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Abstract

The irradiation of biological matter with ionizing radiation often leads to the formation of
highly excited charged molecules. These systems can electronically relax through emission
of a secondary electron, a process referred to as autoionization. The emitted electrons and
the remaining charged species are believed to significantly contribute to the X-ray induced
radiation damage in biomolecular tissue. The most established autoionization mechanism is
the Auger decay, which takes place at one molecular entity. In contrast, non-local processes
intermolecular Coulombic decay (ICD) and electron transfer mediated decay (ETMD), which in-
volve at least two molecules have also been observed. The non-local decay mechanisms are
associated with the emission of low energy electrons, which may cause highly damaging
double strand breakage in DNA. Their potential to inflict radiation damage can be evalu-
ated by their efficiency. In this thesis autoionization processes were investigated in different
hydrogen bonded systems, such as molecular clusters, liquid water and amorphous ice, us-
ing conventional and coincident electron spectroscopy in order to assess their relevance in
radiation chemistry and biology.

The ICD efficiency of pure water clusters and of mixed water-formaldehyde clusters was de-
termined and an increase with increasing average cluster size was observed. The efficiency
was limited to 10—-50 %, likely due to photo-induced proton transfer dynamics, which close
the ICD channel. This shows that ICD needs to be considered in radiation research, its ca-
pability to inflict damage is, however, greatly dependent on the flexibility of the hydrogen
bond network. Metal centers in biomolecules, such as magnesium ions, show a notable sus-
ceptibility for radiation damage by X-rays. Estimation of the ETMD efficiency in aqueous so-
lutions of magnesium salts shows an efficiency of 3050 %, which is significantly increased
to 75-90 % in fully hydrated magnesium ions. This shows that ionization of magnesium
ions can lead to significant radiation damage in their immediate vicinity by non-local decay.
Additionally, the possibility to utilize non-local autoionization processes as a tool to directly
probe the hydrogen bond network in aqueous systems is explored. The signature of proton
transfer dynamics following photoionization was investigated for amorphous ice and in bi-
nary mixtures of liquid water and cryoprotectant molecules, namely glycerol and dimethyl
sulfoxide. Their presence weakens the hydrogen bond network relative to pure water, the
degree of which is determined by the balance of hydrophilic and hydrophobic interactions.
These results show that non-local decay phenomena indeed carry information on the chem-
ical surrounding of the decaying molecule, specifically on the hydrogen bond network.
Furthermore, the first double ionization spectrum of liquid water was measured and com-
pared with with the double ionization spectra of water clusters. The spectral features are
separated into dicationic final states of local and non-local character. The latter is attributed
to scattering of photoelectrons on the vapor phase leading to electron impact ionization and
the emission of ICD electrons from the liquid phase. These results contribute to a funda-
mental understanding of the photoelectron spectrum of liquid water, but also make a case
for the relevance of ICD in biological conditions.
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Zusammenfassung

Bei der Wechselwirkung von biologischer Materie mit ionisierender Strahlung werden an-
geregte Molekiilionen erzeugt. Diese konnen ihre {iberschiissige Energie durch die Freiset-
zung eines weiteren Elektrons abgeben; ein Prozess, der als Autoionisation bezeichnet wird.
Die durch Autoionisation freigesetzten Elektronen und Ionen kénnen zu den durch Ront-
genstrahlung verursachten Schaden an biologischem Gewebe beitragen. Neben dem Auger-
Zerfall, welcher lokal innerhalb eines Molekiils stattfindet, gibt es weitere nicht-lokale Au-
toionisationsmechanismen: Intermolecular Coulombic Decay (ICD) und Electron Transfer
mediated Decay (ETMD). Diese beiden werden mit der Freisetzung von niederenergeti-
schen, potentiell DNA-schddigenden Elektronen in Verbindung gebracht, wobei das Schad-
potential dieser Prozesse durch ihre Effizienz bestimmt wird. Da Wasser einen Grofsteil bio-
logischen Gewebes ausmacht, wurde Autoionisation in unterschiedlichen wissrigen Syste-
men, wie molekularen Clustern, fliissigem Wasser und amorphem Eis im Hinblick auf ihre
Relevanz im Bereich der Radiobiologie mittels konventioneller und koinzidenter Elektro-
nenspektroskopie untersucht.

Eine Bestimmung der ICD-Effizienz in Wasserclustern und Wasser-Formaldehyd-Clustern
zeigte einen Anstieg der Effizienz mit ansteigender Clustergrofie. Durch photoinduzierten
Protonentransfer als konkurrierenden Prozess, der in der Lage ist den ICD-Kanal zu schlie-
Ben, ist die ICD-Effizienz auf etwa 10-50 % limitert. Dies zeigt, dass der ICD Prozess als
Quelle fiir Strahlenschaden berticksichtigt werden sollte, jedoch ist das Ausmaf stark von
den Eigenschaften des Wasserstoffbriickennetzwerks abhédngig. Metallionen in Biomolekii-
len, wie zum Beispiel Magnesium, sind besonders anféllig fiir Schaden durch Rontgenstrah-
lung. Eine Abschdtzung der ETMD-Effizienz in Magnesiumsalzlosungen zeigt Werte von
30-50 %, die auf 75—-90 % ansteigen konnen fiir Losungen in denen das Magnesiumion voll-
standig hydratisiert ist. Durch den ETMD-Prozess konnen Molekiile in unmittelbarer Ndhe
zu Magnesiumionen betrdchtlichen Schaden nehmen.

Dartiber hinaus wurde die Moglichkeit verfolgt, nicht-lokale Autoionisation als Hilfsmittel
fiir die Untersuchung des Wasserstoffbriickennetzwerks in wéassrigen Systemen zu nutzen.
So wurde die Signatur von photoinduziertem Protonentransfer in amorphem Eis und Mi-
schungen aus fliissigem Wasser und Kryoprotektoren, wie Glycerol und Dimethylsulfoxid
untersucht. Diese Molekiile schwichen das Wasserstoffbriickennetzwerk relativ zu reinem
Wasser, wobei der Grad der Schwiachung durch das Gleichgewicht von hydrophilen und
hydrophoben Wechselwirkungen bestimmt ist. Diese Ergebnisse belegen die Eignung der
nicht-lokalen Prozesse zur Untersuchung des Wasserstoffbriickennetzwerks.

Weiterhin wurde das erste Doppelionisationsspektrum von fliissigem Wasser aufgenom-
men und mit Spektren von Wasserclustern verglichen. Alle spektralen Signaturen konnten
lokalisierten und nicht-lokalisierten Zustanden zugeordnet werden. Letztere entstehen zum
einen durch Elektronenstoffiionisation von Photoelektronen an der Gasphase und zum ande-
ren durch ICD in der fliissigen Phase. Diese Ergebnisse tragen zum allgemeinen Verstandnis
des Photoelektronenspektrums von Wasser bei und bekréftigen die Relevanz von ICD unter
biologischen Bedingungen.
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Chapter 1

Introduction

“So, what do you do?” A relatively simple question. Quite possibly everyone gets it
occasionally in this form or any variation. In fact, it's a question | was asked on quite a
regular basis during the last years. To be honest, while writing this thesis | kept asking it
myself. Either actually questioning myself out of frustration or when starting a new page.
In the majority of situations when someone posed this question to me, this someone had
a very different scienti ¢ background, if any at all, making it inherently dif cult to answer
said question to a degree that satis ed everyone involved. Indeed, it took me a multitude
of iterations to answer the question of what | do without going into too much detail and
consequently losing my interlocutor's attention. This in turn resulted in me being upset
about the continuing inability to communicate the work | am excited about and should
feel proud of. By the time | had written about 90 % of this thesis, | found myself talking
to a tailor, a make-up artist and a medical doctor trying to come up with a simpli ed but
accessible explanation of the things | do:

| investigate processes called autoionization.

This is a rather unfamiliar word and | rarely expect anyone to have a connection

to it. But | do kind of like it, so | continue to use it.

When someone is getting an X-ray taken, the interaction of the X-ray radiation with the
matter making up the body can trigger multiple processes, among them also the ones
called autoionization. Those are particularly interesting as it was discovered that they
produce a number of very reactive species which in turn are prone to in ict damage to
the biological tissue e.g., break DNA. The research | do essentially serves to characterize
these processes. How ef cient are they? How can they be in uenced? Since the body is
in large parts comprised of water, my research focuses on these autoionization processes
in water and mixtures of water of increasing complexity. In the end, we hopefully have

a better understanding of these processes, ideally even controlling them for things like
radiotherapy.

This is certainly not the most sophisticated description of my work, but nevertheless it
seemed to spark a bit of genuine interest in my counterpart. A reaction | was very grateful
for as | invested quite some time and effort into producing results, understanding and com-
municating them.

At this rst page, | took the liberty to put a more personal note on the otherwise rather de-
tached and scienti ¢ tone of a doctoral thesis. Judging from other dissertations | have read,
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this might be an unusual approach, but rather than struggling for days this gave me an entry
into the topic of this thesis. For the remainder of this work | will try to answer the question
of what | do with a compilation of results produced in numerous experiments in the time as
a doctoral student, which the scienti cally trained reader might nd more illustrative.

Autoionization In chemistry, a word usually associated with the spontaneous dissociation
of water molecules in liquid water [1]:

H,O+ H,0 H30++HO

This chemical equilibrium is a fundamental reaction called autoprotolysis in acid-base chem-
istry and is typically used to determine and explain the pH of water. Here, small energetic
uctuations lead to the dissociation of an OH bond and the abstraction of a proton (H *)
leaving a hydroxide ion (OH ) behind. The proton is transferred to a neighboring water
molecule to form H 30*. This is a very speci ¢ example of an autoionization process and
does not represent the processes investigated in this work. However, it shall be revisited at
a later point.

A more general de nition of autoionization is given in the the IUPAC Compendium of
Chemical Terminology [2]:

[Autoionization] occurs when an internally supra-excited atom or molecular moiety loses
an electron spontaneously without further interaction with an energy source.|[...]

In other words, it describes the change of the initial charge state of an excited atom or
molecule from Z to Z + 1 by emission of an electron. In physics, speci cally in the eld
of photoemission spectroscopy, the word is often synonymous to the Auger decay as a well
established process [3]. The Auger decay is an electronic relaxation process of a core-excited
atom or molecule by ejection of an outer shell electron. In comparison to the Auger decay,
which has been described for the rsttime in the early 1920s [4, 5], there is a relatively young
class of electronic decay channels further expanding the concept of autoionization. The most
important difference between Auger and this newer class of autoionization phenomena is
their localization. While Auger decay takes place locally within a single atom or molecule,
be it in the gas phase or in a solid material, in which the individual atoms are indistinguish-
able, the other autoionization phenomena are a direct consequence of the discernability of
individual entities. These processes are therefore classi ed as non-local autoionization pro-
cesses. The two most prominent examples of this category are Interatomic/Intermolecular
Coulombic decay (ICD) and Electron transfer mediated decay (ETMD) [6, 7], which will be
the main focus of this thesis. In a given system consisting of a minimum of two distinct en-
tities an electron vacancy with an energy above the double ionization threshold can decay
by transition into a doubly ionized nal state. The two positive charges are distributed over
different sites in the system. At small system sizes the repulsion between the charges may
lead to a Coulombic explosion.

Over the last years, many theoretical and experimental investigations on these phenomena
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have been performed and captured in a recent review article [8]. It could be well substan-
tiated that these processes are of a general nature in weakly bonded systems, such as van-
der-Waals clusters and hydrogen bonded systems. While the majority of studies has been
performed on van-der-Waals bound systems, such as rare gas clusters, hydrogen bonded
systems are of particular interest since the hydrogen bond constitutes one of the most often
found intermolecular interactions in biological matter. It is the essential part in forming the
double helix structure of DNA [9] and the origin of many of the anomalous properties of lig-
uid water [10]. So, due to the ubiquity of the hydrogen bond in biochemistry, non-local pro-
cesses like ICD are likely to happen in organic matter containing hydrogen bonded macro-
molecules. It is, however, dif cult to study these phenomena in macromolecular systems
using the techniques established in the community, such as electron spectroscopy, ion spec-
troscopy and charged particle coincidences[8]. Smaller molecular systems are, however,
accessible and the rst observation of ICD in water clusters[11, 12], as the most prominent
hydrogen bonded system, demonstrated the relevance of these processes in radiobiology. In
water clusters inner valence ICD was observed to lead to the emission of low kinetic energy
electrons. These low-energy electrons are a highly reactive species, prone to in ict damage
to macromolecular assemblies e.g., by causing DNA strand breaks[13]. Since water makes
up on average 60 % of the human body [14], exposition of biological matter to ionizing radi-
ation will likely induce these decay process in the vicinity of other biomolecules. In order to
compare non-local decay processes to other pathways of radiation damage, it is necessary to
quantify their ef ciency and characterize the in uence of the chemical surrounding on the
process itself. Therefore, a signi cant part of this thesis is dedicated to the quanti cation of
non-local electronic decay in an aqueous environment.

While ICD is the most recognized one among the non-local autoionization processes, the
ETMD process also deserves signi cant attention in terms of radiation damage. A recent
theoretical study showed that X-ray irradiation of metal complexes results in intricate and
highly ef cient deexcitation cascades involving ETMD [15]. At the end of the cascade the
charge state of the metal center is seemingly unaltered, but in the course of deexcitation
not only a number of reactive electrons are emitted but also the metal's solvation shell is
critically changed. In fact experimental studies also show that metal centers of proteins are
particularly sensitive to X-ray radiation and are damaged by relatively low doses long be-
fore the remainder of the macromolecule is affected [16]. Organometal complexes, especially
magnesium complexes, play an important role in the human body for instance as active site
in various enzymes [17]. Due to this abundance a fundamental understanding of the high ef-
ciency of non-local electronic decay at metal centers is highly desirable, with the prospect
of deliberately utilizing the chemical speci city of the decay for radiotherapeutic applica-
tions.

Another aspect of post-ionization processes discussed in this thesis is the photoinduced pro-
tolysis of water upon X-ray irradiation. Similar to the previously introduced spontaneous
autoprotolysis in liquid water, the core-level excitation/ionization results in the dissociation

of an OH bond followed by a proton transfer to the neighboring water molecule, ultimately
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producing the species H3O" and OH™* . A spectroscopic signature of this protolysis was re-
cently identi ed as a non-local contribution in the O 1s Auger electron spectrum of liquid
water [18]. Since this signature requires the existence of an hydrogen-bonded environment,
it supposedly carries information on the quality of said environment. With this in mind,
the non-local autoionization signature opens up the possibility to investigate the hydrogen
bond network of water in presence of other species such as ions or organic molecules.

Brie y, on the following pages a collection of results on non-local autoionization phenom-
ena in the hydrogen-bonded environment of condensed water is presented. These results
were obtained in different electron spectroscopic experiments on clusters, ice layers and
solutions using synchroton radiation. While each experimental chapter discusses an indi-
vidual autoionization process speci c to the investigated system, the recurring theme is that
the hydrogen bond, respectively the hydrogen bond network, is responsible for its existence
and in uences its qualities.



Chapter 2

Concepts

2.1 Photoionization

Light—-matter interaction with an isolated atom or molecule ( M), enables various pro-
cesses to occur. Among them is the emission of an electron, which is called photoionization,
with the emitted electron called the photoelectron e,

M+hn! M"+¢,. (2.1)

The so-called photoelectric effect was rst described experimentally by Hertz [19] and shortly
after theoretically explained by Einstein [20]. The latter formulated a fundamental rule: the
kinetic energy Eyi, of the photoelectron is determined as the difference of the incoming pho-
ton energy hn (his the Planck constant and n is the photon frequency) and a binding energy
Eg:

Exin = hn  Eg. (2.2)

This simple relationship has strong implications, since the binding energy Eg is a character-
istic quantity of the studied system. In a rst approximation, termed Koopmans' Theorem,
these binding energies correspond to the energy eigenvalues e of the Hartree-Fock orbitals
which describe the electronic structure of atoms or molecules [21]:

Es= e (2.3)

The experimental technique used to study these electrons is called photoemission spectroscopy
or photoelectron spectroscq®ES). In the approximation of Koopmans' Theoerem, photoelec-
tron spectroscopy measures orbital energies and helps understanding the electronic struc-
ture and reactivity of chemical compounds. Figure 2.1(a) illustrates a typical PES experi-
ment: A photon source delivers a photon hn which ionizes a gas phase sample. The emitted
photoelectron enters an electron analyser, where its kinetic energy Eg;, can be determined.
Depending on the incident photon energy hn, different parts of an atom's or molecule's elec-
tronic structure can be probed, as schematically depicted in gure 2.1(b). Here, the energy
level diagram of the occupied molecular orbitals of water is shown. The orbitals can be sep-
arated into valence levels and core levels. The energetic positions of the valence levels are
essential in the understanding of a molecule's chemistry, as the outermost orbitals typically
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Figure 2.1: (a) Principle of photoelectron spectroscopy on a gas phase sample. (b) Schematic
view of the photoemission process. The gure was adapted from ref.[22].

take part in chemical reactions. They are, however, close in energy, which potentially com-
plicates their interpretation in more complex systems. The energetics of the core levels carry
information of a molecule's chemical surrounding and its charge state (by chemists often
referred to as oxidation state). They are typically well separated in energy, which makes
them easier accessible for interpretation. Hence, core-level photoelectron spectroscopy of
molecules in the gas phase or adsorbed on surfaces is also referred to aslectron spectroscopy
for chemical analysi€ESCA)[23]. The appropriate choice of photon energy hn then delivers
the photoelectron spectrum, also shown in gure 2.1(b).
While this basic concept of PES is readily accessible, its theory is more complex and the
accurate calculation of photoelectron spectra of compounds with more than a few atoms is
demanding. Even in the simplest case of the photoionization of an isolated system, such
as an ideal monoatomic gas, and using the simpli cation of non-interacting electrons, the
resulting photoelectron spectrum depends on various factors. The ionization process can be
described as a transition, promoted by an interaction operator H, from an N electron initial
statejiyi into an ionic nal state hfy 14, with N 1 being the number of electrons of the
ion and ethe photoelectron.

hfy 16 Hjini (2.4)

Expression 2.4 is often called the matrix element, which has to be different from zero for
the respective transition to be visible in a spectrum. The probability of this transition G, ,
which is a measure for the intensity of the photoelectron signal, is formulated in Fermi's
Golden rule and is proportional to the absolute square of the matrix element and the density
of available nal states r(Es):

G ¢ Mjhfn 14 Hjinij2r (Es). (2.5)
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The operator H is the Hamiltonian describing the perturbation of the initial state by the
incoming photon,
H=A& p (2.6)

where A is the vector potential of the photon eld and $ is the momentum of the photon.
Itis usually assumed that the promotion of the system i ! f isinstantaneous and the outgo-
ing photoelectron does not interact with the remaining cationic system. This approximation,
however, is designed for emission of high energy photoelectrons and breaks down for pho-
toelectrons with lower kinetic energy of only few electronvolts or the emission of second
order electrons. Quanti cation of the limits in which the approximation is valid is dif cult

and strongly depends on the investigated system. For instance, in atomic and molecular
systems the electron-hole interaction can be neglected at kinetic energies of tens of eV of the
photoelectron, whereas for solid metallic systems the number is in the keV regime [24].

From the transition matrix elements other factors determining the photoemission process
can also be derived, such as the photoionization cross sectionsy,, or the asymmetry param-
eter b, which describes the angular dependence of the photoelectron's emission directions.
Since these factors are not central to the work presented in this thesis, they are not discussed
here. For a more detailed description it is referred to the literature e.g., reference [25].

Apart from the general mechanism of photoionization, there is another key characteristic
which needs to be considered when dealing with photoelectron spectra speci cally obtained
from condensed phase systems. Photoelectron spectroscopy is an inherently surface sensi-
tive technique, due to the inelastic mean free paftiMFP) of electrons. The IMFP is a quantity
that describes the mean distance an electron can travel before undergoing inelastic scatter-
ing processes, which cause the loss of kinetic energy and thus the loss of information about
the initial binding energy. The IMFP depends on the sample's density n and the inverse of
the scattering cross sections 1. In the case of a dilute gas phase sample inelastic scattering
can be neglected, but needs to be taken into account when probing condensed phase sam-
ples such as solids or liquids. The information obtained typically originates from the rst
two to three atomic layers at the surface.

For completeness, also theelastic mean free patEMFP) should be mentioned. The EMFP, is
analogous to the IMFP, describing the mean distance an electron of speci ¢ kinetic energy
can travel until experiencing elastic scattering processes. In contrast to inelastic scattering,
in elastic scattering processes the electron's kinetic energy is conserved, but its propagation
direction is changed. In photoionization, elastic scattering of the emitted photoelectron is
re ected in its angular distribution, described by the anisotropy parameter b. As elastic scat-
tering is not within the scope of this this thesis, it is referred to the literature for a discussion

of its effects on photoionization [26, 27].
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2.2 Double Photoionization

Photoionization is not restricted to the emission of a single photoelectron. Upon absorp-
tion of a photon of suf cient energy it is also possible to emit two electrons, leaving the
respective target molecule in a doubly charged nal state M2 :

M+hn! M*+e +6.. (2.7)

As in photoionization the energy of the incoming photon must exceed the double ionization
potential(DIP). The DIP can be estimated by the empirical 'rule of thumb':

DIP = 2.8 EB‘HOMO, (28)

where Eg Howmo is the binding energy of the HOMO and the empirical factor 2.8 re ects the
increased energy to remove a second electron and afford the Coulomb repulsion of the 2h
nal state [28].

Experimentally, electron spectra as a function of double ionization energ{DIE) are accessible
by the coincident detection of two electrons. The DIE is de ned by equation 2.9:

DIE = hn (En(e) + Exin(e2)). (2.9)

The double ionization process can take place in a direct or indirect fashion. In the direct
pathway the available excess energy is shared in a stochastic fashion, in which one electron
can have any energy from zero up to a maximum kinetic energy Eyjnmax = hn  DIE; the
second electron will then have a complementary energy of Eyj,(€) = Exinmax Exin(€1). In
the indirect process, however, the single photoionization process leads to a singly charged
short-lived excited state, which sequentially emits a second electron. In this case, the kinetic
energy of the second electron is determined by the energy difference of the singly charged
intermediate state and the doubly charged nal state.

The spectroscopy of single photon double ionization is a relatively new eld of electron
spectroscopy, which gained some momentum with development of coincident detection
schemes, such asold target recoil ion momentum spectrosc@@@LTRIMS) and magnetic bot-
tle time-of- ight photoelectron photoelectron coincidespectroscopy (TOF-PEPECO). Double
photoionization is used to investigate electron correlation effects in atoms and molecules.

2.3 Autoionization

Photoionization of an atom or molecule leads to a singly charged excited state, which will
dissipate its excess energy. This section introduces possible electronic relaxation processes
which can be summarized under the term autoionization In the context of this thesis au-
toionization describes processes in which the sample is initially photoionized into a charged
excited state capable of reducing its internal energy by emission of at least one more electron,
in which case autoionization can also be regarded as indirect double ionization. Relaxation
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mechanisms involving the emission of photons * or resonantly excited processes will not be
discussed. In the following sections the different autoionization mechanisms will be distin-
guished by the localization of the positive charges in their respective nal states.

Based on the localization the spectral signature of autoionization mechanisms can provide
insight in e.g., the chemical surrounding or molecular dynamics. Interpretation of this type
of experimental data is not straightforward, and requires close collaboration with theory.

2.3.1 Auger Decay

The Auger decay is the most well-known autoionization process in electron spectroscopy.
In the Auger process, formulated here for a molecular entity M, a photon hn leads to emis-
sion of a photoelectron g, and subsequently an Auger electron auger

M+hn! M? +e + e (2.10)

As a result the molecule is left in a dicationic state with two positive charges residing on a
single molecular entity. In the literature this state is often referred to as a two-hole (2h) nal
state. An illustrative description of the Auger decay is depicted in gure 2.2, showing the

Figure 2.2: Principle of Auger decay following core-level ionization.

molecular orbital diagram after the removal of a core-level electron. The resulting core-hole
is lled by an outer valence electron and the energy gained by this transition is simultane-
ously transferred to a second outer valence electron which is emitted into the vacuum. This
step-wise process of creating a 2h nal state can also be described as the prime example of
an indirect double photoionization. The kinetic energy of the Auger electrons is typically
high and can be estimated by the binding energies of the orbitals involved in the decay.

Ekin(eAuger) EB,core EB,vaIenc& EB,valencé (2-11)

1The core-hole decay of lighter elements of atomic number Z / 40 is dominated by relaxation via Auger
decay [3]. It is therefore reasonable to neglect radiative decay for the samples covered in this thesis.



10 Chapter 2. Concepts

This approximation provides a rough estimate, as it does not include contributions from
screening, the Coulomb repulsion between the two produced positive charges or nuclear
dynamics. Multiple combinations of Egyajenca @nd Egyalence are possible, and as a result the
kinetic energy distributions of Auger electrons is extended over a wide range. Whereas the
kinetic energy of photoelectrons depends on the initial photon energy, the Auger electrons
always appear at xed energy. In this work we focus on the KLL-Auger and the effects of
hydrogen bonding on the Auger electron distribution.

2.3.2 Intermolecular Coulombic Decay

Intermolecular Coulombic dec&hCD), which was theoretically predicted by Cederbaum
and co-workers in 1997, is an autoionization mechanism leading to non-local nal states[6].
In this process a weakly interacting system, such as a molecular dimer M M is photoion-
ized and subsequently emits a photoelectron €, and an ICD electron e resulting in a
doubly charged nal state:

M M+hn! M"+M*+e, +ecp. (2.12)

The secondary step of this process, following the initial photoionization, is depicted in the
energy diagram in gure 2.3. The diagram shows the occupancy of energy levels of a weakly

Figure 2.3: Intermolecular Coulombic decay (ICD) following inner valence ionization.

interacting dimer after inner-valence ionization. The inner valence hole is lled by an outer
valence electron of the same molecule and the energy of this transition is transferred to the
neighboring molecule from where an outer valance electron can be emitted.

Compared to the double ionization potential (DIP) in single atoms or molecules, the DIP of
correlated systems, such as clusters, decreases. If the cluster DIP is lower in energy than
the ionization potential (IP) of an inner valence excited state, this state can decay into the
doubly ionized state. One reason for the lowering of the DIP in clusters is the signi cant
reduction of the repulsive Coulomb interaction when the positive charges of the nal state
are distributed over separate molecular units. The leading term of the matrix element to
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describe this process is:

Z Z
1
Viioviovs = K (F1)v; (f2) mvovl (F1)Voy, (F2) dr10Fo. (2.13)

Here vi(+;) is the orbital of the initial vacancy, k(+;) is the wave function of the ejected
electron and voy, (*1) and vy, (¥2) are the outer valence orbitals at the sites+; and ¥,. Equa-
tion 2.13 essentially describes the Coulomb interaction of all states involved in the decay,
hence the name "Coulombic" decay.

A more detailed derivation of Eqg.2.13 is given in references[7],[29], and [30]. Due to the
anti-symmetry of the electronic wave function, the matrix element of the form  V; oy, ov, Can
be partitioned into a direct term and an exchange term, where the direct term is typically
the dominant term to describe the ICD process:

J.Vk,i[ovl,ovz]j2 = ij,i,ovl,ovz Vk,i,ovz,ovljz- (2-14)

The essential characteristics of ICD were summarized in the reviews by Hergenhahn and
Jahnke [31, 32] and summarized as below:

« The ICD rate depends strongly on the intermolecular distance R between the two enti-
ties involved. Without taking into account overlap of the orbitals Vo, (1) and voy, (+2)
the rate is proportional to R ©, which is characteristic of a dipole-dipole interaction.
Taking into account nite overlap, however, the rate increases much faster than R 6

» The R ®dependence is comparable to Forster resonance energy transfer (FRET), which
also is a process mediated by dipole-dipole coupling [33]. In both processes the energy
transfer can be explained by the exchange of a virtual photon. ICD, however, does not
require a resonance condition between the virtual photon and discrete electronic states
and is therefore a more general mechanism.

* The number of nearest neighbors greatly in uences the ICD rate. Usually, the proba-
bility for the decay increases with the number of neighbors.

« As can be seen in the detailed theoretical description in ref. [29], ICD is mediated by
electron correlation effects.

2.3.3 Electron-Transfer Mediated Decay

As an additional result of the detailed interpretation of Eq. 2.13 in References [29] and [7],
a further non-local decay mechanism was identi ed in electronically excited clusters. Un-
like in ICD, in which an energy transfer takes place between two monomer units within a
cluster, electronic de-excitation can also be achieved by an electron transfer step, mediated
by the exchange term?®. In the case of electron-transfer mediated decay (ETMD) a photon

2For completeness it should be mentioned that the exchange term also contains the exchangdCD process
(elCD) involving an electron transfer. The two processes ETMD and elCD can then be distinguished by their
different localization of the nal state holes [34].
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hnis absorbed e.g., by a molecular dimer M M, and subsequently a photoelectron g, an
ETMD electron e-1,, and a doubly charged dimer M M?2* are produced:

M M+hn! M M*+e +eqyp- (2.15)

In analogy to the previous scheme for ICD, a graphical description is shown in Figure 2.4.
The energy diagram shows a molecular dimer after inner valence photoionization. The

Figure 2.4: Electron transfer mediated decay (ETMD) following inner valence ionization.

initial vacancy is lled via electron transfer of an outer valence electron of the neighbor-
ing molecule. An additional electron is emitted from the outer valence state of the second
molecule, leaving the neighboring molecule in a doubly charged state.

Additionally, ETMD is not restricted to two units taking part in the decay process, also
decay processes can take place involving three molecules (ETMD(3)). The corresponding
eguations can be written as:

M M M+hn! M* M M +e +eru (2.16)

Here, the center molecule gets ionized, but ends in its initial state due to electron transfer
from one of the neighboring molecules. The nal charges are separated over two neigh-
boring molecules, leading to even lower nal state energies. The most important aspects of
ETMD can be compiled as follows:

« Analogous to ICD, ETMD is mediated by electron correlation.

Partitioning of the matrix element Vi jjov, 0w, (COMpare eq. 2.13 and 2.14) delivers in the
exchange term the theoretical description of ETMD.

Unlike intermolecular Coulombic deay, ETMD crucially depends on orbital overlap,
which leads to faster decrease in the ETMD decay width, with increasing intermolec-
ular distance between the relevant entities [35].

Due to the required overlap and nite time for an actual electron transfer, rather than a
virtual photon transfer, the ETMD process is typically less ef cient than ICD. However,
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when more directional interactions between the participating entities are present the
electron transfer mediated decay can be enhanced, leading to compatible or greater
ef ciency than ICD.

So far, the introduced non-local autoionization processes, namely ICD and ETMD 2, were
discussed subsequent to an inner valence photoionization event. However, both processes
also occur after core-level excitation or ionization, in which case there is a competition be-
tween the local and non-local decay modes. This topic will be discussed in more detail in
Section4.2.1.

2.4 Water and Hydrogen Bonding

The electronic relaxation processes introduced in the preceding section 2.3 all result in
the emission of a secondary electron of discrete kinetic energy ranging from few electron-
volt in the case of inner valence ICD/ETMD to hundreds of electronvolt in the case of KLL-
Auger. In the case of inner valence ICD the emitted low kinetic energy electrons are highly
reactive and capable to in ict severe damage to biological samples[13]. This indicates that
the non-local autoionization mechanisms are a potential pathway for radiation damage —
a point emphasized early on in the research on non-local electronic relaxation phenomena.
The majority of investigations were done on homogeneous and inhomogeneous rare gas
systems, respectively clusters, since they represent a prototypical environment, in which
individual distinguishable atoms interact weakly with one another via van-der-Waals in-
teractions. However, the combination of radiation damage and non-local decay processes
requires studies on biologically relevant systems. While a theoretical and experimental in-
vestigation of biomolecules like small DNA fragments, proteins or even cells is challenging,
to say the least, it is possible to investigate the matrix in which biomolecules are typically
embedded. This matrix is water.

Water is most certainly one of the most studied molecules, as it is an integral part in many
scienti ¢ elds such as chemistry and biology as a universal solvent. It has a simple struc-
ture, built-up of one oxygen (O) and two hydrogen (H) atoms combined inthe H ,O molecule
in C,y symmetry. Yet, its properties in the condensed state are highly complex and regarded
as anomalous compared to other liquids. The origin of its anomalous properties, such as
expansion upon freezing [36], high viscosity [37] or high melting and boiling point[38] are
still not fully understood. They have, however, been linked to water's ability to form strong
intermolecular hydrogen bonds [10].

The hydrogen bond is a type of molecular interaction de ned by the IUPAC Compendium
of Chemical Terminology [2] as:

3Since the rst description of ICD and, soon after, ETMD a number of similar processes have been theoret-
ically and experimentally described which are mechanistically closer to one or the other. Since for the work
summarized in this thesis those processes are of minor interest they are not discussed. For further reading it
shall be referred to references [31, 32] and the upcoming review [8].
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A form of association between an electronegative ‘aémmi a hydrogen atom attached to

a second, relatively electronegative atom. It is best considered as an electrostatic interac-
tion, heightened by the small size of hydrogen, which permits proximity of the interacting
dipoles or charges.[...]

The hydrogen bond itself is classi ed as a weak interaction with bond formation enthalpies
in the range of hundreds of millielectronvolt[39]. However, formation of multiple hydro-
gen bonds, as for instance in liquid water, can lead to an overall strong interaction due to
cooperative effects. The literature on theoretical and experimental efforts to understand the
intricacies of the hydrogen bond network of water on a fundamental level is vast. The focus
lies particularly on the local to extended structure of solvation shells dependent on temper-
ature or solute within the network [10]. Although a discussion of the complex behavior of
the condensed water's hydrogen bond network is exceptionally interesting, it would drift
away from the actual focus of this work. Therefore, only the most important characteristics
of water and the hydrogen bond will be mentioned here. Upon condensation water forms
hydrogen bonds with its neighboring molecules. Due to the pronounced directionality of
the hydrogen bond along the a linear O-H O axis, which in part stems from the slightly
covalent character of the interaction [40], the water molecule is capable to form a maximum
of four hydrogen bonds. Of these four bonds, two are called “donor” bonds, in which the
water molecule's two H atoms engage in the hydrogen bond formation, and the other two
are called “acceptor” bonds, resulting from the interaction of the oxygen lone pair's interac-
tion with neighboring water molecules. The formation of these hydrogen bonds leads to the
tetrahedral hydration shell surrounding each water molecule. A schematic drawing of this
structure is depicted in gure 2.5. In this hydrogen-bonded structure the molecules retain

Figure 2.5: Drawing of the tetrahedral solvation shell structure of condensed water made
up of hydrogen bonded water units. The central water molecule donates two hydrogen
bonds via the OH groups and accepts two via its oxygen lone pairs.

their identities as individual molecules, although the hydrogen bond presents an attractive
intermolecular interaction, the covalent O-H bonds are not broken. Within the framework of
non-local autoionization processes the preservation of molecular distinguishability is a key
feature of hydrogen bonding, as these processes explicitly require the distinguishability of
molecular or atomic units. In fact, the rst theoretical description of the non-local ICD pro-
cess in weakly bound systems was given for small molecular clusters of water (H ,0), and
of hydrogen uoride (HF) | [6], which both represent the text book examples of hydrogen
bonding.

40ften, the electronegative atoms are N, O or F, so atoms from the rst row of the Periodic Table.
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Chapter 3

Experimental Methods

3.1 Synchrotron Radiation

The different photoemission experiments presented in this thesis were performed utiliz-
ing a tunable light source, namely an electron storage ring or synchrotron radiation facility.
Synchrotron radiation(SR) was rst theoretically predicted in 1945 by lwanenko and Pomer-
anchuk and shortly after experimentally veri ed in 1947 by Elder et al. [41, 42]. Originally
observed in the eld of particle physics it was considered an unwanted energy loss mecha-
nism of accelerated charged particles.

Generally SR can be described as a modulated emission pattern of electromagnetic radia-
tion by accelerated charged particles, such as electrons or positrons. If a charged particle
traveling at velocity v is entering a magnetic eld perpendicular to its direction the Lorentz
force causes a circular trajectory. This situation is shown g. 3.1 for two cases (a) and (b).
Here the magnetic eld vector is perpendicular to the electron orbit (dashed line) with the

Figure 3.1: Emission pattern of an electron on a circular orbit with velocity v: (@)v/ic 1
and (b) v/ ¢ 1. (Taken and modi ed from ref. [43].)

directionality of the velocity ¥ indicated by arrows. The acceleration is also perpendicular
to the magnetic eld pointing toward the center or the electron orbit. At velocities far below
the speed of light ¢ the electromagnetic radiation emitted by the particle follows a toroidal
pattern, as was previously observed for the dipole radiation of antennas (see g.3.1(a)). At
relativistic velocities i.e., when b = v/ c 1, the observed radiation is emitted within a
narrow cone into the forward direction, sometimes pictorially described as searchlight ef-
fect (see g.3.1(b)). Additionally, from the perspective of the observer the emitted radiation
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is signi cantly blue-shifted. This cone can be described in terms of its opening angle q,
respectively its reciprocal value g, and is usually on the order of a fraction of mrad:

q
q= 1/g= 1 b2=mécz. 3.1)

It is this radiation of relativistic particles that is referred to as synchrotron radiation.

Modern synchrotron sources consist of a closed particle orbit comprised of linear sections
connected by dipole magnets. The linear sections are equipped with other tunable magnet
structures, the so-called insertion devices, namely wigglers/undulators. * Figure 3.2 shows a
schematic drawing of an undulator insertion device. Unlike the spectrally continuous radia-

Figure 3.2: Schematic drawing of an undulator insertion device with magnet arrays of al-
ternating polarity, providing a magnetic eld with period | 4. The electron beam passes
this eld and is forced on a horizontally undulating trajectory. The maximium de ection
angle a and the photon emission angle 1/ g at the stationary point of the oscillation of the
electron beam are shown. (Figure taken and modi ed from ref. [44].)

tion produced by a bending magnet or a wiggler, the undulator radiation exhibits character-
istic maxima in its spectral distribution, which are a consequence of its magnetic structure.
The undulator consists of an array of magnets of alternating polarization which creates a
transversely undulating magnetic eld with N periods of length | .. The electron beam cen-
trally passes the undulator and is forced on a horizontally oscillating trajectory. At every
de ection of this trajectory a searchlight cone, indicated in g. 3.2 with their opening angle
1/ g, is emitted. In an undulator the de ection is small and conditions for constructive in-
terference of the emitted radiation can be met which leads to a sharp increase in brilliance.
The requirement for constructive interference is that the time difference between the elec-
tron traveling the undulator period |, and the emitted light to travel the same distance
must equal nl / ¢, where n is an integer, indicating the occurence of higher harmonics. The
emitted wavelength | ,, can be calculated with the so-called undulator equation

" #

o= tlug, K—2+gz Q%+ VY% . (3.2)
n 292 2

10f course, the synchrotron also contains a section, in which the electrons are initially injected and a radio
frequency cavity, responsible to re-accelerate the particles after each revolution.
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Here, n denotes the nth harmonic of the undulator ( n = 1 is called the fundamental radia-
tion), K is the dimensionless undulator parameter, and Q and Y are the angles with respect
to the undulator axis describing the emission in the horizontal and vertical direction, respec-
tively. For the undulator parameter holds

K 1 Bol u, (3.3)

which makes it the crucial quantity to tune the emitted photon energy by opening or closing
the undulator gap to vary the magnetic eld strength  By.

Based on the preceding description, the light is linearly polarized in the plane of the syn-
chrotron ring. Other polarization states e.g., linear vertical or circular, are possible by em-
ploying more complex magnet arrangements.

Some of its key features are brie y summarized as follows:

* SR has a very broad energy spectrum ranging from the far infrared to hard X-ray
region. In combination with suitable monochromators, it represents a tunable pho-
ton source for diverse experiments in multiple scienti ¢ disciplines, such as physics,
chemistry and biology.

SR typically has a high photon ux compared to X-ray tubes used in lab-based exper-
iments, which was drastically increased with the development of second generation
synchrotrons. The high photon ux allows for the operation as a user facility in which
experiments can be carried out within a reasonable amount of time.

SR has a high brilliance i.e., it is highly collimated with small divergence and small
source size, similar to laser light.

SR has a pulsed time structure, which can be varied by changing the |l pattern (see
below) thereby enabling experiments requiring pulsed light as well as quasi-cw light.

Modern-day synchrotron facilities have precise control over the particles trajectories
which lead to the high spatial stability of the light source.

SR can be produced in any polarization state, linear or circular depending on the shape
of the employed magnetic eld in the undulator.

All measurements presented in this thesis were done using synchrotron radiation produced

at undulator beamlines for VUV and soft X-ray radiation, namely the beamlines U49-2-
PGM-1, UE52-PGM, UE52-SGM, UE56/2-PGM-1 or UE112-PGM-1 at BESSY Il as well as
the PLEIADES beamline at Soleil.

3.2 The Liquid Microjet

The development of photoelectron spectroscopy in the late 1950's to early 1960's [45, 46]
the technique was restricted to solid or diluted gaseous samples due to the required vac-
uum conditions. From a chemist's point of view the electronic structure of molecules and
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ions in solution or the solution itself is of utmost importance since the majority of chemical
reactions occur in a liquid environment — predominantly in liquid water. First attempts
on performing XPS or ESCA on liquids were carried out by Hans and Kai Siegbahn on
submilimeter-sized beams of low vapor pressure liquids where the gas phase between spec-
trometer aperture and sample could be maintained at levels of low scattering probability
i.e., the electron signal is not signi cantly attenuated by scattering at the gas phase [47]. Al-
though these experiments were successful, due to the technical challenges photoelectron
spectroscopy was primarily applied to solid surfaces and molecules in the gas phase for the
years to come. However, the key requirements for a stable liquid beam in vacuum, which
were formulated in reference [47], were later met by Faubel et al. who introduced the liquid
micro-jet technique and demonstrated its application to photoelectron spectroscopy on lig-
uid water and organic solvents [48, 49]. The idea is the introduction of a liquid sample into
the vacuum in the form of a fast- owing cylindrical micrometer-sized jet with a diameter
comparable or smaller than the molecular mean free path under equilibrium vapor pressure
(diet /' | ga9- Although most liquids freeze when exposed to vacuum due to evaporative
cooling resulting from the sudden pressure drop, the high ow rate of the jet ensures the
existence of liquid—gas interface over a short distance. Furthermore the possibility of beam
damage or decomposition due to X-ray irradiation is diminished by continuously replenish-
ing the sample. A schematic drawing of such jetis shown in gure 3.3. The jetis produced by

Figure 3.3: Schematic of a cylindrical liquid micro-jet. | is the bulk liquid phase, Il is the
collisional vapor phase due to immediate evaporation upon entering the vacuum and Ill is
the collision-free gas phase.

pushing a liquid, usually water, through a tapered glass capillary with a micrometer-sized
ori ce. In the context of this work nozzles of 20—30 mm diameter were used and the ow
rate of around 1 ml/min was achieved by pressurizing the water using a high-performance
liquid chromatography (HPLC) pump, yielding a jet velocity around 40m/s. 2 Under these
conditions a region of laminar ow is formed over the length of 5 to 10 mm immediately be-
hind the ori ce. Beyond the laminar region the jet forms a break-up region of turbulent ow
which ends in the formation of droplets. Speci cally, the area of laminar ow, as illustrated

in g.3.3, can be partitioned into the actual liquid phase I, a collisional vapor phase Il and
the collision-free gas phase 111 [48, 50]. For electron spectroscopic experiments it is bene cial
to reduce the size of region I, which can be realized by a reduction of the jet diameter and

2The jet velocity Vjet Was estimated using the equation vie = F/ (p rg), with F being the ow rate and rg the
jet radius [50].
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by introduction of a skimmer into region Il. In this case, skimmer refers to a small ori ce
introducing a pressure differential into a region of lower pressure. This does not reduce
the physical size of region I, but effectively shortens the path length emitted electrons have
to travel before entering the collision-free gas phase Ill. While a smaller jet diameter re-
duces the vapor phase contribution it also leads to lower stability against turbulences e.g.
air bubbles in the tubing. In a typical liquid jet photoemission experiment the spectrometer
entrance acts as a skimmer for the vapor phase thus leading to a 1/r2 dependence of the
radial vapor density, instead of a 1/ r dependence without a skimmer, with r describing the
distance from the jet surface.

All photoelectron spectroscopic measurements take place within the laminar region, as it
can be considered as the least disturbed surface of the liquid jet. Since most liquids are insu-
lators, X-ray irradiation leads to charging. The addition of salt e.g., 0.05 mol/l NaCl, makes
the sample conductive, thus prevents/minimizes said charging of the liquid jet. Addition-
ally, to ensure stable operation over multiple hours the liquid sample needs degassing prior
to operation of the jet in vacuum.

3.3 Molecular Clusters

In the realm of physics and chemistry one typically differentiates between the investiga-
tion of properties of individual atoms or molecules in the gas phase and the investigation
of condensed matter in a liquid or solid state, which can be treated as a system of in nite
size. There is however a state of intermediate nite size — the cluster. The term is gen-
erally described by the Concise Oxford Dictionary as a group of similar things positioned or
occurring closely togethem more scienti ¢ terms a cluster constitutes an aggregate of atoms
or molecules intermediate in size and exhibiting intermediate properties[51]. They consist
of N monomer units with N ranging from 2 to  10°, thus taking on physical sizes on the
nanometer scale [52]. Such small sizes lead to a high ratio of surface to bulk constituents
which can induce higher reactivity than the bulk material. This is often observed for metal
clusters in the eld of catalysis[53]. In general, physical and chemical properties of clusters
are strongly dependent on their size and will gradually approach those of the bulk mate-
rial as is schematically shown in g.3.4. While clusters are of general interest in their own

Figure 3.4: Arbitrary cluster property c¢(N) as a function of the scaled cluster sizeN /3,
proportional to the inverse cluster radius. Modi ed from reference [52].
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right, they are often used to study the emergence of bulk properties from single molecules.
This is best demonstrated in theoretical studies, in which the bulk system of interest is re-
duced to clusters of varying size in order to make the study computational feasible. For
completeness, however, it should be mentioned that there are indeed systems, in which no
correspondence between cluster and bulk properties can be found, as was seen for small
clusters of aluminum oxide. A theoretical and experimental investigation of (Al 203):{ clus-
ters identi ed a structure as the global-minimum, which has no equivalent in the known
bulk phases of aluminum oxide [54].

Depending on the cluster constituents, which can be almost any atom or molecule, there are
different types of clusters categorized by their primary binding interaction. Table 3.1 gives
an overview of the different types of clusters. Since the processes discussed in this thesis are

Table 3.1: Classi cation of clusters based on the type and strength of binding interactions
between its constituents. Modi ed from reference [52].

cluster type mean binding ionization appearance in periodic table
energy in eV induced and examples
bonding
change
metallic cluster
development of band metallic elements
structure 05-3 barely Aly, Cuy, Fey, Pty

delocalized electrons

covalent cluster
sp-hybridization

directional bonding 1-4 little B, C,SI, Ge

via electron pairs

ionic cluster metals with electronegative
Coulomb interaction 2-4 little elements

between ions (KF)n, (Cal)n
hydrogen-bonded cluster closed shell molecules con-
strong dipole-dipole 0.15-0.5 strong taining H and electronegative
interaction elemens (F, O, N)

molecular cluster organic molecules and closed
like vdW-clusterplus 03-1 strong shell molecules

weak covalent (12N, (Asa)n, (Se)Ns
interaction (org. molecule)y

van-der-Waals-cluster

induced dipole rare gases, closed shell atoms
interaction between 0.001-0.3 strong and molecules
closed shell atoms (rare gas)v, (H2)n, (CO2)n

and molecules
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speci cally properties of weakly interacting systems, we only focus on clusters bound by
dispersion forces and hydrogen bonds — corresponding to the last three entries in table 3.1.
For the preparation of clusters three different kind of sources are mainly employed, namely
supersonic jetsgas aggregation sourcasd surface sourcesln the experiments discussed in
this thesis neutral molecular clusters were produced by continuous adiabatic expansion in a
supersonic jet. In the following the basic principles of this process shall brie y be discussed.
For a more extensive description of cluster production | refer to references [51] and[52]. In
such a jet, a gas is adiabatically expanded from a reservoir with stagnation pressure pg and
temperature Tp into vacuum through an ori ce of diameter d. Under these conditions the
expansion can be described by:

T*p! k= T§p} * = const, (3.4)

with the exponent k being the ratio of the speci ¢ heat capacity of a gas at constant temper-
ature and pressure. From eq. 3.4 it follows that the temperature of the gas is reduced upon
expansion into the vacuum. Mechanistically this occurs by conversion of undirected motion
of gas particles into a directional motion. At elevated pressure in the reservoir the mean
free path | is smaller than the ori ce diameter ( | < d). Under such conditions the gas ow
into the vacuum is viscous leading to a greater density and a higher number of collisions
between the particles. The momentum transfer in this collisions leads to the conversion of
transversal velocity components of the particles into longitudinal velocity. Slow particles
thereby increase their velocity and vice versaThe velocity distribution of particles in the jet
becomes very narrow and exceeds the local speed of soundc at the ori ce, hence the term
supersonic expansion. Since the resulting molecular beam is directional and the relative ve-
locity between particles is small, the beam is considered as translationally cold. This refers
to the local beam temperature within the moving frame. To initialize cluster formation the
local beam temperature (k, T, with k, being the Boltzmann constant) must be lower than the
binding energy of the respective molecular dimer. If this condition is ful lled, three-body
collision can lead to the production of dimers illustrated in eq. 3.5:

M+M+M! M+ M, (3.5)

The cluster subsequently grows by additional collisions with monomers or small clusters
(eq. 3.6). In this process a broad distribution of cluster sizes is produced which is typically
characterized by the mean cluster size hNi .

My + Mg ! Mn+1 (3.6)

It was shown by Hagena et al. [55, 56] that the mean cluster size, speci cally of rare gas and
metal clusters, shows a dependence on experimental parameters such as the diameter of the
ori ce, the stagnation pressure and the nozzle temperature. He summarized this relation
in an empirical scaling law, showing that for a given nozzle diameter the mean cluster size
increases with increasing pressure and decreasing nozzle temperature.
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For water clusters, Bobbert et al. [57] determined a revised scaling law analogous to ref-
erences [55] and[56]. The mean cluster sizehNi for water clusters can be determined by

eq.3.7: |
sa

dd 79 3
PoCeq o , 3.7)

1000kB To(rch T(:h) q 3

hNi = 11.6

with the stagnation pressure po in Pa, the temperature of the nozzle Ty in K, the equivalent
diameter of a conical nozzle deg’ in mm, the characteristic radius of water re, = 3.19A and
temperature T, = 5684 K. The exponentsgand awere determined from tting experimental
dataasq= 0.634 anda= 1.886. In the supplementary material of ref. [59] a critical analysis
of the scaling law can be found. Therein, the mean cluster sizes hNi 5-108 estimated
using eq. 3.7 were subject to a systematic uncertainty on the order of 35%. The majority of
cluster sizes reported in sections 4.1 and 4.1.2 fall into this range which makes them consis-
tently too small or too large by about 35 %. For clusters signi cantly exceeding the nominal
size of 108 molecules the systematic uncertainty might be greater. Nevertheless, the empir-
ical scaling law gives a reasonable estimation of the magnitude of hNi as a function of few
input parameters.

For completeness, other methods for the determination of the cluster size should be men-
tioned. A number of sizing methods use time-of- ight mass spectrometry to record the size
distribution of a cluster beam. The prerequisite for mass detection is the presence of charged
clusters, ions. The choice of the ionization is what distinguishes different mass spectrometry
based sizing methods. For instance, many standard mass spectrometers used for the mea-
surement of the residual gas in UHV experiments use electron impact ionization. This can be
regarded as relative harsh ionization method, which can lead to fragmentation. Photoion-
ization is an alternative ionization method which can lead to less fragmentation. Cluster
size distributions of protonated water clusters have been measured using tunable VUV ra-
diation [60]. It was observed that the detected cluster size distribution is dependent on the
photon energy. Another approach makes use of a dopant atom in the cluster. In reference
[61] a neutral beam of water clusters is guided through a sodium oven, where the cluster can
pick up a sodium atom. Subsequently the sodium can be selectively ionized using UV radi-
ation below the ionization threshold of water. Thereby even less fragmentation is observed
allowing for a more re ned determination of the mean cluster size from the measured size
distribution. Other methods using for example light scattering [62] are available for larger
clusters of several tens or hundreds of nanometers in size.

The clusters discussed in this thesis were produced using the cluster source constructed
and later adapted by the previous PhD students Silko Barth and Marko Forstel; detailed
descriptions of the source can be found in reference [58] and [63], respectively. In principle
the cluster source contains a reservoir which can be lled with approximately 30 ml water.
The reservoir temperature can be controlled with via resistive heating thus changing the
equilibrium vapor pressure and allowing control over the stagnation pressure po. The gas

3The equivalent diameter deq of @ conical nozzle is de ned as deq = 0.73@l/ tana, with d representing the
smallest diameter and a being the half opening angle. A more detailed description of the properties of a conical
nozzle is given in ref. [58].
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expands through a conical nozzle of diameter deqwhich can be heated separately. The re-
sulting mean cluster sizes hNi range from small clusters of approximately ve molecules to
bigger clusters of about 250 molecules, estimated using eq. 3.7. The source worked reliably
and produced interesting results, correlating the energy difference of the cluster and gas
phase HOMO to mean cluster size hNi in the photoelectron spectrum [59] and it lead to the
rst observation of ICD in biologically relevant systems[12].

3.4 Magnetic Bottle Electron Time-of-Flight Spectrometer

The main body of experimental work presented in this thesis was performed using a
magnetic bottle electron time-of- ight (TOF) spectrometer. The particular properties of this
type of electron analyzer, compared to a conventional hemispherical electron energy ana-
lyzer, will be introduced in more detail.

The magnetic bottle is based on the magnetic mirror concept, which was studied extensively
for its application in nuclear fusion and plasma physics with the prospect to trap charged
particles[64]. The rst combination of a magnetic mirror with a time-of- ight electron spec-
trometer was realized by Kruit and Read in the early 80's with the intent to optimize the
accurate measurement of photoelectrons emitted from a very weak source [65]. Kruit and
Read were aiming for a maximum increase in the collection ef ciency for laser multi-photon
ionization experiments on gases by greatly increasing the acceptance angle of their spec-
trometer. They were typically suffering from relatively low target densities and a limited
laser ux due to possible space charge effects. In their experiments only a low humber of
photoelectrons were emitted into the direction of the spectrometer aperture. With the adop-
tion of the magnetic bottle eld they enhanced the acceptance angle of their spectrometer
to 2p sr. The name 'magnetic bottle' stems from the visual appearance of the magnetic eld
lines comprised of a strong inhomogeneous eld and a weak homogeneous eld. This situ-
ation is depicted in gure 3.5. Here, B; denotes the strong inhomogeneous (initial) magnetic

Figure 3.5: Schematic diagram of the diverging magnetic bottle eld which changes grad-
ually from a strong inhomogeneous eld B; to a weaker homogeneous eld B;. Electrons
e emitted in B engage on a helical trajectory along the magnetic eld lines.

eld, which is positioned in the interaction region in front of the electron analyzer and  Bj
is the weak homogeneous ( nal) magnetic eld in the electron detector. An electron with
energy E emitted at an arbitrary angle to the magnetic eld lines at B; will undergo a helical



24 Chapter 3. Experimental Methods

motion circulating in the magnetic eld due to the Lorentz force ev B. Under adiabatic
conditions, meaning that the change of the magnetic eld strength during one revolution
of the cyclotron motion is negligible compared to the overall magnetic eld strength, angu-
lar momentum L and the total energy E are conserved. E can be partitioned into a parallel
energy E, and a transverse energy E, :

E= E+E, : (3.8)

The conservation of angular momentum,

L - 2meE’7 1
gB

(3.9)

where mg is the mass and g is the charge of the electron, requires that the partitioning be-
tween E, and E, follows changes in the magnetic eld i.e., a decrease in jBj along the di-
verging magnetic eld will lead to a decrease in E, and an increase in E,. This means that
all electrons emitted at an angle of less than 90 ° to the horizontal axis — a cone angle of
2p sr — will be guided by the magnetic eld lines into the electron spectrometer. Thus,
the magnetic bottle spectrometer combines a substantial increase in detection ef ciency and
good transmission, especially for low energy electrons, with the loss of angular information.
Kruit and Read initially used a strong electromagnet to produce the inhomogeneous eld
Bi. The spectrometer design was subsequently altered, replacing the electromagnet with
strong permanent magnets, to simplify the operation and make the B; region more accessi-
ble [66, 67]. Magnetic bottle spectrometers of this type were used to conduct measurements
of gases, clusters, liquid jets and solid samples [68—71]. In the context of this work two dif-
ferent magnetic bottle spectrometers were used, one for experiments on molecular clusters
with an increased acceptance angle of 4 sr, described in detail in reference [72] and a similar
spectrometer adapted for the use with a liquid jet, equipped with a much smaller entrance
aperture and additional turbomolecular pumps attached to the drift tube, brie y described

in reference [73].

In contrast to a hemispherical analyzer, in a time-of- ight spectrometer charged patrticles,
such as electrons, are recorded at the detector as a function of their arrival time which is in-
versely proportional to their kinetic energy. The advantage of a time-of- ight spectrometer

is their capability to record the whole photoelectron spectrum of a sample rather than just
a speci ¢ energy region, as is the case in a hemispherical analyzer, and the possibility of a
very high resolution, speci cally for low kinetic energies[22] “. Since the arrival time of an
electron at the detector needs to be referenced to the time of ionization, it is essential to use
a pulsed light source with a suf cient pulse-to-pulse temporal separation. For the time-of-
ight electron spectra presented in this thesis, the electron storage ring BESSY Il in single
bunch operatioomode delivered light pulses with a pulse duration < 100 ps and a repetition
rate of 1.25 MHz of tunable photon energy in the VUV and soft X-ray range.

41t should be noted that in a magnetic bottle time-of- ight electron spectrometer the resolution is traded for
a signi cant increase in collection ef ciency.
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The electron spectra were measured in time-of- ight de ned by the time difference between
a trigger signal, the so-called bunchmarker, provided by BESSY and the arrival time of an
electron at the MCP detector. For conversion of the time domain spectra to the energy do-
main, a calibration of the time-of- ight spectrometer was necessary. Practically, this was
accomplished by measuring a set of time-of- ight spectra of a known kinetic energy. Since
the kinetic energy is determined by the relation E., = hn Eg (eq. 2.2), a photoline of well
known binding energy Eg is required, as well as knowledge of the correct photon energy
hn. Since it is possible, that the nominal photon energy provided by a synchrotron beam-
line does not re ect the actual photon energy, a photon energy calibration is essential. This
photon energy calibration can be performed, for instance, by measuring of well de ned
X-ray absorption spectr@XAS). The position of an XAS signal as a function of the nominal
photon energy provided by the beamlime relative to its literature value can then be used to
correct for a possible offset. The relation between kinetic energy and ight time was then
determined using equation 3.10:
2

Eyin = ”z‘e(t'to)z + eU. (3.10)
Where mg is the electron mass,| is the length of the drift tube, t is the recorded time-of- ight
with respect to the bunchmarker, tg is time-zero i.e., the time offset between the bunch-
marker and the actual light pulse, and eU is an offset potential resulting from the electric
eld along the electron trajectory.
The t-E calibration procedure is an essential part of every set of experiments and has to be
performed for every distinct parameter set of the magnetic bottle. ° The procedure is brie y
outlined in the following paragraphs. Figure 3.6(a) shows selected time-of- ight spectra of
a magnesium salt solution at photon energies of 70 to 100 eV recorded in 5eV steps and at
a retardation voltage of 10V at the spectrometer drift tube. The signal of interest in the
spectra is the Mg 2p photoline of binding energy at 55.72(48) eV in a MgCl », aqueous solu-
tion [74]. The calibration points, shown in 3.6(b), are determined by the center of gravity of
the Mg 2p peak for all spectra. Subsequently, these calibration points are tted using eq. 3.10
with 1, tg and eU as free parameters.
Due to the non-linear relationship between energy and ight times (  E p 1/t?), the point
spacing between energy increments is decreased with increasing kinetic energy, which leads
to higher weighting of the signal originating from high kinetic energy electrons. For area
conservation in the time-to-energy conversion of the spectra the following operation had to
be performed at every point in the spectrum:

I(E) = |(t)§|t5. (3.11)

Where | (E) is the intensity in the energy domain, I(t) is the intensity in the time domain, as
measured and dt/ dE is the Jacobian factor required for the coordinate transformation. An

5The experiment-speci ¢ adjustable parameters of the magnetic bottle spectrometer include the position of
the permanent magnet in front of the spectrometer entrance, the current of the solenoid creating the homoge-
neous magnetic eld B; and the voltage on the drift tube used to accelerate or decelerate the electron signal.
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Figure 3.6: Example for the energy calibration of the magnetic bottle time-of- ight spec-
trometer for a magnesium salt solution and a retardation voltage of 10V along the drift
tube. (a) shows selected time-of- ight spectra of photon energies from 70 to 100eV in 5eV
steps. (b) shows the whole set of calibration points of the respective spectrometer settings
including the t according using eq. 3.10.

Figure 3.7: Example for the energy conversion of Water-Formaldehyde-cluster recorded
with hn = 62eV. (a) Time-of- ight-data (b) Photoelectron spectrum after energy conver-
sion.

example of a raw and t-E converted spectrum is displayed in gure 3.7. The gure shows
outer valence spectra of water-formaldehyde-clusters recorded at 62 eV photon energy as a
function of (a) ight time in ns and (b) kinetic energy and apparent binding energy in eV.
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3.4.1 Coincident Electron Detection

An additional advantage in the use of a time-of- ight spectrometer is the ability to record
multiple electrons within a set time interval given by the repetition rate of the light pulses
produced by the electron bunches in the electron storage ring. The BESSY Il single bunch
repetition rate is 1.25 MHz, which corresponds to a time window of 800 ns between two con-
secutive bunches.

Events in which n electrons — with n > 1 — hit the detector within one single bunch revo-
lution period are classi ed as a coincidence. The ighttimes of all electrons are stored in list
mode. From these lists two-dimensional maps can be constructed which reveal correlations
between two emitted electrons. A schematic example of an electron correlation map is dis-
played in gure 3.8. This arti cial map shows the correlation of two electrons as a function

Figure 3.8: Schematic two-electron coincidence map in energy space.

of increasing kinetic energy. Here, the horizontal axis corresponds to the faster electron e.g.,
the photoelectron and the vertical axis is the secondary electron axis. Due to the relation
e & the sector above the diagonal contains no electron events at all.

The two highlighted signatures (a) and (b) in gure 3.8 illustrate an example of the most im-
portant features observed in this work. (a) is indicative of a process in which photoioniza-
tion produces an intermediate state of nite life time, which can decay further by emission
of a second electron, so in other words: an autoionization process. (b) is commonly associ-
ated with a single photon double ionization event resulting in the simultaneous emission of
two electrons stochastically sharing their energy (see Section 2.2).

The map also shows slightly enhanced intensity at higher kinetic energies of electron 1 (on
the righthand side of (a)), which stems from random coincidences of photoelectrons emit-
ted from valence states with either slow electrons created in a previous bunch, secondary
electrons which lost their energetic information due to inelastic scattering or a valence pho-
toelectron from a different molecule within the illuminated sample volume. These random
coincidences can obscure real coincident events and therefore should be avoided or at least
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reduced, for instance by reducing the photon ux to conditions in which less than one ion-
ization event occurs per light pulse. Inelastic scattering, however, cannot be avoided, when
a condensed matter sample is investigated e.g., a liquid jet. The intensity of inelastically
scattered electrons can be seen at low kinetic energies of electrons 1 and 2 in the correlation
map 3.8 (on the lefthand side of (b)).

The measurement of these electron correlation maps within a reasonable amount of time is
only feasible using a spectrometer with a high acceptance angle. Therefore, the combina-
tion of the TOF electron spectrometer with the magnetic bottle guiding eld offers the ideal
conditions to record electron-electron coincidence events. For instance, measurements of
molecular water clusters of mean cluster size hNi = 67 (see section4.1.1) were performed at
62 eV photon energy with non-coincident count rate of 22.5kHz, a coincident count rate of
3.2 kHz within an acquisition time of 10 min.

In this thesis, electron-electron coincidence detection was used to distinguish the low kinetic
energy signal of non-local autoionization processes, such as ICD and ETMD, from a back-
ground of secondary electrons. However, it is a more versatile technique which also enables
the measurement of molecular double ionization spectra[28] or ultrafast conformational and
nuclear dynamics of molecules upon core ionization [75].

3.5 Experimental Setups

This section comprises a brief overview on the experimental setups used to collect the
data presented in this thesis. While the principle of photoelectron spectroscopy, as intro-
duced in section 2.1, applies to all experiments, different electron analyzers were used to
investigate different samples and their spectral signatures.

3.5.1 Experiments with Magnetic Bottle Electron Spectrometer

For the measurements of coincident electron-electron spectra, two different experimen-
tal setups were used for experiments on liquids and clusters, respectively. Figure 3.9 shows
schematic drawings of the two different experiments. Their common feature is the use of a
time-of- ight electron spectrometer of the magnetic bottle type, as described in section 3.4.
The liquid jet experiment consists of a cubic interaction chamber with a differential pump-
ing section towards the beamline on a movable aluminum frame. As indicated in g.3.9
the experiment is arranged along three orthogonal axes. The light propagation axis and the
liquid jet axis span a horizontal plane with the spectrometer axis perpendicular. The inter-
section of the three axes is in the interaction region. The main chamber is pumped by a
1450 /s turbo-molecular pump downstream of the light propagation axis. The spectrom-
eter can be sealed off using a gate valve in case venting of the main chamber is required.
The magnetic bottle consists of two solenoids creating a weak magnetic guiding eld and
two SmCo permanent magnets terminated with a soft iron cone opposite the spectrometer's

6 mm aperture mounted on an XYZ-manipulator to ensure optimization of the magnetic
bottle settings. The magnetic eld strength of the permanent magnet and the guiding eld
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Figure 3.9: Schematic drawings of the electron-electron coincidence experiments with a
magnetic bottle time-of- ight spectrometer. (A) Shows the experiment measurements us-
ing a liquid jet and (B) shows the experiment on a cluster jet.

are approximately 0.15T and 0.5mT, respectively. The spectrometer's drift tube is termi-
nated with a copper mesh and subsequently capped with a detector assembly comprised of
an MCP double stack and a uorescence screen. The spectrometer drift tube is housed in
mmetal. It is pumped using two turbo-molecular pumps, which maintain the pressure in
the mid 10 ® mbar regime in the drift tube and the detector under operating conditions. The
liquid jet is inserted horizontal to the synchrotron beam with a liquid nitrogen lled cylin-
drical cool trap on the opposite side for additional cryogenic pumping and to freeze out the
liquid. During operation of the liquid jet the main chamber pressure can be maintained at
10 #4to 10 3mbar for multiple hours.

For coincidence experiments on clusters depicted in g.3.9(b) a second setup of analogous
geometry was used. This setup is described in great detail in the PhD thesis of Melanie
Mucke [63]. BrieYy, it consists of two separate chambers divided by a gate valve along the
cluster jet axis into spectrometer chamber and expansion chamber. The expansion cham-
ber can be equipped with different cluster sources for the production of rare gas clusters
or molecular clusters via supersonic expansion. The produced cluster jet is guided through
a conical skimmer of 1 mm opening into the spectrometer chamber, where it is overlapped
with the incoming light below the spectrometer's 25 mm aperture. The spectrometer con-
sists of a 600 mm drift tube with a single solenoid outside of the vacuum tube wrapped with
two layers of mmetal to shield off external magnetic elds. The solenoid length is 600 mm
with approximately 270 turns, creating a guiding eld of about 0.5 mT at an applied current
of 1 A. A detailed description of the spectrometer and its characteristics is given in ref. [63,
72].
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3.5.2 Experiments with the Hemispherical Electron Analyzer

Photoemission experiments focusing on autoionization processes resulting in electrons
of higher kinetic energy were performed with hemispherical electron analyzers since the
magnetic bottle electron spectrometer, described above, was not designed for detection of
electrons with several hundreds of electronvolt kinetic energy. The general working princi-
pleisillustrated in gure 2.1(a). Photoelectrons produced in the interaction region in front of
the analyzer aperture are focused — via an electrostatic lens — onto the entrance slit of the
hemisphere, which consists of two concentric electrodes. The electrons are then de ected by
the electric eld in the hemisphere and follow a curved trajectory onto an electron detector
e.g., a combination of MCP, uorescence screen and CCD camera. The electrostatic poten-
tial between the hemispherical electrodes leads to a dispersion centered around electrons
with a speci ¢ kinetic energy, the so-called pass energy. With a hemispherical analyzer, in
xed mode, it is only possible to measure the spectral distribution within a certain energy
window of 4% of the pass energy. The choice of the pass energy is typically a compromise
between high spectral resolution at lower pass energy and high transmission at higher pass
energy.

For measurements of high-kinetic energy electrons from a liquid jet, the SOL 3 experimental
station at BESSY Il was used [76]. It is an experimental station speci cally designed to per-
form photoemission spectroscopy on liquid samples and solid/liquid interfaces. The setup
is illustrated in gure 3.10(a). In this setup, the liquid jet, the hemispherical analyzer, and

Figure 3.10: Schematic drawings of experiments with a hemispherical analyzer. (A) Shows
the experiment using a liquid jet and (B) shows the experiment on clusters.

the synchrotron light span an orthogonal basis with the interaction region at the center. The
SOL3 endstation itself consists of three integral components: (1) the electron analyzer, (2) the
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interaction chamber and (3) a differential pumping stage between the interaction chamber
and the beamline. The analyzer is a Scienta Omicron R4000 HiPP-2 built for high resolution
photoelectron spectroscopy at excitation energies ranging from the UV to tender X-ray (5-
6000 eV). The electrostatic lens section of the analyzer is equipped with differential pumping
sections to enable measurements at near ambient pressure conditions up to tens of millibars
in the interaction region. The interaction chamber is equipped with two liquid nitrogen cool
traps and a 1600 L/s turbomolecular pump. In normal vacuum operation of the SOL 2 the
combination of cool traps and turbo pump allows for operation of the liquid jet at a cham-
ber pressure of 10 “mbar for more than ten hours. The pressure differential between the
interaction chamber and the beamline, which is operated at 10 &mbar or lower at the last
segment, is bridged with a three-stage differential pumping chamber equipped with a cool
trap and three 250 L/s turbomolecular pumps. A more detailed description of the SOL 3 ex-
perimental station and its speci cations can be found in ref. [76].

Additionally, gure 3.10(b) shows a simple schematic drawing of experiments performed on
molecular clusters using a hemispherical analyzer. In this experiment the molecular cluster
beam, the electron analyzer and the synchrotron beam also provide an orthogonal system
with the interaction region in its vertex. Molecular clusters are produced by supersonic ex-
pansion in an adjoining expansion chamber and pass through two conical skimmers before
entering the interaction region. This experiment is a permanent endstation at the VUV/soft
X-ray beamline PLEIADES at the SOLEIL synchrotron, France. A detailed description of
the experimental setup is given in ref.[77]. Briey, it consists of a multipurpose chamber
equipped with a Scienta Omicron R4000 hemispherical electron analyzer and an adjoining
expansion chamber, which can be supplied with different sources for low density samples,
namely a source for aerosol nanoparticles or a source for molecular clusters. In the context of
this work, the latter was used to produce clusters of small molecules like water or methanol.
The clusters were produced by owing a carrier gas, such as N », through a heated reservoir
of water or methanol and subsequently adiabatically co-expanding the mixture through a
converging-diverging nozzle. The cluster's size could then be estimated from energy differ-
ence of the gas phase and cluster HOMO signal in the valence electron spectra[59].

3.5.3 Experiments on the CoESCA Setup

For photoemission measurements on ice surfaces the COESCA endstation at the UE52-
PGM beamline at BESSY Il was used. The permanent endstation is primarily intended for
experiments on solid surfaces under UHV conditions. It is equipped with a separate sample
preparation chamber which is connected to the analysis chamber by a sample transfer hub.
The analysis chamber is subdivided into an upper part for additional sample preparation
or surface analysis and a lower part housing two electron spectrometers in a plane with the
synchrotron beam. A schematic drawing of the parts of the endstation used in the exper-
iments presented in this thesis is displayed in gure 3.11. The sample was mounted on a
sample holder incorporated into a cryostat and could be positioned using a 5-axis manipu-
lator. In the upper part of the analysis chamber a doser was mounted consisting of a guiding
tube and a gas reservoir separated by a 5nm pinhole. The doser was used to produce ice
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Figure 3.11: Schematic drawings of experiment at the COESCA end station using one or
two Ar-TOF's.

Ims on the metal sample at temperatures of approximately 98 K. During dosing the upper
and lower part of the chamber were separated with a gate valve to minimize contamination
of the lower chamber.

The electron spectrometers are the recently developed Scienta Omicron ArTOF 2 and its pro-
totype ArTOF 1. These spectrometers combine a time-of- ight based detection scheme with
an electrostatic lens system to perform angular resolved photoelectron spectroscopy. A de-
tailed description of the ArTOF is given in reference [78]. Brie y, in the ArTOF the drift tube

of a conventional time-of- ight spectrometer is replaced by an advanced electrostatic lens
system which projects the emission cone of electrons with a xed center energy onto the 2D
sensitive detector behind the focal plane. The advantage of such a lens system is that photo-
electrons of a certain kinetic energy and emission angle create a unique position at the focal
plane. The ArTOF measures the arrival times of electrons and their x and y coordinates on
the 2D detector. Since the electrostatic potentials of the lens are pre-set, it is possible to cal-
culate the trajectories of electrons at a certain kinetic energy and translate measured arrival
times into the energy domain and the respective x and y coordinates at the 2D detector into
angular information.

The time-of- ight detection scheme requires a pulsed photon source which in the case of the
CoESCA end station could be realized by the use of single bunch operation of the storage
ring or in conventional multi-bunch operation with the recently implemented  pulse picking
by resonant excitatiofPPRE) [79]. Briey, a laser pulse is used to excite a single electron

6Upon dosing the pressure in the preparation chamber was as high as 10 * mbar, while the analysis chamber
was maintained in the range of 10 &mbar.
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bunch out of the multi-bunch pattern which results in a horizontal divergence of its respec-
tive synchroton radiation wavelet. With the use of knife-edge apertures it is possible to block
photons emitted by the multi-bunch train to only select light of the excited electron bunch,
thus providing a quasi-single bunch in standard operation mode.

The experiments presented here were the rst user experiments other than the commission-
ing of the COESCA setup. They were performed using the PPRE bunch within the multi-
bunch operation mode. In the course of two consecutive beamtimes measurements were
performed with either ArTOF 2 or ArTOF 1 and both simultaneously. In addition, coinci-
dent measurements using both spectrometers were attempted (see chapter 8). The respec-
tive Auger electron spectra presented in section4.2.1 were obtained at count rates of 1.5 to
2.7 kHz and acquisition times of 4 to 12 min. ’ Core level spectra were acquired at 5 to 7 kHz
whitin 2 to 3 min. A critical aspect during the measurements was the temperature control
using the ow cryostat and the resistive heating at the COESCA endstation. After careful
cooling of the sample from room temperature to about 98 K, the sample temperature was
stable for multiple hours, enabling preparation and measurement conditions of amorphous
ice layers. Using the resistive heating, the preparation of crystalline ice was attempted by
annealing of the amorphous layers. However, these attempts were unsuccessful, due to in-
suf cient temperature control, which could not be overcome within the time alloted for the
experiments.

3.5.4 Energy Axes

This work comprises results of different electron spectroscopic experiments, such as con-
ventional photoemission spectroscopy, Auger electron spectroscopy and coincident electron
spectroscopy. Each of these experiments focuses on different features in the photoemission
signal of the respective sample. Typically, these features are interpreted within a certain
framework, in which it might be bene cial to exchange the experimental energy axis. For
instance, in conventional photoemission spectroscopy the data is interpreted in terms of
electronic structure on the binding energy scale i.e., the binding energy referenced to the
vacuum level which approximately corresponds to the energy eigenvalue of the Hartree-
Fock orbitals (see section 2.1). Throughout this thesis different types of electron spectra are
presented and interpreted using either kinetic energy, binding energy or double ionization
energy.

The kinetic energy axis corresponds to the actual quantity measured in a photoemission
experiment, the excess energy of any emitted electron following photoionization. Autoion-
ization signatures of the Auger decay, ICD and ETMD exhibit an electron distribution in-
dependent of the incident photon energy and are therefore only displayed as a function of
their kinetic energy.

The binding energy axis (Eg) is derived from the kinetic energy ( Eyin) by the relation:

EB = Ekin hn,

"The count rates refer to the respective energy window of the Auger or core level spectra.
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with hn being the incident photon energy. &

The double ionization energy axis is used to display spectral intensity of states, from which
two electrons were removed by a single photon. In this work, these double ionization spec-
tra are constructed from two coincident detected electrons (see section 3.4.1). The double
ionization energy (DIE) is derived from the sum of the kinetic energy of the coincident event:

DIE = ( Exin(e1) + Exin(e2)) hn.

In the photoemission signal all the signatures, which are best described by individual en-
ergy axes, are simultaneously present, which naturally makes the kinetic energy the only
correct axis when displaying electron spectra. Therefore, the electron spectra shown in this
thesis are displayed as a function of the kinetic energy as principle energy axis (the bottom
axis). Whenever it is bene cial for the interpretation or explanation of the electron signal the
binding energy is displayed as a second energy axis (the top axis). Double ionization spec-
tra are displayed in a similar fashion with the ( e + &) sum kinetic energy as the principle
energy axis (bottom axis) and the derived double ionization energy as a second energy axis
(bottom axis).?

8see section 2.1 for a more extensive description of the photoionization process.
9Exceptions are made for reference spectra taken from the archive of digital spectra provided by ref. [28].
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Chapter 4

Non-local Autoionization in Hydrogen
Bonded Systems

In the following chapter the results on different aspects of non-local autoionization pro-
cesses in hydrogen-bonded systems will be presented and discussed. The rst part concen-
trates on intermolecular Coulombic decay (ICD) following inner-valence ionization in an
agueous environment. The second part focuses on non-local autoionization after core-level
ionization. In both cases the hydrogen bond network in uences the spectroscopic signature
of the respective processes.

4.1 Inner Valence ICD in Molecular Clusters

When Cederbaum and co-workers predicted the existence of a non-local autoioniza-
tion mechanism in excited weakly bound systems, namely intermolecular Coulombic de-
cay (ICD), they speci cally used small water clusters to introduce this concept[6]. The
general nature of this mechanism was emphasized early on[80]. In a weakly bonded sys-
tem such as avan-der-Waalsor molecular cluster an inner shell electronic vacancy can be
lled by an electron of lower binding energy from the same atom or molecule. The energy
thereby obtained is transferred to an adjacent atom or molecule from were a second elec-
tron is liberated. This secondary electron typically is of low kinetic energy, on the order
of few electronvolt. While the rst experimental results focused on rare gas clusters[81—
84], the experimental observation of ICD after inner-valence ionization of water dimers and
medium-sized water clusters[11, 12] lead to the recognition of ICD and related processes
as a source for highly reactive species in a biologically relevant environment. A study by
Boudaiffa and co-workers unambiguously attributed the origin of single- and double-strand
breaks in DNA molecules to very low kinetic energy electrons of about 3—30eV and their
transient reaction products[13]. Although there are multiple radiation induced processes
capable of producing potentially harmful low energy electrons, most of them are indirect,
involving inelastic scattering events whereas ICD gained recognition as a direct source of
these electrons [85]. Recently, Ren and co-workers reported the rst experimental observa-
tion of ICD in a hydrated biomolecule [86]. Therein, they observed the break-up of water-
tetrahydrofuran dimers after electron impact in a reaction microscope. Tetrahydrofuran can
be regarded as a surrogate of desoxyribose in the backbone of DNA strands. The break-up
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could be traced back to the Coulomb explosion after inner-valence ionization of water in the
dimer. It has also been shown that the presence of water can lead to increased damaging
effects to DNA by dissociative electron attachment promoted by low energy electrons [85].
The natural abundance of water, speci cally in the agueous environment in living cells, to-
gether with the general nature of the ICD process and its associated highly reactive nal
state species calls for a quantitative description of the process in water in order to evaluate
its relevance in the eld of radiation chemistry and biology. Therefore, one of the main top-
ics of this thesis is the determination of the ef ciency of the inner valence ICD process in
water clusters of increasing size.

Mucke et al. have previously identi ed the ICD signature in photoelectron spectroscopic
measurements of pure water clusters[12]. Figure 4.1 shows the full valence photoelectron
spectrum of water clusters with a mean clusters size hNi = 98 taken with a conventional
hemispherical analyzer at 60 eV photon energy. The spectrum resembles the valence spec-

Figure 4.1: Photoelectron spectrum of water clusters <N>= 98 recorded with a conventional
hemispherical analyzer. Taken from reference [58].

trum of liquid water [87] with the labels denoting the occupied molecular orbitals of water
1by, 3a, 1by, and 2a;. Analogous to the rst observation of ICD in neon clusters [82] a signal
corresponding to the ICD electron distribution could be observed in the scattering back-
ground.

An unambiguous identi cation of ICD from the one-dimensional photoelectron spectrum

is not possible. Therefore in this work coincident electron detection (see chapter 3.4.1 and
ref.[11, 12] for more detail) was employed to separate the ICD signal from the inelastic scat-
tering background. An exemplary two-dimensional coincidence spectrum of medium-sized
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Figure 4.2: Coincidence spectrum of water clusters <{N>= 65 recorded with a magnetic bottle
time-of- ight electron spectrometer.

water clusters (hNi  65) at 62 eV photon energy is displayed in g.4.2. The gure shows
the coincident intensity of two electrons arriving at the detector within one period of the
BESSY Il storage ring in single bunch operation. The horizontal axes correspond to the
kinetic energy (bottom) and binding energy (top) of the photoelectron €, in a comparable
interval as in gure 4.1. The vertical axis denotes the kinetic energy of the secondary elec-
tron &. In the coincidence spectrum the signal of the outer valence states 1, 3a and 1b,
is weak and can be assigned to random coincidence events. The correlation of 2a; photo-
electrons with secondary electrons of low kinetic energy can be assigned to the ICD process.
This coincident 2, signal is absent in the gas phase coincidence electron spectra reported
in references[12, 68] as well as in the more extensive investigation of the water molecule
by Reedy and co-workers [88]. Analogous to the one-dimensional photoelectron spectrum,
coincident intensity at low energies of both e ; and e, corresponds to inelastic scattering.
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4.1.1 Inner Valence ICD Ef ciency in Water Clusters

The following section focuses on a quantitative description of the inner valence ICD pro-
cess. The ICD ef ciency is determined by its decay rate relative to other accessible relaxation
mechansims, such as radiative decay, involving the emission of a photon, or radiationless
deexcitation processes, such as internal conversion (IC) or intersystem crossing (ISC). In
homonuclear and mixed rare gas clusters the ICD lifetime, or inverse decay rate, after inner-
valence ionization was found to be on the order of tens to hundreds of femtoseconds [89—
91]. At this ultrafast time scale radiative transitions can usually be neglected. This is one
of the reasons for the ICD mechanism to quench other decay pathways in rare gas clus-
ters and to exhibit an ef ciency close to unity i.e., every inner-valence vacancy decays by
ICD[92, 93]. On the other hand, on the femtosecond scale substantial nuclear motion can
occur in molecular systems. In gase phase spectroscopy this femtosecond nuclear motion
is called ultrafast dissociation[94]. Speci cally for water this process has been shown for
the gas phase [95] and in liquid water [96, 97]. Therefore, the description of the ICD process
requires consideration of nuclear dynamics. A coupling between nuclear and electron dy-
namics was recognized for instance in Ne-He dimers [98] but also after core level ionization
in aqueous solution[18, 99]. Depending on the particular potential energy landscape of the
system, the nuclear dynamics may suppress or even enhance the non-local autoionization
process.

Water clusters were chosen as an experimental environment to study ICD in a size-selective
manner and to provide some link from very small systems to bulk water [59, 100]. The ICD
process after inner-valence photoionization of the 2 a; molecular orbital can be described as
follows:

n

HO0  H,0!™ H,0 H,0*"(2aY)! _ H20"  HO" I H0" + H0". (4.1)
2

€1
Since experimental and theoretical results indicate that core level [101] and valence ioniza-
tion[102] in water can initiate proton transfer along the hydrogen bond coordinate, this
scenario must be considered as well:

H,O H,0! ™

€1

H,O H,0"! HzO0" OH. (4.2)

Given these two equations, two questions arise: Does inner valence 2 ionization also in-
duce a proton transfer? Is there interference between the ICD process and the proton trans-
fer? There are in fact indications of an interference between the processes hinting towards a
reduced ef ciency of ICD. Svoboda et al.[102] compared the simulated abundance of H,0O"*
fragments after ionization of water dimers by electron impact on water clusters [103] and ar-
gued that some formation of water cations via ICD takes place, but likely only for a fraction

of these ionized states. In references[18] and [102] proton transfer processes faster than the
measured ICD rate for the isoelectronic neon dimer * could be identi ed. Therefore, it does

1in the ICD community, the rare gas atom neon is often taken as a reference point due to its isoelectronic
structure to water.
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Table 4.1: Compilation of expansion conditions for cluster production, and calculated mean
cluster size hNi. All experiments used a conical nozzle with 80 mm smallest diameter and a
15 half opening angle. The stagnation pressure po was derived from the vapour pressure
of water at the reservoir temperature T;. The nozzle temperature To was set independently
from T,. The H,O/D ,0 comparison was measured in a separate beamtime.

Species T, (C) po(mbar) To(C) hNi hNi 3 A b2

H>0 76.6 413 144 5 0.576
87.5 637 144 12 0.439
99.5 994 144 27 0.332
114 1630 144 67 0.246
115 1690 144 75 0.238
123 2210 144 123 0.201
131 2740 144 186 0.175
135 3150 144 241 0.161
H,0 104 1180 102 75 0.237
H,0 102 1085 102 64 0.250
H>0 104 1180 104 72 0.241
D.0O 102 1080 102 64 0.250
D20 104 1180 104 72 0.241
D,O 107 1280 104 84 0.229

seem plausible that proton transfer plays a role in the electronic inner-valence relaxation of
water dimers or cluster, respectively.

Experiments were performed using an experimental setup combining a cluster source with
a magnetic bottle electron spectrometer as described in section 3.9 which allowed coincident
electron detection required to unambiguously identify electrons emitted in the autoioniza-
tion process. Cluster ensembles were probed with VUV synchrotron radiation provided
by the BESSY Il storage ring. The photon energies were chosen to ensure initiation of the
ICD process i.e.,hn exceeding the binding energy E, of the 2a; level, which is at 32.0eV for
hNi = 100 clusters[59]. The cluster jet, produced by supersonic expansion of pure water
vapor, typically contains clusters with a broad size distribution which can be characterized
by the mean size hNi. hNi was estimated from the expansion parameters with the empir-
ical relation given in ref. [57], yielding mean sizes ranging from 5 to 241 water molecules.
The expansion parameters and respective cluster sizes of the water clusters are compiled in
Table 4.1. The estimated cluster sizes are subject to a systematic uncertainty on the order of
35% as discussed in section 3.3, including 7% uncertainty in the reference temperature of the

2While hNi is a dimensionless quantity hNi 13 can be given in A 1, as it is proportional to the effective
cluster radius ry. The relation ry = rs N3 with rs being the Wigner-Seitz-radius gives a simple estimate of the
size of a clusters assuming spherical shape [104].
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thermocouple used to measure the reservoir temperature T,. The remainder is attributed to
inherent limitations of the empirical model. This systematic uncertainty should be common
to all data points, rendering all calculated cluster sizes consistently too small or too large.
For a conclusive interpretation of the experimental results, the energetics of the inner-valence
ionized water dimer were calculated. The water dimer can be regarded as the simplest water
cluster and serves as a model system which allows the accurate calculation of the energetics
of the 2a, singly ionized and doubly ionized states. Experimental observation of inner va-
lence ICD in water clusters by Mucke et al.[12] and in the water dimer by Jahnke et al[11],
in which related spectral signatures could be identi ed, suggest that the dimer is in fact a
suitable system for the investigation of ICD and related processes. Calculations on the wa-
ter dimer presented in this thesis were performed in a collaborative effort by the groups of
Petr Slavicek from the University of Chemistry and Technology Prague and the group of
Nicolas Sisourat from the Sorbonne Université Paris. Since the present work is of experi-
mental nature, only the results of these calculations will be discusses in detail. Brie y, water
dimer energetics and trajectories along a reaction coordinate were computed using second
order perturbation theory and ab initio molecular dynamics simulation by Daniel Hollas of
the Slavicek group. Electronic decay rates of the dimer were determined using the Fano-Cl
method by Tsveta Miteva from the Sisourat group. For a comprehensive description of the
computations, including the respective basis sets, employed programs, and benchmarking
of the energetics the reader is referred to reference [105], its supplementary material and the
references therein.

Coincident electron detection was applied to the water clusters compiled in table 4.1 to de-
tect electron pairs, consisting of a 2a; photoelectron together with a pertaining ICD electron.
The correlation between the two electrons is visible in two-dimensional histograms for all
cluster sizes, as seen in gure 4.2. From these spectra, the ICD ef ciency a,cp could be ex-
tracted, de ned as the fraction of inner valence states decaying by ICD. This approach is
consistent with earlier work on coincident spectra of Ne clusters, in which the ef ciency
aicp after 2s inner-valence ionization was found to be 0.99(11) [92]. The analysis follows the
assumption that under ideal conditions a,cp is described by the ratio of coincident electron
pairs P(Eph, Eicp) to the total number of electrons detected from the 2 &, state p(Epn):

P(Eph, Eicp)
acp = ——=—

p(En) (4-3)

Here P denotes the coincident detection rate of electrons with kinetic energies Epn and Ejcp,
and p is the non-coincident detection rate of photoelectrons of energy Eg, (with or without
a secondary electron). The precondition for this approach is the distinguishability of the
photoelectron and secondary electron, E, 8 Eicp, which can experimentally be realized by
tuning the photon energy. In the experiments, the photon energy was always chosen to en-
sure Epn > Eicp, designating the photoelectron and ICD electron as "rst' () and 'second’
(&) electron arriving at the detector, as labeled in gure 4.2.

Under actual experimental conditions several corrections to the measured data must be
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taken into account, modifying eq. 4.3 to:

P(Eph, Eicp) 1

P(Epn)  cg(Eicp)’ (4-4)

dicp =

in which the parameter cdescribes the degree of condensation in the cluster jet andg(Eicp)
is the detection ef ciency for secondary electrons of energy E,cp. Both parameters can be
determined experimentally. A detailed derivation of eq.4.4 and discussion of the experi-
mental parameters is given in the supporting information of reference [105].

The detection ef ciency g(E,cp) was determined by comparison of photoelectron and coin-
cident Auger electron count rates of Xe gas. Coincidences of Xe 4d photoelectrons with Xe
N4,s00 Auger electrons [106] were used for this purpose as previously described in refer-
ences[72] and [92].

The degree of condensationc of the cluster jet is required because the 2a, inner valence pho-
toline does not allow a successful separation of monomer and clusters. To experimentally
assessc, outer valence spectra were taken of every cluster size before and after measuring
the ICD spectra. In reference [59] it was shown that cluster and monomer signals for the
HOMO can be distinguished. Under the assumption that the photoionization cross sections
are equal for both signals, the following expression is used:

o= P(Enomoc)

= 4.5
P(Eromo,c) + P(EHomo,m) (4-5)

Where p(Enomoc) and p(Eqomo m ) are the detection rate of the cluster signal and monomer
signal, respectively. The cluster and monomer signal were determined from least squares
ts to the outer valence spectra taken at 62 eV photon energy and a retardation voltage of
Viet = 15V set to the spectrometer drift tube to improve the energy resolution. Figure
4.3 shows an example of an outer valence spectrum of a cluster jet with hNi = 76 water
molecules. The trequires six Gaussian components to yield consistent and satisfactory re-
sults for all measured cluster sizes. The components 'gl' and 'g2', shown as green shaded
curves, are assigned to the I, and 3a, molecular orbitals. Compared to a gas phase spec-
trum the signals are broadened but a clear distinction of the spectral contribution from the
two phases is not possible. Component 'g4' (red shaded curve) is attributed to the gas phase
1b; molecular orbital, corresponding to the oxygen lone-pair, with the small auxiliary 'g3'
(red shaded curve) tentatively being attributed to its vibrational component. This auxiliary
peak is required to reproduce the assymmetry of the 1 b; signal. High resolution photoelec-
tron spectra of gas phase water clearly show a vibrational progression at low kinetic energy
side (higher binding energy) of the leading peak [107]. Karlsson et al.assigned the vibra-
tional progession of the 1b, state to the v, and v, modes of the water molecules[108]. The
additional Gaussians 'g5' and 'g6' displayed as blue shaded curves represent the cluster 1 b,
at the given spectral resolution. To determine the degree of condensation ¢ according to
eq.4.5 'g3' and 'g4' were summarized as p(Enqomom ) and 'g5' and 'g6' as p(Enomoc). re-
spectively. The resulting values of cfor all measured cluster sizes are presented in table 4.2.
It can already be inferred from one- and two-dimensional spectra shown in gures 4.1 and
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Figure 4.3: Outer valence photoelectron spectrum of a jet of INi = 76 water clusters athn =
62 eV. Components of a least squares t to disentangle cluster and monomer intensity are
also shown. The components "g5' and "g6' are assigned to the cluster HOMO component,
components "g3' and "g4' are assigned to the monomer 1by, "g3' tentatively to its vibrational
component. A number of constraints were applied to produce consistent and well-de ned

t results over the whole series of cluster sizes.

Table 4.2: Degree of condensationc for water clusters of varying mean sizes hNi. The table
distinguishes between the clusters measured in a size dependend matter and a comparison
of the isotope effect in H,O and D,0 measured in a separate beamtime.

size dependence isotope effect
Species hNi c Species hNi c
H,0 5 0.44(5) HO 75 0.76(3)

12 0.68(5) HO 64  0.74(3)
27 0.73(5) HO 72 0.75(3)
67 0.75(5) DO 64 0.74(3)
75 0.76(5) DO 72 0.75(3)
123 0.78(55) DO 84  0.72(3)
186 0.78(5)

241 0.78(5)

4.2, that a background correction is essential when determining the non-coincident and coin-
cident detection rates p(Epn) and P(Epn, Eicp). The background signal contains inelastically
scattered electrons as well as electron intensity from direct and indirect double ionization of
the gaseous water molecules in the cluster jet[68, 88, 109] and overlaps with both the inner
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Figure 4.4: Coincident and non-coincident electron spectra of hNi = 76 water clusters
recorded at hn = 62 eV. Panels (a) and (c) showp(Eyy,), the intensity of photoelectrons
detected in the region of 2& binding energies; panels (b) and (d) show the integral of
P(Epn, Eicp) over an interval of 0-5eV for Eicp. The black solid traces correspond to the
t of the photoline with background and are shown to guide the eye. The red solid traces in
(c) and (d) indicate a linear background below the 2 a; peak, while panels (a) and (b) show
a curved, Shirley-type background.

valence peak and the ICD signature.

An overview of the applied background correction to the non-coincident and coincident2 &
peaks is given in gure 4.4 for a cluster jet of hNi = 76 taken at 62 eV photon energy. The
panels (a) and (c) display the non-coincident intensity of the photoelectrons p(Egh). The cor-
responding coincident spectrum P(Eph, Eicp) integrated over an interval of 0-5eV of Ecp
is shown in (b) and (d). Experimental data, shown as black circles, in the left and right hand
side panels are identical, but different approaches for peak-to-background separation were
employed. The background is indicated as a solid red curve in both cases. While the applied
background on the right side stems from a simple linear model similar to the analysis in ref-
erence [92], the left side shows the results of a more sophisticated t to the data comprised
of Gaussian distributions on a linear baseline, thus recreating a curved Shirley-type back-
ground. Both approaches to peak-to-background separation to the spectra are reasonable
and no distinct argument can be made in favor of any of the two. The two variants likely
mark the largest and smallest choices for the ratio P(Epn, Eicp)/ p(Epn) that are compatible
with the data and in this way will contribute to the experimental uncertainty of the resulting

ef ciency aicp.
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After assessing the parametersc, g(Ecp) and the peak-to-background separation the re-
sults of the inner valence ICD ef ciency acp in water clusters can be summarized in gure
4.5. In gure 4.5 the data in panels (a) and (b) corresponds to p(Eyn) and P(Epn, Eicp) after

Figure 4.5: Ef ciency of ICD after 2 & ionization of water clusters. (a) 2 & photonemission
spectrum of a water cluster jet of mean cluster size is hNi = 76 recorded hn = 62eV. A
linear background was subtracted. (b) Coincident electron spectrum of a 2 a; photoelectron
and an ICD electron, after background subtraction. (a) and (b) are derived from the same
data set. The solid trace in (b) is a t to the coincident data. For comparison with the undis-
criminated data, the curve is multiplied by the inverse of the detection ef ciency g(Ecp)
and the degree of condensation c, with values of 0.58(4) and 0.76(5) in this example; the
result is shown in (a) (solid trace). (c) Effect of isotopic substitution on the ICD ef ciency,
measured at hn = 60eV. Error bars shown here represent the standard deviation due to
stochastic errors.

subtraction of a curved background 2 for a cluster jet of hNi = 76 water clusters at 62 eV
photon energy. For an ideal detector (or after correction for its nite detection ef ciency ),
a fully condensed cluster jet, and ICD ef ciency of one, the two panels (a) and (b) would be
identical. This was shown for rare gas clusters in references [92] and [69]. Any mismatch in
the non-coincident and coincident data after accounting for the correction parameters can be
interpreted as inner-valence ionization events not resulting in the emission of an ICD elec-
tron. This situation is shown in gure 4.5(a) in the comparison between the dotted photoline
and the solid red curve which results from a Gaussian t to the coincidence data devided
by cg(Eicp). From this comparison, one can directly infer that the ICD ef ciency in water
clusters is lower than unity.

Figure 4.5(c) shows values for the 2a ICD ef ciency quantitatively assessed according to
eg.4.4. Here, results for clusters made up of “normal' water (H ,0) and isotopically sub-
stituted “heavy' water (D 20) are compared. The clusters were produced under identical

3The data shown in g. 4.5 (a) and (b) correspond to spectra shown in g. 4.4(a) and (b).
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settings of the cluster source (see table 4.1) and are comparable in size. These experimen-
tal results clearly allow two main conclusions: Firstly, the ef ciency of the ICD process in
medium sized water clusters is well below unity. Secondly, the ICD ef ciencies display an
isotope effect, with D ,0 clusters exhibiting higher ICD ef ciencies. These results indicate
that there is another dynamic process competing with the electronic ICD process on the
same time scale.

The resulting ef ciencies of the size dependent ICD measurements are compiled in gure
4.6 for mean sizes ranging from 5 to 241 water molecules, taken at photon energies of 62
and 80eV. The ef ciency is displayed as a function of the mean cluster size hNi on the top

Figure 4.6: The ef ciency of the decay of 2 vacancies by ICD as a function of mean cluster
size hNi (top axis) or hNi 13 (bottom axis, with hNi /3 i to effective cluster radius).
Empty and lled symbols represent different methods of background subtraction. Error
bars shown for some of the data represent the standard deviation due to stochastic errors.
Dotted lines show polynomial ts to the 62 eV data sets, to guide the eye. The effect of
systematic error on these two curves is shown by the shaded region.

axis or ashNi /3 on the bottom axis which is proportional to the inverse cluster radius.
The different routines for background correction shown previously in gure 4.4 were ap-
plied in the analysis resulting in the empty and lled symbols with the colors black and red
representing the photon energy 62 and 80 eV, respectively. The two approaches to the peak-
to-background separation approximately represent the lower and upper limits for the ICD

ef ciency. This systematic uncertainty stemming from the respective background model is
highlighted as the grey shaded area. In general, the ICD ef ciency increases from values of
0.05 and 0.2 at the smallest sizes to about 0.4 and 0.5 for larger clusters. It remains, however,
well below unity.

Since the ICD process is the only electronic relaxation channel energetically accessible upon
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inner-valence ionization of water and the ICD ef ciency shows the distinct isotope depen-
dence, proton transfer dynamics is the primary candidate for a competing relaxation path-
way. The proton transfer reaction initialized after water valence ionization takes several tens
of femtoseconds in liquid water [110] as well as in molecular clusters[102] while it is much
faster upon core ionization [18]. In the latter case a signature of proton transfer dynamics
could be identi ed in the Auger distribution of liquid water, within the core hole lifetime

of about 4fs[99]. A more detailed description of the underlying processes will be given in
section 4.2.1.

While it was already established for liquid water and water clusters that core level and
valence ionization leads to a dissociative nal state that can initialize proton transfer, the sit-
uation for inner-valence ionization was subject to speculation. The potential energy curves
shown in gure 4.7 calculated for the water dimer suggest the proton transfer reaction is in-
deed energetically favorable upon inner-valence ionization. The gure presents the dimer's

Figure 4.7: The potential energy curves of the singly (black) and doubly ionized singlet
(red) and triplet (blue) states for the water dimer shown along the proton transfer coordi-
nate. The shaded area denotes the region in which ICD is energetically allowed and arrows
indicate relaxation via ICD or radiationless deexcitation DE, respectively.

potential energy curves along the proton transfer coordinate i.e., the O-H distance. The
black trace denotes the singly ionized 2a, ! state with an initial energy of ca. 32 eV above the
neutral ground state. The negative slope of the curve is a clear indicator of the open proton
transfer channel. Furthermore, the gure shows the lowest singlet and triplet doubly ion-
ized states as red and blue traces, respectively. A hole population analysis shows the two
positive charges in these states are separated, a situation often denoted as 1hlh state. Both
singlet and triplet doubly ionized states correspond to the nal states of the ICD process.
The 1h1lh potential curves contain two local minima thus taking a double-well shape. The
left minimum is located at the ground state geometry of the water dimerat r(OH) 0.97A
and corresponds to the H,O"  H,O" structure whereas the right minimum represents the
fully proton transferred HO * H30* structure. The maximum of the curves depicts the
transient HO H* H,O* species. From the energy of the 1h initial state and the two
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lowest 1h1lh nal states at the ground state geometry it is immediately clear that autoion-
ization is energetically favourable. Yet, a moderate geometry change along the O-H axis
induces a crossing of the singly and doubly ionized states at a crossover distance of  1.3A,
thereby closing the ICD channel. Thus it can be established that the proton transfer is indeed
a competing mechanism for the ICD process. The grey shaded area indicates the region in
which ICD is energetically allowed.
The excess energy of the ICD electron corresponds to the energy difference between the
28, ! state and the 1h1lh nal state. From the potential curves of gure 4.7 an ICD electron
distribution of about 0 to 2 eV can be estimated which is in good agreement with the experi-
mental results on the water dimer reported by Jahnke et al.[11]. Indication of a closing of the
ICD channel has previously been observed in the electron-ion-ion coincidence experiments
by Jahnke and co-workers as they detected no ICD-induced break-up into a HO * H30*
structure.
In order to gain more insight into the relaxation dynamics following the 2 & ionization, ad-
ditional ab initio molecular dynamics simulations of the water dimer were performed. This
was necessary as one-dimensional cuts through the potential energy surface, while espe-
cially in the present example being remarkably helpful in understanding the underlying
mechanism, often provide a biased view on the dynamics of a system. The distinctive fea-
ture of the water dimer system compared to higher order clusters is the distinguishability
of the two water molecules into the proton donating and proton accepting unit. In the cal-
culations, the focus lies on the photoinduced dynamics of the proton donating unit, as in
larger clusters up to liquid water essentially all water units will act partially as hydrogen
bond donors. The ab initio MD simulations show that upon 2 a; inner-valence ionization on
the proton donor, the proton transfer takes places for all trajectories and is completed after
8fs. The impact of said trajectories is summarized in gure 4.8. The gure shows the

Figure 4.8: Closing of the ICD channel as a function of time after inner-valence ionization
for the regular and deuterated water dimer. Fraction of ab initio molecular dynamics trajec-
tories in which the ICD process is energetically allowed.

decline of the ICD-capable population as a function of time. This population is de ned as
the fraction of 2a, ! excited state structures higher in energy than the doubly ionized ICD
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nal state. The key message of gure 4.8 is that the time available for the system to undergo
ICD is restricted to a few femtoseconds. For further discussion this time dependence can
be approximated by a step function with a characteristic time topen, Which corresponds to
the time at which the ICD-capable population dropped to 0.5. For the two traces shown the
opening time topen is  2.9fs for regular and  4.0fs for deuterated water dimers. These
theoretical results can immediately be related to the isotope effect observed in the experi-
mental ICD ef ciencies. In deuterated water clusters the ICD channel stays open over an
extended time, thereby signi cantly enhancing the ef ciency of decay process.
Combining the experimental ICD ef ciencies with the calculated proton transfer kinetics an
estimate of the ICD lifetime can be made. In this approach the smallest measured cluster
size, with on average ve water molecules per cluster, is compared to the calculations of the
water dimer. Assuming that the ICD process can be described by an exponential law with a
characteristic lifetime t|cp and the opening time topen, the ICD ef ciency is related to these
quantities by:

aco =1 exp  topen/ tico - (4.6)

The experimental ef ciency acp of the smallest H,O clusters containing about ve water
molecules per cluster is between 0.05 to 0.22. With the opening time topen = 2.9fs the re-
sulting ICD lifetime t,cp is about 57 to 12fs. This ICD lifetime should not depend on the
isotopic substitution as the decay process is of purely electronic nature. Therefore, when
using the ICD lifetime evaluated from the H ,0 clusters together with the elongated open-
ing time topen = 4.0fs for deuterated water the ICD ef ciency accordingto eq.4.6is  1.35
times larger. This increase in ef ciency is in the same range, although somewhat larger,
than the measured ICD enhancement for the deuterated cluster shown in gure 4.5(c) with
hNi = 60—-80. For said deuterated clusters the enhancement factor is between 1.18 and 1.27,
depending on the applied background correction. Given the simplicity of this estimation
and the fact that the ICD rate depends on the geometry of the system, which most likely
differs signi cantly between dimers and clusters of hNi = 60-80 units, the enhancement
factors match quite well.

Additionally, the ICD rates were directly estimated from the equilibrium geometry of the
water dimer using the Fano-ClI theory. This theory allows the calculations of decay widths
and rates of resonance transitions, such as Auger decay or ICD, at relatively low com-
putational costs. A comprehensive introduction into the Fano-Cl theory is given in ref-
erence[111] and a brief description of the calculations for water clusters is given in the
computational methods section of reference [105] and its respective supporting information.
Assuming the water dimer only has one singlet and one triplet nal state accessible for
the decay, an ICD lifetime of 72 and 131fs was obtained for the donor and acceptor wa-
ter molecules, respectively. These values are compatible with the experimental values of
150 50fs reported for ICD in the isoelectronic neon dimer[89]. From these considera-
tions, an estimated lifetime in small water clusters can be extrapolated under the idealized
assumption that each water molecule forms two donor and two acceptor bonds. The sum-
mation of the respective decay rates results in a total ICD lifetime of about 23fs. Although
this is a very simple estimate, the value is in good agreement with the ICD lifetime of 12-52 fs



4.1. Inner Valence ICD in Molecular Clusters 49

for the smallest water clusters extracted from the combination of experiment and molecular
dynamics simulation. A further extrapolation from the Fano-CI results indicates that with
the availability of additional nal states in clusters of increasing size and higher ICD ef -
ciency the ICD lifetime drops to only few fs. [105].

The results unequivocally show that proton transfer strongly competes with the ICD pro-
cess, thereby limiting it to the rst few fs after the initializing inner-valence ionization event.
The electronic ICD lifetime is signi cantly longer than the opening time for the process to
occur, which is re ected in a limited ef ciency of the ICD process in nite size water clus-
ters. An overview of these competing processes following the 2 a; inner-valence ionization
in the water dimer is illustrated in gure 4.9. The gure should help to put the results into

Figure 4.9: Photoinduced processes of the water dimer. The 2a;-ionized water dimer en-
ergetically relaxes by emission of a secondary electron in the ICD process and at the same
time undergoes proton transfer dynamics along the OH coordinate. The nuclear dynamics
inhibit the ICD process and dissipation of excess energy is likely achieved by radiationless
deexcitation DE.

the context of radiation chemistry. In this eld, the creation of charged particles on time
scales at which ICD and proton transfer are completed is of importance. While the ICD re-
leases the highly reactive ICD electron it also creates two excited cations which will react
further with surrounding water molecules to produce OH radicals and H 30 . After proton
transfer the system remains singly charged with a highly excited OH neutral radical and
the charge transferred H3O™ species. The excited OH radical will likely dissipate its excess
energy by radiationless deexcitaion and dissociate further releasing a hydrogen atom. The
oxygen atom will react with surrounding water forming either two OH radicals or hydrogen
peroxide. The nal products of the two processes are thus similar with the main difference
being the highly damaging low energy electron [13] for ICD and the hydrogen atom with
low potential for biological damage for the proton transferred structure. Although these
considerations are of speculative nature for the ICD process they are reasonable as those
products are typically encountered in the radiolysis of water [112]. The results indicate that
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small strongly hydrogen-bonded systems are less susceptible to damage from autoioniza-
tion products after irradiation than previously thought.

In the following paragraphs, the cluster size dependence of the ICD ef ciency shown in
gure 4.6 will be addressed. As already pointed out the graph shows an increase of the ICD
ef ciency from 0.05-0.2 to 0.4—0.5 with decreasing values of hNi 13 j.e., with increasing
cluster size. This behavior can be explained by the combined effect of several factors:

The experiments of Barth et al. have shown that with increasing cluster size, electron po-
larization effects lead to a shift of the excited state towards lower binding energy [59]. This
shift is larger for doubly ionized molecules and results in an increased energy difference
between singly and doubly ionized states[113]. In the present case a greater energy differ-
ence between the singly and doubly charged excited states stretches the opening time topen
of the autoionization channel and additionally offers more doubly charged states to decay
into. Consequently the ICD lifetime t,cp decreases. To substantiate this claim, the poten-
tial curves of the singly and doubly ionized water dimer previously shown in gure 4.7
were embedded in a dielectric continuum approximately mimicking a larger water aggre-
gate such as liquid water. The resulting curves are depicted in gure 4.10. Here the solid

Figure 4.10: Calculated potential curves are shown for a gas phase dimer (solid lines) and
for the same dimer embedded in a polarizable continuum (dashed lines). The blue lines
depict the lowest doubly ionized triplet state, while the black lines depict the 2 & singly
ionized state.

lines correspond to the 1h inner valence state (black) and 1h1lh triplet nal state (blue) of the
free dimer in the gas phase. The dashed curves correspond to the same 1h and 1hlh states in
the polarizable continuum model. Clearly, the inital and nal state curves are qualitatively
similar to the gas phase, except both curves are shifted to lower energies, as the solvent
effectively stabilizes the positive charges. The gure undoubtly shows the degree of sta-
bilization is more pronounced for the doubly charged nal state, which ultimately results

in ICD electrons with higher kinetic energy. It should be noted that these results suggest
that the ICD channel never closes in liquid water, thus implying an ICD ef ciency of unity.
However, the underlying model is rather crude and experimental validation is required. A
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detailed description of the computations and a critical discussion of the polarizable contin-
uum model is presented in the supplementary material of ref. [105].

Nonetheless, the widening of the energy gap between the ICD initial and nal states is re-
ected in the experimental data. Figure 4.11 displays the ICD electron distribution for mean
cluster sizes 5 to 241 water molecules as a function of kinetic energy. The spectra were

Figure 4.11: Energy distribution of ICD electrons. Experimental data for all mean clus-
ter sizes measured, normalized to the same height and without background subtraction.
Coincident counts were summed up between 26 and 35 eV photoelectron kinetic energy
corresponding to the 2a; photoline at 62 eV photon energy.

obtained by integrating the coincident events P(Eyy,, Eicp) over Ey, and for better compar-
ison all traces were normalized to maximum intensity. For the smallest clusters of about
ve molecules the ICD electron distribution is very narrow with a width of approximately

2 eV. This situation strongly resembles the energetics presented in gure 4.7 and the coin-
cident electron spectra of the water dimer by Jahnke et al.[11]. With growing cluster size
higher kinetic energies of the ICD electrons are observed, indicating an increase of the gap
between the 2a;-ionized and the lowest doubly ionized states. From the polarizable contin-
uum model a bulk limit of approximately 6.5 eV for said gap could be estimated which is
in reasonable agreement with the trend observed in gure 4.11. Given these theoretical and
experimental results the mechanism of increasing polarization screening due to increasing
cluster size could be con rmed.

Additionally, two other factors are noteworthy: The increased number of accessible ICD -
nal states is not only due to the energetic shifts, but also due to an increasing number of
neighboring water units for water centers in a larger cluster. For instance, theoretical results
on rare gas clusters predict a drastic decrease of the ICD lifetime with increasing system
size[30, 114]. In water, which can be at most fourfold coordinated, the number of neigh-
boring molecules in the network reaches an average of 3.2 bonds per molecule for water
clusters up to 21 molecules [115], which would lessen the effect of the number of neighbors
compared to rare gas clusters.

Finally, with increasing system size the hydrogen bond length decreases. Diffraction exper-
iments showed a O-O distance of 2.8 A between water molecules in bulk water in contrast
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to 2.9 A in the water dimer [116]. This should in principle lead to a faster ICD process due to
larger orbital overlap and faster proton transfer as well. Fano-Cl calculations for the dimer
with reduced O-O distance however did not result in changes in the ICD lifetimes within
the error of the method [111].

The combination of these three effects is what has been observed experimentally in the size
dependence of the ICD ef ciency. However, a quanti cation of the degree as to which the
individual mechanisms in uence the ef ciency is not possible at this point and would re-
quire further studies.

An intriguing follow-up experiment on ICD in water would be the observation of said pro-
cess in liquid water. The respective experiments require the combination of the coincident
electron detection scheme of a magnetic bottle spectrometer with the liquid microjet[117].
First attempts on this combination have been published in reference [73] and will be further
discussed in chapters 5 and 6.

In conclusion, it was unambiguously demonstrated that the ef ciency of ICD in water clus-
ters after inner-valence ionization is substantially lower than unity, contrary to the results
observed in Ney, which is isoelectronic to water. Comprehensive calculations of the water
dimer suggest proton transfer dynamics between neighboring water molecules as a com-
peting mechanism, taking place within a few femtoseconds after ionization. This scenario
involving nuclear dynamics is supported by experimental results with isotopically substi-
tuted water clusters (D ,0)n. Combination of coincident electron spectroscopy and ab initio
molecular dynamics simulation further allows an estimation of the ICD lifetime in small
water clusters, putting it in the range of 12 to 52fs. Explicit lifetime calculations with the
Fano-CI method are consistent with these values. Additionally, size dependent measure-
ments show that the ICD ef ciency increases for larger water clusters.

4.1.2 Inner Valence ICD Ef ciency in Mixed Clusters

With the rst observation of ICD in inner-valence ionized water dimers and medium-
sized to larger clusters by Jahnke et al.[11] and Mucke et al.[12] the non-local autoioniza-
tion mechanism could be established as a possible source for radiation damage due to the
production of slow electrons. These slow electrons are highly reactive and, within a bi-
ological environment, lead to the deterioration of organic molecules[13]. In a biological
environment, such as human tissue, a variety of molecules is in close proximity to water, as
it makes up on average 60 % of the human body [14]. While biologically relevant molecules
are typically rather complex, their attractive interaction with the surrounding water is usu-
ally dominated by hydrogen bonding with their functional groups. Therefore, a rst at-
tempt to estimate the relevance of ICD in aqueous biosystems was performed by Stoychev
and co-workers[118] by calculation of a hydrogen-bonded dimer consisting of water and
small molecules, mimicking functional groups common to biomolecules. Their selection
contained molecules such as formaldehyde, formaldimine, ammonia and hydrogen sul de,
so molecules containing elements C, N, O, and S which make up more than 99 % of the
mass of most cells[119]. The results of high precision ab initio calculations of the single- and
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double-ionization spectra of the respective complexes show that the non-local electronic re-
laxation process after inner-valence ionization is possible in all systems.

In the following section, the theoretical results for the water-formaldehyde dimer will brie y

be summarized [118]. This theoretical investigation has no direct connection to this thesis.
However, it suggested the binary system of water and formaldehyde (H ,O0 HCHO) as a
viable example for experiments on inner valence ICD in a heteromolecular environment.
The formaldehyde molecule represents the simplest example of a carbonyl group, one of
the most abundant functional groups in organic molecules. Stoychev et al.used high level
ab initio methods to optimize the geometry of the dimer and further calculated the respec-
tive single and double ionization spectra. These spectra are displayed in gure 4.12. The

(A)H20  H0 (B)H,O HCHO

Figure 4.12: (a) and (b) are the computed single and double ionization spectra of
H,O Hy0and H,O HCHO in their equilibrium geometry. (c) shows the kinetig en-
ergy distribtion of ICD electrons. The colors in (b) indicate different kind of dicationic states
with the 1h1h states depicted in blue and the 2h states in green (H,0%* H-0) and red
(H,O HCHO 2"). Taken from ref. [118].

gure is divided in two parts: (A) on the left displays the results for the water dimer as an
established benchmark and (B) on the right displays the corresponding single and double
ionization spectra (a and b) of the water-formaldehyde dimer in its ground state equilibrium
geometry; (c) depicts the kinetic energy spectrum of the secondary electron. The situation in
the water dimer (A) is the same as discussed in detail in section 4.1.1 but in this case different
ab initio methods were used without incorporating nuclear dynamics. In the single ioniza-
tion spectrum (a) the green and red lines correspond to the 2 & inner valence state of O 2s
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character at around 32 eV. The blue lines in the double ionization spectrum (b) were assigned
to dicationic states of 1h1lh character i.e., the two charges are separated. Noticeably, the rst
doubly ionized state at 28.3 eV is lower in energy than the inner valence state, hence the ICD
channel is open. The ICD electron distribution in (c) is obtained as the energy difference
between the singly ionized inner valence states and the 1hlh nal states convoluted with
a Gaussian function to account for vibrational broadening of the individual lines. Figure
4.12(B) analogously shows the same type of spectra for the water-formaldehyde dimer. The
inner valence state is broadened and contains contributions of both molecules' O 2 s-type
orbitals, marked by the green and red arrows. Again, the double ionization spectrum (b)
shows that the onset of double ionization is below the singly ionized inner valence states.
However, while the majority of dicationic nal states are of 1h1h character (blue), one 2h
nal state with both charges located on the formaldehyde entity is lower than its respec-
tive O2s 1 state. The electronic relaxation processes after initial inner-valence ionization
based on the energetics of the singly and doubly ionized states are summarized in table 4.3.
As elaborated in section 4.1.1 for the water dimer, the only accessible electronic relaxation

Table 4.3: Possible inter- and intramolecular decay modes of the inner-valence ionized
states of the HbLO H,O0 and H,O HCHO dimers. Process with low probability. 1A
refers to an intramolecular autoionization process. Taken from ref. [118].

H-bonded system open relaxation channels energy range
(p-donor  p-acceptor) p-donor p-acceptor products of decay of emitted e (eV)

H,O H»0 ICD H,0*/H ,0* 0-10
ICD H,O H,0% 0-11

H,O HCHO ICD H ,O*/HCHO * 0-8
ETMD H,O HCHO? 0

IA H,O HCHO? 0-4

ICD H,O*/HCHO * 0-10

process is ICD, which is, however, affected by photoinduced proton transfer dynamics. The
process is allowed for both water units in the dimer, the proton-donor and -acceptor. The ac-
cessible electronic relaxation channels in the water-formaldehyde dimer are, however, more
diverse.

In the hetero-molecular dimer both entities can be distinguished, with the water molecule
acting as the proton-donor and formaldehyde the proton acceptor. lonization of the wa-
ter unit, analogous to the pure water dimer, allows for the electronic relaxation into the
H,O* HCHO* nal state corresponding to the ICD process. Additionally, due to the
existence of the H,O HCHO2* doubly ionized state electron-transfer mediated decay
(ETMD) is also energetically possible, leading to emission of a secondary electron of close
to zero eV kinetic energy. This process, however, has a low probability in this system. The
processes subsequent to inner-valence ionization of the water unit can be written in short as:
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Step 1: inner-valence ionization of the proton donor

hn

H,O HCHO! ™ H,0*(2a,') HCHO +e_ (4.7)

Step 2.1: intermolecular Coulombic decay (ICD) including the Coulomb explosion
H,O0*  HCHO!  H,0" HCHO'+ecp! HL0"+ HCHO? (4.8)
Step 2.2: electron transfer mediated decay (ETMD)
H,0" HCHO!  H,O HCHO? + egtwp (4.9)

Upon ionization of the formaldehyde unit the energetics permit ICD as well. In addition an-
other decay channel into the H,O HCHO 2* nal state is accessible. This decay is similar
to the local Auger decay after core level ionization. It is therefore denoted as intramolecular
autoionization(lA). Analogously, the processes initiated by inner-valence ionization of the
formaldehyde unit can be summarized in the following equations:

Step 1: inner-valence ionization of the proton acceptor

hn

H,O HCHO! ™ H,O0 HCHO*(02s 1)+ e, (4.10)

Step 2.1: intramolecular autoionization (IA) of the formaldehyde unit
H,O HCHO™" ! H,O HCHO? + ep (4.11)
Step 2.2: ICD and Coulomb explosion of the dimer
H,O HCHO™! H,O" HCHO® + ecp ! HO" + HCHO ™ (4.12)

Stoychev et al. suggest that these electronic relaxation processes, speci cally the non-local
decay phenomena, take place in a biochemical context in which a larger biomolecule is sur-
rounded by water. The electronic decay in this environment would proceed similarly to the
investigated dimers, with the exception of the charge separation via Coulomb explosion,
rather the local bond would be broken. Any excess energy of the nal states can potentially
be dissipated to the high number of vibrational states in a system of greater complexity, thus
leading to a 'heating' of the system. Further reactions damaging the biochemical system can
be induced by the low energy electrons (LEE) and the excited radical cations.

In the following section, experimental results on the binary system of water and formalde-
hyde will be presented. This investigation is focused on the effect of the carbonyl func-
tion on the ICD ef ciency, since it is one of the most common functional groups in organic
molecules.
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Within an experimental beamtime at the BESSY Il synchrotron radiation facility, electron-
electron coincidence experiments were performed on mixed clusters of water and formalde-
hyde at the former UE56/2-PGM1 beamline using VUV and soft X-ray radiation. Mea-
surements were performed with the setup consisting of an expansion chamber housing a
cluster source and an interaction chamber with the magnetic bottle electron time-of- ight
spectrometer described in the methods section 3.5 and references therein. Analogous to the
experiments of pure water clusters, the clusters were produced by supersonic expansion.
In this case however, the reservoir of the cluster source was lled with a volumetric 1:1
mixture of highly puri ed water and formaldehyde solution. The reservoir and nozzle of
the cluster source were heated to achieve cluster production by expanding the resulting gas
mixture into vacuum. A formaldehyde solution typically contains fair amounts of water
and very few percent methanol as stabilizer to prevent polymerization and precipitation of
paraformaldehyde. Formaldehyde is able to accept at least one hydrogen bond and is in
general soluble in water. Therefore, it was speculated that addition of formaldehyde to a
surplus of water does not drastically change the condensation behavior upon supersonic
expansion and that the cluster size estimation based on the stagnation conditions using the
scaling law by Bobbert et al.[57] is still applicable, given the inherent uncertainty of the
model. The expansion parameters were set to produce clusters of small to medium size,
comparable to the pure water clusters presented in section 4.1.1. The expansion parameters
are compiled in table 4.4 together with the estimated mean size hNi of the cluster ensemble.
Also shown is the scaled cluster size hNi /3, which is proportional to the inverse clus-

Table 4.4: Expansion parameters of the cluster source and resulting mean cluster sizeshNi .
All experiments used a conical nozzle with 80 mm smallest diameter and a 15 half opening
angle. The stagnation pressure p was derived from the vapour pressure of water at the
reservoir temperature T;. The nozzle temperature T, was set independently from T,.

Species T, (C) p(mbar) To(C) hNi hNi A b

H,O/HCHO 77.1 422 144 5 0.579
99.5 995 144 27 0.332
109 1380 144 51 0.270
123 2210 144 123 0.201

ter radius, assuming a spherical cluster shape. For the size estimation given in the table,
the stagnation pressure p of pure water was used. The vapor pressure of pure formalde-
hyde ranges between 4378 to 4420 mbar at 20C [120]. Mixtures of water and formaldehyde,
however, exhibit a vapor pressure much closer to the values of pure water. The authors
of reference [121] report a vapor pressure of 306 mbar at 70 C for a binary mixtures, which
is close to the vapor pressure of 312 mbar for pure water at the same temperature. It was
therefore assumed that stagnation pressure of pure water represents a reasonable estimate
of the expansion conditions, given the excess of water in the mixtures and the uncertainties
inherent to the scaling law.

For all clusters in the table a set of photoelectron spectra were taken focusing on the outer
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valence region, the inner valence region and the O 1s core level. The outer valence and core
level spectra were used to monitor the production of clusters and to assess the degree of con-
densation in the cluster beam, whereas the inner valence spectra, speci cally the coincident
electron spectra, were used to investigate the occurrence of electronic relaxation processes,
such as the predicted ICD, ETMD, and IA. Furthermore, in order to investigate the impact
of a heteromolecular environment on the accessible autoionization processes the ef ciency
of the decay was determined. For this purpose the ratio of coincident and non-coincident
electron detection rate given by equation 4.4 was determined, as introduced and described
in detail for the ICD ef ciency in pure water clusters (see section4.1.1).

Figure 4.13: Fitted outer valence spectrum of mixed water-formaldehyde clusters. The
spectrum was measured at hn = 62 eV and a nominal cluster size hNi = 27.

An example of an outer valence spectrum is displayed in gure 4.13 exhibiting the coex-
istence of water and formaldehyde in the molecular beam. The spectrum was recorded at
expansion conditions yielding a mean size hNi of about 27 molecules at a photon energy
of 62 eV and applying a retardation voltage of 30V to the drift tube to obtain a better en-
ergy resolution. The data was tted with multiple Gaussians and a step function, modeling
the background of inelastically scattered electrons. The number of Gaussian distributions
is based on the outer valence states expected for water and for formaldehyde as well as
two additional Gaussians describing the respective HOMO of the condensed phase. Based
on the gas phase and cluster spectra of water[59, 87] and the respective gas phase spectra
of formaldehyde[107, 122], the composition of the cluster beam can be reasonably well de-
scribed by the applied t function. In Figure 4.13 the blue shaded area is attributed to the
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signal contribution of formaldehyde molecular orbitals (MO) 2 by, 5a4, 1b, and the inner va-
lence states mostly localized at the carbon atom (in the order of increasing binding energy).
The red shaded area can be assigned to the water MO's I, and its vibrational component,
and 1b,. The purple area constitutes the overlapping 3 a; of water and 1b, of formaldehyde.
The two additional Gaussians shown as black shaded areas are assigned to formaldehyde
2b,(c) and water 1by(c). From this t a relative composition of the cluster beam can be es-
timated based on the ratio of HOMO signals of the two molecules. These compositions are
summarized in table 4.5 for all measured cluster sizes. The data suggests that there is an

Table 4.5: Chemical Composition of the cluster beam.

gas phase cluster
hNi H,O:HCHO H,0:HCHO

5 88:1 7.1:1
27 23:1 36:1
51 6:1 33:1
123 54:1 26:1

excess of water molecules in the gas phase and condensed phase of the molecular beam.
Therefore the clusters formed in the beam are assumed to resemble the amorphous water
clusters discussed in section 4.1.1 with some of the water units replaced by formaldehyde.
As a brief reminder, the parameters required to determine the ICD ef ciency are the coin-
cident and non-coincident count rates of the inner valence state (P(Epn, Eicp) and p(Eph)) ,
the degree of condensation in the cluster beam c and the detection ef ciency g(Eicp).

For the detection ef ciency g(Ecp) a value of 0.58(4) was used, which was determined for
the measurements of pure water clusters under comparable experimental settings within
the same beamtime. The stability of these settings was veri ed by determining of detection
ef ciency of Ar2p-Auger coincidences in calibration spectra of Ar gas, measured immedi-
ately following the series of water-formaldehyde clusters.

In previous experiments on pure water clusters c was determined by the ratio of cluster
HOMO signal to total HOMO signal. However, due to the strong overlap of the water clus-
ter 1b; with the gas phase 2b, of formaldehyde, O 1 score level spectra were recorded for this
purpose. A core level spectrum is shown in gure 4.14 for a mixed-cluster jet with a mean
sizehNi =27 athn=560eV and 15V retarding voltage. Two different t models were em-
ployed consisting of either three gaussians ( g.4.14(a)) and two gaussians ( g.4.14(b)) on a
step-like background. Figure 4.14(a) considers a distinct gas phase contribution of water and
formaldehyde and a strongly overlapping condensed phase peak at lower binding energy;,
whereas in g.4.14(b) the two gas phase contributions strongly overlap as well. While both
ts give qualitatively similar results, the residuals suggest a slightly better agreement for
g.4.14(a). The O 1s binding energy of the gas phase is at 539.9 eV for water and at 539.42
for formaldehyde according to reference [123]. In g.4.14(a), the apparent binding energy
(top axis) is shifted by about 300 meV, but the splitting between the two peak centers is
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Figure 4.14: Example t of the O 1s spectra to determine the degree of condensation of
the cluster jet, measured athn = 560 eV and a nominal cluster size hNi = 27. In (a) three
Gaussians are used to account for the gas phase contribution of H,O and HCHO, whereas
in (b) two Gaussians are used.

well reproduced by the t. The energy splitting between the assigned gas phase and cluster
components is comparable to the values given for pure water clusters (1.3 eV) in ref.[124].
Both tting procedures were performed for the O1 s spectra of all measured cluster sizes
ranging from 5 to 123 monomer units per cluster and were used to determine the degree of
condensation c according to eq. 4.13:

c= P(Eo 1s) cluster (4.13)

P(Eo1s)total
where p(Eo 1s)ciuster are the O 1s photoelectrons of the cluster and p(Eg 1s)tota) the total O 1s
photoelectrons of the cluster and gas phase. The resulting degrees of condensation are dis-
played in gure4.15 as a function of the mean cluster size hNi (top) and hNi 3 (bottom).
The solid and open symbols are the results of the ts employing three and two Gaussians,
respectively. Both ts give similar estimates for ¢ except for the smallest clusters of INi 5
molecules. For the calculation of the ICD ef ciency (eq. 4.4) the t results employing three
gaussians are used, due to the slightly higher t quality and their reasonable agreement with
the gas phase references. The results using two gaussians are considered as contribution to
the uncertainties of the ICD ef ciency.

Analogous to the procedures outlined in section 4.1.1 and reference [92], the coincident and
non-coincident count rates (P(Epn, Eicp) and p(Eyn)) were determined from photoelectron
spectra of the inner valence state. Example inner valence spectra are displayed in g.4.16.
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Figure 4.15: The degree of condensationc is shown as a function of mean cluster size hNi
(top axis) and hNi /3 (top axis). The solid symbols are derived from the t shown in
g.4.14(a) and open symbols correspond to g.4.14(b).

Here the inner valence photoelectron signal (a) and coincident signal integrated over an
interval of 0—5eV for gcp (b) are shown for mixed clusters with hNi = 27 recorded at
hn = 62eV and + 3.4V acceleration voltage. The states in this energy region are primar-
ily composed of the O 2s orbitals of water and formaldehyde, respectively. A Shirley-type
background was subtracted from the data as established in section 4.1.1. The solid trace in
(b) represents a Gaussian tto the coincident signal. For a quantitative comparison with the
photoelectron data (a) the t curve is corrected by the detection ef ciency g and the respec-
tive degree of condensation c. From the comparison of the coincident and non-coincident
data it is immediately obvious that the ICD ef ciency in these clusters is much lower than
unity.

This procedure has been applied to the different cluster sizes and the resulting ICD ef cien-
cies based on equation 4.4 are displayed in gure 4.17. The results for the mixed clusters
are shown as red markers. For direct comparison, the ef ciency of pure water clusters of
same or similar size is shown in black. The depicted error bars represent the standard de-
viation due to stochastic errors, taking into account contributions of the peak-background
separation and the degree of condensation in the cluster jet. It is immediately seen that
the ef ciency in mixed water-formaldehyde clusters is drastically lower for clusters of ap-
proximately 25 or more molecules. In the case of smaller clusters (hNi / 25) the ef ciency
appears to be equal to pure water clusters within the error bars. The reason behind the
large error bars for small water-formaldehyde clusters is twofold. First, the gas phase con-
tribution of formaldehyde double ionization, speci cally the leading peak associated with
an intramolecular electronic decay of the excited molecule, overlaps with the lower binding
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Figure 4.16: Inner valence photoelectron signal used to determine the ICD ef ciency. The
spectra were measured athn = 62 eV and a nominal cluster size hNi = 27. (a) shows the
intensity of photoelectrons p(&,,) in the region of the O 2 s-like inner valence states. (b)
shows the integral of P(gcp, &) over an interval of 0—5eV for g¢p. The solid trace in (b)
is a tto the coincident data. For comparison with the undiscriminated data, the curve is
multiplied by the inverse of the detection ef ciency g(Ecp) and by the inverse degree of
condensation ¢, with values of 0.58(4) and 0.40(3) in this example; the result is shown in (a)
(solid trace).

energies of the ICD relevant inner valence region [125]. This overlap complicates the deter-
mination of the background. Second, the two applied t models for the degree of condensa-
tion c(see g.4.15) gave varying results. It is reasonable to assume that the total error of the
ef ciency is greater when considering sources of systematic errors which would be common
to all data points. As shown for pure water clusters, the separation of non-coincident and
coincident inner valence signal from the background considerably affects the experimental
error of the ef ciency (see section 4.1.1). Another source of systematic error is the estimation
of the cluster size with the scaling law of Bobbert et al[57], assuming similar cluster forma-
tion as in pure water clusters. It is possible that the formation of clusters is less ef cient in
the binary mixture and the presented sizes are slightly overestimated.

Similar to what was seen before for pure water clusters, in which ultra fast proton transfer
limits the ef ciency of the ICD process, these mixed cluster results also suggest a competing
relaxation mechanism after inner-valence ionization. With regard to what was suggested
by the theoretical results on water clusters, there are several scenarios to consider. First, the
in uence of proton transfer might be more prominent for mixed clusters. Let us assume the
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Figure 4.17: Comparison of ICD ef ciencies in pure water and water-formaldehyde clusters
as a function of cluster size hNi (top) and hNi /3 (bottom) , measured at hn = 62 eV. Error
bars shown here represent the standard deviation due to stochastic errors.

dimer situation presented by Stoychev et al[118] with water as proton donor and formalde-
hyde as proton acceptor. Undergoing proton transfer after inner-valence ionization might
drastically change the electronic structure, potentially leading to a geometry in which ICD is
not allowed even for small geometry changes. Previous theoretical studies investigated the
molecular interactions of small formaldehyde-water clusters in order to describe the solvent
effects on the carbonyl group in an aqueous environment. The structures of lowest energy
indicated the hydrogen bonding between water (donor) and formaldehyde (acceptor) as the
favorable interaction between the two[126, 127]. Similar hydrogen bonding behavior was
found in calculations on microsolvated clusters of formic acid [128]. Experimental results
are limited to matrix isolation IR spectroscopic measurements on the water-formaldehyde
dimer, but also these investigations corroborate the hydrogen bonding interaction between
the two molecules[129, 130]. Therefore, it is likely that changes in the hydrogen bonding
interaction, and suspectedly proton transfer dynamics, play a crucial role in the lower au-
toionization ef ciency. Second, the in uence of other deexcitation processes might be more
pronounced. As was seen in the calculated potential energy curves for the water dimer,
the ICD relevant states were embedded in a high number of states. While the formalde-
hyde molecule is only slightly bigger in size, the complexity of the potential energy curves
for the mixed system might be noticeably increased. The extended gas phase spectrum of
formaldehyde already shows a signi cant number of peaks [125]. A third mechanism to in-
uence the ICD ef ciency in mixed clusters might be uorescence. For example, in gaseous
formaldehyde uorescence as well as photodissociation has been observed after photoexci-
tation with VUV light[131]. Such a radiative decay is unlikely to affect the autoionization, as
both processes take place at different time-scales, but nevertheless it should be mentioned
for completeness.
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So, what is the consequence of this investigation? In principle, inner valence ICD, which
is acknowledged as a source of radiation damage, could be experimentally observed in the
binary model system of water and formaldehyde, mimicking the interaction of water with
the carbonyl groups of larger organic molecules in a heterogeneous environment. While
this emphasizes the universality of this non-local electronic relaxation process, the decay ef-
ciency is decisive for its relevance in radiation damage. A comparison of the ICD ef ciency
in mixed clusters with that of pure water clusters showed a signi cant decrease of the ef -
ciency in the binary system. As hydrogen bonding is the favorable interaction between the
two molecules, the decay ef ciency is likely limited by proton transfer dynamics induced
by the initial photoionization. In pure water it was shown, that moderate geometry changes
along the proton transfer coordinate of the system lead to the ICD channel being energet-
ically closed (see section4.1.1). For the water-carbonyl interaction seemingly even smaller
geometry changes might prohibit this process. In that sense, the proton transfer potentially
averts the production of highly reactive low energy electrons in the immediate vicinity of a
carbonyl containing compound.
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4.2 Proton Transfer Mediated Charge Separation

The content of the following section is part of a collaboration with the research group of
Olle Bjérneholm at the Uppsala University, Sweden. As such, the presented results are part
of the recently published Doctoral thesis of Clara-Magdalena Saak [132].

The research compiled in section4.2.1 was initiated by the supervisor of this thesis, Uwe
Hergenhahn, and me, and the respective experiments were conducted with the support of
Clara-Magdalena Saak. Also the data analysis was performed by myself.

As for the results of section 4.2.2, the scienti ¢ project was initiated, proposed, designed and
conducted by Clara-Magdalena Saak and myself based on our mutual interest in physical
chemistry, speci cally intermolecular interactions in water and photoelectron spectroscopy.
The data analysis shown here was carried out by Clara-Magdalena Saak and the results were
interpreted in close colaboration between the two of us.

While in Clara-Magdalena Saak's thesis [132] the overall focus lies on the reaction of the hy-
drogen bond network in water towards inorganic ions as well as organic molecules in an
atmospheric chemistry context, the work presented in this thesis is motivated by gaining
a general understanding of non-local electronic decay phenomena in a molecular environ-
ment.

As of now the discussion of non-local autoionization phenomena in hydrogen bonded sys-
tems was focused on electronic relaxation processes induced by inner-valence photoioniza-
tion. In the following sections, the emphasis lies on the accessible electronic decay processes
subsequent to core level ionization. Complementary to the previous analysis on ICD after
2a; photoionization of water clusters, in which nuclear dynamics along the hydrogen bond
coordinate within the lifetime of the inner-valence excited state could be identi ed as key
result, in this section a particular focus lies on the in uence of hydrogen bonding on the
decay mechanisms.

Typically, in an atomic or molecular system the resonant photoexcitation or photoioniza-
tion of a core level will leave the system in a highly excited state, which can either relax
radiatively * or dissipate its excess energy by emission of a high energy electron in a core-
valence-valena&VV) Auger decay [5]. The Auger process is very well established [133], but
was up until the 60s/70s mostly investigated in surface science as a tool to identify the ele-
mental composition of a material's surface [134]. With the advent of high resolution electron
analysers and the ESCA technique [23], molecular species could be investigated, exploiting
the sensitivity of Auger spectra to the individual chemical environment. Among the rst
molecules gas phase water was studied [135, 136]. Figure 4.18 exemplarily shows the Auger
electron spectrum (AES) of water vapor, speci cally the gaseous phase surrounding a water
liquid jet, as a red trace. The AES of the liquid jet vapor phase is congruous with the molec-
ular spectra reported by the groups of Moddemann [135] and Siegbahn[136]. The leading

4Radiative decay by release of a X-ray photon is a process of low probability for lighter elements with atomic
number Z < 40([3].
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Figure 4.18: Auger electron spectra (AES) of water vapor and a water liquid jet.

peak in the molecular AES corresponds to decay of the O 1s core hole by lling the vacancy
with an outer valence electron and concerted emission of a second outer valence electron.
The label ov, 2 denotes the molecular nal states of 1b ; # and 3a, *1b, * con guration, which
are close in energy. The signatures of lower kinetic energy amount to the progression of
two-hole nal states comprised by the combination of outer and inner valence orbitals of
the water molecule i.e., 1bs, 33, 1by, and 2a;.

In addition, g. 4.18 shows the condensed phase AES of a water liquid jet as black trace.
Upon comparing the two traces a strong vapor phase contribution is obvious in the liquid
jet spectrum®. The leading peak of the liquid phase is labeled as ov“q2 and it is well sepa-
rated from the molecular high energy peak by about 4.8 eV kinetic energy which is in line
with the observations in references[124] and [138]. The shift and signi cant broadening of
the liquid phase peak is a result of polarization screening[139], which describes the stabi-
lization of the nal state hole by the electron density of the surrounding molecules. The
liquid water AES displays an additional shoulder at the high energy ank of the ov”q2 peak.
In a carefully conducted comparison of the AES of molecular water and different sized wa-
ter clusters Ohrwall and co-workers could assign this additional intensity to the emergence
of delocalized doubly charged nal states in the condensed phase [124]. These delocalized
contributions to the condensed phase AES were more thoroughly investigated by Thirmer
et al. for liquid water by experimental and theoretical methods [18]. The authors measured
the AES of a liquid jet containing normal water (H ,0) and heavy water (D ,0O) and could

5The spectra were taken at the UE52-SGM beamline [137] employing the SOL3 end station[76], in which
the interaction region of the liquid jet with synchrotron radiation is approximately 15 cm behind the beamline
focus. This geometry results in a much bigger spot size, much larger than the 30mm size of the liquid jet.
The photoelectron spectra recorded under these conditions naturally exhibit a rather noticeable vapor phase
contribution.
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identify a distinct isotope effect in the high energy ank of the AES associated with delocal-
ized nal states. Due to the isotope effect Thirmer and co-workers concluded that the Auger
electron distribution in liquid water is affected by nuclear dynamics taking place within the
short lifetime of the O 1s core-hole of ~ 4fs[140]. This interpretation was corroborated by
calculations of the dynamics following core-ionization of a water dimer. These calculations
unambiguously identi ed the O-H distance as the crucial coordinate of the potential energy
surface of said dynamics. As a descriptive example, a replication of the experimental re-
sults in reference [18] is shown in gure 4.19. The Figure displays the AES of liquid water

Figure 4.19: (a) exemplarily shows the isotope effect in the AES of liquid H ,O and D,0. (b)
displays the (H >0 - D,0) difference spectrum.

after carefully subtracting the gas phase contribution. The black solid trace corresponds to
normal water H ,O and the red trace is the spectrum of heavy water D ,0 at identical condi-
tions. At rst glance, there is a noticeable difference between the two spectra visible in the
leading peak of the AES. In the spectrum of normal water the high kinetic energy shoulder,
associated with delocalized nal states, exhibits a higher intensity and in deuterated water
the most intense peak around 500 eV kinetic energy has higher intensity than normal water.
This isotope effect is more apparent in the black solid trace in (b), which is obtained as the
difference of the two spectra (H,O D,0).

In reference [18] the character of the dicationic nal states resulting in the autoionization
process were thoroughly investigated, identifying two distinct mechanisms contributing to
the spectral signature. The rst process is the Auger decay. The second process is the re-
lated intermolecular Coulombic decay (ICD) in which the initial core vacancy is lled by a
local valence electron but the energy gained by this transition is transferred to a neighboring
molecule from where a second valence electron is emitted. Consequently the two processes
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lead to two different dicationic nal states:

Auger decay following core ionization

H,O H»O " H 20" H>0 + ey H,02%" H20 + eauger (4.14)

Intermolecular Coulombic decay following core ionization

hn

H,O H,0! H,O* H-0 + e H,O* H,0" + ecp (4.15)

The equations 4.14 and 4.15 illustrate the X-ray induced processes in a water dimer at ener-
gies capable to photoionize a core electron. The water dimer is used here as a proxy for the
condensed phase encountered in the liquid jet experiments, since the dimer is the smallest
unit of interacting molecules. Evidently, in the two equations the two positive charges in the
nal states are differently distributed. While the vacancies are localized on the initially ion-
ized site in the case of the Auger decay, for ICD the holes are delocalized over two separate
water units. This charge separation leads to the emission of secondary electrons of higher
excess energy i.e., the non-local ICD process contributes to the intensity of the high kinetic
energy ank of the AES.

Unlike in the case of ICD after inner-valence ionization, in which the decay pathway is open

if the binding energy of the inner valence state exceeds the double ionization threshold, the
non-local ICD process is always open in the case of core level excitation or ionization, but
is in direct competition to the local Auger decay. Since the ICD process requires two water
molecules in close proximity, the Auger decay supposedly is the dominating decay mech-
anism, although the branching ratio between the two is not clear. However, the relative
probabilities of the decay processes should not depend on the isotopic substitution. The fact
that the two liquid jet spectra of normal and heavy water show a signi cant isotope effect
under otherwise identical experimental conditions suggest that signi cant nuclear dynam-
ics are taking place within the short life time of the core-excited state.

A detailed computational investigation of the excited state dynamics of the water dimer,
speci cally along the O-H bond distance, was able to describe the isotope effect. The essence
of these investigations is summarized in the energy diagram in gure 4.20. Shown here is a
schematic potential energy curve of the water dimer ground state, excited state and the low-
est nal states of the Auger and ICD process as a function of the O-H distance i.e., the hydro-
gen bond coordinate. In addition the wave packets of the ground state molecular structure
are shown in red for the normal (protonated) water and blue for the heavy (deuterated) wa-
ter dimer. In the experiment, this wave packet is vertically promoted into the core-excited
state by absorption of a photon hn indicated by the green arrow. The nature of the excited
state is de ned by having one hole in the O 1s level (1h ¢15). Unlike for the non-interacting
water molecule in the gas phase, where the O 1s ! state is not dissociative [140], in the con-
densed phase the same state is in fact dissociative i.e., the wave packet will follow the slope
of the potential curve. The 1hgs excited state can relax via Auger decay or ICD into the
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Figure 4.20: Energy diagram of the PTM-CS process adapted from ref. [18]

doubly charged nal states 2h ayger Or 1hlhicp, which could be distinguished by analysing
the hole locations of all calculated nal states ®. From the transitions indicated with black
arrows labeled “ICD” and “Auger” it is immediately clear that around the ground state ge-
ometry of the water dimer the excess energy of the emitted Auger electron is lower than
that of the ICD electron — 500 and 510 eV, respectively. However, a signi cant proportion
of the excited state wave packet will travel along the O-H bond coordinate within the O 1s
core hole lifetime of  4fs before the system relaxes. As clearly visible, the doubly charged
nal states are also dependent of the O-H bond coordinate. While the potential curve of
the Auger nal states shows a steep dissociative slope the ICD nal states are relatively at.
With increasing O-H distance the nal states become closer in energy. Transitions occuring
at greater O-H distance will result in secondary electrons of higher kinetic energy i.e., higher
signal intensity on the high kinetic energy ank of the AES. Now considering the H ,0 and
D,0 dimers, statistically the excited state wave packet of the lighter isotope will travel fur-
ther along the O-H bond coordinate than the heavier analog before it relaxes into the nal
state, thus leading to the isotope effect in the spectra. The nal states at larger O-H distance
are of 1hlh character as the positive charges can be separated along the O-H bond. The
equations 4.14 and 4.15 can be reformulated to include the photoinduced nuclear dynamics:

Auger decay with nuclear dynamics

H,O H,O ™ HO  H* H,0+e, HO* H* H0+enger (4.16)

6In the energy diagram only the 2h and 1h1h nal states of lowest energy are depicted. For a complete picture
it is referred to reference [18] and the corresponding supporting information.
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Intermolecular Coulombic decay with nuclear dynamics

hn

H,O H,0! HO H*  HO+ e, HO H* HYO"+ e (4.17)

The species HO H* H,0O formed upon photoionization is a Zundel-like cationic ex-
cited state [141] in which the positive charge can be considered as located on the proton tak-
ing part in a hydrogen bond between the two water molecules. As the proton moves along
the O-H bond coordinate it separates the positive charge from its molecular origin. The
isotope effect observed in the O 1s autoionization spectrum of liquid water was therefore
termed proton-transfer mediated charge separa{iemM-CS). The name suggests that PTM-CS
is a general process to be observed in a hydrogen bonded network in which a proton trans-
fer can take place. This was further underpinned in two follow-up publications focusing on
agueous solutions of hydrogen peroxide [142] and ammonium salts[113] as well as in the-
oretical investigations of the water pentamer[99]. Additionally, in two recent publications
describing the systematic investigation of the Auger spectra of different solvent clusters of
water, methanol and dimethyl ether, and on liquid methanol, it was unambiguously demon-
strated that the PTM-CS is a signature exclusive to hydrogen bonded systems[143, 144].
As the overarching theme of this work is the experimental investigation of non-local au-
toionization processes in a hydrogen bonded environment, speci cally in water, it should
be clari ed how to t the PTM-CS process into the collection of related electronic decay
mechanisms, namely the Auger decay, ICD and ETMD. As previously mentioned, in the
case of core level photoionization the relaxation via Auger decay, ICD and also ETMD is
energetically feasible, therefore all processes can be expected to contribute to the AES. Since
the Auger decay is a local decay mechanism which only involves one molecular site it is
the process with the largest decay amplitude i.e., the highest probability. The other two
processes are non-local, involving two or three weakly interacting molecular sites in close
proximity. It was shown that the non-local processes ICD and ETMD have comparable de-
cay probability [99]. The PTM-CS process, which essentially describes the in uence of ultra
fast nuclear dynamics on the charge separation on the nal state energy, is predominantly
dependent on the Auger nal states, as the other two process are already of non-local char-
acter and their potential energy curves are relatively at. In other words, the PTM-CS is a
property of the hydrogen bond network in the core-excited state, which leads to an isotope
effect in the Auger decay.

In the work compiled in this thesis, the generality of the PTM-CS process was further veri-
ed and tested for its possibility to be used as a spectroscopic tool to investigate hydrogen
bonding in different systems. For this purpose two different sets of experiments were per-
formed. In the following sections 4.2.1 and 4.2.2 these experiments are brie y introduced
followed by a comprehensive discussion of the results.
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4.2.1 Proton Transfer Mediated Charge Separation in Amorphous Ice

Water in its metastable glassy phase is likely the most prevalent form of water in the uni-
verse e.g., in cosmic dust particles and bulk material of comets[145]. This form of water is
also called amorphous solid wat§ASW) as it lacks long range order, resembling the structure
of liquid water[146]. In laboratory experiments ASW can be formed by vapor deposition
onto a substrate at T < 130K. The thereby produced amorphous ice layers are often used as
a model for liquid and supercooled liquid water in the controlled environment of a surface
science experiment [147]. These experiments cover a wide rang of scienti ¢ subjects, for ex-
ample fundamental properties and transitions in the complex phase diagram of water [148,
149]. Further examples are reactions of molecules adsorbed on ice surfaces[145, 150, 151],
and solvation dynamics of charged particles in water, respectively, at water/metal and wa-
ter/metal oxide interfaces [152, 153]. In ASW the degrees of freedom of the water molecules,
speci cally the position of the oxygen atoms, are reduced compared to liquid water due to
the cryogenic temperatures, however the hydrogen bond network is regarded as intact. The
strong similarities between liquid water and its proxy suggest that photoinduced processes
connected to the hydrogen bond network are also in place in ASW. Therefore, it was at-
tempted to investigate the AES of amorphous water ice surfaces and compare the results
with the recent ndings on PTM-CS in the AES of liquid water.

The experiments were carried out at the BESSY Il synchroton radiation facility using the
CoESCA endstation, which was described in section 3.5, at the UE52-PGM soft X-ray beam-
line. The setup hosts two ArTOF electron analyzers, of which predominantly the Scienta
ArTOF2-EW analyzer with an angular acceptance of 56 was used to ensure a high electron
collection ef ciency. The beamtimes took place during multi bunch operation mode of the
BESSY Il storage ring and the pulsed light required for the operation of the ArTOF spectrom-
eter was produced using the pulse picking by resonant excitation (PPRE) scheme, yielding
an effective quasi-single bunch operation mode with a repetition rate of 1.25 MHz [79]. This
procedure strongly reduces the overall available photon ux to about 0.5% of the multi
bunch ux, which is bene cial for electron spectroscopic experiments on radiation sensitive
or insulating materials like ice Ims.

Ice samples were prepared on a Au(111) single crystal using the dosing system speci cally
set up for the experiments at the COESCA end station. Initially, the Au crystal was cleaned
by several cycles of Ar sputtering and annealing until no carbon could be observed in the
core level spectra. The Au sample served as a well de ned substrate, which could be tem-
perature controlled using a liquid nitrogen cryostat. Subsequently, the ice Ims were pro-
duced with established surface science methods described in detail in[154] and [155] and
references therein. Brie y, the crystal was cooled to about 98 K and H ,O/D ,0, which was
previously puri ed in freeze-pump-thaw cycles, was dosed with the pinhole doser directly
onto the single crystal for 5min. The pressure in the reservoir of the dosing system was
stabilized to about 3 mbar. This procedure resulted in thick ice Ims, which was veri ed

by the absence of an Au 4f photoelectron signal from the substrate. The actual coverage of
the produced Ims could not be determined, as the geometry of the chamber and the time
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alloted for the experiments did not allow for a characterization by temperature controlled
desorption (TPD)[156]. However, the preparation procedure was unchanged for the en-
tirety of the project giving consistent photoelectron and Auger electron spectra, therefore it
was concluded that the prepared ice layers were suf ciently thick to decouple the ice surface
from the metal substrate.

An essential difference between photoelectron spectroscopic experiments on ASW and the
ones performed on the liquid jet is that the ice layers form a stationary sample in contrast to
the steadily replenished surface of the jet. Water, or ice, is an insulator and sample charging
has been noted very early in its investigation by photoelectron spectroscopy [157, 158]. It
leads to a reduction in electron kinetic energy, or an increase in apparent binding energy,
due to the buildup of positive charge at the irradiated surface. This is consistent with nd-
ings reported by Moon and Kang[159]. In their experiments on ASW and crystalline ice
surfaces they observed the production of long-lived (minutes to hours) H 30" complexes as
the product of the irradiation with UV light. In the experiments conducted at the COESCA
endstation the effect of sample charging could be observed in the core level spectra. With the
ef cient data acquisition by the ArTOF it was possible to quantify the buildup of the surface
charge as a function of time. For this purpose the O 1s spectra of ASW were recorded in xed
mode before and after each series of Auger spectra. In all cases, a single O 1s photoline was
observed. From these measurements the center-of-gravity of the photoline was determined
for time intervals of 10 s length. The resulting evolution of the core level shift as a function
of experimental time is shown in gure 4.21. The relative core level shift is de ned as the
displacement of the O 1s peak at a distinct time increment of the overall experimental time,

Figure 4.21: Relative kinetic energy of the O 1s photoelectron line of amorphous ice during
soft X-ray irradiation at hn = 700 eV as a function of irradiation time.
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with the starting value being the rst 10s of exposure. The zero of the time axis was de-
termined with an accuracy of a few seconds by opening the beam shutter at the start of the
data acquisition. It essentially marks the rsttime the ice Im is irradiated with synchrotron
light. As a function of time, the shift develops as a negative exponential converging to a
plateau at values between 0.5and 0.9eV. The O 1s shift can be fully reversed by halting
the irradiation for some minutes or choosing a fresh sample spot. Results in g. 4.21 have
been acquired on three different days of the same beamtime and two different substrates,
an amorphous Cu plate ” and the Au(111) single crystal. Regarding the spread in the mag-
nitude of the core level shift, there are two possible explanations. One of them is the photon
ux, which is sensitive to the PPRE and beamline settings. The second explanation rests in
the unknown thickness or exact morphology of the ice Ims. For instance, a slightly thin-
nerice Im most likely leads to a less pronounced shift upon continuous irradiation, as the
coupling between the charged surface and the metal substrate might be stronger enabling a
more effective charge transport. For all core level spectra that were evaluated no appreciable
change in the spectral shape or width was found. From this it is assumed that charging of
the sample is the dominant effect produced by the irradiation, and that actual X-ray induced
chemical transformation probably requires higher radiation doses to become observable in
the photoelectron signal.

After characterization of the surface charging the main focus was on the Auger electron
spectrum of H,O-ASW and its deuterated analog. AES of the two different ice layers are
shown in gure 4.22. Both spectra were recorded under equivalent experimental conditions
at a photon energy of 700 eV in swept mode using a step size of 0.5eV and are comprised
of several sweeps. Within this accuracy, no energy shift between the sweeps was observed.
Therefore, charging of the amorphous ice layers was not expected to affect the comparison of
the two isotopologues. In g 4.22(a) the black trace corresponds to the AES of H ,0O-ice and
the red trace to D,O-ice. The spectrum of normal ASW compares well with an early publi-
cation of Coulman and co-workers[160]. However, no isotope effect was reported therein.
The two traces were normalised to equal area to enable comparison, a procedure which was
introduced in the work of Thirmer et al.[18]. Upon comparing the two traces in (a) a sig-
ni cant surplus of intensity is observed in the high kinetic energy ank of the spectrum in
H,0O-ASW compared to D ,0-ASW, analogous to the observations for liquid water[18]. The
isotope effect between the spectra is better visible in the (H,O D,0) difference spectrum in
g. 4.22(b). As the overall intensity is normalized, the difference trace essentially shows the
redistribution of AES intensity due to the isotopic substitution. Positive values in the dif-
ference trace refer to a higher electron intensity of the normal ASW and indicates a higher
degree of photoinduced charge separation in the PTM-CS process i.e., a higher number of
delocalized states has been populated. Whereas negative values correspond to higher inten-
sity in the deuterated ASW and indicate a higher propensity of decay processes close to the
ground state geometry. This demonstrates that the proton transfer is active under cryogenic
conditions in amorphous ice, similar to the results reported for liquid water.

"The Cu plate was used as dummy sample to test the cryostat and the dosing equipment, which were in-
stalled immediately before the beamtime, while the Au(111) sample was cleaned in a separate preparation
chamber.
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Figure 4.22: (a) shows the AES of amorphous H,O-ice and D,0O-ice showing an isotope
effect. (b) displays the (H,0 - D,0) difference spectrum, the PTM-CS signature.

The following paragraph is an attempt to put the results of this study into perspective and
give an outlook on possible follow-up experiments. The sensitivity of the Auger spectral
shape on the geometrical arrangement of the molecules' surrounding the ionized center has
been targeted in ref.[99]. It can be inferred that Auger spectroscopy, more speci cally the
observation of the PTM-CS feature, might be a new handle to elucidate information about
differences in the local structure between different modi cations of ice. The most obvious
example would be the comparison of amorphous and crystalline | |, ice. Considering the ge-
ometries of the two phases, one would expect an increase of the PTM-CS signature in the
crystalline hexagonal form of ice due to the highly directional character of the hydrogen
bond. In the I lattice every water molecule takes part in four hydrogen bonds. Whereas
in amorphous ice, which is considered to have a geometry closer to the uctuating hydro-
gen bond network in liquid water, the average number of hydrogen bonds is < 4, due to
hydrogen bond defects such as dangling O-H bonds. In the context of this project studies
on crystalline ice produced by annealing an amorphous Im[161] were indeed attempted.
They were, however, unsuccessful.

The resemblance of the recorded PTM-CS signature with the results initially reported by
Thurmer et al.[18] can be regarded as an argument for using amorphous ice as a model
system to study the properties of liquid water in a controlled surface science experiment.
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4.2.2 Proton Transfer Mediated Charge Separation in Mixtures of Water and Or-
ganic Solvents

Based on the observation of PTM-CS in amorphous ice and aqueous solutions[18, 113,
142], it was speculated whether the PTM-CS signature could be used as a spectroscopic tool
to investigate the hydrogen bond network of agueous mixtures of organic solvents. Water
has a number of unique properties which have been traced to its ability to form hydrogen
bonds. The hydrogen bond in itself is de ned as a weak interaction (see sections 3.3 and
2.4). Within a hydrogen bond network, however, the high number of hydrogen bonds en-
ables strong intermolecular interactions. In liquid water, these hydrogen bond interactions
are constantly formed and broken on an ultrafast timescale. The average lifetime of a hy-
drogen bond in water is 1.4 ps[162]. Therefore the intermolecular network can be regarded
as highly uctuating making it inherently dif cult to understand or probe its properties.
Hydrogen bonding is also essential to understand the solvation and mixing behaviour of po-
lar/protic liquids. The interaction of solutes with the liquid network can be manifold. For
instance the solute can form a strongly hydrogen bonded solvation shell with water [163],
which can indirectly strengthen or weaken the water-water hydrogen bonds [148, 164]. When
these effects are summed up, they can signi cantly affect the macroscopic properties of the
liquid, such as its viscosity [165, 166], freezing point [167, 168] or thermal properties [169].
One class of molecules known to strongly affect the macroscopic properties of water are
cryoprotectants, which are frequently used in cellular biology to preserve the integrity of
organic samples during the freezing and thawing processes necessary for cryogenic preser-
vation[170]. As hydrogen bonding predominantly governs the intermolecular interactions
in liquid water and cryoprotectants have a pronounced colligative effect on the freezing
behavior of water, their in uence on the hydrogen bond network of water should be mea-
surable.

It was initially presumed that cryoprotectant molecules hinder ice formation by disrupting
the hydrogen bond network of water and hampering the formation of the its tetrahedral
structure. It was, however, shown that water principally maintains the tetrahedral structure
even at high cryoprotectant concentrations and the changes in the hydrogen bond environ-
ment are much more subtle [171]. Glycerol, a regularly used additive in cryopreservation,
has been found to affect the structure of liquid water similar to an increase in pressure,
which also decreases its freezing point[172]. In water-glycerol mixtures, water's tetrahe-
dral structure is maintained but the distance to its second hydrogen bonded neighbor i.e.,
it second solvation shell, is decreased. So, a vital aspect to understand the effects of solutes
and co-solvents on macroscopic properties of the agueous system is the extended hydrogen
bond network rather than only the rst solvation shell.

The PTM-CS signature in the KVV-Auger spectrum of water can be regarded as a fea-
ture of its hydrogen bond network. As such, it should be inherently sensitive towards
changes in said network. In order to test this hypothesis and contribute to the discus-
sion about solute-induced structural change in liquid water, electron spectroscopic exper-
iments were performed on mixtures of water and two frequently used cryoproctectants,
glycerol (C3HgO3)[173] and dimethyl sulfoxide ( (CHsz)2SO, DMSO)[174]. Their respective
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Figure 4.23: Lewis structures of the cryoprotectant molecules glycerol and DMSO.

Lewis structures are depicted in gure 4.23. Glycerol is able to form up to nine hydrogen
bonds with surrounding water molecules due to its three hydroxyl groups (-OH) [171]. The
hydroxyl group can accept two hydrogen bonds via the oxygen lone pairs and donate one
hydrogen bond itself. Whereas DMSO is not capable to donate a hydrogen bond, but can
accept accept two at the oxygen site [175]. Due to the different capabilities to engage in hy-
drogen bonding and results of previous work on binary mixtures[171, 175-178] of water
with glycerol and DMSO, respectively, varying impacts on the global hydrogen bond net-
work were expected, which raised the question whether this behavior is discernable in the
PTM-CS signature.

The measurements presented in this section were performed at the UE52-SGM soft X-ray
beamline [137] at the BESSY Il synchrotron facility using the mobile SOL 2 endstation, which
is speci cally designed for liquid jet photoelectron spectroscopy [76]. The sample was a lig-
uid jet of about 25 nm diameter, at a ow rate of 1 ml/min. The jet was mounted vertically

to the synchrotron plane, intersecting the soft X-ray beam ata 90 angle. The hemispherical
electron analyzer was positioned within the synchrotron plane. Electrons were detected at
90 with respect to the linear polarization of the synchrotron radation. In this setting photo-
electron spectra of pure water, water-glycerol and water-DMSO mixtures, and their deuter-
ated counterparts where measured at 600 eV photon energy. 50 mM NaCl® was added to
all solutions to avert electrokinetic charging of the jet as well as charging due to continuous
ionization. The jet was then connected to the ground of the setup via a small gold wire a
few centimetres upstream of the fused silica nozzle.

In the aforementioned setting, data sets consisting of O 1s core-level and Auger spectra were
recorded for: (i) liquid and vapor-phase water, (ii) 6 mol% glycerol in water, (iii) 11 mol%
glycerol in water, (iv) 10mol% DMSO in water and (v) 50 mol% DMSO in water. The
same measurements were repeated with the equivalent deuterated samples. The chemi-
cals D,O and DMSO were used without further puri cation  °. For the solutions with normal
water, glycerol 1% was also used without puri cation, while for the deuterated solutions it
was transformed into d3-glycerol by mixing with D ,0 in a 1:3 ratio, leading to fast pro-
ton/deuterium exchange of the glycerol's OH groups. Subsequently the residual water was
extracted using a rotary evaporator. This exchange procedure was performed three times,
resulting in d3-glycerol with 7.3 % water content (H ,O/D ,0) and 90 % deuteration, as de-
termined by NMR-spectroscopy.

8NaCl: purity > 99.8 %, Sigma Aldrich
9D,0: purity 99.8 % Atom D, Acros Organics; DMSO: purity 99.5%, Carl Roth
10glycerol: purity ~ 99.5%, Carl Roth
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The O 1s spectra were used to calibrate the binding/kinetic energy axis (see eq. 2.2 for re-
lation of the two energy axes). The calibration was done by tting the core-level spectra,
which yielded the center energy of the water O 1s. Any deviation from the literature value
of 538.1eV[179] was corrected. This calibration is typically used to determine and coun-
teract any photon energy offset of the beamline. Furthermore, this procedure also corrects
for effects of residual streaming potential [180] of the liquid jet surface, which has been ob-
served to affect the apparent binding energy [87, 181, 182]. An overview of the O 1s spectra
of all measured samples is given in gure 4.24. The spectra are aligned on the O 1s core

Figure 4.24: O 1s spectra of water-cryoprotectant mixtures

level of liquid water, indicated by the dashed vertical line. Each spectrum is composed of
the condensed phase signal between 536 to 539 eV binding energy and a gas phase peak
of evaporating water at higher binding energy. The spectral contributions of the different
condensed phase components overlap signi cantly. Especially in the case of water-glycerol
mixtures the two contributions cannot be separated. In comparison of the light and heavy
solutions e.g., H,O and D,0O, no isotope effect was observed in the O 1s spectra.

It can be immediately recognized that the vapor phase contribution to the overall signal
intensity is relatively high. This is due to the experimental geometry special to the combina-
tion of the SOL 3 endstation and the UE52-SGM beamline. The interaction region spanned by
the liquid jet, the synchrotron light and the axis of the electron analyzer is placed approxi-
mately 15 cm behind the beamline focus which results in a relatively big spot size in contrast
to the liquid jet of few tens of micrometers. Due to the nature of the liquid jet discussed in
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section 3.2, this geometry leads to a signi cant contribution of the surrounding vapor phase
in all recorded spectra.

Noticeably the water O 1s gas phase signal is shifted for every spectrum. These shifts are a
result of differences in the potential environment around the liquid jet. While the aforemen-
tioned procedure of energy calibration corrects for the effect of varying surface charges of
the liquid jet, it cannot correct for the gas phase peak as this should not be subject to surface
charge effects. However, due to the existence of the liquid jet surface in close proximity to
electrons emitted from a water molecule in the gas phase surrounding the jet, the electron
experiences a potential which is dependent on the distance to said jet surface, the streaming
potential and molecular composition of the surface i.e., the surface dipole.

The recorded Auger electron spectra contained a considerable vapor phase contribution,
similar to the O 1s spectra. Therefore, the vapor phase was carefully subtracted from all
spectra, which is justi ed as the main focus of this project was an investigation of the PTM-
CS signature i.e., the dynamics of the hydrogen bond network upon core level de-excitation,
which is a feature solely associated with the condensed state. An example of the vapor
phase subtraction is given in gure 4.25 for the Auger spectrum of pure water. Here, three

Figure 4.25:; Vapor phase subtraction from the Auger electron spectrum of a water liquid
jet. The original spectrum is displayed in the black, vapor phase spectrum in grey and the
liquid-only trace in blue.

traces are shown consisting of the raw liquid jet spectrum in black, the respective vapor
phase spectrum in grey, obtained by moving the liquid jet out of the beam, and the so-called
liquid-only trace in red. The latter is obtained by subtracting the grey trace from the raw
data. The subtraction procedure consisted of aligning the vapor phase spectrum (grey trace)
with the vapor phase contribution of the liquid jet spectrum (black trace), subsequently, the
leading vapor phase peak of the liquid jet and vapor phase spectra were tted to determine
the area ratio between the two peaks as an initial correction factor. Subsequently this factor
was manually varied to achieve a smooth low kinetic energy ank of the leading condensed
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phase peak in the range of 495 to 500 eV. The liquid-only spectra are in good agreement with
the liquid jet spectra presented in the work of Thirmer et al.[18], where the vapor phase
contribution is considerably smaller. Furthermore, the liquid-only spectra strongly resem-
ble the Auger spectra of amorphous ice depicted in the preceding section and in ref. [160].

In the following paragraphs the liquid-only Auger spectra of the different solutions will be
discussed in detail. These spectra are compiled in gure 4.26. The spectra can be partitioned

Figure 4.26: Liquid-only Auger spectra of pure water and mixtures of water with two cry-
oprotectants at different concentration. For each system, traces of the normal and deuter-
ated components were measured under identical conditions, and are compared in the
graph. All spectra have been normalised to unit area. The dashed line indicates 500 eV
KE.

into a region of higher intensity between 495—-515 eV kinetic energy and a second region of
lower intensity between 470—-495eV. In comparison with the Auger spectrum of the water
vapor/gas phase (see g.4.25) the condensed phase contributions are signi cantly broad-
ened and shifted to higher kinetic energy, due to the changes in the polarization screening
in the different intermolecular geometries encountered in the liquid phase. As emphasized
earlier, the condensed phase Auger spectra also involve non-local transitions ascribed to
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ICD and ETMD, which typically result in secondary electrons of higher kinetic energy. It is
therefore likely that the liquid-only spectra of the binary systems contain a signal contribu-
tion of the non-local processes between water and glycerol or water and dmso, respectively,
in addition to the contributions of the individual molecules. In general, all liquid spec-
tra shown in g.4.26 are very similar in appearance. The O 1s Auger spectrum of alcohol
hydroxyl groups has been reported to be very similar to water, with the most signi cant de-
viation being a shoulder at higher kinetic energy than the main line [183]. The liquid phase
O 1s Auger spectrum of methanol, as the simplest alcohol, closely resembles the spectrum
of liquid water and shows a signi cant non-local decay contribution [144].

For DMSO, so far no O 1s Auger spectrum has been reported. However, the Auger spectra
of the SO, molecule, which exhibits a chemical environment of the oxygen groups similar to
DMSO, have been described in the literature [184]. Therefore, the spectral shape of the O 1s
Auger decay of DMSO should resemble the one reported for SO 5.

The individual spectral contributions to the mixed condensed phase spectra are very broad
and strongly overlap. A separation is consequently not viable in the conventional one-
dimensional electron spectroscopic approach. It is however possible to point out changes
to the apparent main peak and the relative intensity of the non-local decay shoulder with
respect to the pure water reference spectrum. The Auger spectra of the different mixtures
show small differences from pure water, which can be attributed to an increased contri-
bution of the glycerol or DMSO component. In both regions of lower and higher kinetic
energy, the apparent maximum of the traces appears at successively higher kinetic energy
with increasing concentration of the respective organic solvent. Additionally, the high ki-
netic energy shoulder at 505 eV, corresponding to the non-local nal states, becomes less
pronounced relative to the main peak.

For all binary mixtures shown in g.4.26 measurements of the normal and deuterated species
are depicted. In every case an isotope effect is observed, suggesting that proton transfer dy-
namics take place in the core-excited state. As expected, the protonated systems show a
more pronounced signal intensity at high kinetic energy side of the main peak ( > 503 eV),
which is accompanied by a reduction of signal intensity on the lower kinetic energy side.
This effect can also be observed for the region at lower kinetic energy but of lower mag-
nitude. This isotope dependent redistribution of signal intensity is attributed to the PTM-
CS process. The PTM-CS signature supposedly enables conclusions about the ionization-
induced nuclear dynamics of the hydrogen bond environment. This signature of intensity
redistribution is most noticeable in the difference traces of the protonated and deuterated
systems displayed in gure 4.27. 4.27(a) shows the difference traces of the two glycerol so-
lutions in comparison to water. (b) analogously shows the comparison for DMSO solutions
with pure water. (c) displays the absolute values of the area described by the difference
traces normalized to the value of pure water. The numerical values of the normalized areas
are summarized in table 4.6. The isotope effect relative to water is referred to as Dp1y cs.
Error bars for Dptm cs capture the noisiness/uncertainty of the difference traces in g.
4.27(a) and (b). It was obtained by tting the normalized difference traces with four Gaus-
sians and subsequently quantifying the spread of data points around the baseline of the t
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Figure 4.27: Difference in the O 1s Auger spectra between several deuterated aqueous mix-
tures and their non-deuterated analogues. Panel (a) shows the glycerol-water mixtures,
and panel (b) the DMSO-water mixtures. In both panels, the pure water trace is shown in
dark blue. Panel (c) summarizes the relative isotope effect (Dptm cs)-

Table 4.6: Summary of sample composition and experimental results. X refers to the co-
solvent in the individual mixtures, either DMSO or glycerol, and O(X) to the oxygen atoms
of the co-solvents. The rst two columns show the composition of the mixed samples in
molar fractions of the co-solvent and the molar fraction of the number of total oxygen atoms
that are part of the co-solvent molecules. The freezing points of the mixtures were taken
from the literature [167, 168]. Dptm cs iS the relative isotope effect that we determined
experimentally. Doy is the fractional decrease of hydrogen bonds due to the loss of hy-

droxyl groups in the mixed systems, and Dg is the steric effect the apolar groups exert on
the hydrogen bond network.

System X O(X) Freezing Point Dptm cs Don  Ds
(mol%) (atom%) (O
Water 0 0 0 1 1 1
Glycerol (aq) 6 16 -6 0.82(21) 0.92 0.89
Glycerol (aq) 11 27 -12 0.72(19) 0.86 0.84
DMSO (aq) 10 10 -17 0.75(22) 0.90 0.83
DMSO (aq) 50 50 -45 0.21(15) 0.50 0.42

residual using the width s of a single Gaussian distribution. Changes in the isotope effect
are interpreted as changes in the propensity of the PTM-CS to occur i.e., overall changes in
the strength of the hydrogen bond network relative to that of liquid water.

It is clearly visible in the difference traces in g.4.27(a) and (b) that the addition of cryopro-
tecting molecules affects the magnitude of Dp1y cs. The shape of the PTM-CS signature,
however, is unaffected. For all traces the relative intensity on the high kinetic energy side
of each region, associated with the non-local transitions, is higher for the light (H) system
than for its heavy (D) equivalent. Conversely, predominantly local transitions of lower ki-
netic energy show more intensity in the deuterated solutions. In solutions of 6 and 11 mol%
glycerol, Dptm csdecreases slightly with increasing concentration of glycerol relative to the
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nominal value of 1 for pure water to a fraction of 0.82(21) and 0.72(19), respectively. In the
10 mol% DMSO solution, the reduction of Dpty csis with a value of 0.75(22) of the same
maghnitude. A more drastic change is observed at higher concentration of DMSO (50 mol%),
in which case Dpty csis decreased to 0.21(15) relative to liquid water.

The reduction of the isotope effect in the binary mixtures is most likely associated with the
reduction of possible O-H O hydrogen bonds that can be formed per oxygen site. A single
water molecule is capable to donate and accept hydrogen bonds via the two O-H groups and
the two oxygen lone pairs, respectively. The resulting maximum number of hydrogen bonds
formed by an individual water molecule in the condensed phase is four — four bonds per
molecule and per oxygen atom. The glycerol molecule contains three hydroxyl groups that
can each donate one hydrogen bond and accept two[171, 178]. In contrast, DMSO, with its
sulfoxide group S = O, is not able to donate any hydrogen bonds but can accept two [185].
From this follows that the number of hydrogen bond acceptors via the oxygen lone pairs
is greater than the number of hydrogen bond donors i.e., accessible hydroxyl groups -OH,
in the mixtures. It is therefore sensible to concentrate on the accessible hydroxyl groups to
estimate the reduction in the number of possible hydrogen bonds. The number of possible
hydrogen donor bonds in the mixed system relative to pure water can be estimated stoichio-
metrically. It is given as Doy in table 4.6. These values were calculated per average oxygen
atom, since the normalization procedure of the Auger spectra also relates the relative inten-
sity to the number of oxygen atoms in the probed volume.

For completeness, it should be addressed that even in pure liquid water the average number
of hydrogen bonds formed by an individual molecule is lower than the four possible hydro-
gen bonds, as the characteristic uctuations of hydrogen bond formation and disruption are
inherent to the liquid phase. In contrast to the uctuating disordered liquid, in the ordered
structure of hexagonal crystalline ice every water molecule is part of a rigid tetrahedral en-
vironment of hydrogen bonds.

In the framework of the applied explanatory model, the values of Dptym csand Doy should
be very close or equal if the reduced number of accessible hydrogen bonds in the binary
mixtures would predominantly be a stoichiometric effect. This is, however, not the case
as immediately discernible from table 4.6. The experimentally determined isotope effect
Dptm cs in the mixed system is stronger than the stoichiometrically predicted reduction
of accessible hydrogen bonds Doy. This indicates the contribution of additional co-solvent
induced effects acting on Dpty cs Which lead to a further reduction of the fraction of pos-
sible hydrogen bonds formed in the liquid. The reduction of Dpty csbeyond Doy is likely
caused by the disruption of the water hydrogen bond network by the introduction of the ap-
olar functional groups of the cryoprotectants. These groups, like the dimethyl sulfur groups
(-S(CHj3),) in DMSO and the hydrocarbon backbone of glycerol, disturb the formation of
hydrogen bonds and thus reduce the effective number of hydrogen bonds which can be
formed. A reduced number of effective hydrogen bonds consequently reduces the number
of oxygen sites capable to undergo the ionization induced proton transfer reaction, which
is re ected in the lowering of the observed isotope effect. The in uence of the hydrocarbon
groups can be referred to as the steric effectDg of the apolar/aprotic sites in the solution. In
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the simplest approach it can be de ned as the ratio of the observed isotope effect ( Dptm cs)
and the reduced number of possible hydrogen bonds ( Do ):

Dg = DPTM CS (4.18)
Don

In table 4.6 it can be seen that the steric effectDg is similar for lower cryoprotectant concen-
trations of 6 to 11 mol%. However, in the case of high DMSO concentration (50 mol%) Dg
reduces to 0.42.
The interpretation of Ds is not straightforward but depends on the individual mechanism
affecting the magnitude of the PTM-CS signature in the mixture. Based on the assumption
that Dptm s is proportional to the average number of hydrogen bonds per oxygen in ref-
erence to pure water, Dg can be considered as the fraction of effectively formed hydrogen
bonds. At this point it is not well known how strongly the PTM-CS effect reacts to the weak-
ening of the hydrogen bonds. It is likely that the slope of the dissociative core-excited state
(see energy diagram in g. 4.20 for graphical representation) is sensitive to the strength of
the hydrogen bond. Taking this into account, Dpty csis better described as a convolution
of the relative number of formed hydrogen bonds and the strength of said bonds. In that
sense the value of Dg indicates the steric contribution to the weakening of the hydrogen
bond network relative to the reference system of pure water.
Any co-solvent induced disorder into the system likely results from steric hindrance by
any functional groups that can not, or only weakly, engage in hydrogen bonds. The term
“steric hindrance' includes any effect that impede hydrogen bond formation by disallowing
any molecular trajectories which bring the donor and acceptor groups into spatial proxim-
ity, due to e.g. cavity formation around the apolar groups. The excluded volume of these
cavities depends on the hydrophobicity of the apolar groups. These apolar groups can ei-
ther be integrated in the hydrogen bond environment as monomers or they can form larger
agglomerate or clusters. These different molecular structure motifs can affect the overall
hydrogen bond network in different ways, making the manner in which the apolar moieties
arrange themselves in the liquid phase relevant beyond their concentration. For instance,
clustering has been observed at concentrations as low as 5mol% in mixtures of water and
glycerol [172] leading to the formation of micro-domains in the liquid phase. The lower con-
centrations measured for the binary water-cryoproctant mixtures were on the same order
of magnitude. This effect has been studied in detail for alcohols [186, 187] but is generally
present in many binary mixtures.
It is speculated that the hydrogen bond network itself drives the cluster formation by opti-
mizing its structure for water-hydroxyl interactions and excluding hydrophobic groups [171].
The reduction of hydrogen bonding due to the co-solvent is therefore smaller in the clustered
geometry compared to a homogeneous distribution of the co-solvent molecules. Conversely,
the better the interaction of a co-solvent with water i.e., its capability to from hydrogen
bonds, the smaller is the number of clusters in solution.
In the case of glycerol, it has been shown that even at only 5 mol% concentration only 40 %
of the glycerol molecules are found as monomers, with the remainder forming dimers or
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larger clusters[172]. The molecules forming these clusters maintain strong hydrogen bonds
with the surrounding water via their hydroxyl groups and arrange their hydrophobic back-
bone towards the center of the aggregates[171].

In mixtures of DMSO and water similar effects were observed. Here, complexes are formed
in which the DMSO molecules align along their S = O bond and the oxygen sites take partin
hydrogen bonds with water, whereas the hydrophobic S(CH 3), assemble together[188] in-
teracting only weakly with the surrounding water molecules[177]. In ref. [175] it was shown
that in the 10 mol% DMSO solution the majority of DMSO molecules accept one hydro-
gen bond from water. However, at the higher concentration of 50 mol% the self-interaction
between DMSO molecules dominates, leading to the formation of dimers that only inter-
act with each other via intermolecular O S interactions. These dimers or higher order
aggregates do not participate in any hydrogen bonds with water [175], but rather exclude
themselves from the aqueous phase forming DMSO clusters or domains. This domain for-
mation can therefore lead to the formation of a surface-like layer of water molecules around
the hydrophobic clusters[189, 190]. At these hydrophilic-hydrophobic phase boundaries
interfacial water molecules can form dangling -OH bonds, due to the inabillity to form hy-
drogen bonds[191, 192]. At the high DMSO concentration where self-interaction of the two
respective solvents is the dominating interaction such hydrophilic-hydrophobic interface is
formed and accompanied by a strong increase in the steric hindrance, as seen inDs.

The in uence of both co-solvent molecules on water diffusion has been studied by Schrader
et al. in the bulk liquid and on the surface of a biological membrane [193]. Schrader and
co-workers show that in solutions of up to 7.5 mol% DMSO and glycerol similarly affect the
bulk diffusivity of water. An analogous behavior at low concentration was observed for
Dprm csin the present study. Further, the authors also report that the behavior of the two
cryoprotectants diverges at the membrane surface. They suggest that glycerol and water
are more compatible i.e., glycerol can be better integrated into a hydrogen bond network,
whereas DMSO is less compatible due to its structure and its intermolecular interactions.
The results of the present investigation likely represent another facet of the difference in
intermolecular interaction between water-glycerol and, on the other hand, water-DMSO,
namely the pronounced self-interaction of DMSO at higher concentrations as also discussed
in ref. [175].

It is possible to tentatively relate the results directly to the cryoprotective properties of the
two molecules. The studied mixtures have a freezing point signi cantly lower than that
of the pure systems (see table 4.6). While it is known from the literature that most wa-
ter molecules maintain a tetrahedral hydrogen bond environment in the studied mixtures,
the experimental results are consistent with the observation of an overall weakening of the
network. It is reasonable to assume that this weakening is caused by a distortion of the ex-
tended hydrogen bond network to accommodate the apolar groups of the cryoprotectants.
In the liquid jet experiment the sample is subject to signi cant evaporative cooling. The hy-
drogen bond network probed in the Auger spectra can therefore be considered close to the
freezing point of water. Without further experiments, however, no statement can be made
about ice crystallization in water-glycerol and water-DMSO mixtures.
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In conclusion, the photoinduced proton dynamics occurring within the lifetime of the O 1s
core-excited state were employed to the hydrogen bond network of binary mixtures of wa-
ter with glycerol and DMSO — two frequently used molecules for cryopreservation. These
molecules lead to a reduction in the isotope effect observed in the O 1s Auger spectrai.e., the
PTM-CS effect, of the liquid solution relative to pure water. This reduction can be related
to an overall weakening of the hydrogen bond network formed in the liquid, which can be
attributed to a combination of two different effects:

Firstly, a reduction in the maximum possible number of hydrogen bonds that can be formed
in the system, due to the replacement of water with molecules of reduced hydrogen-bonding
ability and secondly, a so-called steric effect herein de ned as describing the disruption of
the extended hydrogen bond network by introduction of the apolar functional groups in
glycerol and DMSO. The steric effect can be thought to reduce the number and strength
of the formed hydrogen bonds. It is particularly pronounced for 50 mol% DMSO solu-
tions, since the high concentration of DMSO shifts the solution into a regime in which the
molecules preferentially self-interact to form aggregates no longer engaging in hydrogen
bonds with the water domains [175].

The presented investigation constitutes the rst time that the ultrafast PTM-CS process has
been used to systematically study the in uence of co-solvents on the global hydrogen bond
network strength in aqueous mixtures. A similarly systematic study was performed on uni-
molecular clusters of different sizes and hydrogen bonding capability [143] in preparation of
the present investigation of binary mixtures. In reference [143] the strength of the PTM-CS
signal of small and large molecular clusters was compared to the bulk liquid following the
buildup of an extended hydrogen bond network. The reported dependence on the average
system size indicates that con nement effects due to differences in surface-to-volume ratio
have a considerable impact on the overall strength of the hydrogen bond network. Fur-
thermore, it could be established that in a hydrogen bond network of methanol the PTM-CS
effect is about half as strong as in liquid water due to the substitution of a -OH function with

a methyl group. These observations are directly applicable to the binary mixtures studied in
this thesis. So it can be concluded that the non-local PTM-CS process is indeed an attractive
spectroscopic tool to investigate hydrogen bonding interactions in more complex systems
beyond water.
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Chapter 5

Double lonization and the Elusive
|ICD Signature in Liquid Water

The double ionization of atoms and molecules and the investigation of non-local elec-
tronic decay processes, such as ICD, are closely related as they are both governed by electron
correlation effects and the respective nal states are of dicationic character.

In the following section, the signatures of doubly-ionized states of the inner valence region
in the electron spectrum of water are discussed in pursuit of identifying the signature of
ICD in liquid water. For this purpose, the individual double ionization contributions were
determined starting with the non-interacting water molecule in the gas phase followed by
water clusters and the condensed phase: liquid water. As water is ubiquitous and part of nu-
merous biologically relevant processes a detailed understanding of the interaction of water
with radiation, especially ionizing radiation, is essential since the products of the interac-
tion are typically highly reactive species, such as fast and slow electrons as well as excited
ions and radicals. While the main focus of the present work is the investigation of non-local
decay phenomena in aqueous systems after initial photoexcitation it will become clear that
with increasing condensation a clear separation of double ionization and non-local decay
becomes increasingly challenging.

The double ionization of the water molecule in the gas phase has been intensively stud-
ied using different experimental approaches utilizing either photons or projectiles, such as
electrons or ions, to induce ionization followed by the detection of the emitted electrons or
the fragment ions [136, 194-196]. The most recent experiments on water double ionization
employed techniques such as electron-electron coincidence spectroscopy, threshold photo-
electron spectroscopy and cold target recoil ion momentum spectroscopy (COLTRIMS) [68,
88, 109]. Especially the results of Eland and co-workers are directly comparable to the data
recorded in the context of this work as both were obtained using time-of- ight photoelectron-
photoelectron coincidence spectroscopy (TOF-PEPECO). In gure 5.1 the double ionization
spectrum of the free water molecule in the gas phase is displayed for reference. The double
ionization spectrum was taken from the archive of digital spectra provided by ref. [28]. It
was recorded at 110 eV photon energy using synchrotron light, thus accessing an extended
energy range. In general, the spectrum strongly resembles the Auger spectrum of gas phase
water[136]. The individual peaks in g. 5.1 are labeled according to the molecular orbitals



86 Chapter 5. Double lonization and the Elusive ICD Signature in Liquid Water

Figure 5.1: TOF-PEPECO spectrum of molecular water at 110 eV photon energy. The peaks
are assigned according to the molecular orbital from which the electrons are removed. The
spectrum and assignments were taken and modi ed from ref. [28] and therein.

(MO) carrying the two positive charges in the nal state. Where the label consists of a single
MO, both detected electrons where emitted from the same orbital. In cases of states corre-
sponding to two MQO's two spin multiplicities are possible, with the states of lower double
ionization energy corresponding to a triplet nal state and the other to a singlet state.

With regard to the coincident measurement of water clusters described in section 4.1.1 and
the coincidence experiments on a liquid jet the leading double ionization peaks between 35
to 50 eV are the most important spectral features as they are always observed in the spec-
tra due to the presence of gas phase molecules in the cluster beam and respectively around
the liquid jet, as described in section 3.2. For molecules, such as water, the dicationic state
(H»,0%") is not stable but rather dissociative, immediately leading to the separation of the
two positive charges. In a comprehensive study around Reedy and co-workers the dou-
ble ionization induced dissociation of the water molecule was investigated using theoretical
methods and COLTRIMS [88]. Their results show that the rst and second double ionization
peak can be assigned to distinct two-body and three-body-breakup channels of the water
molecule, respectively. The rst peak is attributed to the two-body-breakup of the form:

H,O+ hn! HY+ OH* + 2e . (5.1)

This dissociation channel is in agreement with the peak assignment in g. 5.1. Removal
of an electron from the non-bonding 1 b; and from the bonding 3 & or 1b, MO weakens the
bonding interaction between one of the hydrogen atoms and oxygen thus enabling dissoci-
ation. Additionally, a second process is observed for the rst double ionization peak:

H,O+hn! H*+OH +e ! H'+OH'+e, (5.2)
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where OH is in an excited state which can subsequently autoionize yielding OH * and a
second electron of near zero kinetic energy [197].
The second double ionizaton peak is attributed to the three-body-breakup:

H,O+ hn! 2H"+ 0O + 2e, (5.3)

matching the simultaneous removal of two electrons from the 3 a; or the 3a; and 1b,, respec-
tively, thus breaking both OH bonds.

So far, double ionization of an isolated non-interacting water molecule was discussed. The
spectral features are those of 2h nal states with both charges localized on the same molecule.
As interactions with neighboring molecules are introduced by condensation the double ion-
ization potential is subject to changes, analogous to the single ionization potential in the
condensed phase. The effect of condensation on the double ionization potential of the wa-
ter dimer was discussed by Cederbaum and co-workers [6] and gave rise to the investiga-
tion of ICD and related phenomena. Speci cally for small water clusters, calculated single
and double ionization spectra showed a dependence on the number of neighboring water
molecules [198].

In general, once a second water molecule is introduced and both molecules interact weakly
via a hydrogen bond, the double ionization potential is reduced due to the emergence of
new nal states of 1hlh character. These nal states are energetically lower than the 2 &
inner valence state, thus giving rise to ICD as an electronic relaxation process. This situation
is displayed in gure 5.2. Panel (a) shows the conventional photoelectron spectrum of small
water clusters with a mean cluster size hNi = 5 recorded with a magnetic bottle electron
spectrometer at 62 eV photon energy. This spectrum, occasionally referred to as the single
ionization spectrum, consists of the outer valence peaks corresponding to the molecular or-
bitals 1b;, 3a; and 1b, and the inner valence signal of the 2a, orbital. Panel (b) shows the
corresponding double ionization spectrum of the water clusters as solid black trace. In ad-
dition, the dashed trace corresponds to the reference spectrum of gas phase water (see g.
5.1). Clearly, the double ionization spectrum of the cluster beam includes a considerable
amount of signal from gaseous water as indicated by the two intense peaks between 35 to
50 eV double ionization energy aligned with the reference spectrum. Further, the bars in-
dicate the energetic position of the rst doubly ionized states of 2h (black) and 1h1lh (red)
character calculated for a water tetramer [198]. The intensity in the double ionization spec-
trum between 25 to 35eV double ionization energy is assigned to autoionization by ICD
initiated after 2 a; photoionization. In the work by Muller and co-workers [198], the double
ionization spectra of a single water molecule up to the tetramer were calculated and charac-
terized regarding the localization of the holes in the nal states. A general trend observed in
small water clusters is the continuous lowering of the double ionization potential, with the
1h1h states lowest in energy. The states with both nal state charges localized at a single site
are close to the values observed in the experimental gas phase double ionization spectrum.
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Figure 5.2: (a) conventional photoelectron spectrum and (b) double ionization spectrum of
a molecular beam containing small water clusters with mean size hNi = 5 and a signi cant
gas phase contribution. The dashed line in (b) corresponds to the leading double ioniza-
tion peaks of molecular water [28]. Additionally, the lowest double ionization states of 2h
and 1hlh character, calculated for the water tetramer [198], are indicated as black and red
ticks, respectively. Considering the energetic position of singly and doubly ionized states,
it is immediately clear that 2 & ionization allows subsequent autoionization into the 1hlh
doubly ionized states (ICD).

The data presented in this chapter was recorded in separate beamtimes at the BESSY Il syn-
chrotron radiation facility employing the two experimental setups described in section 3.5
containing a magnetic bottle time-of- ight electron spectrometer. The two setups enable the
measurement of coincident electron spectra of molecular clusters and of a liquid jet, respec-
tively. The spectra of water clusters are part of the data set presented in section 4.1.1. Brie y,
the measurements were performed at the UE56/2-PGM1 beamline using VUV radiation. A
molecular beam of water clusters of varying mean cluster size hNi was produced via super-
sonic expansion. The expansion parameters leading to the respective clusters sizes are given
intable 4.1 in section 4.1.1. Coincidence measurements of the liquid jet were conducted with
synchrotron radiation in the VUV and soft X-ray regime provided by the UE56/2-PGM1 and
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