements. When comparing the LiCl (aq) and
LiOAc (aq) spectra we observe a distinct difference in the 34 eV to 38 eV KE range (see
gray rectangle in Figure 6.6A). The spectrum of lithium acetate exhibits a pronounced
shoulder at the high-KE side, showing considerably higher intensity than LiCl. This
difference is the first experimental proof of ETMD being indeed sensitive to the local
atomic environment. Assuming that for both, LiCl (aq) and LiOAc (aq), the counteri-

ons do not participate in the decay process, identical ETMD spectra would be expected,

since ETMD(2): W2 and ETMD(3): W~'W ! are the only possible mechanisms. The
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highest occupied orbital of acetate in aqueous solution is at 9.24 ¢V BE (compare Fig-
ure 6.8) which is only 0.26 €V apart from CI 3p and considerably lower than the water
1b; BE. Thus, we expect the signature of a Lit —CH;COO™ pair at the high-KE side of
the ETMD spectrum (similar to LiCl). The observation that LiOAc has higher signal
intensity than LiCl at that particular region is also expected, due to closer ion pairing for
LiOAc (aq) than for LiCl (aq).""” Based on the spectral differences observed it is safe to
conclude that ETMD spectroscopy is indeed sensitive to contact ion pairing and to the

nature of the counterion.

6.4 THE STRONG HYDRATION SHELL OF AQUEOUS LITHIUM

The absence of any detectable difference in the ETMD spectra from 4.5 M, 6 M and 8 M
LiCl concentrations in Figure 6.6B is surprising. Considering that at 8 M LiCl concen-
tration the water-to-lithium ratio is around six” (neat water has 55.345 M concentration
at 25° C),”” one Li* —Cl~ pair shares on average approximately six water molecules. The
complete hydration shell of Li* consists of four water molecules, and six water molecules
for C17.%%! This implies a shortage of available water molecules and thus a considerable
fraction of Li™ cations should at least share its solvation shell with CI~ (SShP). A more di-
lute solution of 4.5 M has on average enough water molecules to provide an intact hydra-
tion shell for every ion. This consideration aligns with MD simulations that show an in-
crease of CPs over the concentration range we have probed.'*>**72%¢ An absence of CPs
for concentrations lower than 1 M has been measured.**” However, the ETMD spectrum
remains unchanged when probing increasing salt concentrations which is in contrast to
these studies; see in particular the region within the gray rectangle in Figure 6.6B.

The lack of sensitivity can have several reasons. Reviewing the literature offers an un-
clear picture of lithium hydration. Studies using dielectric relaxation spectroscopy and
neutron diffraction with isotopic substitution conclude with this statement. 288 For exam-
ple, molecular simulations revealed a fraction of paired Li* ions from approximately 0.35
to 0.44 when the concentration is increased from 4.5 M to 8 M, which is smaller than in
our simple estimate but surely high enough to be observed spectroscopically.”*! An un-

derstanding of the influence of orbital type and orientation on ETMD probabilities is

"The ratio calculates: ([H,O] — [LiCl])/[LiCl] = (55.345M — 8 M)/8 M ~ 5.92
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Table 6.1: Normalized areas of Li 1s and Cl 2p core level photoelectron peaks (arbitrary units) under
conditions that are preferentially surface sensitive (100 eV KE) versus preferentially bulk sensitive
(600 eV KE). Figure reprinted from Refl?’,

Species, KE 45M 6M 8M Comment
Lils, 100 eV 216-107% 2.36-107% 6.57-1078

Cl 2p,100 eV 1.88-107% 2.70-107% 6.75-1078

Lils, 600 eV 485-107° 156-10 1.24-107°

Cl 2p, 600 eV 5.65-107¢ 1.42-107> 1.28-107°
Lils/Cl2p,100eV 115 0.87 0.97 Surface sensitive
Lils/Cl2p,600eV  0.86 1.10 0.97 Bulk sensitive

still unclear. We know that ETMD decay probabilities depend on the orbital type and
orientation, e.g., for water the 3a; orbital is the dominant electron donating orbital.**’
However, one explanation might also be that decay pathways involving water are highly
favored over those involving chloride. A third possible explanation for the lack of sensi-
tivity to different solute concentration is the surface sensitivity of electron spectroscopy.
For 30-40 eV KE electrons the electron escape depth is only 0.6-2 nm."* All ETMD
electrons thus originate from the first few monolayers of the solution. We believe, based
on literature, that LiCl (aq) exhibits a structure distinctly different from that in bulk so-
lution. 1313521020 Tio recent studies using MD simulation*”* and PE spectroscopy >
suggest a quite unique behavior of Li™ compared to other (bigger) halides due to its small
size. Unlike the larger cations, Li* keeps an intact solvation shell at the solution interface
which can explain the lack of observed CPs in our experiments. The referred MD simu-
lations, however, neglect contributions from a polarizable force field, which were found
to be important in other MD simulations. ****° A profound understanding of the LiCl
(aq)-vacuum interface is still lacking. To trust the surface explanation, we can check the
solutions for changing depth-dependent Li*/Cl™ rations. This is possible by compar-
ing direct photoelectron spectra of Li 1s and CI 2p at two different fixed kinetic energies:
100 eV to be surface sensitive and 600 eV to probe deeper into the solution. The resulting
Li*/Cl™ signal ratios at any concentration are given in Table 6.1. These measurements
were performed using a hemispherical electron analyzer. The spectra were separately nor-
malized to acquisition time, beamline flux for the respective photon energy (measured

with a calibrated photodiode) and the atomic photoionization cross sections taken from
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Figure 6.8: Direct valence PE spectrum of 4.5 M LiOAc in aqueous solution. Gaussian peaks in gray
correspond to fits of the water 1b; orbitals and to the CH3COO™ highest occupied orbital.

calculations.”” The intensity ratio of Li to Cl peaks can be used to assess whether one
of the two species has a propensity for populating bulk or surface sites. If there was an
ion-specific density profile that changes with LiCl concentration, the ratio would deviate
from unity for bulk or surface sensitive conditions, respectively. However, no trend arises
from this analysis. We do not believe that the very small deviations indicate a layering, es-
pecially considering alternating trends of the rations in Table 6.1, i.e., the big-to-small-to-
unity behavior for 100 eV KE and vice versa for 600 eV KE. Note that this analysis does
not conclude that there is no layering in LiCl solution, it only shows that a layering, if
present, does not depend on the concentration. On the other side, the PE measurement
of aqueous acetate suggests a considerable surface propensity of the acetate ion, as can be
seen by the large signal intensity of the CH;COO™ highest occupied orbital in Figure 6.8.
This observation is in line with theory *’* and would explain the strong CP ETMD signal
for the lithium chloride solution.

Nonetheless, the principle sensitivity of ETMD spectroscopy to local solvation could
be demonstrated by using a magnetic-bottle TOF spectrometer, yet an effect of solvation
structure as a function of salt concentration could not be observed. ETMD may occur
not only here but also in a variety of other solvated metal cations, both after photoioniza-
tion®”> and as a part of various cascades.®* Aqueous LiCl solution has been extensively
studied, both experimentally and by means of molecular dynamics simulations, yet its

structure, in particular ion pairing, is not yet fully understood. The high sensitivity of

107



ETMD to local structure may be a powerful spectroscopic tool for studying various prop-
erties of not only aqueous solutions but also systems with organic or hybrid solvents, for
example in Li-ion batteries where the knowledge of ion pairing and local solvation struc-
ture is essential for optimization of the ionic conductivity and the energy transfer rate.*”
In the future, ETMD spectroscopy on further systems are promising for detailed under-
standing of non-local decay processes in general. As such, Mg,Cl (aq) is a interesting can-
didate; according to a recent study a non-local autoionization cascade arises upon Mg 1s
core ionization creating on average 2.4 slow electrons and 4.3 radicals per Is vacancy. ** As
these species are known to effectively cause biochemical damage, a detailed understand-

ing of the processes in magnesium are of great importance.

108



Summary

I have presented a compilation of my findings on core-level X-ray photoelectron spec-
troscopy from aqueous solutions. The systems under investigation and detection

schemes were the following:

* Direct photoionization spectroscopy from Nal (aq)

* Intermolecular Coulombic decay (ICD) spectroscopy from NH; Cl (aq) and
ND; Cl (aq)

* Electron-transfer mediated decay (ETMD) spectroscopy from LiCl (aq) and
LiOAc (aq)

Exemplified for Nal (aq), I could show that despite drastic changes of the chemical en-
vironment (when going from dilute to highly concentrated Nal aqueous solution) the
PE spectrum of water stays remarkably constant. The combined experimental and the-
oretical study revealed a largely unchanged PE spectrum with only minor energy shifts
of the water 1b, peak (370 £ 60 meV) and a reduced spacing between the two 3a; peaks
(450 £ 90 meV) when going from 0.05 M to 8 M Nal (aq). This work justifies the com-
mon procedure for energy-aligning liquid-water PE spectra at the lowest ionization en-

ergy (water 1b;), which was shown to be stable compared to most other water valence

109



and solute PE peaks throughout all salt concentrations. The apparent insensitivity of
the water PE spectrum to the molecular environment is surprising, especially when com-
pared with the large sensitivity of core-level PE spectroscopy to the chemical environment
(chemical shifts of several eV).?””*”® I conclude that the insensitivity observed in our PE

experiments is a result of the large screening ability of polar liquids.

I have demonstrated ICD to be a general phenomenon in weakly-interacting sys-
tems not only for neutral molecules, but also for initially charged cations. The study
of NH{ (aq) and ND (aq) has shown that ICD scales strongly with hydrogen-bond
strength. Another remarkable observation was a double-proton transfer which could be
shown to proceed ultrafast, on a sub-10 fs timescale. Such a fast complete chemical reac-
tion has never been observed in liquid phase to date to the best of my knowledge. The
proton-transfer dynamics have been identified by spectral analysis of ICD in NH,Cl and
ND,Cl and ab initio MD simulations. Differences in the autoionization spectra when
comparing aqueous ammonium and its deuterated form could be explained by different
hydrogen/deuteron dynamics, which have an influence on the KE of emitted ICD elec-
trons. In the experiment an arising new peak in the N 1s autoionization regime could be
univocally assigned to core-excited NH3 * which has formed within the 6.4-fs lifetime of
the nitrogen 1s vacancy. The double proton transfer is best described with the following

equations:

First (complete) proton transfer: NH;"*.. H,0 — NH;*.. H;0*
Second (incomplete) proton transfer: NH;*.. H,0 — NH}-- H"... H,0

ETMD could be shown to be a sensitive tool for ion pairing in aqueous salt solu-
tions. This has been proven experimentally for the first time by measuring PE sig-
nal with electron—electron coincidence from LiCl and LiOAc in aqueous solution us-
ing a magnetic-bottle TOF spectrometer. Different decay routes following Li 1s core-
ionization result in slightly different ETMD electron kinetic energies. Furthermore, the
decay routes are determined by the local solvation of the core-ionized Li*. As a conse-
quence, ETMD spectroscopy can be exploited to probe local hydration. Although it was

not possible to resolve different types of ion pairing in varying LiCl (aq) solutions, I have
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shown the potential of using ETMD spectroscopy as a new method for local solvation
by demonstrating counterion sensitivity between LiCl (aq) and LiOAc (aq). The lack
of spectral evidence for changing ion-pairing situations in the different LiCl solutions
has been explained by the particular special hydration of the small Li* anion which es-
sentially keeps an intact tetragonal hydration shell even at high salt concentrations. This
study reveals the need for further investigation of different salt solutions and theoretical
support in order to disentangle the different ETMD decay pathways and finally quantify
the amount of ion pairing. A more advanced description for orbital selectivity of ETMD

would be a particular demand for future theoretical work.

111



112



Outlook

ON ABSOLUTE BINDING ENERGIES OF L1QUID WATER

Exemplified for Nal in aqueous solution I was able to show that the PE spectrum from
liquid water is essentially insensitive to solutes. However, the presented study deals only
with relative BE, i.e., spacings between selected peaks are evaluated. Whether the mea-
sured energies are correct in terms of absolute binding energies could not be clarified. In
order to determine exact BE values, several aspects leading to KE shifts of measured elec-
trons have to be considered. Sample charging, i.e., the accumulation of uncompensated
charge at the jet surface, is arguably the strongest influence on electron KEs. To date three

major effects leading to sample charging in our experimental setup have been identified.

First of all, aliquid flow that streams through a tubing is subject to friction between lig-
uid surface and the inner walls of the tubings. Thisleads to accumulation of charge on the
jet surface, which influences the KEs of outgoing electrons. Negative excess charge at the
jet surface reduces the KEs of ejected electrons and vice versa. The amount of charge scales
linearly with a change in electron KE (and thus measured BE), as is best demonstrated
by our unpublished results presented in Figure 8.1A. This figure presents a series of va-

lence PE experiments from liquid water with different bias voltages applied, from +1 V to
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Figure 8.1: Valence PE spectra from a liquid-water jet at different experimental conditions. The
photon energy was set to 175 eV. Panel A: 0.05 M NaCl (aq) at different applied bias voltages.
Panel B: Neat water at 100% photon flux (corresponding to 3-1013 photons/sec) and 10% photon
flux. Panel C: Neat water at 10% photon flux and different liquid-flow rates.

—10 V. This experiment mimics the above described effect caused by friction, which I re-
fer to as electrokinetic charging. Itis apparent that the liquid phase 1b; peak scales directly
with bias voltage, which is because the emitted electrons experience the full potential be-
tween jet and analyzer. However, electrons emitted from the gas phase only experience a
fraction of the total applied voltage, i.e., they experience more de/-acceleration when born
near the jet and less when born near the analyzer. As a result, the gas phase features smear
out with rising voltages, and thus rising potential gradient, while the liquid-phase peaks
keep a constant peak width and intensity. Note, that the gas phase water peak energy and
shape in the very first liquid-jet studies of the Winter group showed a constant 1b; gas

phase energy, even if the jet was moved off-sight from the spectrometer detection axis by
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about 100 um.** This encouraged these authors to assume the gas-phase spectrum to be
a constant energy reference. However, we see from Figure 8.1A that this is not the case.
This missing effect is due to the large photon beam focal size of 250 x 120 um? used at
that time, which (i) still ionizes the jet when moved oft-axis, thus still induces a potential
between jet and analyzer, and (ii) ensures that the same number of gas phase molecules is
ionized than for the on-axis position. Asaresult, the gas phase spectrum remains constant
in that particular experiment but is still different from a gas phase experiment without a

jet.

The second effect of charge accumulation results from photoionization of the jet.
This is particular important when measuring at high-intensity synchrotron light sources,
which leads to local but very high charge densities. Figure 8.1B demonstrates very well
how high flux can distort a whole PE spectrum. While the valence spectrum at 10% beam-
line flux (corresponding to 3-10'* photons/sec) is well resolved, it is completely shifted
and broadened for maximum photon flux (corresponding to 3-10"* photons/sec). First
attempts in determining the exact ionization energies in a liquid-jet experiment have been
made by reducing sample flow and light flux drastically while grounding the jet as close
as possible to the point of injection. A preliminary result is shown in Figure 8.1C, which
shows that for sufficient reduction of light flux and sample flow the liquid water PE spec-
trum becomes well resolvable. A linear shift to higher BEs is clearly seen in this mea-
surement, which is a strong indication for the accumulation of positive charge at the jet
surface. Reducing the the flow rate considerably does not guarantee that the so acquired
spectra show correct absolute BEs but demonstrates possible strategies in order to avoid
sample charging in a liquid-jet PE experiment. A common procedure to compensate for
charge accumulation is by adding millimolar salt concentrations to the measured solu-
tion (e.g., 50 mM NaCl to neat water), as has been done for all neat water experiments

described in this thesis.

Another issue is the question on Fermi-level versus vacuum-level reference in liquid-
phase PE spectroscopy. A recent study raises doubts against the common procedure of
referencing liquid samples against the vacuum level rather than the Fermi level as it is
justified for solid state.””” This aspect is still under debate but will certainly be important

for the determination of absolute binding energies.
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ON ETMD as A PROBE FOR IoON-PAIRING

ETMD has been shown to be a general phenomenon for aqueous phase systems. Further-
more, the predicted sensitivity to contact ion pairing could be demonstrated for different
counterions of aqueous Li* solution. What remains to be demonstrated is that ETMD
spectroscopy can be adapted to further aqueous systems. We have chosen MgCl, as a
next promising candidate. When ionized at the 2p level we observe clear ETMD signa-
ture, as can be seen in Figure 8.2. The spectra are normalized to experimental acquisition
time. Small ETMD spectral changes can be observed with rising salt concentration (2 M,
3 M and 5 M MgCl,). L attribute this spectral change to altering ion-pair configurations,
since ETMD is sensitive to the closest neighboring chemical environment (see Chapter 6).
The low-KE side of the spectrum appears to have enhanced intensity for higher concen-
trations. A conclusive interpretation of the observed change is only possible with theoret-
ical support, nonetheless it is already promising that concentration-dependent changes
are apparent. Note, that the spiky structure of the spectra is an artifact of the instrument

electronics, which we will eliminate in the future.

ON ICD anD ProTON DYNAMICS

Several systems have been proven to enhance ICD rates (compared to local Auger) when
accompanied with a proton transfer between the decay partners. I have presented this
behavior for different hydrogen-bonded systems, such as H, O, H, 0, (aq), NH3 (aq), and
NH{ (aq). However, recent unpublished results from the Hergenhahn group indicate
the opposite behavior for valence-excited (rather than core-excited) water clusters. The
authors observe a suppression of ICD efhiciency for 2a; inner-valence excited states. This
behavior can be rationalized by proton transfer, which according to calculated potential-
energy surfaces closes the ICD channel. This is contrary to the core-level ICD channel,
which is open at each geometry and is even enhanced by proton movement. This aspect
will be the topic of the thesis of one of my coworkers and I therefore refrain from going

deeper into detail.

116



A - 110 eV
160 eV
+ 2 M MgCl,
3 M MgCl,
- 5 M MgCl,

oo b by b by

15 20 25 30

Electron kinetic energy [eV]

Figure 8.2: Mg 2p ETMD spectra from aqueous MgCl,, measured by electron-electron coincidence.
Panel A: Spectra from 2 M MgCl, (aq) measured at 110 eV and 160 eV photon energies. Panel B:
Spectra from 2 M, 3 M and 5 M MgCl, (aq) measured at 110 eV.
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