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Abstract

Water is vital for the existence of life on earth, and therefore, it is dubbed as the matrix
of life. Furthermore, the hydration environment plays diverse functional, structural, and
dynamic roles in molecular cell biology. For instance, the photophysical and photochemical
properties of UV absorbing chromophores found in biological systems are sensitive to their
local solvation environment. In hydrated systems, the hydrogen-bond network between the
chromophores and surrounding water molecules can provide additional relaxation pathways
after excitation or ionization of chromophores, crucial for the photostability of the biological
system. On the other hand, the abundant solvent environment around biological matter
can enhance radiation-induced damage through, e. g., the radiolysis of water. Despite the
huge efforts to unravel realistic dynamics, the role of the hydration environment upon the
radiation-induced biological damage remains elusive. In the framework of this thesis, a
bottom-up approach is used to systematically investigate the role of a single water molecule
in the photophysics of a model chromophore, pyrrole, after ionization. This work can be
divided into two main parts: the preparation of pure samples of pyrrole and microsolvated
pyrrole(H,0) in the gas phase, and a comparative photophysics investigation on these
model systems utilizing time- and position- sensitive detectors.

The preparation of pure and rotationally cold samples of pyrrole and pyrrole(H,0) is
achieved using a combination of a cold molecular beam and the electrostatic deflector. A
knife-edge for shaping a molecular beam is implemented to improve the spatial separation
of the species in a molecular beam by the electrostatic deflector as well as to reduce the
contribution of atomic seed gas in the interaction zone. A pyrrole(H,0) cluster beam with
unprecedented purity of ~100 % is obtained. The extracted rotational temperature of
pyrrole and pyrrole(H,0) after the supersonic expansion is Trot = 0.8 £ 0.2 K. Also, the
number densities and rotational temperature of the cluster beam is significantly improved.

In the photophysics investigation part, we mimicked radiation damage in pyrrole and
pyrrole(H,0), after outer valence- and inner-shell ionization through strong-field ionization
and site-specific x-ray ionization, respectively. In the strong-field case, single- and double-
ionization of bare pyrrole resulted in fragmentation of the aromatic ring through breaking
the C—C or N-C covalent bonds. Albeit, the protective effects in the cluster, a weak
enhanced strong-field ionization resulting in the formation of highly charged ionic species is
observed only for the pyrrole(H,O) cluster. In the case of site-specific core-shell ionization,
the fragmentation studies on bare pyrrole yielded similar channels as compared to the
strong-field ionization scenario. For pyrrole(H,0), performing a localized x-ray ionization at
the aromatic ring resulted in charge- and mass-transfer across the hydrogen-bond. Overall,
a hydrogen-bonded single water molecule can facilitate radiation-protection pathways after

outer valence- and inner-shell ionization of biomolecules.






Zusammenfassung

Wasser ist essentiell fiir die Existenz von Leben auf der Erde und wird deshalb auch als
Matrix des Lebens bezeichnet. Die Hydrationsumgebung spielt in der molekularen Zellbi-
ologie eine wichtige funktionelle Rolle fiir Strukturen und Dynamiken. Fin Beispiel sind die
von ihrer lokalen Hydrationsumgebung abhéngigen photophysikalischen und -chemischen
Eigenschaften von im UV-Bereich absorbierenden Chromophoren in biologischen Systemen.
In Systemen in wéssriger Losung ermoglicht das Netzwerk aus Wasserstoffbriickenbindungen
zwischen den Chromophoren und den Wassermolekiilen der Umgebung nach Ionisation oder
Anregung der Chromophore zusétzliche Relaxations-Pfade. Diese zusétzlichen Relaxations-
Pfade sind einerseits wesentlich fiir die photochemische Stabilitat der Chromophore. Ander-
erseits verstirken Phdnomene wie die Radiolyse des Wassers strahlungsinduzierte Schiaden
an biologischen Systemen, wenn sie sich in einer Hydrationsumgebung befinden. Die zu-
grundeliegenden Dynamiken sind trotz aufwéndiger Forschung bisher schwer fassbar. Im
Rahmen dieser Arbeit wird dieser Fragestellung nachgegangen. In experimentellen Studien
wird systematisch untersucht welche Rolle ein einziges Wassermolekiil in der Photophysik
eines Modell-Chromophors, hier Pyrrole, spielt. Hierbei lassen sich die durchgefiihrten
Experimente in zwei Hauptteile untergliedern. Wéahrend im ersten Teil eine reine Probe
aus gasformigem von Pyrrole und pyrrole(H,O) generiert wurde, wurden im zweiten Teil
mit zeit- und positions-sensitiven Detektoren photophysikalische Studien an den gewahlten
Modellsystemen durchgefiihrt.

Eine reine und rotationskalte Probe aus gasformigem Pyrrole und pyrrole(H,0) wurde
durch die Kombination eines kalten Molekiilstrahls und eines elektrostatischen Deflektors
erreicht. Um verschiedene molekulare Spezies raumlich besser trennen und um den Einfluss
des atomaren Trigergases in dem Interaktionsgebiet reduzieren zu kéonnen, wurde ein sog.
“knife-edge’ implementiert. Auf diese Weise wurde ein Molekiilstrahl aus pyrrole(H,O)
mit 100%iger Reinheit erzeugt. Zusétzlich konnten die Dichte signifikant erhéht und
die Rotationstemperatur des Molekiistrahls deutlich reduziert werden. Die ermittelte
Rotationstemperatur nach supersonischer Expansion wurde mit Tyt = 0.8 &= 0.2 K bestimmt.

Um photophysikalische Prozesse in Pyrrole und pyrrole(H,O) zu untersuchen, wurden
strahlungsinduzierte Schiden an diesen Modellsystemen durch Ionisation mit intensiven
Laserpulsen (dufere Valenzschale) und mit Réntgenstrahlung (Innerschalen) imitiert. Bei
der Starkfeld-Tonisation wurde bei der Einfach- und Doppel-lonisation von Pyrrole die
Fragmentierung der aromatischen Ringstruktur durch das Brechen der kovalenten C-C oder
N-C-Bindungen festgestellt. Bei pyrrole(H,0) wurden im Cluster sowohl ein schiitzender
Effekt als auch eine leicht verstérkte Starkfeld-lIonisation und dadurch hoch geladene
ionische Spezies beobachtet. In den Studien zur lokalisierten Kern-Schalen Ionisation mittels
Réntgenstrahlung wurden bei der Fragmentierung reinen Pyrroles im Vergleich zur Starkfeld-
Ionisation &hnliche Kanile detektiert. Im Fall von pyrrole(H,0) fiihrte die zusétzliche

Wasserstoftbriickenbindung mit den umgebenden Wassermolekiilen zu einem Ladungs- und



Massentransfer. Auf Basis der durchgefiihrten Studien lésst sich zusammenfassend sagen,
dass ein einzelnes iiber eine Wasserstoffbriickenbindung gebundenes Wassermolekiil nach
der Ionisation von Biomolekiilen (der &dufseren Valenzschale oder innerer Schalen) Pfade

begilinstigt, welche den Strahlenschutz erhéhen.
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1 Introduction

“Water is life’s matter and matriz, mother and
medium. There is no life without water” [1]

— Albert Szent-Gyorgyi

1.1 Motivation

The presence of water is the crucial ingredient for the existence of carbon-based life on
our planet earth. The water environment on earth provides a favorable platform for the
creation of an initial form of life [IH3]. Prebiotic molecules are claimed to be formed
under a physiochemical environment by the interaction of water with carbon and minerals
present in the rock surface. Water being a universal solvent, has the essential properties
to dissolve ions and provides a flexible environment for the primary chemical reactions,
like the formation of amino acids and peptides [4H6]. On the other hand, the hydrophobic
interactions between non-polar side chains of peptides with water molecules provide the
primary thermodynamic driving force for the initial stages of molecular assembly [3], [5].
Therefore, the water acted as a matrix for the creation, and evolution of life on earth [Tl 3].

Water is an integral part of biological matter, i.e., almost 70-80 % of the cell is comprised
of water. Water also plays diverse functional, structural, and dynamic roles in molecular cell
biology [7, 8]. The hydration environment, for instance, has a significant role in the assembly
and the dynamics of proteins by the interaction with water molecules through a network of
hydrogen bonds [9, 10]. The key factors that determine the active structure of the protein
are the solute-solvent interactions (e. g., van der Waals, electrostatic, hydrogen-bond) and
the active solvation facilitated by the surrounding water molecules [I}, [3 [7, 9]. The hydrogen
bonds are actively created and broken within the dynamical water environment around
proteins [3, 9 [10]. However, the timescales and mechanisms behind the complex solvation
dynamics is not fully understood so far [3, OHIT].

The function of a protein strongly depends on its structure, and this one of the major
reasons behind the quest for determining the structure-function relationship, for instance, in
the field of spectroscopy [12H15], diffractive-imaging of molecules [16-20], or pharmacological
medicine [21] 22]. Solvation effects are known to have a strong influence on the structure and
function of complex biological systems [7, 23] 24]. The photophysical and photochemical
properties of strong ultraviolet absorbing chromophores found in proteins are fairly
sensitive to their local hydration environment [25, 26]. For example, the photophysics
of the chromophore of the green fluorescent protein (GFP) is strongly determined by its
hydration environment [27], 28], and the proposed mechanism for its fluorescence is an
excited-state proton transfer process [29]. Hydrogen-bonded water molecules facilitate
additional relaxation pathways after photoexcitation of chromophores, which are essential
for the photostability of biological matter.

Recently, the influence of the hydration environment upon the interaction of high-energy
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Direct damage

HO >OH+H +¢

Indirect damage

Figure 1.1. A schematic representation of radiation-induced damage of a strand
through the direct ionization pathway, as well as the indirect pathway due to reactive species,
such as electrons and radicals, is shown. The radiolysis of water medium, surrounding the
biological matter, is one of the major reasons for the creation of these reactive species. The
figure is adopted from reference [30].

ionizing radiation (e.g., rays, x-rays, y-rays, charged particles) with living cells have
caught significant attention [31H33]. Such studies can provide remarkable implications
to understand the mechanisms underlying radiation therapy, as well as an insight into
the development of methodologies to improve the biological effectiveness of radiation
therapy [31], [32]. Deoxyribonucleic acid lesions such as cross-links, base releases,
and single- and double-strand breaks are the major radiation-induced damage effects in
biological matter [32] 34] 35]. These dangerous damages are difficult to self-repair and can
trigger harmful genome mutations, or even cell death [31) 32]. An artist’s rendering of the
radiation-induced damage of a [DNA]strand is shown in The mechanism for
radiation-induced biological damage is broadly classified into two pathways. The first one is
due to damage through direct interaction with ionizing radiation. The second one, so-called
indirect damage, is due to interaction with various reactive secondary species originating
from the ionization of the biological medium. The radiolysis of water is an unavoidable
phenomenon that occurs during the interaction of ionizing radiation with biological matter,
which is present in an aqueous environment. Reactive species, such as ions, radicals, and
aqueous electrons, orginate from the radiolysis of water [31], B6H38]. These species can cause

further bio-molecular damage, either through excitation or ionization [32] [34), 35]. The
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low-energy secondary electrons are known as efficient candidates to induce [DNA] strand
breaks [32, 34, [39]. The role of solvation effects on the fragmentation of biomolecules
after ionization, or excitation, has been studied in bulk [40H45] and in a microhydration
environment |46, [47]. As a general observation, there exist numerous studies claiming the
solvation environment can provide additional relaxation pathways to prevent radiation-
induced damage of biomolecules [42], [46] 48], while the other set of experiments claims that
it can trigger further fragmentation of biomolecules |40} 141, [43-45] 49]. Despite huge efforts,
it is still under discussion whether the hydration effects inhibit or enhance radiation-induced
biological damage. Therefore, a systematic investigation of the role of a solvent on the
photophysics of a biologically relevant molecule is required. Furthermore, an investigation
of the photophysics of the biomolecule solvated by many water molecules is a complex
endeavor and a retrieval of an in-depth knowledge of the underlying molecular relaxation

mechanisms is limited.

To overcome this limitation, in this thesis, a bottom-up approach is adopted to understand
how the photophysics of an isolated molecule is influenced by the vicinity of a single water
molecule. The performed studies in the gas phase have the potential to bridge the gap
between isolated molecules and solvated molecules. The significance of the hydrogen
bonding network on the photophysical properties of biomolecules can be explored in detail
as well. Here, a prototypical biologically relevant chromophore hydrogen-bonded to a
single water molecule is taken as a model system to mimic the photophysics of a protein
in an aqueous environment. The model system is a singly hydrogen-bonded pyrrole(H,O)
cluster, and it represents the strongest interaction between the biomolecule, pyrrole, and
surrounding water molecules in aqueous solution. The pyrrole(H,0) cluster has a well-
defined structure with the water molecule hydrogen-bonded to the N-H site of the pyrrole [50].
The heterocyclic aromatic molecule, pyrrole, is a strong [UV}absorbing chromophore found,
e.g., in hemes and chlorophylls [51], 52]. It is also a subunit of indole, the chromophore of
tryptophan, a principal absorber found in proteins [25], 52, [53]. The photophysics of
these chromophores is sensitive to their local hydration environment [26], or even in the
presence of a single water molecule [25], 26, [54H56]. In addition, photoexcitation of these
chromophores also triggers an ultrafast internal-conversion process to the ground state,

essential for the photo-stability of proteins in their natural environment [52-54].

An ultimate goal for the photophysics investigation of the model system is imaging its
relaxation pathways in real-time, i. e., by simultaneous recording of the electron and nuclear
dynamics to obtain so-called quantum molecular movies. The potential to record dynamics
of the molecule with high spatial (picometer) and temporal resolution (femtosecond) can
provide a completely new and deeper insight into how the chemical reaction occurs in
real-time [I8] 19, [57-60]. In the field of photophysics or photochemistry, an understanding
of phenomena like bond breaking, bond formation, folding- and isomerization dynamics,
as well as charge transfer, or dissociation dynamics is of significant importance [61, 62].

The invention of ultrafast lasers and ultrafast diffraction imaging techniques using x-rays
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or electron beams [16-20, [62H65] provides a potential route to study dynamical structural
changes far from the equilibrium structure of the molecule. A crucial ingredient required
to achieve the aforementioned goal is a pure sample of the model cluster. Additionally, it
is important to systematically investigate the photophysics of isolated and microsolvated
biomolecules to find suitable observables for future dynamical photophysics studies.

The experiments presented in this thesis are classified into three sections, namely, the
preparation of cold and pure samples of microsolvated clusters in section[I.2] the investigation
of microsolvated clusters after strong-field ionization in section and the site-specific
soft x-ray ionization in section In doing so, we aim to elucidate and compare the
radiation-induced damage incurred in the bare pyrrole monomer and the pure microsolvated
pyrrole(H,O) dimer, after valence-ionization as well as core-shell ionization of the pyrrole
moiety. Such a systematic study is a crucial step toward the dynamic photophysics studies

foreseen in the future.

1.2 Preparation and manipulation of a cold molecular beam

of clusters

One of the strong requirements to perform the aforementioned studies is to prepare isolated
and controlled samples in the gas phase. Molecules prepared in molecular beams provide a
unique advantage to study their intrinsic properties under collision-free conditions as well
as in an isolated environment.

In 1943, Otto Stern was awarded the Nobel Prize in Physics for his contributions to the
field of molecular beams and discovery of the magnetic moment of the proton [66]. A cold
molecular beam is generated by the expansion of molecules seeded in rare gas from a reservoir
at higher pressure into a vacuum [67H74]. During the expansion process, a large part of the
internal energy of a molecule is transferred to its translational degree of freedom and thereby,
cooling the rotational, vibrational, and electronic degrees of freedom [67, [68] [73], [74]. In an
expanded molecular beam, molecules are in their electronic and vibrational ground states
with the rotational temperature of a few Kelvin [67, [73, [75H78]. The invention of pulsed
nozzles, such as the Even-Lavie valve, enabled us to use a higher stagnation pressure for
seed gas before the expansion into a vacuum as compared to continuous flow nozzles |71, [79).
Pulsed molecular beam methods helped to achieve rotational temperatures less than a
Kelvin and also higher peak densities for molecules [72] [73] [79]. These internally cold
molecules provided opportunities to perform high-resolution spectroscopy, determine the
structure of molecules and molecular complexes, study collisions, and investigate quantum
effects in a wide range of ultra-cold molecular systems [S0-84].

The molecular beam method opens up possibilities to study weakly bound clusters, such
as the van der Waals clusters and the hydrogen-bonded clusters [67, [68], [75]. Clusters are
efficiently formed during the early phase of beam expansion, through a low-energy collision

between clustering molecules and rare-gas atoms present in the molecular beam [67, [68], [70],
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73, [75]. The cluster size and its distribution are determined by the vapor pressure of the
sample present in the reservoir before the supersonic expansion, as well as the expansion
conditions [70, [73, [75, 85]. Hence, the clustering, which is a complex process, can be
controlled to some extent. However, the molecular beam expansion always comprises of
an ensemble of species, including the seed gas, monomers of molecules, and molecular
clusters of different sizes [73, [76, [77]. A prerequisite condition for experiments performed
in this thesis is the preparation of a pure molecular beam of the monomer and size-selected
molecular cluster. The size-selection and the spatial separation of individual species are
feasible in a cold molecular beam, for instance, by using additional beam manipulation

techniques, such as electrostatic deflection [86].

The manipulation of the molecular beam with external electric and magnetic fields can
be used to achieve quantum-state selectivity and spatial control [86H91]. Manipulation
of the trajectory of species in a molecular beam is familiar to us through the famous
Stern-Gerlach experiment demonstrating the deflection of silver atoms in inhomogeneous
magnetic fields [90]. Another famous example in this context is the use of an electrostatic
quadrupole focuser during the discovery of microwave amplification by stimulated emission
of radiation (MASER) [92], to focus only ammonia molecules with a population inversion
into a microwave cavity. Over the past years, many experiments demonstrated that neutral
molecules could be deflected, focused, accelerated, decelerated [84, [86], 89, 93, 94], or even
trapped in space using external electric fields [93] 95]. Other methods to deflect molecules are
possible by using microwave- [96] and optical fields [97-99). It is only possible to manipulate
the transverse and longitudinal motion of molecules using the aforementioned methods.
However, molecules can rotate freely in the gas phase, even in a cold molecular beam, i.e.,
they have isotropic orientations. To fix the molecules in space, the alignment and orientation

of molecules are required, which is feasible using a cold molecular beam [91] [99-T04].

The electrostatic deflection is an efficient method for the manipulation of large polar
molecules and to achieve sub-Kelvin rotational temperatures [86]. Quantum-state and
conformer selection as well as spatial separation of clusters can be achieved using an
electrostatic deflection [70, 86, T05HIT0]. The electrostatic deflector, an electrostatic
analogue to the inhomogeneous magnetic field used in the Stern-Gerlach experiment, is
employed throughout this thesis for the spatial separation of the seed gas, monomers, and
clusters present in the expanded molecular beam. Clusters of different sizes have different
dipole moments, and they can be separated in space using an inhomogenous electric field
inside the deflector based on their effective-dipole-moment-to-mass ratios |76} [86]. In general,
cluster selection ensures that the cluster of the desired size is dominant or at least enhanced
in the deflected part of the molecular beam. It is necessary to implement additional
skimming techniques to achieve better contrast or desired level of purity of ~100 % for the
selected cluster. It is feasible to shape the molecular beam using skimmers, knife edges, razor
blades, slits, slit-skimmers, or gratings to select a specific part of the beam [67], T11HI14].

The knife-edge skimming technique can be implemented to provide better contrast and
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column density for the selected cluster. Furthermore, it has an advantage to significantly
reduce the amount of signal originating from the seed gas. The pyrrole(H,O) cluster beam
with a purity of ~100 % is achieved in this thesis, using the combination of an electrostatic
deflector and the knife-edge.

Preparing cold and pure molecular beams of size-selected clusters can be advantageous for
advanced experiments aimed at imaging the structure and the dynamics of the microsolvated
cluster in the molecular frame. Furthermore, the cold molecular beam of clusters provides
the possibility to control the orientation of the cluster in the laboratory frame by laser

alignment or mixed-field orientation [104, [IT5] 116].

1.3 Photophysics of microsolvated clusters after strong-field

ionization

Radiation-induced damage to biological matter is a ubiquitous phenomenon in nature.
Ionization and excitation are similar from the perspective of radiation damage; both can
lead to molecular fragmentation. Photophysics investigations are substantial to elucidate
many relaxation mechanisms observed in our nature, after photoexcitation or ionization.

Biological matter undergoes radiation-induced damage upon interaction with ionizing
radiation or high-energy charged particles [31], 2], as discussed earlier in the
section. The secondary effect of ionizing radiation is one of the key reasons for radiation
damage occurring in biological systems [32], 34], 35]. These secondary effects are known to
cause outer-valence ionization in molecules [31], [32]. Various attempts were made either
on isolated molecules or solvated molecules to mimic the radiation damage through outer-
valence ionization. This was performed either by a direct deep [UV}radiation or by using
low-energy electrons [40H46]. In this context, the role of the water environment on the
radiation damage of biomolecule, whether it has a protective or catalytic effect, remains
elusive. A systematic study through the comparison of fragmentation processes after valence
ionization of an isolated biomolecule and the biomolecule in the presence of a single water
molecule can help to answer existing uncertainties. In the framework of this thesis, a
strong-field ionization strategy is adapted to perform outer-valence ionization. In order, to
mimic the radiation damage on biological systems, fragmentation studies are performed
on the model systems, pyrrole and pyrrole(H,0), after single and double outer-valence
ionization. Overall, water acted as radiation protection agent for the biomolecule after
valence ionization. These studies have implications on the relevance of hydrogen-bonded
water molecules in the photophysics of biological systems.

In the strong-field ionization regime, there exists the phenomenon of multiple electron
ejection and Coulomb explosion from highly-charged cationic states as a consequence
resulted due to the interaction of atoms, molecules, and clusters with very high intense
fields [117, 118]. The phenomenon of enhanced valence ionization was investigated both

theoretically and experimentally for diatomics, triatomic, and small hydrocarbons in the
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strong-field regime, and the attributed reason is the charge resonance enhanced ionization
(CREI) occurring around critical internuclear distances [IT9HI23]. Interestingly, an enhanced
inner-shell ionization and the creation of highly-charged atomic ions were observed for
large (with tens to hundreds of units) van der Waals or hydrogen-bonded clusters in
the strong-field regime [117, 118, 124-130]. In this case, the proposed mechanisms are
either the coherent electron motion model (CEMM) or the ionization ignition model
(IIM) [119) 128]. However, the responsible mechanism for inner-shell ionization is still
an open question [117, 118, 130, 131]. The charge-localization effects in the strong-field
regime can cause multiple ionization of the system and can enhance radiation-induced
damage of biomolecules, though it is a weak phenomenon. The photophysics of pyrrole and
pyrrole(H,0) are investigated in this thesis, from the perspective of enhanced ionization,
to unravel their effects on radiation-induced damage of biological systems. Furthermore,
such studies provide a simple model system to investigate the relevant mechanisms for
inner-shell ionization in the strong-field regime.

Within the context of this thesis, Coulomb explosion Imaging (CEI) is used as an
experimental technique to image the 3D momenta of all ionic fragments originating from
strong-field ionization of molecules/clusters. The term Coulomb explosion is used for the
process of fragmentation owing to Coulomb force driven charge repulsion after multiple
ionization of a molecule. Coulomb explosion imaging technique was initially developed to
determine the structure of the molecule through the Coulomb explosion of multiply charged
cation formed by colliding a fast molecular beam of ions on to a thin foil of metal [132] [133].
Coulomb explosion can be induced by intense radiation sources, for example, ionization by
intense femtosecond laser pulses or x-ray ionization. Earlier, Coulomb explosion after strong-
field ionization was demonstrated as an experimental probe to measure the dynamics of wave
packets of I, [134],[135]. Nowadays, Coulomb explosion imaging is a widely used experimental
technique to study the structure and fragmentation dynamics of molecules, provided the
dissociation occurs rapidly after ionization, and an axial recoil-frame approximation holds

for the fragmentation process [132, [134].

1.4 Photophysics of microsolvated clusters after x-ray

ionization

In 1895, Wilhelm Conrad Rontgen discovered x-rays as a new type of electromagnetic
radiation [I36]. x-rays cover the electromagnetic spectrum in the wavelength region of a
few nm to a few pm [137-139]. The small wavelength of x-rays makes them suitable to
image the structure of matter through diffraction with atomic resolution [I8] [138]. For
example, they were used to determine the double-helix structure of the [140]. In
addition, x-rays can be used for localized ionization in a molecule due to their element-
specific absorption cross-sections [137, [138]. The element specificity of x-rays can be

efficiently employed to induce and study site-specific dynamics in a molecule or cluster [I41+-
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143]. TIonization using x-rays provide a direct handle to trigger and control localized
chemical dynamics, unlike the scenario of strong-field ionization, where controlling the
dynamics is not straightforward. Soft x-rays were extensively used over the last decade,
to study ultrafast relaxation processes in molecules or clusters after core-shell ionization.
Specifically, relaxation processes like Auger decay [144], [145], Interatomic (molecular)
Coulomb decay [143] [146HI49], or charge rearrangement processes like electron- and proton-
transfer mediated charge separation [142] [I50HI52] are investigated in molecules or clusters.
One of the challenges to unravel the complex relaxation pathways is the simultaneous
detection of all fragmentation products originated after ionization.

Advanced coincidence imaging techniques through simultaneous detection of ions and
electrons, were developed for extensive investigation of the fragmentation dynamics of
molecules. Few of these major techniques only emerged over last the decades, namely,
Photoion-Photoion Coincidence [141), T53HI55], Photoelectron-Photoion-Photoion
Coincidences (PEPIPICO) [156-159], or Auger-Electron-Photoion-Photoion Coincidences
(AEPIPICO) [158]. Additional attempts were performed to get structural information off
molecules together with their dynamics after ionization, for example, by measuring the
Recoil-Frame Photo Angular Distributions [160-162] and Molecular-Frame Photo
Angular Distributions [103, 163, 164].

In the context of this work, soft x-rays are used for site-specific core-shell ionization of
both pyrrole and pyrrole(H,O) cluster. The intention is to study the influence of the water
molecule on the radiation damage of core-shell ionized pyrrole, a prototypical biomolecule.
Both pyrrole and pyrrole(H,0) are ionized at the nitrogen atom, the site at which the water
molecule is hydrogen-bonded to the pyrrole moiety. The photophysics investigation on this
model cluster envisages probing the inter-molecular relaxation mechanisms occurring across

the hydrogen bond and thereby the role of hydrogen bonding networks in biology.

1.5 Outline of this thesis

The main objective of this thesis is to perform a systematic investigation of the influence of
the local solvent environment on the photophysics of a biologically relevant prototypical
molecule. The microsolvated pyrrole(H,0) is the model system for the photophysics studies
aiming at bridging the gap between the isolated, and hydrated biomolecules in general.
To realize that, two main goals are accomplished in this thesis. First, a pure molecular
beam of size-selected pyrrole(H,0) cluster is prepared. Second, the pure beam is utilized to
study how the fragmentation dynamics after outer-valence and inner-shell photoionization
changes in comparison to bare pyrrole.

An overview of the structure of the thesis is described here. The fundamental concepts
required to follow this thesis are provided in [chapter 2] The chapter starts with a brief
description of molecular beams, cluster formation, and fundamentals of dc-Stark effect

methodology utilized for the cluster selection. The principles of strong-field and inner-shell
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ionization mechanisms are described. Also, an overview of 3D momenta imaging techniques,
together with various ion imaging analysis, is mentioned.

In[chapter 3] the implemented experimental methodology to improve the spatial separation
of the species in a molecular beam by the electrostatic deflector is described. A combination
of a knife-edge and an electrostatic deflector is utilized to enhance the contrast for separation
of different molecular species from each other, as well as from atomic seed gas, in a molecular
beam. Also, an increase in the column density of the selected molecular-beam part in the
interaction zone is discussed.

In the generation of the cold and pure beam of pyrrole(H,O) cluster is shown.
The spatial separation of pyrrole and pyrrole(H,O) clusters from the other atomic and
molecular species in a supersonically-expanded beam is demonstrated. The separated
pyrrole(H,0) cluster beam has a purity of ~100 %, a remarkable achievement for cluster
selection to date. Monte-Carlo simulations are performed to quantitatively support the
experimental results, and to extract the rotational temperature of pyrrole and pyrrole(H0).

In [chapter 5] the fragmentation studies after strong-field ionization of pyrrole and its
microsolvated pyrrole(HyO) cluster are performed. To mimic the radiation damage through
outer-valence ionization, both species are ionized by intense 800 nm femtosecond laser pulses.
Overall, the hydrogen-bonded single water molecule strongly reduces the fragmentation
probability after single and double ionization, and thus water acted as the radiation
protection agent for ionized pyrrole.

In the phenomenon of enhanced ionization in the strong-field regime is studied.
A comparative study of pyrrole and pyrrole(H,0) has been performed. An enhanced
ionization leading to the formation of highly charged carbon species is only observed for the
case of pyrrole(H,0). The formation of core-shell ionized carbon atoms, through strong-field
ionization of pyrrole(H,O) using laser pulses with a peak intensity of ~1 x 10'* W /cm?, is
discussed. Moreover, these experiments open up the necessities for an extensive theoretical
framework that can explain enhanced inner-shell ionization phenomena observed in molecular
complexes.

In an experiment to investigate the photophysics after soft x-ray ionization of
pyrrole and pyrrole(H,0) is described. The goal is to study the role of the single water
molecule in the radiation damage processes in biological systems after core-shell ionization.
In order to mimic the direct radiation damage effects biomolecule, a site-specific inner-shell
ionization was performed at the nitrogen atom present in the pyrrole moiety of the cluster.
The fragmentation products were measured in a coincidence using a double-sided velocity
map imaging spectrometer for simultaneous detection of electrons and ions.

Finally, in a summary of the research work performed in this thesis is given.
Also, my contributions towards alternative approaches for studying solvation effects are
briefly described. An outlook of ongoing and prospected projects to continue the work

presented in this thesis is also given.
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2 Fundamental Concepts

This chapter gives an overview of the fundamental concepts necessary to understand the
experimental, theoretical, and numerical methods used in this thesis. Additional details on
the concepts discussed in this chapter are available on standard textbooks [67], 68 [70, 112
137, (138, 165H168].

2.1 Cluster formation in molecular beams

Molecular-beam methods are extensively used in gas phase studies (e. g., physical chemistry
and molecular physics) to prepare an ensemble of isolated molecules or molecular complexes.
They provide unique advantages to gain fundamental insight into mechanisms and dynamics
of elementary molecular and chemical processes [67, 68, 112, [165]. In this thesis, a supersonic
beam is used for the generation of a neutral bimolecular hydrogen-bonded cluster of a
biomolecule with water.

A brief description of the supersonic molecular beam expansion is given, before going into
details of the physics of cluster formation. The supersonic expansion enables the preparation
of internally cold and isolated gas-phase molecules. A supersonic beam is formed by a
high-pressure expansion of molecules seeded in a carrier noble gas through an orifice into a
vacuum [71H74]. During the expansion through an orifice, at a short distance from the exit,
molecules undergo collisions with the carrier gas and transfer their internal energies into
kinetic energy resulting in a fast highly directional molecular beam [71l [74]. The expanded
molecular beam has a very narrow angular and velocity distribution. The translational
velocity depends on the stagnation pressure and carrier gas properties. The width of the
velocity distribution determines the translational temperature, which is generally a few
Kelvin [74], [84]. Further inelastic collisions with the carrier gas during the expansion help to
significantly cool the internal degrees of freedom, i.e., the rotational (efficient cooling) and
vibrational (relatively good cooling) degrees of freedom [73], [75]. Typically, the rotational
temperature of the molecules is a few Kelvin, while the vibrational temperature is of a
few tens of Kelvin [77, [78]. In a cold molecular beam expansion, low-energy collisions that
enable efficient cluster formation are favorable [73]. This is utilized for the formation of
hydrogen-bonded clusters.

Next, the physics of cluster formation is discussed. The binding energy of hydrogen-
bonded molecular clusters (dimers) is typically around a few hundred meV [75] [169]. Hence,
for the molecular cluster formation, low-energy three-body collisions are required, where a
collision with a third body carries away kinetic energy and thereby stabilizes the formed
cluster [67, [68]. In a conventional gaseous reservoir at equilibrium conditions, the number
of hydrogen-bonded complexes formed is relatively low, as the high energy of the molecules
does not favor low energy collisions necessary for cluster formation. In principle, the

probability for the cluster formation can be increased by reducing the temperature until the
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process is limited by the condensation point. However, the vapor pressure of the sample
also drops drastically with decreasing temperature, and this results in a reduced number
density of the clusters. Only a small amount of molecular complexes is created in a gas
cell reservoir under equilibrium conditions, even in the most favorable conditions [75], [170].
The concentration of the formed clusters can be increased by moving into a regime of
non-equilibrium conditions, i. e., by using molecular beam methods (e. g., in a supersonic
expansion of a molecular beam) [68, [74]. The low-energy collisions are feasible during the
expansion process, enabling the cluster formation. Although formed clusters are stabilized
and cooled via collisions with the carrier gas, typically achieved rotational temperatures are
much smaller than 10 K |76l [77]. An elevated rotational temperature for the cluster beam
is due to the energy dissipated during the cluster formation [70], and hence, achieving a

sub-Kelvin rotational temperature for a cluster beam is a difficult task.

Additionally, the extent of the cluster formation can be controlled by choice of the nozzle
size, carrier gas, and stagnation conditions, i.e., the temperature and pressure [70, [75]
85, [I7T]. The cluster size distribution is broadly classified into two regimes: small cluster
and large cluster regime. In a smaller cluster regime, the distribution follows roughly
an exponential decay e N, where N is the number of monomer units that formed the
cluster [70], 172]. For a large cluster regime, the clustering trend follows a log-normal
distribution [70} [I73]. The cluster expansion is optimized for a small cluster regime for
experiments performed in this thesis. However, a molecular beam expansion always results

in an ensemble of monomers and clusters of different sizes |76, 86].

In brief, the molecular clusters formed in a supersonic expansion are internally cold. In a
higher pressure expansion, i.e., using stagnation pressure of around 80-100 bar, typically
achieved rotational temperature for clusters is a few K [76], 108 [I10]. This ensures that
only a few rotational states are populated, which makes it easier for spectroscopic analysis
for example. In this thesis, the generated rotationally cold molecular beam enabled us to

perform the spatial separation of size-selected clusters using the dc-Stark effect.

2.2 Species selection and separation using the Stark effect

The spatial separation of size-selected molecular clusters can be achieved by utilizing the
different permanent dipole moment of each molecular species, which can interact with
external fields, such as the electric field [76, [86, 108, [174]. In this thesis, an electrostatic
deflector [86] is employed to manipulate the trajectories of the different molecules in a
molecular beam based on the phenomenon of the de-Stark effect [86] [I75]. The following
section is classified into two subsections. The [subsection 2.2.1] describes the rotational

eigenstates of the molecule in the absence of an electric field and how it gets modified in

the presence of a static electric field. The method of species selection using an electrostatic

deflector is described in the lsubsection 2.2.2|
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2.2.1 Molecules in electric fields

In quantum mechanics, the total energy W of a molecule can be obtained by solving the
Schrodinger equation [176]
WY=HY, (2.1)

where H is the total molecular Hamiltonian in the center-of-mass frame of the molecule, and
Y is the molecular wave function. Following the Born-Oppenheimer approximation [I77] and
Eckart condition [I78], the total molecular Hamiltonian H can be written as a combination

of rotational (Hyot), vibrational (Hyp), electronic (Hep), and nuclear spin (Hps) contributions.

H - Hrot + Hvib + Hel + Hns (2'2)

The molecules in a supersonic expansion are internally cold as mentioned in
which ensures that they are typically in their electronic and vibrational ground state. Hence,
the electronic and vibrational terms are not elaborated. Furthermore, the nuclear spin term
is neglected for simplicity. The remaining term is the field-free rotational Hamiltonian of

the molecule [167], and it is represented as

A

Hyor = Hrigid rot Hd/ (2'3)

where Hrigid rot s the Hamiltonian of the rigid-rotor molecule, and the Hamiltonian Hy
compensates for the centrifugal distortions in the structure of the molecule [167]. The first
and most important term of the total rotational Hamiltonian, the rigid-rotor part, is given
by

) B R

H.. =Jx 4 ¥V , 24
rigid rot 21, + ZIy + 21, ( )

where [; represents the total angular momentum operator on the it? axis of the molecule,
and I; corresponds to the moment of inertia around the molecular-fixed axis with i = x,y,z.
The rotational constant of the molecule is defined as B; = n%/ 21;.

Next, the interaction of a rigid rotor molecule with an external static electric field is

described. The modification in the rotational Hamiltonian can be written as

A

Hrigid rot, ¢ — lrigid rot + HStark/ (25)

where Hgpy represents the interaction between the molecule and static electric field, also
known as the de-Stark effect [I75]. The interaction of a polar molecule with a static electric
field leads to energy shifts and hybridization of the wave function. The Hamiltonian for

Stark effect is given by

Asak = — 1. € = —¢ Y ui®iz, (2.6)

i=x,Y,z

where 7 is the permanent dipole moment of the molecule in the molecular-fixed frame, and
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Figure 2.1. a) The plot for Stark energy of pyrrole (red) and pyrrole(H,0O) (blue) as function
of electric field strength for | =0 and | =1 states calculated using CMISTARK [179]. b)
The effective dipole moment of both the species, derived from the first derivative of energy
shift with respect to electric field strength.

€ is the static electric field applied in the laboratory-fixed frame. The term p; represents
the dipole moment components in the molecule-fixed axes x,y,z. The molecular-fixed frame
can be related to the laboratory-fixed frame (X,Y,Z) via a coordinate transformation using
the direction cosine matrix ®;7, which represents the projection of molecular axes onto
the direction of the applied electric field, which is the Z-axis [166]. The eigenvalues of the
rotational Hamiltonian incorporating the Stark interaction are obtained by matrix diago-
nalization on the basis of the symmetric-top wave functions. In this thesis, the Hamiltonian
and Stark energy We;,,k of the molecules are calculated using the CMISTARK [179] program
package. The Stark energy depends on the electric-field strength, enabling the manipulation
of the motion of molecules using inhomogeneous electric field. The effective dipole moment
Ueff along the space-fixed electric field direction can be calculated as the first derivative of

the energy
dWStark
Heti(€) = —— "= (2.7)

The energy shift due to the Stark effect as a function of the electric field strength for ] =0
and | = 1 rotational states of pyrrole (red) and pyrrole(H,O) (blue) is shown in
The lowest rotational state (] =0) of both species shows the largest reduction in the Stark
energy with increasing electric field strength. The shaded lines for the rotational quantum
number | =1 belong to various quantum states represented by |JK,K.M), where K,, K.
are the pseudo quantum numbers used for asymmetric top molecules, and M refers to the
projection of | onto the laboratory-fixed axis [86, [I79]. As a general trend for pyrrole and
pyrrole(H,0), the energy of quantum states is lowered for an increasing field strength. The
corresponding effective dipole moments for | = 0 and | =1 rotational states of both species
at these electric field strengths are shown in The states can be classified as
weak-field seeking (pesr < 0) and strong-field seeking states (pegr > 0). The molecules in

weak-field seeking states increase their energy with an increment in field strength, while
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strong-field seeking states decrease their energy with an increment in field strength. As
can be seen from [Figure 2.1| pyrrole(H,O) has a larger Stark energy and effective dipole
moment than pyrrole monomer. At low electric field strengths, i.e., < 50 kV /cm, both
weak- and strong-field seeking states exist for pyrrole and pyrrole(H,O). At certain field
strengths, the weak-field seeking states turn into strong-field seeking states, and this is
due to avoided crossings between neighboring states of similar symmetry [86] 179, [180]. At
very large field strengths, the effective dipole moment converges to the permanent dipole
moment of the molecule [I81]. We used electric field strengths around 100 kV/cm in our

experiments, for which most of the rotational states are strong-field seeking.

2.2.2 Electrostatic deflector

The strong dependence of the Stark energy and effective dipole moment of the molecule on
the electric field strength provides the possibility to manipulate or control the trajectories
of molecules in a molecular beam. In this thesis, an electrostatic deflector is used for this
purpose. The deflector consists of two closely spaced electrodes at different static potentials
to generate an inhomogenous electric field in one direction [86) [T05]. The force ? exerted

on molecules in this inhomogenous electric field [86, [182] is given by
? = —?W = “Lleff.€€, (2.8)

where ?e is the gradient of the applied electric field. The molecules with different effective
dipole moments will experience different forces inside an electrostatic deflector and, hence,
follow different trajectories. This is utilized for the spatial separation of pyrrole and
pyrrole(H,0) in our experiments [108]. The amount of deflection depends on the effective-
dipole-moment-to-mass ratio for a given gradient of the electric field [86]. The absolute
value of the inhomogenous electric field created between the deflector electrodes for an
applied voltage of 14 kV is shown in Two different deflector geometries were used
in this thesis. An a-type deflector, as shown in was used in chapters [f] and [6]
whereas a b-type deflector was used in chapters and (7} The dashed circles

represent the diameter and the position of the molecular beam for each deflector geometry.
For this in-coupling position, the molecules in high-field seeking states experience a force in
the +Y direction inside the a-type deflector. In the b-type deflector, however, they will
experience a force in the —Y direction, for the demonstrated position of the molecular
beam. As a remark, the b-type deflector enables using significantly stronger electric fields
as well as stronger deflection without molecules crashing into the device itself. A detailed
overview of the comparison between these two geometries and the advantages of using the
b-type deflector can be found elsewhere [86 [183], [184]. Also, the electrostatic deflector has
been successfully used for the quantum-state selection [105], and the spatial separation of

nuclear-spin isomers [I85], conformers [107], or molecular clusters [76], 108, [110].

Next, a discussion about the performed simulations to calculate the trajectories of
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Figure 2.2. The inhomogenous electric field created inside an electrostatic deflector for an
applied voltage of 14 kV. The molecular beam propagates in the Z direction. The diameter
and in-coupling position of the molecular beam is marked by the dashed circle. a) The
electric field inside an a-type geometry of the deflector. b) The electric field created inside
a b-type deflector.

molecules inside our molecular setup containing an electrostatic deflector is given. In this
thesis, Monte Carlo trajectory simulations are performed for the individual |JK,K.M)
quantum states using a basis-set approach. For this, we used Stark energies and effective
dipole moments calculated using CMISTARK [I79] as the input. We moreover used the
deflector geometry, electric field and field gradient inside the deflector, which we obtained
from finite element simulations [I86]. Using all these pieces of information, we computed the
force and acceleration experienced by molecules in each quantum state in the inhomogeneous
field of the deflector. We assumed that the molecules propagate adiabatically in the
field, i. e., molecules stay in a single well-defined adiabatic quantum state [86]. The field-free
trajectories of molecules before and after the deflector are also calculated, in addition to
the trajectory inside the deflector, to simulate the profile of the molecular beam in the
interaction zone. For the simulations, the geometrical constraints of the deflector and
mechanical apertures in the molecular beam setup are incorporated. As a first step, we
fit the simulations to an experimental molecular beam profile for a deflector voltage of
0 kV (field-free), to determine the spatial and velocity spreads of the initial molecular
beam. In this step, we also account for the imperfect alignment of the molecular beam
machine. Afterwards, we perform trajectory simulations for the deflector voltage used in
the experiment. We take all |JK,K.M) quantum states up to a maximum value for | into
account, for which the population of the rotational state is negligible. A maximum of | =15
was used for the simulations performed for pyrrole and pyrrole(H,0) in chapter 4] with
which we take into account greater than 99.95% of the total rotational state population. The
probability distribution of rotational state population N of a molecule with the rotational

temperature of Tyot is given by the Boltzmann distribution [S6]

-W
N(Tyot) ~exp <kBTrot>’ (2.9)
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where W is the Stark energy, kg is the Boltzmann constant, and Tyt is the rotational
temperature. Finally, we fit the rotational temperature of the initial molecular beam by

minimizing the root mean square error (RMSE) between the simulation and experiment.

2.3 Molecules in ionizing fields

Tonization of matter is one of the ubiquitous consequences of light-matter interaction.
Tonization results in the removal of one or more bound electrons from an atom or molecule
when the deposited energy is greater than the binding energy. The mechanism for ionization
strongly depends on the electric field strength and frequency of the radiation used for the
process. In this thesis, the fragmentation dynamics of the molecules after strong-field and
site-specific x-ray ionization are investigated in chapters [5] and [6] and chapter [7, respectively.

An overview of ionization mechanisms in both scenarios is given in the following section.

2.3.1 Strong-field ionization

The ionization mechanisms caused by laser fields can be broadly classified into perturbative
and strong-field ionization. For perturbative ionization, the electric field is weak as compared
to the Coulomb field binding the nuclei and electrons [I87]. In the strong-field regime,
however, the strength of the electric field becomes comparable to the Coulomb potential,
and this can lead to distortion of the binding potential [I88]. The strong-field ionization is
employed in this thesis in chapters 3] to[6] and is the focus of the following section.

A schematic representation for the field-free and field-dressed binding potential is shown
in If the energy of the photons used for ionization is lower than the ionization
potential (I,) of the molecule, the ionization under the strong-field regime can occur
mainly by three mechanisms. The first mechanism is multi-photon ionization, as shown
in [Figure 2.3 a where multiple photons are absorbed simultaneously to overcome the
ionization barrier [I87, [I89, 190]. For the case of multi-photon ionization, electrons are
ejected with finite kinetic energy into the continuum. The absorption of an excess number
of photons than required to ionize the molecule leads to the process of above-threshold
ionization (ATI). In such a scenario, the additional number of photons is absorbed by the
electron [I89] 191] and results in equally spaced ATI peaks in the kinetic energy spectra
of electrons, which are separated by the energy of a single photon. If the electric field
strength of the laser is increased, the molecular potential gets distorted, resulting in tunnel
ionization as represented in where the electron can tunnel out through the
field-suppressed ionization barrier [I88] [192]. At very high electric field strengths, the
binding potential of the molecule is heavily distorted such that the electron is completely
unbound, and hence escapes into the continuum. This situation is called over-the-barrier
ionization and is shown in The ionization mechanism in the strong-field regime
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Figure 2.3. The schematic representation for different cases of strong-field single ionization.
The dashed blue line shows the field-free binding potential and the green curve corresponds to
the field-dressed potential. The dashed black line represents the ionization potential for the
field-free case. a) Multi-photon ionization, b) Tunneling ionization, and c) Over-the-barrier
ionization.

can be characterized using the Keldysh parameter vy given by [193, 194]

i Ttunnel _ IP (2.10)

L P T TV

where Tiynnel is the time required for an electron to tunnel through the barrier; Ty is the
oscillation period of the laser field of frequency w, given by Tosc = %T; I, is the ionization
potential and U, is the ponderomotive energy, which is the cycle-averaged quiver energy
of an electron in the oscillating field. The value of 7 increases for shorter wavelengths
and weaker fields, where the electron essentially does not have the time to tunnel into the
continuum. The multi-photon ionization dominates in the regime, where v >> 1, and the
mechanism can be described through perturbation theory [I87, [190]. Conversely, the value
of v decreases for longer wavelengths or stronger fields. The ionization occurs through
tunneling mechanisms for v << 1. The theoretical models describing the tunnel ionization
process and the rate of ionization for atomic-like species are given by the ADK model [195]
or the KFR theory [190] 193, 196, 197]. They are commonly known as the strong-field
approximation, and later this was extended to incorporate the case of molecular ionization
and the effects of the molecular orbitals. A detailed overview of these attempts can be
found elsewhere [I188], 190, [194]. The experiments performed in this thesis are in a regime
of y~1, and hence, neither the pure tunneling nor pure multi-photon mechanisms are valid.
This intermediate regime is called non-adiabatic ionization [I88] [190], where the ionization

mechanism is a mixture of both.

In general, strong-field ionization with an intense laser field can singly as well as multiply
ionize the molecule. The molecule can undergo fragmentation in both scenarios. In the
case of multiple ionization, the highly-charged parent ion undergoes fragmentation due
to Coulomb repulsion, and imaging the recoil directions of these fragments can provide

information about the underlying fragmentation dynamics.
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Figure 2.4. The calculated total x-ray absorption cross-sections for carbon (grey) and
nitrogen (blue) as function of the photon energy. The data is taken from reference [198§].

2.3.2 Site-specific soft x-ray ionization

In soft x-rays were used to perform site-specific core-shell ionization of molecules.
Single core-shell ionization of atoms occurs after the absorption of high energy photons,
whose energy is greater than the binding energy of inner-shell electrons. The total x-ray
cross-section for atomic species is determined by its electronic structure and by the photon
energy [137]. As a general rule for soft x-rays, the total absorption cross-section scales
approximately as Z*, where Z is the atomic number [I38]. For a given atom, the absorption
cross-section reduces with an increase in photon energy, except at photon energies just
above the absorption edges [199]. This general trend for the absorption cross-section as
function of the photon energy roughly scales as E, where E is the energy of the photon.

The calculated total x-ray absorption cross-sections for carbon (grey) and nitrogen (blue)
atoms are shown in [198]. In general, the absorption cross-section of the nitrogen
atom is larger than that of the carbon, and the cross-section reduces with increasing the
photon energy. The sharp absorption edges around photon energies of ~280 eV and ~410 eV
correspond to energies exceeding the ionization potentials for the 1s orbitals [199]. Hence,
the x-ray absorption cross-section is strongly element-specific, and tuning of the photon
energy can be efficiently used to perform localized ionization within the molecule [137, [13§].

The mechanism for core-shell ionization after single x-ray photon absorption is shown
in [Figure 2.5 & where an electron is directly transferred into a continuum from an inner
shell. Further indirect ionization can occur by the inelastic second-order interactions of the
ejected photoelectron with other bound electrons of the same atom. These can be broadly
classified as shake-up and shake-off processes [138], 200]. In a shake-up process, a valence
electron is transferred into an unoccupied orbital, and the photoelectron thereby loses a
finite amount of kinetic energy. During a shake-off process, a valence orbital is ionized and
finally resulted in two electrons in the continuum. These secondary processes lead to the

release of low-energy electrons with an energy similar to that of photoelectrons released
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Figure 2.5. The schematic representation of x-ray ionization and relaxation processes. The
black arrow represents the transition from one energy level to another, and the empty black
circle denotes the vacancy created. a) The direct core-shell single ionization of the system
results in the transfer of an electron into the continuum. b) Radiative relaxation process

through fluorescence decay. c¢) Non-radiative relaxation process mediated by Auger decay
resulted in a di-cationic state.

during outer-shell ionization.

After x-ray ionization, the unstable core-ionized species typically relax via two competing
processes, i.e., either by fluorescence [139, 199] or Auger decay [201]. Fluorescence is a
radiative relaxation process, where the vacancy created in the inner-shell is filled by an
electron from the outer-shell, thereby emitting a photon as shown in On the
other hand, an Auger decay is a non-radiative relaxation process resulted in the ejection of
a second electron and is represented by [Figure 2.5 ¢ In this process, the transition energy
of the electron filling-up the inner-shell vacancy is transmitted via Coulomb interaction
to ionize an outer-valence-shell. Therefore, Auger-decay results in the formation of a
di-cationic state [139, 200]. The excess energy carried by the released Auger electron can
cause further ionization or excitation of a valence orbital through a shake-off or shake-up
process [139, 200]. This cascade effect result in the formation of multiply charged ions. The
probability of fluorescence or Auger decay processes depends on the atomic number. The
fluorescence is the dominant relaxation pathway for heavier atoms [139, [199], while for atoms
with Z < 10, Auger decay dominates [139, 201]. Additional relaxations observed for the
core-shell ionized molecules or molecular clusters are inter-atomic (molecular) coulomb decay
(ICD) 143}, 146148, [151], proton-transfer mediated charge separation (PTMCS) [48] 202]
and electron-transfer mediated decay (ETMD) [48] 151 202], where two charge-separated

molecular sites are formed.

2.4 Imaging the 3D momenta of ions

Coulomb explosion imaging is a widely used experimental technique to study the structure
and fragmentation dynamics of molecules [132] [134]. The interaction of high-intense laser
fields or x-rays with atoms, molecules, and clusters, can lead to multiple electron ejection,

and thereby Coulomb explosion from highly charged cationic species. Measuring the 3D
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velocity vectors of the emitted ions and electrons can give insight into the underlying
fragmentation dynamics. In this thesis, the Coulomb explosion imaging is explicitly used as
a probe to study the fragmentation processes of cationic states of pyrrole and pyrrole(H,0),
as described in chapters [f to [7}

2.4.1 Velocity map imaging spectrometer

Ton imaging techniques are widely used for imaging momenta vectors of ions produced
through the photodissociation of the molecules, and thereby, following the chemical dynamics
leading up to this process. In this thesis, a velocity map imaging spectrometer (VMIS) is
employed- an experimental technique initially described by Eppink and Parker [203]. A
schematic representation of a conventional VMIS is shown in It consists of
three plates, which are the repeller, extractor, and ground plates. The electric field created
by this electrostatic lens is used to map ions with the same initial parallel momenta into
the same position on a 2D plane of a position-sensitive detector. Ions are produced by a
focused laser beam in the interaction region, which is defined by the space between the
extractor and the repeller electrode, also known as the extraction region. A specific set
of voltages are applied to the extractor and repeller plates, to create the gradient field in
the extraction region, which ensure that in velocity mapping the impact position of the
charged particle on the detector plane is in first order independent of the exact position at
which they originated in the interaction region. The third electrode is typically grounded
or has the same potential as the flight tube so that accelerated ions fly in a field-free region,
known as the drift-tube region, before they arrive at the detector. The flight time for the
ions to reach the detector is proportional to %, where m is the mass, and q is the charge
of the ion. After velocity map imaging of the ions, the resulting radius on the detector
plane is R =M - v, - tof, where M is the magnification factor for the obtained image, v, is
the initial transverse velocity of the formed ion, and ti.¢ is the time-of-flight of the ion.

In a typical velocity map imaging experiment, a position-sensitive detector is used. One
such option is a micro-channel plate (MCP) detector in combination with a fast phosphor
screen, and corresponding images are commonly readout using charge-coupled device (CCD)
or complementary metal-oxide-semiconductor (CMOS) cameras. These cameras are not fast
enough to resolve the time-of-flight differences between different ion species, which typically
are in the range of hundreds of nanoseconds to a few microseconds, and identification of
the velocity map images of ions with different mass-to-charge ratios is difficult. Hence, the
ions should be filtered out according to their arrival time on the detector tiof, to obtain
the velocity map image of an ionic fragment with a specific mass-to-charge ratio. For this
purpose, in typical experiments, the MCP is gated using a fast switch with a temporal
gating window of a width of around 100 ns. As a consequence, this gating technique limits
a simultaneous measurement of the velocity vectors of all created ions of different mass-to-
charge ratios, which originated from the same ionization event. Though the combination of

VMIS with a position-sensitive detector is a very powerful technique for measuring ions of

21



2 Fundamental Concepts

Ton source
region

Repeller
Extractor

Position sensitive
_ ) detector
Velocity mapping lenses

Figure 2.6. A schematic representation of a conventional velocity map imaging spectrometer,
and it comprises of repeller, extractor, and ground plates. A position-sensitive detector is
used to detect charged particles, and the electric field created by the VMIS lenses ensures
that particles with the same initial parallel momenta are mapped to the same position on
the 2D plane of the detector.

the same mass-to-charge ratios, on the other hand, it lacks the necessary time-sensitivity to
distinguish ions of different mass-to-charge ratios. Also, imaging the velocity vectors of an
ion on to the detector plane results in the crushing of the 3D-momenta sphere (so-called
Newton’s sphere) of the created ions onto a 2D-plane of the detector. Conventionally, the
component of the velocity vector towards the detector plane (Z-component) can be retrieved
from the velocity map image using an inverse Abel transform [204], provided there exists a
cylindrical symmetry for the measured ion distribution (for example, linear polarization for
laser beam), and the symmetry axis is parallel to the detector plane. However, in many
experiments, we do not have such a well-defined symmetry axis. For instance, this can be
due to the choice of laser polarization, the structure of the molecule, or even when the

molecules are aligned or oriented in space.

2.4.2 Time and position sensitive detectors

The simultaneous measurement of the time-of-flight spectra and the velocity map images
of all the ions created from an ionization event can be achieved on a shot-by-shot basis
using time- and position-sensitive detectors. In such detectors, the component of the
velocity vector towards the detector plane can also be directly measured using the temporal
information, thereby enabling direct imaging of the 3D-momenta of ions. Hence, these
time-stamping detectors provide the unique advantage of simultaneous determination of
3D-momenta of ions with different mass-to-charge ratios and are extremely beneficial for
situations where one can not perform inverse Abel transform. Two such type detectors are
used in this thesis in chapters [5| to [7} one is the delay-line detector [205], and the other is
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Figure 2.7. The working principle of a delay line anode is schematically represented. The
X and Y position of a particle hit, i.e., where the electron cloud from the MCP hits the
anode, is retrieved from the signal propagation time along the wires. The figure is taken
from reference [205].

Timepix3 Camera [200].

A combination of MCP and delay-line anodes can be used for achieving the time and
position information of a detected ion. The time-of-flight information of the hit is retrieved
by directly measuring the MCP current as a function of time. The position information
of the hit is obtained using an arrangement of orthogonal double-wires called the delay-
line anode (Lecher-lines). A schematic representation of the function of the delay-line
anode is shown in [Figure 2.7 The delay line anodes are attached behind the MCP to
collect the secondary electrons produced by a particle hit on the detector. The time-delay
between current pulses measured at the two ends of the delay-line anode gives information
about the position of the hit. For instance, the X position of the hit is proportional to
Ty1 — Typ. A quadratic delay-line detector, with two sets of delay-line anodes that are
oriented perpendicular to each other, is used to determine the X and Y positions of a hit
on the detector as shown in [Figure 2.7 For more detailed information, see reference [205).
The combination of MCP and delay-line anodes provides an excellent time resolution of
~100 ps [205]. The delay-line detector is limited to handle only a few hits per ionization
event, i.e., one should work in a coincidence regime. The hexagonal version of anode pairs
(three-sets of anode pairs) shows a slight improvement for multi-hit handling capability.

Next, an event-driven time-stamping fast optical camera Timepix3 with the potential for
the time- and position-sensitive detection of the hits is discussed. For this, we implemented
the Timepix3 camera to image ions, which were detected by the MCP-phosphor screen
combination, as shown in the [Figure 2.8 al The detector is mounted outside the vacuum,
and light flashes from the fast phosphor screen are focused on the sensor chip. The

detector consists of a light-sensitive silicon sensor (256 x 256 pixels, each pixel of size
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Figure 2.8. a) A schematic representation of the Timepix3 camera in combination with
VMIS and MCP-phosphor screen is shown. b) The hit position (x,y) is imaged onto the
Timepix3 Si sensor, which also records the time-of-arrival (ToA) and time-over-threshold
(ToT) based on a threshold value set for the pixels.

55 x 55 1m?) bound to a Speedy Plxel Detector Readout (SPIDER) chip for the time- and
position-sensitive detection of the hits. Each pixel of the sensor acts independently as a
fast digitizer, where a threshold value can be applied. If the detected signal overcomes
the set threshold value, the timing information is recorded as time-of-arrival (ToA) and
time-over-threshold (ToT), as represented in the [Figure 2.8 bl The ToA gives the time it
takes for the signal to overcome a predefined threshold value, whereas ToT is the duration
of time signal stayed above the threshold value. The ToA can be used to determine the
time-of-flight-information, and the ToT represents the amplitude of the signal. We utilized
the home-built Pymepix [207] software for data handling and centroiding. A nominal
time-resolution of 1.5 ns can be achieved using the Timepix3 camera [206]. A significant
advantage of this detector over the delay-line anode is that it can handle multiple hits,
and hence, measurements with higher counter rates are feasible. Another type of available
event-driven detector is the Pixel Imaging Mass Spectrometry (PImMS) camera, which
uses monolithic CMOS technology, and offers a time resolution of 12.5 ns [208] 209]. As a
general remark, the sensor-based detectors only work in combination with a fast phosphor
screen such as P46 or P47 [206-208].

2.5 Analysis of ion imaging data

In this thesis, the implementation of the aforementioned experimental methodologies

described in the [subsection 2.4.2| enabled us to simultaneously measure the 3D-momenta of

all ionic products formed from the fragmentation of the cationic states of molecules, created

after strong-field or soft x-ray ionization. To elucidate the correlated ions originated from
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Figure 2.9. A schematic representation of the photoion-photoion coincidence (PIPICO)
map for a specific fragmentation channel of pyrrole, for the four different orientations a),
b), ¢), and d) of the molecule. e) An example of experimentally measured PIPCO spectrum
of pyrrole. The region outlined in green color represents the real coincidences, whereas the
region outlined by red color denotes the false coincidences.
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the same ionization event, it requires to perform specialized data analysis. Two types of
such analysis techniques were performed based on the signal level. The first one is the
coincidence analysis, and the second one is the covariance analysis. A brief overview of
these analysis techniques is described in this section, and the results of these analyses are
given in chapters 5] to [

2.5.1 Coincidence map imaging

The coincidence map imaging technique is restricted to experimental conditions, where
typically on an average at a maximum of one molecule is ionized in a given laser shot, known
as the coincidence regime. A time-of-flight coincidence matrix can be built between two
ions for all possible ion pair combinations on a shot-by-shot basis. A coincidence spectrum
gives information about the ion pair, which is created from the same dissociation pathway
after Coulomb explosion of molecules. Hence, it is a powerful technique to disentangle
different fragmentation channels of a molecule.

A schematic representation of a Coulomb explosion channel of pyrrole and corresponding
photoion-photoion coincidence (PIPICO) spectrum is shown in The figure shows
a schematic of an axial two-body Coulomb explosion process of pyrrole, for the four different
orientations a), b), ¢) and d) of the molecule. An extraction electric-field is used to direct
the ions to the detector surface. The time-of-flight (TOF) of the ionic fragment depends
on the mass-to-charge ratio of the fragment, as well as the orientation of its momentum
vector (p) with respect to the detector plane. For the orientation of the molecule shown in
a), the Coulomb exploding lighter ionic fragment (ion 1, m/q =28 u/e) has a momentum
vector (pp) towards the detector and the heavy ionic fragment (ion 2, m/gq =39 u/e) has
the momentum vector (p2) initially pointing away from the detector plane. Hence, ion 1
will have a shorter TOF than ion 2, and the resulting PIPICO island is represented by the

marked point a. Similarly, averaging of all different orientations of the molecule leads to a

25



2 Fundamental Concepts

diagonal line in the PIPICO spectrum, as indicated in The slope and shape of a
coincidence line (in m/q units) are determined by the mass-to-charge ratio of the fragments,
as well as the angle between the momentum vectors of these ionic fragments [210]. For
example, an experimental coincidence island corresponding to the Coulomb explosion of
pyrrole is shown in and more details are mentioned in chapter [7} A sharp
straight line coincidence between two ions (the region marked by green color) represents
a recoil-frame Coulomb explosion process, where the total momentum is conserved. The
washed-out coincidence lines are due to the correlation between two ions, which originated
from a multi-body fragmentation process. A false coincidence island typically appear as a
blob in the spectrum, as represented by the marked region in red color The
real coincidences can be identified by checking the conservation of the total momentum
in the recoil-frame for a given ion pair. In a two-body fragmentation process, the sum of
the momenta of the two ions which fly in opposite directions should be a value within a
small width around zero. On the other hand, for multi-body fragmentation channels, the
conservation of momentum between the two detected fragments is no longer valid, and the
width of the coincidence line (in m/q units) is directly proportional to the momenta of the

undetected fragments.

2.5.2 Covariance map imaging

Covariance mapping is a widely used technique to obtain a statistical correlation between two
random variables [211]. Covariance map techniques were applied previously to investigate
the complex fragmentation dynamics of molecules after Coulomb explosion [212, 2T3]. This
analysis is of great significance when the experimental conditions are far off from the
coincidence regime, and the method is also well known to correct for false correlations.
Covariance analysis can be performed on the time-of-flight [212] or velocity map image
data of ions [213], which are measured on a shot-to-shot basis after the Coulomb explosion
of molecules. Mathematically, the covariance matrix between two random variables x and

y, measured n times, is given by,

n

cov(x,y) = %Z(xi —X)(yi—9) =

S|
M:

I
—_

(xl-yl-) — Xy (2.11)

i=1 i

where x; and y; are it" observables of variables x and y, whose expected (mean) values are

X and ¥/ respectively. The above equation can be written in terms of expectation values as,

cov(x,y) = (xy) = (X)(y)- (2.12)

The first term of the above equation (2.12)) is a measure of how often the variables are
observed to be correlated. However, it is required to mention that this might include
events that are not correlated in reality (so-called false coincidences). The second term

(x)(y) measures how often both variables are observed independent to each other, and
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thereby, provides an estimate of the number of false coincidences. The subtraction of the
second term from the first term yields the total covariance matrix, which is immune to false
correlations. The positive value for the elements in the covariance matrix represents the
real correlations between two variables, which are created from the same fragmentation
process, in our case. Also, the area under each correlated island in a covariance map
encodes the probability of that correlated channel (e.g. a specific fragmentation channel
from Coulomb explosion of a molecule) to occur in a given laser shot [211], 212]. For the
experiments performed in this thesis in chapter [6] a simple covariance analysis is performed
using the equation (2.12)). The contributions from the fluctuations or noise that add up to
the desired signal can be removed by performing a partial covariance analysis [211]. The
partial covariance analysis is more significant, for instance, in an experiment performed
using a Free-Electron-Laser (FEL) source, where the shot-to-shot fluctuations are severe as

compared to standard laser-based experiments.
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3 Knife edge skimming for improved

separation of molecular species by the
deflector [

3.1 Introduction

Molecular-beam methods are important in physical chemistry and molecular physics as they
provide unique opportunities to obtain fundamental insight into mechanisms and dynamics
of elementary molecular and chemical processes. Furthermore, industrial applications using
molecular beams range from the fabrication of thin films to the production of artificial
structures such as quantum wires and dots.

Supersonic expansion of a gas into vacuum provides extreme cooling, in the case of
atomic or seeded molecular beams typically from ambient or elevated temperatures down to
~1 K [67]. This approach is used for a large variety of experiments. In many applications
the molecular beam is shaped by skimmers, knife edges, razor blades, slits, slit-skimmers,
or gratings to select only the most intense part of the beam [67, ITTHIT4]. Furthermore,
molecular beams can be manipulated by electric and magnetic fields which allow, e. g., the
separation of the molecules from a seed gas [86, 93].

Spatial separation of different species is achieved by the electrostatic deflector [68, 86l 214].
Experiments are in this case typically performed at the edge of the deflected molecular
beam to maximize the separation or to reduce the amount of signal originating from the
seed gas. However, at this position of the beam profile the column density of molecules is
rather low. In this note, we present the combination of a knife edge with the electrostatic
deflector, which allows for a better separation of the different species of a molecular beam

as well as an increase in column density in the interaction region.

3.2 Experimental setup

A schematic of the experimental setup is shown in A pulsed molecular beam
was provided by expanding a few millibar of indole and a trace of water in 80 bar of
helium through a position-adjustable Even-Lavie valve [73]. The valve was operated at
a temperature of 110°C and at a repetition rate of 250 Hz. Two transversely, in X-Y,
adjustable conical skimmers (Beam Dynamics, model 50.8 with @ = 3.0, model 40.5 with

@ = 1.5 mm) were placed 6.5 cm and 30.2 cm downstream from the nozzle, respectively.

*This chapter is based on the publication “ Knife edge skimming for improved separation of molecular
species by the deflector” by Sebastian Trippel, Melby Johny, Thomas Kierspel, Jolijn Onvlee, Helen Bieker,
Hong Ye, Terry Mullins, Lars Gumprecht, Karol Dlugotecki, and Jochen Kiipper, Rev. Sci. Instrum 89|
096110 (2018), larX7w:1802.04053. I contributed to the implementation of the experimental setup, recorded
the data, analyzed the data, prepared figures for the manuscript, and contributed to the preparation of the
manuscript.
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https://dx.doi.org/10.1063/1.5026145
https://arxiv.org/abs/1802.04053

8 Knife edge skimming for improved separation of molecular species by the deflector

p
& Without
knife edge

Laser

With
knife edge

Deflected
Undeflected

- — Imaging

detector

beam

/ TOF-spectrometer
‘ Knife edge

( —_— X* >’

Y

Laser beam

[ —— ]

Molecular beam — ’ \
EL-valve / / ‘\%Skimnwl part
m\l f?‘ /./__/' / Knife edge Knife edge
e, N Deflector \
T4 Skimmers b
- \
c Y ‘ ﬁ&.‘_’_
v Molecular f Movable
Al B X Z beam \
' p Motor

Figure 3.1. Schematic of the experimental setup and the definition of the coordinate system.
The molecular beam, provided by supersonic expansion of indole, water, and helium from
the Even-Lavie valve on the left passed two skimmers before entering the deflector. The
knife edge and an additional skimmer were placed behind the deflector. In the center of a
TOF mass spectrometer the molecular beam was crossed by the laser beam propagating
along X, i.e., from front to back. a) Sketch of the cross sections of the molecular beam and
the laser beam to illustrate the working principle of the knife edge. b) Zoom into the knife
edge region, showing the mechanical setup and motorization. c¢) Definition of the volumes
A and B, the beam radius r, and the width p used for the theoretical limit; see text for
details.

The transversely adjustable electrostatic deflector was located 4.4 cm behind the tip of the
second skimmer. Using the b-type electrostatic deflector [I83], the molecular beam was
dispersed according to the specific quantum states of the molecular species [76), [86], 214].
The vertically, Y, adjustable knife edge was placed 1.3 cm behind the end of the deflector.

For the measurements with knife edge its vertical position was chosen such that the
undeflected molecular beam was cut roughly in its center. For the measurements without
knife edge it was moved vertically out of the molecular beam. A third, transversely
adjustable skimmer (Beam Dynamics, model 50.8 with @ = 1.5 mm) was placed 2.5 cm
downstream of the front of the knife edge. The molecular beam entered a time of flight
mass spectrometer (TOF-MS) centered 17.6 cm downstream of the last skimmer, where the
molecules and clusters were strong-field ionized by a laser pulse with a pulse duration of
30 fs, centered at a wavelength of 800 nm, and focused to @ ~ 50 pm. shows
a cross section, in the X-Y plane, of the molecular beam to schematically illustrate the
working principle of the knife edge. On the left, a molecular beam profile defined by the

shape of a round skimmer is depicted. Its deflected part is shown by a vertical shift. On
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the right, the corresponding profiles are depicted for the case with the knife edge. The
laser probes the molecules in the deflected part of the beam, resulting in a higher column
density compared to the case without knife edge. highlights the region of the
setup where the knife edge was located. It depicts the knife edge with its holder which was
mounted on a motor (SmarAct SLC-1750-S-UHV) which allows to position the knife edge
vertically. The molecular beam is indicated by the green cylinder which is cut into halves
by the knife edge.

3.3 Results

We used the separation of indole and indole-water clusters to demonstrate the advantage of
using the knife edge in combination with the electrostatic deflector. shows the
measured vertical density profiles of the undeflected and deflected molecular beam when
the knife edge was used. The TOF mass spectrum was gated on specific masses, which
corresponded to either parent ions or specific fragments, to obtain each individual profile.
The undeflected (0 kV) profile of the signal corresponding to the indole mass of m =117 u
is shown in dark blue. All molecules and clusters were deflected downwards when voltages
of 10 kV were applied to the deflector electrodes, as all quantum states were high-field
seeking at the electric field strengths experienced inside the deflector [86]. The deflection
profiles for the gates set to the masses of indole, indole(H,0), indole(H;0), and (indole),
are shown in red, black, green, and orange, respectively. The profiles for indole(H,0),
indole(H0)3, and (indole); were multiplied by a factor of five. The indole(H,0)3 cluster
was not observed in the mass spectrum. Furthermore, the profile of indole- - - H,O had the
same shape as the one for (indole); and is not shown in the figure. Several edges were
observed in the profiles which correspond to various molecules and fragments. Going from
left to right, the outermost edge at -1.25 mm is attributed to indole(H,O) because this
cluster showed the largest Stark effect of all molecules and clusters to be considered and was,
therefore, deflected the most |76, 86]. The shape of this edge matches the corresponding
edge in the indole-ion profile, which confirms that the indole(H,0O) ion was fragmenting to
indole ion with a probability of ~53 %. The edge at -0.9 mm in the indole-cation signal
was attributed to the indole monomer, since indole had the second largest Stark effect. The
edge on top of the indole(H,0O) profile at -0.6 mm was produced by indole(H,0); clusters
which fragmented into indole(H,0) with a probability of ~64 %. A better separation of
CgH7;N-H,O from indole and higher clusters was observed in comparison to our previous
experiments on this system without the knife edge |76, [86]. Furthermore, the edge for the

indole(H0); cluster has now been observed for the first time.

shows the measured deflection profiles for indole corrected by the known
fragmentation probabilities to account for the fragmentation for the case with and without
knife edge (Knife) and the deflector switched on (red) and off (blue). The profiles for the
case without knife edge were shifted by 0.975 mm to the left to match the edges on the
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Figure 3.2. (Color online) a) Column density profile of indole (Ind) in dark blue, and
deflection curves of various species (colored). b) Column density profiles with the deflector
switched on (red) and off (0 kV, blue) with and without knife edge (Knife).

left side for a better direct comparison. In both cases — deflector on and off — the left edge
was steeper for the measurements with knife edge. This is attributed to the higher column
density as a result of the knife edge. Placing the probe laser at —0.7 mm in the deflected
profile results in an enhancement factor of R = 1.5 at this position. The measured molecular
beam diameter of » =2 mm matches exactly the expected radius from geometry arguments
assuming a point source for the molecular beam. The distances between the valve and the
third skimmer and the interaction region are 53.4 cm and 71 cm, respectively. This results
in a magnification factor of 71.0/53.4 = 1.33, in excellent agreement with the ratio between
the measured molecular-beam diameter and the skimmer diameter given by 2.0/1.5 = 1.33.
The deflected part of the molecular beam is, therefore, also expected to be far out of the

geometric helium profile. Additional broadening mechanisms for the molecular beam, such
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as the finite temperature or deviations from a point source are not taken into account. The
influence of these contributions to the purity of the molecular beam are beyond the scope

of this manuscript.

3.4 Discussion

The maximum enhancement factor R for the increase in column density can be estimated,
assuming an uniform molecular beam emitted from a point source and a uniform deflection
force, from the molecular beam radius r in the interaction region and the width of the,
for the interaction with the molecules relevant, volume p. For p < r the enhancement
factor is given by R=A/B = 3/4\/21’/;9, see |[Figure 3.1 ¢ Taking the radius of our

measured molecular beam profile of ¥ = 1.0 mm and the diameter of the ionization laser

p =50 pm resulted in an expected enhancement factor of R ~4.7. We attribute the reduced
experimentally observed enhancement factor of R = 1.5 to the following reasons: The
experimental molecular beam profile was not collimated and, therefore, the edges of the
profiles are not infinitely steep. Secondly, the important volume for the interaction of the
molecules with the ionization laser was unknown and might be broader than the measured
diameter in intensity. A third contribution to the reduced enhancement is attributed to the
fact that the deflector acts as a thick lens for the dispersion of the molecular beam which
leads to a softening of the edges. A further contribution could be a misalignment of the

knife edge with respect to the propagation direction of the probe laser.

3.5 Conclusion

The combination of the knife edge with the electrostatic deflector is of general use for all
molecular beam experiments that benefit from a strong separation of molecular species or
a strong separation from the seed gas. The presented approach is also especially useful
for applications with low count rates or restricted measurement times, e.g., beamtimes
at large facilities such as free electron lasers (FELs), synchrotrons, or high-power-laser
facilities, where typically only a few days of beamtime are available for the measurements.
Furthermore, for probing a collimated molecular beam with r =2 mm by the generally
small x-ray beams, e.g., p =5 pm, a theoretical enhancement factor of R > 20 is obtained,

in line with preliminary results from a recent beamtime at the LCLS.
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4 Spatial separation of pyrrole and
pyrrole(H,0)

4.1 Introduction

Studies of solvation effects of biologically relevant aromatic molecules provide details
on the influence of the molecule’s local environment on its function and on the nature
of molecular interactions, as well as insights into the functions of complex biological
systems [23]. Prototypical model chromophores such as imidazole and pyrrole were used
to build synthetic polyamide ligands for the recognition of the Watson—Crick base pairs
in the minor groove [215]. Furthermore, pyrrole is a model of tryptophan’s indole
chromophore, one of the strongest near{UV] absorbers in proteins. Similarly, pyrrole is
responsible for the photoconversion mechanism in the phytochrome enzyme [51] and it is
a promising building block for organic dye-sensitized solar cells [216] as well as biological
sensors [217].

A key reason for the intriguing photophysics of the above-mentioned chromophores is the
excited '7r0* state, which is repulsive along the N-H-stretching coordinate [53, 218 219].
The photophysics and photochemistry of these molecules is fairly sensitive to the envi-
ronment [56]. In a bottom-up approach, spectroscopic and theoretical investigations were
performed for micro-solvated clusters to get fundamental insights into their photophysical
and photochemical properties [55, 218 220]. Recently performed experiments have pro-
vided evidence for ultrafast intermolecular relaxation processes in electronically-excited
microsolvated tetrahydrofuran-water [149] and indole-water [221] clusters. This reflects one
of the proposed efficient mechanisms for radiation damage processes of biomolecules via
auto-ionization caused by secondary electrons [32]. Time-resolved experiments, such as
photoion and photoelectron spectroscopy, aiming at the investigation of the photophysics
and photochemistry of pyrrole, were performed to study the dynamics of H elimination from
the N-H site of the molecule mediated by the excitation of the '7rc* state [52] 218 222, 223].

For pyrrole(H,0) clusters theoretical calculations predict that an electron is transferred
across the hydrogen bond without photodissociation of the pyrrole moiety [56 219]. Hence,
detailed investigations of the photophysics of pyrrole(H,0), and their comparison with the
existing observations for indole(H,O) [2I8] 220], promises to unravel these fundamental
processes in the intermolecular interactions as well as the radiation damage of biological
systems.

Advanced experiments aiming at unraveling these ultrafast dynamics often rely on pure

samples of the individual species. Such controlled samples were previously exploited in

*This chapter is based on the publication “Spatial separation of pyrrole and pyrrole-water clusters” by
Melby Johny, Jolijn Onvlee, Thomas Kierspel, Helen Bieker, Sebastian Trippel, and Jochen Kiipper, |Chem|
Phys. Lett 721, 149 (2019), larX:1901.05267. I contributed to the experiment, recorded the data, analyzed
the data, performed simulations, discussed the results with some authors, and wrote the manuscript.
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Figure 4.1. Schematic representation of the experimental setup and the definition of
the coordinate system. (a) Stark energies and molecular constants of pyrrole (red) and
pyrrole(H,0) (blue).

investigations of the photophysics of indole [162] and indole(H,O) clusters [221] following
site-specific soft x-ray ionization and are even amenable to coherent-x-ray-diffraction
studies [65]. These experiments relied on the spatial separation of individual species by
the electrostatic deflector [86], which was previously demonstrated for the separation of
indole(H,0) from indole |76, 186} 224].

Here, we demonstrate the spatial separation of pyrrole, a sub unit of indole and tryptophan,
and the microsolvated pyrrole(H,0) cluster. The structure of pyrrole and pyrrole(H,O)
was studied using microwave spectroscopy [50} 225] and it was concluded that the singly-

hydrogen-bonded pyrrole(H,0) cluster has a well defined structure, with the water attached
to the N-H site of pyrrole [50, 219].

4.2 Experimental setup

A schematic representation of the experimental setup is shown in An Even-Lavie
valve [73] was used to generate a pulsed molecular beam by supersonic expansion of a
few millibar of pyrrole (Sigma Aldrich, > 98 %) and traces of water seeded in ~80 bar of
helium into vacuum. The valve was operated at a repetition rate of 250 Hz and was heated
to 65°C. The expanded molecular beam was then skimmed twice using conical skimmers
(Beam Dynamics, model 50.8, @ = 3.0 mm & model 40.5, @ = 1.5 mm), which were placed
at distances of 6.5 cm and 30.2 cm downstream the nozzle, respectively. An inhomogeneous
electric field created by the so-called b-type deflector [I83] was used to disperse the molecular
beam according to the species’ effective-dipole-moment-to-mass ratio [86l, 214], 226]. The

molecular beam was cut by a vertically adjustable knife edge placed 1.5 cm downstream of
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4.8 Results and discussions

the exit of the deflector, which allowed for an improved separation of all species present in
the molecular beam [224]. The experiments were conducted by placing the knife edge at
a height where it cut off the undeflected (0 kV applied on deflector electrodes) molecular
beam at the center of the vertical column density profile. The molecular beam was further
skimmed by a conical skimmer (Beam Dynamics, model 50.8 with @ = 1.5 mm) placed 4 cm
downstream of the exit of the deflector. The transverse positions of the valve, skimmers,
and the deflector were adjustable using motorized translation stages. A laser pulse with a
duration of ~30 fs, a wavelength centered at 800 nm, focused to & ~ 50 pm, and directed
perpendicular to the molecular beam ionized molecules in the extraction region of a time-
of-flight mass-spectrometer (TOF-MS) placed 17.6 cm downstream of the last skimmer.
The peak intensity of the laser pulse was ~2 x 10* W/cm?. The ions generated due to
the strong-field ionization were detected using a micro-channel plate (MCP), operated in

single-shot readout.

4.3 Results and discussions

Figure 4.1 af shows the structure, rotational constants [50), 225], permanent dipole mo-
ment [50, 225], and the Stark energies of pyrrole (red curves) and pyrrole(H,0) (blue

curves) for the | = 0,1 rotational states. The Stark energies were calculated using CMIs-
TARK [179] within the rigid-rotor approximation, as justified by previous experimental
and theoretical work on the indole(H,0) cluster [76], 116]. Pyrrole has a ~64 % smaller
Stark-energy shift than pyrrole(H,O) for the ] = 0 rotational state at an electric field
strength of E &~ 200 kV/cm. This enabled full spatial separation of pyrrole(H,0) from
pyrrole in a cold molecular beam using the electrostatic deflector.

The molecular beam species underwent fragmentation following the strong-field-ionization
process. Hence contributions of ionic fragments from larger clusters in specific mass gates
were observed in our spectra. A ~28 % probability of pyrrole(H,0) fragmenting into
pyrrole™ was experimentally obtained for our specific laser pulse properties. A detailed

description of the fragmentation ratios and utilized mass gates for the specific ion signals is

presented in the [Supplementary Informationl The fragmentation-corrected vertical column
density profile for undeflected pyrrole is shown as black dots in The undeflected
profiles of pyrrole(H,0) and other species in the TOF-MS spectra had similar shapes and

are not shown. In addition, the fragmentation corrected deflection profiles of both, pyrrole
(red dots) and pyrrole(Hp0) (blue dots), are shown for voltages of 7 kV applied across the
deflector. All quantum states are strong-field seeking at the relevant electric field strengths
experienced by the investigated molecules and clusters inside the deflector. Therefore,
all species are deflected downward, in the negative Y direction [I83]. The experimental
deflection profile of pyrrole(H,O) shows the strongest deflection, down to Y = —1.8 mm,
whereas pyrrole was only deflected down to Y = —1.2 mm. Significant deflection of HyO is

not expected due to its small effective dipole moment [I85]. Larger cluster species, e.g.,
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Figure 4.2. a) Measured vertical column density profiles for the undeflected (0 kV) pyrrole
(black dots), deflected (14 kV) pyrrole (red dots) and pyrrole(H,O) (blue dots). Solid
lines are the corresponding simulated profiles. b) Purity of pyrrole (red) and pyrrole(H,O)
(blue).

pyrrole(H,0), and pyrrole),, are also deflected less than pyrrole and pyrrole(H,O); these

deflection profiles are shown and discussed in the [Supplementary Information|

The solid lines in are simulated profiles obtained from the results of Monte-

Carlo trajectory calculations that take into account the geometrical constraints of the

mechanical apertures in the experimental setup [214]. These simulated deflection profiles of
pyrrole and pyrrole(H,0) matched the experimental data assuming an initial rotational
temperature of the molecular beam entering the deflector of Tyt = 0.8 = 0.2 K. In the
deflected part of the beam at Y = —1.6 mm the relative populations of the rotational states
of pyrrole(H,0) were determined from the simulations. Although this rotational-state

distribution is non-thermal, it approximately corresponds to a thermal distribution of 0.4 K,

see [Supplementary Information| This indicates that an ensemble of very cold molecules
is generated using the deflector [104], 227] and that ultracold ensembles, even of isolated

well-defined molecular clusters, can be generated in the most deflected part of a dispersed

molecular beam.
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4.4 Conclusion

The purities of pyrrole and pyrrole(Hy0), as defined by the ratio of the specific signals to

the sum of signals of all other species observed is shown in [Figure 4.4 bl see [Supplementary]
for details of the analysis. This demonstrates that a molecular beam of
pyrrole(H,0) with a purity of ~100 % was produced at vertical positions —1.8 mm < Y <

—1.3 mm. The column density profile of helium is not shown here, but is expected to be
only slightly broader than the undeflected (0 kV) profile of the molecular species, owing
to its lighter mass. Furthermore, helium is expected to be only marginally deflected by a
few pm due to its small polarizability [I83]. Hence, the extracted pure molecular beam of

pyrrole(H,0) should also be free from helium gas at Y < —1 mm.

4.4 Conclusion

We demonstrated the spatial separation of the pyrrole(H,O) cluster in a molecular beam, i.e.,
from pyrrole, water, larger clusters, and the seed gas. A purity of ~100 % of pyrrole(H,O)
was obtained in the most deflected part of the molecular beam. Simulated deflection profiles
were in excellent agreement with the experiment. They yielded a rotational temperature of
Trot = 0.8 £ 0.2 K in the initial molecular beam for both, pyrrole and pyrrole(H,O), and of
Trot =~ 0.4 K in the deflected pure pyrrole(H,0) beam.

These pure beams of pyrrole(H,0) provide a crucial ingredient for photophysics studies
aiming at time-resolved hydrogen bond formation/dissociation dynamics, e. g., in ultrafast
laser pump and x-ray probe experiments. Further interesting aspects will be the control of the
orientation in the laboratory frame by laser aligning or mixed-field orienting pyrrole(H,O)
clusters [104] [1T5] [116]. The separated pure species are also ideally suited for experiments to
image the structure and dynamics of the pyrrole(H,O) complex in the molecular frame, e. g.,
through molecular-frame photoelectron angular distributions (MFPADs), gas-phase x-ray
diffraction, or laser-induced electron diffraction (LIED) experiments [65, [103] 228 229].

4.5 Supplementary Information

The mass spectrum of the molecular beam after strong field ionization, recorded in the

center of the undeflected (0 kV) molecular beam profile, is shown in In the spec-
trum, mass peaks that correspond to pyrrole™, pyrrole(H,0)*, pyrrole(H>O);, pyrrole);,
(pyrrole), (H,0) ™, (pyrrole)s(H20)5, pyrrole(H>0O)7, and larger clusters were observed.
Column-densities were obtained by integrating the mass spectrum within gates £0.5 u/e
around the nominal masses of pyrrole®, pyrrole(H,0)", pyrrole);, and pyrrole(H,0); ;
the resulting vertical beam profiles are shown in

The plotted profiles are for undeflected pyrrole™ (0 kV) and deflected (14 kV) molecular-
beam species without any fragmentation correction. The profiles of all species were scaled to
the undeflected profile of pyrrole® for an improved visibility, see the legend of

for the scaling factors used in the plot. The amount of deflection was in the following
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4 Spatial separation of pyrrole and pyrrole( Hy O)

order: pyrrole(H,O)" > pyrrole™ > pyrrole(H,0); > pyrrole);. Water is expected to
deflect less than pyrrole), because of its small effective dipole moment at the electric
field strengths used in the experiment. The fragmentation of pyrrole(H,O)" into the
pyrrole™ ion is evident from the matching shape of the deflection profile of pyrrole™ with
that of pyrrole(H,O)1 at vertical positions —1.8 mm < Y < —1.4 mm. This manifests
itself in a constant ratio R = S(pyrrole(H>O)")/S(pyrrole™) of the specific integrated
signals S(j) of the species j in that region as shown in . We have corrected
for the contribution of the fragmentation of pyrrole(H,O)™" into the pyrrole™ channel
using the mean value of the ratio R between vertical positions —1.8 mm <Y < —1.4 mm,
R = S(pyrrole(H,0) ") /S(pyrrole™) = 0.38.

The deflection profile of pyrrole(H,O) was also corrected for the fragmentation from
larger clusters. For this the width of the TOF-MS peak of pure pyrrole(HO)" in the
most deflected part of the beam (Y = —1.5 mm) was compared with the width of the
pyrrole(H,0)™ peak in the center (Y =0 mm) of the molecular beam profile where we
have contribution from higher clusters, The TOF-MS of pyrrole(H,O)" with
contribution from larger clusters (red curve) was broader than the one of the deflected pure
pyrrole(H,0)™ beam (black curve). This is attributed to the kinetic-energy release upon
cluster fragmentation; analyzing this allowed us to correct for these contributions. The
vertical column density profiles in obtained by setting gates to the wings of the
TOF-MS peak (green line, m/q = 85.02-85.10 u/e and red line, m/q = 84.88-84.96 u/e)
were scaled to the least deflected part of the pyrrole(H,O)™ signal (m/g =85=+0.5 u/e) at
0.2 mm < Y <1 mm, with a scaling factor of 10. The fragmentation corrected pyrrole(H,O)™"
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Figure 4.3. The mass spectra of pyrrole monomer, and larger clusters of pyrrole and water.
a) Zoom in of the mass spectrum for clusters.

40



4.5 Supplementary Information

1
[[# Pyrrole™(0 kV)
J’_
200 |4 Pyrrole .
= + Pyrrole(H,0) ™ (x20)
= H-F Pyrroles(x20)
=z 4 Pyrrole(H,0), " (x100)
= 100 .
n
S|
=
0 |
180 -
: <+ Pyrrole' (14 kV)
= | btz 34 | ¥ Pyrrole (H20)+(X23)(14 kV) 7
= X :
S 120 oo o A e —
o
—
R S e ot e -
g
O B0 BEETTTES -
0 1 I I
full width of TOF .
. left tail of TOF (x10.0)
'E 10 right tail of TOF (x10.0) |]
:f corrected Pyrrole(H,0) |_
~ y .
— .
=
” D
|
S b EwE T R
of
-2 -1.2 -0.4 0.4 1.2
Y (mm)

Figure 4.4. a) Vertical column density profiles recorded for various ion channels. b)
Vertical column density profiles of deflected (14 kV) pyrrole™ and pyrrole(H,0)". c) Ratio
of pyrrole(H,O)™ /pyrrole™ at positions —1.8 mm < Y < —1.4 mm. d) Molecular beam
profile of pyrrole(H,0) with gates covering the full-width of the TOF-MS peak (blue,
m/q =285+ 0.5 u/e) and curves corresponding to the vertical profile of pyrrole(H,O) with
gates set to the wings of TOF-MS peak (red and green), i.e., the red (m/q = 84.88-84.96 u/e)
and green (m/q = 85.02-85.10 u/e) shaded regions shown in the inset, e). The orange
curve corresponds to the fragmentation corrected column density profile of pyrrole(H,0).
e) TOF-MS of deflected (14 kV) pyrrole(H,O)™ at vertical position Y =0 (red) and of pure
pyrrole(H,0) beam at Y = —1.5 mm (black, m/qg =85+ 0.5 u/e).
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Figure 4.5. The relative population of the rotational states in the molecular beam at
Y = —1.6 mm (dashed line) and the thermal distributions at various temperatures (solid
lines).

profile (orange line) was obtained by subtracting these larger-cluster-fragment corrections
(green and red lines) from the profile obtained by setting gates to the full width of the
TOF-MS peak (blue line, m/q =85+ 0.5 u/e). The step at vertical positions ranging from
Y = —0.3 to —0.8 mm (blue line) and the shape of the profiles for larger clusters (red and
green lines) matched the shape of the deflected pyrrole(HzO);r in Hence, the
uncorrected pyrrole(H,O)™ profile had significant contributions from fragments of larger,
weakly deflected, pyrrole(H>O); cluster into the pyrrole(HO)™ channel.

The purity P; of a species i is defined by P; = S(i+)/ZjS(j+). For our evaluation of
the purity, integrated signals from pyrrole™, pyrrole(H2O)™", pyrrole(H,0);, pyrrole)s,
(pyrrole), (H,0) ™, and (pyrrole)z(H20)5 were taken into account; larger clusters were

neglected.

The relative populations of rotational states of pyrrole(H,O) in the molecular beam at
Y = —1.6 mm were determined from the simulations, see [Figure 4.5} this distribution is
non-thermal due to the nature of the deflection process. The rotational state distribution
for a range of temperatures are also shown in the plot. The relative populations in the
deflected part of the beam match fairly well with a thermal distribution of T, = 0.4 K. This
confirms that ultracold molecular beams, even of isolated well-defined molecular clusters,

can be generated in the most deflected part of a dispersed molecular beam.
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5 Molecular sunscreen: water protects

pyrrole from radiation damage [

5.1 Introduction

The damage of biological matter upon the interaction with UV radiation [§] or ionizing
radiation [31], such as x-rays [31, B2], y-rays [45], and a- [33], or other fast charged
particles [32], B34, [39] is a major environmental impact on living organisms [8, [3I]. For
instance, inner-shell-, inner-valence-, or outer-valence-ionized states can relax in various
pathways that form cationic species, which can result in molecular fragmentation [32, 146,
147]. In addition, recent studies show that one highly relevant mechanism of DNA strand
breaks is via autoionization or excitation caused by low-energy secondary electrons [32) 34]
35, 139].

Regarding the radiation damage of molecules, ionization and excitation are similar:
Vacancies are created in the occupied molecular orbitals in both cases, which can lead to
corresponding bond breaking. In the case of ionization, the electron is directly transferred
to the continuum, leaving the molecule, while excitation may result in the population of
dissociative excited states [230} 231]. Typical sources for single ionization of biological
matter in aqueous environments are deep UV ionization or the interaction with radicals,
slow electrons, or ions [31), 32, 231], 232]. While deep UV radiation is efficiently blocked
by the earth’s atmosphere [233] it is omnipresent in outer space [234]; harder radiation
penetrates the atmosphere. Larger molecular assemblies such as clusters, droplets, and even
large molecules like proteins in their natural solvation environment are known to allow for
additional relaxation pathways due to intermolecular interactions [29, [48], 1406, 202}, 235-240)].
These pathways may lead to a protection of the molecule especially if the biomolecule is
directly affected by the radiation [8]. On the other hand, secondary species originated from
the ionization of surrounding solvent molecules can open up new pathways that lead to
biomolecular destruction.

Hydrogen-bonded solute-solvent complexes allow for quantitative investigations of these
effects [143| 149, 151], 241]. One of the important electronic relaxation channels of such
dimers after x-ray ionization, electron-impact ionization, or a-particle irradiation was
ascribed to intermolecular Coulombic decay (ICD) [143, 146-149, 241]. ICD results in the
formation of mainly charge-separated di-cationic complexes which undergo fragmentation
via Coulomb repulsion. A competing ultrafast relaxation channel of hydrogen-bonded

complexes after inner-shell ionization, which may protect biomolecules, is intermolecular

*This chapter is based on the draft of the manuscript “ Molecular sunscreen: water protects pyrrole
from radiation damage” by Melby Johny, Constant A. Schouder, Ahmed Al-Refaie, Joss Wiese, Lanhai
He, Henrik Stapelfeldt, Sebastian Trippel, and Jochen Kiipper, |arXivw:2010.00453. I contributed to the
experiment, recorded the data, analyzed the data, discussed the results with some authors, and wrote the
manuscript.
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electron- or proton-transfer-mediated charge separation [48], 202] 241]. This was observed

following x-ray ionization of the water dimer [I51] and liquid water [150] [152].

A key ingredient for the indirect destruction pathways of biological matter is the radiolysis
of water [37, 38| 232], which is probable because ~3/4 of the volume of the cell comprises
of aqueous environment [32, 232]. In this case, reactive cations, radicals, anions, or aqueous
electrons are produced inside the water environment, which can trigger biomolecular
fragmentation [31), B6H38|, 43, 242]. In this context, it is still under discussion whether
the hydration environment inhibits or enhances radiation-induced biological damage [40
46, [49], 232].

Pyrrole, a heterocyclic aromatic molecule, is a UV-absorbing chromophore, e.g., in
hemes and chlorophylls [51I]. Pyrrole is also a subunit of indole, 3-methylindole, and
tryptophan, which are of great relevance as the principal UV-absorbers of proteins [52] [53].
The photophysical and photochemical properties of indole and pyrrole are sensitive to the
hydration environment [25] [26] [54H56]: upon UV absorption these chromophores indirectly
populate an excited 17ro* state, which is repulsive along the N-H-stretching coordinate [52-
54]. This triggers an ultrafast internal-conversion process to the ground state, essential for

the photostability of proteins.
The pyrrole(H,O) cluster has a well-defined structure with a hydrogen bond from the

N-H site to the water [50]. This reflects the strongest interaction between pyrrole and
surrounding H>O in aqueous solution. H-elimination dynamics from the N-H site of pyrrole,
mediated by the electronic excitation of the '7ro™* state [52, 218, 222, 223] or by vibrationally
mediated photodissociation [243], was studied by time-resolved photoion and photoelectron
spectroscopy. Theoretical calculations for electronically excited pyrrole(H,O) clusters
predicted electron transfer across the hydrogen bond without photodissociation of the
pyrrole moiety [56, [219]. Direct ionization of pyrrole [244] and pyrrole(H,0O) [108] led to

molecular fragmentation.

Here, we experimentally investigated the damage incurred in singly and doubly ionized
pyrrole molecules and the effect of solvation by comparing the fragmentation pathways of
bare pyrrole and microsolvated pyrrole(H,O) heterodimers using pure samples of either
species. This scheme enables the systematic investigation of the role of water solvation on

the photophysics of pyrrole and hence for hydrated biomolecules in general.

A schematic representation of our ionization strategy is represented in We
mimicked radiation damage through outer valence ionization. Pyrrole and pyrrole(H,0)
were site-specifically ionized, see through the removal of electrons from the HOMO
or HOMO—1 orbitals, which are localized on the aromatic ring. This was achieved by
strong-field ionization using 800 nm laser pulses with a peak intensity of ~1 x 10* W /cm?
and a pulse duration of 30 fs. Valence ionization of bare pyrrole resulted in extensive
fragmentation. On the other hand, for singly ionized pyrrole(H,O) we mainly observed
breaking of the hydrogen bond and a water molecule leaving an intact pyrrole ring. In this

case, breaking of the actual biomolecule is strongly suppressed.
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5.2 Results

Figure 5.1. Schematic representation of the ionization scheme and radiation-protection
mechanism in pyrrole(H,O). Single ionization of the cluster is followed by its dissociation,
with the leaving water molecule allowing the aromatic ring to stay intact without further
fragmentation.

5.2 Results

Our comparison of the fragmentation dynamics of bare and microsolvated pyrrole built on
the production of very pure molecular beams of pyrrole and pyrrole(H,O), respectively; see
for details. The molecular beam had, in the case of pyrrole, a purity of ~95 %,
with a contamination of ~5 % given by pyrrole dimer. The purity of the pyrrole(H,0)
beam was ~99 % with the major contamination by water dimer [I10].

shows the time-of-flight mass spectrum (TOF-MS) and corresponding velocity-
map images (VMIs) of all ions resulting from strong-field ionization of pyrrole. All data
were recorded simultaneously using a Timepix3 camera [206, 207]. Rings in the VMIs
occur for two-body Coulomb explosion, i. e., a charge-repulsion-driven fast breakup into two
positively charged fragments. These fragmentation channels obey momentum conservation
in the recoil frame. Low kinetic energy (KE) features correspond to charged intact parent
ions or ions created from dissociative single ionization. The data shows no signatures of

three-body breakup beyond hydrogen atom/proton loss.
The most prominent feature in the TOF-MS is the narrow peak at m/q =67 u/e, assigned

to pyrrole™, on top of a broader pedestal. The peak corresponds to the sharp central dot
in the corresponding VMI. The pedestal correlates with the rings in the VMI which are
assigned to pyrrole™ from Coulomb explosion of the pyrrole dimer. The TOF-MS peak at
m/q =33.5 u/e and the central dot in the corresponding VMI are assigned to the doubly
ionized pyrrole. Its pedestal in the TOF-MS and the corresponding rings in the VMI
are attributed to pyrrole?" from Coulomb explosion of multiply-ionized pyrrole dimer. In

both cases 95 % of the signal strengths are in the central peaks, i.e., originating from the
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Figure 5.2. Time-of-flight mass spectrum and corresponding velocity-map images of the
ions generated by strong-field ionization of pyrrole. The structure of pyrrole is given on the
right of the lower panel. The colormap and velocity scale holds for all velocity map images.

Monomer.

The signals in the mass-to-charge regions m/q =24...30 u/e and m/q =35...44 u/e
correspond to fragments from the breakup of the pyrrole ring. Some possible ionic products
are labeled in in line with the mass peak assignment after electron impact- and
photoionization of pyrrole [244] 245]. A clear assignment of the various individual peaks
observed in the two mass regions to specific fragments is not possible due to overlapping
signals and ambiguities in the construction of specific mass to charge ratios out of possible
feasible fragments. The situation is compounded by the fact that hydrogen loss off fragments
was present. Proton loss after double ionization can be ruled out due to the lack of
correlations between the detected protons and the fragments observed in the two mass
regions. The small proton peak in the spectrum is therefore attributed to the initial charge
states > 2. Intense central peaks in the VMIs correspond to fragments from dissociative
ionization of singly charged pyrrole. The rings in these VMIs, contributing ~30 % of the
total ion count, correspond to fragments from Coulomb explosion of doubly charged pyrrole.
The Coulomb explosion signals of the two mass regions are correlated, as confirmed by

kinetic-energy selected coincidence maps and momentum conservation.

shows the TOF-MS and VMIs of all ions resulting from strong-field ionization
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5.2 Results

Figure 5.3. Time-of-flight mass spectrum of pyrrole(H,O) with the velocity-map images
of the ions, which were recorded simultaneously after strong-field ionization. Also shown
are the structure of the dimer, sum formulas of all fragments, and the velocity ranges and
colormap for all velocity-map images.

of purified pyrrole(H,O). Again all data were recorded simultaneously using the time-
stamping detector. All VMIs exhibit a central low-KE part due to single ionization as well
as sharp or diffuse higher KE signals.

The peak at m/q = 85 u/e, with a central dot in the VMI, corresponds to the
pyrrole(H,O) ' parent ion. The strongest peak in the TOF-MS is again at m/q =67 u/e,
the pyrrole-monomer cation, which resulted from the dissociation of the hydrogen bond in
singly ionized pyrrole(H,O). This is confirmed by its broader KE distribution in the VMI

owing to recoil from the momentum conservation with the leaving neutral water molecule.

The peaks at m/q = 66 u/e and m/q =19 u/e correspond to C4HyN' and H30%,
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respectively. Both fragments exhibit sharp rings in their VMIs, with correlated ions that
obey momentum conservation, demonstrating a two-body Coulomb explosion break-up
channel of pyrrole(H,0) including a proton transfer from pyrrole to water. A weaker HyO"
channel, ~3/4 of which is correlated to pyrrole(H,O) whereas the remaining signal can
be attributed to the water dimer, shows the direct breakup of pyrrole(H,O)?* across the
hydrogen bond.

As for pyrrole, fragments within the regions m/q =24...30 u/e and m/q=235...44 u/e
were detected due to the breakup of the aromatic ring. However, they show broad structure-
less distributions in the VMIs which are not correlated with each other. The high KE ions
in these regions originate from pyrrole(H,O)?" after three-body fragmentation processes.
These channels always involve H3O™" as a second ionic partner, as well as a third neutral
aromatic fragment. The small peak at m/gq =36 u/e is attributed to a singly ionized water
dimer ((H20),).

5.3 Discussion

Overall, single and double valence ionization of pyrrole led to a significant breakup of the
aromatic ring. Single ionization caused fragmentation of the pyrrole moiety through various
dissociative pathways which resulted in low kinetic energy ions. Double ionization caused
fragmentation of the aromatic ring driven by Coulomb explosion.

Surprisingly, the scenario is very different for pyrrole(H,0). Despite of the localized
ionization with the removal of electrons from pyrrole’s same 7t orbitals, different relaxation
pathways emerged through the hydrogen-bonded water molecule. For example, in the case
of singly ionized pyrrole(H,0), we observed the dissociation of the hydrogen bond, i.e., the
loss of neutral water, which protected the pyrrole ring from fragmentation. Furthermore,
after double ionization, additional Coulomb explosion channels appeared for pyrrole(H,0),
such as the H30" channel with its counter ion C4H;NT. Both fragments showed sharp
rings in the corresponding VMIs, thus leaving the pyrrole ring intact with only a proton
lost. Additionally, two body Coulomb explosion channels of pyrrole(H,O) in the regions
m/q=24...30 u/e and m/q =35...44 u/e are absent and the uncorrelated signal is much
weaker than the strong signals observed for the pyrrole monomer. In total, the fragmentation
pathways were strongly influenced, i. e., pyrrole fragmentation was strongly reduced, by a
single water molecule attached to pyrrole.

In order to unravel the influence of the microsolvation on the radiation induced damage
and to quantify the degree of protection for ionized pyrrole in the presence of a single
water molecule, we normalized the ion yields for the pyrrole and pyrrole(H,O) species with
respect to each other. We compared the laser intensity-dependent shape of the low-intensity
single-ionization ion yield for both species as described in the Furthermore, the
single, double, and higher-order ionization channels were separated to provide a direct

comparison of the fragmentation yields for both species as a function of the initial charge
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Figure 5.4. Comparison of the normalized TOF-MS of pyrrole (red) and pyrrole(H,0)
(blue). The number of charges created on the system after strong-field ionization is denoted
by z. The upper panel corresponds to an initial charge state z = +1. The peak marked
with the asterisk corresponds to intact C4HsN** from double ionization of pyrrole. The
lower section is for the charge states z > +1. Signals for m/gq=2...14 u/e in the lower
section originated from initial charge states with z > +2.

state. In addition, the fragmentation channels were classified into ring-fragmenting and

ring-protecting channels.

The momentum maps for the specific mass-to-charge regions were taken into account in

order to separate single, double, and higher-order ionization channels. Almost all VMIs

shown in [Figure 5.2| and [Figure 5.3| had contributions from ions with low as well as with

high kinetic energy. We attribute the low-KE ions to single ionization and the high-KE
ions to double or higher-order ionization, respectively. Gating on the momenta with
p <30 u-km/s resulted in a normalized mass spectrum (NORMS) for single-ionization
channels whereas gating on the momenta with p > 30 u - km/s resulted in a NORMS for
the higher-ionization channels. The resulting normalized gated time-of-flight mass spectra
for pyrrole and pyrrole(H,O) are shown in for m/q=0...60 u/e, which contains
all ring-breaking fragments. The upper panel corresponds to the single-ionization channels
(z = +1), whereas the lower panel corresponds to double (z = +2) or higher (z > +2)

ionization-channels.

Both species showed similar fragmentation products, especially in the mass-to-charge
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regions m/q =24...30 u/e and m/q =35...44 u/e, which are the channels arising from
the breaking of the C—C and N—C covalent bonds of the pyrrole ring. However, they vastly
differed in the specific ion yield and we observed a significant reduction of fragments arising
from ring-opening in pyrrole(H,O) as compared to pyrrole for both cases of single and
multiple ionization. For both, pyrrole and pyrrole(H,0), the contributions in the NORMS
for z > 42 in the region m/q =15...60 u/e were dominated by double ionization. The
contributions from triple ionization were statistically estimated to less than 5 % and are thus
negligible, see Furthermore, the NORMS peaks in the region m/q=1...14 u/e
originate from charge states with z > +2, confirmed by a covariance analysis. In the case
of higher-order ionization, a direct comparison of the ion yield of pyrrole and pyrrole(H,O)
from the NORMS is not feasible due to the complex fragmentation processes and overlapping

fragmentation channels.

To estimate the extent of fragmentation protection after single- and double ionization of
pyrrole in a microsolvated environment the observed fragmentation channels were classified
into ring-breakup and ring-protection channels. Based on this, the ring-fragmentation
probability is defined as P =Y Ny, /(X Np + Y Nji) with the number of fragments where the
ring is broken (intact) specified by Np (Nj).

First, we considered ring-breakup and ring-protection channels following single ionization
of pyrrole and pyrrole(H,0). For pyrrole, the parent ion was considered as an intact
channel. For single ionization of pyrrole(H,0O), in addition to the parent ion, the dominant
ring-protection channel is the dissociation of the hydrogen bond, i. e., the loss of neutral
water. Furthermore, the dissociative single ionization processes resulting in low KE ions
of HoO", H30™, and C4H4N™, prevent the aromatic ring from fragmentation. All other
low KE ions in the mass-region m/g =15...60 u/e are considered as ionic products that
originated from the fragmentation of the aromatic ring. The ring-fragmentation probabilities
for pyrrole and pyrrole(H,0) after single ionization were then determined by counting
the ions in the momentum-map images with a cut on the low KE part in the specific
mass-to-charge regions. The projection of ions from higher charge states (z = +2) into
the center of the momentum-map images is estimated statistically, see and this
contribution was subtracted. We estimated the ring-fragmentation probability individually
for pyrrole and pyrrole(H,0) to 48 % and 7 %, respectively, see also [Figure 5.5 Overall,
the ring-fragmentation probability of pyrrole following single ionization is reduced by a

factor of ~7 in pyrrole(H,O) compared to pyrrole.

We then classified the channels following double ionization of pyrrole and pyrrole(H,0).
For pyrrole, the only ring-protecting fragmentation channel was the formation of the doubly
charged parent ion, C4H5N?T, marked by the asterisks in the upper panel of .
All other channels broke up the aromatic ring. The dominant ring protection channel
for the pyrrole(H,0)?" was the intermolecular proton transfer from the N-H site of the
pyrrole moiety to the water moiety, producing H3O" and C4H4;N™. A second channel

was the electron transfer process across the hydrogen bond, which leads to the formation
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Figure 5.5. Schematic representation of the ring protection and breaking probabilities
for pyrrole and pyrrole(Hp0) after single ionization, showing the very strongly reduced
fragmentation probability of pyrrole in the cluster. For simplicity, only one of the observed
fragments is shown for each channel. The width of the arrows (purple) and the numbers
written above it represent the total ring-protection and breaking probabilities for pyrrole™
and pyrrole(H,0) ™.

of C4HsN™ and H,O™". All other double ionization channels correspond to the breaking
of the aromatic ring. The ring-fragmentation probability for pyrrole and pyrrole(H,O)
after double ionization were determined by counting ions in the high KE part of the
momentum-map images while taking into account that two ions might have been produced
after double ionization, leading to two hits in the corresponding momentum-maps for a
single fragmentation event. The finite detection efficiency of 0.5 for each ion was taken into
account. This led to a similar ring-fragmentation probability after double ionization for
pyrrole(H,0), P =0.80 + 0.04, as for pyrrole, P = 0.79 £ 0.04.

However, we observed a significant reduction in the total absolute ion yield of the
microsolvated system for double ionization. This was indicated qualitatively through the
comparison of the ion signals in the NORMS in To quantify this reduction we
counted ions in the normalized momentum maps of the specific channels originating from

double ionization of pyrrole and pyrrole(H,0). The direct comparison revealed a reduction
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of the total ion yield of pyrrole(H,O) by a factor of 2.6 +0.2. Thus, a single water molecule
attached to the aromatic molecule pyrrole reduces its probability of being doubly ionized,

with a subsequent high probability of ring breaking, 2.6-fold.

5.4 Conclusion

We demonstrated that a single water molecule strongly protected the pyrrole ring from
fragmentation by ionization. For single ionization, microsolvation led to a strongly reduced
fragmentation of the aromatic ring. Moreover, the solvation also significantly reduced
the probability of double ionization and the corresponding probabilities for ring breaking.
These quantitative studies were enabled by our ability to provide pure samples of the bare
molecule and the microsolvated complex, as well as by using a novel time-stamping VMI
detector.

Singly ionized pyrrole underwent radiation-induced damage through the breaking of,
typically two, C—C or N-C bonds. Outstandingly, the dissociation mechanisms after single
ionization of pyrrole(H,O), through breaking of the intermolecular bond or by transferring
an electron or proton across this hydrogen bond, strongly reduces the ring breaking
probability by a remarkable factor of 7. After double ionization, similar ring-fragmentation
probabilities were observed for pyrrole and pyrrole(H,0). For the microsolvated system,
intermolecular proton- and electron transfer processes occurring across the hydrogen bond
increase the redistribution of charges, initially created in the pyrrole ring, to the water
molecule. Nevertheless, we observed a reduction of 2.6 in the double-ionization probability
for pyrrole(H,O) compared to pyrrole, demonstrating a reduced double-ionization cross
section and the corresponding protection of the microsolvated system.

Our experiments employed strong-field ionization for the ionization, typically removing
electrons from the HOMO or HOMO-1 orbitals of pyrrole, which are also localized on the
pyrrole moiety in the microsolvated systems. This mimics the ionization by neighboring
molecules in aqueous systems, such as cells, as well as electronic excitation through
UV radiation. Thus, our results provide a test case of how an aqueous microsolvation
environment can strongly reduce the radiation damage of biological molecules induced by
UV radiation as well as by secondary effects of ionizing radiation where single outer-valence
ionization is the scenario. Furthermore, the doubly ionized systems in our experiment
resemble to a large extent the fate of a molecule after Auger decay processes subsequent to
core-shell ionization [146, [147].

Biomolecules and proteins in nature are actively solvated by the surrounding water
molecules, which allow for efficient charge redistribution to the solvent environment through
electron- and proton transfer pathways quantified here. In aqueous solution, the loss of the
attached, neutral, ionized, or protonated, water could easily be repaired by the many solvent
molecules around. Our analysis of the protection in pyrrole(H,O) provides a quantitative

analysis of radiation protection and serves as the basis for further investigations of the
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existing uncertainties [40H46, [49] 232] regarding the role of the solvent environment on the

radiation damage of biomolecules.

5.5 Materials and Methods

5.5.1 Experimental Setup

Details of the experimental setup were described elsewhere [246]. A pulsed valve was
operated at 100 Hz to supersonically expand a few millibars of pyrrole (Sigma Aldrich,
> 98 %) and traces of water in ~90 bar of helium into vacuum. The resulting molecular beam
contained atomic helium, individual pyrrole and water molecules, and various aggregates
thereof. The electric deflector was used to create pure samples of pyrrole(H,0) [86, [108].
Pyrrole and pyrrole(H,O) were strong-field ionized by 800 nm laser pulses with linear
polarization, a duration of ~30 fs, focused to @ ~ 35 pm (full width at half maximum
intensity) with a peak intensity of ~1 x 10 W/cm?. The ions generated were extracted
perpendicular to the molecular beam and laser propagation directions using a velocity-map-
imaging spectrometer (VMIS). All ions were detected using a position- and time-sensitive
detector consisting of a micro-channel plate (MCP) in combination with a fast phosphor
screen (P46). A visible-light-sensitive Timepix3 detector [206], 247] in an event-driven
mode recorded all signals, which were stored and centroided using our homebuilt pymepix
software [207].

5.5.2 Normalization of the mass spectra

The normalization of the TOF-MS was necessary due to the different densities of the two
species, pyrrole and pyrrole(H,O), in the molecular beam. Due to the very similar first
ionization energies (E;) of pyrrole and pyrrole(H,O) the ionization probabilities for both
species are also very similar. The calculated (HF /MP2-aug-cc-pVTZ using GAMESS-US)
first vertical E; of pyrrole and pyrrole(H,O) are 8.59 eV and 8.15 €V, respectively. To
quantify the relative ionization probability experimentally [248] 249] the ion yield as a
function of the laser peak intensity was measured for the single ionization channel for
pyrrole, pyrrole(H,0), and water, see Here, the ion yield from each pure
species is normalized to its value for the highest laser intensity. In the low-intensity region,
1-8 x 10" W /cm?, for pyrrole only the parent ion was observed. A saturation intensity for
the parent ion signal of ~6 X 101 W /cm? was obtained from the measured low-intensity
ion-yield curve. For pyrrole(H,0) we summed the signals for parent ion and pyrrole™ [108],
which yielded a saturation intensity for single ionization of ~4.5 x 10> W/cm?. Based
on the similar saturation intensities and the very comparable intensity dependence of the
ionization yields, we normalized the TOF-MS of pyrrole and pyrrole(H,0) using

a normalization factor of 1.94 +0.1.
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Figure 5.6. Single-ionization yields for pure samples of pyrrole (red), pyrrole(H,O) (blue),
and water (purple) measured at different laser peak intensities. All curves are normalized
to their highest ion yield observed.

For the ionization of water, we obtained a very different intensity dependence and
saturation intensity, which was determined as ~1.4 x 10 W /cm?. This is consistent with
the larger E; of 12.62 eV [250] and further demonstrates the similarities in the ionization

cross sections of pyrrole and pyrrole(H,O).

5.5.3 Highest occupied molecular orbitals of pyrrole(H,O)

The molecular orbitals calculated (GAMESS-US, HF /MP2-aug-cc-pVTZ) for the geometry-
optimized ground state structure of pyrrole(H,O) are shown in The electron
densities of HOMO to HOMO-3 are localized on the aromatic ring. The highest-energy
bound molecular orbital with significant density on the water moiety is HOMO-4. This
orbital has an energy that is 6.5 eV lower than the HOMO. Therefore, under the applied
laser intensities ionization from this orbital can be neglected [194] and localized ionization

of pyrrole(H,0) at the pyrrole moiety can be safely assumed.

5.5.4 Triple-ionization contributions

To estimate the contributions of individual ions over a given mass-to-charge range from the
measured 2D-projection of the 3D momenta, we made specific cuts in these experimental

momentum maps in order to isolate contributions from single-, double-, and triple-ionization
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Figure 5.7. Molecular orbital picture of HOMO, HOMO-1, and HOMO-4 for the geometry
optimized ground state structure of the pyrrole(H,O).

radius p, ion counts in disk ion counts in ring area of disk/7t area of ring/m

60 167522 167522 3600 3600
140 225860 58338 19600 16000
200 229120 3260 40000 20400

Table 5.1: Total ion counts as well as the areas of disks and rings within specific radii chosen
in the momenta map.

processes.

The measured momentum map for m/q =35...45 u/e is shown with as an
example. Circles indicate corresponding cuts in the 2D-projection of the 3D-momentum
sphere formed from each ionization process: The white circle with a radius of p, =60 u - km/s
represents the edge of the momentum for dissociative single ionization, the green circle with
pr =140 u- km/s corresponds to the maximum momentum of ions from Coulomb explosion
following the double ionization, and the red circle with p, = V2 %140 ~ 200 u - km/s is the
maximum momentum of ions from triple ionization, assuming a two-body fragmentation
into a singly-charged and a doubly-charged ion.

The total ion count corresponding to the disks defined by these specific radii and the
signal in the two outer rings are provided in [Table 5.1} Areas of the specific disks and
rings are also given. lIon counts inside the outer ring, 140 < p, < 200, correspond to triple

ionization without contribution from single and double ionization. However, the middle

charge state ion counts ion counts/area

+1 (single) 167522 — 3.486 - 3600 — 0.1598 - 3600 = 154397  154397/3600 = 42.89
+2 (double) 58338 - (19600/16000) — 0.1598 - 19600 = 68332 68332/19600 = 3.486
+3 (triple) 3260 - (40000/20400) = 6392 6392 /40000 = 0.1598

Table 5.2: Number of ion counts per area of each disk, and the estimated number of ions
formed after the single, double, and triple ionization, respectively.
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Figure 5.8. The momentum map for all ions detected within a mass-to-charge region
m/q =35...45 u/e is shown. Marked circles with specific radii in the momenta map
represent edges for single, double, and triple ionization, respectively.

ring, 60 < p, < 140, represents the double ionization channels and it has contributions from
triple ionization; similarly, the innermost disk, 0 < p, < 60, representing single ionization
has contributions from ions originating in double and triple ionization. The corrected total
number of ions from single, double, and triple ionization are provided in assuming
a flat ion distribution in the inner part of the corresponding rings and disks. The relative
contribution of the ion yield from the triple ionization process to the total ion yield in the

given mass-to-charge region is <5 %, i.e., negligible.
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6 Enhanced strong-field ionization in
pyrrole(H,O) dimer

6.1 Introduction

In the strong-field ionization regime, the field strength of the ionizing laser is comparable
with the fields present inside a molecule or atom [I88]. The mechanism for the ejection of the
electron from the target depends on the intensity. At low intensities, it is mainly by multi-
photon ionization, whereas within a range of intensities, tunnel ionization is dominating the
process. The ionization occurs predominantly through the barrier suppression mechanism
at really high intensities. Strong field ionization is the initial starting point for the high-
harmonic generation [251], 252], which is crucial for attosecond sciences [253H257], as well as
laser-induced electron diffraction experiments aimed to unravel the structure and dynamics
of both electrons and nuclei [228] 258-261].

The ionization mechanism and corresponding rates for atoms in the tunneling regime are
reasonably well known theoretically as well as experimentally [I88] 262]. For molecules, the
situation is, however, more complex due to the increased number of freedom induced by the
various nuclei. In this context, it was demonstrated for diatomics that the ionization rate is
strongly enhanced around critical internuclear distance, R., as compared to the equilibrium
internuclear distance or in the dissociated limit. This phenomenon is known as charge
resonance enhanced ionization (CREI), occurring around critical internuclear distance for
electrons in the valence states [119] 120, [123], 263-H270]. The mechanism for CREI depends
on the specific system under investigation. One scenario for CREI in diatomic molecular
ions is the existence of a pair of charged resonance states that are strongly coupled in the
presence of laser field at stretched bond configurations [119, 120}, 267]. Another reason is
that the electron is partially trapped by the internal barrier of a double-well potential at a
critical internuclear distance, R, [123, [263]. Furthermore, an asymmetric charge localization
in the potential well can also be responsible for this phenomenon [119] 120]. In all these
scenarios, the localized electron experiences an enhanced field, which is the sum of the
external laser field and the Coulomb field of the neighboring ion. This enables electrons
to efficiently tunnel into continuum through the field-suppressed intra-molecular potential
barrier [119] 120} 123 267].

Enhanced ionization due to CREI (or variants of CREI) is responsible for the creation
of highly-charged cationic states in triatomic molecules [271H274]. Recently, experimental
and theoretical studies on strong-field ionization of small hydrocarbons revealed that the

concerted stretch motions of multiple C-H bonds play a significant role in the enhanced

*This chapter is based on a draft of the manuscript “ Observation of an enhanced core-shell ionization in
pyrrole(Hy O) dimer in the strong-field regime” by Melby Johny, Constant A. Schouder, Ahmed Al-Refaie,
Joss Wiese, Henrik Stapelfeldt, Sebastian Trippel, and Jochen Kiipper. I contributed to the experiment,
recorded the data, analyzed the data, discussed the results with some authors, and wrote the manuscript.




6 Enhanced strong-field ionization in pyrrole( HyO) dimer

Figure 6.1. Schematic representation of Coulomb potential of a molecular ion of pyrrole
(a) and pyrrole(H20) (b) in an intense laser field polarized along the internuclear axis (red
curve). Field-free Coulomb potential (dashed blue curve) and eigenstates (orange lines)
of both species are also represented. ¢) Molecular orbital picture of HOMO, HOMO-1,
HOMO-2, HOMO-3, and HOMO-4.

ionization [122] 275H280].

In larger systems, i.e., larger van der Waals or hydrogen-bonded clusters, containing tens
to hundreds of units, the interaction with an intense laser field leads to multiple electron
ejection, and thereby, Coulomb explosion from highly-charged cationic species [117), 118,
124H127), 129, 130]. The proposed mechanisms for the creation of highly-charged atoms
ejected from these clusters are explained either by the coherent electron motion model
(CEMM) [117, 281] or the ionization ignition model (IIM) [117, 128, 129]. Interestingly,
in these systems, complex ionization mechanisms resulting in inner-shell ionization are

observed.

Here, we experimentally demonstrate enhanced inner-valence and inner-shell ionization
observed in the heterodimer pyrrole(H,0) after strong-field ionization. To unravel this novel
observation for the dimer system, we performed the strong-field ionization on pure samples of
our model systems, pyrrole monomer and pyrrole(H,O). Pyrrole is a chromophore subunit
of tryptophan, which is of great relevance as a principal UV-absorber of proteins [52] [53].
Our model system, pyrrole(H,O), has a well-defined structure with the water attached to
the N-H site of pyrrole [50] through a single hydrogen-bond. is a schematic
representation of the Coulomb potential of a molecular ion of pyrrole (a) and pyrrole(H,O)
(b) with (red curve) and without (dashed blue curve) an intense laser field. The field-free
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eigenstates of pyrrole and pyrrole(H,0) are also shown. The electron density is localized on
the aromatic ring of pyrrole(H,O) for HOMO until HOMO-3 (calculated using GAMESS-
US, HF /MP2-aug-cc-pVTZ level of theory). The charge localization in the aromatic ring
of pyrrole(H,0) for the first four HOMOs facilitates an efficient pathway for electrons to
tunnel out through the field suppressed intra-molecular potential barrier. Therefore, this
can trigger an enhanced ionization rate for outer- and inner valence states of pyrrole(H,O),
which is not the case for pyrrole monomer. Hence, our studies propose pyrrole(H,O) as a
simple and well-defined model system to elucidate the mechanism of inner-shell ionization

occurring in hydrogen-bonded molecular complexes in the strong-field regime.

6.2 Experimental details

The experimental setup used for the measurement was described elsewhere [246]. In brief, a
pulsed molecular beam (repetition rate of 100 Hz) is generated using an Even-Lavie valve [73],
via supersonic expansion of a few millibar of pyrrole (Sigma Aldrich, > 98 %) seeded in
~90 bar of helium into a vacuum. Traces of water were added to the seed gas for the
generation of pyrrole(H,0). The electrostatic deflector [86] was used to spatially separate
pyrrole as well as pyrrole(H;O) from the rest of the molecular beam [108], which contained
the seed gas atoms as well as other cluster species. Both pyrrole and pyrrole(H,O) were
strong field ionized using linearly polarized 800 nm laser pulses with a duration of ~30 fs,
focused to @ ~ 35 nm (full width at half maximum in intensity) with a peak intensity of
~1 x 10 W /cm?. The ions generated were extracted perpendicular to both the molecular
beam- and laser- propagation direction, using a velocity map imaging (VMI) spectrometer.
All ions were detected using an assembly of a micro-channel plate (MCP) together with
a fast phosphor screen (P46). A light-sensitive Timepix3 [206] camera, mounted outside
vacuum facing the phosphor screen was used for the time- and position-sensitive detection
of all ions. The Timepix3 camera was operated in an event-driven mode, and events were
read out, stored, and centroided using a home-built python based library, Pymepix [207].
For the performed experiments, the estimated purity of pyrrole was ~95 %, with a small
contribution of ~5 % of pyrrole dimer, while the purity of pyrrole(H,0) was ~99 %, with

some remaining contributions from water dimer [110].

6.3 Results

The observation of enhanced ionization in microsolavted pyrrole(H,O) in the strong-
field regime is revealed by comparative fragmentation studies performed on pyrrole and
pyrrole(H,0). To investigate the complex fragmentation dynamics of these species after
the strong-field ionization, we employed a covariance mapping technique [211H213]. The
time-of-flight-mass-spectra (TOF-MS) information obtained with the Timepix3 camera

was used to build up covariance maps of pyrrole and pyrrole(H,0O), as shown in [Figure 6.2
Straight-line diagonal structures observed between ion pairs in the covariance map can be
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Figure 6.2. a) TOF-MS covariance map of pyrrole. b) Covariance map for pyrrole(HO).
¢) Zoom in to the mass-to-charge region m/q = 0.5-22 u/e of pyrrole(H,0).

attributed to Coulomb explosion channels. These channels satisfy momentum conservation
for perfect two-body break-up processes along with an axial recoil. For multi-body fragmen-
tation processes as well as false coincidences, washed out correlation features are observed.
Signal arising from single ionization-channels, which dominates the TOF-MS [282], are only

present through false coincidences.

shows the TOF-MS covariance map, which resulted from the fragmentation
of pyrrole after strong-field ionization, unraveling the Coulomb explosion pathways of
higher-order cationic states (z>1). The molecular mass of the pyrrole monomer is 67
u. The straight-line correlation between ion pairs, each with m/q =67 u/e, is due to
Coulomb explosion of the doubly ionized pyrrole dimers. Furthermore, Coulomb explosion
of the C4H5N?T resulted in two singly-charged ionic fragments in our experiment, see the
covariance island attributed to mq /g1 =24...31 u/e and my/q2 =36...43 u/e. This island
shows parallel correlation lines with a spacing of 1 u/e, which correspond to correlations for

subsequent H loss channels. These are the only correlations observed in the case of pyrrole.

shows the corresponding TOF-MS covariance map obtained from strong-
field ionization of a pure beam of pyrrole(H,O). Double ionization of pyrrole(H,O) led
to numerous fragmentation pathways with either two- or three-body breakup processes.
Coulomb repulsion driven two-body breakup fragmentation channels of pyrrole(H,O)?* are
represented by straight-line correlations, see covariance island between m /g1 =18 u/e and
my/qo =67 u/e as well as between my /g1 =19 u/e and my/q, = 66 u/e. These channels
are the electron- and proton- transfer pathways occurring across the hydrogen-bond in
the pyrrole(H,0) cluster [282]. Furthermore, fragmentation pathways for pyrrole(H,O)?*
were observed, where the cluster underwent a three-body breakup process generating two
singly-charged ionic fragments and a neutral fragment. These channels result in washed-out

correlation lines due to the neutral third fragment carrying a significant amount of the
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Figure 6.3. A comparison of the normalized TOF-MS of pyrrole and pyrrole(H,O) for a
mass-to-charge region m/q = 0-16 u/e. The m/q peaks in the TOF-MS is assigned for a
specific charge state z of a carbon atom (C**). Inset: Ion yield for C** as a function of the
charge state, z, together with an exponential fit.

total momentum. One example of such a process is the correlation of H30™ with an ionic
fragment of the aromatic ring. A second example for a three-body fragmentation channel
of pyrrole(H>0)?* is the formation of a neutral water molecule in combination with two
singly-charged ionic fragments of the aromatic ring of pyrrole. The fragmentation dynamics
for these channels are similar to the ring breaking channels in the case of C4H5N?T, albeit
the fact that the correlation lines are blurred out due to the leaving neutral water molecule.

An interesting feature observed in the fragmentation dynamics of pyrrole(H,O) after
strong-field ionization is the appearance of ionic fragments in the mass-to-charge region,
m/q=0.5-22 u/e, see Surprisingly, these ionic fragments were not observed
or highly suppressed after strong-field ionization of the monomer. The region in the
covariance map is dominated by C*. Furthermore, washed-out correlations of C™ with all
ionic fragments of the aromatic ring; H*, Ho*, CT, NT, C3Hz™, CHo,NT, CoH3N™, and
CoHyot were observed. Additionally, C* is also correlated with OF, HyO", and HzO".
Also, correlations of CT with highly-charged carbon ions C*t (z < 5) were observed. The
highly-charged carbon ions are also correlated with O, watert, and Hz3O*.

A comparison of the normalized TOF-MS of pyrrole (orange graph) and pyrrole(H;0)
(blue graph) in the mass-to-charge region for highly-charged ions is shown in
details concerning the normalization procedure can be found elsewhere [282]. The mass
peak assignments and labels for the highly-charged ions are shown in the inset. A significant

enhancement is observed for CT in the case of pyrrole(H,0O). Furthermore, a strong
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enhancement for the highly-charged C** ions with the value of positive charges up to z =5
was measured. Also, an enhanced ion yield for HT and m/gq =2 u/e is observed, which can
have contributions of either Hy™ or C®*. An unambiguous assignment of the individual
contributions resulting in this mass peak is not possible due to the experimental resolution.
In addition, it is interesting to note that only singly charged N* and O are observed.
The integrated ion yield (in logarithmic scale) of highly-charged carbon ions, C**,
obtained from the TOF-MS of pyrrole(H,O) as a function of the charge z is shown in the
inset of . The mass peaks corresponding to C*T with z = 2-4 are well-separated
from each other, and the integral was determined by integrating over a single specific peak.
For the peak corresponding to z=5, twice the integral over the non-overlapping right side
of the mass peak from its center was taken into account. Similarly, for C*, the left part of
the peak was used to determine the integral. The integrated ion signal as a function of the
charge state follows an exponential decrease up to z=>5, as indicated by the green dashed
line. The integrated ion yield for the TOF-MS peak of m/g =2 u/e does not follow the fit

function.

6.4 Discussion

We observed a strong enhancement in the yield for C** (z =1...5), m/q =2 u/e, and H'
in pyrrole(H,0) as compared to pyrrole, although the single- and double- ionization of
the system protects it from fragmentation [282]. Surprisingly, a single water molecule
attached to the pyrrole moiety results in an enhanced ion yield for highly-charged ionic
fragments. Assigning a total initial charge state to the fragmentation channels arising from
the strong-field ionization of pyrrole revealed that we create pyrrole*t cationic states with
charges z < 3. Similarly, for pyrrole(H,O), the origin of covariance islands observed between
regions my/q1 = 18...67 u/e and my/q, = 18...67 u/e, are assigned to pyrrole(H,O)*"
states with charge z < 3.

Interestingly, in pyrrole(H,0), we observed an enhanced ion yield for C*. One of the
possible pathways to generate C* is ascribed to Coulomb explosion after double- and
triple- ionization of the pyrrole(H,O). Furthermore, we measured core-shell ionized carbon
species from Coulomb explosion of highly-charged pyrrole(H,0), which was not the case for
bare pyrrole. The appearance of C** (z =1...5) in pyrrole(H,0O) is attributed to enhanced
ionization in the strong-field regime, which resulted in Coulomb explosion from highly-
charged pyrrole(H,0)*t with a charge states up to z =6 and higher. For example, counting
the number of charges for a correlated fragmentation channel of C°* against C°* results in
at least 10 charges initially created in pyrrole(H,O). In that context, it would be highly
desirable to determine the initial charge state for each specific fragmentation channel.
However, this is not trivial due to the complexity of the system and the highly reduced
efficiency for multi-body coincidence detection.

The efficient removal of outer-valence electrons in the heterodimer can be attributed
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to the fact that the first four HOMO orbitals of the cluster are localized on the pyrrole
moiety. It enables enhanced tunneling rate from these states into continuum through
the field-suppressed intra-molecular potential barrier in the presence of an external laser
field and the Coulomb field of a neighboring ion, as shown in A combination
non-adiabatic Landau-Zener type transistions and charge localization [119] [120], 267] can
further suppress the internal barrier and facilitate the efficient removal of electrons from
outer- and inner- valence states, which are bound by a few tens of €V in pyrrole(H,O).

Outstandingly, for pyrrole(H,O), we observed enhanced ionization, which results in the
creation of core-shell ionized carbon atoms. To create the observed C°*, it is required
to remove an electron from C 1s orbital, which has an ionization energy of 392 eV [283].
This energy is 253 times the energy of a single 800 nm photon and therefore multiphoton
ionization can be ruled out. Also, the electric field strength of ~2.8 x 108 V/cm from
the laser pulse is not large enough to distort the Coulomb potential of the pyrrole(H,O)
to remove core-shell electrons and transfer them into the continuum. Therefore, our
observation hints towards the existence of a different ionization mechanism for the removal
of electrons from the inner shell. To explain the observation of inner-shell vacancies in the
strong-field regime, the possibility to ionize/excite inner-shell electrons by laser-induced
electron re-collision remains elusive [131] 284) 285]. The attributed reasons are the low
ponderomotive energy, i.e., 6 €V in our case, for the electrons at these laser fields as well
as the reduced cross-section for such collisions [I31]. Therefore, to explain the observed
phenomenon, we adopt the inner-shell ionization mechanisms described in the case of very
large hydrogen-bonded clusters or van der Waals clusters [117, 118, 130} [13T]. In larger
systems, the proposed mechanism is an electron-impact ionization caused by collisionally
heated up hot electrons in clusters [117, 118, 128-130]. Again, the exact mechanism of
inner-shell ionization is an open question and is still under investigation.

The integrated ion yield of the peak with m/q =2 u/e does not follow the exponential
decay observed for the charge states z=1-5. This observation can be explained by two-fold
reasons. Firstly, the peak with m/q =2 u/e can be ascribed to mixed contributions of
H, ™ or C®F. Due to the presence of the water in the cluster, an enhancement for the Hy™
might be possible, as observed for fragmentation processes in the case of alcohols after
strong-field ionization [286]. Secondly, it is also possible that the signal is higher for this
mass peak because it is not possible to further remove electrons from a carbon atom, which

is completely stripped.

6.5 Conclusion and Outlook

In summary, we experimentally show that enhanced inner-shell ionization happens in the
strong-field regime even for a small heterodimer, pyrrole(H,O). The systematic investigation
on a pure sample of pyrrole and pyrrole(H,O) showed that highly charged cationic states

are only observed for pyrrole(H,0), but not in pyrrole monomer. Enhanced inner-valence
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6 Enhanced strong-field ionization in pyrrole( HyO) dimer

ionization in pyrrole(H,0) is triggered by charge localization in the pyrrole moiety of the
cluster. The observation of enhanced ionization in pyrrole(H,0) is surprising because,
upon single and double ionization of the pyrrole(H,0), the aromatic ring is significantly
protected as compared to monomer [282]. Outstandingly, the observation of enhanced
core-shell ionization in the strong-field regime for a small molecular system is for the
first time. Our experimental results outlook the relevance of field-induced internal barrier
suppression for molecular clusters in the strong-field regime and the necessities for the
extensive theoretical framework that can explain core-shell ionization phenomena observed
in molecular complexes. Furthermore, our studies outlook towards the implementation
of a cluster beam as a source of highly-charged carbon ions, which have higher biological
effectiveness in cancer therapy [287].

To elucidate the mechanism behind enhanced ionization of pyrrole(H,O), one has to
perform coincidence detection of the electrons and ions originating from highly charged
cationic species. Another crucial requirement is the alignment and orientation of the
molecular complex [I15] 288]. This will have two-fold benefits. The first benefit is from the
previously observed fact that the molecular alignment has a dramatic effect on the total
ionization rate from enhanced ionization due to the geometric overlap of the molecular
orbitals with the polarization axis of the ionizing laser [267, 275] 276, 280, 289, 290]. The
second aspect is that this would help to identify the angular dependence of the ions or
electrons ejected from the enhanced ionization process owing to the different geometric
overlap of the molecular orbitals. In such a floppy cluster, the alignment would help to
confine the direction of the ions from the Coulomb explosion process and as well as extract
critical intermolecular distance Rc, at which enhanced outer-valence ionization occurs via
simple approximations as used already for linear molecules [122] 266l 275]. Also, it is
crucial to study the influence of polarization as well as the carrier-envelope phase of the
ionizing laser field on the rate of enhanced ionization process. Strong-field ionization of
the pyrrole(H,0) cluster also has to be investigated for a range of laser intensities, to
accommodate for the focal-volume averaging effects [249], as well as to determine the onset
intensity for different cationic states to be created.

One of the challenges to unravel the inner-shell ionization mechanism in larger clusters is
the complexity of these systems and the difficulties to perform experiments on controlled
size-selected clusters. Also, the minimum number of cluster units required to have an
enhanced core-shell ionization in the strong-field regime was unknown [117], 118 128-130].
The systematic study performed on bare pyrrole and a hydrogen-bonded heterodimer,
pyrrole(H,0), revealed that enhanced core-shell ionization can happen even in a small
dimer system. Our study demonstrates pyrrole(H,O) as a simple model system, where
extensive experiments and theoretical strategies can be implemented in the future, to shed

light on underlying mechanisms for core-shell ionization in the strong-field regime.
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7 Site-specific soft x-ray ionization of

pyrrole and pyrrole-water

7.1 Introduction

Biological matter undergoes radiation-induced damage upon interaction with ionizing
radiation like x-rays, 7 rays, a—, or fast-charged particles [31H33]. After the inner-shell
ionization of the biomolecule, a vacancy is created in the core-shell, followed by subsequent
radiative and non-radiative relaxation pathways. Numerous electronic relaxation dynamics
are expected to occur after core-shell ionization of molecules, including charge-transfer and
charge-migration processes, ultimately resulting in the fragmentation dynamics. In addition
to the primary radiation damage caused by ionizing radiation, there exist the damage
mechanisms created by secondary effects [32]. Recent studies show that one of the efficient
mechanisms for radiation damage processes of biomolecules is via auto-ionization caused
by low-energy secondary electrons [32, 34]. The interatomic coulombic decay (so-called
ICD) process [146] 147] is one of the crucial electronic relaxation channels for molecules
after inner-shell ionization, resulting in the formation of two-separate-charged sites and
low-energy electrons. These slow electrons have the potential to cause radiation damage in
biomolecules [32, [34]. Therefore, it is necessary to extensively investigate various relaxation
dynamics observed in molecules, after core-shell ionization.

Here, the x-ray irradiation-induced fragmentation dynamics of a prototypical biomolecule,
pyrrole is elucidated. The heterocyclic aromatic molecule pyrrole is a [UViabsorbing
chromophore found in hemes and chlorophylls [51 52]. Pyrrole is also a subunit of indole,
the chromophore of amino acid tryptophan. The electronic structure of pyrrole and indole
has similarity to that of adenine,[DNA] base, as well as these chromophores are known to
play an essential role in the photo-stability of biological matter [52] [53]. In order to unravel
possible relaxation mechanisms after core-shell ionization of model chromophores, ionization
induced by x-rays is utilized. Previously, the complex fragmentation pathways of indole
after site-specific inner-shell ionization at the N-H site of the molecule was investigated by
measuring Recoil-Frame Photo Angular Distributions (RFPAD) [162]. Such a study revealed
fragmentation-pathway-dependent electron spectra, correlating the structural fragmentation
dynamics to different electronic excitations. To get deeper insights performing such studies
on pyrrole, indole’s subunit will be of crucial importance.

As a next step, it is of great significance to elucidate the role of the solvent environment
in the relaxation pathways of biomolecules after core-shell ionization. The influence of the
hydration environment on the radiation-induced biological damage is not well understood
so far, in terms of whether it results in further damage or protection to the biological
matter [40-46| 49| 232]. For instance, we have observed reduction as well as an enhancement

for the radiation damage in biomolecule in the vicinity of a single water molecule, after
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outer-valence ionization, as mentioned in previous chapters [5] and [6] Within this context of
radiation-induced molecular damage, the observation of intermolecular coulombic decay
(ICD) [147] has been demonstrated as a relaxation mechanism after inner-shell ionization
of small molecular clusters, hydrogen-bonded water dimer [143], larger water clusters [14§],
or even in microsolvated tetrahydrofuran [149]. Additional ultrafast relaxation channels
observed after core-shell ionization of hydrogen-bonded clusters are the electron- and proton-
transfer mediated charge separation processes [150], 202]. These were observed in water
dimer [I51], liquid water [I52], as well as in microsolvated indole-water [221] clusters.

The photophysical and photochemical properties of [UV}absorbing chromophores, pyrrole
and indole are fairly sensitive to the hydration environment [26], or even with a single
water molecule attached to the molecule [25]. The microsolvated pyrrole(H;O) cluster has
a well-defined structure, with the water attached to the N-H site of pyrrole [219] through a
hydrogen-bond. Site-specific x-ray ionization performed at N 1s, i.e., the local site of the
cluster could potentially probe the inter-molecular relaxation mechanism occurring across
the hydrogen bond. Hence, we consider pyrrole and pyrrole(H,0) as a model system for
the systematic investigation of solvation effects on the photophysics of core-shell ionized
biomolecules.

A prior criterion to achieve, before studying the influence of solvents is to fully understand
and characterize the photophysics of pyrrole monomer owing to x-ray irradiation. Therefore,
we performed detailed investigations of the photophysics of pyrrole after site-specific core-
shell ionization at the nitrogen atom. These studies promise to unravel the relaxation
processes like interatomic coulombic decay (ICD) [147], as well as the radiation damage
mechanisms of biological systems. Our experimental approaches to unravel the photophysics
of pyrrole(HyO), after site-specific ionization at the N-H site of the cluster, are also
covered. With this, we aim to elucidate relaxation processes in these hydrogen-bonded
systems like intermolecular coulombic decay (ICD) [147], electron-transfer mediated decay
(ETMD) [202], proton-transfer mediated charge separation (PTMCS) [48], and radiation-

induced damage/protection mechanisms in solvated biomolecules, in general.

7.2 Experimental Details

A schematic representation of the experimental setup used for the measurement is shown
in In brief, an Even-Lavie valve [73] was used for the generation of a pulsed
molecular beam wvia supersonic expansion of a few millibars of pyrrole (Sigma Aldrich,
> 98 %), and traces of water seeded in ~90 bar of helium into a vacuum. The valve was
operated with a repetition rate of 250 Hz and was heated to a temperature of 65°C. The
expanded molecular beam resulted in an ensemble of particles, including atomic seeding gas,
monomers, and the molecular clusters. An inhomogeneous electric the field created inside
an electrostatic deflector was used to disperse the molecular beam according to the species’

effective-dipole-moment-to-mass ratio [86l 214, 226]. The test experiments demonstrating

66



7.2 Experimental Details

logical gate, 100 ys
- VMI

temporal profile
of molecular pulse

I

Time

Vi

Molecular

Soft x-ray b
eam

Synchrotron bunches
(52.08 MHz)

Knife-edge

,,,,, - Electron detector
Y

X Z

Figure 7.1. Schematic representation of the experimental setup: comprising of the pulsed
EL valve, skimmers, deflector, knife-edge, and the double-sided velocity map imaging
spectrometer (VMIS). The synchrotron beam, tuned to a photon energy of 420 eV, interacts
with the molecular beam in the center of the VMIS. A schematics demonstrating the logical
gate (red) used to synchronize the temporal profile of the molecular beam with x-rays in
the interaction region is shown in the top-left corner. The black vertical bars represent
multiple synchrotron pulses crossing the molecular beam.

the spatial separation of pyrrole(H,O) was performed in our lab using an optical laser. The
spatial separation of the singly-hydrogen bonded pyrrole(H,0) cluster with ~100 % purity
was already demonstrated [T108]. Also, a high purity sample of pyrrole(H,O) was achieved
for experiments performed in chapters 5] and [l Therefore, this level of purity is expected
to achieve during the beamtime using our molecular beam setup [108], 224], provided the

fact that the supersonic beam expansion and cooling conditions are stable.

Site-specific x-ray ionization of samples was performed using the synchrotron facility at
Petra III, Variable Polarization Beamline P04 [291]. We aimed at using Photoelectron-
Photoion-Photoion Coincidences (PEPIPICO) imaging technique for the detection of the

ions and electrons created by x-ray ionization of pyrrole and pyrrole(H,O). Our molecular
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beam setup was mounted to the CAMP—CFEL—ASG Multi Purpose—end station [292],
which was then attached to the beam-line. The propagation direction of the x-rays was
perpendicular to the propagation axis of the molecular beam. For the experiment, the
synchrotron was operated at the time-resolved mode (also called timing-mode), which
means we used 40 bunches with a bunch period of 192 ns. The synchrotron was tuned to a
photon energy of 420 eV (A =2.95 nm) i.e., above N 1s edge and was linearly polarized (>
98 %).

The electrons and ions generated after x-ray ionization were extracted perpendicular to
the molecular beam propagation direction using a double-sided velocity map imaging (VMI)
spectrometer [293]. The ions and electrons were detected using a time- and position-sensitive
delay line detector (DLD, Roentek). A hex-anode (HEX80) and quad-anode DLD (DLDS80)
were implemented for the electron and ion side, respectively. The first detected electron
signal on the electron side of the spectrometer was used to trigger the electronic readout of
the ion detectors. All of the detected electrons and ions during a set acquisition window of
6 ps were treated as originated from one ionization event, which was then tagged with a
time-stamp and sorted using the COBOLD software from Roentek.

The molecular beam has a pulse duration of ~35 us (FWHM, full width at half maximum),
resulting in a duty cycle of ~3.5 %. Our molecular beam was operated at 250 Hz, while
the synchrotron was operated at a repetition rate of 52.08 MHz. To reduce the amount of
background signal created by the high repetition rate of the synchrotron, we record data only
in a specific time window. For this purpose, we used a logical gate of 100 us duration, which
was synchronized to the arrival time of the molecular beam in the interaction zone, as shown

in [Figure 7.1l More details of the detection scheme can be found in this publication [162].

7.3 Ionization cross-sections

The calculated total x-ray absorption cross-sections for each element species present in
pyrrole and pyrrole(H,O) are shown in . The absorption cross-section for atomic
hydrogen is negligible as compared to other elements (factor of ~3000 lower), and hence it is
not plotted. The energy for 1s ionization potential scales in the following order, C 1s < N 1s
< O 1s. We have chosen photon energy of 420 eV for our studies, which is ~10 eV above
the ionization potential of N 1s. This is done to avoid direct ionization at the O 1s, i.e.,
ionization on the water site of the hydrogen-bonded pyrrole(H,O) cluster. However, there
exists a significant absorption cross-section for C 1s ionization at a photon energy of 420
eV. In the aromatic ring of pyrrole and pyrrole(H,0O), we have 4 carbon atoms, 1 nitrogen
atoms, and 5 hydrogen atoms. For a photon energy of 420 eV, the atomic absorption
cross-section for nitrogen is 0.6466 x 10722 m?, while for the carbon it is 0.4327 x 10722 m?.
Hence, the probability to perform localized ionization at N 1s in pyrrole and pyrrole(H,0)
is only ~20 %. This is obtained after making the following assumptions. The first one is

that the x-ray absorption cross-section for each element in the molecule is similar to that
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Figure 7.2. The calculated total absorption cross-section for individual atoms present
in pyrrole(H,O) is plotted for a range of photon energies. The marked vertical arrow
represents the photon energy used for ionization of both pyrrole and pyrrole(H,0O). The
data is taken from reference [198].

of individual atomic-like species. Secondly, the contributions from the absorption of the

inner-valence and valence orbitals are not considered, as it is in the few percent levels.

7.4 Coincidence spectra of pyrrole monomer

The fragmentation mechanism of pyrrole after inner-shell ionization is studied using
Photoion-Photoion Coincidence spectra. To create a fairly pure sample for pyrrole, we have
not added traces of water to the seed gas. In addition to this, the contributions from the seed
gas and homo-clusters of pyrrole (pyrrole,, n>>1) were reduced through deflecting the molec-
ular beam by applying 14 kV voltage across the electrodes of the deflector, see
The PIPICO spectrum built among the ions created from pyrrole following inner-shell
ionization is shown in The structure of the pyrrole monomer is depicted in the
inset of the figure. The PIPICO spectrum is depicted in the units of the mass-to-charge
ratio, m/q (u/e). In general, the sharp straight lines observed in a coincidence island of
the PIPICO map gives information about the fragmentation channels, where the molecules
break-up into two ionic fragments with an axial recoil. The washed-out PIPICO islands
give a hint towards the ionic fragments formed from a fragmentation process, where more
than two fragments are created. For a perfect two-body break-up channel, the slope of the
line observed within a PIPICO island is given by —+/qimz/qamy [162, 210]. If the charge
and the mass of both of the ionic fragments are identical, then the slope is —1.

The fragmentation channels originated from the Coulomb explosion of the cationic states
of pyrrole are represented by the labeled PIPICO islands in [Figure 7.3, The coincidence

islands along my /g2 = 67 u/e (black dashed rectangle) are either due to false coincidences
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Figure 7.3. The Photoion-Photoion Coincidence spectrum after x-ray ionization of pyrrole
at 420 eV. The structure of the molecule together with the molecular mass is shown in the
inset. The regions outlined in boxes together with labels highlight relevant islands in the
PIPCO map.

or the coincidences arising from the fragmentation of larger pyrrole clusters present in the
deflected part of the molecular beam. The real coincidence islands from the fragmentation of
cationic states of pyrrole are the following islands: 1, 2, 2*, 3, and 4. The coincidence island
1 (marked in pink) corresponds to the correlation between NH™ (m1/q; =15 u/e) and
C4H] (m2/q2 =52 u/e). The parallel lines in the PIPICO island separated by m/q=1u/e
are due to the subsequent proton or H-losses. The PIPICO island 2 (marked in purple)
belongs to two fragmentation channels. The first fragmentation channel is the Coulomb
repulsion of C3Hz™ (m1/g1 =39 u/e) and CHaNT (m2/g2 =28 u/e). The second channel
is the formation of CoH3N™ (mq/q; =41 u/e) and CoHp ™ (ma/g2 = 26 u/e). Both of
these channels show additional PIPICO lines for the subsequent proton or H losses. The
PIPICO island 2* (marked in blue) shows coincidence between my/gqq = 19.5 u/e and
my /g2 =28 u/e, and slope of the coincidence line is < —1. The washed-out PIPICO island
3 (marked in green) and island 4 (marked in orange) correspond to the coincidences of CT,
NT together with heavier fragments such as CHoN™, CoHpt, CoH3N ™, and C3Hz ™. The
PIPICO islands 3 and 4 are possibly coincidences resulted from multi-body fragmentation
processes involving other ionic or neutral fragments. The straight-line coincidence island
between my/q1 = 14 u/e and my/g, = 14 u/e is due to the Coulomb explosion of the

dicationic state of Ny present in the background. In addition to that, the coincidence line
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between mi1/q1 =7 u/e and my /gy = 14 u/e originated from the tri-cationic state of Nj.

Here, we assign few coincidence islands to the charge state of the parent ion from which
they underwent Coulomb repulsion. The PIPICO islands 1 and 2 show very sharp PIPICO
lines and are originated from an axial recoil fragmentation process involving two ionic
fragments. Both of these ionic fragments within the coincidence island are singly charged,
and the sum of the mass of these two fragments adds up to the mass of the parent molecule,
pyrrole monomer. Hence, these fragmentation channels originated from the Coulomb
explosion of C4HsN?*. The correlated ion pairs created from C4HsN?T are shown below,

and the numbers written in brackets represent the labeled fragmentation pathways of the

PIPCO map, see [Figure 7.3

C4H5N*T — C4Hy ™ + NH (1) (7.1)
C4HsN*T — C3H3 ™ + CHoNT(2) (7.2)
C4H5N2+ — C2H3N+ + C2H2+ (2) (7.3)

The PIPICO island 2* is formed from two-body break-up process of C4HsN3*. The two ionic
products resulted from the Coulomb explosion of C4;HsN3* are C3H3%" (m1/g1 = 19.5 u/e)
and CHaN™T (mp/g2 =28 u/e). Each of the above-mentioned fragmentation channels
satisfies the conservation of the momentum in the recoil-frame for a perfect two-body
break-up process. All of these fragmentation channels arise from breaking of the C—C, and
N—C covalent bond in the pyrrole after the formation of C4HsN?** and C4HsN3* cationic
states. The dicationic state has possibly resulted from the relaxation processes like Auger
decay processes after core-shell ionization. The tri-cationic state formation can be explained

by the shake-off processes accompanying the Auger decay [200].

The fragmentation channels for the created di- and tri-cationic states of pyrrole owing to
core-shell ionization looks very similar to that was measured after strong-field ionization,
as shown in chapters [§] and [l In both cases, the observed PIPICO islands, as well as
relative intensities between the Coulomb explosion pathways for the above-mentioned
cationic states, are also similar. However, we have not seen any shreds of evidence for
the formation of intact C4H5N?* and C4HsN3t states after x-ray ionization, unlike the
scenario after outer-valence ionization as described in the [chapter 5| This can be explained
with the following argument: after x-ray ionization and subsequent relaxation processes,
vacancies are created over a broad spectrum of dissociative inner- and outer-valence states.
In comparison to the previous fragmentation pathways measured for the case of indole after
site-specific x-ray ionization, we see a resemblance to the observation of mainly two-body

break-up channels from di- and tri-cationic states [162].

To further investigate the site-specificity in the fragmentation pathway, fragment-channel
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dependent electron spectra, as well as details of charge-localization processes, one needs
to look at the electrons that are formed from these cationic states. Based on the kinetic
energy of the electrons, one could distinguish between different relaxation mechanisms,
whether it is pure Auger decay or due to processes such as ICD and shake-off channels.
Due to technical issues during the beamtime, the full potential of the delay line anode
for the electron side was not exploited. Hence, the kinetic energy of electrons could not
be extracted this time. However, measuring electrons and ions in coincidence is planned
for future experiments, which could give detailed insights into site-specific fragmentation

pathways.

7.5 Conclusion

In summary, we have investigated the fragmentation processes through coincidence imaging
of the ions generated following inner-shell ionization of a fairly pure sample of pyrrole.
We have observed the formation of C4HsN?* and C4HsN3t after the relaxation of the
core-shell ionized molecule, pyrrole. The C4H5N?T and C4H5N3+ states underwent heavy
fragmentation of the aromatic ring through the breaking of C-C or N-C covalent bonds.
We have also identified the individual fragmentation channels for these cationic states. Our
studies revealed that the Coulomb explosion channels of C4HsN?T and C4H5N3* states
formed after x-ray core-shell ionization is very similar in comparison with the observed
fragmentation channels of di- and tri-cationic states of pyrrole created after strong-field
ionization. A detailed fragmentation study on pyrrole provides a basis for the systematic
investigation of radiation-induced damage in biological matter. Furthermore, performing a
comparative site-specific x-ray ionization study on microsolvated pyrrole(H,O) can pave
the way to find the role of solvents on the photophysics of biomolecules after core-shell

ionization.

7.6 Outlook: Toward the photofragmentation studies of
pyrrole(H,0)

To investigate the influence of a single water molecule on the fragmentation dynamics
after site-specific x-ray ionization of pyrrole, we have attempted to perform the same
fragmentation studies on pyrrole(H,0). The following section discusses the preliminary
experiments we have performed to investigate on the site-specific x-ray photophysics of
pyrrole(H,0). A combined insight from x-ray photophysics studies on bare pyrrole and
pyrrole(H,0) sets a baseline for the time-resolved photophysics studies on these model
systems planned in the future. The systematic study of how the fragmentation dynamics of
the core-shell ionized pyrrole evolves as a function of the increasing distance of the water
molecule away from the pyrrole moiety can have implications on revealing the dynamic

nature of the solvent environment. An overview of the envisaged time-resolved experiments
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Figure 7.4. The Photoion-Photoion Coincidence spectrum measured at the deflected part

of the molecular beam, where the pyrrole(H,0) cluster is expected to be present. The

structure of the pyrrole(HO) is also shown in the figure. The marked blue rectangle shows

the coincidence regions, where significant differences between pyrrole and pyrrole(H,O) are

anticipated.

are also described in this section.

7.6.1 Photophysics after x-ray ionization of pyrrole(H,O)

After the site-specific x-ray ionization measurements for bare pyrrole, as shown in section[7.4]
we have performed the same experiment on pyrrole(H,O) to unravel the role of solvent
environment in the photophysics of ionized pyrrole. One of the key requirements for such a
systematic photophysics investigation is the preparation of a pure sample of pyrrole(H0).
Therefore, we have added the traces of water to the seed gas using a conventional bubbler.
As demonstrated in the previous chapters[3|to[6] an electrostatic deflector is used to spatially
disperse different species in the molecular beam expansion. The pyrrole(H,0) cluster is
expected to be present in the most deflected part of the molecular beam [108], 224]. Hence,
we have adjusted the vertical position of the entire molecular beam, using motorized stages
inside the vacuum, relative to the x-ray beam.

The measured PIPICO spectrum after x-ray ionization at 420 eV shown in The
used photon energy ensures ionization occurs at the pyrrole ring of the cluster. We expect
the fragmentation products from the pyrrole ring of the cluster to be similar to that of the

pyrrole monomer. The observed PIPICO islands look very similar to the measured PIPICO
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Figure 7.5. The time-of-flight-mass-spectrum measured after site-specific (above N 1s edge)
x-ray ionization of a pure sample of pyrrole(H,O). The inset shows a zoomed in to the
mass-to-charge region m/q = 0...20 u/e, highlighting the H,O" and H3O™.

of monomer except the fact that the contributions from the larger clusters
are reduced. This is expected for a measurement performed in the most deflected part of
the beam because larger-clusters exhibit lower values for effective-dipole-moment-to-mass
ratio [I08] and are less deflected. In addition to this, the expected prominent features after
x-ray ionization of pyrrole(H,O) are the electron- and proton- transfer channels across the
hydrogen-bond, i.e., Hy O™, and H3O™", respectively as signatures for ionic products. This
was the main difference observed in a similar previous experiment performed for indole [162]
and indole(H,O) [22I]. However, in our PIPICO, we have not observed signatures for
the formation of HyO™ (my/g1 =18 u/e) and H30" (m1/g1 = 19 u/e), see marked blue
rectangle region shown in

Based on the absence of signatures of fragmentation products from pyrrole(H,0), we
suspect that we did not have pyrrole(H,0) in the interaction zone. Such a scenario can
happen if the supersonic beam is not cold enough for cluster formation and cluster selection.
Typically, in the lab, i.e., like the experiments performed in previous chapters [3] to [6] we
could look at the parent ion signal to see whether pyrrole(H,0) is present in our molecular
beam. This approach is not possible with x-ray ionization because after core-shell ionization
of pyrrole(H,0) parent ions are not expected to be measured as the cluster undergoes

fragmentation owing to subsequent relaxation processes. The absence of an optical laser in
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the beamline also inhibited us from checking the constituents of the molecular beam during
the measurement time. Unfortunately, due to time constraints during the beamtime, our
quick attempts to find the signatures of pyrrole(H,O) were not successful.

Recent follow-up beamtime performed at EuXFEL confirms our suspicion that we did not
have pyrrole(H,0): we there clearly observed the electron- and proton-transfer channels
across the hydrogen-bond in pyrrole(H,O) for ionization above N 1s edge. The time-of-flight-
mass-spectra measured after x-ray ionization of pyrrole(H,0O) is shown in [294].
In addition to the ionic fragments originated from the fragmentation of the pyrrole ring,
we observed m/q peaks at m/q =18 u/e and m/q =19 u/e, which corresponds to HyO"
and H3O7, respectively. These channels were not observed in the and hence
we rule out the probability for the absence of these channels in pyrrole(H,0) as a reason
for not observing these channels in our experiments performed at PETRA. The charge
and mass transfer across the hydrogen-bond in pyrrole(H,O) can be caused by any of the
following relaxation pathways after core-shell ionization, such as intermolecular coulombic
decay (ICD) [147], electron transfer mediated decay (ETMD) [202], or proton transfer
mediated charge separation (PTMCS) [48]. For a detailed investigation of the fragmentation
dynamics of pyrrole(H,0), we have applied for further beamtime at EuXFEL, and the

planned schedule is beyond the timescales of this thesis work.

7.6.2 Toward time-resolved photophysics of pyrrole(H,0)

Site-specific x-ray photophysics investigations in pyrrole(H,O) hint towards the charge- and
mass- transfer processes occurring across the hydrogen-bond after core-shell ionization. The
electron- and proton- transfer across the hydrogen-bond was observed, in chapter [f] after
valence-shell ionization of pyrrole(H,0). These channels showed the potential as radiation-
protection pathways, to reduce the breaking of the C-C or N-C covalent bonds of the aromatic
ring, after double valence ionization. As the observed Coulomb explosion pathways for
C4H5N%t and C4Hs5N3T were similar for inner-shell and outer-valence ionization, one can
expect a similar trend for pyrrole(H,0) as well.

In the microsolvated pyrrole(H,0) cluster, the observed electron- and proton-transfer
channels can act as relaxation channels for pyrrole(HO)** and pyrrole(H,0)3" states
created following inner-shell ionization. Another interesting aspect of the electron- and
proton- transfer mechanisms are their potential to play as a radiation protection mechanism
for core-shell ionized biomolecules in the solvent environment. Based on these observations,
pyrrole(H0) is a good model system to study the phenomenon like intermolecular coulombic
decay (ICD) [I47], electron-transfer mediated decay (ETMD) [202], or proton-transfer
mediated charge separation (PTMCS) [48], occurring after core-shell ionization. The
full characterization of the fragmentation pathways of core-shell ionized bare pyrrole and
microsolvated pyrrole(HyO) cluster also brings the possibility of using x-rays as a probe for
tracking hydrogen-bond breaking dynamics in pyrrole(Hp0).

Furthermore, we planned electron-ion coincidence measurements aiming at time-resolved
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photophysics studies on pyrrole(H,0), e.g., in ultrafast IR pump and x-ray probe
experiments. One of the interesting experiments is to probe the neutral dissociation
dynamics of the pyrrole(H,O), initiated by a single photon excitation or mode-selective
IR excitation. In general, such studies can shed insight into fragmentation dynamics of
solvated biomolecules, nature of the hydrogen bonds, and elucidating the radiation damage

effects of solvated biological model systems.
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8 Conclusions and Outlook

The incentive of the work performed in this thesis is real-time imaging of the relaxation
pathways of microsolvated biomolecules in the gas phase after photoexcitation or ionization.
Understanding the dynamic nature of the hydrogen-bonding, and their influence on the
photophysics of biological systems is of universal importance in chemistry and biochemistry.
Recording the dynamical structural changes in solvated biomolecules with high spatial and
temporal resolution can unravel the mechanisms of their photophysics or photochemistry.
In the last decades, fast and unprecedented progress is being made to record the quantum
molecular movie of molecules in action with the evolution of ultrafast light sources and
imaging methodologies to get structural information. The work performed in the framework
of this thesis paves the way to the aforementioned dynamical studies on solvated molecules
through a systematic photophysics investigation of an isolated and microsolvated biomolecule.
Such comparative studies to investigate the influence of a single water molecule on the
photophysics of a biomolecule can answer the existing uncertainties related to the role of
the solvent environment, for example, whether it has protective or enhancing effects on
radiation-induced biomolecular damage. Moreover, this study aims at bridging the gap
between the isolated and solvated molecules in general, as well as at understanding the
significance of hydrogen bonding in biology.

Two important milestones have been achieved in this thesis. The first one was the
preparation of a cold and pure molecular beam of microsolvated clusters, which was difficult
to achieve in a cluster beam. The second one was the comparative photophysics investigation
of the isolated and microsolvated molecule after outer-valence and core-shell ionization.
The photophysics of model-systems, pyrrole, and pyrrole(H,O), was studied by velocity
map imaging of the 3D-momenta of all ions, which originated from the fragmentation
process. In [chapter 3] the methodology to improve the spatial separation of size-selected
clusters is focused. In it is demonstrated that a cold and pure molecular
beam of pyrrole(H,0) clusters is prepared. In [chapter 5| and [chapter 6| the photophysics

investigation owing to strong-field ionization is included, while the scenario of site-specific
core-shell ionization is focused in

In the following section, a summary of the outcome of this thesis is given, together with
conclusions and an outlook on prospective projects to extend the work presented in this

thesis in the future.

8.1 Achieving a pure beam of microsolvated cluster

A knife-edge skimming technique for shaping a molecular beam to improve the spatial
separation of the different species in a molecular beam by the electrostatic deflector is
described in the [chapter 3] A vertically adjustable sharp razor blade was implemented
near to the exit of the deflector, to clip off the deflected part of the beam. The combined
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experimental setup increases the column density of the selected molecular-beam part in the
interaction zone, which corresponds to higher signal rates. Also, it enhances the contrast
for the spatial separation of different molecular species from each other as well as from
atomic seed gas. The demonstration of the advantage of using the combination of the
knife-edge with the electrostatic deflector was shown through the separation of indole and
indole-water clusters. An observation of better separation of CgH7N-H,O from indole and
higher clusters was achieved, in comparison to our previous experiments on this system
without the knife edge [70, 86]. The demonstrated setup is beneficial for molecular beam
experiments that demand a strong separation of molecular species or a strong separation

from the seed gas.

In |[chapter 4] the generation of a pure molecular beam of pyrrole and pyrrole(H,O)
clusters was achieved, the crucial ingredient of the photo-physics investigations employed

on this thesis. The generation of a pure, sub-Kelvin rotationally cold beam of size-selected
clusters was demanding and was difficult to achieve before. Here, the cluster selection
was accomplished using the electrostatic deflector, which dispersed different species in a
molecular beam based on their effective-dipole-moment-to-mass ratios. We demonstrated
the spatial separation of pyrrole and pyrrole(H,O) clusters from the other atomic and
molecular species in a supersonically-expanded beam of pyrrole and traces of water seeded
in high-pressure helium gas. The pyrrole(H,0) cluster was well separated from other
species in a molecular beam, i.e., from pyrrole, water, larger clusters, and the seed gas.
The obtained pyrrole(H,0) cluster beam had a purity of ~100 %. The experimental
results were quantitatively supported by Monte-Carlo trajectory simulations. The extracted
rotational temperature of pyrrole and pyrrole(H,O) from the original supersonic expansion
is Trot = 0.8 £ 0.2 K, whereas the temperature of the deflected, pure-pyrrole(H,O) part of
the molecular beam is approximated to T.o =~ 0.4 K. To our best knowledge, it was the
first time that a pure and sub-Kelvin rotationally cold molecular beam of microsolvated

clusters was created.

The presented experimental approach in the helped to enhance the column
density of the size-selected cluster beam and removal of the contributions from the seeding
gas. This strategy is especially useful for experiments with lower count rates or restricted
measurement times, e. g., beamtimes at large facilities such as free-electron lasers (FELs),
synchrotrons, or high-power-laser facilities. The obtained pure beams of pyrrole(H,0)
in provide a crucial ingredient for photophysics studies aiming at time-resolved
hydrogen bond formation/dissociation dynamics, e.g., in ultrafast laser pump and x-ray
probe experiments. Further interesting aspects of the created sub-Kelvin rotationally cluster
beam will be the control of the orientation in the laboratory frame by laser aligning or
mixed-field orienting pyrrole(H,O) clusters [104, [115], 116]. The separated pure species are
also ideally suited for experiments to image the structure and dynamics of the pyrrole(H,O)
complex in the molecular frame, e.g., through molecular-frame photoelectron angular
distributions (MFPADs), recoil-frame photoelectron angular distributions (RFPADs), gas-
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phase x-ray diffraction, or laser-induced electron diffraction (LIED) experiments [65] [103]
228, 229].

8.2 Photophysics investigations on model microsolvated

systems

The photophysics studies performed on the model systems, pyrrole and pyrrole(H,0O)
after strong-field and site-specific x-ray ionization, to mimic the radiation induced-damage
effects on the biological matter are focused on chapters [ to[7] A combination of time- and
position-sensitive detectors, Timepix3 and delay-line detectors, together with a velocity-map
imaging spectrometer was utilized for the fragmentation studies by simultaneous imaging
of 3D-momenta of all ions.

In an experimental observation of a single hydrogen-bonded water molecule act-
ing as a radiation protection agent for ionized pyrrole, a prototypical aromatic biomolecule,
is demonstrated. Pyrrole and its microsolvated pyrrole(HO) cluster are ionized by intense
800 nm laser pulses mimicking radiation damage through outer-valence ionization. Both
species were strong-field ionized through the removal of electrons from the HOMO or
HOMO—1 orbitals, which are localized on the aromatic ring. We experimentally investi-
gated the damage incurred in singly and doubly ionized pyrrole molecules and the effect
of solvation by comparing the fragmentation pathways of bare pyrrole and microsolvated
pyrrole(H,0) heterodimers using pure samples of either species. For bare pyrrole (C4HsN),
the initially produced pyrrolet and pyrrole’" ions fragmented through the breaking of
the C-C or N-C covalent bonds. However, for the microsolvated pyrrole, the initially
generated pyrrole(H,O)™ shows strong protection of the pyrrole ring through dissociation
of the neutral water molecule from the cluster or by transferring an electron or proton
across the hydrogen bond. Furthermore, for pyrrole(H,O) a smaller probability for double
ionization was observed. Overall, a hydrogen-bonded single water molecule strongly reduces
the fragmentation probability, and thus the persistent radiation damage of ionized pyrrole.
In aqueous solution, the loss of the attached, neutral, ionized, or protonated, water could
easily be repaired by the many solvent molecules around.

In it is demonstrated experimentally the observation of enhanced ionization
for pyrrole(H,0) in the strong-field regime at a laser intensity of ~1 X 10 W/cm?. The
systematic investigation on a pure sample of pyrrole and pyrrole(H,0) paved a way to
elucidate that the highly-charged carbon species are only observed for pyrrole(H,O), but not
in pyrrole monomer. The observation of inner-shell ionized carbon atoms from pyrrole(H,O)
after strong-field ionization is surprising at this lower peak laser intensity, and it is the
first time an enhanced core-shell ionization in such a small dimer system. We attributed
the reason for this to a charge-resonance enhanced ionization mechanism together with
internal ionization barrier suppression during the ionization processes and possibilities of

electron-impact ionization for the removal of inner-shell electrons. However, the mechanism
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for core-shell ionization in the strong-field regime is still an open question. Our experimental
results call for the relevance of considering the laser-driven electron re-collisions and electron
correlation effects in molecular clusters in the strong-field regime, and the necessities for the
extensive theoretical framework that can explain enhanced inner-shell ionization phenomena
observed in molecular complexes. Moreover, our experimental studies propose pyrrole(H,O)
as a simple model system, where the mechanisms of inner-shell ionization in the strong-field
regime can be investigated in the future, both experimentally and theoretically.

Next, the x-ray photophysics studies on pyrrole and pyrrole(H,O) are discussed on
ter 71 x-ray radiation of energy of 420 eV was used for site-specific ionization of both species
at its nitrogen atom, to mimic the role of the solvent environment on radiation damage after
localized core-shell ionization of biomolecule. An electron-ion coincidence imaging technique,
using a combination of double-sided velocity map imaging spectrometer and the delay-line
detector was employed. The fragmentation studies aimed to investigate ultrafast relaxation
processes like intermolecular Coulombic decay (ICD), electron-transfer mediated decay
(ETMD), or proton-transfer mediated charge separation (PTM-CS) in hydrogen-bonded
systems. The photo-fragmentation of the pyrrole showed that the monomer is primarily
fragmented from the di-cationic state. For pyrrole(H,O), we observed the charge- and
mass-transfer across the hydrogen-bond. Additional insight into the nature of cationic states
and fragmentation studies of pyrrole(H,0O) were limited due to technical issues during the
beam-time, and such investigations are planned for future.

In summary, the systemic photophysics studies through ionization at the pyrrole moiety of
the pure monomer and microsolvated cluster lead to the following conclusions. The aromatic
ring is significantly protected for the microsolvated cluster as compared to monomer upon
single and double outer-valence ionization. Therefore, water played the role of a radiation
protection agent for an outer-valence ionized biomolecule, pyrrole. The enhanced ionization
in pyrrole(H,0) had a catalytic effect on radiation damage although it is a weak channel.
Surprisingly, this phenomenon resulted in the creation of core-shell ionized carbon species in
the strong-field regime at a laser peak intensity of ~1 x 10'* W /cm?. The highly-charged
carbon ions have implications on cancer treatment through the development of a cost-efficient
and clean source for ion therapy, utilizing the cluster beam as compared to conventional
methods using stripper materials [287]. In addition to strong-field studies, the direct core-
shell ionization studies using soft x-rays manifest at probing the ultrafast rearrangement and

relaxation processes occurring in biomolecules facilitated by their hydration environment.

8.3 Outlook: Toward the recording of molecular movies of

microsolvated clusters

In nature, the solvent environment surrounding the biological system is always dynamic,
through an active network of hydrogen-bonds. Hence, understanding the nature of hydrogen-

bond networks, bond-formation, and bond-breaking dynamics are of universal importance
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in chemistry and biochemistry. So far, we discussed investigations performed to study
the significance of hydrogen-bonded water in the photophysics of biomolecule, pyrrole.
Real-time observation of the photodissociation dynamics is required to investigate the
role of the dynamic solvent environment on the photophysics of biomolecules. Moreover,
these studies will provide deeper insights into the relaxation pathways in biological systems

initiated through the hydrogen-bond interactions, after photo-excitation, or ionization.

To achieve the above-mentioned dynamic studies, in line with the photo-fragmentation
studies that formed this thesis, I have made significant contributions to time-resolved ion
imaging investigations after photoexcitation or ionization of model systems, indole(H,0),
and pyrrole(H,O). In general, these experiments intended to study how the photo-
fragmentation and charge redistribution upon x-ray absorption is influenced due to the
presence of a single water molecule as a function of its distance to the biomolecule. To
change the distance between the two moieties, we initiated a photodissociation of the neutral
indole(H0O) cluster. The solute-solvent interaction in an electronically excited indole(H,0)
cluster was explored by studying the (dis)solvation dynamics through pump (266 nm) -
site-specific x-ray probe (N 1s, 420 €V) photoion-photoion coincidence (PIPICO) imaging,
using a free-electron laser source at LCLS. We observed electron- and proton-transfer
pathways in microsolvated indole(H,O) clusters, which is dependent on the distance of
the water molecule from the indole molecule. Additionally, we performed experiments to
study the dissociation dynamics of the neutral water from the pyrrole(H,O) cluster, after
the single ionization. The dissociation dynamics were investigated by photoion-photoion
coincidence (PIPICO) imaging, through IR-pump (1030 nm) and x-ray probe (420 eV),
utilizing the EUXFEL light source. Observing these ion fragmentation dynamics paves
the way to disentangle the role of a dynamic solvent environment on the photophysics of

biomolecules.

As a next step towards recording a molecular movie, i.e., to unravel underlying mecha-
nisms for the observed photophysics of solvated biomolecules after photoionization or exci-
tation, a time-resolved electron-ion coincidence measurement has to be performed. For this,
we have planned time-resolved photoelectron photoion-photoion coincidence (PEPIPICO)
imaging experiments on pyrrole(H,0), through IR—pump and x-ray probe (420 eV),
utilizing the EUXFEL light source. Also, we anticipate elucidating details of electron- and
proton-transfer pathways observed in pyrrole(H,O) after core-shell ionization. To realize
such coincidence experiments, one could use well-known techniques such as the reaction
microscopes, Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) [295]. How-
ever, for experiments, we planned to use a double-sided velocity map imaging spectrometer

together with a time- and position-sensitive detector, such as Timepix3[206, 207].

Another aim is to track the ground-state dynamics of the microsolvated pyrrole(H,O) via
investigating the hydrogen-bond dissociation after bond-selective excitation of the cluster.
Most of the biological reactions in nature occur in their ground state, and hence, this

attempt will guide us to probe and steer the bond-breaking or bond-formation processes in
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the ground state.

A complementary approach for recording the electron and nuclear dynamics is the
time-resolved diffractive imaging in the molecular frame, either using x-rays or electron
beams. The emerging self diffraction techniques, such as LIED [228| 258-261], is also a
promising methodology to track the structural changes with high spatial and temporal
resolution. To get the structural information it is required to control the orientation of the
cluster in the laboratory frame by laser alignment or mixed-field orientation [104, 115, [116].
Utilizing these advanced imaging techniques together with pure and controlled cluster
samples, we envisage shedding light on fundamental processes occurring in nature, such
as hydrogen-bond breaking, through real-time imaging, i.e., by recording their molecular

movies, in the near future.
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A Appendix to Chapter 5

A.1 Analysis to distinguish Coulomb explosion and

Dissociative ionization channels

A Photo-ion Photo-ion Coincidence (PIPICO) analysis was performed to identify ion pairs
that are correlated among all ions originated after strong-field ionization of both pyrrole
and pyrrole(H,O). The coincidence map was therefore built between two ions for all
possible combinations of ions present in the TOF-MS spectrum. Strong-field ionization
of both pyrrole and pyrrole(H,0) leads to complex fragmentation processes, and hence,
identification of the real correlated ion pairs is not easy from a normal coincidence map.
To distinguish between ionic fragments within the same mass-to-charge region, which were
formed either after the Coulomb explosion or dissociative ionization process, an additional
gate was implemented on the velocity space for these ions while building the coincidence
map. An example of this sorting procedure for all ions is shown for the case of the pyrrole
monomer

The PIPICO spectra obtained for the pyrrole monomer, after gating separately on
low- and high- kinetic energy regions of the velocity map image for all ions are shown
in . A uniform cut was made on velocity map images with radii of 0.6 km/s.

The VMI image of all high kinetic energy ions and the obtained coincidence map is shown
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Figure A.1. a) The Photo-ion Photo-ion Coincidence (PIPICO) map for all high kinetic
energy ions created after strong-field ionization of pyrrole. Inset shows the velocity map
image of all ions after sorting out low kinetic region (circle in the centre) and background
ions (circle in the lower right quadrant). b) The PIPICO map for all low kinetic energy
ions created after strong-field dissociative ionization of pyrrole. The velocity map image of
all low kinetic energy ions is also shown.
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in . The ions created due to ionization of the chamber background (mainly
water) were also gated out, which results in the empty circular blob on the lower right
quadrant of the velocity map image. Ions with high kinetic energy are correlated. These
channels mainly resulted from Coulomb explosion after double- and triple ionization of
the pyrrole. A straight line coincidence island (slope = -1) corresponds to two-body axial
fragmentation processes owing to Coulomb repulsion. Again coincidence lines with slope <
-1, are originated from two-body fragmentation processes, where the mass-to-charge ratio
of one correlated ion is significantly lower than the other. A washed-out coincidence island
between ion pair is a signature that they originated from the multi-body fragmentation
process of the parent molecule. All the main observed ring-break up channels of pyrrole
after double ionization are well observed in the PIPICO spectrum.

The PIPICO created after gating on the low kinetic region of the velocity map image
of all ions is shown in [Figure AT Bl These low energy ions are uncorrelated, and hence
they appear as false coincidences in the coincidence map. These channels are caused by the

dissociation process, which results in one ion, and remaining are neutral products.

A.2 Estimation of contamination from the water dimer to

the water ion channel of pyrrole(H,O)

The water dimer is also present in the deflected part of our molecular beam, where
measurements for pyrrole(H,O) was performed. This leads to contamination in the water
ion channel of pyrrole(H,0), due to water ions originated from the water dimer. A
photo-ion photo-ion correlation (PIPICor) analysis, with constraints by following momenta
conservation can help to distinguish between water ion formed after Coulomb explosion of
either water dimer or pyrrole(H,O).

In order to identify correlating pairs of ions in pyrrole(H,O) beam, momentum conser-
vation has been employed by (i) building all shot-wise combinations of ions, (ii) deducing
all possible fragment masses, m;; = (m/z); - zj from the mass /charge values and implying
fragment charges of zj = +1,+2, and (iii) computing the composite two-dimensional mo-
menta, ;- V; + My - Vi, for each pair of fragments. The composite momentum is a very
sensitive observable for this identification, where the true correlations add-up to values
close to zero. These true correlations are clearly separated from the uncorrelated ones,
whose composite momenta do not add-up to values close to zero, and therefore specific
gates can be employed to get PIPICor maps of true correlations corresponding
to an axial recoil fragmentation. The two-body break-up channels after double ionization
of pyrrole(H,0) and water dimer are given in The contribution from the water
dimer with respect to all intact double ionization channels of pyrrole(H,0O) is 7%.

The estimation for contamination in the low kinetic energy part of the velocity map image
is not easy, due to the complexity to distinguish the water ion formed after dissociative

single ionization of pyrrole(H,O) and the water-dimer. Hence, the same contamination (7%)
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Figure A.2. a) The photo-ion photo-ion correlation (PIPICor) map showing all correlated
pair of ions after strong-field ionization of pyrrole(H,O). Insets show zoomed in to the
observed two-body fragmentation channels of pyrrole(H,0) (b) and the water dimer (c).

cluster type correlated island counts
pyrrole(Hy0) 67 & 18 304
pyrrole(H,0) 66 & 19 995
water dimer 18 & 18 102

Table A.1. The table shows counts for correlated ions pairs originated from double ionization
of pyrrole(H,0) and water dimer.

is assumed for single ionization channels as well. The contamination from the water dimer
is also incorporated for the estimation of the over-all ring protection ratios (i. e., comparison
of pyrrole and pyrrole(H,0)) after single- and double- ionization. It does not change the
protection ratio significantly i.e., only by less than 0.5%, and therefore a contribution from

the water dimer can be even neglected.
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A.3 Specific cuts on the momenta map for specific ionization

channels of pyrrole and pyrrole(H,O)

The ring-fragmentation probabilities for pyrrole and pyrrole(H,O) after single- and double-
ionization was estimated by counting the ions in the background-subtracted momentum-map
images.

For single ionization, the probabilities were then determined by counting the ions in
the momentum-map images with a gate on the low kinetic energy part in the specific
mass-to-charge regions. The gates made for different single ionization channels are marked
by white circles in the specific mass-to-charge regions, as shown in for pyrrole
and in for pyrrole(H,0). In this case, we also estimated the projection of the
Coulomb explosion rings to the center of the momenta map statistically.

In the case of double ionization, the probabilities were extracted by counting the ions
in the momentum-map images with a gate on the high kinetic energy part in the specific
mass-to-charge regions. The gates made for different Coulomb explosion channels owing to
double ionization are represented by green circles in the specific mass-to-charge regions,
as shown in for pyrrole and in for pyrrole(H,0). In this case, it is
important to mention that the intact C4HsN?T appears in the low kinetic energy region
of the momenta map due to the low kinetic energy for intact ions. Here, we added the
estimated ions counts due to the projection of the Coulomb explosion rings to the center of

the momenta map.
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A.8 Specific cuts on the momenta map for specific ionization channels of pyrrole and
pyrrole(H O)

Figure A.3. The momentum map for all ions detected after strong-field ionization of pyrrole.
Marked white and green circles with specific radii in the momenta map represent edges for
single- and double- ionization channels, respectively.
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Figure A.4. The momentum map for all ions detected after strong-field ionization of
pyrrole(H,0). Marked white and green circles with specific radii in the momenta map
represent edges for single- and double- ionization channels, respectively.
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Acronyms

ATl above threshold ionization.

CCD charge-coupled device.
CEl Coulomb explosion imaging.
CFEL centre for free-electron laser science.

CMOS complementary metal-oxide-semiconductor.
DNA Deoxyribonucleic acid.

ETMD electron-transfer mediated decay.

EuXFEL European XFEL.

FEL free-electron laser.

FWHM full width half maximum.
HOMO highest occupied molecular orbital.

ICD interatomic Coulombic decay.
IP ionization potential.

IR infrared.

LCLS Linac Coherent Light source.

LIED laser-induced electron diffraction.

MCP micro-channel plate.

MFPAD Molecular-Frame Photo Angular Distributions.

PEPIPCO Photoelectron-Photoion-Photoion Coincidence.
PETRA lll Positron-Electron Tandem Ring Accelerator 3rd generation synchrotron source.
PIPICO Photoion Photoion coincidence.

PTMCS proton-transfer mediated charge separation.

RFPAD Recoil-Frame Photo Angular Distributions.




Acronyms

SPIDER Speedy PlIxel Detector Readout.

TOF-MS time-of-flight mass spectra.

UV ultraviolet.

VMIS velocity map imaging spectrometer.
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