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Abstract

The unceasing impact of intense sunlight on earth constitutes a continuous source of
energy fueling countless natural processes. On a molecular level, the energy contained
in the electromagnetic radiation is transferred through photochemical processes into
chemical or thermal energy. In the course of such processes, photo-excitations promote
molecules into thermally inaccessible excited states. This induces adaptations of
their molecular geometry according to the properties of the excited state. Decay
processes towards energetically lower lying states in transient molecular geometries
result in the formation of excited state relaxation pathways. The photo-chemical
relaxation mechanisms depend on the studied system itself, the interactions with its
chemical environment and the character of the involved states. This thesis focuses
on systems in which photo-induced deprotonation processes occur at specific atomic
sites.

To detect these excited-state proton dynamics at the affected atoms, a local
probe of molecular electronic structure is required. Therefore, site-selective and
orbital-specific K-edge soft X-ray spectroscopy techniques are used here to detect
photo-induced proton dynamics in gaseous and liquid sample environments. The
protonation of nitrogen (N) sites in organic molecules and the oxygen (O) atom in
the water molecule are probed locally through transitions between 1s orbitals and
the p-derived molecular valence electronic structure. The used techniques are X-ray
absorption spectroscopy (XAS) and resonant inelastic X-ray scattering (RIXS). Both
yield access to the unoccupied local valence electronic structure, whereas the latter
additionally probes occupied states.

We apply these probes in optical pump X-ray probe experiments to investigate
valence excited-state proton transfer capabilities of aqueous 2-thiopyridone. A
characteristic shift of N K-edge X-ray absorption resonances as well as a distinct
X-ray emission line are established by us as spectral fingerprints of N deprotonation
in the system. We utilize them to identify photo-induced N deprotonation of 2-
thiopyridone on femtosecond timescales, in optical pump N K-edge RIXS probe
measurements. We further establish excited state proton transfer mechanisms on
picosecond and nanosecond timescales along the dominant relaxation pathways of
2-thiopyridone using transient N K-edge XAS.



Despite being an excellent probe mechanism for valence excited-state proton
dynamics, the K-edge core-excitation itself also disturbs the electronic structure at
specific sites of a molecule. The rapid reaction of protons to 1s photo-excitations
can yield directional structural distortions within the femtosecond core-excited state
lifetime. These directional proton dynamics can change the energetic separation of
eigenstates of the system and alter probabilities for radiative decay between them.
Both effects yield spectral signatures of the dynamics in RIXS spectra.

Using these signatures of RIXS transitions into electronically excited states, we
investigate proton dynamics induced by N K-edge excitation in the amino-acid
histidine. The minor core-excited state dynamics of histidine in basic and neutral
chemical environments allow us to establish XAS and RIXS spectral signatures of
different N protonation states at its imidazole N sites. Based on these signatures,
we identify an excitation-site-independent N-H dissociation for N K-edge excitation
under acidic conditions.

Such directional structural deformations, induced by core-excitations, also make
proton dynamics in electronic ground states accessible through RIXS transitions
into vibrationally excited states. In that context, we interpret high resolution RIXS
spectra of the water molecule for three O K-edge resonances based on quantum-
chemical wave packet propagation simulations. We show that highly oriented ground
state vibrational modes of coupled nuclear motion can be populated through RIXS
processes by preparation of core-excited state nuclear wave packets with the same
directionality. Based on that, we analytically derive the possibility to extract one-
dimensional directional cuts through potential energy surfaces of molecular systems
from the corresponding RIXS spectra. We further verify this concept through the
extraction of the gas-phase water ground state potential along three coordinates from
experimental data in comparison to quantum-chemical simulations of the potential
energy surface.

This thesis also contains contributions to instrumentation development for investi-
gations of photo-induced molecular dynamics at high brilliance X-ray light sources.
We characterize the setup used for the transient valence-excited state XAS measure-
ments of 2-thiopyridone. Therein, a sub-micrometer thin liquid sample environment
is established employing in-vacuum flat-jet technology, which enables a transmission
experimental geometry. In combination with a MHz-laser system, we achieve a
high detection sensitivity for photo-induced X-ray absorption changes. Additionally,
we present conceptual improvements for temporal X-ray optical cross-correlation
techniques based on transient changes of multilayer optical properties, which are
crucial for the realization of femtosecond time-resolved studies at synchrotrons and
free-electron lasers.
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Zusammenfassung

Die stetige Bestrahlung der Erde mit intensivem Sonnenlicht stellt einen permanente
Energiequelle dar, die zahllose natiirliche Prozesse antreibt. Auf molekularer Ebene
wird die Energie der elektromagnetischen Strahlung durch photochemische Prozesse
in chemische und thermische Energie umgewandelt. Wahrend dieser Prozesse werden
thermisch nicht erreichbare angeregte Zustdnde von Molekiilen durch Photoanre-
gungen bevolkert. Dies fithrt zu Anderungen der Molekiilgeometrie, die abhéingig
von den Eigenschaften der angeregten Zustédnde sind. Zerfallsprozesse in energetisch
tieferliegende Zusténde in transienten Molekiilgeometrien fithren zur Ausbildung von
Relaxationspfaden angeregter Zustédnde. Die Relaxationsmechanismen sind dabei
abhédngig vom untersuchten System selbst, den Wechselwirkungen mit seiner che-
mischen Umgebung und den Eigenschaften der beteiligten angeregten Zustande. In
dieser Arbeit werden Systeme untersucht, in denen die Protonierung bestimmter
Atome im Molekiil durch eine Photoanregung gedndert werden kann.

Um Protonendynamik an den betreffenden Atomen zu untersuchen, wird ein lokaler
Zugang zur elektronischen Struktur des Molekiils ben6tigt. Daher wird in dieser
Arbeit K-Kanten Weichrontgenspektroskopie genutzt, um photo-induzierte Proto-
nendynamik in gasférmigen und fliissigen Proben zu untersuchen. Zuséatzlich zur
Selektivitat bzgl. des Elements und des chemischen Zustands des betreffenden Atoms
bietet diese Zugang zum Charakter und zur Lokalisierung der bindungsformenden
Valenzorbitale. Die Protonierung von Stickstoffatomen (N) in organischen Systemen
und die des Sauerstoffatoms (O) im Wassermolekiil wird dabei durch Uberginge
zwischen stark lokalisierten 1s- und Valenzorbitalen mit 2p-Charakter detektiert.
Die verwendeten Spektroskopiemethoden Réntgenabsorption (engl. X-ray absorption
spectroscopy, XAS) und resonate inelastische Rontgenstreuung (engl. resonant in-
elastic X-ray scattering, RIXS) bieten dabei einen lokalen Zugang zur unbesetzten
bzw. im Fall von RIXS auch zur besetzten elektronischen Struktur der untersuchten
Molekiile.

Mit Hilfe der genannten Methoden haben wir in zeitaufgelosten Anrege-Abfrage
(engl. pump-probe) Experimenten durch Valenzanregungen induzierte Protonentrans-
fer-Prozesse (engl. excited state proton transfer, ESPT) des Molekiils 2-Thiopyridon
in wéassriger Losung untersucht. Eine Verschiebung der N K-Kanten Roéntgenabsorpti-
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onsresonanzen, sowie eine charakteristische Rontgenemissionslinie werden von uns als
spektrale Signaturen einer N Deprotonierung des Systems etabliert. Eine potenzielle
photo-induzierte N Deprotonierung des Molekiils wird anhand dieser Signaturen
auf femtosekunden Zeitskalen iiber zeitaufgeloste N K-Kanten RIXS Messungen
identifiziert. Protonentransfer-Mechanismen auf Pico- und Nanosekunden Zeitskalen
entlang der dominanten Relaxationspfade des Systems werden mit zeitaufgelostem N
K-Kanten XAS untersucht.

K-Kanten Rumpfanregungen eignen sich nicht nur ideal zur Detektion von Proto-
nendynamik in valenzangeregten Zusténden, da die Rumpfanregungen selbst auch eine
lokalisierte Storung der elektronischen Struktur darstellen. Vor allem die Reaktion
von Protonen auf diese Storung innerhalb der 1s Rumpfloch-Lebensdauer von wenigen
Femtosekunden kann zu einer gerichteten Verzerrung der Molekiilstruktur fithren. Die
damit verbundenen Anderungen von Ubergangsenergien und -wahrscheinlichkeiten
sind als Signaturen dieser gerichteten Protonendynamik in RIXS Spektren zugénglich.

Anhand von RIXS Ubergéingen in elektronisch angeregte Zustinde untersuchen
wir Protonendynamik, die durch N K-Kanten Anregungen an den N Atomen im
Imidazolring der Aminoséure Histidin induziert wird. Die schwache Dynamik in
basischen und neutralen wassrigen Losungen erlauben es uns, die Protonierung dieser
N Atome mit charakteristischen spektralen Signaturen zu korrelieren. Mit Hilfe
dieser Signaturen identifizieren wir eine durch K-Kanten Anregung verursachte N-H
Dissoziation in saurer Losung. Dieser Prozess ist unabhangig davon, an welchem der
N Atome des Imidazolrings die Rumpfanregung lokalisiert ist.

Solche, durch Rumpfanregungen verursachten, gerichteten Verzerrungen der Mo-
lekiilstruktur ermoglichen einen Zugang zu Protonendynamik im elektronischen
Grundzustand {iber RIXS Prozesse in dessen vibrationsangeregte Zusténde. In die-
sem Zusammenhang vergleichen wir hochaufgeloste O K-Kanten RIXS Spektren
des Wassermolekiils in der Gasphase mit quantenchemischen Simulationen zur Wel-
lenpaketpropagation in den rumpfangeregten Zustidnden. Dabei wird deutlich, dass
die gerichtete Verzerrung der Molekiilstruktur im rumpfangeregten Zustand eine
Bevolkerung von Vibrationsmoden des Grundzustandes mit der gleichen Ausrichtung
durch den RIXS Prozess verursacht. Anhand dieser Ergebnisse leiten wir ab, unter
welchen Bedingungen eine Extraktion eindimensionaler Querschnitte der Potential-
fliche des Grundzustandes aus den entsprechenden RIXS Spektren moglich ist. Wir
verifizieren diese Methode anhand der Extraktion der Grundzustandspotentialfliche
des Wassermolekiils entlang drei unterschiedlicher Richtungen im Vergleich zu den
quantenchemischen Rechnungen.

Diese Arbeit enthélt zudem Beitrage zur Entwicklung von Instrumentierung fiir
Untersuchungen valenzangeregter Molekiildynamik an Rontgenquellen mit hoher
Brillianz. Der experimentelle Aufbau, der fiir die zeitaufgelosten XAS Messungen
an 2-Thiopyridon verwendet wurde, wird vorgestellt. Ein sub-Mikrometer diinner
Flissigkeitsflachstrahl erlaubt dabei Messungen in einer Transmissionsgeometrie. In
Kombination mit einem MHz-Lasersystem konnen transiente Absorptionsdnderungen
effizient detektiert werden. Zudem présentieren wir Konzepte zur zeitlichen Korrelati-
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on von Rontgen- und optischen Lichtpulsen, basierend auf Anderungen der optischen
Eigenschaften von Diinnschichtsystemen, die essenziell fiir Studien transienter Prozes-
se an Synchrotrons und Freie-Elektronen Lasern mit Femtosekunden Zeitauflosung
sind.






Preface

This thesis summarizes the research I performed under supervision of Prof. Dr.
Alexander Fohlisch at the University of Potsdam and at the Institute for Methods
and Instrumentation for Synchrotron Radiation of the Helmholtz-Zentrum Berlin.

It is prepared in a cumulative fashion and composed of eight selected publications
which I (co-)authored in the past years. Seven of them are published in peer-reviewed
journals and one is in manuscript. My affiliation changed from Helmholtz-Zentrum
Berlin to University of Potsdam while the research for this thesis was performed.
Hence, either one or both affiliations are attributed to me in the publications,
depending on the time at which the individual projects were carried out.

The presented work is grouped into three contentual parts. First, we present a
study of optically induced dynamics in a dilute molecular system investigated with
N 1s X-ray absorption spectroscopy (XAS) and resonant inelastic X-ray scattering
(RIXS). The X-ray spectroscopic signatures correlated with structural changes of the
system as well as the population of transient excited states through optical excitation
are addressed in the publications I-III. The second group of publications IV, V
and VI utilize the duration of resonant inelastic X-ray scattering events to extract
properties of ground and core-excited state potentials of molecular systems from RIXS
spectra. Publications VII and VIII represent parts of the development of methods
and instrumentation for X-ray/optical pump-probe measurements I contributed to.
Background information and motivation for each of these groups is provided in the
chapters 1-4 of this thesis. The Appendix contains information on occasions at which
the results were presented and Supporting Information to individual publications
included in this thesis.

The majority of this research was carried out at the synchrotron light source
BESSY II in Berlin, Germany. Optically induced molecular dynamics in publication
IT were investigated with RIXS using the soft X-ray beamline at the Linac Coherent
Light Source (LCLS) in Stanford, USA. The results on femtosecond core-excited
state dynamics from electronically elastic high resolution RIXS in publications V
and VI were achieved using the SAXES spectrometer at the ADRESS beamline of
the Swiss Light Source (SLS) in Villigen, Switzerland.
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Chapter

Introduction

Photochemical processes have an ubiquitous impact on life, ranging from the essential
constructive role of transition metal complexes in e.g. photosynthesis and artificial
light-harvesting applications™™ to harmful effects induced by e.g. exposure of human
tissue to ionizing radiation®® or intense sunlight“1Y. They result from a photo-
induced population of thermally inaccessible electronic states. The photochemical
processes are triggered by the thereby altered chemical properties of the system
and subsequent, excited state dependent, deformations of the molecular geometry.
This work focuses on the role of protons in molecular photo-chemical processes.
Their low mass results in high mobility and yields the ability to form fluctuating
bonding networks in condensed-phase systems. Thus, protons adapt rapidly to
transient changes of the coupled molecular electronic and nuclear structure.t13
This allows for protonation changes at specific atomic sites along photochemical
relaxation pathways, sometimes mediated by interactions with the surrounding solvent
molecules. 1315/ Tt is therefore essential to establish reliable experimental signatures of
protonation changes as fingerprints of proton dynamics in photochemical processes.
Spectroscopy techniques utilize cross-sections of photo-induced transitions between
eigenstates of molecules, to provide experimental evidence for the presence of specific
chemical states and to determine electronic properties of the investigated systems. As
Zewail discussed in his Nobel-lecture on Femtochemistry,*® pump-probe spectroscopy
techniques in different spectral ranges of electromagnetic radiation are established
tools to investigate different aspects of transient molecular dynamics. They yield
information on the transient processes, subsequent to photo-excitations, based on
reliable spectroscopic fingerprints. To monitor the protonation at specific atomic sites,
an element-specific and chemical state selective spectroscopic technique accessing
the local molecular electronic structure is required. Upon restriction to protonation
and proton dynamics at nitrogen (N) and oxygen (O) sites, the used spectroscopy
technique needs to probe bond-mediating p-derived molecular orbitals sensitively.
These demands are fulfilled by K-edge soft X-ray spectroscopy,” giving access to
the p-character and the localization of valence orbitals through electronic transitions
changing the occupation of localized 1s orbitals. Combining optical and X-ray light
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sources therefore enables to locally monitor photo-induced protonation changes along
relaxation pathways via valence-excited states. Different X-ray light sources qualify
for such time-resolved studies of molecular dynamics, depending on the used X-ray
spectroscopy technique and the investigated timescale. Third generation synchrotrons
can be used routinely for time-resolved soft X-ray absorption studies, probing transient
local unoccupied valence density of states, with picosecond temporal resolution.18724
At femtoslicing facilities a hundred femtosecond temporal resolution can be achieved
at a largely reduced photon flux.?#2% Recent developments of dedicated, optical-laser
driven, high harmonic generation sources show potential for X-ray absorption studies
on femtosecond timescales.?®3! Resonant inelastic X-ray scattering (RIXS) gives
additional access to the occupied local valence density of states of a system. This
is achieved by the detection of photon energies for radiative decay processes into
valence-excited states subsequent to core-excitations. The yield of such processes
is in the percentage range for soft-X-ray photon energies and they can only be
detected with a limited efficiency. Pump-probe femtosecond molecular dynamics
studies employing RIXS can therefore currently only be performed at free-electron
laser light sources.32735

The discussed techniques are used in the first three publications of this thesis
to study the valence-excited state proton transfer process in 2-thiopyridone. A
photo-induced proton transfer capability between the N and the S site of the sys-
tem was assigned previously by Du et al..2% They identified the thiol tautomer
2-mercaptopyridine to be present on nanosecond timescales after an optical excitation
based on resonance Raman spectroscopic signatures, without determining a distinct
proton transfer pathway. Picosecond S K-edge spectroscopy indicates that the proton
transfer dynamics possibly depend on the used solvent and excitation wavelength.7
Here, we resolve relaxation mechanisms yielding excited state proton transfer in
2-thiopyridone using transient N K-edge X-ray absorption spectroscopy as well as
resonant inelastic X-ray scattering. In publication I, we establish X-ray absorption
spectroscopic signatures for N deprotonation of 2-thiopyridone. In a second step,
we identify transient spectroscopic signatures in optical pump N 1s RIXS probe
measurements of 2-thiopyridone (aq) on femtosecond timescales, which coincide
with signatures of chemically induced N deprotonation, as shown in publication II.
Conclusively, we investigate the proton transfer dynamics of 2-thiopyridone in a
range of tens of picoseconds to tens of nanoseconds after the optical excitation using
transient X-ray absorption spectroscopy in dependence on the excitation wavelength
in publication ITII.

Highly directional molecular proton dynamics occur as an initial response to photo-
excitations using X-ray radiation. A K-edge excitation dominantly affects the local
electronic structure at the core-excited atom. Insight on the structural deformations
within the lifetime of a core-excitation can be gained from RIXS spectral signatures.
The propagation of core-excited state nuclear wave packets, representing the nuclear
displacement induced by the change in orbital occupancy, alters the probability
to populate specific vibrational modes on the electronic ground or valence-excited



potentials as RIXS final states.”® ™7 Hence, information on both, the core-excited
and the final state potentials, can be drawn from RIXS intensities. The impact of
different parts of the core-excited state nuclear wave packet on the RIXS intensity
can be altered by choice of the excitation energy. This yields the possibility to change
the effective scattering duration and thus access the femtosecond core-excited state
proton dynamics with synchrotron radiation without a dedicated pulse pattern. 384748

Based on spectral signatures of RIXS final states characterized by electronic
excitations, we investigate the N 1s core-excited state dynamics of the amino-acid
histidine dependent on the chemical environment in publication IV. It is known
that the system exhibits pH-value-dependent protonation states at its three N sites
in aqueous environments.%? One of the N sites forms an amino group, whereas the
other two are located within a conjugated imidazole ring. For the latter, we establish
characteristic N K-edge X-ray absorption, as well as RIXS signatures of different
protonation states. These allow us to unravel the propensity for deprotonation of
one specific N site in the imidazole ring in the N 1s core-excited states of histidine in
an acidic environment, through a comparison between experimental RIXS spectra
and simulations based on the Z+1 equivalent core approximation.

In contrast, RIXS final states characterized exclusively by vibrational excitations
are used to access directional proton dynamics in the molecular electronic ground state
in publications V and VI. We show in publication V that the preparation of well-
oriented wave packets in the O 1s core-excited states of the gas-phase water molecule
yields a selective excitation of vibrational modes, with the same directionality, upon
radiative decay to the electronic ground state. We combine vibrationally resolved O
K-edge RIXS spectra with quantum chemical wave packet propagation and spectrum
simulations. Thereby we demonstrate that properties of the ground state potential,
defining interactions with the chemical environment and thus chemical reaction
pathways, could be probed selectively for molecules in solution. In particular, we
derive the possibility to extract directional cuts through molecular potential energy
surfaces from vibrationally resolved RIXS spectra analytically in publication VI.
The proposed method is used to extract cuts through the ground state potential of
the gas phase water molecule, defining the dynamics of the protons with respect to
the oxygen atom, in three distinct directions from O 1s RIXS spectra with vibrational
resolution.

The development of concepts and instrumentation for the investigation of optically
induced dynamics with X-ray spectroscopic methods are discussed in publications VII
and VIII of the thesis. Specifically, the demands of time-resolved soft X-ray studies
for in-vacuum sample environments providing sufficient sample replenishment and
efficient measurement schemes to compensate for the limited available X-ray photon
flux are addressed.

A rapidly replenishing sample environment suitable for soft X-ray absorption
measurements in a transmission experimental geometry has recently proven to be
provided by sub-um thin liquid flat-jets.”¥ The combination of a flat-jet with a MHz
optical-laser system at the beamline UE52-SGM (BESSY 1I) for low-noise optical
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pump X-ray absorption probe spectroscopy of dilute molecular systems is presented
in publication VII.

Considering beamtime limitations in addition to long necessary data acquisition
times, temporal cross-correlation of X-ray and optical pulses prior to the actual mea-
surement is essential for pump-probe studies with femtosecond temporal resolution.
We have established concepts to optimize the contrast for temporal cross-correlation
at free electron lasers based on X-ray-induced transient optical reflectivity changes
exploiting thin film interference effects.” However, this method is inapplicable at
light sources providing a low X-ray flux per pulse, as it requires a high X-ray-induced
excitation density in an insulating thin film material. We have therefore developed
an alternative cross-correlator based on optically induced X-ray reflectivity changes
of a metal-insulator multilayer sample, which is presented in publication VIII. This
efficient cross-correlation method, utilizing again transiently altered interference, can
be used at low-flux X-ray sources. It is therefore essential for future transient X-ray
absorption studies with femtosecond temporal resolution at synchrotron femtoslicing
facilities and optical laser driven X-ray sources.



Chapter

Molecular Proton Dynamics: Concepts and Experimental
Access

The methods to access molecular proton dynamics applied throughout the publications
will be introduced in this section. A theoretical framework for the description of
coupled electronic and nuclear dynamics on ground and excited state potential energy
surfaces will be given. Based on these concepts, the fundamentals of X-ray absorption
spectroscopy and RIXS as tools to access them will further be derived. Considering
these concepts is essential to establish possible molecular relaxation pathways and
identify configurations along them which can yield transiently altered protonation.
Additionally, they illustrate the suitability of K-edge spectroscopy, with its sensitivity
for p-derived valence density of states, to probe bonds in molecules consisting of
light elements. The combination of these concepts is crucial to predict and interpret
X-ray spectroscopic signatures of protonation changes through selection rules and
quantum chemical spectrum simulations.

The following descriptions of concepts used to access excited state dynamics
are based on the derivations by Lee and Heller®?, if not declared differently. The
nomenclature was adapted for compatibility with the reasoning in this thesis. The
quantum mechanical state of a system is defined by its Hamiltonian H and a
wavefunction ¥ as a solution of the time-dependent many body Schrodinger equation.
We consider the Hamiltonian of a molecular system consisting of s electrons and
N nuclei with r = (ry,...,r,) electronic and R = (R, .., R3N) nuclear degrees of
freedom experiencing a time-dependent perturbation it (r,R,t).

*Here we do not reduce the nuclear degrees of freedom to 3N — 6 internal coordinates through
a coordinate transformation, e.g. use of the center of mass and relative coordinates. This can
generally yield mass polarization terms for the case of coupled nuclear motion, which are omitted
in the formulation of Lee and Heller.>*
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ihd U (r, R, t) = HU(r, R, t) = [Hyn + H™(r, R, )]V (r, R, 1), (2.1)
3N 292 s

R 203 2N

i R2A;

2M = 2m

(r,R)

M,, and m are the masses of the nuclei and electrons, U(r, R) is the electrostatic
potential between the electrons and nuclei and A is the reduced Planck constant.
It is unfeasible to find an analytical solution for ¥ in this physical many body
problem as soon as the complexity of the studied system exceeds that of the hydrogen
atom. Among others, the Born Oppenheimer approximation®® is well established
to find an approximate solution also for more complex systems and understand or
predict their quantum-mechanical properties. Mathematically the Born-Oppenheimer
approximation results from a Produktansatz for ¥ which separates a nuclear x;(R,t)
and an electronic part 9;(r, R) of the wavefunction.

W RA) =S vy (RO R) (2.2)
j=1

This Ansatz decouples the explicit time dependence from the electronic coordinates.
Hence, a time-dependent perturbation ﬁint(ﬁ, R,t) can only alter the population
of the electronic states v;(r, R) through the time-dependent coefficients x;(R,t).
Inserting Ansatz[2.2] in the Schrodmger equation[2.1] generates coupling terms be-
tween y; and v; of the form - S 3RnXJ (R, t)0R,¥;(r, R) andZM X; (R, 1)0% ;(r, R).
The coupling terms are proportional to the inverse mass of the nuclei M, ! are
thus expected to be small compared to the electron kinetic energy contribution to
the Schrodinger equation.54|f| Omitting these coupling terms allows for a separate
treatment of the electronic part of the wavefunction ;(r, R) which is parametric in
R.

"We follow the argumentation by Steinfeld."# P-™® We assume that the derivatives of the electronic
wavefunctions with respect to the nuclear coordinates Jr, 1¢; and the [-th component of the
k-th electron Or,,1; are of similar scale, as we consider the same molecular dimensions for both
operators. The contribution of a typical coupling term (see main text) can then be estimated as

B2 2 m hzafklw]

2 2
oA, X (B, t)0R, ¥;(r, R) ~ LN (R, )0, v; = AL X (R, t) —"— Y

The last factor resembles a contribution in the electron kinetic energy (see second last term of
H,, in equatlon . The scaling factor m/M,, ~ 1/10000 justifies an omission of this coupling
term. The Born-Oppenhelmer approximation fails to describe molecular systems in geometries
exhibiting close lying electronic states. There, the electronic wavefunction is formed as a linear
combination of the wavefunctions for the different states. The contribution of each state to the
total electronic wavefunction is altered by changes of the nuclear coordinates. The character of
the electronic wavefunction therefore depends sensitively on R,. Consequently, the derivatives
along nuclear and electronic coordinates can no longer be expected to be of similar magnitude in
these configurations.
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LA
-2

=1

U R)] Uyl B) = By(R)y(z. B) (23)

It also yields coupled differential equations for the time-dependent coefficients x; (R, t)

iy (B, 1) = Hy(R)x; (B,1) — > [Hit (B, 1)] x(B, 1) (2.4)
k=1
3N hz&%{
()=~ 3 oy + B

with ’I—A[;’,;t (R, t) = (Y;(r, E)|7:[i"t(f, R, t)|Yx(r, R)),. For unperturbed systems with
H" (1, R, t) = 0 equation yields the vibrational states for the potential E;(R)
defined by equation[2.3] The dynamics of a system are thus defined by the (molecular
geometry dependent) energy eigenvalue of the electronic part of the wavefunction
forming a Potential Energy Surface (PES).

2.1 Electronic Structure from Quantum Chemistry

PESs of molecular systems at specific atomic configurations, with their possible
connections across potential energy barriers are the basis of the theoretical description
of chemical reactivity. They can be utilized to determine the origins for preferences
of specific molecular geometries in chemical environments and yield the option
to understand and quantify thermally driven and photochemical processes. It is
therefore essential to approximate the solution of Schrédinger’s equation for the
molecular geometry dependent electronic part of the wavefunction. This can be
achieved numerically using different approaches. Which quantum chemical method
is most suitable to simulate the electronic structure for molecular systems strongly
depends on the size and elemental composition of the investigated system and its
interaction with its chemical environment. Here, the general concepts of Hartree-Fock
(HF) in combination with selected post-HF methods and density functional theory
are outlined based on the description by Atkins.% p- 288-320

The HF method approximates a solution for the electronic part of the wavefunction
from equation[2.3] One Slater determinant of s single electron wavefunctions is used
as an Ansatz for v; for a given set of nuclear coordinates. The wavefunctions in
this determinant are adapted to minimize the associated energy expectation value.
Electron correlation effects are treated in a mean field approach by this approximation
of the electronic wavefunction. The HF equations (or Roothaan equations, if the
orbitals are expanded in a specific basis set) yield the orthogonal occupied and the
virtual (unoccupied) HF orbitals, which are used to generate a single determinant
of occupied single electron wavefunctions to describe the entire electronic system.
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The resulting neglect of electron correlation effects can be compensated for in a post-
HF method called configuration interaction (CI), which will be introduced briefly.
Including determinants in which occupied orbitals are replaced by virtual ones
resulting from the HF calculation in a linear combination with the HF-ground state
wavefunction and optimizing their expansion coefficients can yield a wavefunction
with a lower energy expectation value. Determinants including virtual instead of
occupied states are termed to contain an excitation between the exchanged orbitals.
Including determinants containing excitations can yield a better approximation of
the total electronic wavefunction. In principle, all orthogonal occupied and virtual
orbitals resulting from an HF calculation can be used to form a complete basis
of determinants for the description of any antisymmetric s-electron wavefunction.
Hence, excited states of the studied system can also be simulated with the CI method.
The number of determinants defines the accuracy of the approximated wavefunction,
but it also increases the computational weight of the simulation. Different approaches
that restrict the number of orbitals between which the excitations can occur and/or
the excitations between them. The complete- and restricted-active-space methods
(CAS,RAS) are used to reduce the computational weight compared to a full-CI
calculation of a given system. These restrictions can also be used to simulate selected
excited states characterized by excitations from specific orbitals, which is of high
interest for the simulation of X-ray spectra.?®

Computationally much lighter quantum chemical density functional theory (DFT)
simulations make use of Hohenberg-Kohns’ theorems, which show that in an s-electron
system, in the non-degenerate electronic ground state, the potential and thus the
wavefunction are defined as a unique functional of the electron density. Generating
the electron density from a Slater determinant of s single electron wavefunctions
yields the Kohn-Sham (KS) equations, which are analogous to Schrédinger’s equation
for single electrons in the KS potential. The KS potential is defined as the sum of
the external potential defined by the nuclei, the Hartree Potential as the Coulomb
repulsion induced by the presence of electron density and the exchange correlation
interaction potential, which depends on the unknown exchange-correlation functional.
Different exchange correlation functional approximation dependent on the electron
density and its derivatives are available for the use in quantum chemistry codes. Self
consistent solutions of the KS equations yield again occupied and virtual KS orbitals.
Additionally, time-dependent (TD) DFT can be used to estimate the interaction
between electromagnetic fields and the investigated molecule. The interaction with the
field is implemented through TD potentials, which yields TD Kohn-Sham equations.
They can be treated perturbatively. This approach can be used to estimate transition
dipole moments between the ground and excited states of the system. Alternatively,
spectrum simulations in the slater transition state model are possible.2>2

The post-HF methods, which increase the accuracy of simulations but also their
computational weight, impose size and/or symmetry restrictions for HF based
electronic structure simulations of ground and excited states. Hence, only small
systems with very limited inclusion of interaction with a chemical environment can
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be modeled. We chose such methods to reliably simulate both ground and excited
state electronic structure and X-ray spectra in publications II, III and V for the
compound 2-thiopyridone and the gas phase water molecule.

The computationally lighter DFT can explicitly model solute-solvent interaction
even for larger systems combined with the ability to estimate spectroscopic observables
for systems in their electronic ground state.®2 In the publications I and IV we
utilize DFT to access the electronic structure of 2-thiopyridone (and connected
molecular species) and the amino acid histidine, partially with an explicit treatment
of the chemical environment, in multiple molecular geometries and solute-solvent
configurations.

2.2 Dynamics on Potential Energy Surfaces

Mapping out possible trajectories of a sample on electronic ground and excited state
PES under specific experimental conditions is a key step to estimate the localization
of protons in transient states of the system. A possible trajectory across a system of
PES, which is discussed conceptually in this section, is depicted in Fig.[2.1] before
the theoretical description of transitions between PESs and the propagation on them
are introduced in section2.2l

The coordinate the PESs are projected on can resemble e.g. an inter-atomic
distance in a diatomic gas-phase molecule or a complex reaction pathway through
a multidimensional potential energy landscape in larger systems. In the second
case, the simple one-dimensional sketch drawn here has to be extended to allow
for deformations of the molecule and its chemical environment along all possible
nuclear coordinates. Still, the simplified picture illustrates the concept of dynamics
on valence-excited state potential energy landscapes and its most important steps.

Figure 2.1: Dynamics on  valence-
excited state potential energy surfaces.
An excitation from the ground (V)
into a valence-excited state (Vi) at
the time tg is followed by a structural
relaxation according to the excited state
potential. Different decay channels yield
a statistical depopulation with a time
constant 7 = t; — to into lower lying
valence-excited states (V1) or back into
the Vg resulting in further subsequent
. adaptations of the molecular geometry
Nuclear coordinate including possible energy dissipation to
the chemical environment.

Energy
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The rigidity of a sample in its stable ground state is overcome by the introduction
of energy into the system, which transfers it onto an energetically higher lying PES.
We start out from an excitation of the investigated system in its ground state Vj
onto a valence-excited state PES, the state V5, e.g. induced by the absorption of an
optical photon at the time ¢y as illustrated in Fig.[2.1] We assume that the timescale
on which the system evolves according to the properties of the populated electronic
state is long compared to the timescale on which the actual transition between the
states occurs. Under these conditions, an exponential decay of the population of
the state V5 onto the ground state or energetically lower lying electronically excited
state PESs occurs with a rate 'y that statistically defines the excited state lifetime
T =t; — tp. In this time-frame the molecule adapts its geometry according to the
properties of the V5 potential. From the gradient of the potential in combination
with I'y the yield for a certain molecular deformation during the excited state lifetime
can be estimated. In this context the quantum mechanical nature of the motion of
the nuclei has to be taken into account. The molecular geometries marked in the
reduced picture drawn in Fig.[2.T] shall be understood as transient populations of
the coupled electronic and nuclear wavefunctions. As will be shown in section[2.2]
the excitation resembles a projection of the ground state nuclear wavefunction onto
the set of nuclear wavefunctions of the valence-excited state creating a wave packet
which propagates in the time after the excitation. Hence, interference between the
excited nuclear modes, in addition to the shape of the involved PESs, can have an
impact on the preference for specific molecular geometries at a certain time after
the excitation and the subsequent decay pathways. Solute solvent interactions can
cause dissipation of kinetic energy from the system to the solvent through vibrational
cooling. Therefore molecules are expected to reside in local minima of potentials,
as illustrated for the time to, given sufficient relaxation-time after the transition
between the PES and an even longer lifetime of the state V.

The characteristics of involved potentials and their coupling define dominant
relaxation pathways in excited state dynamics, i.e. the transient population of specific
intermediate molecular configurations. To quantitatively describe dynamics on PESs
and estimate rates of transitions between them, the theoretical concept of wave
packet propagation within the framework of the Born-Oppenheimer approximation
can be applied, which is described in the following.

Computational Access to Dynamics on Potential Energy Surfaces

The dynamics occurring subsequently to an excitation of a quantum-mechanical sys-
tem is reflected in the time-dependent nuclear WavefunctionE] Using time-dependent
perturbation theory, the coefficients x;(R,t) from equation can be expanded with

#The presented concepts are still based on the derivations by Lee and Heller.?2

10
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respect to powers of the perturbation amplitude. The Ansatz reads
S L (R)
= x; (B, 1). (2.5)
k=0

Using the stationary state solutions for a given PES with the index j

X (B 1) = X5 (R)e o,
Hi(R)Y) (R) = Ejmx\)(R),

and a population of modes on the inital electronic state PES Xgo) (R,0) at t = 0 with

the energy E; (given by Hlxgo) (R,0) = (0)(R 0)), the first and second order
wave packet amplitudes on the PES j at a tlme t =T are given by

T ) ) .
Z'hxg-l)(ﬁa T) :/O du e—z(Hj—sz)(T—u)/fLrH;qt(E’ u) —zHlu/h (0 )(R 0) (2.6)

and

T s . . ~
’L'hxgg) (E, T) _ Z/O ds /0 du e_Z(Hj_er)(T_S)/hH;-%t(E, 8)

x e TG0 Mgt (R w0 (R,0).(27)
Hence, all scattering events with the temporal evolution following the scheme

Xgo)(ﬁ,o)*—t“ﬁ{mt( ) t=uw =T, x§»”(E7T)

e—iHiu/R e~ i(Hj—ilj)(T—u)/R

corresponding to a single interaction with the electromagnetic field in the temporal
interval [0,7] are considered in the first order wave packet amplitude given by
equation2.6] Two interaction events according to the temporal structure

W (B0) T (R e W (Rys) s P (RT)

e—iHiu/h e~ i(Hp—iTp)(s—u)/h e~ i(H; =il ;) (T=s)/h
result from the second order wave packet amplitude in equation2.7} Limited lifetimes
for the intermediate and final states populated between the transitions have been
introduced in the model through the decay rates I';. We thus suspect a comparably
long lifetime of the initial state 1. We should emphasize that the interactions
mediating radiative and non-radiative transitions between the different PESs are
implemented through the perturbation ”Hmt(R, t), allowing to consider all possible
sequences of transitions between the electronlc states.

The state and scattering duration dependent propagation of the electronically
excited state wave packets, considering two transitions between the surfaces, can
be simulated using equation2.7 The involved states define the driven nuclear
coordinates and thus affect the scattering amplitude to subsequently populated
states in different molecular geometries. Consideration of higher order wave packet

11
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amplitudes allows to take further transitions between the states into account, based
only on the the initial wave packet Xgo) (R,0) and the system of PESs involved in the
scattering events.

Wave packet propagation formalisms based on these transient populations of
nuclear wavefunctions have been used successfully to describe valence®69 a5 well
as core-excited 444067 state dynamics in compact molecular systems. The concept
was developed to describe photo absorption and Raman scattering processes®? and is
thus also applicable to X-ray absorption induced transitions®® which will be discussed
in section[2.3] In the context of this thesis, it has been employed to model the O 1s
core-excited state dynamics of the water molecule in publications V and VI, as well
as in the related publications®0, These will be discussed in section[3.3}

The propagation can only be simulated for systems where the multidimensional
potential energy surface can be simulated in a sufficiently large range of molecu-
lar geometries. Alternatively, a semi-classical treatment of the nuclear motion in
combination with a distribution of statistical starting conditions for the molecular
geometry has allowed to determine preferential pathways across valence-excited state
potential energy surfaces for larger systems.™ In this surface hopping formalism,
the system is propagated on a single PES and the transition probability towards
the other PESs in the temporally evolving molecular geometry is evaluated at each
simulated time step. The system is subsequently propagated on a different surface
if the transition probability to this surface lies above a threshold value. A recent
implementation allows treatment of transitions between states with different multi-
plicity in this framework.™3 The surface hopping method has proven to generate
results comparable to full quantum dynamical simulations for small systems™ and
was applied e.g. to disentangle photo-induced dynamics in cyclo-organic systems. 747
In the context of this thesis, the surface hopping method is currently applied to gain
computational access to the relaxation dynamics of the photo-excited cyclo-organic
compound 2-thiopyridone. Experimental signatures of N-H proton dynamics on
femtosecond timescales are discussed in publicationII, which require a mechanistic
explanation based on relaxation pathways from quantum-chemistry.

Interaction Operators for Electronic Transitions

Radiative transitions between different PESs are mediated by the dipole moment
operator d = e ;_; r; in the interaction Hamiltonian ﬁ;ﬁt(ﬂ, t) = —D;r(R) - E(1)
with the transition dipole moments Dji(R) = & hw;i (v (r, R)|d|¢w(r, R)), between
the electronic states j and k and the time-dependent electric field £(t).”% The
factor w hwji, with the constant x and hw;, = Ej — Ej, results from the dipole
approximation.”™ The core dipole moments dy = ezi]\il Z;R,; for the cores with
charges Z; can be omitted, when transitions between different electronic surfaces are
considered. 2% P- 388

The non-radiative transitions considered here for cases of core and valence-excited
state dynamics are resonant photo-emission and Auger processes, internal conversion
IC processes between valence-excited and ground states with the same multiplicity

12
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and inter-system crossing ISC processes characterized by coupling between states
with different multiplicity. In the following, we discuss aspects of them which are
important in the context of this thesis.

e Resonant photo-emission and Auger processes yield singly and doubly
ionized final states of the system. Upon Auger decay a vacancy in an orbital
is populated from an energetically higher lying occupied single electron state.
The excess energy is transferred into kinetic energy of an electron, which is
emitted from the systemﬁ The operator coupling the discrete initial and the
continuum of final states is the Hamiltonian of the electronic system=®¢! from
equation2.3] Using a slater determinant to describe the electronic state in a
frozen orbital approximation (see section(2.3.3)) reduces the interaction operator
to ’Hmt( ) = (;(r, R)|e*n(r1 — r2) " pr(r, R)),, which corresponds to the
Coulomb interaction between the electrons involved in the decay process.52:83

7 is a scaling parameter including creation and annihilation operators for spin

orbitals to allow for changes of spin states upon the auger transition. Here, it

is important to note that Auger processes dominate the decay pathways and
lifetimes of soft X-ray core-excited states, whereas radiative decay is a minority
decay channel with a yield in the percentage range.®*

e The IC processes between valence-excited and ground states occur in geometries
with close lying electronic states, and are mediated by the energy perturbation

HIR(R) = (] — 3N s

3 [1x) describing the vibrational coupling between
the involved states. One should note that the operator contains derivatives
with respect to nuclear coordinates. It therefore also operates on the nuclear
part of the wavefunction in equations2.6) and 2.7 Considering IC processes
in the framework discussed here is a perturbative treatment of the coupling
between nuclear and electronic wavefunctions, which is neglected in the Born-
Oppenheimer approximation (see footnot on page@m The corresponding
matrix elements between states with different multiplicities are zero.®0

e ISC is, in contrast, mediated by perturbations mixing states with different
multiplicity. Spin orbit coupling induces this mixing through matrix elements
of the form H’"t( ) = (V] 2im1 &)L - s;|vw(r, R))r, where [; and s; are
orbital momentum and spin operators. £(r;) defines the amplitude of spin orbit

$The kinetic energy of the emitted electrons carries information on the molecular electronic structure
and can be used to determine molecular dynamics using electron spectroscopy techniques. ™ &%
These are complementary to the methods applied in the context of this thesis. Electron
spectroscopy is particularly suited for studies of gas-phase systems, which are compatible with
the vacuum requirements of electron spectrometers and avoid contamination of spectra by
electrons emitted from the solvent molecules.

TA different way to treat the coupling between close lying adiabatic Born-Oppenheimer PESs
is the diabatic representation.® Therein the basis used to expand the electronic part of the
wavefunction is rotated to diagonalize the derivative-containing coupling terms in the Hamiltonian.
The resulting diabatic potential curves can be used to simulate dynamical processes beyond the
Born-Oppenheimer approximation considering only a scalar coupling between the states.
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2 Molecular Proton Dynamics: Concepts and Experimental Access

coupling and is in a semi-classical framework proportional to the magnetic
field generated by the electronic motion. For hydrogenic atoms with a nuclear
charge Z, it can be shown that spin orbit coupling effects are proportional to
Z*, which indicates that ISC probabilities are enhanced by the presence of
heavy atoms in molecules.?2 P-395,p-214-215

Additionally, interactions with the chemical surrounding have to be considered when
the system is in a solution environment. Scattering processes with solvent molecules
can e.g. induce dissipation of kinetic energy or/and breakage of molecular symmetries
and thus cause relaxation on individual, as well as transfers between different PESs.
Association between different solute molecules induced by an electronic excitation
also has to be considered dependent on sample concentrations and the properties of

the solute and the solvent molecules.22 p-396-405

2.3 X-ray Tools to Access Molecular Proton Dynamics

Based on the formalism illustrated above, not only excited state populations opening
possible (de-)protonation pathways during relaxation processes can be modeled and
identified, but it also allows for quantitative estimates of transition probabilities
for X-ray absorption, as well as RIXS processes. These cross-sections depend on
the molecular valence electronic structure and are used throughout the studies in
this thesis to probe protonation of N and O atoms molecular systems. To model
processes involving the absorption and emission of photons, we consider the interaction
Hamiltonian 7:1;’,? (R,t) = —Dji(R) - £(t). The generation or annihilation of photons
with energies fiw are described through £(t) = nw‘l/Qéew and £(t) = nw‘l/zée_w
respectively.?21% y) is a normalization constant.

2.3.1 X-ray Absorption Spectroscopy

The scattering amplitudes for single photon absorption or emission events into the
state Xg-?% (R, t) result from implementation of £(t) into equation assuming fuv;j, ~
hw for the transitions dipole moments, projection onto the state and integration for
T — oo. This results in Fermi’s golden rule for the photon energy hw dependent
absorption cross section o, which was derived by Dirac in 1927.%7. It reads

2
E-(Cyld|Vi)

XAS 7—‘[:7 J
oy, (hw) o 2]: Ec; — By, — hw +il¢c,

(2.8)

Here, |Vi) is the full wavefunction of the state populated before the photo absorp-
tion event and |Cj) are the accessible states through the absorption process. The
accessibility is defined by the energy difference AE¢; v, = E¢; — Ev, between the
involved states in relation to the photon energy and the decay rates I'c;. In studies
of valence-excited state dynamics V; are populated ground state or valence-excited
states. Cjj are, when X-ray absorption induced transitions are considered, core-excited
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4,
> Figure 2.2: Valence-excited state dy-
5| Cs t, t, U namics seen from core-excited states.
c 2 . . .
w - - Transient populations of electronic states
in different molecular geometries of the
g = = Lk system are reflected in the energetic sep-

aration of valence and core-excited state
\Z! potential energy surfaces AEg; v,. At a
time t; XAS probes this energy differ-
ence for occupied valence-excited states
Vi, while RIXS yields access to AE¢, v,
for many valence and core-excited states.
- This increases the probability to unam-
Nuclear coordinate biguously identify the pathway across the
excited state potential energy surfaces.

v

states characterized by an unpopulated, energetically low lying electronic orbital
centered at a specific atomic site in the investigated molecule. The transition energies
depend on the element and the chemical environment of the specific atom the orbital
is centered at. This makes X-ray spectroscopy a sensitive probe for local electronic
structure at specific elemental sites in the investigated system.

For energetically well separated core-excited states, o is a sum of lifetime broadened
Lorentzian peaks centered at photon energies iw = AFE. The dipole matrix element
in the numerator defines the amplitude of each absorption line and introduces a
dependence of the cross section on characteristics of the electronic states involved
in the absorption process. Depending on the model used to generate a solution for
the electronic part of the wave function, a specific electronic configuration/orbital
occupation can be attributed to the states |C;) and |V;). In K-edge X-ray spectroscopy,

the photon energy used to induce the transition V; Koy obe, C; is correlated with a

core exc.

reduction of the occupation of a 1s orbital in the investigated system in exchange of an
increased occupation of a valence or continuum orbital. Hence, the matrix elements
(Cj|d|V;) are restricted by the expansion of the 1s orbital (see paragraph[2.3.3]on
frozen orbital and local approximation below) making soft X-ray K-edge spectroscopy
a site selective probe for local molecular valence electronic structure and its occupation,
which is required to get access to molecular proton dynamics specifically at N and O
sites.

Fig.[2.2] depicts how the coupled transient, molecular geometry dependent, elec-
tronic structure on valence-excited state potential energy surfaces is accessible through
optical pump X-ray probe spectroscopy schemes. The energy difference AE between
the occupied ground ground state or valence-excited states and the core-excited states
(' is different in each of the depicted electronic states in the different molecular
geometries. Hence, an X-ray probe mechanism which detects a signal with state-
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population dependent intensity in combination with AFE at a well defined time after
the excitation can be utilized to extract the temporal evolution of the populations of
the states V;. Even though the unambiguous assignment of the valence-excited states
through AFE is not a necessity for any valence-excited state dynamical decay, the
access to spectral signatures of multiple core-excited states through precise X-ray
photon energy adjustments at modern X-ray light sources increases the probability
to detect distinct signatures of transient states along the decay pathway.

2.3.2 Resonant Inelastic X-ray Scattering

So far it has been illustrated how the K-edge X-ray absorption cross section given in
equation[2.8reflects electronic and structural changes based on the molecular geometry
dependent energy differences between populated the ground state or valence-excited
states and core-excited states. The detection of X-ray emission processes following
the 1s core-excitation yields access to this energy difference also for unpopulated
valence-excited states, which can gain additional information for an unambiguous
assignment of the ongoing dynamical processes.

In that context, we consider two photon processes resembling subsequent absorp-
tion and emission of photons, with energies fiw; and hAwg respectively, for which
cross-sections can be estimated in the framework described in section2.2] in equa-
tion[2.7] Two-photon absorption and emission as well as a term resembling the initial
emission of a photon followed by the absorption of a photon can also be described
by equation2.7] but are ommitted in favor of the subsequent absorption-emission
processes which can be resonantly amplified. Substitution of the propagation time of
the wave packet on the intermediate surface k v = s — u yields equation[2.7] for the
resonant Raman process

2 T
. n —i(H;—il; i(H;—B1—h(wr—wg)—il;)s
zhxf)(&T): szs/o ds e~ )T/ i H;— By —h(w; —ws)—il’;) /hzk [~D;i(R) - £s]

X {/ dv ei(H’“Elh‘”iF’“)”/h} [—Di1(R) ‘§I]X50) (R,0). (2.9)
0

The core-excited state, incident and emission energy dependent intensity distri-
bution resulting from resonant (in)elastic X-ray scattering processes V; ——r 2=

core exc.

X- . . . . .
C; 2™,V is named, after its discoverers, Kramers-Heisenberg formula®. It

deexc.

follows from equation[2.9|in steps similar to the ones used to derive Fermi’s golden
rule from equation[2.6] using in addition the completeness relation for the nuclear
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modes on each of the electronic PESs. It is given in its differential form®

scattering amplitude

doy™ 3 (Es - (Vsld|C)) (&) - (C5dIVi))
a0 (hwr, hws) o<(hws) hwzzf: z]: e, — By, — hwr +iTc,

const.
X 7 . 2
(hws + Evf — EVi — hw[) + va

(2.10)

as only a limited solid angle §2 of scattered photons can be detected.

For larger systems with a high number of nuclear degrees of freedom, it is not
feasible to simulate the nuclear modes on all PESs involved in the studied RIXS
process. Therefore, the Kramers-Heisenberg formula is evaluated only considering
the dipole transitions moments between the electronic states in the ground state
molecular geometry. This frozen geometry approximation is applicable for rigid
systems consisting of heavy atoms. However, non-negligible structural relaxation in
the core-excited state can have an impact on scattering cross-sections. This is of
particular importance for systems with light bonding partners, as will be discussed
below. In the following, we focus on the transition dipole moments in equation[2.10
which can be calculated from the electronic part of the product wavefunction of the
investigated system in the Born-Oppenheimer approximation.

2.3.3 Orbital Selectivity and Limitations

We will now show that X-ray spectroscopy selectively probes specific molecular orbitals
using the so-called frozen orbital approximation®® P42, This simplification
allows to estimate X-ray absorption and RIXS transition rates qualitatively, without
consideration of the full eigenstates of the multi-body system. Instead, matrix
elements contract to integrals involving only orbitals, which change occupation
during the X-ray absorption or emission process.

To justify this reduction, we suppose that the antisymmetric many electron ground
state wavefunction of the investigated system is dominated by one slater determinant
of single electron wavefunctions. The frozen orbital approximation implies that the
orbitals used to form the determinant are the same in the core-excited state and only
occupations are altered in combination with photo-absorption or emission processes.
This yields a drastic reduction of the complexity of the dipole moments contributing
to the X-ray absorption and RIXS cross-sections in equations [2.8 and to

<\PC]|d|\I’VZ> ~ <N1N2 Nk -1 ...Nl + 1|Q‘N1N2 > = <§l‘d|§k> (2.11)

Here, |[N1Nsy...) = ﬁ >, sen(0)€1(rs,) ... €s(rs, ) are slater determinants of the s
single electron wavefunctions &,. N, € {0,1} defines the presence/absence of &,
in the determinant. &, and & hence represent the orbitals which either de- or

increase occupation within the X-ray absorption or emission process. The scattering
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amplitudes for X-ray absorption and emission are therefore given by overlap of active
orbitals in this approximation. Based on these considerations it is possible to assign
molecular orbitals directly to spectroscopically detected transitions.

For our aim to study proton dynamics at N and O sites, a local probe for bond
mediating valence orbitals with p character is required. In this context, the local
approximation”? clarifies the importance of the local character of molecular orbitals
with respect to the core-excited atom. We will show that a high sensitivity for the
p-derived local density of states at the investigated atom can be gained through
spectroscopic investigations of transitions changing the occupation of 1s orbitals.
To illustrate the concept, we follow the nomenclature by Kunnus? and expand the
molecular orbitals & within the basis of atomic orbitals ¢, centered at the sites n in

the considered system,
§=2.2 Imcin:
n m
!

c. = (¢l,|&) are the expansion coefficients. Assuming that the core-excitation
depopulates a molecular orbital with dominant atomic character at the site p, which
can be well approximated by the atomic wavefunction ¢?, the dipole moment[2.11]
can be expressed as

(Te,ld|Tv;) = (&ldige) =YY cnlonldloh). (2.12)

n m

If we further reduce the sum to atomic orbitals centered at site p, which are expected
to exhibit the largest overlap with the core orbital ¢, expression[2.12| reduces to

(T, ld[Wv;) = ) ch(dh,]d] k). (2.13)

The dipole selection rules for radiative transitions between atomic orbitals®® P-210

Al=41; Am;=0,+1;

can now be applied to the considered matrix elements. Here, [ is the angular
momentum and m; is the magnetic quantum number. We now consider ¢ to be a N
or O 1s orbital. Applying dipole selection rules, the group of orbitals m centered
at the core-excited site p reduces to the 2p orbitals. Hence, in the framework of
the applied approximations, K-edge spectroscopy probes the local 2p character of
valence molecular orbitals. This concept has initially been used to describe dominant
transitions in 1s X-ray emission spectra®V and reflects the elemental site selectivity
and orbital sensitivity of X-ray spectroscopy methods.

Within the frozen orbital approximation, only single electron transitions, where
one occupied orbital in the slater determinant is exchanged by a virtual one, are
allowed. The transition dipole moments between states, which differ in occupation
of more than one frozen molecular orbital, are zero. Relaxation of the electronic
structure in the core-excited state allows such transitions to be induced by the
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Figure 2.3: Accessing vibrational
interference/core-excited state dynamics
] ] using RIXS. The interference of different
excited modes on the core-excited
~—-T state PESs is modeled through the
propagation of the nuclear wave packet.
It changes overlap with the nuclear
wavefunctions of the ground or valence-
Vs excited electronic states, which alters
the scattering amplitude for these final
states of the RIXS process. Energy
S _— and amplitude shifts and, if sufficient
. _— resolution is available, altered vibrational
— substructure of RIXS features are the
Nuclear coordinate result of dynamics within the tunable
effective scattering duration 7.yy.

Energy
0

v

absorption or emission of a photon. In the framework of configuration interaction
the states differing by multiple excitations in their dominant determinants have non-
zero contribution of single transition determinants to their electronic wave function
through their Cl-expansion coefficients. These contributions generate amplitude
in the transition dipole moments scaled by the corresponding CI coefficients and
thus make the corresponding states visible for spectroscopy methods. Specifically,
multiplet structures are present in spectra in addition to transitions allowed in the
frozen orbital approximation, which can e.g. yield estimates for transition energies
between valence orbitals of the investigated system.

All intermediate states within an energy range, defined by the core-hole lifetime,
around the used excitation photon energy, e.g. the previously mentioned states
characterized by multiple electron transitions, have non-negligible contribution to the
scattering amplitude in the emission energy dependent RIXS intensity in equation[2.10
Hence, energetically close lying electronic states introduce interference effects as
the absolute square of the scattering amplitude is taken after the summation over
the intermediate states.”#“4 The fact that |V;) and |C;) are combined electronic
and nuclear product wavefunctions has to be considered regarding the discussed
interference effects. As illustrated in Fig.[2.3] the nuclear wavefunctions of core-
excited PESs exhibit either discrete, energetically close lying, eigenenergies in the
bound regions of the PESs or continua for dissociative conditions. Hence, interference
between vibrational states of individual or multiple core-excited PESs has an impact
on the RIXS cross-section.®?4% Such vibrational interference effects, correlated with
dynamics in the core-excited state, are nicely accessible within the time-dependent
concept of the RIXS process discussed section[2.3.4]

The width of spectral lines, in both cases X-ray absorption and RIXS, is defined
by the lifetime of the final state of the detected transitions. Thus, XAS linewidths
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are on the order of hundreds of meV for core-hole lifetimes of few femtoseconds
for the O and N K-edges studied here. On the contrary, the RIXS final states
are valence-excited states involving only low energy excitations, exhibiting longer
lifetimes. The corresponding spectral lines can therefore be much sharper and their
width is, in most cases, dominated by a fluctuating chemical environment of the
probed site or instrumental broadening effects. The chemical environment imposes
an additional dipolar broadening I'c,, proportional to the product of [Ap;y|, the
dipole moment difference between the initial and the final state of the investigated
process, and |ug|, the dipole moment of the solvent molecules

Peny o |A:uif| s

on the detected transitions in RIXS spectra.?? The elastic RIXS transitions are thus
least affected by such dipolar broadening effects, because an altered final state dipole
moment can only originate from structural distortions of the molecule and not from
changes of orbital population.

2.3.4 Dynamics in Core-Excited States

The concept of excited state dynamics presented in section[2.2] is also applicable
to X-ray photo-excitations, which have been introduced as detection schemes for
valence-excited state dynamics so far. Nuclear displacements also occur in the core-
excited states, even though the core hole lifetime is on the order of few femtoseconds
for 1s excitations of light elements (Z < 10)®% The high mobility of protons lets
them react most drastically to the core-excitation within that time-frame. In the
following section we will illustrate how such core-excited state proton dynamics can
be accessed with RIXS based on time-dependent description of resonant inelastic
X-ray scattering events.

Theoretically this aspect is reflected in the dipole moments of the X-ray absorption
and scattering cross sections in equations[2.8)and for which the nuclear wavefunc-
tion of the initial state of the considered transition has to be expanded in the basis of
the nuclear wavefunctions of the state reached either through the absorption or the
emission of a photon. Fermis Golden rule in equation[2.8 and the Kramers Heisenberg
formula[2.10] intrinsically consider scattering through intermediate into final states
with molecular geometries other than vertical transitions in a frozen geometry, in
which the molecular structure remains unaltered during the RIXS process. The
dynamical aspect is represented by the projection of the initial nuclear wavefunction
of the state V; onto the vibrational states of C;. These are projected onto the set
of nuclear wave-functions of final states Vy weighted with the nuclear coordinate
dependent dipole moments of the involved electronic states in the RIXS process.”*
The impact of this projection is reflected, e.g. in a vibrational substructure of X-ray
absorption lines corresponding to excitations into selected vibrational states of bound
core-excited states, which is in contrast absent, if an excitation into a dissociative
core-excited state with continuous nuclear states is considered.
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An equivalent, but conceptually and computationally more appealing access to
these non-vertical contributions to the scattering amplitudes is given by the time
(instead of energy) dependent formulation of the photo absorption and emission
process given by equation[2.9) on page[l6] This concept of wave packet propagation
was presented by Lee and Heller in 1979.°2 With the increasing brilliance of X-
ray light sources and technical advancements of X-ray optics, RIXS investigations
became feasible at synchrotron light sources. Gel’mukhanov and Agren discussed the
consequences of wave packet propagation in X-ray spectroscopy studies in 1996.9%
The aspects which are essential for the results shown in this thesis are outlined here
based on their review, if not declared differently. We consider a wave packet, which
is generated through the X-ray absorption process on the PES of the state k. It
propagates according to the properties of the PES of the considered core-excited state
in the time v. Even for well separated vibrational energy levels and a monochromatic
excitation, the wave packet can be formed by populating multiple modes on the PES
of the state k, because the width of the individual vibrational X-ray absorption peaks
corresponding to the same electronic transition is given by the core hole lifetime.

The consequences of this propagation for the RIXS process can be estimated from
the reduced scheme of core-excited state dynamics drawn in Fig.[2.3] The decay from
the core-excited state potential energy surface does not occur in the ground state
geometry. It is a statistical process from a distribution of molecular geometries. In
these different geometries, the overlap of the core-excited state wave packet with the
wavefunctions of the bound ground or valence-excited state potential energy surfaces
can vary. For a system which is only weakly perturbed by fluctuations of its chemical
environment and with sufficient experimental resolution, vibrational excitations can
be detected as RIXS final states on bound electronic PESs with sufficiently long
lifetimes. 3?47 Special attention should be drawn to the electronically elastic RIXS
process which, as the lifetime of the electronic ground state is infinite, does not
impose any electronic state lifetime broadening onto the vibrational spectral lines.

Investigations of low energy excitations using elastic RIXS are also least affected
by dipolar broadening as discussed in the previous section. Such excitations can be
studied with a currently instrumentally limited energy resolution of E/AFE ~ 10000,
yielding linewidths of few ten meV for soft X-ray energies, with site and g-selective
RIXS in dedicated modern instruments (see sectionl|d.4).2>

In these RIXS studies of molecular core-excited state dynamics, the intensity of
the vibrational progression is strongly dependent on the excitation photon energy in
relation to the maximum of the excited X-ray absorption resonance. This can be
understood from analysis of the exponent in the propagator e~ {(Hx—E1—fwr—ili)v/h
in equation[2.9] It lets us manipulate the time span of core-excited state dynamics
which have an impact on the recorded RIXS spectra. We define H;, = H, — E1 — E},
with F}, as the average energy difference between state 1 and k and Q. = E — hwy as
the detuning of the excitation photon energy from the resonance energy. This yields
an exponent for the propagator on the intermediate PES k of —i(H + Q. — il'g)v/h.
Hence, non-zero ), cause oscillatory temporal changes of the integrand. The therefore
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reduced impact of longer scattering times on the total scattering amplitude can be
interpreted as an excited state specific and detuning-dependent complex scattering
duration

7 = /(T —i€y,).

This concept has been successfully used to accurately describe detuning-dependent
vibrational progressions, ™8 estimate core-excited state induced fragmentation,™
as well as to distinguish between information content on electronic structure in
the ground state molecular geometry and RIXS features resulting from ultrafast
core-excited state dynamics for systems in hydrogen bonding networks.*4

An alternative and in comparison to wave packet propagation computationally
much lighter method to model molecular dynamics specifically upon core-excitations
is the Z+1 equivalent core approximation.?? It has been successfully applied to
model scattering duration affected X-ray emission spectra.?C 1% In this semi-classical
approach, the relaxation of the electronic structure and the nuclear displacement
in the core-excited state is expected to be induced by the reduced screening of the
core-potential at the excited atomic site. To model this effect, the charge of the
nucleus at the core-excited site is increased by one elementary charge Z+1. The
electronic ground state of this system, considering an equivalent increase of the
number of electrons, is expected to represent the energetically lowest core-excited
state of the molecule. In contrast, retaining the initial number of electrons results
in a simulation of molecular properties in its core-ionized state. In this framework,
core-excitation induced dynamics are simulated according to the forces introduced
by the change in nuclear charge. Emission spectra can be calculated along the
resulting trajectories. This method to access core-excited state dynamics has a
crucial limitation. In publication V, we show for example that gas-phase water is
distorted along three different directions upon excitation to three O 1s core-excited
states. Such state-specific directional molecular distortions can not be modeled using
the Z+1 equivalent core approximation. Hence, the agreement of Z+1 simulations
with experimental RIXS data recorded upon resonant excitation below the ionization
threshold either confirms or excludes that the reduced screening of the core is the
mechanism driving the dynamics upon core-excitation. Besides this trade-off in
physical accuracy, the method yields a tremendous reduction of computational effort.
For a numerical wave packet propagation the multidimensional core-excited state PES
is required in a wide range of nuclear coordinates. In contrast, only a one-dimensional
trajectory has to be simulated in the Z+1 model. Such simulations were performed
on a DFT level for the amino-acid histidine surrounded by water molecules. They
are presented in publication IV. The dynamics and spectra could be simulated on
a commercial desktop computer within days, without the need for supercomputer
resources.
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Chapter

Photo-Induced Proton Dynamics

Using the methods discussed in chapter[2 we can now focus on photo-induced
molecular proton dynamics discussed in the publications I-VI. The involved active
atomic sites are accessed using K-edge soft X-ray spectroscopy methods. The
discussed different levels of theory allow for comparisons between the experimental
spectra and quantum chemical simulations for each presented case.

3.1 Excited-State Proton-Transfer in 2-Thiopyridone

Intra- and intermolecular excited state proton transfer (ESPT) processes involve
photo-induced changes of protonation at specific sites in molecular systems. Due to
the high proton mobility, these processes are potentially fast and reversible. Therefore,
they are discussed to be essential for photo-protection of biomolecules, e.g. DNA
and melanin®™!, and require a mechanistic understanding. The characterization of
an optically induced ESPT in the organo-sulforic model compound 2-thiopyridone
(2-TP, see Fig. for structure) using N 1s spectroscopy is the central scope of pub-
lications I-III. The system exhibits a chemical environment dependent tautomerism.
In polar environments the N site protonated (thione) tautomer 2-TP is dominantly
present U Tt was categorized as an ESPT compound by Du et al. based on
spectral signatures detected with transient resonant raman spectroscopy.2® They
identified the presence of the sulfur (S) site protonated tautomer 2-mercaptopyridine
(2-MP) on nanosecond timescales after a photo-excitation initially populating the
fourth singlet excited state Sy of 2-TP. Van Kuiken et al. investigated the relaxation
of initially So excited 2-TP in acetonitrile solution based on transient S K-edge X-ray
absorption data.3” They revealed rich dynamics on pico- and nanosecond timescales.
A possible ESPT pathway, contradicting the ESPT schemes of Du et al. in water,
was proposed but not conclusively determined.

The potential proton transfer dynamics affect the protonation and thus also the
local electronic structure at the N site of 2-TP. Therefore, N K-edge XAS and RIXS
spectral fingerprints of N site protonation changes of 2-TP in were established as a
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Figure 3.1: N 1s XAS signa-
tures of (de-)protonation in
2-thiopyridone. In aqueous
— 2TP" 7 solution the dominant thione
(N protonated) tautomer 2-
thiopyridone (2-TP) exhibits
an intense N 1s m* absorption
resonance at 400.5eV. N de-
protonation in a basic environ-
ment forming 2-TP~ induces a
~ 1.5¢V shift of the absorption
resonances towards lower pho-
ton energies. Figure taken and
adapted from publication I.
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foundation for time-resolved investigations. The N K-edge XAS spectrum of 2-TP
(aq.) is characterized in publication I. As shown in Fig. the spectrum exhibits an
intense m*-absorption resonance at 400.5 eV which is well separated from energetically
higher resonances on top of the continuum absorption. The absence of a potential
concentration-dependent dimerization is confirmed in the study by comparison of
spectra in a range of concentrations between 81 and 400 mM. By introducing the
system to a basic environment the N site is chemically deprotonated. This induces a
shift of all N 1s X-ray absorption resonances on the order of 1.5eV towards lower
photon energies. This shift completely separates the intense 7m*-resonances of species
with different protonation states. It yields a crucial advantage compared to S 1s
spectroscopy. There the resonances of N site deprotonated species overlap with ones
that exhibit a N-protonation as well as with the continuum absorption.*” Comparison
to DFT spectrum simulations of different molecular species confirm that the detected
shift of the w*-absorption resonance is a robust spectral signature of N deprotonation
in the system. The origin of the red-shift of the resonances and its high importance
for the performed investigations of excited state N-H dynamics will be explained in
the following.

We demonstrate in publication IT that the chemical N deprotonation of 2-TP
induces a contraction of the formerly N-H sigma bonding orbital onto the N site.
Through the orbital contraction, the screening of the N core potential is altered.
This dominantly affects the N 1s energy level due to is strong localization at the
N site. As the energy of the valence orbitals is not largely altered, the chemical
N deprotonation induces the previously mentioned shift of the X-ray absorption
resonances. These findings are based on experimental N K-edge RIXS spectra of
aqueous 2-TP and the deprotonated species 2- TP~ in combination with ab-initio
RAS-SCF quantum chemical simulations presented in Fig.[3.2] The spectra are shown
on an energy loss (AFE) scale, defined as AE = fuwr — hwg in the framework discussed
in section[2.3| This aligns features with respect to the energy difference between the
electronic ground state and the valence-excited state populated as final state of the
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Figure 3.2: N 1s RIXS signatures
of (de-)protonation in 2-thiopyridone.
Integral and incidence energy re-
solved experimental and theoretical
RIXS spectra of 2-TP (aj-a3) and
2-TP~ (by-bs). N deprotonation in-
duces the presence of an intense elec-
tronically inelastic RIXS feature at
~b eV energy loss at the ~1.5€V red-
e e R shifted absorption resonance. The
s aaanaanss theoretical simulations allow to as-
: : : ‘ sign this characteristic deprotonation
i Lo Lo . signature to the presence of a N lone-
: : pair orbital. The intensity of other
spectral signatures remains almost
: : : : : ; ‘ ‘ unaffected by the deprotonation (see
20 15 10 5 0 20 15 10 5 O horizontal line in a; and by). Figure
« Energy loss / eV taken from publication II.
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RIXS process. For excitations at the m*-resonances of 2-TP and 2-TP~ it allows
to attribute the overlap of occupied valence orbitals to the detected RIXS spectral
features. The increased overlap between the contracted occupied N lone pair orbital
and the N 1s orbital drastically increases the transition dipole moment between them.
Consequently an intense feature at ~5 eV energy loss is present in the RIXS spectrum
of 2-TP~ for core-excitation at the shifted m*-resonance shown in Fig.. The cross
section of other electronically inelastic RIXS transitions remains almost unaffected by
the chemical deprotonation, as can be seen from a comparison of the RIXS spectra in
Fig.[3:2h; and by. The attributed orbitals are delocalized across the molecular ring
and are therefore not altered strongly by changes of N protonation. The inelastic
RIXS feature resulting from emission from the contracted valence orbital is thus
an ideal, unique deprotonation spectral fingerprint. An intensity increase in the
same spectral range is identified on femtosecond timescales after 400 nm excitation
of aqueous 2-TP in time-resolved N 1s RIXS measurements performed at the free-
electron laser (FEL) LCLS. The data are presented in Fig. and c. This intensity
increase indicates that N deprotonation can occur on femtosecond timescales after
photo excitation of 2-TP in a fraction of the excited molecules. The limited statistics
of the recorded data set do not allow to quantify the yield of the detected ESPT
process compared to other decay pathways across the excited state potential energy
surfaces of the involved molecular species.

The three time-resolved studies by Du et al.®% Van Kuiken et al.®” and publi-
cation II differ in terms of the used solvent, the used excitation conditions or the
investigated temporal range. To compare the different results and the proposed
ESPT pathways, we consider the simulated energies of the molecular species 2-TP,
2-TP~ and 2-MP on CASSCF level of theory including a polarizable continuum
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tonation of 2-TP: (a) N-H dynam-
ics in photo-excited 2-TP are investi-
gated in an optical pump N 1s RIXS
probe experimental scheme. (b) An
intensity increase, in the range of the
characteristic RIXS feature of 2-TP~
at ~5eV energy loss, is identified
subsequent to the optical excitation
(t > 0). (c) The delay-dependent
intensity of the transient feature in-
creases within the 167 fs bin width,
indicating rapid photo-induced N-H
dynamics. The constant offset at de-
lays in the picosecond range indicates
that the detected photochemical pro-
cess occurs dominantly on ultrafast
timescales. Figure taken from pub-
Delay / ps — lication II.

« Energy loss / eV

Intensity (arb. units) —

Alllg —

model for water in Fig.[3.4 Du et al. proposed ESPT pathways of S4-excited aqueous
2-TP based on their resonance Raman signatures of 2-MP on nanosecond timescales.
One pathway considered relaxation among the excited states of 2-TP towards its
T, state and finally ESPT to the Sg state of 2-MP. The other pathways yielded
direct ESPT via ISC or IC to the energetically accessible excited states of 2-MP
and subsequent relaxation among them. Van Kuiken et al. identified signatures of
2-TP T, state population within the first nanosecond after 2-TP S, excitation in
acetonitrile solution. They proposed the subsequent population of the 2-MP Ty state
based on their transient S K-edge spectral signatures on nanosecond timescales. The
simulated energy levels presented in Fig.[3.4] indicate, that this state is inaccessible
from the 2-TP T, state in an aqueous environment. Therefore, the proposed ESPT
pathway does not yield the photo-induced 2-MP Sy population detected by Du et
al.. As can be seen in the UV-Vis spectrum of aqueous 2-TP in Fig.[3.5h (inset), the
optical excitation at a wavelength of 400 nm was non-resonant for the data presented
in publication II. Single photon absorption processes, in the tails of the So optical
absorption resonance, could have induced an inital So population. In contrast, two
photon absorption processes could have yielded a population of higher valence-excited
states. The yield of fractional N deprotonation, which was detected on femtosec-
ond timescales, can therefore not be directly ascribed to a specific excitation. The
combination of these results thus do not allow for an unambiguous determination of
dominant, possibly solvent and excited state dependent, decay pathways originating
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Figure 3.4: Relazation dynamics in 2-thiopyridone (aq, 2-TP) based on the results of
transient N 1s spectroscopy. The energy levels of ground and valence-excited states of the
considered species simulated on CASSCF level of theory in a polarizable continuum model
for water are illustrated. The T3 and T4 states of 2-TP were not simulated although they
might be involved in the initial relaxation process upon Sy excitation. Relaxation and ESPT
pathways and the corresponding timescales which were identified using time-resolved N
K-edge XAS and RIXS are indicated.

from the So and S, states of 2-TP.

In publication III, we therefore investigated the pico- to nanosecond dynamics
of aqueous 2-TP for resonant excitation of both optically accessible valence-excited
states using transient N K-edge XAS. Transient spectra at different pump-probe
delays are depicted in Fig.[3.5] We have found no differences of transient spectral
signatures in the investigated temporal range for the So and the S4 optical excita-
tions. Therefore, we conclude that the system reaches a common decay pathway on
picosecond timescales. Electronic structure and spectrum simulations of ground and
excited states of molecular species with different protonation states in comparison
to the experimental data allow us to assign a dominant decay pathway valid for
both valence-excitations. A detected transient N 1s resonance energetically below
the ground state m*-absorption, identified 0.1 ns after the optical excitation, matches
exclusively with the simulated signatures of 2-TP in its Sy or T; valence-excited
states. These states are characterized by a m — 7 excitation with different spin
configurations. They therefore open a new N 1s absorption resonance in comparison
to 2-TP in its Sy state. In contrast, the S; and the Ty states of 2-TP are characterized
by an excitation from a S centered non-bonding orbital n — 7* which does not
overlap with the N 1s core hole and therefore does not open an additional resonance
transiently. Due to the sub-nanosecond lifetime of the state and based on the ul-
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3 Photo-Induced Proton Dynamics

Figure 3.5: ESPT of 2-TP on pi-
cosecond timescales mediated by its
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trafast relaxation in similar S containing compounds, which could be disentangled
using the previously discussed surface hopping method,™ we assign the transient
resonance to an efficient population of the lowest energy triplet state Ty of 2-TP.
In that context, the possibility for ISC is probably enhanced by the presence of
the S atom, through an internal heavy atom effect. A subsequent decay yielding a
population of an N site deprotonated species on sub-nanosecond timescales is identi-
fied from a transient resonance, exhibiting the previously discussed characteristic
chemical shift with respect to the 7*-resonance of 2-TP in its ground state. Hence,
we determined the 2-TP T, state with its sub-nanosecond lifetime as a mediator
of ESPT in the system in an aqueous environment. An additional transient X-ray
absorption increase exists in the transient spectra close to the 2-TP ground state
m*-resonance on nanosecond timescales. We interpret this signature as the competing
dominant decay channel of the 2-TP T state into the 2-TP Sy state involving energy
dissipation via thermalization with the surrounding solvent molecules. To compare
our results to the results of Van Kuiken et al.3”, we extended our simulations towards
S 1s XAS in the framework of a polarizable continuum model for acetonitrile. The
simulations indicate, in contrast to the DFT based simulations by Van Kuiken et
al., that the energy of the 2-MP T state is higher than the energy of the 2-TP T,
state. We therefore proposed a reassignment of the transient signature on nanosecond
timescales in their data to a S K-edge resonance broadening or shift induced by the
energy dissipation upon relaxation to the 2-TP Sy state. With that we concluded
that the dominant relaxation pathways and possible ESPT mechanisms proposed in
publication IIT and summarized in Fig.[3.4) also qualitatively describe the dynamics
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induced by Sy excitation of 2-TP in acetonitrile.

In publication IT we identified the character of the N 1s core-excited state in 2-TP
from simulations of potential energy curves along N-H and N-C bonds. The N-H
coordinate is bound in the core-excited state. In contrast, the N-C bond towards the S
binding C site is dissociative and therefore photon energy dependent dynamics along
selected coordinates can be induced in 2-TP. The results also underline the validity of
N 1s RIXS as a sensitive probe for valence-excitation induced N-H dynamics in this
particular system, as the dynamics on the core-excited state PES do not interfere
with the optically driven coordinate.

The comparison of valence and core-excited state dynamics in 2-TP shows that
adjustments of excitation photon energies yield bond deformations along different
directions. In particular, the localized 1s core-excitation does not dissociate the
molecule along all bonds of the core-excited site, but likely induces a dominant
deformation of a single bond. The following study will show that the extend and
directionality of such N 1s core-excited state dynamics can be largely affected by
chemical environment dependent intra and intermolecular coordination.

3.2 Initial Response of Biomolecular Systems to lonizing
Radiation

For biomolecules core-excitation induced distortions of the molecular geometry can
cause loss of their functionality and can have harmful carcinogenic consequences.”
Whereas non-radiative decay processes subsequent to the absorption of a high energy
photon can transfer the system into an dissociative ionic final state, chemical bonds
within a molecule can already break upon propagation on the initially populated
core-excited state potential. This ultrafast structural and electronic response can be
monitored by transitions between the transforming molecular orbitals using RIXS.
Using this technique, Blum et al. have demonstrated that N K-edge RIXS is sensitive
to core-excited state proton dynamics in the amino-acid glycine which exhibits a
single N site. 1’4 Meyer et al. further established N K-edge spectroscopic fingerprints
of model compounds and amino acids.1%*107 Egpecially for the amino-acids histidine
and proline a strong impact of core-excitation induced molecular fragmentation
and membrane contamination in their liquid cell sample environment contaminated
the spectra.t’? Using a liquid jet sample environment (see also Section avoids
these contaminations. It therefore allows to shed light of the apparently strong
N 1s core-excited state dynamics in these systems, as it was done for histidine
in publicationIV. Here, the propensity of histidine for core-excitation induced
fragmentation was investigated dependent on its chemical environment.

The structure of aqueous histidine is depicted in Fig.[3.6] Two of the three N atoms
of histidine are part of an imidazole ring and the third forms an amino group. They
exhibit a pH-dependent protonation in aqueous environments.?? We demonstrate
that the local valence electronic structure at the imidazole N sites in the system
can be accessed selectively in dependence on their protonation state through the
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Figure 3.6: Protonation-dependent access to N sites in the imidazole ring of histidine. The
N K-edge 7* absorption resonances of the N, and N, sites are well separated due to their
different protonation in basic (a) and neutral (b) environments, allowing to characterize the
local electronic structure from emission spectra at the individual resonances. The chemical
shift is reduced in an acidic environment (c) due to the protonation of both sides. Figure
taken from publicationIV.

chemical shift of their distinct N K-edge absorption resonances, as shown for basic
and neutral conditions in Fig.[3.6p and b. Deprotonated imidazole N sites exhibit a
red-shifted absorption resonance. The shift is of similar extend as the chemical shift
between the resonances of 2-TP and 2-TP~ presented in publicationI. By tuning
the energy to the isolated resonances of histidine in these environments, we could
further establish an intense emission line originating from transitions between an
occupied lone pair orbital and the N 1s core hole, equivalent to the deprotonation
RIXS signature of 2-thiopyridone in publication II, as a unique RIXS fingerprint of
deprotonated N sites in conjugated cycloorganic systems (see Fig.[3.7]).

The extend of molecular deformation on the core-excited state PES within the
duration of the scattering process is estimated from DFT based spectrum and
dynamics simulations in the framework of the Z+1 equivalent core approximation
(see Fig. and . Solute solvent interaction is taken into account explicitly,
through inclusion of surrounding water molecules in the simulation. We show that
only minor structural deformations occur upon 1s core-excitation of the N sites in
the imidazole ring of histidine (called N; and N) in a basic and neutral chemical
environment. This yields the opportunity to characterize the detected transitions
and their intensity with respect to the involved molecular orbitals. In contrast, the
simulations presented in Fig.[3:8b, unravel a directional core-excitation induced N.-H
dissociation for histidine in an acidic environment, which is present for excitations
at both protonated imidazole N sites. This is reflected in drastic changes of the
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electronic structure within the core hole lifetime (6.4 fs for No208) and results in a loss
of structure due to shifts and intensity changes of electronically inelastic transitions in
the measured RIXS spectra. The site preference of core-excited state N-H dynamics
is correlated with the local charge at the N, and N sites. Sites with higher local
charge exhibit more drastic core-excited state dynamics. This correlation might allow
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Figure 3.8: N Is core-excited state dynamics in histidine in the Z+1 approximation. (a)
Marginal dynamics in neutral and basic environments within 10fs propagation allow to
attribute intense emission lines to transitions from lone pair orbitals at deprotonated N sites
in the imidazole ring. (b) In acidic solution, an excitation site independent N, deprotonation
induces the formation of similar lone pair orbitals, altering the N, emission spectrum
drastically within the scattering duration (feature A;). Spectral features, as well as the local
electronic structure at the N, site remain mostly unaltered by the N, deprotonation (e.g.
feature Ay). Figure taken and adapted from different figures in publicationIV.
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3 Photo-Induced Proton Dynamics

for estimations of N-H dissociation tendencies in N 1s core-excited states of other
systems.

The highly directional dynamics of histidine in an acidic chemical environment
in N 1s core-excited states exemplary illustrates that molecular geometries ranging
from the ground state structure to configurations exhibiting fully dissociated bonds
contribute to the RIXS intensity. The following section depicts how such directional
structural deformations in core-excited states yield access to properties of molecular
ground and valence-excited state potential energy surfaces.

3.3 Properties of Ground State Potentials from
Core-Excited State Wave Packets

The energy of vibrationally excited states on a potential energy surface are defined
by the chemical interactions within a molecule and with its chemical environment.
Schreck et al. showed that populating the modes on the electronic ground state as
RIXS final states allows to detect a fingerprint of the interaction between chloroform
and acetone molecules in solution from high resolution RIXS spectra.4? They proposed
a method to extract potential energy surfaces from RIXS vibrational progressions.
Eigenenergies of a Morse potential were fitted to peak positions in vibrationally
resolved O K-edge RIXS spectra of pure acetone and acetone-chloroform mixtures.
They seemed to yield direct access to the (hydrogen bond affected) molecular ground
state potential along the O-C bond in acetone. The validity of this method was
not confirmed from a theoretical perspective. For diatomic molecules in the gas
phase the nuclear wave packet only propagates along the one existing inter-atomic
bond in the core-excited state. Hence, the energy loss of the detected vibrational
excitations can be directly related to the eigenenergies of the vibrational states on the
one-dimensional potential energy curves.2%42 For larger molecules the coupled motion
along multiple nuclear coordinates has to be considered. Published vibrationally
resolved RIXS data on triatomic or larger systems exist for liquid samples, 3241431109
A direct comparison between the results of the potential extraction method and
accurate quantum chemical potential simulations would be ideal to confirm the
applicability of the potential reconstruction method. As intermolecular interactions
are difficult to account for in simulations on a post HF level of theory, an isolated
molecule in the gas phase consisting of at least three atoms would make an ideal test
case.

The water molecule in its gas phase was investigated using O 1s RIXS by Weinhardt
et al., who identified signatures of core-excited state dynamics in the detected
electronically elastic RIXS transitions. ¥ The experimental resolution in this study
was insufficient to separate single vibrational peaks in the spectra. The gas phase
water molecule thus exhibits all preconditions which are necessary to validate the
potential reconstruction method. The system is small enough to simulate its potential
energy surfaces along the O-H bonds and separately along the bending coordinate on
post HF level of theory. The coupled stretch molecular dynamics can be simulated
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Figure 3.9: Preparation of directional wave packets on the 1s core-excited state PESs of
gas phase water. The well separated X-ray absorption resonances (a) allow excitation of the
nuclear wave packet from the ground state potential (b) bottom and (e) onto the potentials
of the O 1s core-excited states (b) and (c). The potentials are shown along the bending
coordinate (b) and the two O—H bond lengths R; and Ry (¢) and (e). The wave packets
propagate dominantly along a single O-H bond, the symmetric stretch coordinate and the
bending coordinate in the |O1s~14al), |O1s712b1) and |O1s~12b}) states respectively. Figure
taken from publication V.

using the wave packet formalism. The investigation of this computationally fully
accessible system allows to identify the necessary properties of core-excited states and
ground state vibrational modes yielding the possibility of a potential reconstruction,
which is discussed in the publications V and VI. The studies are based on a comparison
between vibrationally resolved O 1s RIXS spectra of gas phase water which we
recorded with a resolution of 70meV and the simulations. Under the mentioned
experimental conditions, stretch and bending excitations as RIXS final states on the
ground state PES are well separated.

In publication V, we discuss how directional and confined nuclear wave packets are
generated in the different O 1s core-excited states. We show that their shape defines
the transition rate into characteristically oriented vibrationally excited states on the
ground state PES of the water molecule for electronically elastic RIXS transitions.
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Figure 3.10: Selective excitation of oriented ground state modes in the RIXS process. A
linear combination of nearly degenerate vibrational modes of the ground state potential
allows to resemble the directionality defined by the O 1s core-excited state wave packets.
The contribution of the modes (c-h) to the detected vibrational excitations in RIXS spectra
at the different resonances (a) can be decomposed based on spectrum simulations (b). Figure
taken from publication V.

The nuclear wave packets in three studied O 1s core-excited states are characterized
dominantly by the determinants |O1s~'4al), |O1s712b) and |O1s712b1). The
simulated propagated wave packets are depicted in Fig.[3.9 They are oriented almost
exclusively along a single O-H bond R; or Rg, the symmetric stretch coordinate Qs
and the bending coordinate @) respectively. The projection of these confined, well
oriented core-excited state wave packets onto the ground state vibrational modes in
the emission step of the RIXS process yields a selective excitation of modes with the
same orientation. In this context, we show that the coupled stretch modes can be
sorted into groups with indices n according to their energy. The n-th group consists
of n + 1 nearly degenerate states of the coupled nuclear motion. A certain number of
excited symmetric and anti-symmetric stretch quanta ngs and ng, with n = ng 4+ ng,
can be assigned to each state within the n-th group. A linear-combination of states
within these groups allows to generate the highly oriented states populated through
the RIXS process, see Fig.[3.10

On this foundation, we investigate how the wave packets and transition amplitudes
into the individual vibrationally excited states are affected by deuteration and by
alteration of the effective scattering time through detuning of the excitation photon
energy from the individual resonances.%? Furthermore, we identify and discuss spectral
signatures of ultrafast dissociation processes in the spectra.

In publication VI, we analytically derive how the confined wave packets yield
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access to the eigenenergies of one-dimensional cuts through ground state PESs of
a molecular system through the vibrational excitations detected in RIXS spectra.
For that we link the RIXS transition amplitudes for a directionally confined core-
excited state wave packet to the eigenenergies of a Hamiltonian defined by the one-
dimensional cut through the ground state PES along the same direction in a system
with coupled nuclear dynamics. Using this strict theoretical derivation, we validate
the potential reconstruction method proposed by Schreck et al.4d in the presence
of highly directional core-excited state dynamics. Note that the nomenclature used
here deviates slightly from the one used in publication V to be consistent with the
wave packet formalism introduced in section[2.2]

We correlate the states of the n-th group on the potential energy surface j to
RIXS features detected upon scattering through a single core-excited state C' with
the core-excited state Hamiltonian H,.. The fine structure of the transitions to the
individual modes is expected to remain unresolved, e.g. due to a limited experimental
resolution. Instead, a single vibrational emission line at the energy

hw
f hw ; 712

f;ﬁ;f U(h/.x.}], hwg) dhwg

RIXS U(hwl’ hWS)hWS dhwg
€ —

in the interval of scattering photon energies [hwg 1, hwg, 2] is detected. The scattering
cross section o results from the projection of the wave packet in equation[2.9] onto
the vibrational states X;jn,n, of the surface j, integration for 7" — oo, summation
over all modes, as well as taking the absolute square.

Here we neglect the dependence of the dipole moments between the electronic
states on the nuclear coordinates and assume an infinite lifetime of the states on the
surface j. We further assume that the RIXS process starts from the energetically
lowest vibrational state of the electronic ground state with the energy €1 9o and make
use of the relation [ e(=o+#)tdt = (—a + i)~ e(~2+HT _1]. The expression for
e™MXS thereby contracts to a sum over the states of the n-th group, if the considered
energy interval is narrow enough and the states of different groups energetically well
separable. The result reads

RIXS _ Zn1+n2:n |<Xj,n1n2|>zc>‘2€j,mn2 (3 1)

I Zn1+n2:n ’<Xj,n1n2 ‘XCHQ ’

b~<c> _ /OO ei(fwz+61,oo+ifc)t/hefiHctX1 00- (3.2)
0 b

X¢ defines the wave packet which was propagated on the core-excited state PES. []
We will derive now how the projection of wave packets, which are strongly confined

*Note that the exponent in the integrand of the wave packet in formula misses a term containing
the energy difference between the electronic ground and the considered core-excited state, when
compared to the derivation in publication VI. The difference originates from an increase of
numerical precision for the wave packet propagation through redefinition of the energy of the
PES with respect to the vertical transition energy and has no impact on the conclusions drawn
here.
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along a certain direction of ()1 in the space or nuclear coordinates, is correlated with
the eigenvalues of a one-dimensional Hamiltonian defined by the PES j along the
coordinate @1 for the coupled stretch motion along two coordinates. Q2 is defined
to be orthogonal to @J1. The confinement of ¢ along Q) at a certain Q2 = Q2 is
described as

X (Q1,Q2) = ®(Q1)A(Q2 — Q2),

where A is a sharp, normalized function. The Hamiltonian H ;(Q1) along @y is
generated from the Hamiltonian for nuclear motion in equation[2.4l For the coupled
nuclear motion along the coordinates @)1 and ()2, with the reduced masses p; and
po it has the form

OF O?
Hj(Q1,Q2) = =32 = 5% = (00,00, + Ej(Q1, Qn).

H;(Q) results as

. 02

1;(Q1) = (AIH; (@1, Q)| A)g, = =524 + Ej(Qr, Qe+ (33)
The term c contains a constant (A|— (2,u2)_13222 |A) and higher order terms resulting
from the expansion of E;(Q1,Q2) around Q2 = (Q2¢, which become negligible upon
strong confinement of the wave packet. The mass polarization term in H;(Q1, Q2)
yields

~C(A100,|8)00, = ¢ [~ A(Q2)00,A(@2) dQadg,

1 oo
=5 | 00.0Q) @0,
9g, =0

—00

= ¢ A

and therefore does not contribute to H;(Q1).
_ Now the core-excited state wave packet is expressed in the basis of eigenstates
Yn(Q1) of the Hamiltonian H;(Q1) with the eigenenergies €;,,

|®) = |"Ln><wn|q)> + Z W;m><1;m|q)>a
m#n
<Xj,n1n2bzc> = (ijan’A(I))
- <Xjﬂl1n2’Ar‘En> <1/~}n’q)> + Z <Xj,n1n2|A1Z}m><7va’¢'>' (3'4)

m#n

We also show that

<Xj,n1n2|A¢m> ~ 07 ni+ne=n 7é m
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Figure 3.11: One-dimensional ground state potential reconstruction from O 1s high reso-
lution RIXS spectra of the water molecule. RIXS spectra at the different O 1s resonances,
reconstructed potentials in comparison to simulated one-dimensional cuts through the ground
state potential and core-excited state wave packets along the different nuclear coordinates are
shown from left to right. The strong confinement and orientation of the nuclear wave packets
allows an accurate potential reconstruction along three distinct directions and in a wide
range of molecular distortions. Figure partially taken and adapted from publication VI.

for the energetically well separated groups n and m. This can be used to further
simplify expression[3.1] by implementing relation[3.4] We thus obtain

6;'{,17?8 = Z <A1;n|Xj,n1n2>€j,n1n2 <Xj,n1n2 ’A¢n>

ni+n2=n
<A"En‘Hj’A?Zn> = (&n’gj‘&ﬁ = €jn-

The energy of the experimentally detected spectral lines therefore correspond to
the eigenenergies €, of the reduced Hamiltonian H ; along the coordinate @)1 defined
by the confinement of the core-excited state wave packet. This means, they can
be used to reconstruct cuts through PESs along this confinement coordinate from
vibrationally resolved RIXS spectra.

The concept is verified by direct comparison between the potentials extracted
from experimental RIXS spectra of HoO at the different O 1s resonances to the ones
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3 Photo-Induced Proton Dynamics

along R, Qs and @y resulting from ab-initio simulations of the system, presented
in Fig.[3.11] Even though a simple Morse potential was used in the fitting routine,
the approximated potentials along R; and Qs show excellent agreement with the
theoretical simulations the probed energy range up to 5eV above the zero point
vibrational mode. As only three bending excitations are visible in the [O1s712b1)
spectrum, the reconstruction of the bending potential did not yield a precise estimate
of the barrier height at a bond angle Z/(HOH) of 180° but still confirmed the validity
of the reconstruction principle.
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Chapter

Soft X-ray Spectroscopy Instrumentation for Molecular
Dynamics

The experimental infrastructure which enabled the soft X-ray spectroscopy studies
of liquid and gaseous samples in the publications I-VI will be introduced here. It
will be illustrated how accelerator based light sources provide soft X-ray radiation
with sufficient intensity and the required temporal pulse structure for static and
time-resolved X-ray absorption and RIXS investigations. The suitability of liquid
jet and cell based sample environments for measurements under the necessary high
and ultra-high vacuum conditions will be discussed. Their measurement scheme
dependent implementation in different experimental setups will be outlined. In that
context special properties of RIXS spectrometers used in the publications I, II, IV,
V and VI are addressed. Technical developments for low-noise time-resolved XAS on
picosecond timescales using liquid flat-jet technology are presented as publication VII.
Efficient methods to temporally correlate optical and X-ray pulses are essential
tools to compensate for pulse arrival time jitter at X-ray FELs and to temporally
overlap and X-ray optical pulses in femtosecond time-resolved experiments. Concepts
exploiting thin film interference effects have proven to yield an efficient detection of
X-ray-induced optical reflectivity changes as a temporal cross-correlation method and
a relative pulse arrival time monitor. ™16 These concepts were extended towards
the detection in optically induced X-ray reflectivity changes of multilayer structures
in publication VIII. Thereby, an efficient X-ray optical cross-correlator for low-flux
femtosecond X-ray sources has been developed.

4.1 Soft X-ray Light Sources

The spectroscopy techniques discussed above require high brilliance soft X-ray
light sources as they rely on core-excitation of a sample using wavelength tunable
radiation with narrow bandwidth in the photon energy range between 100 and 1000 eV.
Despite pioneering efforts using high harmonic generation energy upconversion
techniques driven by optical-laser systems,?0"3! third generation synchrotrons and
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4 Soft X-ray Spectroscopy Instrumentation for Molecular Dynamics

free electron lasers as accelerator based sources uniquely provide radiation fulfilling
these requirements.

At these sources, synchrotron radiation is generated from electron bunches, travel-
ing at relativistic energies, upon passage through magnetic fields. The high kinetic
energy of the electrons, e.g. 1.7 GeV at the synchrotron BESSY II, causes the emitted
radiation generated in an undulator, a section exhibiting alternating magnetic field
B with the period A, to be emitted dominantly in the propagation direction of the
electron bunch and to exhibit a wavelength A of

A
=" 11+K?/2 2 4.1
A= g tsll+ K22+ (07)7) (4.1)
with K:eB/\u.
2mme

Here, 0 is the angle with respect to the undulator axis, n is the considered undulator
harmonic, e and m are charge and mass of the electron and v = 1/y/1 —v?/c?
is the Lorentz factor with the velocity of the electrons v and the speed of light c.
The magnetic structure usually consists of alternating pairs of permanent magnets
and the emitted wavelength is adapted through magnetic field alterations. A two-
fold relativistic correction through the factor y~2 allows to generate radiation with
nanometer wavelength using magnetic structures with periods in the ten millimeter
range. The correction results from a length contraction of A, in the rest frame
of the moving electrons in addition to a relativistic doppler effect between the
radiation-emitting moving electrons and the laboratory frame. For K < 1 the
magnetic structure is defined as an undulator. The magnetic field causes only a
weak disturbance of the electron path inducing an approximately harmonic motion
of the electrons in the periodic magnetic field and thus the first harmonic wavelength
(n=11n equation dominates the spectrum of emitted radiation. Higher K
values yield stronger anharmonicities and thus a higher spectral contribution of
higher harmonics (n > 1). Tuning K can conclusively be utilized to generate intense,
narrow bandwidth radiation across a broad energy range. Special arrangement of the
magnet pairs within undulator allows for the generation of linearly polarized light
with a freely tunable polarization angle or even circular polarization 7 p-141-188

A pulsed source is required for optical pump X-ray probe experiments. At syn-
chrotron light sources the electrons in the storage ring are kept at constant energy
by a periodic potential. This induces the formation of electron bunches in potential
buckets. These bunches generate light pulses with a duration in the picosecond range
depending on the parameters of the storage ring. Laser systems can be frequency
locked to the X-ray pulses originating from individual bunches. By that optical
pump X-ray absorption probe studies can be performed routinely with picosecond
resolution. 18202324 At dedicated beamlines femtosecond resolution is available at
the cost of orders of magnitude reduced flux using the femtoslicing method.™8 12 At
the synchrotron BESSY II the buckets are separated by 2ns. In the regular operation
mode, the bunches exhibit a length of approximately 50 ps, whereas few picoseconds
long bunches are available in low-« operation.
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Figure 4.1: BESSY II
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The bunch filling pattern at BESSY II, depicted in Fig.[4.1 has a period of 800 ns,
which corresponds to a single revolution of an electron bunch in the storage ring. It
consists of a multi-bunch train of 600 ns length and a 200 ns gap with dominantly
empty buckets. Five special bunches exhibiting a higher charge are available: the
three slicing bunches located within the multi-bunch train, the hybrid bunch in the
center of the gap and the PPRE (pulse picking by resonant excitation22) bunch
at the end of the gap. The hybrid bunch is utilized in the context of this thesis in
an optical pump transmission X-ray absorption probe experimental scheme, in
combination with a MHz laser system, for investigations of photochemical processes
in solution, which are discussed in more detail in section4.5

At high bunch currents and in long undulator sections the interaction between the
electric field of radiation and the electrons can imprint a periodic substructure on the
electron bunches, called microbunching. Through stimulated coherent emission of
radiation by all electrons in the bunch a drastic gain in radiated intensity compared
to classical undulator radiation can be achieved.'?3 Based on this concept intense
ultrashort X-ray pulses of coherent radiation are generated at FELs.1 44

RIXS studies of dilute molecular systems require the flux of all pulses with pulse
arrival rates in the few hundred MHz range at modern synchrotron radiation light
sources, due to the low yield of fluorescent decay pathways and a limited efficiency
for the detection of inelastically scattered photons. A high average photon flux at
synchrotrons on the order of 102 ph/s in the required photon energy bandwidth on
the sample (see also section is necessary for reasonable acquisition times in a
range minutes to hours. Therefore, X-ray FELs are used for time-resolved RIXS
investigations. They generate narrow bandwidth soft X-ray radiation at comparable
average flux, lower pulse arrival rates and femtosecond pulse lengths, making RIXS
investigations of ultrafast molecular dynamics possible. The FEL LCLS was utilized
in a time-resolved RIXS investigation discussed in publicationII of this thesis. It
provides pulses with a length on the order of 100fs at a rate of 120 Hz.124 They are
frequency locked to optical laser pulses with equivalent length for optical pump X-ray
probe experimental schemes.
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4.2 Gas Phase and Liquid Sample Environments

The required sample geometry and dimension for a soft X-ray spectroscopy measure-
ments depends on multiple parameters. Specific requirements of the used method,
the available photon flux in relation to the detection efficiency, the temporal stability
of the sample environment, the investigated absorption resonance, the elemental
composition of solute and solvent in dilute samples, as well as the sample density
have to be considered. Hard X-ray spectroscopy experiments can be performed
partially under ambient pressure and with sub-millimeter sample thicknesses for
transmission measurements.*2>13U The high absorption cross section of nitrogen
and oxygen for soft X-ray radiation demands in-vacuum sample environments and
photon detection schemes. Additionally, micrometer attenuation lengths in most
materials in their condensed phases have to be taken into account.’#2 A commonly
applied method to prepare suitable liquid or gas volumes in the focus of an intense
X-ray beam is utilizing membranes with thicknesses on the order of few ten to
hundreds of nanometers to separate the sample liquid from the experimental vacuum
chamber 1#20L333T Ty this way gas phase and liquid sample environments can be
established even in ultra high vacuum experimental chambers which were originally
dedicated to solid sample environments. We implemented silicon-nitride and carbon
membranes in a heatable cell for high resolution RIXS measurements in gaseous and
liquid sample environments. I took part in the commissioning of the custom built
cell, which was then used to acquire the high resolution oxygen 1s RIXS data set
discussed in publications V and VI as well as the related studies®*70,

Membranes can cause multiple experimental complications when in contact with
the investigated sample. They can yield distortions of the measured signal or even
make the experiment unfeasible. Examples are radiation damage of the membrane
material through the exposure to intense synchrotron radiation and small focus sizes,
adsorption of radiation damaged sample material on the membrane or in the solution
in the interaction volume.13%139 Thermal-load-induced strain and insufficient sample
replenishment impair optical pump X-ray probe measurements. In-vacuum liquid
jet technology allows to circumvent the mentioned deficits by spraying the sample
liquid into the experimental vacuum chamber in form of a few micrometer to few ten
micrometer thick liquid jet which is commonly frozen within a cryogenic trap after
the interaction with the soft X-ray radiation, to avoid evaporation into the vacuum
chamber. 14V

4.3 Liquid flexRIXS Experimental Setup

The liquid flexRIXS experimental setup, which was developed by the Helmholtz-
Zentrum Berlin for static and time-resolved RIXS measurements of bulk and dilute
liquid samples at synchrotrons and free electron lasers, employs a round in-vacuum
liquid jet, with a diameter of 20 to 30 ym in combination with a compact RIXS
spectrometer with high transmission.™4" It was used to acquire the data discussed in
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publications I, II, IV and VI. I contributed to the optimization of the experimen-
tal endstation yielding improvements in efficiency and precision of the performed
measurements at the synchrotron BESSY II.

The setup consists of a high vacuum chamber, housing the liquid jet, a differential
pumping stage and a Scienta XES 350 RIXS spectrometer (see sectionid.4)) in slitless
operation under 90° scattering geometry. The high vacuum chamber is operated at a
pressure < 1072 mbar, which is achieved through turbo-molecular pumps and two
liquid Ny cooled cryogenic traps. In the first trap the sample liquid is frozen directly.
The second trap reduces the load on the turbo pumps by freezing out evaporated
sample. The experiment is coupled to the beamline via the differential pumping
stage. The beamline consists of mirrors and gratings which guide, monochromatize
and focus the X-ray beam from the undulator on its path to the experiment. To
maximize the beamline transmission throughout the soft X-ray photon energy range
and avoid contamination of optics, all beamline sections and optical elements are
operated under ultra high vacuum conditions. Using the differential pumping stage,
approximately five orders of magnitude pressure difference between the experiment
and the beamline are bridged.

We upgraded the system by the implementation of a sample catcher system which
avoids freezing the sample liquid within the experimental chamber and allows for
lower sample consumption through optional recirculation. Operation of the setup
with the catcher reduces the pressure in the chamber to approximately 5 x 10~% mbar
for aqueous sample solutions. This reduces the load on the cryogenic trap and allows
for days of continuous measurement campaigns, instead of hours of operation with
the first cryogenic trap. The liquid jet has to hit the center of the catcher opening
with a diameter of 500 um also upon changes of the alignment with respect to the
synchrotron X-ray beam and the spectrometer. Hence, synchronized motorized
motion of the jet and the catcher is a necessity to achieve efficient, stable and
reproducible experimental conditions. In this context, the simultaneous motion of
motors, control of beamline parameters and automatized measurement routines were
implemented together with new hardware for motorization and data acquisition. In
addition, online and post beamtime data analysis software was developed for the use
within the FG-ISRR and for users of the endstation.

4.4 RIXS Spectrometers

The Scienta XES 350 spectrometer is a medium resolution, high transmission
instrument with a compact design. It consists of a set of three gold coated blazed
spherical gratings, a slit with an adjustable width between 0 and 400 ym and an multi-
channel plate (MCP) detector which are aligned in a Rowland circle geometry.*4! Tts
1200 mm~! grating exhibits a resolving power of E/AE > 1000 over the entire range
of soft X-ray photon energies from 100 until 1000 eV. With a grazing incidence angle of
1.9° and a grating radius of 5m, it has an entrance arm length of only 165.8 mm.142:143
It is operated with the liquid jet as the source in an open slit configuration within
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the liquid flexRIXS instrument resulting in slight deviations of the detector position
from the Rowland circle geometry for an optimal resolution.** A CsI coated MCP
detector, which is not sensitive to visible radiation, is used to detect the scattered
X-ray photons, that originate from the liquid jet and are diffracted depending on
their energy by the grating. The spectrometer can therefore be implemented in
optical pump X-ray probe experimental schemes. The overall detection efficiency for
isotropically emitted radiation from the sample is approximately 10~7.14Y Considering
a yield for fluorescent decay of the core-excited states on the order of 1072, photon
count rates of 103 per second can be achieved for bulk sample materials illuminated
with 102 photons per second. For dilute samples, the count rate depends drastically
on the investigated X-ray absorption edge and the elemental composition of the
solvent. The measurements at the N K-edge edge of aqueous solutions were performed
at sample concentrations in the 100 mM range. Here, count rates of ~ 102 per second
could be achieved at the beamline U49-2_ PGM-1 at the synchrotron BESSY II due
to the high transmission of the solvent in the investigated range of photon energies.

The SAXES spectrometer is a dedicated high resolution instrument with a
resolving power of F/AE 2 10000 in an energy range from 400 to 1100 eV, which is
attached to the RIXS endstation of the ADRESS beamline at the Swiss Light Source
(SLS) in Villigen, Switzerland. It was used to record the vibrationally resolved RIXS
spectra of the gas phase water molecule in publications V and VI. Its only optical
element is, as for the Scienta XES 350, a spherical grating, which in contrast exhibits
a variable line spacing. In addition to optical aberration minimization, this yields
a less grazing incidence of the dispersed spectral lines on the detector, as they are
focused at a position deviating from the Rowland circle geometry. CCD detectors
can thus be used as analyzers. The high resolution is achieved through a high average
grove density of the grating of 1500 or 3000 mm~!14% a substrate radius of 60 m
and an 1050 mm entrance arm length. Hence, micrometer alignment precision and
stability of the sample and the detector position is required for an ideal resolution.
The instrument is also operated slitless. In an optimal alignment its resolution is
limited by the energy bandwidth used to excite the sample, the focus size in the
dispersive direction, which is below 5 um, and the pixel size of the used detector.?2140

4.5 Time-resolved XAS in Transmission Mode

Transmission soft X-ray absorption measurements of liquid samples composed dom-
inantly of light elements usually require sample thicknesses ranging from few mi-
crometers down to few hundred nanometers. Thereby, a transmission and photon
energy dependent transmission changes of the incident radiation on the order of
percent is ensured.132 This is required for a linear response of used detectors and
electronics. Round jets are not well suited for transmission absorption measure-
ments due to their uneven profile across the X-ray focal spot which usually has an
expansion on the order of micrometers to few ten micrometers perpendicular to the
direction of beam propagation. Free flowing flat liquid sheets with similar or greater
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Figure 4.2: Low noise transient transmission mode XAS on liquid samples. Differential
measurements of photo-induced transient X-ray absorption changes at MHz repetition rates
are possible using laser pulses, which are frequency locked to the arrival rate of X-ray
pulses originating from the hybrid bunch in the BESSY II pulse pattern. The intensity of
individual X-ray pulses transmitting the sample is recorded as voltage pulses on an avalanche
photo-diode. The liquid sample environment is established through collision of two round
liquid jets forming a liquid sheet with micrometer to sub-micrometer thicknesses. Figure
taken and adapted from publication VII.

thicknesses have been successfully implemented in pump probe experiments at hard
X-ray synchrotrons.t#13l' Recent jet technology developments allow to generate
in-vacuum free-standing liquid sheets with few-micrometer to sub-micrometer thick-
nesses suitable for soft X-ray absorption spectroscopy in a transmission experimental
configuration.92147 One way to generate them is the collision of round jets with
micrometer thicknesses. In publication VI we introduce an experimental setup
which combines such a flat-jet with a MHz laser system and the dedicated X-ray pulse
pattern of the synchrotron BESSY II for low—noise picosecond time-resolved optical
pump soft X-ray probe measurements in a transmission experimental geometry.

A schematic overview of the experiment is presented in Fig.[£.2l We developed and
commissioned the setup for the use at the open port beamline UE52__ SGM. There, the
pulses of a fiber laser system operated at a wavelength of 1030 nm are synchronized
with the arrival of the X-ray pulses originating from the hybrid bunch in the gap of the
BESSY II fill pattern. The fundamental wavelength and its harmonics are available
for the excitation of the sample at fractions of the BESSY II pulse pattern repetition
rate 1.25/n MHz, n € N. This enables the quasi simultaneous detection of the ground
state and the photo excitation affected X-ray absorption signal in transmission
mode. An avalanche photo-diode is used as a time sensitive X-ray intensity monitor.
We demonstrate the feasibility to record static soft X-ray absorption spectra in a
range of concentrations between tens of molar and tens of millimolar for bulk and
dilute samples and for solutes below and above the main absorption edge of the
solvent. Additionally, we benchmark the detection efficiency for transient photo-
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excitation induced X-ray absorption changes at 208 kHz repetition rate and the
available excitation wavelengths to be on a sub-mOD (optical density) level based
on the transient absorption of photo-excited aqueous iron(II)-trisbipyridine.

4.6 Timing at Free Electron Lasers and Synchrotrons

The overlap between the optical and the X-ray pulse at the sample position are an
essential precondition for successful time-resolved experiments. Spatially the two
beam paths can be aligned on fluorescent screens positioned at the actual sample
position which can be monitored visually using optical microscopy. The temporal
overlap can be achieved to a precision of few ten picoseconds using silicon avalanche
photo-diodes with a small active surface which yields a fast response to the impact of
both optical and X-ray pulses. If the transient effect which is supposed to be induced
by the impact of the optical pulses in the actual sample material can be detected
efficiently with the X-ray probe technique, the temporal overlap of the pulses down to
the pulse length limited precision can be established by changing the delay within a
few ten picoseconds broad range. In experiments which require long acquisition times
e.g. due to low flux provided by the X-ray source or if a photon hungry technique
like RIXS is applied, the relative arrival time of the two pulses needs to be known
more precisely, prior to the actual experiment. Voltage pulses resulting from the
emission of photoelectrons from a conducting material can be monitored to achieve
a temporal overlap with few picoseconds precision.™® This timing method is only
applicable, if sufficient intensity of both optical and X-ray pulses and short pulse
lengths are available. The sampling rate of the electronics used to detect the impact
of the light pulses limits the timing precision of this technique. The requirements for
the mentioned method already indicates that different methods have to be applied
dependent on the available X-ray pulse energy, if the temporal overlap needs to
be established with sub-picosecond precision. To achieve a temporal overlap on a
femtosecond timescale, we optimized the X-ray optical cross correlation contrast in
specific reference pump-probe measurements which are tailored to application with
intense ultrashort X-ray pulses and under low X-ray flux conditions.

To establish the temporal overlap for the time-resolved N K-edge RIXS mea-
surements in publicationII, concepts for X-ray optical temporal cross correlation
methods at free electron lasers based on X-ray induced optical reflectivity changes
(see Fig. left) were optimized.?! The results can be used to further improve
existing schemes for the detection of the jitter affected relative pulse arrival time in
the interaction region. 1% The method is based on changes of optical refractive
indices induced by the absorption of intense X-ray pulses in semiconducting thin
film samples. Non-radiative decay subsequent to soft X-ray absorption processes
within semiconducting and insulating materials yields a high density of excitations
across the band gap through cascading inelastic scattering events. This altered band
population affects the refractive index of the excited material in dependence of the
optical wavelength through bandgap shrinkage, bandfilling and free carrier absorption
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Figure 4.3: Femtosecond temporal cross
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effects.14? Additionally, the electronic system and the lattice thermalize on ultrafast
timescales which also affects the width of the band gap and hence the refractive
index after the excitation.™#” The resulting ultrafast changes of optical properties
can be detected by transient optical reflectivity in an X-ray pump optical probe
experimental scheme. Optimization of thin film thicknesses and the experimental
geometry are key concepts to drastically alter the shape and amplitude of the relative
reflectivity changes as the cross-correlation signal.®! Interference between fractions
of the optical probe radiation reflected at the different interfaces can be used to
minimize the reflectivity of a sample in dependence on the used probe wavelength by
adaption of the thin film thickness and the angle of incidence with respect to the
sample surface. As this destructive interference is strongly dependent on the optical
path-length within the thin film, transient changes of the real part of the refractive
index, which are of particular interest for probe photon energies far below the band
gap of the used thin film material, can be sensitively detected in this configuration.
These concepts were used to successfully establish the temporal overlap for the
time-resolved N K-edge RIXS measurements presented in publication II, using the
transient reflectivity of a silicon nitride film on a silicon substrate.

In publication VIII an efficient method for X-ray optical cross-correlation at
synchrotron light sources based on optically induced X-ray reflectivity changes of
a thin film multilayer structure is discussed (see Fig. right). As in the previously
discussed method, interference conditions are transiently altered also in this scheme.
We monitor the X-ray reflectivity of Bragg reflectors. At a fixed photon energy, the
reflectivity strongly depends on the angle of the incoming X-ray beam with respect to
the orientation of the layers, as well as on the thicknesses and refractive indices of the
materials the multilayer structure is composed of. 19U Using a silicon-molybdenum
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multilayer structure, we show that selective optical excitation of the molybdenum
layers can be used as a versatile tool to establish the X-ray optical temporal overlap
for pump probe experiments. The selective excitation of the superlattice structure,
in the metallic and thus strongly absorbing molybdenum layers, alters its Bragg
condition transiently. On sub-picosecond to few picosecond timescales after the
optical excitation propagating phonons alter the intensity of the superlattice Bragg
peaks periodically.'22123 On few ten picosecond timescales thermalization induces
an expansion of the lattice which shifts the entire Bragg peak in the reciprocal
space. Both effects can be efficiently detected in an optical pump X-ray reflectivity
probe experimental scheme and utilized to correlate the pulses on femtosecond and
picosecond timescales.
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Chapter

Conclusion and Future Prospects

In this thesis, photo-induced molecular proton dynamics were accessed at active
atomic sites. The local detection of nitrogen and oxygen protonation enabled
studies of proton dynamics in the electronic ground state and on both valence
and core-excited state potential energy surfaces. The identification of transiently
populated valence-excited states allowed to determine proton transfer mechanisms
along relaxation pathways on femto- to nanosecond timescales. Access to proton
dynamics in the electronic ground state and in core-excited states was gained through
highly directional structural deformations within femtosecond core-hole lifetimes.
With the investigation of excited state proton transfer dynamics of 2-thiopyridone,
we demonstrated the possibility to sensitively monitor nitrogen protonation along
valence-excited state relaxation pathways and to identify mechanisms yielding N
deprotonation in transiently populated configurations. The transient N K-edge X-ray
spectroscopic signatures allowed us to propose a dominant relaxation pathway for
the system. Thereby, we resolved contradictions in published results on the photo-
induced dynamics of 2-thiopyridone on pico- and nanosecond timescales regarding
a dependence on the used excitation wavelength and solvent. As a foundation, we
established a 1.5€V shift of a 7* absorption resonance (in publicationI) and a strong
intensity increase of an emission line in RIXS (in publication IT) as fingerprints of N
deprotonation from spectra of the system in neutral and basic aqueous environments.
We identified an emission intensity increase in this fingerprint spectral range upon
photo-excitation of the system in femtosecond time-resolved N 1s RIXS measurements.
By that we demonstrated the feasibility of studies on ultrafast proton dynamics in
liquids using N K-edge RIXS on femtosecond timescales at X-ray free electron lasers.
Using transient N K-edge transmission XAS and ab-initio quantum-chemical simula-
tions (in publication ITI), we detected a N deprotonation on picosecond timescales
occurring from the T, state of 2-thiopyridone with a lifetime of 760 ps, which is
efficiently populated upon valence-excitation. In summary we demonstrated that a
fraction of photo-excited molecules undergo ultrafast deprotonation on femtosecond
timescales prior to the intersystem crossing into the T; state of 2-thiopyridone.
Excited state proton dynamics on picosecond timescales are mediated by this triplet
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state. The origins of possible N deprotonation during the initial relaxation from the
optically accessible So and S, excited states remain to be determined.

We used the N K-edge spectroscopic signatures, which allowed us to monitor the
N protonation in 2-thiopyridone, to characterize the core-excited state dynamics of
aqueous histidine (in publicationIV). We could selectively probe the impact of N 1s
excitations at the two imidazole N sites of histidine on the electronic structure and
the molecular geometry. They exhibit, equivalent to 2-thiopyridone, robust N K-edge
spectroscopic signatures of N protonation. In particular, the N K-edge absorption
resonances exhibit a N protonation-dependent characteristic shift. Moreover, an
intense emission line is present or absent under deprotonated or protonated conditions
respectively. In an acidic environment 1s core-excitation at each of the protonated
imidazole N sites induces the dissociation of a specific N-H bond. We unraveled this
directional core-excitation induced dissociation using simulations in the framework of
the Z41 equivalent core approximation. We demonstrated that the initial response
of organic molecules to ionizing radiation, i.e. an ultrafast N deprotonation, can be
monitored locally using N 1s RIXS also for molecules containing multiple N sites.
Even in the presence of overlapping X-ray absorption resonances, a combination
of RIXS measurements and quantum-chemical simulations yielded information on
core-excited state dynamics at specific sites.

Access to proton dynamics in the molecular electronic ground state, in contrast
to the previously investigated dynamics in valence and core-excited states, was
gained through directional structural deformations induced by core-excitations. We
validated a proposed method to reconstruct one-dimensional cuts through potential
energy surfaces of polyatomic molecules based on vibrational excitations detected
in high resolution RIXS spectra. Directional O 1s core-excited state wave packets
were utilized by us to populate ground state vibrational modes of the water molecule
with a specific orientation upon scattering events to the electronic ground state (in
publication V). On a theoretical level we derived the relation between eigenenergies
of a Hamiltonian defined by a one-dimensional cut through a potential energy surface
and vibrational modes of coupled nuclear motion populated by the decay of a
confined core-excited state nuclear wave packet (in publication VI). We confirmed the
applicability of the proposed potential reconstruction method through the extraction
of the ground state potential energy surface defining proton dynamics in the gas-phase
water molecule. A comparison to ab-initio simulations yielded excellent agreement
in the probed range of nuclear coordinates. This method is currently extended to
extract signatures of intermolecular interactions from vibrationally resolved RIXS
spectra of liquid samples.

To enable studies of valence-excited state molecular dynamics, like the investigation
of the proton transfer capabilities of 2-thiopyridone on pico and nanosecond timescales,
an experimental setup for liquid phase transient soft X-ray absorption measurements
was developed (and was presented in publication VII). It uses the BESSY II fill pattern,
which is optimized for pico- to nanosecond time-resolved studies, in combination with
a transmission flat-jet sample environment and a fiber laser system, providing pulses
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for the optical excitation of the sample at MHz repetition rates. This combination
enabled a highly sensitive detection of transient absorption changes on a sub-mOD
level. The used flat-jet sample environment makes the system particularly robust
against radiation damage under high optical and X-ray flux densities. It provides
a stable transmission sample environment in combination with sufficient sample
replenishment. This allows for universal applicability in static and time-resolved
soft X-ray spectroscopy studies at free-electron lasers, synchrotrons and laser driven
sources.

Studies of femtosecond molecular dynamics using optical pump X-ray probe schemes
rely on efficient methods to establish the X-ray optical temporal cross-correlation.
The applicability of individual cross-correlation techniques depends on the available
X-ray flux. A widely applied cross-correlation method based on X-ray induced
transient optical reflectivity at free electron lasers can be optimized based on thin
film interference effects. This method was crucial for the successful detection of
femtosecond photo-induced proton dynamics of 2-thiopyridone at the free-electron
laser LCLS. A similar concept was used to design a cross-correlator for application at
low-flux X-ray sources providing femtosecond pulse durations (in publication VIII).
It is based on the efficient detection of transient X-ray reflectivity changes. Intensity
variations of super-lattice Bragg peaks, induced by the propagation of phonons
in multilayer thin film structures, thereby yield a high cross-correlation contrast.
As relative intensity variations on the order of few percent can be achieved using
this method, it is implemented as a standard tool to establish the temporal X-ray
optical cross-correlation at the femtoslicing facility of the synchrotron BESSY II. An
optimization of the multilayer structure with respect to the excitation profile could
yield even higher transient signal changes. Having both cross-correlation methods
optimized and at hand is an essential precondition for femtosecond time-resolved soft
X-ray studies of photo-induced molecular dynamics.

The presented results are based on the element-specific, site-selective and orbital-
sensitive access of soft X-ray spectroscopy to local molecular electronic structure.
It should be emphasized that the application of the discussed methods and infras-
tructure is not restricted to studies of classical photochemical processes of molecules
in a solution environment and could be extended to some related research fields.
Novel sample environments allowing for continuous sample replenishment, could
enable investigations of solution-phase catalytic and electrochemical processes on an
atomic level. The active sites in these processes could be accessed systematically
using the selectivity of X-ray spectroscopy. Probing ground state potentials through
vibrationally resolved RIXS could be of particularly high value to investigate the
bond formation and dissociation at interfaces in functional devices. Time-resolved
schemes would allow for studies of photo-electrochemical or photo-catalytic processes.
Moreover, implementation of THz and infrared excitations in pump-probe experi-
mental schemes might allow for investigations of thermally driven chemical processes.
Thereby, access to properties of intermediate species present in chemical reactions
could be gained through soft X-ray spectroscopy probes subsequent to controlled
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vibrational excitation or temperature jumps of the solution. A scheme to study
mixing and reaction kinetics in solution environments could be established using
the flat-jet sample environment. The probed position on the liquid sheet, which can
be generated from different chemicals in the two individual jets, can be utilized to
spatially map kinetics within the flowing jet on microsecond timescales.

Based on the presented studies and the used infrastructure, prospective investiga-
tions of molecular dynamics at currently available and future light sources can be
outlined. They largely depend on flux and pulse structure provided by the sources
in combination with an optimization of the experiments with respect to the sample
environment and the applied experimental scheme.

To study processes in the few picoseconds time domain at high signal to noise
ratio, X-ray pulses in the BESSY II low-« operation mode can currently be used
in the experimental configuration discussed in publication VII. In the future, the
BESSY VSR scheme will provide compressed bunches in addition to the regular
BESSY II fill pattern in the standard operation. Thereby, molecular dynamics in the
few picosecond time domain would be routinely accessible.

Flat-jet instabilities and the resulting noise could be further reduced through
advances in jet technology. This could enable longer counting times at stable
conditions, which would benefit studies at sources with lower X-ray pulse repetition
rates or with lower flux. It would enable transient X-ray absorption studies of liquid
samples at synchrotron slicing and laser driven sources with femtosecond resolution,
avoiding risks of radiation damage through continuous sample replenishment.

Femtosecond time-resolved RIXS studies focused on electronic transitions, using
medium resolution instruments as in publication II, will largely benefit from higher
repetition rates at the free-electron lasers European XFEL (Hamburg, Germany) and
LCLS-II (Stanford, USA). They will enable studies at lower sample concentration
and will reduce the contamination of spectra by molecules, which are sequentially
excited within a single X-ray pulse. A higher repetition rate would also reduce
noise in differential transmission measurements, induced by the mentioned flat-jet
instabilities.

Research at existing RIXS instruments providing vibrational resolution is not
focused on studies of molecular systems in gaseous and liquid environments. They
allow only for the use of sample cells, causing the discussed experimental complications
as a direct consequence. Currently, the experiments VERITAS at the synchrotron
MAX IV, METRIXS at BESSY II and h-RIXS at the Furopean XFEL are under
development. They overcome these sample environment restrictions by the use of
micro-jets. These instruments will allow for systematic vibrationally resolved RIXS
studies on molecules in the future, even in a optical pump X-ray probe experimental
configuration at the free-electron laser.
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