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1 Introduction

Interaction of light with organic molecules is a fundamentaresearch topic at the
intersection of physics, chemistry, and biology. Absorptio of sunlight by organic
molecules is by far the most important energy source on theréa supplying the energy
for plant life and subsequently for animal and human life. Onhe other hand light
absorption also has destructive power, as seen in the damagiof DNA by ultraviolet
radiation, ultimately leading to harmful mutations.

Responsible for the absorption of light in these biologicgrocesses are certain pho-
toactive molecules, typically called chromophores. The tations of chromophores
cover a tremendous range, from providing the initial energfor photosynthesis, to
triggering human vision. Investigation of the initial relaation of these molecules after
light absorption is essential to understand the various fustions.

Additionally there is a technological motivation to investgate the function of photoactive
organic molecules. Light-activated molecular switches @promising for electronics [1]
and medicine [2]. Other promising areas of application arégr example, dye sensitized
solar-cells and organic light-emitting diodes. Future agjzations, for example on
greenhouses, could bene t from the ability to tailor the abarption spectrum of these
solar cells [3].

First changes in molecules after absorption of a photon takdgoe on the timescale of
femtoseconds [4]. To investigate such fast dynamics, reszeers rely on ultrafast laser
spectroscopy methods. With advances in short pulse laser h@ology the relaxation
dynamics of molecules on the picosecond and femtosecondetswales have become
accessible [5]. Time-resolved absorption and uorescersygectroscopy methods helped
to unravel the ultrafast electronic relaxation pathways otountless organic molecules
[6].

But all-optical methods have limitations. They only accessransition energies and
not the absolute binding energies of the electronic statesAdditionally optically
forbidden transitions are inaccessible and thus the role sb-called dark states cannot
be investigated directly. These limitations are overcome ipump-probe photoelectron
spectroscopy using ultrashort laser pulses, a techniquepable of resolving molecular
dynamics on all excited state potential energy surfaces [7]

The power of time-resolved photoelectron spectroscopy che even greater with probe
pulses in the extreme ultraviolet (XUV) regime, which are capdb of resolving dynamics
even in the ground electronic state of the molecule. Tabley sources of ultrashort
XUV pulses are available since the discovery of high harmoniergeration [8], leading to
time-resolved XUV photoelectron spectroscopy studies of maatomic and molecular
systems in the gas phase [7].

There are, however, strong limitations to XUV photoelectron gectroscopy when it
comes to the investigation of large organic molecules, sinthe method demands high
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vacuum conditions. Bringing organic molecules into the ggshase without damaging
them is not a trivial task. Additionally, a gas phase experim& may not necessarily
yield a result relevant for the biological function of the mkecule, due to the importance
of the interaction between the molecule and its environment

In all-optical techniques organic molecules are routinetudied in solution, i.e. in their
natural environment. Therefore the interaction of the moleule with the surrounding
solvent is intrinsically included and can be investigatedybchanging solvent parameters
like polarity, viscosity, or a nity to hydrogen bonding. Th e in uence of the environment
is found to be essential for the function of organic chromophes. For example, the
e ciency of the light-induced isomerization of retinal, the chromophore of human
vision, strongly depends on the environment of the molecul8].

The importance of the environment, and developments in ultifast photoelectron
spectroscopy in recent years, have sparked increasing net& in XUV photoelectron
spectroscopy of solvated molecules [10]. The most sucagdssfy of bringing photoelec-
tron spectroscopy to liquid samples is the liquid jet techque, perfected by Faubel and
coworkers [11]. The liquid jet is a micrometer thin liquid kBment, which is injected into
the vacuum under high pressure. This provides a clean, camtiously refreshed liquid
surface in a high vacuum environment. The technique has beeapplied in multiple
XUV and X-ray studies, exploring the electronic structure of fuid water [12{14].
However, liquid jet photoelectron spectroscopy of organicatecules has so far been
limited to either time-resolved spectroscopy with UV laser yses [15] or steady-state
spectroscopy with XUV radiation at synchrotron facilities [B].

In this thesis | present the implementation of time-resol XUV photoelectron spec-
troscopy of organic molecules in solution using the liquicj technique. The newly
implemented method combines the advantages of XUV photoeleat spectroscopy
with the possibility to investigate the in uence of the surounding solvent. To this end
a liquid jet endstation is implemented at an existing XUV monolgsromator setup based
on high harmonic generation [17].

Since time-resolved XUV photoelectron spectroscopy on ligutargets is a very recent
technique, a part of this thesis is dedicated to the impleméation of the liquid jet
endstation on the monochromator setup. The liquid jet deliery system is a commercial
product (Microliquids). Within the scope of this thesis it is substantially modi ed to
improve its stability and the precision of the alignment. Tke photoelectron detection
from the liquid target is accomplished with a magnetic bot# time-of- ight spectrometer
[18], which provides the high collection e ciency necessgifor experiments with dilute
samples of solvated molecules. The implemented setup has ttapability to reproduce
very recent results, for example the observation of the lasassisted photoelectric e ect
in liquid water [19].

The commissioned experimental setup is used for investigat of molecular systems.
The rst sample is a sulfonated yellow dye, Quinoline YelloWS. This molecule is chosen
for a proof-of-principle experiment due to its favorable pdtochemical characteristics. In



the experiment, static and time-resolved photoelectrongmals are successfully measured
at a concentration of 10 mM of Quinoline Yellow in an aqueou®kition. The relaxation
dynamics observed in the pump-probe experiment are congist with a recent proposal
of an excited state intramolecular proton transfer process the unsulfonated form of
the dye [20].

After the successful proof-of-principle experiment, the éhnique is used to investigate
functional photoactive molecules. As synthetic functionamolecules, azobenzene
derivatives are investigated. Azobenzene derivatives isenze upon irradiation with
visible light, which makes them promising candidates for gbication as molecular
switches [21]. In this thesis the light-induced isomerizan of two amino-azobenzene
dyes, Methyl Orange and Metanil Yellow, is investigated wit time-resolved XUV
photoelectron spectroscopy in aqueous solution. In the eaqgment ground and excited
state photoelectron spectra are obtained together with igwerization timescales for
both molecules. The measured isomerization timescale foeMyl Orange is in good
agreement with previous all-optical studies [22]. The iscgnization of Metanil Yellow
is found to be signi cantly slower. This can be linked to thedrger rotational moment
of inertia, and therefore supports the hypothesis of a mainlirotational isomerization
of amino-azobenzene derivatives [23].

As an example for a biologically relevant molecule, the aminacid Tryptophan is
investigated. The ionization energy of aqueous Tryptophais an important parameter
in biochemistry, since ionization of Tryptophan is a precuwsor for oxidation and damage
of proteins [24]. The ionization energy of aqueous Tryptojpin is directly measured
with liquid jet XUV photoelectron spectroscopy, which provigts an accurate estimate
of the phase transition shift, i.e. the di erence between th ionization potentials in the
gas phase and in solution. The steady-state experiment panined in this thesis is the
rst step towards a time-resolved photoelectron experiménwhich could be helpful to
understand the complex relaxation dynamics of Tryptophan2p].

The thesis is structured as follows: In the second chapterémecessary fundamentals
of molecular physics and time-resolved photoelectron spescopy are brie y reviewed.
Additionally, this chapter covers the computational method, which are applied to calcu-
late ground state ionization energies of solvated molecsleThe third chapter discusses
the implementation of liquid phase pump-probe photoeleain spectroscopy, covering
the experimental setup. Steady-state and time-resolved ptoelectron measurements
on water and other solvents are presented in this chapter. €se measurements are
essential to test and characterize the experimental setupn chapter 4, the results
from the static and time-resolved photoelectron spectrogpy of Quinoline Yellow WS
in agueous solution are presented. Chapter 5 covers the rigswn the light-induced
iIsomerization of the two amino-azobenzene dyes Methyl Orga and Metanil Yellow.
In chapter 6, the XUV-only photoelectron spectroscopy of aqoes Tryptophan is
presented. Chapter 7 provides summary and outlook.
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2 Time-resolved Photoelectron Spectroscopy

Photoelectron spectroscopy was rst introduced as a methow precisely measure
absolute values of atomic binding energies [26]. Since th&naray photoelectron
spectroscopy has been applied to countless molecular andicsstate targets and
has become a standard tool in physical chemistry. The abjyito access binding energies
of the whole manifold of populated electronic states maketsthe most important source
of information on the electronic structure of matter [27]. Bice the method can be used
to obtain information on populated electronic states, it ca also access excited states if
these have previously been populated.

To populate an excited state with an ultrashort laser pulserad probe the ensuing

reaction with a second pulse after a variable time-delay, the central idea of pump-
probe spectroscopy. Molecular pump-probe spectroscopyabtes us to watch chemical
reactions in real time, which is the essence of the novel edf femtochemistry [5] and

femtobiology [6]. The foundation for this was the groundbiking work of Ahmed H.

Zewail on pump-probe spectroscopy [5]. With femtosecond sp@scopy the excited

state dynamics in photoreactions can be directly observenhcluding transient states

that are inaccessible with static techniques. The observis are often optical signals.
For example in transient absorption spectroscopy the obsable is the change in probe
pulse absorption, induced by the pump pulse.

If the photon energy of the probe pulse is su cient to eject ectrons from the sample, the
transient photoelectron spectrum becomes accessible. Bhiemtosecond pump-probe
spectroscopy is combined with photoelectron spectroscoplyhe resulting method is

capable of resolving electronic and vibrational dynamica molecules. The photoelectron
probe gives direct access to binding energies, which ofteielgls a much more intuitive

physical picture [7].

In this chapter I will provide a brief overview of time-resoled photoelectron spectroscopy.
| will review the concepts of molecular physics and photochmstry, which are relevant
to the presented work, and give an overview of the theory of Hezular electronic states
and molecular orbital theory. This review is largely basedroDemtreder's textbook
on molecular physics [28] and Carlson's review of photodi®n spectroscopy [27].
Additionally I will introduce the computational methods, used in this thesis to calculate
ionization energies of molecules. The brief review of deydiunctional theory in section
2.2 is based on Lewars' 2016 textbook on computational chestny [29]. Whenever
examples are useful to illustrate the discussed conceptsyill use the water molecule,
since its electronic con guration is important in later chaters of this thesis.
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2.1 Molecular Electronic Structure

The properties of a molecular system are governed by the Sstinger equation. In a
complete quantum mechanical description, the Hamiltonianepends on the degrees of
freedom of all nuclei and electrons. Additionally, the deges of freedom are coupled
by the electron-electron repulsion, the inter-nuclear regsion, and the attraction of
electrons and nuclei.

Already for the simplest molecule, the hydrogen ion consiaty of two protons and a
single electron, the Schrdinger equation cannot be sotl@analytically. Therefore any
description of the electronic states of complex moleculeasto rely on approximations,
the rst of which is typically the Born-Oppenheimer approximation. It exploits the
fact that the electrons are orders of magnitude lighter thamhe nuclei and can respond
almost instantly to any change of the position of the nucleiTherefore one can consider
the electrons as moving in the potential of the xed nuclei. i a system with xed
nuclei the kinetic energy of the nuclei can be neglected andet inter-nuclear repulsion
can be treated as constant.

With this powerful approximation the nuclear and electroniadegrees of freedom are
decoupled. Then eigenfunctions,(r) of the purely electronic HamiltonianHo with
eigenvaluesk,, exist for any xed nuclear geometryR. The electronic part of the
Schmdinger equation becomes

|40 n(r) = En(r;R) n(r) (2.1)

with n as the principal quantum number of the electronic states. Téenergy eigenvalues
E, still depend parametrically on the nuclear geometry, thefere the energy of each
electronic state can be seen as multidimensional surfacetire space of the nuclear
coordinates. By reintroducing the kinetic energy of the nuei Ty, the nuclear part of
the Schredinger equation becomes

h [

-ﬁN +En(R) o (R)=En n (R) (2.2)

with  as the quantum number of the nuclear wavefunctions,. . In this equation
the energyE, acts as a potential, which is whyE,(R) can be seen as a potential
energy surface on which the nuclei move. The nuclear wavettions . describe the
rotational and vibrational states of the corresponding eronic state.

While this is already a great simpli cation, the electronic Haniltonian at a xed
geometry still contains the full electron-electron interetion. For large molecular systems
with many electrons this makes a solution of the electronicapt of the Schredinger
equation nearly impossible, even for a xed nuclear geomgtrThe next step towards a
solution is the independent particle approximation, whiclconsiders a single electron in
the potential of the nuclei and in the averaged potential oflaother electrons. The
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result is an electronic wavefunction i(r;) for each electron which depends only on the
coordinates of that electron. This one-electron spatial wafunction is called an orbital.
In atoms every orbital is characterized by the principal quatum number n, the angular
momentum quantum numberl, and the magnetic quantum numbem, analogous to
the wavefunctions of the hydrogen-atom. For a given princg quantum numbern the
other quantum numbers have the ranges=0::n 1andm = |::|. Atomic orbitals
with | =0;1;2;::: are designated as; p; d; ::rorbitals. The hydrogen atom is the only
system for which the atomic orbitals can be calculated anailgally. For other atoms
the orbitals can be approximated, for example, by the hydram wavefunctions.
According to the Pauli exclusion principle every orbital carcontain two electrons
with opposite spins. The electronic ground state of a systemith N electrons is the
con guration, where the N=2 orbitals with the lowest energies are occupied. In many
casesN is even, meaning that the total spin is zero and the ground d&ais a singlet
state. Doublet states are states with a total spin of32, i.e. an odd number of electrons.
Triplet states have a total spin of one, i.e. two electrons Wi parallel spins.

2.1.1 Molecular Orbitals

The usual approach to obtain approximate solutions for mobelar orbitals is by means
of a linear combination of atomic orbitals (LCAO). Figure 2.1lillustrates this, using
the water molecule as an example. The hydrogen atoms each ohive one electron in
an s-orbital, so the wavefunction of H can be symmetric () or anti-symmetric ().
The oxygen atom has 8 electrons in the con gurationsf2s?2p*, where the D-orbital
is split into three contributions, due to three possible vales of the magnetic quantum
number.

The linear combination of the atomic orbitals can now form mecular orbitals with
lower or higher energy than the initial atomic orbitals as sbwn in gure 2.1. Orbitals
with a lower energy than the atomic orbitals are bonding whal orbitals with a higher
energy are anti-bonding. Orbitals which maintain the shapera energy of the atomic
orbital are non-bonding, like the Iy, orbital of the water molecule which maintains the
shape of the oxygen [&-orbital.

The molecular orbitals of water are no longer labeled accang to quantum numbers,
but rather according to the symmetry of the molecular orbith The water molecule
belongs to theC,, point group, meaning that the molecular orbitals can be labed as
a;, ap, by and b, according to their symmetry. In the photon energy range cowed in
the experimental part of this thesis, the highest three ocgied orbitals are relevant.
These are, from higher to lower binding energy, the O-H-bondij, 2p-like 1b, orbital,
the slightly-bonding mixed O(20)O(2s)H(1s) 3a; orbital, and the non-bonding, out-of-
plane lone-pair b, orbital [13]. The shapes of the orbitals from a density funiinal
calculation are also shown in gure 2.1 (details of the compational method are given
in section 2.2).
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Fig. 2.1: a) Water orbitals arising from a linear combination of oxygen and hy-
drogen orbitals. b) High resolution photoelectron spectrum of gas-phase
water (adapted from ref. [30]). The orbital shapes from density functioral
theory (see section 2.2) are shown at the corresponding photoelectron
peaks.

Large organic molecules often have no symmetry and thus theirbitals cannot be
categorized relying on the symmetry of the entire moleculdn this case it is useful
to further categorize the interaction of the atomic orbitas by their symmetry with

respect to the bond connecting the atoms. Orbitals which argymmetric with respect
to rotation around the bond axis are designated with . Bonding -orbitals have no
nodal plane between the nuclei, while anti-bonding -orbitals have a nodal plane
perpendicular to the bond axis. -orbitals are the result of overlappings-orbitals or

p-orbitals in the direction of the bond axis.

p-orbitals perpendicular to the bond axis form bonding - and anti-bonding -orbitals
depending on their relative phases. The-orbitals in conjugated systems are often
delocalized and span large parts of the molecule. In most gbactive organic molecules
these extended -systems are responsible for large absorption cross-sas and thus
for the photophysical and photochemical properties of the ohecule.

p-orbitals which do not form - or -bonds largely maintain the shape of the atomic
orbitals. These non-bondingn-orbitals are also called lone-pair orbitals due to their
weak interaction. Non-bonding orbitals, for example on gr@s containing nitrogen

atoms, have a strong in uence on the photochemistry of orgammolecules, as will
become apparent in the study of the amino-azobenzene dyekgpgter 5).
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2.1.2 Photoelectron Spectroscopy

Photoelectron spectroscopy is the most direct method to olih information about

the energies of molecular orbitals. In the technique, eleons are promoted from an
occupied molecular orbital into the continuum, usually wih a single high energy XUV
or X-ray photon. The observable is the kinetic energy of the egted photoelectrorEy;, .

This kinetic energy is the di erence between the photon engy and the ionization

energy, i.e. the energy necessary to eject the electron. Té®re the ionization energy
for a known photon energyh is directly given by

IE = h Ekin (23)

Koopman's theorem states that this measured ionization ergy for a molecular orbital
is equal to the binding energy of the electron in its orbitalyhile all other molecular
orbitals are not in uenced by the ionization. This treats the ionization as instantaneous
and neglects any in uence of electronic relaxation of the moon the photoelectron
energy. In this approximation the photoelectron spectrumidectly maps the energies of
the orbitals. If the ion however relaxes on the timescale ohé¢ photoemission, reacting
to the change in electronic states due to the missing electrothis relaxation energy
can be transmitted to the electron. In that case the measurekinetic energy is higher
than the binding energy of the molecular orbital.

Additionally the ion will not necessarily be left in the groun vibrational state af-
ter photoionization. In the framework of the Born-Oppenhener approximation the
transition probability in photoionization depends on the @erlap between the initial
vibrational state and the vibrational levels of the ionic sate. This is known as the
Franck-Condon principle. For ionic states with a di erent potential energy surface
E.(R)(M the overlap can be largest between the zero vibrational ldwvef the neutral
state and a higher vibrational level of the ionic state.

In this context it is important to di erentiate between the adiabatic binding energy
and the vertical binding energy. The adiabatic binding engy is the energy di erence
between the neutral molecule and the completely relaxed negular ion. In contrast, the
vertical binding energy is associated with the maximum of # measured photoelectron
band, which is the transition energy to the ionic vibrationallevel with the highest
transition probability.

These concepts are schematically illustrated for a systenitivtwo molecular orbitals in
gure 2.2. The ionic ground stateE;(R){°") corresponds to removing an electron from
the highest occupied molecular orbital (HOMO) in gure 2.2. The potential energy
surface ofE;(R)(°™ has its minimum at a nuclear geometry, which is similar to the
minimum geometry of the neutral ground state. Therefore thé&ansition probability is
highest for the ground vibrational level and the adiabatic ad vertical binding energies
are similar.
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Fig. 2.2: Principle of photoelectron spectroscopy in the gas phase and in solutiofor
a system with two orbitals. Schematic photoelectron spectra are stwn on
the left, illustrating the di erence between adiabatic and verti cal binding
energies (see text). The phase transition shift of the ground state isot
shown, the shifts of the rst and second ionic state are E; and Eo.

The second ionic stat&,(R)(°"), corresponding to removal of an electron from the lower-
lying orbital, has a di erent equilibrium geometry. Thus the schematic photoelectron
spectrum shows more peaks from vibrational transitions anthe di erence between
the adiabatic and vertical binding energy is substantial.

Usually ionic states with the electron removed from a non-baiing orbital have a
similar equilibrium geometry and therefore high cross-ssans for ionization to the
ground vibrational level of the ionic state. The change in eglibrium geometry caused
by the removal of bonding electrons is larger, therefore theansition to the ground
vibrational level will often not have the highest cross-séon. This e ect is clear in
the photoelectron spectrum of gas-phase water, where ongwf vibrational peaks are
observed for the non-bonding l4;-orbital, while there is a long vibrational progression
on the peak assigned to ionization from the bondinga3 orbital (g. 2.1b).

So far the discussion considers an isolated molecule. For aletule in solution the

in uence of the solvent has to be included, which changes tmeeasured binding energy.
The polarization of the dielectric around the ion decreasdlke energy of the ionic states
relative to the vacuum level signi cantly. In general thereis also a shift of the ground

state energy, but it is small in comparison.

The photoionization process is usually too fast for solvemeorganization to play a
role, therefore the measured binding energy is the energyeatence of the solvated
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molecule and the ion in the polarized environment without & reorganization. This
decreases the molecule-ion energy gap and therefore yidtiger binding energies ( g.
2.2). The di erence in binding energy is known as phase traii®n shift, which is the
same for all orbitals if only the polarization e ect is congiered. In this polarization
model the in uence of the individual molecular orientationis neglected. However in
liquid water hydrogen bonding has a large impact on the orlkat energies. Sophisticated
computational methods are needed to accurately predict theect of the condensed
phase on individual molecular orbitals [13, 31, 32].

2.2 Calculation of lonization Energies with Density
Functional Theory

Most computational chemistry methods rely on the linear cobination of atomic orbitals
as a basis. Thus accurate representations of the atomic ddis are a prerequisite.
Hydrogen-like wavefunctions have radial nodes and are thé&wee not particularly
suitable for computational treatment. Therefore modern aoputational methods rely
on approximation of the atomic wavefunctions with Gaussiafunctions. In this approach
an atomic wavefunction is approximated by a linear combinan of Gaussian functions,
usually centered on the nucleus. In computational chemistrsuch an approximate
wavefunction is called a basis function and a nite set of b&sfunctions constitutes a
basis set.

The complexity of the basis set is determined by both the nunds of Gaussian functions
used for the tting of a single atomic orbital and by the numbe of atomic orbitals
included in the calculation for a particular element. For eample the so-called "minimal”
basis set STO-3G uses three Gaussian functions to approxima single atomic orbital.
For a hydrogen atom STO-3G then includes a single basis furan for the 1s-orbital.
For elements fromsLi to ;oNe the 1s, 2s, and 2 orbitals are included. This group
includes for example oxygen, so for the water molecule thiadis set would include all
atomic orbitals depicted in gure 2.1.

Calculations using the minimal basis set often fail to accutaly reproduce experimen-
tally determined molecular properties. One reason for this that the spreading of an
atomic orbital into the molecule is not described well with aingle basis function. The
single basis function falls 0 too quickly with the distancefrom the nucleus. This can be
overcome by splitting the basis function for each atomic oital into two contributions,
one for the inner shell and one for the outer shell. The outehsall function falls of more
slowly and thus provides the exibility to adjust the spreadng of the atomic orbital.
The basis sets with split basis functions are called doubketa if each function is split
into two contributions, triple-zeta if it is split into thre e contributions, and so forth.
Another improvement of basis sets is based on the inclusionta§her-lying, unoccupied
atomic orbitals. The basis functions of these higher-lyingrbitals are in this context
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known as polarization functions, since they allow the eletn distribution to be
displaced along a speci c coordinate, i.e. polarized. Suehbasis set would for example
include the unoccupied 8-orbitals for an oxygen atom.

2.2.1 Density Functional Theory

There are many computational methods that aim to solve the 8mdinger equation. In
these wavefunction-based, so-calleb initio techniques, the accuracy of the calculation
is determined by the necessary approximations and the qugliof the basis set. Density
functional theory (DFT) follows a fundamentally di erent approach. The main idea is
to describe molecular properties using the electron densfunction (r). The advantage
of this approach is a far lower computational cost comparea &b initio methods, while
the results are in many cases comparable. Another advantagktiois approach is that
the electron density is an actual physical observable, thatan be measured for example
in X-ray di raction experiments.
The central theorem of DFT, rst published by Hohenberg and Koh [33], states that
molecular properties are functionals of the electron demgi This means that there
is, for example, a functionalE[ (r)], which returns the correct ground state energy
of the system. The theorem however merely proves the existenof this functional
and does not give a method for constructing it, which is the o&al problem of DFT.
Additionally the electron density is also unknown. The mostuccessful way to deal
with this problem is the method devised by Kohn and Sham. Therst step is to
express the total ground state energy as

z

E[]=T01+  ()v(r)dr + Ve o] (2.4)

whereT is the kinetic energy of the system. The integral term is thelassical energy
of the electrons in the electrostatic potential(r) of the nuclei. Ve is the electron
repulsion potential energy. The next step is to introduce actitious reference system, in
which electrons do not interact, but which has exactly the sae unknown ground state
electron density as the real system. With this the kinetic energy can be express as

T[ ]: Tref[ ]+ T[ ] (2-5)

where T] ]is the di erence between the real and the reference kinetenergy. The
electron repulsion term can be rewritten by integrating owethe repulsion between
in nitesimal volume elements

ZZ

-y 0o

S drdro+ Ve[ | (2.6)

with a correction term Ve[ |-
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The correction term mainly needs to mediate the problem thain a charge density
description an electron will repel itself, which is obviolg unphysical. The ground
state energy can then be written as
Z ZZ
1 ry (r
E[]= Twes[ ]+  (r)v(r)dr + = ) ) %drdr°+ Exc (2.7)

2 jr rg
with both correction terms comprised in the exchange-coilation energy E,.. The
exchange correlation energy is now the only term includindpé elusive energy functional.
The kinetic energy of the non-interacting reference systeoan be rewritten introducing
the Kohn-Sham (KS) spatial wavefunctions

1R
T[]= = h XSjr2j ksj (2.8)

Substituting this kinetic energy into equation (2.7) and erploying a variational approach
leads to the KS-equations

%r 2puny+ Dy, Ko Ks ks (2.9)

jrorf

wherev,. is the exchange correlation potential, which is a functionalerivative of the
exchange correlation energy. The part in brackets is also éuvn as the KS-operator
ks . The DFT algorithm for the solution of the Kohn-Sham equatios is:

1. The initial guess for the electron density is calculated fro a superposition of the
basis functionsf g.

2. Using the electron density, an initial guess fov,. is calculated. In this step the
approximate exchange correlation functionak,. is needed.

3. With the initial guesses for the density and the potential an pproximate KS-
operator fikS is calculated.

4. The KS-matrix elements are calculated on the basis set, iI.&, = h fixs ] mi.

5. Diagonalizing the KS-matrix yields the rst approximation of the energy eigen-
values X5 and the wavefunctions K5, expanded on the basis set.

6. The rst iteration of the KS-orbitals is used to calculate animproved electron
density .

The steps 2-6 are then repeated until a speci ed convergenicereached. The quality of
the result then obviously depends largely on the speci c elxange correlation functional.
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The number of developed DFT functionals is tremendous, and i$ out of the scope of
this thesis to provide an overview. It should be noted that &lfunctionals employed
in the calculations for this thesis use the meta-generalizegradient approximation
(meta-GGA). Within this approximation the functional locally depends on the electron
density as well as its rst and second spatial derivatives. Aditionally some hybrid
functionals are used. In hybrid functionals the energy futional includes a certain
percentage of the so-called Hartree-Fock exchange energjgis is a correction of the
classical Coulomb repulsion term by reintroducing "Pauliepulsion”.

It should be noted that molecular orbitals are intrinsicaly not included in DFT, but
are reintroduced as the KS-wavefunctions. These KS-orbisaare similar in shape and
symmetry to the orbitals obtained with wavefunction-baseanethods. Therefore they
provide a good basis at least for a qualitative discussion ofbital properties [34].

2.2.2 Calculation of lonization Energies in Solution

Before ionization energies can be calculated the equilibnn geometry of the molecule
in question has to be determined, since DFT operates on xed olear coordinates.
The equilibrium geometry is characterized by a minimum in t@l energy, thus nding
it with DFT is quite straightforward. Starting at an approxim ate geometry the spatial
derivatives of the total energy can be used to nd the minimunon the potential energy
surface.

In principle the Kohn-Sham DFT calculation provides moleculaorbitals 5 and
orbital energies KS. According to Koopmann's theorem these orbital energies shid
directly correspond to the vertical ionization energies dhe molecule, and no further
calculation would be necessary. Since the KS-orbitals aretrtrue wavefunctions, this
simple approach is not su cient. While the shape and orderingf DFT orbitals is
correct in many cases, the orbital energies are often poorpapximations for the vertical
lonization energies.

The energy for ionization from the highest occupied moleaurl orbital (HOMO) can be
found using a di erent approach. A separate DFT calculation bthe ionized molecule,
i.e. with one electron removed, gives the ground state engrgf the ion. The di erence
between the ground state energies of neutral and ionized raolle then provides a
better value for the HOMO ionization energy. Because ionizan is considered too
fast for structural rearrangement, both calculations are @formed on the optimized
geometry of the neutral molecule to obtain the vertical ioiation energy.

This method is used for the calculations of vertical bindingnergies in this thesis, but
it obviously only works for ionization from the HOMO. Binding energies of lower-lying
orbitals are obtained under the assumption that the spacingetween the KS-orbitals
corresponds to the spacing between the real molecular oddg. Thus all orbitals are
corrected by the same energy shift, which is the energy di ence between the KS-energy
of the HOMO and the HOMO binding energy calculated with a DFT calalation of
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the ion. There is some justi cation for this assumption, sine DFT often produces
quite accurate values for the gap between the highest occa@iand lowest unoccupied
molecular orbitals. This way the full photoelectron spectrm can be calculated at least
qualitatively.

The DFT described so far considers an isolated molecule. Thare two basic methods of
including the solvent in quantum chemistry calculations, glicit and implicit solvation.
For explicit solvation, solvent molecules are placed arodrthe solute molecule. Since
it is usually too costly to include the solvent molecules in a fuquantum-mechanical
calculation, explicit solvation is often treated with moleular mechanics (MM) or mixed
methods of quantum and molecular mechanics (QM/MM).

The option used in this thesis is implicit solvation, which faces the solute in a cavity
within a continuous dielectric medium. A key problem in thisso-called conductor-like
polarizable continuum model (CPCM) is the shape of the cavitySpherical cavities
are rather crude models for most molecules. A more sophistied model is that of
the exposed surface of overlapping spheres placed at eachlews. The radius of the
spheres is determined by the van-der-Waals radius. In re¢egmplementations, the
surface is then smoothed by projecting a large number of pgiyns onto it [35].

The CPCM includes three contributions to the solute-solvedrinteraction energy. The
cavitation energy is the energy needed to create the cavityfhe dispersion energy
accounts for attractive or repulsive van der Waals forces. hE electrostatic energy
accounts for the electrostatic interaction between solutend solvent. The cavitation
and the dispersion energy are calculated using empiricallvas and only depend on
the cavity surface area. The electrostatic energy is evaliea by placing polarization
charges on the cavity surface and calculating the electrositainteraction between the
molecular charges and the polarization charges [29].

As mentioned before the choice of the appropriate functionand basis set for a
particular problem is a highly complex topic. For this thes the choice is based mainly
on a recent publication by Isegawa and coworkers [36]. In thpublication various
computational methods, including several DFT functionalswere benchmarked for the
calculation of ionization energies of organic molecule6]3 HOMO ionization energies
were calculated both in vacuum and in agueous solution usitige CPCM.

For geometry optimization Isegawa and coworkers [36] chode meta-GGA functional
TPSS [37] and the def2-TZVP basis set [38]. Therefore this nmetd of geometry
optimization was chosen also for the calculations in this #sis. Of the density functionals
tested in ref. [36], the Minnesota hybrid functional M06-24%39] produced the best
results regarding ionization energies. Therefore this fational, together with the
def2-TZVP basis set, is used for the DFT calculation of ionizain energies. All DFT
calculations presented in this thesis are performed usingrgion 4.0.1 of theORCA
program system [40].

As an example, | will consider again the water molecule. The @®etry optimization
is performed with the TPSS functional on the def2-TZVP basises. A vacuum
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DFT calculation at the M06-2x/def2-TZVP level of theory yields values of 10.77 eV,
12.78 eV, and 16.43 eV for the KS-energies of the highest odedgipmolecular orbitals.
This is far from the experimental values of 12.6eV, 14.8eV, ark8.6eV [41]. The
correction energy extracted from the DFT calculation of thedn is 1.90eV. Therefore
the corrected ionization energies are 12.67 eV, 14.68 eV, ai®l3B eV and thus much
closer to experimental values.

2.3 Molecular Dynamics upon Electronic Excitation

So far only occupied molecular orbitals have been considéreBut absorption of a
photon can transfer an electron into an unoccupied molecularbital. The system is
left in an electronically excited state, with a hole in one athe former occupied orbitals
and an electron in a previously unoccupied orbital. The sysin relaxes and dissipates
the energy, for which multiple mechanisms are available aft excitation.

To discuss the possible relaxation dynamics, it is importarto take into account
that the minimum of the excited state potential energy surfee is not necessarily
at the same nuclear geometry as the minimum of the ground stapotential energy
surface. Excitation, similar to ionization, occurs vertially, i.e. without a change
in the geometry. The transition probability is proportiond to the overlap of the
initial and nal wavefunctions, therefore electronic exdation is often combined with
vibrational excitation. Especially ultrashort laser pulgs can excite many vibrational
modes coherently, due to their large spectral bandwidth.

Since the excitation leads to a non-equilibrium geometryjextronic relaxation is usually
accompanied by changes in the molecular geometry. Conicalersections are points in
the nuclear geometry landscape where two potential energyriaces cross. At these
points the system can pass from one electronic state into aher. This radiationless
transition between electronic states is called internal owersion. An internal conversion
accompanied by a spin- ip is de ned as intersystem crossingneaning, for example,
the transition from an excited singlet state to an excited tiplet state. While internal
conversion typically occurs on timescales from femtosedsnto a few picoseconds,
intersystem crossing is typically associated with timestss of hundreds of picoseconds.
The ground state potential energy surface can have multiplenergy minima, corre-
sponding to multiple stable or meta-stable ground state getetries, also known as
isomers. Radiationless relaxation pathways can leave theotacule in a di erent isomer.
To simplify the description of isomerization pathways, thechange in geometry is often
considered to occur along a single reaction coordinate, fexample a rotation around a
speci ¢ bond.

Complementary to the radiationless pathways, molecules calso undergo relaxation
to the ground state by emission of radiation, i.e. uoresca®. Fluorescence typically
occurs on nanosecond timescales. Since internal convardimescales are orders of
magnitude faster, it is usually assumed that uorescence oars after internal conversion
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to the lowest excited singlet state. The energy di erence h&een the absorbed photon
and the emitted photon is known as the Stokes-shift.

After the relaxation to the electronic groundstate, remaimg vibrational energy can be
dissipated as heat. In solution vibrational energy can aldwe transferred to the solvent.
The ground state vibrational relaxation in solution is usuly associated to timescales
of around ten picoseconds.

Pump-probe photoelectron spectroscopy aims to follow theydamics after excitation on
all involved potential energy surfaces. The simplest schenof pump-probe spectroscopy
uses two short laser pulses with a tunable delay between theffhe rst pulse excites
the sample, initiating the dynamics which are then probed wh the second short laser
pulse after a delay time t. In all-optical techniques the observable is often the chge
in probe pulse absorption caused by the pump pulse. This teulque can observe
molecular dynamics after excitation through observablege the bleach of ground state
absorption, the rise and decay of excited state absorptioand stimulated emission. A
rigorous analysis of various detection schemes and the eggel signals can be found in
[42].

2.3.1 Visible-Pump, XUV-Probe Photoelectron Spectroscopy

In time-resolved XUV photoelectron spectroscopy the probe the ionization by a
single high energy photon and the observable is the photoeti®n kinetic energy as
discussed in the previous section. As a simple example | wiinsider a system with
two excited states and a single ionic state. For such a systdime potential energy
curves along a generic reaction coordinate are schematigahown in gure 2.3.

For simplicity | will assume that the visible pump pulse exdes the molecules exclusively
into the second excited state. In the simpli ed model the send excited state only
relaxes to the rst excited state with a rate constantk,. From the rst excited state
the molecules relax exclusively to the ground state with a ta constantk;. For this
system the rate equations are

dN

= Peump(ONo() + kiNa(D)
dN

dN

TZ = Ppump(t)NO(t) KoN(t)

with the populations of the ground stateNy, the rst excited state N;, and the second
excited stateN,. The function Ppyyp is the time-dependent transition probability from
the ground state to the second excited state, which is proparnal to the envelope
of the pump pulse. Usually pulses with Gaussian envelopes agsumed both for the
pump- and the probe pulse. The system of rate equations can selved numerically to
obtain the time-dependent populations of all states.
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Fig. 2.3: Principle of visible-pump XUV-probe photoelectron spectroscopy for a
system with two excited states and a single ionic state. If the XUV puke
arrives before the pump pulse, only the ground state peak is detecte(D).
For short positive delays one expects an excited state peak (2) together
with a depletion of the ground state signal. For longer delays the signal
of the intermediate state rises (1). The delay dependence of the @ected
signals is also shown for a sequential decay (see text).

At a delay t after the pump pulse the probe pulse ionizes the sample anc@js
electrons with a kinetic energy, linked directly to the engy of the states. The model
assumes that ionization only goes to a single ionic state atitat the ionization cross-
section is the same for all states. Under this assumption theldy-dependent signals are
proportional to the populations of the states, convoluted #h the Gaussian envelope
of the probe pulse.
The expected signals for this model system are shown in gué&3, based on the
numerical solution of the rate equations (2.10). The secorekcited state in the example
is populated by the Gaussian pump pulse and decays with a siegime constant
= 1=k,. As shown in ref. [42], its signal can then be expressed withettanalytical
function

A 2 t t
S( t)= 5 exp Z—CZ — 1 +erf Ps— p% (2.11)
cC

where . is the width-parameter of the cross-correlation of the pumpand probe pulse.
This function will be used in this thesis as a model functionat retrieve decay constants
from the measured signals.
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In cases where a single decay constant is not su cient to mob#he measured signal,
biexponential decays will be modeled with a sum of two expomtélly decaying signals.
This served as a good approximation for cases where signatsf two excited states
overlap.

The model of well-separated signals with exponential decapnstants is idealized. It
is apparent from gure 2.3 that the geometry of the potentialenergy surfaces of the
excited states and the ionic state will in uence the signalsThe photoelectron spectrum
of a single excited state can shift to lower kinetic energy wh the system relaxes
to a minimum on the potential energy surface. Also the posslly of ionization to
multiple ionic states has to be considered. Therefore acete simulation of pump-
probe photoelectron data demands knowledge of all involvgubtential energy surfaces,
including the ionic states.

However, pump-probe photoelectron spectroscopy has somgnscant advantages
over optical pump-probe techniques like transient absorjgn spectroscopy. If the
photon energy of the probe pulse is high enough, the electrorground state can
be ionized and ground state dynamics can be observed. Therséent signals from
excited states and the ground state are clearly separated @mergy and can therefore
be distinguished without ambiguity. Additionally, while ionization cross-sections may
vary, photoionization knows no true "dark" states as they eist in absorption. Any
populated molecular state can be ionized and therefore obsgsd [7].
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3 Time-Resolved Photoelectron Spectroscopy of
Liquids

The application of time-resolved photoelectron spectrospy to liquids has a fundamental
problem. Photoelectron spectroscopy relies on the transfef electrons to a detector
without scattering, but evaporation from a liquid surface ¢ads to a higher pressure
and hence scattering probability. Since liquids are voldé samples with a high vapor
pressure, the pressures that can be reached in the presenta tree liquid surface are
incompatible with transferring electrons to a detector wihout scattering. On the other
hand any pressure below the vapor pressure will turn a freguiid surface into ice via
evaporation and subsequent freezing caused by the energyslo

These di culties were rst overcome in the work of Hans and KaiSiegbahn where a
free- owing jet of formamide was used to obtain the rst phobelectron spectra of a
liquid [43]. The jet delivers a clean, constantly refresheejuid surface into the vacuum
and is small enough to maintain the necessary vacuum condgitis. Liquid laments of
water, and various alcohols, were rst introduced by Faubehnd coworkers [11]. Since
then the technique was used for multiple studies of liquid wer [10, 12, 13] and solvated
electrons [44{47]. Liquid jet studies using XUV pulses are #tmainly performed at
synchrotron facilities, but recently light sources basednohigh harmonic generation
have been implemented for studies on liquids and solvated lacules [48{50].

This chapter discusses the implementation of femtosecond XUphotoelectron spec-
troscopy on such a liquid jet. The XUV pulses are generated viaigih harmonic
generation. A time-delay-compensating XUV monochromator igsed to select a single
harmonic from the high harmonic spectrum. The chapter stastwith a brief discussion
of the monochromator setup, but since the monochromator wakesigned and imple-
mented for a previous PhD-thesis, | refer to the thesis of M&an Eckstein [17] for more
details. Section 3.2 covers the liquid jet setup. The liquiget assembly is described,
focusing on the modi cations that were made to improve the eomercial Microlig-
uids system. Photoelectron spectra are acquired with a magnetiottle time-of- ight
spectrometer [18], the calibration and performance of wiids described.

Once operational, the photoelectron spectrometer can beaasto collect photoelectron
spectra of water and other solvents. The results from photteetron spectroscopy of
liquid water are presented in detail in section 3.3. The biridg energies of water in
the gas phase as well as in the liquid phase are measured indj@agreement with
literature values. Further experimental challenges are sliussed in this context related
to electrostatic, electrokinetic, and light-induced spae charge e ects.

Section 3.4 discusses XUV-only photoelectron spectroscopyotiier solvents. These
measurements are the rst step towards extending the techoie to solvents other
than water, which is challenging due to di erences for exanh@ in vapor pressure and
viscosity.
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Fig. 3.1: Simpli ed schematic of the experimental setup. A beamsplitter (BS) splits
the laser pulse into two pulses, one for high harmonic generation (HHG)
and one for second harmonic generation (SHG). The wavelength selection
stage of the XUV monochromator consists of two toroidal mirrors T1 and
T2 and the rst grating. The toroidals T3 and T4 and the second grating
constitute the recompression stage. The XUV and second harmonic foci
overlap on the liquid jet.

Furthermore pump-probe photoelectron measurements of vetare presented in section
3.5, using both 800 nm and 400 nm pump pulses. Multiphoton i@ation of water by
the pump light is observed. To be able to distinguish water ghals from molecular
signals, a careful characterization of the intensity depeence of these single-color
spectra, and of pump-probe signals from water, is essentialhe only pump-probe
signal found in water is the so-called laser-assisted phetectric e ect in liquid and
gas phase water, which is observed both with 800 nm and, altngh two orders of
magnitude weaker, with 400 nm pump light.

3.1 Optical Setup

A schematic of the experimental setup is shown in gure 3.1. Aommercial titanium
sapphire ampli er system @Aurora, Amplitude Technologieg provides ultrashort laser
pulses with a pulse energy of up to 20mJ at a repetition rate dfkHz. Typically pulse
durations of 20-30fs can be achieved at a central wavelength795 nm. The pointing
of the laser output beam is actively stabilized with a commeial system TEM Aligna),
thus allowing for stable operation for days. Only part of theulse energy (3-5mJ) is
used for the monochromator setup described in this sectioiihe pulse is split into a
pump pulse, used for second harmonic generation, and a prgidse, used to generate
the XUV pulse.

In the pump arm the beam diameter is reduced with a telescopei 3cm to 1.5cm.
Approximately 1 mJ of pulse energy is used for second harmormgeneration (SHG).
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The SHG setup consists of an 800 nm half wave plate and a 5@ thick BBO-crystal
[51]. No additional focusing optics are used, so the 400 nmhiigs generated from a
collimated beam. This reduces the conversion e ciency to aund 15%, i.e. a maximum
output pulse energy of ca. 150J. Due to the high density of the liquid jet target
and the absorption cross-section of the investigated moldes this was found to be
su cient, which justi es the simplied SHG scheme.

3.1.1 High Harmonic Generation

In the XUV arm, a telescope reduces the beam diameter to 1cm. Theparate
telescopes for the pump and probe beams allow for indepentdadjustment of the
divergence in both arms. This proved highly useful to matchhe positions of the pump-
and probe-beam foci along the propagation direction. The pbe pulse (2-3mJ) is then
used for high harmonic generation.

Phase-matched high order harmonic generation was discoarin 1987, when Ferray
and coworkers observed the emission of XUV radiation upon fatag a high intensity
pulsed laser beam into a rare gas target [8]. The spectrum dfet emitted radiation
showed peaks at odd multiples of the laser frequency. Furtimeore the harmonic
intensity did not exhibit the expected decrease with harman order but showed a
plateau of practically constant intensity up to a sharp cute frequency.

A deeper understanding of the high harmonic spectrum camettwithe introduction of
a quasi-static model [52, 53] separating the process intor¢ge steps, namely ionization,
acceleration, and recombination. The ionization step is ¢ated in the tunneling regime,
l.e. quantum mechanically. After ionization, the electrond described as a free electron
in the laser eld, neglecting the eld of the ion. For linearly polarized light it can
be shown that half the electrons return to the ion within the rst laser period after
lonization. The returning electron can recombine with thean, which is accompanied
by the emission of radiation. In a multicycle laser pulse theadiation emitted from
multiple cycles interferes constructively for odd multipés of the driver frequency and
destructively for even multiples, leading to a high harmouispectrum with peaks at
odd harmonics. The high harmonic structure in the spectrum gans that the high
harmonic radiation is also periodic in the time-domain, lading to a attosecond pulse
train [52].

Although high order harmonic generation has been observedanvariety of gas-phase
and solid state materials since its discovery, most applitans rely on noble gases as
generation medium. In the experiments for this thesis maplargon and krypton are
used. The 800nm laser pulse with a typical energy of 2-3mJ clised into a gas
cell with a dielectric focusing mirror (focusing length 6&.cm, not shown in g. 3.1).
The pressure in the 6 mm long gas cell is actively stabilizedttva commercial control
system MKS Systemg. Typical pressures in the cell are 20 mbar for krypton and
40 mbar for argon.
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3.1.2 Time Delay Compensating XUV Monochromator Setup

The full harmonic spectrum, while very useful for transienabsorption spectroscopy
[54] and the generation of attosecond pulse trains or isodat attosecond pulses [55], is
not ideal for photoelectron spectroscopy, where a de ned pton energy is required.
This issue can be overcome by selecting a single harmoniangstli ractive optics. The
result is a femtosecond XUV pulse with a duration similar to thaof the IR input pulse.
This is achieved by the time-delay compensating monochrotoa.

The optical layout of the time-delay compensating monochmator is based on conical
di raction and was rst introduced by Poletto and coworkers [56]. Due to the low
conversion e ciency of high harmonic generation [57], a caial parameter in XUV
optical systems is the transmission e ciency. In a conical idaction con guration and
with an appropriate blaze angle, e ciencies in the rst dir action order of up to 70% of
the re ectivity of the grating material can be reached [58]. Other methods to spectrally
Iter XUV light are for example multilayer mirrors [59], transmission zone plates [60]
or re ection zone plates [61]. Although the time-delay-comgnsating monochromator is
the most complicated of the schemes listed above in terms gftical setup, it o ers the
highest degree of wavelength tunability, a feature espeltjaimportant for experiments
using the XUV as pump pulse [62].

In the monochromator setup used in this thesis an aluminum 100 nm, Lebow) is
inserted after the high harmonic generation, transmittinga large part of the generated
XUV light but blocking the co-propagating IR. It is used when tke XUV light is
transmitted in zero order, for example to measure the XUV speaatim. When the
gratings are in the position to transmit the rst di raction order to the target, the lter
can however be removed since the IR and XUV are separated aftéet rst grating.
This increases the XUV transmission by a factor of 2-5 dependjron harmonic order
and the age of the aluminum Iter, whose transmission decreas when it is oxidized.
The rst stage of the monochromator consists of a toroidal mior collimating the XUV
light (T1), a grating in conical di raction con guration, a nd a second toroidal mirror
(T2), focusing the beam onto a slit, all under grazing incidece. At this point the
wavelength selection is complete and one could refocus the X¢am after the slit
directly onto the target.

However the di raction on the rst grating leads to a phase frant tilt, which signi cantly

a ects the pulse duration of the XUV pulse. Since this is a purglgeometrical e ect
it can be compensated by a second monochromator stage, whistan exact mirror
image copy of the rst stage. It has been shown that the compssion stage shortens
the duration of the XUV pulse signi cantly and that the entire setup can reach a time
resolution close to the duration of the initial 800 nm pulsel[7].

The XUV monochromator that is implemented at the Max Born Insttute features
three sets of gratings with grating constants of 150, 300, dr600 lines/mm and blaze
angles of 3.4, 4.3, and 7.0 respectively, optimized for di erent energy ranges. The
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Fig. 3.2: Schematic of the liquid jet endstation. The chamber housing the ligid
jet is directly attached to the monochromator vacuum system. The punp-
and probe-beam foci are overlapped with the liquid jet in the interaction
region of the magnetic bottle time-of- ight electron spectrometer.

transmission and spectral resolution of all gratings werexensively characterized in
gas-phase experiments using a velocity map imaging specteter. Unless otherwise
speci ed the data for this thesis was acquired using the 15hés/mm grating, mainly
for its higher transmission of the lower harmonics (i.e. haronics 11-17). In typical
operation the XUV bandwidth is approximately 0.5eV, the XUV ux is around 510°
photons per pulse, and the pump-probe cross-correlation49-50fs [17].

3.2 Liquid Jet Endstation

Figure 3.2 shows a schematic of the liquid jet endstation. Thaain vacuum chamber,
housing the liquid jet, is directly attached to the chamber bthe monochromator
vacuum system, which houses the compression stage. An alunmmtube with an
inner diameter of 7mm connects the last chamber of the monoomator to the main
liquid jet chamber. This scheme, similar to a di erential pumping stage, helps to
maintain pressures below 1¢ mbar in the monochromator chamber with the liquid jet
in operation. Since the output beam of the monochromator isxed in space, it cannot
be aligned to the liquid jet. Therefore the entire liquid jetsetup is designed such that
it can be moved with sub-millimeter precision in all three dnensions.

In gure 3.2 the laser pulses propagate in the positive-direction, the liquid jet ows
from the nozzle to the catcher in the negative/-direction, and the photoelectrons
are guided into the spectrometer in the positivex-direction. The pump and probe
beams enter the chamber non-collinearly under an angle ofmpximately 0.5. They



30 3 - Time-Resolved Photoelectron Spectroscopy of Liquids

are overlapped with the liquid jet in the focus of the magneti bottle time-of- ight
spectrometer. The two photographs in gure 3.2 show the intaction region. The top
photograph shows it from the point where the laser beam exitbe liquid jet chamber,
in a typical alignment of the liquid jet. The second camera (bttom photograph) views
the catcher from an angle in they; z-plane and is used to align the liquid jet into the
catcher.

3.2.1 Liquid Jet Assembly

The rst version of the liquid jet assembly used for the exp@ments presented in this
thesis is a commercial product fromMicroliquids GmbH [63]. A commercial high
pressure liquid chromatography (HPLC) pump is used to pump # sample from the
sample bottles to the nozzle, where the liquid lament is foned. Before the HPLC
pump the sample can be selected with a polyether ether ketofREEK) selector valve,
allowing switching between up to eight samples during a rummg measurement. The
HPLC pump has the advantage that a set owspeed is maintainedithh an accuracy of
5%. The pump adjusts the piston speed, and therefore the psese in the tubing after
the pump, accordingly.
Going from capillaries with smaller diameter to capillarie with larger diameter can help
to reduce pressure oscillations caused by the piston moverheln the system presented
here an approximately 1.5m long capillary with an inner diamter of 0.127 mm is used
directly after the pump, followed by an approximately 20 cmdng capillary with an
inner diameter of 0.762mm. Inlet lters in the sample bottls and two inline lters in
the HPLC pump and before the feedthrough to the vacuum systenrgvent dust from
entering and blocking the nozzle channel.
The fused silica liquid jet nozzle is held in place by a staieds steel nut on a polyte-
tra uoroethylene (PTFE) seal. The nozzle has an inner diamet of typically 18 m at
the tip leading to a liquid lament of approximately 15 m in diameter [64]. Typically
a owspeed of 0.5ml/min is set at the pump. This yields presses in the range of
20-30 bar, measured with the pressure sensor of the HPLC pungmd a streaming
velocity of about 30 m/s.
In vacuum the liquid lament starts breaking apart into droplets after a decay timet;;
which depends on the density, the surface tension , and the dynamic viscosity of
the solvent used. According to ref. [65], the decay time is @n by

O0s 1

t|j =12 @ U4 (31)

for a jet with diameter d; . For the streaming velocity and the diameter given above thi
means that a water jet will remain intact for approximately 35 mm. In the arrangement
presented here the liquid jet travels a distance of 4-5mm tbugh the main vacuum
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Fig. 3.3: Photograph and 3D construction drawing of the new design of the liquid
jet assembly, that was developed as part of this thesis. The nozzle hotd
and the fused silica nozzle are the only parts from theMicroliquids
assembly still in use. The entire assembly is held on a single 12.7 mm
stainless steel tube, which can be moved manually in the, y and z
directions with manipulators outside the vacuum chamber (not shown)

chamber after which it exits the high vacuum through the 200m ori ce of a heated
copper catcher. This decreases the pressure in the inteniact region further, since
the full break up of the jet takes place inside the catcher. Adtionally a cold trap
lled with liquid nitrogen is used to further reduce the presure by freezing the solvent
evaporated from the liquid jet. With this approach a pressuréelow 10 *mbar can be
maintained in the liquid jet chamber when operating the liqid jet with water.

The liquid is collected below the catcher in an evacuated bit#, cooled with an ice water
mixture to keep the collected liquid below its room temperafre vapor pressure. It was
found that the sample collection is only feasible with waterFor more volatile solvents
like ethanol, cooling of the collection bottle to temperattes below the respective boiling
point at the pressure of the collection bottle would have to & implemented.

In the Microliquids setup the liquid jet assembly is mounted on a three axis manifator
used to manually align it to the XUV beam and the photoelectrongectrometer. The
catcher is mounted on a separate equivalent manipulator. Thconstitutes the main
weakness of the original construction. Any alignment of theduid jet to the laser beam
or the spectrometer focus region has to be made with both mauiators simultaneously,
which inherently carries the risk of the jet missing the cateer ori ce. When the
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jet misses the catcher ori ce, the result is a sharp rise in ember pressure due to
evaporation and often a complete interruption of the expament caused by freezing
of the jet. In the worst cases also freezing of the liquid irde the nozzle is observed,
damaging the nozzle and halting operation for several hourgurthermore separate
mounting of the liquid jet and the catcher reduces the mechaal stability of the jet
relative to the catcher, also increasing the risk of missinifpe catcher ori ce.

As part of this thesis a new liquid jet assembly was designedjrang to correct the
weakness of the original design. Figure 3.3 shows a 3D constron drawing and a
photograph of the newly designed liquid jet catcher assemtbin the vacuum chamber.
In the new design the liquid jet and the catcher are mounted ggether on a single
12.7 mm stainless steel tube, which also connects the catched the collection bottle.
The entire assembly can be moved in all three dimensions withanipulators outside
the vacuum. The liquid is supplied by a exible peek capillar connected to a xed
vacuum feedthrough. The redesigned catcher is mounted on taisless steel tube
heated by Thermocoax wire wound around it. It can be alignedbdtthe liquid jet via
a Newport x,y translation stage using two picomotors with a travel rage of 10 mm.
Flexible PTFE tubing connects the catcher tube (6 mm OD) to the abe guiding the
liquid to the collection bottle.

With the improved design, the alignment of the liquid jet to the laser beam and the
photoelectron spectrometer is independent of the jet-cdter alignment. This improves
not only the alignment and stability in long measurements, lt also makes it possible
to change the liquid jet position during measurements to irestigate the liquid and
gas phase contributions separately, as will be discusseddietail in section 3.3. In the
new design the distance between the nozzle and the catchenmat be adjusted in
vacuum anymore. This adjustment is however only necessanh&n switching solvents
and therefore having to perform it in air is not a signi cant dsadvantage.

3.2.2 Magnetic Bottle Time-Of-Flight Spectrometer

The magnetic bottle time-of- ight (TOF) spectrometer was invented by Kruit and Read
[18]. A strongly divergent magnetic eld is used to paralléte photoelectron trajectories
into a small divergence beam, ideally with an acceptance dagf 2 . If the high
magnetic eld region, in which the electron trajectories a& parallelized, is su ciently
short, the device is suitable for TOF measurements. In thisase the depen%ence of
the TOF on the emission angle is negligible and the TOF is praptional to 1= Eyj, .
The large acceptance angle leads to a much higher collectieiency than can be
achieved in eld-free TOF spectrometers [66].

The magnetic bottle spectrometer used in the experiments ggented here is similar
to the designs published elsewhere [64, 66]. The magnetidd Ebottle” is induced by
a permanent magnet and copper coils wound around the ight tae. The permanent
magnet with a soft iron pole generates a strong magnetic elghpprox. 0.5T) in the
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interaction zone. The copper coils induce a weak homogensauagnetic eld, which
leads to the diverging eld to parallelize the electron tragctories. Typically a current
of 0.9 A was applied to the coils. The ight tube is approximatey 0.76 m long. It is
separated from the main liquid jet chamber by a skimmer with @iameter of 0.5 mm.
The skimmer and the outer tube, surrounding the coils, are nda of -metal, thus
shielding the ight tube from external magnetic elds.

A grounded gold mesh electrically terminates the ight tubebefore the photoelectron
detector. The electrons are detected with a chevron-type orochannel plate (MCP)
detector. The front of the MCP is held on a positive accelerain potential of approxi-
mately 300V with respect to ground, to increase the detectioe ciency. Typically a
voltage of 2100V is applied to the back of the MCP, meaning thahe ampli cation
potential is 1800V. A phosphor screen behind the MCP is held anconstant voltage
of 3000V and used as anode for electron detection.

The electronic signal on the phosphor screen is coupled oweo a highpass lter,
consisting of a 2.2 nF capacitor and a 50k resistance. Thegmal is ampli ed by a
factor 10 using a fast ampli er Philips 6954-B-10), and detected on a 1 MHz PCI
digitizer card (Acqiris AP 240). The trigger signal for the digitizer is supplied by a
photodiode, detecting the 800 nm input laser pulse. This wahe electron arrival time
relative to the laser pulse can be obtained.

The initial detection scheme yielded a FWHM of over 10 ns for sifegelectron signals,
which would limit the resolution for higher kinetic energis. This response was found
to be caused by the capacitances between the phosphor screed the MCP. The
single electron pulse FWHM could be improved to 4-5ns by increag the distance
between the MCP and the phosphor screen from initially 1 mm td mm and tting the
assembly with insulating screws to decrease the capacitanc

To align the electron spectrometer to the xed focus positio of the monochromator,
the entire liquid jet chamber can be adjusted in all three dimnsions. Additionally the
magnet position can be adjusted with three stepper motors talign it to the ight
tube entrance. In other setups employing a magnetic bottlepectrometer to study
photoemission from liquids with UV ionization, the magnetidottle is adjusted by
using it as a spatial imaging device and obtaining a focuseshage of the liquid jet in
the interaction region [64]. This is however not necessaryhen XUV pulses are used,
since the XUV pulse ionizes di use gas phase targets and the nmagic bottle can be
adjusted by optimizing the resolution, i.e. minimizing thepeak width for a given gas
phase photoemission line. The initial measurements for gfiment and calibration of
the magnetic bottle spectrometer were carried out with niwmgen, argon, and helium
gas targets, injected into the vacuum chamber through the s#e liquid jet nozzle.
Figure 3.4a shows TOF photoelectron spectra of gas phase neolar nitrogen, obtained
using the 13th harmonic (20.3 eV). The digitizer signal is acigred for each laser shot
and averaged to obtain what is referred to as "averaging motspectra. Simultaneously
the arrival times of single electron hits surpassing a certathreshold (usually 6 mV)
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Fig. 3.4: Photoelectron spectra of nitrogen obtained with the harmonic 13 (20.3 eV).
a) The TOF trace shows that the counting mode saturates at approxi-
mately 120 cts/s at the repetition rate of 1kHz. b) After calibration and
conversion to binding energy (see text) the photoelectron spectmm is
consistent with ref. [67]. The sharp peak at a binding energy of 19.3eV
probably corresponds to electrons re ected from the magnet, which aive
at long TOF.

are detected in the acquisition software. The sum of the detied hits over their arrival
time gives the "counting mode" spectra. In TOF ranges wherenhte electron signal is
su ciently weak to distinguish individual electrons, the counting mode suppresses the
analog noise, for example from the digitizer, and increast®e signal-to-noise ratio
e ciently.

The averaging and counting mode spectra in gure 3.4a are ded to overlap for the

photoelectron bands associated to th&- and B-state at longer TOF. In the high

energy (i.e. short time of ight) band associated to theX -state the counting mode
signal is signi cantly lower than the averaging mode signalThis is caused by the
saturation of the counting mode, which sets in when the sighaxceeds approximately
120 counts per second in a single channel (1 ns). With the lagepetition rate of 1 kHz

this corresponds to an average of 0.12 counts per laser shot.

The cause of the saturation is the probability of overlappig electron peaks in the
single shot signal, which cannot be distinguished as indaual counts. Assuming that

electron peaks falling into the same 6 ns range cannot be segiad, the decrease in
signal due to overlapping peaks can be estimated with the Bspbn distribution function.

Under this assumption a signal of 0.18 cts/shot would be de@ged by approximately
30% and a signal of 0.06 cts/shot would still be detected as S&eaker in the counting

mode. This estimate agrees well with the measured saturatioa small decrease in the
A-state photoelectron peak at 70 cts/s is also visible in gu 3.4.
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Fig. 3.5: Calibration curve measured with the harmonics 11-21 using the vertical
binding energies of theX, A, and B ionic states of molecular nitrogen
[67]. The residuals show that the error in the energy calibration is
below 0.1eV. The extracted calibration parameters are:itp =0.7 2.2ns,
Sp =76.8 0.6cm andEg=0.51 0.03eV.

From the scaling factor a conversion factor between averagi mode and counting mode
signals can be extracted which is approximately 30 cts/s/mVThis means, in good
agreement with measured single-shot spectra, that the aege area of a single count is
30pVs.

Another e ect observed in the TOF traces is that the averagingnode signal drops to
negative values for long time-of- ight values, an e ect thais strongly reduced in the
counting mode. The e ect increases with higher count ratesind is therefore probably
linked to the response of the detection electronics to higheurrents. This distortion of
the low kinetic energy part of the photoelectron spectrum isowever irrelevant for this
setup, since the signals of interest are at the high energycenf the spectrum.

The three bands in the photoelectron spectrum of gure 3.4 cespond to ionization
from the 3 4, 2 ,, and 2  orbitals, which are labeled as theX, A, and B ionic
states respectively. In a He Il photoelectron spectroscopyusly Baltzer and coworkers
reported vertical binding energies of 15.58 eV, 16.93eV, anél.75eV for these ionic
states [67].

The known vertical binding energies yield three TOF valuesitih a known electron
kinetic energy, which can be used for calibration of the eleon spectrometer. The
photoelectron spectrum of nitrogen is measured for sevetarmonics to obtain cali-
bration points covering a wide range of kinetic energies. €hcalibration function of
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the photoelectron spectrometer is given by

oM s
kin 2 t tO

Eo (3.2)

wheremg is the electron mass. The calibration parameters are the Ig-time o set to,
the travel distancesy, and an energy o setE, [64]. Figure 3.5 shows the calibration
curve obtained with nitrogen and several harmonics using twof the monochromator
grating sets. The calibration measurement spans an energgnge of 15eV and the
deviation from the calibration curve for all points is belowi 00 meV. With this calibration
curve, any TOF spectrumS(t) can be converted to a kinetic energy spectrum

3
S(Ewn) = SO 2 33)

The result of this conversion is shown in gure 3.4b, where thintegrated peak area, now
in cts/s/eV, is the same as before in cts/s/ns. The convertedoectrum agrees remarkably
well with the spectrum measured with He Il radiation [67], whih demonstrates the
high signal-to-noise ratio and resolution of the magneticditle spectrometer.

The peaks associated with the vibrational progression of éfA-state have a width of

approximately 0.3 eV, meaning that the resolution is limitedoy the monochromator

rather than the electron spectrometer [17]. For higher kinie energies the resolution
decreases due to the width of single electron signals. Foraexple, the peak of
the X -state obtained with the harmonic 21 has a width of approxintaly 0.7 eV.

At a kinetic energy of approximately 17 eV and factoring in tk resolution of the

monochromator of approximately 0.5eV this corresponds to 8OF spectrometer

resolution of approximately 3%.

3.2.3 Electrostatic Charging

The fused silica liquid jet nozzle is insulating and can thefore charge up during
measurements. The generated electric eld in uences the ptoelectron trajectories on
the way to the spectrometer entrance (g. 3.6). The in uenceamounts to an energy
shift observed in the photoelectron spectra which depends the position of the nozzle.
Figure 3.6 shows the energy shift measured for the positionstbe X, A, and B bands

of nitrogen with harmonic 15 (23.5eV) upon moving the nozzlepu(y-direction).

To model the charging e ect, the eld is assumed to be that of goint charge with

chargeQ at the nozzle tip (G y). The x-component of the eld is then given by

E= 2p X (3.4)

4 o XZ+y?
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Fig. 3.6: The insulating liquid jet nozzle can charge up in experiments, whth
leads to a shift of photoelectron peaks when the nozzle is moved up
(y-direction). The eld of the charged nozzle is modeled with the eld of
a point charge (see text). The t with equation (3.5) yields a total charge
of 160 20pC and a zero position of 7.6 2 mm, where the zero position
is the y-position, where the nozzle tip would be in the laser beam.

and the energy di erence accumulated by the electrons traleg to the skimmer in
x-direction is !

ZS
Qe 1 1
E = dx = p———— = 3.5
OEX 4 0 I"’Sz_'_y2 y2 ( )

with the distance s from the interaction region to the spectrometer entrance. d¥
the vertical movement this model can be t to the measured emgy shift, giving a
y-position of approximately 4 mm for the lowest measured pdimand a total charge of
approximately 160 pC. From camera images the lowest meastingosition can however
be estimated to be 1-2mm. Additionally charging-induced sft$ above 1 eV are never
observed in the liquid jet experiments. The simple point clrge model seems to
overestimate the charge and underestimate the distance, ivh is expected since the
charge is distributed vertically.

The electrostatic charging can be removed by coating the nde surface with graphite
spray [14, 64]. In gas phase tests this was found to remove thect entirely. The
graphite spray is however slightly water soluble and very Wesoluble in ethanol. Thus
coating the nozzle causes problems in liquid jet measurengrespecially when working
with solvents other than water. As evident from gure 3.6, theshift is the same for
electrons originating from di erent molecular orbitals. This means that the shift is
independent of the electron kinetic energy. Therefore by quairing daily calibration
curves using the photoelectron spectrum of water, a proca@udiscussed in the next
section, the shift can be corrected and the graphite spray ot needed.
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Fig. 3.7: Photoelectron spectrum obtained with harmonic 17 (26.5eV) incident on
the liquid jet running with water. The spectrum consists of contributions
from water vapor, liquid water, and secondary electrons.

3.3 Photoelectron Spectroscopy of Water

The photoelectron spectrum obtained with harmonic 17 (266/) incident on the
liquid jet is shown in gure 3.7. The spectrum consists of ttee contributions, namely
photoelectrons from water vapor, from liquid water, and soalled secondary electrons.
Since the liquid jet has a diameter of approximately 15m and the XUV focus diameter
is around 100 m, a strong contribution of electrons of gas phase water, earated
from the jet, is to be expected. The gas phase water spectruransists of the three
peaks labeled asi?, 3al?, and 182, according to the highest three occupied water
orbitals introduced in section 2.1. The binding energies tiie valence orbitals of gas
phase water are well-known from photoelectron spectrosgoand are 12.6eV, 14.8eV,
and 18.6eV for the by, 3a;, and 1b, orbitals respectively [41].

The clearest liquid water signal in the spectrum in gure 3.7s the peak with the highest
kinetic energy labeled i’. The peaks from the liquid &, and 1b, orbitals overlap
with the gas phase water signals. The rst measurement of thenization potential of
liquid water orbitals was carried out in 1997 [11]. Since timeseveral studies [12{14]
have re ned not only the values of the vertical binding eneiigs but also improved the
understanding of the e ects leading to the di erences betvwen the gas phase and liquid
phase photoelectron spectra. The main observation is a pleagansition shift of all
photoelectron peaks to lower binding energies and a broadap of the liquid peaks
with respect to the gas phase measurements. Tha;3eak is strongly broadened and
a splitting of the orbital, as it is observed in ice, is suggtsd [13, 14].

The peak at low kinetic energy is attributed to secondary etérons, which have lost
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kinetic energy by scattering on water molecules inside thiguid jet. The kinetic energy
of the secondary electron peak is independent of the harmorarder, i.e. the photon
energy [11]. It can therefore be easily identi ed by measung spectra with various
harmonic orders.

3.3.1 Charging E ects and Energy Calibration

In photoelectron spectroscopy with femtosecond laser patslarge numbers of electrons
are ejected from the sample by every single laser pulse. Espdy for solid state
targets this can lead to high electron densities in proximytto the sample and a
subsequent distortion of the spectrum by the Coulomb reputs between the electrons.
In photoelectron spectra this mainly results in broadeningf the peaks [68, 69]. The
liquid jet is a high density target and the source region is siaso e ects of the space
charge have to be considered.

A simple test for light-induced spectral distortions can bgerformed by varying the
XUV intensity. This can be accomplished for example by insertg the aluminum Iter
or using di erent slit widths, which changes the XUV photon ux. For a variation in
count rates by an order of magnitude, no spectral broadening the water peaks is
observed. The peak broadening seems to be well below the imsic resolution of the
XUV monochromator or the natural peak width of water photoeleiton peaks.

While the light-induced charging is hence negligible, anoén charging e ect is caused
by the interplay of the aqueous solution and the fused silicgurface inside the nozzle
channel. Upon contact with water the silica surface becomegdrated, meaning that
silanol groups (SiOH) dissociate to form SiO-groups on the surface and §D* ions in
the agueous solution. This leads to a negative surface charlg0]. In a static situation
a layer of positive counterions is subsequently formed oneémegatively charged silica
surface [70, 71].

In the nozzle channel the fast ow of the liquid can carry awayons from the layer
of counterions, meaning that the liquid jet itself carries xxess positive charges [72].
Simultaneously negative charges di use in the opposite dicton on the silica surface,
which becomes conductive upon hydration [73]. The streangncurrent is usually
de ned as the current owing with the liquid jet, i.e as positve when the liquid carries
excess positive charges. That this e ect, known as electriaktic charging in the
liquid jet community, can produce a constant streaming cuent, is also supported by
measurements in silica nanochannels [74].

In the rst liquid jet experiments with metallic nozzles it was already discovered that
electrokinetic charging of the jet constitutes a problem B]. The charged liquid surface
generates an electric potential with respect to the groundespectrometer entrance.
This so called streaming potential can, depending on its sigaccelerate or decelerate
photoelectrons generated close to the surface. The meashetectron kinetic energies
are then o set by the energy di erence acquired in the potemél of the charged liquid
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Fig. 3.8: a) TOF calibration using the peak of the 1b; orbital of gas phase water
and the harmonics 11-23. The obtained calibration parameters arg=7 ns
(xed), sp=76.7 0.3cm, andEp=0.3 0.1eV.b) Calibrated photoelectron
spectrum of water obtained with the 17th harmonic.

surface. Faubel and coworkers [75] investigated the elemtmetic charging in metal
nozzles and found that addition of salt to the aqueous solain can suppress the
electrokinetic charging.

Systematic investigations on electrokinetic charging irused silica nozzles and its e ect
on photoelectron spectra were conducted by Preissler andvakers [72] and Kurahashi
and coworkers [14]. For pure water a positive streaming cemt on the order of tens of
nA is measured, depending on the owspeed. The sign of the eteis well established
[14, 72], but the magnitude of the energy shifts observed imptoelectron spectroscopy
is so far inconsistent with the measured streaming current$n both studies [14, 72] a
decrease of the streaming current with increasing salt cardration is found. A salt
concentration of 30-100 mM, depending on owspeed, yieldss&reaming current of
zero and accurate photoelectron energies [14, 72].

In the experiments presented in this thesis a concentratioof 60 MM NacCl, dissolved
in demineralized water, is used to remove electrokinetic @tfging. There can however
still be energy shifts of photoelectron peaks on the order séveral 100 meV caused by
residual electrokinetic charging as well as electrostataharging. Therefore day-to-day
changes in the energy calibration need to be monitored androected. This is easily
implemented using the liquid jet signal itself and the welknown energy of the b, peak
from ionization of gas phase water.

Figure 3.8a shows a calibration curve obtained by measuringater photoelectron
spectra with the harmonics 11-23. In liquid jet experimentthe electron spectrometer
also detects XUV light, scattered on the liquid jet. This phota peak, which is absent
in gas phase measurements, can be used to x the TOF-o s&f in the calibration. The
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photoelectron spectrum of water after calibration ( gure 3b) agrees with photoelectron
spectra measured at synchrotron facilities [12], factomnin the lower energy resolution
of the XUV monochromator.

3.3.2 Decomposition of Liquid Jet Photoelectron Spectra

After calibration the spectrum can be decomposed into the tiee contributions discussed
earlier, i.e. a gas phase water signal, a liquid water signaind a secondary electron
signal. The decomposition yields the possibility for a quaitative comparison of the
acquired liquid water spectra with existing synchrotron dia. Additionally the total
count rates from liquid and gas phase water can be extracted.

To obtain spectra of only the gas phase contribution, the ligid jet can be moved out
of the XUV beam. Relative to the calibration which is valid for te liquid spectrum,
the acquired pure gas phase spectra are shifted in energy. ishift is caused by
electrostatic and residual electrokinetic charging. To ndael the gas phase contribution
of the complete liquid jet spectrum, the measured gas phasgestrum is therefore
shifted by an energy E and scaled to account for the lower vapor density further
from the liquid surface.

To model the liquid water contribution of the spectrum one hato rst consider the
condensed phase e ects on the photoelectron spectrum in readetail. The e ects
which are considered as reasons for the changes in the phtgogon spectrum are
electronic polarization, surface dipoles, and hydrogen bading.

Electronic polarization means the screening of the moleaulion by the polarizable
dielectric solvent, as discussed in section 2.1. This sanegy e ect causes a shift of all
photoelectron peaks to lower binding energies. This is thenhinating e ect with an
estimated shift of 1.4 eV, a value which alone already reprodes the experimentally
observed shifts [12]. The e ect of orientation of water motailes on the surface (i.e.
surface dipoles) is estimated to be 100 times weaker and igtéfore negligible [12].
While the rst two e ects are equal for all orbitals, the impact of hydrogen bonding
can in uence all orbitals di erently. The theoretically predicted e ect is a splitting of
the electronic levels, which mainly a ects the &, orbital. This splitting, while visible
in the spectrum of ice, where the hydrogen bonding structurie more homogeneous, is
assumed to be smeared out by the larger disorder in liquid veat[12, 13].

To extract vertical binding energies for the orbitals of ligid water, the peaks associated
with the 1b, and 1b, orbitals are usually modeled with single Gaussian peaks wia
width, which is increased compared to the gas phase [12]. Tassignment of binding
energies to the two contributions of the liquid &; photoelectron peak, for example in
ref. [14], relies on tting with two Gaussian peaks, under th assumption that the two
contributions have the same intensity and width.

This amounts to a total of 4 Gaussian peaks to model the liquidiater spectrum. Due
to the strong gas phase contribution it proved not feasibleot t the measured spectrum
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to obtain the vertical binding energies of the overlappinge8 and 1b, orbitals. The
binding energies and widths of these peaks are therefore k& the most recent values
from Kurahashi and coworkers [14]. Only theld peak is modeled with a Gaussian
peak with free parameters for the vertical binding energy ahthe width.

The secondary electron distribution can be described as
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1+erf Epé—EO 197 (3.6)
with the intensity 1o, the peak energyEo, and width  of the distribution before
scattering, and the exponential damping factor [11]. Due to the negative signal at
long time-of- ight, visible at low kinetic energies (see g 3.7), the parameters of the
secondary electron function cannot be reliably extractedApart from the intensity
the parameters are therefore xed to the values from ref. [lli.e. E; = 0:94eV,
=0:74eV,and =2:11eV.

To summarize, the following contributions and parametersra used to model the liquid
jet photoelectron spectra:

Gas phase peaks:
The measured gas phase spectra are separately tted with #&@ Gaussian peaks
to retrieve their relative energies, widths, and amplitude To model the vapor
contribution in the gas+liquid-spectrum only two parametes are used to adjust
the measured gas phase spectrum: an energy shifE and a scaling factor.

Liquid phase peaks:
The 1b(l') peak is well-resolved and can be tted with a Gaussian funan retrieving
peak position, width and amplitude. For the 3!’ and 15’ peaks the only free
parameters are the two amplitudes, while the peak positiorend widths are xed
to the values from ref. [14].

Secondary electrons:
The secondary electron peak is modeled using the formularfrequation (3.6).
The only free parameter is the intensity, all other paramets are xed to the
values from ref. [11] as given above.

The photoelectron spectra measured from the liquid jet are odleled using a sum of
these three contributions yielding a total of eight t parameters. The peak positions
and the signal of the gas phase and liquid phase contributisnretrieved from the t,
are shown in table 3.1. The ts for harmonics 15 and 19 are shovin gure 3.9.
Overall the binding energies obtained for the valence orlils of water vapor in table
3.1 agree well with literature values [12, 41]. Whenever thenldling energies deviate
by more than 0.1 eV from the reference values, for example fie harmonic 19, the
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Fig. 3.9: Photoelectron spectra of liquid and gas phase water obtained with the
15th harmonic (a) and the 19th harmonic (b) are modeled with the
tting procedure described in the text. The model function contains the
measured gas phase spectrum, which leads to the noise visible on the
(red curve). All extracted t parameters are listed in table 3.1.

deviation is consistent over the whole spectrum. It is probdp caused by residual
charging and can be corrected by shifting the entire spectmuin energy.

The measured peak widths for gas phase water are larger thdretpeak widths reported
by Winter and coworkers [12]. This is however consistent witthe larger energy
bandwidth of the XUV pulses obtained from the XUV monochromator.The total
signal of the individual peaks shows no strong photon energgpendence and changes
in count-rate are mainly caused by changes in XUV intensity. Faexample with the
harmonic 15, a total count rate of approximately 700 electrs per laser shot from gas
phase water is observed.

The variance of the liquid water 1y, orbital binding energy is larger than that of the
gas phase binding energies. Averaged over several harmomied corrected for the
shifts, extracted from the gas phase measurements, the meattical binding energy is
11.18eV. This agrees with the value reported in ref. [12] ragh than with the value in
ref. [14]. The total liquid water signal, for example meased with the harmonic 15,
amounts to approximately 500 electrons per pulse.

3.3.3 Probing Depth and Signal Estimates

A recurring question in the liquid jet community is the depthfrom which electrons
can be extracted out of liquid water, i.e. the mean free pathMFP) of electrons in

water. The mean free path of electrons depending on the elemst kinetic energy can
be approximately described by the so-called universal c@\76]. This universal curve,
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Table 3.1: The photoelectron spectra of liquid and gas phase water, measured witheveral
harmonics, are modeled with the procedure described in the text Binding energies and
widths are extracted for all gas phase peaks and compared to literature vaks. The binding
energy of the Iy orbital is used for calibration. For the liquid phase spectra the bindng
energy and FWHM is extracted only for the 1b-peak, while the position and width of the
other peaks is xed to the values reported in ref. [14]. For the harmonic2l the gas phase
water spectrum was not measured, therefore the spectrum obtained Wi the harmonic 23
was used, shifted accordingly.

gas phase
by 33y 1b,
IP [eV] FWHM [eV] cts/shot IP [eV] FWHM cts/shot IP [eV] FWHM [eV] cts/shot

Ref. [12] 12.60 0.30 14.84 1.18 18.78 1.75
H13 12.67 (+0.07) 0.68 186 14.90 (+0.06) 1.50 24(Q
H15 12.60 (+0.00) 0.75 164 14.86 (+0.02) 1.60 226 18.86 (+0.08) 1.95 320
H17 12.55 (-0.05) 0.79 126 14.79 (-0.05) 151 162 18.89 (+0.11) 2.15 242
H19 12.83 (+0.23) 0.85 38 15.06 (+0.22) 1.37 37 19.15 (+0.27) 2.29 62
H21 12.41 (-0.19) - 121 14.70 (-0.14) - 107 18.62 (-0.16) - 149
H23 12.61 (+0.01) 1.18 65 14.89 (+0.05) 1.45 57 18.82 (+0.04) 2.15 79

Liquid Phase
Ref. [14] 11.31 1.45 13.09/14.48 1.63 17.41 2.41
H13 11.47 (+0.16) 1.74 167 417
H15 11.24 (-0.05) 1.66 152 91 242
H17 11.19 (-0.12) 1.73 136 71 123
H19 11.38 (+0.07) 1.71 18 13 22
H21 10.88 (-0.43) 1.69 44 30 58
H23 11.06 (-0.25) 1.67 22 5 25

validated as an approximation by measurements on a multiteof materials, has a
minimum around 30 eV and rises towards lower electron eneggi According to this a
MFP of 0.5 to 1 nm is to be expected for the energy range importaim this experiment
(approx. 10-25eV). However it is established that a materialependence cannot be
ignored completely [77]. Recent experimental [78{80] anti¢oretical [81] results show
that the concept of a universal curve is not su cient for the pobing depth in liquid
water.

Most studies show that the MFP curve in the energy range covetdere is relatively
at, with more recent studies [79, 80] giving a value of appsamately 2 nm. Therefore
photoelectron spectroscopy of aqueous solution with XUV ligltannot strictly be
called surface-sensitive. On the other hand it is also somieat questionable to speak
of bulk solvation for large, nanometer-scale molecules. &hopic of surface versus bulk
molecular concentration will be treated in more detail in sgion 4.2.
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Fig. 3.10: a) The origin of photoelectrons from the jet. The density of incoming
photons is assumed to be homogeneous, therefore one can consider a
horizontal cut through the jet. The detection e ciency depends on the
point of origin r = (x;y;z) and the direction of electron emission (,

). b) Calculated origin of photoelectrons in polar coordinates from a
horizontal cut (see text).

In the case of XUV photoionization the mean free path is not therdy signi cant
parameter. The absorption cross-section of gas phase waitethe relevant wavelength
range is approximately 20 Mb [82, 83]. In liquid water a simal absorption cross-section
can be assumed for photon energies above 20eV [84]. Under #isumption the XUV
intensity is decreased to less than 0.2% after a travel distee of 100 nm in liquid water.
Therefore the photon density in the liquid jet has to be condered as well to estimate
the probing depth and the expected photoelectron signals.

The geometry used to calculate the estimated signals and jiog depths is shown in
gure 3.10a. In Cartesian coordinates the laser travels irhe direction of thez-axis,
the liquid jet is oriented in the y-direction and the spectrometer entrance is in the
positive x-direction.

For a cylindrical liquid jet segment of radiusR and length! 3 a uniform density of
incoming photonsng = No=(2R! o) in the y; z-plane is assumed. With this the photon
density at any point inside the jet is

Non(X;2) = Noe (3.7)
whered = z + P R?2 x2 is the distance traveled inside the jet, is the absorption
cross-section of water and is the number density. In the XUV photon energy range
covered here the absorption cross-section of water is essdly equal to the ionization
cross-section.
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Therefore the density of electrons detected from a point wiitn the liquid jet is equal
to the density of absorbed photons multiplied by the deteabin probability P (x; z).

Ne(X;Z) = € N pn(X; 2)P(X; 2) (3.8)

The detection probability depends on the distancé the electron has to travel to reach
the jet surface. For an electron originating at a pointX; z) and emitted in the direction
(; ) this distance is

1 ,
——  XCOS  Zzsin

Y
+ ( xcos zsin )2+ R?2 x2 z2 (3.9

where is the azimutal angle from the y-axis and is the angle in the &; z)-plane (see
g. 3.10a). The probability p for an electron to reach the surface without scattering is
then given by

p(x;z; ; )= e '(xzphi)=le (3.10)

wherel is the mean free path of an electron in liquid water. For the tal detection
probability P(x;z), equation (3.10) needs to be integrated over the solid amg|

Z Z

1 d sine 'z )= (3.11)

P(x;z) = )
0 0

where the integration over is limited to a half circle, such that only electrons with
a nonzero component of their velocity pointing towards thekeimmer are considered.
This integral can be evaluated numerically via a simple MostCarlo integration with
uniform sampling to obtain P(x; z). The density of detected photoelectrons can then
be obtained by multiplication with the photon density accoding to equation (3.8).
The resulting electron density for a mean free path of 2nm arah ionization cross-
section of 2010 *¥cn? is shown in polar coordinates in gure 3.10b. Evidently most
electrons (over 75%) originate from the quadrant¥ 2; ] of the liquid jet, which is
pointing towards the spectrometer and the incoming XUV pulse.

From the calculated detection probability one can obtain amverage probing depth of
approximately 1 nm. Furthermore an exit e ciency of 2.6% carbe estimated, meaning
that 2.6% of the generated electrons exit the liquid jet witbut scattering and traveling
towards the spectrometer. Calculation of both parameter®f liquid jet diameters from
10 to 20 m show no signi cant dependence on the radius.

For a typical monochromator output ux of 5 1P photons per pulse, of which
approximately 10% are incident on the liquid jet, approximtely 10000 electrons exit
the jet without scattering. In the previous section, howewe count rates from liquid
water of approximately 500 were measured. The reason forghdiscrepancy is probably
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Table 3.2: Characteristics of a few common organic solvents. The density, the vapqeressure,
and the polarity are taken from ref. [85]. The viscosity and the surface tesion are from ref.
[86]. The gas phase ionization potentials are extracted from ref. [87].

Solvent Formula Density Vapor Pressure Surface Tension Viscosity  Polarity ohization Potential
[g/ml] (25 ) [mbar] (20 ) dyn/cm (25 ) [cP] (25) (relative) [eV] (gas phase)
Water H,O 0.998 17.5 72.7 0.89 1.000 12.6
Ethanol C,yHgO 0.789 59 22.0 1.07 0.654 10.6
Acetonitrile C,H3N 0.786 97 28.7 0.37 0.460 12.2
Heptane GH;6 0.684 48 19.8 0.39 0.012 9.9
Cyclohexane GH12 0.779 104 247 0.89 0.006 9.9
Dimethylsulfoxide C,H¢OS 1.092 0.6 42.9 1.99 0.444 9.1
Toluene GHg 0.867 29 27.9 0.56 0.099 8.8

that the estimate assumes a solid collection angle of 2or the magnetic bottle. In a
similar magnetic bottle con guration and for the same phota energy range considered
here (20-50eV), Kothe and coworkers [66] measured collentie ciencies ranging
from 5-8% rather than 50%. The decreased collection anglecagused by the small
skimmer aperture, which is the same in the setup implementedr this thesis. The
lower collection e ciency gives a ten times lower estimatefdlO00 electrons per pulse.
Additionally the transmission of the grid in front of the photoelectron detector and the
detection e ciency of the MCP detector itself are not incluced in the estimate. With
this in mind, the measured signals from the previous secti@agree quite well with the
estimated electron yield.

3.4 Photoelectron Spectroscopy of Organic Solvents

One goal of liquid phase photoelectron spectroscopy is tov@stigate the in uence of
the surrounding solvent on organic molecules. In steadyasé and time-resolved optical
spectroscopy this is often accomplished by studying the inence of solvent parameters
like polarity or viscosity, i.e. by performing the same expément in multiple solvents.
To gain this ability it is essential to extend photoelectronspectroscopy to solvents
other than water.

It is, however, no coincidence that published studies empiog the liquid jet technique
almost exclusively investigate water. Water is one of the b@nts with the lowest vapor
pressure, and the higher vapor pressure of other solventsualy complicates liquid jet
operation. Table 3.2 shows characteristics of a few commgnised solvents. Higher
vapor pressure for example leads to a higher vapor densitpsé to the liquid jet and
to a higher pressure in the vacuum chamber.

Lower viscosity, lower density or higher surface tension ase a faster break-up of the
liquid jet. The travel distance of the intact liquid jet can be calculated using equation
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Fig. 3.11: Photoelectron spectra of gaseous and liquid ethanol obtained with the
harmonic 17 (26.5eV). The gas phase spectrum is acquired by moving
the liquid jet out of the XUV focus.

(3.1) and the parameters in table 3.2. For a owspeed of 30 m& water jet stays intact
for a distance of approximately 3.5 mm, while an ethanol jetould be expected to stay
intact for about 6.2 mm.

But these solvent parameters are not the only ones to consideThe detection of
solute photoelectron signals relies heavily on the lowemiaation potential of the solute
compared to the solvent, as will be discussed in detail in theext chapter. While, for
example, dimethylsulfoxide has favorable characterisaegarding vapor pressure and
viscosity, its low ionization potential would make experirants on solvated molecules
almost impossible. Of the low polarity solvents heptane, clohexane, and toluene,
heptane would probably be the most useful, since cyclohexahas a much higher vapor
pressure and toluene a lower ionization potential.

To show that experiments with other solvents than water areefasible in the liquid
jet setup presented here, XUV-only measurements with ethanohd acetonitrile are
performed. These solvents were selected for their relatiyénigh ionization potentials,
which makes them the most promising for photoelectron speoscopy of solutes.

3.4.1 Ethanol

To measure photoelectron spectra of liquid ethanol the liggdi jet ow was reduced to
0.4 ml/min, which resulted in the same pressure inside thegluid jet HPLC pump as
for water. During measurements with ethanol the pressure ithe liquid jet chamber
was approximately 5 10 ®mbar, increased compared to water operation because of the
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higher vapor pressure. To keep the pressure in the detectdramber below 10° mbar,
the distance of the liquid jet to the skimmer had to be increasl. Additionally the
collection bottle had to be evacuated continuously, leadinto the evaporation of the
ethanol in the catcher tube. Ethanol sample solutions can #refore not be recycled.
Figure 3.11 shows the photoelectron spectrum recorded withe 17th harmonic incident
on the ethanol jet. The ethanol contains 10 mM NaBr to suppresdectrokinetic charging.
The gas phase spectrum is acquired by moving the liquid jet baf the XUV beam.
The peak at a binding energy of 10.6 eV corresponds to ionigat from the 3a*orbital
[88]. The known binding energy of the &%orbital is also used for calibration of the
ethanol spectra.

The gas phase photoelectron spectrum agrees well with thesgehase spectrum measured
by Faubel and coworkers [11]. When the liquid jet is in the XUV-fags an additional
peak appears at lower binding energy, which can be assignedianization from the
3a%orbital of liquid ethanol.

To extract the binding energy of the liquid phase &2orbital, the photoelectron peaks
associated with the liquid phase and gas phasa®ionization are modeled with two
Gaussian peaks. This yields a vertical binding energy of thiguid phase &“orbital of
9.1eV. This is signi cantly lower than the 9.66 eV measured bifaubel and coworkers
[11], but agrees reasonably well with the 9.3 eV vertical biling energy reported in ref.
[50].

The count rates extracted from the Gaussian t are 103 and 26ants per laser shot for
the gas phase and the liquid phase peaks respectively. Théigaof liquid phase to gas
phase signal is approximately 1:4, compared to 1:1 in the easf water. This is probably
related to the higher vapor pressure of ethanol. Expectedtite photoelectron spectrum
of ethanol extends to lower binding energies than that of wat. Nevertheless it could
be feasible to collect photoelectron spectra of organic recliles with an ionization
potential below 7 eV. At this binding energy the count rates fom liquid ethanol are
comparable with the count rates from water at 9 eV, which is thapproximate threshold
for detection of solute signals in liquid water, as will be dcussed in the next chapter.

3.4.2 Acetonitrile

For measurements with acetonitrile the ow at the HPLC-pump fad to be increased
to 0.7 ml/min to reach similar pressures as in the operation ith water. While the
operation with ethanol was relatively straightforward, the operation with acetonitrile
proved more challenging, probably due to the even higher vappressure. For a stable
acetonitrile jet the distance between jet and catcher was deeased. Additionally the
collection bottle was continuously evacuated also in the sa of acetonitrile.

The photoelectron spectra obtained with harmonic 15 and thacetonitrile jet in and
out of the XUV focus are shown in gure 3.12. The acetonitrile agains 10 mM Nal to
suppress electrokinetic charging.



50 3 - Time-Resolved Photoelectron Spectroscopy of Liquids

Fig. 3.12: Photoelectron spectra of liquid and gas phase acetonitrile acquired wh
the harmonic 15 (23.4eV). The gas phase spectrum is obtained by
moving the liquid jet out of the XUV focus.

The gas phase spectrum agrees well with the spectrum obtaihiey Gochel-Dupuis and
coworkers [89], factoring in the energy bandwidth of the XUV-mmochromator. The
two overlapping bands at low binding energy can be assigneal the 2e-orbital and the
ny -orbital as labeled in gure 3.12.

The 2e orbital is related to the C=N bonding -system and has a vertical binding
energy of 12.2eV [89]. The corresponding peak is also useddalibration of the
acetonitrile photoelectron spectra. For the non-bondingitrogen lone pair orbital ny
a binding energy of 13.1eV is reported [89], which is reprockd accurately in the
experiment.

With the liquid jet in the XUV focus a band at lower binding energyappears, which
can probably be assigned to ionization from thee2orbital of liquid acetonitrile. This

assignment remains however tentative, since no photoelent spectrum of liquid
acetonitrile has been published so far. The binding energy the liquid phase feature is
11.2 eV, extracted by a Gaussian t of the liquid phase band anthe two overlapping
gas phase contributions.

The count rates extracted for the ionization of the gas phasand liquid phase 2-

orbital are 76 and 7 counts per laser shot respectively. Thtise ratio of liquid phase

to gas phase signal is approximately 10:1, compared to 1:I feater. So while the

higher ionization energy of acetonitrile would facilitatethe measurement of solute
photoelectron spectra, the weak liquid phase signal is a cerable complication.
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3.5 Time-resolved Photoelectron Spectroscopy of Water

The pump-probe photoelectron experiments presented in thsection serve the purpose
of further characterizing the experimental setup. In moladar measurements in solution,
transient signals from the sample can be mixed with transiésignals from the solvent.
Hence a well characterized pump-probe response of liquid eais important to distin-
guish it from molecular pump-probe signals. To this end timeesolved photoelectron
experiments were conducted using both 800 nm and 400 nm pumyiges. In both cases
the laser-assisted photoelectric e ect from liquid wateran be observed.

The laser assisted photoelectric e ect is well-known fromymp-probe photoelectron
experiments on gas-phase [90, 91] and solid state target®][9n liquid water it was
observed for the rst time recently [19]. In the overlap of anonizing XUV or X-ray
pulse and a strong visible or IR pulse, electrons, ejected the XUV pulse, can exchange
energy with the IR eld. In the photoelectron spectrum the eect manifests itself
as sideband peaks, corresponding to absorption or stimutak emission of photons
from the IR laser eld. The kinetic energy of the electrons tsm the sidebands of an
unperturbed energy level with binding energy, is therefore given as

Ekln = ~| Xuv EO n~| (3.12)

where~! is the photon energy of the laser eld. The e ect can be undetsod in terms
of a so-called dressing of the free electron wave functioneaming the evolution of the
electron in a state driven by the laser eld. In a simple twotep model, similar to the
three-step model in high harmonic generation, the unpertbed XUV photoemission is
considered as the rst step. Because the tightly bound grounstates are less a ected
by the IR laser eld, this approximation is justi ed. The second step is the evolution of
the electron wave function in the laser eld, neglecting thén uence of the ion potential
[93].

According to ref. [94], in this regime the angular di erentid cross-section of thenth
sideband can be expressed as

d ©

dn/ J2( okncos) 5

sin d d (3.13)

where J,, is a Bessel function of the rst kind with ordern, 4 is the norm of the
classical excursion vector for an electron in the laser eldnd k, is the norm of the
wave vector.
ddﬁ is the angular cross-section of the electrons from unperted XUV ionization, i.e.
the photoline. Using the asymmetry parameter , the angular cross-section for linearly
polarized light is

d © _ tot

d 4

1+ E(3 cog 1) (3.14)
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where  is the total cross-section of the unperturbed photoemissidrom the corre-
sponding bound state [95].

With this, equation (3.13) can be integrated over the solid agle to obtain the total
cross-sections of the photoline and the rst sideband. Fohe rst sideband the Bessel
function J;(x) can be approximated byx=2, which is valid for small arguments.
The laser polarization is oriented parallel to the liquid jeand therefore perpendicular
to the spectrometer. This polarization is determined by thenaximum transmission
of the XUV monochromator. The total cross-sections for the rssideband and the
photoline are then

@ oKt o Z#d “ #d sin co¢ 1+ =(3cog 1)
16 2
o e (3.15)
and ©/ % d d sin 1+§(3c0§ 1)
# =2 #

with  # as the acceptance angle of the magnetic bottle, de ned as h#ie opening
angle of the cone towards the spectrometer. The proportiolitg constant is the same
for the photoline and the rst sideband. With the integrals ewaluated, the relative
signal of the photoline and the sideband becomes

@ 2k210cod( + #)+9 cod( + #) 5 cog( + #) (3.16)
© "~ 4 30+15 co¥( + #) 15 '

This can be further simpli ed by using the identity cog =2+ x) = sin(x). Transforming
to Sl units, according to ref. [92], yields

@ 4 |E , 10sif #+9 sin* # 5 s #
© Me~! 4 30+15 sin® # 15

(3.17)

with the laser intensity I and the ne structure constant . This formula can be used
to estimate the dressing eld intensity from the relative amplitude of the photoline

and the rst-order sideband.

The peak of the rst-order sideband is only present in the tira overlap of the pump
and probe pulse and its amplitude depends linearly on the Esintensity (see eq.
3.17). Therefore the sideband signal can be used for a direaneasurement of the
experimental cross-correlation. This way the time-resdiion and the exact zero delay
can be determined independently of measured transient sajs.
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Fig. 3.13: Liquid and gas phase water sidebands generated at the overlap of 800 nm
pump pulses and 17th harmonic probe pulsesa) False color map of
the pump probe signal around the zero delay. The map shows the
normalized di erence signal, obtained by subtracting the spectrumat
negative delays, where no pump probe signal is observed. The relagv
magnitude of the di erence signal can be gauged in paneb, where
the averaged di erence spectrum around time-overlap (-5 to 5fs) s
compared to the XUV-only photoelectron spectrum.

3.5.1 800 nm Pump Pulses

The pump probe data is recorded by scanning the delay betwe#re 800 nm pump

pulse and the XUV probe pulse, while acquiring photoelectrorpsctra for each delay.
Figure 3.13 shows the di erence pump-probe photoelectron egtrum as a function

of the delay between the 800 nm pulse and the 17th harmonic pal (26.5eV). The

di erence signal is obtained by subtracting the spectrum ahegative delays, where no
pump-probe signal is observed. The temporal pro le of all pup-probe features can be
modeled with Gaussian functions, which yields a FWHM of the crescorrelation of

approximately 50fs.

Upon comparing the di erence spectrum at time overlap with tie XUV-only photoelec-
tron spectrum the features can clearly be related to sidebdrgeneration (g. 3.13b).
A depletion of the three gas-phase water peaks is observecelpositive signals can be
attributed to the rst-order sidebands of the gas-phase péa labeled as th(lg) , 3a(19) ,
and 18? as well as the positive sideband of the liquid-phasdylpeak.

The total signal of the XUV-only liquid and gas phase 4 peaks can be extracted by
modeling the photoelectron spectrum in the range from 8 to EY with two Gaussian
peaks. To extract the sideband count rates, the di erence ggtrum is modeled in the
binding energy range from 6 to 11.8eV, where the depletion df? is not relevant.
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The model function includes three contributions, two posite Gaussian peaks for the
positive sidebands m(19>+ and 1b(l'>+ and a negative Gaussian for the depletion oftﬂ).
The retrieved ratio of sideband signal to the photoline sigl is 8.1% for the gas phase
1b, peak and 12.8% for the liquid phasehl peak.

From the signal ratios the 800 nm intensity can be retrievedsing equation 3.17. The
asymmetry parameters of water were recently measured in guid jet photoelectron
spectroscopy experiment [96]. Nishitani and coworkers olnad values of 4 =1.3
in the gas-phase and =0.27 in the liquid-phase for the asymmetry parameter of
the 1b-orbital. A conical collection angle of 20was measured for a magnetic bottle
spectrometer in a similar con guration [66], so this valuesi used for the estimate. This
yields IR intensities of 2.4 TW/cn? for the gas phase and 4.0 TW/crhfor the liquid
phase. The higher IR intensity obtained from the liquid watesideband signal could be
explained by the in uence of focal volume averaging. The ligd jet diameter is smaller
than the focus diameter, therefore the average IR intensityncident on the liquid water
is higher than the overall average intensity. On the other hrad also the in uence of the
origin of photoelectrons from inside the liquid jet (see se@.3.3) was not considered in
the calculation. The change in detection e ciency dependig on the emission angle
could lead to a di erent apparent asymmetry parameter.

For comparison the IR intensity can also be retrieved from aqwer measurement. The
measured averaged power of the 800 nm laser beam is 20 mW, apoading to a pulse
energy of 20 J. Assuming a pulse duration of 45fs and a focus diameter of 100,
this yields a peak intensity of 5.7 TW/cn?. Considering the estimated parameters
used in the calculation of the IR intensity from the power mesurement and from the
sideband intensity, the agreement is quite good. The highawtensity calculated from
the power measurement could indicate a larger than estimatdocus diameter.

3.5.2 400 nm Pump Pulses

400 nm pump light is used in all molecular pump-probe measuments that are presented
in this thesis, so a more thorough characterization of the pe water signals is needed.
The pump pulse wavelength of 400 nm was chosen for severakaes. Many biologically
relevant systems have a high absorption cross-section anou400 nm, for example
all-trans retinal and carotenes [97]. Additionally the abstrance of water, even though
it is already weak across the visible spectrum, has a clearmimum at 400 nm [98,
99]. This makes it very unlikely to observe pump-probe dynaigs in pure liquid water.
Lastly, 400 nm pulses are easily generated from the 800 nmdagpulse by second
harmonic generation.

Figure 3.14a shows 400 nm only photoelectron spectra of wafer a range of 400 nm
intensities. With the liquid jet moved out of the laser focus o photoelectron signal
could be detected, meaning that the entire 400 nm photoeleon signal originates
from liquid water. At lower intensity the spectrum resemble the secondary electron
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Fig. 3.14: a) Water jet photoelectron spectra obtained with 400 nm pulses. The
intensities are estimated from a power measurementb) Intensity de-
pendence of the integrated 400 nm photoelectron signal. An exponential
t of the 4 points at the lowest intensity yields an exponent of 4.0 0.2.

signal, which points to a large fraction of secondary elecins. At higher intensities the
spectrum becomes more structured. The new features are spady approximately
3 eV, which indicates above-threshold ionization, i.e. moneghotons than necessary
being absorbed in the ionization process.

Since liquid water has an ionization potential of 11.3 eV itsiexpected that four 400 nm
photons (3.1 eV) are necessary for photoionization. The dapence of the integrated
photoelectron signal on the 400 nm intensity is shown in g 3.14b. An exponential t
of the four points with the lowest intensity shows the expeet four-photon dependence.
At higher intensities, coinciding with the aforementionedcthanges in the photoelectron
spectrum, the total signal deviates from the tted four-phdon intensity dependence
function. This could be related to the negative signal, obse&d at long time-of- ight
and high count rates.

Figure 3.15 shows a pump-probe measurement of water using th&h harmonic and
400 nm pump light. The only pump-probe signal can be linked tche laser assisted
photoelectric e ect in liquid water. Similar to gure 3.13, the di erence map is shown,
but here the only distinguishable pump-probe signal is therst positive sideband of the
liquid water 1b; peak. The sideband signal is much weaker than for the 800 nmmp
pulse, which is expected since the sideband amplitude is @mgely proportional to the
fourth power of the photon energy according to equation (37). The measurement was
also performed at a lower pump pulse energy to match the pumpuilge energy used in
the molecular pump-probe experiments.

A Gaussian t of the time pro le of the 1b(1')+ sideband signal yields a value of 48fs for
the FWHM of the cross-correlation. The total signals of the phatline and the sideband
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Fig. 3.15: a) Pump-probe di erence map of the 400 nm pump, 17th harmonic probe
data. A Gaussian t of the sideband signal yields a cross-correlation of
48fs. b) Integrated spectrum around time-overlap (-10 to 10fs) and at
positive delays (100 to 150fs).

at time overlap can again be retrieved via a Gaussian t of thepectrum. The ratio of
the sideband signal to the photoline signal is 0.17%. Usingdrasymmetry parameter
¢=0.27 and the collection angle #=20 in equation (3.17), a 400 nm intensity of
0.7 TW/cm? is calculated.
The measured average power is 2mW. Assuming a 108 focus diameter and a pulse
duration of 45fs, the intensity estimated from the power mesaurement is approximately
0.6 TW/cm?2. The two values are in excellent agreement, proving that thsideband
signal provides a valid way to retrieve the pump pulse peaktensity.

3.6 Summary

In this chapter the implementation of time-resolved XUV photelectron spectroscopy
on liquid targets is presented. The implementation of thedjuid jet endstation at the
existing XUV monochromator is discussed. The liquid jet assdny, which was initially
a commercial system, is redesigned. The implementation dfet new design improves
the stability of the liquid jet assembly against vibrationsand facilitates alignment of
the liquid jet to the output beam of the XUV monochromator. Thisis a prerequisite
for the long acquisition times necessary in time-resolveaperiments.

The performance of the magnetic bottle time-of- ight phot@lectron spectrometer is
also discussed in this chapter. In XUV photoelectron spectrogpy of gaseous nitrogen
the accuracy of the energy calibration is determined to be tier than 0.1eV. The
implemented counting mode e ciently eliminates the analogioise, which is important
for the detection of the weak solute signals, as will be disgsed in the next chapter.
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The energy resolution of the photoelectron spectrometer Iieelow the energy resolution
of the monochromator at low kinetic energies, and approxinely 3% at an electron
energy of 15eV. At higher electron energies the resolution limited by the single
electron response of the MCP-detector. This could be impregt by replacing the current
detector with a higher quality time-of- ight detector.

In XUV-only photoelectron experiments on the liquid jet, the plotoelectron spectra of
gaseous and liquid water are measured. The binding energadshe valence orbitals of
water, extracted from the photoelectron spectra, are in galocagreement with literature
values. The liquid jet photoelectron signals are subject tenergy shifts caused by
electrostatic and electrokinetic charging e ects. Theseect lead to a higher inaccuracy
of the energy calibration. Since the photoelectron specimu of gas-phase water is
however continuously measured also during time-resolvegperiments, the shifts can
be monitored in the experiment. This way an accuracy of the tiration below 0.2 eV
can be achieved also in liquid-phase photoelectron spectopy.

Furthermore the XUV photoelectron spectra of ethanol and acenitrile are measured
to demonstrate the capability of the implemented setup to w& with more volatile
samples than water. This is the rst step towards investigang the in uence of solvent
parameters on the electronic structure and relaxation of kde molecules.
Pump-probe photoelectron experiments are performed bothittw 800 nm and 400 nm
pump pulses and XUV probe pulses. The laser-assisted phota#ie e ect, which
was rst observed in water very recently [19], is observed Bowith 800 nm and with
400 nm pump pulses. A detailed analysis shows, that the sideid signals can be used
to characterize not only the experimental cross-correlatn, but also the pump pulse
intensity. The capability to observe the extremely weak seband signal with a 400 nm
dressing eld demonstrates the sensitivity of the implemead photoelectron detection.
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4 Electronic Relaxation of Quinoline Yellow in
Agueous Solution

The main challenge of studying organic solutes in liquid jgthotoelectron spectroscopy
with XUV pulses is the ratio of the photoelectron signal origiating from the sample
and from the solvent. At a concentration of 10 mM, which is a#ady considered a
high concentration in most all-optical time-resolved teahiques, the ratio of solvent to
sample molecules in water is approximately 5500:1.

This is why there are few available photoelectron studies ofganic molecules in solution.
The published studies are conducted either at synchrotromdilities, obtaining only
ground state ionization energies [16], or with UV ionizationacking the sensitivity to
the ground state [100]. The combination of the liquid jet tdmnique with time-resolved
XUV photoelectron spectroscopy was recently used to investig a dense ferrocyanide
ion solution [101], however at a concentration of 500 mM, wtti is not accessible for
most large organic molecules.

In XUV photoelectron spectroscopy the detection of ground sta solute signals relies
on the fact, that the ionization energies of large moleculese usually lower than that
of the solvent. If this di erence in energy is su cient, the sample photoelectron spectra
can successfully be separated from the solvent signal. Asatissed in section 3.4, this
makes water the most promising solvent for a proof-of-prifge experiment.

In this chapter a time-resolved XUV photoelectron measurememf a yellow dye,
Quinoline Yellow WS, dissolved in water is presented. It is deonstrated that static
and excited state photoelectron signals can be obtained atcancentration of a few
millimolar.

In section 4.1 the choice of the dye molecule and its charaadgtics will be discussed.
Since the molecules is sparsely documented, DFT geometry iopization calculations
are performed to gain more information on the molecular stature in aqueous solution.
XUV-only photoelectron spectra of Quinoline Yellow WS in aqueausolution are
presented in section 4.2, investigating also the in uencd the concentration and the
photon energy on the photoelectron signal. The measured helectron spectra are in
excellent agreement with the density functional calculatins, which are performed for
this thesis and also presented in that section.

Time-resolved photoelectron data after excitation with 40nm pump pulses is presented
in section 4.3. In this context a strong increase in the 400 nonly signal compared to
neat water is observed, which causes a light-induced spatarge e ect similar to the
e ect observed in ref. [49]. A correction method for this sp&ccharge e ect is proposed,
using a simple analytical model and a tting procedure.

Section 4.3 furthermore discusses the excited state dynamiof Quinoline Yellow WS,
which are observed in a time-resolved photoelectron expeent. A shift of the excited
state photoelectron signal to lower kinetic energies is aased with a timescale of
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Fig. 4.1: a) Molecular structure of Quinoline Yellow SS (spirit-soluble) and Quino-
line Yellow WS (water-soluble). b) Absorption Spectra of Quinoline
Yellow WS in Water at di erent concentrations, measured using a com-
mercial UV-vis spectrometer.

approximately 250fs. This timescale can probably be attriied to the initial solvent
rearrangement after excitation, a process that occurs onnféosecond timescales in
water. After the initial spectral change, the excited stateignal exhibits a biexponential
decay with decay constants of 1.3 ps and 90 ps. The fast decaycompatible with a
recently proposed excited state intramolecular proton tmasfer (ESIPT) in a similar
molecule [20]. For the slow decay a possible interpretatias internal conversion to the
ground state, likely via a rotational pathway.

4.1 Quinoline Yellow

Quinoline Yellow water-soluble (QYWS) is a food colorant, uskas additive E104
in the European Union [102]. It is based on the dye Quinoline New spirit-soluble

(QYSS). The molecular structures of both are shown in gure 4a. The di erence

between the spirit-soluble and the water-soluble form aréné sulfonic acid substituents
(SOsNa). Both QYSS and QYWS were purchased fror8igma Aldrich and used without
modi cation, meaning that the water-soluble form is a mixtue of mono- and disulfonic
acids of Quinoline Yellow, according to theSigma Aldrich documentation.

Most chemical suppliers (e.gMP Biomedicals Alfa Chemistry, Chembase.ch give

an average molar mass of 477 g/mol for QYWS, meaning that the difonic acid

form dominates the mixture. For European suppliers this isleo consistent with ref.
[103], where the composition of QYWS from various suppliers wanalyzed. The
value of 477 g/mol is used to calculate the concentrations afl the solutions used for
experiments in this thesis.
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QYWS was chosen as a sample for a proof-of-principle experirhamainly for its high
solubility of up to 270 mM in water (extracted from ref. [104), its availability and its
high absorption cross-section at the pump wavelength of 466 (see g. 4.1b). The
absorption spectra were measured using a commercial UV-viesprometer, as were all
other absorption spectra presented in this thesis.

Figure 4.1b shows absorption spectra measured at various centrations ranging from
18 M to 18 mM. At a concentration of 18 M, the, absorption spectrum has a peak at
405 nm with a shoulder at higher wavelength. The measured avption cross-section of
the peak decreases with increasing concentration. Additialty the main peak at 400 nm
shifts to lower wavelengths. These changes in the absorptispectrum could indicate
aggregation of the sample. The changes in the spectrum areealdy observed between
concentrations of 18 and 180M, which is surprising for a reported solubility of up
to 270 mM [104]. Apart from aggregation also a change in the teameric equilibrium
could be a possible explanation, since QYWS can exist in two taumeric forms (see
below).

4.1.1 Molecular Structure

To discuss the characteristics of the water-soluble form QYWS is instructive to rst
consider the unsulfonated dye QYSS. QYSS, also known as Quihthalone, consists
of a Quinoline group (GH-N) and a 1,3-Indandione group (gHsO,) connected by a
C-C bridge bond. Two main tautomeric forms are consideredf@YSS, which are
shown in gure 4.2 [105]. In the keto-tautomer the bridge bahis a single bond and
the equilibrium geometry is non-planar with an angle of apximately 90 between
the planes of the Quinoline and the Indanione moiety. In them®l-tautomer the bridge
bond is a double bond and the molecule is planar.

Although many suppliers, includingSigma Aldrich, give the molecular structure of
the keto-tautomer in their documentation, it was found in IRspectroscopy and NMR
studies that QYSS assumes the planar enol-form in solution08, 106]. The extended
conjugated system in enol-QYSS is also thought to be respduisifor the dye properties
of the molecule [106]. In the ground state of enol-QYSS the hydjen atom, that is
bound to the nitrogen of Quinoline, forms a strong intramoleular hydrogen bond
with the oxygen of 1,3-Indandione. This form is known as thenamino tautomer
[20]. A competing structure, with the hydrogen atom bound tadhe oxygen of the
1,3-Indandione, is known as the ketoenol tautomer. In DFT irastigations on similar
molecules it is concluded that the enamino tautomer, i.e. Wi the hydrogen bound to
the nitrogen, is favored [107].

The planar enol form is also considered to be more abundanttime water-soluble QYWS
according to ref. [103]. The available literature is howewenconsistent considering the
sulfonation sites. While all structures of the disulfonic ad of QYSS found in ref. [103]
have a single sulfonic acid group on both the Indandione antié Quinoline moiety,
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Fig. 4.2: DFT (TPSS/def2-TZVP) optimized geometries of the enol- and the keto-
form of Quinoline Yellow SS. In the enol-form the angles are illustrate
which are used in table 4.1 to describe the relative orientation of the
Quinoline moiety relative to the Indandione. The positions labeledl 3,
Q4, and Q6 are the sulfonation sites considered for QYWS.

many chemical suppliers MIP Biomedicals Alfa Chemistry, Chembase.ch show a
structure with both sulfonic acid groups attached to the Quioline part of the molecule.
To gain more information on the molecular structure of both @SS and QYWS, density
functional calculations using theORCA program system [40] were performed with
the aim of obtaining the optimized geometries of the variousiolecular structures
considered. For all calculations of the water soluble formhé sulfonic acid groups
(SO3Na) are replaced with the protonated form (S@H). This approach was shown
to yield the calculated properties closest to the experim&l values for the hydrated
form of sulfonated dye molecules [108]. The initial geomgtfor the vacuum geometry
optimization is obtained via a force eld optimization of the molecules in the software
Avogadro (version 1.2.0) [109].

The geometry of the molecules is optimized with a density fational calculation using
the TPSS functional [37] and the def2-TZVP basis set [38], assdussed in section 2.2.
To simulate the in uence of the aqueous solution a geometryptimization is performed,
including solvent e ects with the conductor-like continuumpolarization model (CPCM)
[35] implemented in theORCA program. For the geometry optimization in solution
the result of the vacuum geometry optimization is used as stang point. An overview
of the optimized geometries in vacuum, and including the wat solution, is shown in
table 4.1. The optimized geometries in cartesian coordireg are listed in the appendix
(A.2).

Considering at rst the relative energy, it is apparent thatthe enol-form is lower in
energy both for QYSS and all calculated forms of QYWS. The energyerence however
ranges from 0.1 eV for QYWS Q613 to 1.1 eV for QYSS. In the enol-farthe ketoenol
tautomer was considered only for two con gurations. For bdt the structure with the
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hydrogen atom attached to the nitrogen, i.e. the enamino tdaamer, is energetically
favored. The energy di erence between the enamino and thetkenol tautomer is

about 0.3 eV for QYSS in vacuum and 0.9 eV for QYWS Q413 in water.

The decrease in energy due to solvation is consistently aleot eV for most molecular
structures. The geometry changes within both the Indandianpart and the Quinoline
part of the molecule are small, even when going from the enal the keto tautomer.
There is only a consistent increase of the bridge bond lengtf 0.1A in the keto

tautomer.

Three angles are used to describe the relative orientatiori the Quinoline and the
1,3-Indandione, as shown in gure 4.2. The CCN and CCC anglgsve the angles of
the groups relative to the bridge bond. The CCCN angle desbes the out-of-plane
rotation around the bridge bond. In the enol-tautomer thereare only small deviations
in the angles. The molecular structure appears to be rathendependent of sulfonation
and the molecule remains planar.

In the keto-tautomer, the rotation angle (CCCN) exhibits lage uctuations depending
on sulfonation and solvation. Since the bridge bond is a siegbond in this tautomer,
it is expected that the rotational exibility is larger than in the enol-tautomer. On the
other hand it can not be excluded that there are several stablconformations both in
the enol- and in the keto-tautomer. In that case the geometrgptimization for any

given sulfonation could converge to a di erent conformer,e. a local minimum in the
ground state potential energy surface.
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Table 4.1:

Results of the DFT (TPSS/def2-TZVP) geometry optimization for QYSS and

several structural isomers of QYWS (i.e. di erent sulfonation sites) both in the enol- and in
the keto-form (g. 4.2). For the bond lengths within the Quinoline and 1,3-Indanione groups
only the mean unsigned error (MUE) and the maximum error (MaE) with respect to QYSS
are listed. The angles are de ned as shown in gure 4.2. The dierencesn nal energy E
in vacuum are given relative to the isomer with the minimum energy, eg. QYWS Q413 for
all disulfonic acids of QYSS. For the geometries including the aqueousotution (calculated
via CPCM) the di erence in energy is given relative to the optimized geometry in vacuum.

enol-form
bond lengths A] I-Q angles [degree] E [eV]
Indandione Quinoline Bridge
MUE MaE CO; MUE MaE NH CCC CCN CCCN
QYSS vac. 1.25 1.04 1.40 123.0 117.6 0.3 min.
QYWS Q4 vac. | 0.001 0.004 1.25 0.003 0.006 1.04 1/4023.0 1175 1.3 min.
QYWS Q4 H,O | 0.002 0.004 1.25 0.002 0.004 1.03 1/4123.6 117.7 14 -0.83
QYWS Q413 vac. | 0.001 0.003 1.25 0.002 0.004 1.04 1/4022.9 1174 1.5 min.
QYWS Q413 H,O0 | 0.002 0.007 1.25 0.003 0.004 1.03 1/4123.5 117.6 1.3 -1.17
QYWS Q6I3 vac. | 0.001 0.004 1.24 0.004 0.012 1.04 1/422.9 117.7 0.2 0.26
QYWS Q613 H,O | 0.002 0.008 1.25 0.004 0.012 1.04 1/4123.3 117.4 0.2 -1.19
QYWS Q4Q6 vac. | 0.003 0.008 1.24 0.006 0.015 1.05 1/3823.1 117.9 2.4 0.30
QYWS Q4Q6 H,O | 0.002 0.005 1.25 0.005 0.014 1.04 1/4023.4 117.6 2.1 -1.14
keto-form
Indandione Quinoline  Bridge I-Q angles E [eV]
MUE MaE CO CH MUE MaE CCC CCN CCCN

QYSS vac. 122 1.10 152 112.0 116.1 40.9 0.79
QYWS Q4 vac. | 0.021 0.044 125 1.10 0.020 0.053 1/5014.4 118.3 66.4 1.13
QYWS Q4 H,O | 0.002 0.007 1.22 1.10 0.002 0.005 1/5115.3 116.2 48.7 -1.29
QYWS Q413 vac. | 0.003 0.007 1.21 1.09 0.001 0.004 1/5208.7 115.6 92.4 0.89
QYWS Q413 H,0 | 0.003 0.011 1.22 1.09 0.002 0.004 1/4909.9 115.7 87.1 -1.26
QYWS Q613 wvac. | 0.003 0.012 1.21 1.10 0.002 0.007 1/5111.8 117.8 89.7 0.43
QYWS Q613 H,O | 0.004 0.009 1.22 1.10 0.006 0.015 1/4918.9 119.6 29.1 -155
QYWS Q4Q6 vac. | 0.003 0.009 1.21 1.09 0.004 0.013 1/5111.0 115.7 44.9 0.63
QYWS Q4Q6 H,O | 0.002 0.008 1.22 1.09 0.004 0.012 1)5111.7 115.2 45.§ -1.23
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4.2 XUV Photoelectron Spectroscopy Results

Fig. 4.3: Photoelectron spectra of 10mM QY Solution and a reference NaCl solu-
tion (Bu er), acquired with the 17th harmonic (26.5eV) and with the
400 nm pump pulse (3.1eV). The XUV spectra are normalized using the
1b; liquid water peak. On the high kinetic energy edge two photoelectron
bands of QY, labeledA- and B-band, are visible.

As discussed above, the XUV pulses will ionize the solvent as had the solute molecules.
At a concentration of 10 mM the expected ratio of solvent to dote signal is 5500:1,
assuming equal ionization cross-sections. To distinguisiolecular signals in the XUV
photoelectron spectra from the signals originating from viar, a careful comparison of
spectra with and without the solute is necessary. For this, 80 mM NaCl reference
solution is prepared. Part of this reference solution is timeused to prepare a 10 mM
Quinoline Yellow solution. Figure 4.3 shows the photoelecn spectra of both the
reference solution (bu er) and the QY solution. Figure 4.3 ao shows spectra obtained
upon ionization of the NaCl solution and the QY solution by the400 nm pump pulse.
The XUV photoelectron spectra of water and the QY solution are armalized to the
signal of the liquid water b, peak. For the most part the spectra are the same. But on
the high kinetic energy edge of the liquid water band, two adiibnal peaks are visible
in the spectrum of the QY solution. Because these peaks aresaht in the spectrum
of the reference solution, they can be attributed to ioniz&n of the Quinoline Yellow
molecules. The two QY photoelectron bands, corresponding vertical binding energies
of approximately 7eV and 8.5eV, are designated as the- and B-band for future
reference.

The integrated photoelectron signal of both molecular phoelectron bands is approxi-
mately 100 times weaker than the integrated signal of the ligd water 1b, peak. This
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Fig. 4.4: QY photoelectron spectra (water spectrum subtracted) obtained wth
di erent harmonics and with QY concentrations of 5mM and 80 mM. All
spectra are normalized to the Iy peak of liquid water.

ratio is much higher then the ratio estimated before for equi@onization cross-sections.
From the ratio one can estimate that the ionization cross-s&on of QY is larger than
that of water by a factor of 50. In this context it should howeer be noted that only
the low binding energy part of the photoelectron spectrum dY is obtained. Any
contributions from higher lying ionic states are hidden uner the much stronger water
signal, so that the total cross-section can be even higher.

The photoelectron spectra obtained upon ionization with te 400 nm pulse show a
pronounced change upon switching from the reference sotutito the QY solution.
The pump pulse intensity is kept below 1 TW/cnt to avoid ionization of water by the
pump pulse. Consequently, there is no detectable photoeten signal from water. But
there is a strong photoelectron signal at low kinetic energyhen QY is present in the
solution. This change in signal has multiple reasons. Firsf all the photoionization
cross-section of QY is larger than that of water, as evidentdm the XUV photoelectron
spectra. Second, the ionization potential of Quinoline Ykew is lower than that of
liquid water, so two or three 400 nm photons are su cient to imize QY, while four
400 nm photons are necessary to ionize water. Third, the strg absorption of QY at
400 nm leads to resonance enhancement of the multiphoton izettion.

4.2.1 Inuence of Photon Energy and Concentration

By subtracting the photoelectron spectrum of the referencacCl solution from the
spectrum of the QY solution, the spectrum of the QY moleculesan be extracted. The
spectra of aqueous QY obtained with several harmonics, andncentrations of 5mM
and 80 mM QY in the solution, are shown in gure 4.4. The specér are normalized to
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Fig. 4.5: a) Photoelectron spectra obtained with the 17th harmonic and di erent
concentrations of QY. The spectra are normalized to the QY concentra-
tion. b) Concentration dependence of the total QY photoelectron signal.
Already at a concentration of 5mM the signal clearly deviates from a
linear concentration dependence.

the signal of the by liquid water peak, to correct for uctuations in the XUV intensity.
This normalization can, however, introduce an error, sinc®Y photoelectron signal
of unknown magnitude overlaps with the liquid water peak inte spectrum of the
QY solution. For binding energies below 9 eV the water signé small and the error
introduced by the normalization is negligible.

The spectra measured using di erent photon energies oveplauite well for the A-band.
The magnitude of the B-band signal changes with photon enegggwhich indicates
changes in the relative ionization cross-section. While theeare no strong changes in
the overall shape of the photoelectron spectrum, it is fouritiat the photoelectron signal
of QY does not increase linearly with the concentration. Thefore the concentration
dependence of the total QY signal needs to be investigated imore detail. To this
end spectra with the harmonic 17 are acquired at concentratis ranging from 0.5 to
80 mM. Each spectrum is averaged over an acquisition time gb@oximately 5 minutes,
i.e. 300000 laser shots.

The photoelectron spectra at various concentrations of QYra shown in gure 4.5a.
First of all the plot demonstrates that high quality photoeletron spectra of solvated
molecules can be recorded in a relatively short acquisitidime, even with a solute
concentration below 1 mM. The spectra are normalized to theoncentration. Thus one
would expect them to overlap, if the signal depended linegrion the concentration.
This is not the case, and already for the step going from 1 mM tamM there is a clear
saturation e ect. Figure 4.5b clearly shows that the total ggnal deviates from a linear



4.2 - XUV Photoelectron Spectroscopy Results 67

Fig. 4.6: a) Photoelectron spectra of several sulfonated dye molecules (moleeul
structures in Appendix A.1) in agueous solution. b) The integrated photo-
electron signal divided by the concentration shows a negative correl&in
with the dye solubility (solubilities extracted from ref. [104]).

dependence on the concentration. For example when goingrir@a QY concentration
of 10mM to 80 mM, the signal increases by less than a factor efd.

One possible explanation for this saturation e ect would bsample aggregation, since
there was some evidence of aggregation of Quinoline Yellowthie absorption spectra ( g.
4.1). Usually one would however expect the aggregate to hawe MUV photoionization
cross-section similar to the summed up cross-sections oétimdividual molecules. Thus
aggregation should not lead to a strong decrease in signatiwincreasing concentration.
A more likely explanation for the saturation e ect is that the concentration on the
liquid jet surface saturates.

Since XUV photoelectron spectroscopy has a probing depth o$ethan 2 nm, only the
surface concentration will be sampled. If the surface comtetion saturates earlier
than the bulk concentration, the photoelectron signal exbits saturation before the
concentration limit in the sample solution is reached. Thushe saturation of the
photoelectron signal indicates that the dye concentratiors higher on the surface.
The idea that molecules accumulate on the liquid jet surfacean be supported with
experiments on other dye molecules. In the experiments caa out for this thesis XUV
photoelectron spectra of several sulfonated dye moleculgsre measured. Figure 4.6
shows the photoelectron spectra of four sulfonated dye molges in aqueous solution.
In the binding energy range where the dye signal can be exttad, the photoelectron
spectra are similar, which justi es a direct comparison oftte total signals. For most
dyes the concentration in the solution was chosen to be appmmately 1 mM, so the
saturation e ect discussed before should be negligible. @rfor Tartrazin a signi cantly
higher concentration had to be used to reach a comparable pbelectron signal.



68 4 - Electronic Relaxation of Quinoline Yellow in Aqueous Solution

Table 4.2: Vertical ionization energies of QYSS and various sul-
fonation species of QYWS from DFT calculations (M06-2x/def2-
TZVP). The considered sulfonation sites are labeled according
to gure 4.2. The ionization energies are calculated in vacuum
and in water solution (using CPCM). Details of the calculation
method are discussed in section 2.2.

SS WS Q4 WS Q413 WS Q6I3 WS Q4Q6

enol vac. | 7.62 8.00 8.32 8.11 8.12
H,0 - 6.30 6.45 6.43 6.47

keto vac. | 8.62 9.21 9.40 9.51 9.22
H,0O - 7.30 7.33 7.60 1.77

The inset in gure 4.6 shows the integrated photoelectron gnal divided by the dye
concentration, as a function of dye solubility. The plot clarly suggests a negative
correlation between the solubility of the molecules and thetal photoelectron signal.
This can be intuitively understood by considering the link bBtween the solubility and
the surface excess of the solute molecules. The dyes usec lae by themselves
hydrophobic and are only made water-soluble by adding the lfonic acid groups. It is
therefore likely that they have a positive surface excessganing that they decrease the
surface free energy of the solution and are therefore likety collect close to the surface.
This leads to a surface concentration that is higher than thbulk concentration [110].
In water solution, the surface excess is negatively corrtdd to the hydration free energy.
Solubility, on the contrary, increases with the hydration fee energy [110]. This explains
why the less soluble sample molecules have a higher surfaxeess and therefore an
increased surface concentration. This in turn leads to a tigr photoelectron yield,
since only the surface concentration is sampled in XUV photastron spectroscopy.
Thus the solubility of the sample molecules in liquid jet phimelectron spectroscopy is
not as limiting as expected.

4.2.2 DFT lonization Energies

Assigning the two peaks in the XUV photoelectron spectrum of Qumoline Yellow is

challenging, because of the large number of conformationsdaionic states to consider.
To obtain an estimate of how much the conformation in uencethe ionization energy,
DFT calculations are performed based on the optimized geomiets from the previous
section. As discussed in section 2.2, the HOMO ionization eggris calculated as the
di erence in energy between the neutral molecule and the iorAll calculations are

performed with the ORCA program system [40] at the M06-2x/def2-TZVP level of
theory.
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Fig. 4.7:. Comparison of the QY photoelectron spectrum obtained using the 17th
harmonic (26.5 eV), with the ionization energies from the DFT calculation
(MO06-2x/def2-TZVP). The highest occupied molecular orbitals of enol-
and keto-QYWS are visualized, as obtained from the DFT calculation.

The DFT ionization energies for all considered sulfonatiorpscies of Quinoline Yellow
in vacuum and in water are listed in table 4.2. One observatois that sulfonation
increases the ionization energy both in the enol- and in thesto-form. The vertical
lonization energy of the keto-form is consistently appromately 1 eV higher than that
of the enol-form, indicating that the rst band in the XUV photo electron spectrum
could consist purely of ionization of enol-QY, while the send band could contain
signal from both tautomers. The phase transition shift, i.ethe di erence in ionization
energy between vacuum and solution, is similar for the ena@nd keto form, and ranges
from 1.5 to 2eV.

The di erences in ionization energy due to the di erent sulbnation sites in QYWS are
small compared to the enol/keto di erence and the phase tragition shift. Although
the geometry optimization of keto-QYWS showed large changes geometry between
the di erently sulfonated forms, the ionization energies i@ similar. Within the error of
the calculation, which can be expected to be up to 0.5eV [36fhe ionization energies
of all sulfonation species are the same. Hence the in uencetloé sulfonation site and
the conformation seems to be relatively small. The HOMO ioration energy is likely
still determined by the -electrons on the rings of both Indandione and Quinoline.
While the HOMO ionization energies of enol- and keto-QY in watesolution obtained
from the DFT calculation agree quite well with the onset of theéwo photoelectron
bands, more ionic states have to be considered to model thdl fphotoelectron spectrum.
As discussed in section 2.2, approximate ionization energjief lower-lying orbitals can
be obtained from the orbital energies given by the DFT calculen. To this end all
orbital energies are corrected using the more accurate valof the HOMO ionization
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energy (see section 2.2 for details). This approach, apgliéo the disulfonic acid form
with the lowest single point energy after geometry optimizaon (QYWS Q413), yields
the orbital ionization energies. The calculated ionizatio energies for both the enol-
and the keto-form are shown together with the photoelectrospectrum in gure 4.7.
The QY photoelectron spectrum is clearly incompatible withthe calculated ionization
energies of keto-QY. The measured spectrum could be explalngith an enol-keto
equilibrium as it is suggested in ref. [106] or with only endY in the solution as
assumed by refs. [20, 105]. It appears that th&-band in the photoelectron spectrum
can be attributed to ionization of the HOMO of enol-QY. TheB-band is made up
of ionization to multiple ionic states, and could also conia signal from ionization
of keto-QY. The density of ionic states also explains the shapf the photoelectron
spectrum.

The shape of the HOMO's of enol- and keto-QYWS sulfonated at I3 drQ4, as obtained
from the DFT calculation, are also visualized in gure 4.7. Tl HOMO of enol-QYWS
is a -orbital delocalized over the entire molecule. In the nonkgnar keto-form this
orbital does not exist, which explains the large di erenceniionization energy between
the tautomers. The HOMO-orbital of keto-QY is mainly localizd on the Quinoline
part of the molecule and has a higher ionization energy.

The error of DFT ionization energies, especially in combinetn with solvent calculations,
are typically considered to be on the order of 0.3-0.5eV [36Fonsidering this, the
agreement between the calculation and the experiment is rankable. In conclusion
the shape of the photoelectron spectrum is largely detern@d by the density of ionic
states and not the in uence of di erently sulfonated dye maécules or conformers.

4.3 Time-Resolved Photoelectron Spectroscopy Results

For the time-resolved experiments a 10mM QY solution is preped based on the
60 mM NacCl reference solution, as described in section 4.2. g 4.8a shows the QY
photoelectron spectra acquired for di erent delays betweethe 400 nm pump pulse and
the 26.5eV probe pulse as a false color map. The binding energ calculated with
respect to the XUV photon energy. At positive delays the XUV pulsarrives after the
400 nm pulse. The delay axis is linear only up to a delay of 2@0dnd logarithmic for
larger positive delays to better represent di erent decayh@annels. The false color maps
in gure 4.8 are averaged over 8 separate delay scans, meanihat each individual
spectrum is averaged over an acquisition time of 80 s (800@3ér shots).

Figure 4.8b shows a di erence false color map, obtained by gtdicting the spectrum
at negative delays. The spectrum at negative delays is eqaient to the sum of the
single color spectra except for intensity uctuations. Whié XUV-induced dynamics
both in water and QY are certainly possible, this kind of expeament would result
in low kinetic energy photoelectrons. It is therefore safetassume, that there is no
pump-probe signal at negative delays in the electron energgnge where molecular
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Fig. 4.8: a) Counting mode pump-probe photoelectron data of a 10 mM QY solu-
tion, acquired with a 400 nm UV pulse and a 26.5eV XUV pulse. The
binding energy is calculated with respect to the XUV photon energy. At
positive delays, the XUV-pulse comes after the UV pulse. Note that the
delay axis consists of a linear and a logarithmic part, to better repreent
the occurring fast and slow decaysb) Di erence map of the UV-pump,
XUV-probe signal, obtained by subtracting the signal at negative delays.

signals are observed. Thus red areas in the map ( g. 4.8b) cespond to increase of the
XUV photoelectron signal by the UV pulse, while blue areas comspond to depletion

of the photoelectron signal.

There are three distinct pump-probe features visible in thenaps. The increase in
photoelectron signal at time overlap, which is visible in te counting mode di erence
signal (g. 4.8b), can be attributed to the rst positive sideband of the liquid water

1y peak. This signal can be used to obtain accurate values foretlzero delay and the
cross-correlation, independent from molecular signalss discussed in section 3.5.

In the unsubtracted map ( g. 4.8a) a shift of the spectrum to dbwer kinetic energies
is observed, which was not observed in measurements of puier with comparable

400 nm intensity. The shift is thus clearly caused by the presee of the QY molecules.
This shift increases with increasing positive delay and caes the strong depletion
features around binding energies of 6eV and 8eV in the di enee map (g. 4.8b).

The origin of this signal is discussed in the next section.

The third pump-probe e ect is an increase in signal betweenimding energies of 2 eV
and 5eV. As the shift, this signal is clearly caused by the malelar sample, since it
was not observed in pure water measurements. It is visible both maps in gure 4.8

as a broad photoelectron band, decaying with increasing pibge delay. Regarding the

energy and magnitude, this signal matches the expectatiofiar an excited state signal.
It can therefore be attributed to the QY excited state decay.
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4.3.1 Light-Induced Space Charge E ect

Figure 4.9 shows QY solution photoelectron spectra, obtaideat negative delays (XUV
before 400 nm) and at positive delays, together with the XUV-dy spectrum. Except
for intensity uctuations, the spectrum at negative delayss equivalent to the XUV-only
spectrum, which validates the subtraction of the negativealay signal to obtain the
di erence signals. At positive delays, however, both theduid water peak and the
Quinoline Yellow peaks (see inset) are shifted to lower kitie energies.

A similar e ect was recently observed in pure water measuregnts by Al-Obaidi and
coworkers [49]. In this publication the e ect was attributel to a light-induced space
charge e ect caused by the intense pump pulse. The pump pulgenerates a large
number of electrons and ions in the liquid jet, which in turn gnerate an electric eld.
The photoelectrons ejected by the XUV probe pulse are then inanced by this electric
eld, leading to a delay-dependent change in their kineticresrgy.

The shift seen in the time-resolved photoelectron experimés can be interpreted as
the result of a similar space-charge e ect. This e ect is not idectly related to the
electronic structure of the QY molecules. It is however nothserved in measurements
with pure water and similar pump pulse intensity, since it igndirectly caused by the
solute molecules. As discussed in section 4.2, the lower mation potential of the
solute molecules paired with a resonance enhancement e éeads to a much stronger
electron yield from pump pulse ionization.

This also explains why the gas phase peaks are not a ected Hyetenergy shift. The
UV-induced electrons originate only from the liquid jet itsdl since the intensity of the
UV pulse is not su cient to ionize water, as seen in section 4.2The electrons from
ionization of water vapor by the XUV pulse on the other hand origate from a larger
volume, forming a weak, homogeneous electron cloud. Thusshof the electrons from
water vapor are generated far away from the liquid surface drare not in uenced by
the electric eld generated by the UV pulse.

Overall the behavior seen here is consistent with the e ectbgerved in ref. [49], except
for one signi cant di erence: In the experiment presented ére, the observed shift is
zero at time-overlap, while a strong shift to higher kinetienergies at time-overlap is
reported in ref. [49]. Since Al-Obaidi and coworkers used lger 800 nm pump pulses
and higher intensities, it is possible that they misinterpeted an increased sideband
signal as a light-induced shift.

To model the light-induced shift, one has to describe the elic potential generated
upon ionization by the pump pulse. In a rst approximation the ion and the electron
clouds can both be described by spherical shells with constahargesQ and Q. The
electron cloud expands rapidly, due to the kinetic energy dfie electrons, while the
ions move much slower. Although a movement of the ions on piea®nd timescales
was proposed before [49], it proved su cient for the delaysowered here to treat the
positive charges as static.
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Fig. 4.9: Comparison of the photoelectron spectra obtained for QY solution at
positive and negative UV-XUV delays with a measurement employing
only the XUV pulse. At negative delays the spectrum is similar to the
XUV-only spectrum, apart from intensity uctuations. At large positive
delays the liquid water peak and the QY peaks are clearly shifted todwer
kinetic energies, while the gas-phase water peaks remain unshifted

The model is illustrated in gure 4.10. Att = 0, the pump pulse generates a static
ion sphere and an expanding electron sphere. At the delay @ = t, the XUV
ionization generates electrons, which move in the potentiaf the charged spheres,
usually with a higher kinetic energy than the UV-induced elecbns. At the crossing
time t = ty, the XUV-induced electrons overtake the electron sphere.

The UV-induced photoelectrons are modeled by an expanding spdi)e/vith radius
Rpump (t) = 1jj + Vpumpt, Wherery; is the radius of the liquid jet andvyymp = = 2E pump=me
is the radial velocity of the UV-induced electrons with averagkinetic energyE ymp-
The potential of a charged spherical shell with radiuR is given by

V(= * f (4.2)

which means that the total potential induced by UV-ionizationvanishes outside the
sphere of the UV-induced electrons, and is equal to that of a ptsge point charge Q

inside the sphere. Therefore the kinetic energy shift of th¢UV-induced electron is
the energy lost in the eld of the ions up to the radiusry, where the XUV-induced
electrons overtake the UV-induced electrons.
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Fig. 4.10: lllustration of the light-induced shift, which is caused by the electric
potential induced by the UV pump pulse. At t =0 the UV ionization
generates ions and electrons, which are described as a static ion spher
and an expanding electron sphere. At the delay timet = t the XUV
ionization generates electrons, which move in the potential of the chayed
spheres. At the crossing timet = ty the XUV-induced electrons overtake
the sphere of the UV-induced electrons.

The classical movement of an electron in a Coulomb potentialith zero angular
momentum is governed by the di erential equation

eQ 1
= — = 4.2
M= (4.2)
which can be easily solved numerically for initial conditias
r¢ t)=ry
CO=n (4.3)

| O
r( )= 2Ew=Me Vi

From the solution one can then extract the delay-dependentassing timety, using the
condition

r(tx) = r'Ij + Vpump(tx) (4.4)

The delay-dependent energy shift can then be extracted frothe velocity of the XUV

electron at the crossing timer (t).

If the electrons generated by the XUV pulse move much faster thahe electrons
generated by the pump pulse, the change in the velocity of thJV-induced electrons is
small compared to their absolute velocity. In this regime th calculation of the crossing
distance can be simplied by approximating the trajectoris of the XUV-induced
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electrons with a uniform motion
r(t) = My + Vxuv (t t) (4.5)

and neglecting the change of the potential during the travaime of the XUV-induced

electrons. The energy shift is then simply determined by thenergy lost in the potential
of a point chargeQ, up to the crossing distance,. If both the expansion of the UV-
induced electron sphere and the movement of the XUV-induced elens are described
with a uniform motion, the crossing distance is

Voump Vxuv &

y =1I + (4.6)

Vxuv Vpump

which leads to an energy shift

eQ 1 1 @)

E =
4 o 1y

To test the limits of this approximation, energy shifts are alculated both by solving
the di erential equation (4.2) numerically and with the approximate equation (4.7).
The values obtained for the energy shift are compared for vaus kinetic energies of
the UV-induced electrons, charge®, and delays. It is found, that the shift calculated
with equation (4.7) deviates by less than 10 meV from the shifetrieved by solving
the di erential equation, for charges below 5000 and initial kinetic energies of the
XUV-induced electrons over 10eV. In this kinetic energy range ¢hdependence of the
shift on the kinetic energyE,,, is also found to be negligible for a xed charg®.

In the pump-probe experiments presented here the averagendiic energy of the
electrons ejected by the pump pulse is usually around 1eV. Theénetic energy of
liquid water electrons (1), ejected with a 23.4eV XUV photon, is 12.1eV. Thus
the condition for the kinetic energy di erence is satis ed 6r measurements with the
harmonic order 15 or higher.

To retrieve the energy shift from the pump-probe data, the day-dependent kinetic
energy of the liquid water by electrons needs to be extracted. To this end the liquid
1, peak and the onset of the overlapping gas-phask, eak are modeled with two
Gaussian peaks, as shown in gure 4.11b. Since the gas-phpsak does not shift in
energy, its kinetic energy and width are xed in the t.

The Gaussian t yields the kinetic energy of the liquid waterlb, peak and thus the
delay-dependent energy shift. The shift is then modeled ug equation (4.7) as shown
in gure 4.11a. The only two tting parameters are the total charge of the UV-induced
electrons per shot and the average energy of the UV-inducedattens. Both these
parameters can be checked for consistency with the UV-only gbelectron spectrum,
which is routinely acquired during pump-probe measuremest The t shown in gure
4.11 gives the parameter® = 3430e and Epymp = 0:68 eV. From the single-color 400 nm
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Fig. 4.11: In the time-resolved experiment the ionization by the UV pulse lead to
a space charge e ect, which causes a delay-dependent shift of thigjliid
phase photoelectron peaks. To retrieve the delay-dependent ergy shift
from the pump-probe data, the Jb(ll) peak and the onset of the b(lg)
peak are tted with two Gaussian peaks (panel b). The position of
the 1b(19) peak is xed to 12.6eV and its FWHM is only tted once
at negative delays and then xed to that value. Panel a shows the
retrieved delay-dependent energy shift of the ﬂx(l'), which is modeled
with equation (4.7). The extracted t parameters are Q =3430 20e
and Epymp = 0:68 0:02eV.

spectrum a total count rate of 400-500 cts/shot is extractedThis agrees reasonably
well with the tted parameter considering the collection e ciency of the magnetic
bottle, which is approximately 8% [66]. The average kinetienergy is less consistent
with the single-color spectra and additionally the kineticenergy distribution of the
UV-induced electrons is broad (see g. 4.3), which means thahé¢ model is idealized.
Nevertheless the model proves to be su cient for the correan of the molecular pump
probe signals.

With the t a model function for the delay-dependent shift is etracted, based on
the liquid water signal. This, in turn, can be used to correcthe shift of the QY
photoelectron signal. The correction is accomplished by ifiing the data in kinetic
energy for every delay-point according to equation (4.7) dninterpolating the shifted
data on the original energy grid. Additionally the amplitudeof the ]b(l') peak obtained
from the t for every delay point can be used to normalize the ata to the liquid water
sighal and thus correct for XUV intensity uctuations. This Procedure is however
only valid if there is no systematic delay-dependence of thxb(l)-peak signal. In the
presented time-resolved experiments, no pump-probe e ech the liquid water signal
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Fig. 4.12: QY solution photoelectron data before (a) and after (b) the procedure
to correct for the shift caused by a light-induced space charge e ect
To obtain the di erence maps the spectrum at negative delays was
subtracted as before. The depletion features associated with thedht-
induced shift are almost completely removed by the correction proedure
described in the text.

is observed, therefore this normalization procedure can la@plied to correct for signal
uctuations.

The result of the correction procedure including the aforeemtioned normalization is

shown in gure 4.12. The shift to lower kinetic energies of 81 QY signal is successfully
corrected. Thus, the in uence of the space charge e ect on ¢htransient molecular

signals is corrected, and any remaining pump-probe featsrean be interpreted in the

context of the excited state relaxation of the QY molecules.

As gure 4.12 shows, the depletion features in the counting nde data are almost
entirely removed by the correction procedure. It is notewdny that the false color
maps show only the counting mode signal, which is dominateq lelectrons originating
from Quinoline Yellow. The correction procedure on the othiehand relies entirely
on the water signals and is completely independent of the nealular signals. That
the correction nonetheless works for the molecular signals a clear indication that
the observed e ect is not a direct molecular e ect, but a ect the whole liquid-phase
photoelectron signal equally.

Another important characteristic of the presented correctin procedure is that the
shift is negligible for small delays, which means that errerin the correction procedure
will mainly a ect dynamics on longer timescales. Any molecar pump probe e ects
observed within the rst 0.5 ps will not be in uenced by the carection procedure.
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Fig. 4.13: a) Corrected and normalized map of the QY pump-probe photoelectron
data with the signal at negative delays subtracted. b) Averaged QY
excited state photoelectron spectrum around zero time delay (grag
-0.03-0.5ps), at short delays (turquoise, 0.6-10 ps), and at long delays
(purple, 12-65 ps) as highlighted in the map.

4.3.2 Quinoline Yellow Excited State Decay

Figure 4.13a shows the time-dependent QY photoelectron spreen as a false color
map, after the shift correction. As discussed before, the sgrum at negative delays
is subtracted to obtain the di erence signal. In gure 4.13bthe averaged di erence
spectra around zero time delay (green, -0.03-0.5 ps, at shpositive delays (turquoise,
0.6-10ps), and at long delays are shown (purple, 12-65 ps)hel spectrum at long
delays overlaps with the spectrum at short delays, if it is s¢ted appropriately (dashed
line). The spectrum around zero time delay extends to highdinetic energy, i.e. lower
binding energy. The spectral change occurs in the rst 500,farhich is a rst indication
of sub-picosecond dynamics in the experiment.

The region where the spectral di erence is observed is cergd around 3.5eV. In
section 4.2 the static XUV photoelectron spectrum of Quinola Yellow WS was
compared to ionization energies from the DFT calculation. Té conclusion was that
the highest occupied molecular orbital of the enol-QY is lated at a binding energy of
approximately 6.5 eV with a large gap to the next occupied metular orbital. Therefore
the region where spectral change is observed matches theisagvhere a change in
the photoelectron spectrum is anticipated, when a single @@ém photon (3.1eV) is
absorbed from the HOMO of enol-QY. This corresponds to the exation from the
delocalized -orbital, which is a clear indication for the excitation of he enol-form of
the dye by the pump pulse.
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Fig. 4.14: a) Integrated excited state decay signal (Binding Energy 5.2-2.5eV).
The t with a monoexponential decay function clearly fails to model the
dynamics. The biexponential t yields decay constants of 1.3 0.4 ps
and 90 20ps. b) Time-dependent "center of mass" of the excited
state photoelectron spectrum. The spectral shift is modeled wih an
exponential function starting at the zero time delay. The t yield s a
shift of 0.28 0.04eV and a decay constant of 25070 fs.

There is, however, no feature in the di erence signal (g. 4.3a) corresponding to the
depletion and recovery of the HOMO ground state signal, whiclwould be expected
around a binding energy of 6.5eV. The amplitude of a depletiaignal should be equal
to that of the excited state signal. The ground state transi& signal would thus be
on the order of one count per second and is probably not visgbtlue to the higher
background signal from single-color XUV photoionization inte region around 6.5eV.
The uctuations in the background single-color signal arerothe range of several counts
per second and obscure the ground state transient signals.

To extract the excites state dynamics of Quinoline Yellow th excited state decay signal
is integrated in the binding energy region from 5.2 eV to 2.5k The time-dependence
of the integrated signal is shown in gure 4.14a. The errorlya are obtained from the
square root of the total count rate, assuming a Poisson digbution. The integrated
signal can then be modeled with an exponential decay funatipas discussed in section
2.3. From a Gaussian t of the liquid water sideband signal tb exact zero time delay
and a cross correlation FWHM of 45fs can be extracted, therefoiteese parameters
are xed in the t of the excited state decay.

The excited state dynamics of Quinoline Yellow cannot be meted with a single
decay constant, as is apparent in gure 4.14a. Therefore thaecay is modeled with a
biexponential decay function, which yields decay constasiof approximately 1.3 ps and
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90 ps. These two timescales can however not explain the spatthange in the rst
0.5 ps which is visible in the excited state spectrum (g. 43).

To access the dynamics associated with the fast spectral clganthe "center of mass”
of the excited state spectrum is extracted, which is the avage binding energy of
the excited state photoelectron spectrum from 5.2 to 2.5 eV.olreduce the noise, the
number of delay points is additionally reduced by binning day points. The dynamics
of the spectral "center of mass" are shown in gure 4.14b. As pected from the
excited state spectra, the spectral shift occurs within thest 0.5 ps, after which no
further spectral changes are observed. An exponential t ohe spectral dynamics
yields a third time constant of approximately 250fs. This tne constant appears to be
associated with a spectral shift rather than with a decay ofhie excited state signal.

4.3.3 Discussion

The fastest response that is observed in the time-resolvetiqioelectron experiment of
Quinoline Yellow, is a shift of the excited state photoeleobn spectrum with a timescale
of approximately 250fs. On this timescale no loss of excitexdlate photoelectron
counts is observed. It is therefore unlikely that this timesale is associated with an
internal conversion process. A possible explanation forithe ect is ultrafast solvent
rearrangement after electronic excitation. Upon electroaiexcitation, the dipole moment
of the molecule can change both in value and direction. Thiseans that the solvent
polarization adjusts to the new molecular dipole moment, abilizing the excited state
in energy. This e ect is for example observed as a red-shift time-resolved uorescence
spectroscopy [111].

In most solvents two timescales are found for the solvent nreangement following excita-
tion. A fast timescale, typically sub-picosecond, is linkkto the inertial reorientation of
the solvent molecules. A slower timescale is connected widhusion-driven movement
of solvent molecules. Water is the fastest reacting solvemjth a predicted timescale
of the inertial rearrangement of approximately 20fs [112]limenez and coworkers [113]
studied the rearrangement of water molecules after excitah of a coumarin dye in
water solution. They found a shift of the uorescence speaim of approximately 0.2 eV
and a timescale for the inertial rearrangement of under 108 f113].

The energy shift measured in the time-resolved photoeleotr experiment is comparable
to the energy shift reported in ref. [113]. The measured tirseale is however signi cantly
slower than the estimated timescale for the inertial rearrayement of water molecules.
A possible explanation for this discrepancy could be the hyolgen bonding to the ionic
sulfonic acid groups. It was reported before that solvatioshells of anions are more
rigid, which slows down solvent rearrangement [114].

After the initial spectral shift the excited state photoeletron spectrum exhibits a
biexponential decay with decay constants of approximatel¥.3 ps and 90 ps. These
timescales are both linked to a decay of the excited state poelectron signal rather
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Fig. 4.15: a) Absorption spectra of QYWS in water, ethanol, and acetonitrile,
measured at a concentration of approximately 2 M. The spectra are
normalized to the maximum absorbance.b) Some possible relaxation
pathways for Quinoline Yellow. The rst step could be an excited state
intramolecular proton transfer (ESIPT) from nitrogen to oxygen.

than a change in the photoelectron spectrum. Thus they can @bably be attributed
to the electronic relaxation of the excited Quinoline Yell molecules.

To aid in the interpretation of the pump-probe photoelectrondata, the absorption
spectra of QYWS in various solvents are measured. Figure 4.153@ws spectrally
resolved absorption in water, ethanol, and acetonitrile. fie absorption spectra in
ethanol and acetonitrile have two clear peaks and a shouldat lower wavelength
indicative of a vibrational progression. The spacing betvea the peaks corresponds to
a vibrational frequency of approximately 1300 cnt. The closest frequency found in
Quinoline lies at 1314 cm! and is assigned to one of the C-N stretching modes [115].
In the structurally similar 2-phenyl-1,3-Indandione, wheh is 1,3-Indandione with a
phenyl ring instead of Quinoline, the most prominent modesithis frequency region
are found around 1230 cm* and 1330cm*? and are predominantly assigned to a mixed
stretching and bending motion of the attached phenyl ring [I6]. It therefore seems
plausible that the vibrational structure visible in absorgion and uorescence is linked
to a C-N stretching motion.

QY has a low uorescence quantum vyield, especially in polaolsents [20]. The
timescales of 1.3 ps and 90 ps, observed in the photoelectexperiment, are orders
of magnitude faster than typical uorescence timescales dnwould therefore lead to
uorescence quenching. That the uorescence in water is gunehed by the ultrafast
timescales observed in the time-resolved photoelectronpeximent is further supported
by the strongly washed-out structure in the absorption spéimm of QY in water.
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A proposed mechanism for the electronic relaxation is illtreted in gure 4.15b. A
possible explanation for the 1.3 ps timescale is an excitette intramolecular proton
transfer (ESIPT) from the nitrogen on Quinoline to the oxyge on the 1,3-Indandione.
This proposal is supported by a recent transient absorptiostudy of the electronic
relaxation of the unsulfonated form of Quinoline Yellow in yclohexane [20]. After
excitation with 400 nm pulses, Han and coworkers [20] foundrie relaxation timescales
of 3.3ps, 15ps, and 84 ps. Upon replacing the hydrogen on th&agen of Quinoline
with deuterium, they observed an increase of both the shornd the long timescale.
Together with time-dependent DFT (TDDFT) calculations the auhors [20] attributed
the timescale of 3.3 ps to the ESIPT process illustrated in gre 4.15b.

Excited state proton transfer from nitrogen to oxygen is an mcommon e ect, since
proton transfer between hetero-atoms is more often considd in reverse, i.e. from
oxygen to nitrogen [117]. But proton transfer from nitrogerto oxygen is not unheard
of, and is observed for example in indigo dyes [118]. In theseaof QY, however, one
has to consider that Quinoline is known as a photobase, meagithat it is less likely to
donate a proton in the excited state [119]. Han and coworkersgaie that photobasicity
is a relative measure, meaning that ESIPT between photobases possible if the relative
basicity of the participating groups is su ciently di erent [20].

A comparison between ref. [20] and the experiment presentbdre is not straightfor-
ward, since it is not entirely clear if the molecular structee with the intramolecular
hydrogen bond ( g. 4.15b) is valid in aqueous solution. Wateforms complex networks
of hydrogen bonds and it is possible that both the nitrogen ouinoline and the
oxygen of 1,3-Indandione form hydrogen bonds with the soig instead of forming
an intramolecular hydrogen bond. There are, however, seaéarguments supporting
the planar, internally hydrogen-bonded structure also in ater solution. First, the
intramolecular hydrogen bond is reported to be strong [105yvhich could suggest
that it is favored over bonding with the solvent. Second, thel@sorption spectra of
Quinoline Yellow in weakly and strongly hydrogen bonding $eents are relatively
similar ( g. 4.15a). This also supports the planar structue even in hydrogen bonding
solvents, since the absorption is attributed mainly to the dlocalized -orbital of planar
Quinoline Yellow. Third, the ionization energies obtainedy DFT calculation of the
enol-tautomer exhibit excellent agreement with the measad photoelectron spectrum
(see section 4.2), although the continuum cavity model fohe solvent does not include
hydrogen bonding to the solvent.

Another possible explanation for the 1.3 ps timescale woulcekan internal conversion
process to a lower-lying excited state. But this is incompdtle with the DFT calculations
in ref. [20], which showed that 400 nm light excites QY into ta lowest-lying excited
state. Therefore the proton transfer illustrated in gure 415b is most likely responsible
for the dynamics observed in the photoelectron experimenthe measured timescale
in water is 2-3 times faster than that observed in cyclohexan20], which indicates a
lowering of the barrier along the proton transfer coordina in polar solvents.
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The 90 ps timescale observed in the photoelectron measuremis in good agreement
with the long timescale observed by Han and coworkers [20]. i§hcould be linked
to intersystem crossing to a triplet state. But a populated tiplet state should be
visible as a change in the excited state photoelectron spean, which is not observed.
Additionally Han and coworkers [20] found no e ect of nitrogermpurging on the observed
dynamics, which also speaks against an intersystem croggin

The more likely explanation for the long timescale is an intaeal conversion back to
the ground state. In their TDDFT calculations Han and coworkes [20] found no
crossing between ground and excited state along the protorahsfer coordinate. Hence
the internal conversion to the ground state needs to includen additional change in
geometry. In the DFT geometry optimization in section 4.1, lege changes of the
rotation angle around the bridge bond between di erently sifionated forms of QY.
The changes in the rotation angle, although larger in the kettautomer, were also
present in the enol-tautomer. This instability of the anglebetween the two parts of the
molecule could suggest that a rotation around the bridge bond a possible relaxation
pathway for the molecule.

The rotation around the bridge bond would be aided by an initil excited state proton
transfer to oxygen, since this removes electron density frothe bridge bond and turns
it into a single bond. One option is a pathway to the ground st&, combining rotation
with a back-proton-transfer. At least in water solution, anadditional option would
be a tautomerization pathway towards the keto-form of the mlecule as illustrated
in gure 4.15b. The keto-form has a hydrogen attached to theacbon atom on the
Indandione end of the bridge bond, therefore the tautomeation pathway would
require an additional proton transfer.

Due to the larger distance this second proton transfer prosg would likely involve the
solvent. Proton transfer through water is a complicated preess, since water forms
large networks of hydrogen bonds. The hydrogen bond chainstas proton wires and
can transport protons e ectively over long distances [120d,21]. The timescale of 90 ps
matches the expected timescale for a proton transfer medeat by water, since proton
transfer through hydrogen bond chains of two water molecidevas observed on similar
timescales for example in 7-Hydroxyquinoline [122].

4.4 Summary

This chapter presents the rst results of photoelectron sproscopy of an organic
molecule, Quinoline Yellow, in aqueous solution. The XUV phoklectron spectrum of
the organic dye Quinoline Yellow WS in aqueous solution is m&aared at concentrations
down to 0.5mM. This concentration is ten times lower than carentrations used in
previous liquid jet measurements even at synchrotron faities [16], demonstrating the
sensitivity of the implemented setup.
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Due to the high sensitivity, the in uence of the solute conagration and the XUV
photon energy can be investigated in detail. The photoelagcn spectra obtained with
di erent XUV photon energies are consistent. Measurements ali erent concentrations
of Quinoline Yellow in the solution show that the photoeleecbn signal does not increase
linearly with increasing concentration. This indicates tle importance of the surface
concentration of solutes in liquid jet photoelectron speobscopy, which can dier
signi cantly from the bulk concentration due to accumulaton of molecules on the liquid
surface. In XUV photoelectron experiments with several sulfiated dyes a negative
correlation between the solubility and the photoelectron igld is discovered. This
negative correlation further supports the hypothesis of ausface excess of the solute
molecules.

To support the interpretation of the photoelectron spectraDFT calculations at the
MO06-2x/def2-TZVP level of theory were performed, where theotrent was simulated
via the conductor-like polarizable continuum model (CPCM)The agreement between
the measured photoelectron spectra and the ionization egges obtained via DFT
calculations is remarkable. The comparison of measured sfra and DFT results leads
to the conclusion that one of the measured photoelectron bas in the spectrum can
clearly be assigned to the delocalized-orbital, which is the highest occupied molecular
orbital of the enol-tautomer of QY.

In the UV-pump, XUV-probe experiment of QY in aqueous solution a sbng increase
in the UV-only signal compared to neat water is observed, whiatauses a light-induced
space charge e ect similar to the e ect observed in ref. [49]A tting procedure is
devised, which can be used to correct the pump-probe electrdata for this e ect. The
correction procedure relies entirely on the liquid water pitoelectron signals and is
thus independent of the molecular pump-probe e ects of intest.

In the time-resolved experiment of QY in aqueous solutionhé photoelectron spectrum
and the dynamics of the electronically excited molecule agbtained. A shift of the
excited state photoelectron spectrum on a 250fs timescak abserved, which can
be explained by the initial solvent rearrangement after exation. Apart from the
shift, the excited state signal exhibits a biexponential dmy with decay constants of
approximately 1.3 ps and 90 ps.

Following a recent study investigating the unsulfonated fon of QY [20], the 1.3 ps decay
Is attributed to an intramolecular excited state proton transfer process. This turns the
bridge bond of Quinoline Yellow into a single bond, decreag the molecules rotational
stability. Therefore a possible explanation for the 90 ps day is an internal conversion
to the ground state following a rotational pathway. Another wssible interpretation of
the slow decay would be a tautomerization pathway to the kettautomer of Quinoline
Yellow.

Altogether the proof-of-principle experiment is clearly stcessful, dynamics of excited
state decay can be observed using pump-probe photoelectrgmectroscopy of sol-
vated molecules at millimolar concentration. Further ingiht into the plausibility of
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intramolecular proton transfer in aqueous solution couldane from experiments with
deuterated Quinoline Yellow. The molecule deuterates ebsj20], therefore experiments
with deuterated Quinoline Yellow should be performed in a &dion of deuterated

water. Additionally, a time-resolved photoelectron expement in an aprotic solvent like

acetonitrile could help with the interpretation of the 90 pstimescale. The tautomer-
ization pathway would be inhibited in an aprotic environmety because it probably
includes a proton transfer through the solvent.

Additional information could come from time-dependent DFT (TDDFT) calculations,

as they were performed by Han and coworkers [20], but includjrvarious solvents.
Future TDDFT calculations should not only include the protontransfer coordinate,
but also the coordinate associated with rotation around théridge bond.



86 5 - Isomerization of Amino-Azobenzene Dyes in Aqueous Solution

5 Isomerization of Amino-Azobenzene Dyes in
Agueous Solution

Molecular switches are molecules that can reliably be trafesred from one stable state
into another. This switch is often triggered by photoabsoron, meaning that after
photoexcitation the molecule relaxes, with a high quantumigld, to a product state.
In most cases the product state is a conformational isomeroiFexample the retinal
molecule is one of the most e ective molecular switches in tfuge, responsible for the
initial step in human vision. Embedded in the rhodopsin pratin, retinal has a high
iIsomerization quantum yield and isomerizes to one speci @arget state. In solution
the photoisomerization lacks that selectivity, which illstrates that the function of
molecular switches strongly depends on the environment [9]

One of the most common man-made molecular switches is azobsme. It has two
isomers, the stable trans-isomer and the metastable cisiser. The isomerization in
either direction can be triggered by photoabsorption, witran e ciency depending on
the excitation wavelength. This makes it one of the most veatile base molecules for
molecular switches. Molecular switches based on azobereamne promising candidates
for application in electronics [1] and medicine [2]. Thereafe the isomerization dynamics
of azobenzene derivatives are a topic of high interest.

Additionally azobenzene exhibits an unusual dependence bietisomerization quantum
yield on the excitation wavelength. This sparked major inteest in the isomerization
of azobenzene itself, since it indicates dynamics on seVegacited state potential
energy surfaces. The isomerization mechanism is contrcsial even today [123, 124].
The study of amino-azobenzene derivatives could o er a comgmentary approach to
disentangle the complex isomerization dynamics of azobene, since there is evidence
for a di erent ordering of excited states [125].

In this chapter results of time-resolved photoelectron sp&oscopy of two amino-
azobenzene derivatives, Methyl Orange and Metanil Yellowye presented. Both are
mainly known for their use as industrial dyes and pH-indicats, but show a similar
isomerization behavior as many azobenzene-based molecshaitches. In the rst
section the literature concerning the isomerization of abenzene and of the amino-
azobenzene dyes is brie y reviewed.

In section 5.2 XUV-only photoelectron spectra of both dyes in kdion are presented.
The ground state photoelectron spectra are compared to DFT lcaulations of vertical
ionization energies. The results of time-resolved photeetron spectroscopy are pre-
sented in section 5.3. Excited state photoelectron specteand isomerization timescales
are retrieved for both dyes. The measured isomerization tascale for the better-studied
dye Methyl Orange agrees with literature values, while Metal Yellow exhibits slower
iIsomerization. For Metanil Yellow the experiment revealsyhamics before isomerization,
which could be linked to internal conversion.



5.1 - Photochemistry of Azobenzene and Amino-Azobenzenes 87

5.1 Photochemistry of Azobenzene and Amino-Azobenzenes

The so-called azo dyes get their name from the double-bondeitrogen group (azo-
group), whose non-bonding lone pair orbital is responsibfer their photochemical
behavior. The absorption spectrum of azo dyes can be modi dy adding substituents.
This property makes them attractive for the use as dyes or pigents in industrial
products ranging from clothing and food to paint and paper P6].

Whether the compounds are used as dyes, as molecular switchmsas indicators,
determines the desired properties. For industrial dyes adh light-fastness is needed,
meaning that isomerization to a stable product state, whiclthanges the absorption
spectrum, is an unwanted e ect. Furthermore low reactivityis desired, meaning that
absorbed light energy should be dissipated rapidly and witlut dissociation or charge
transfer. In indicators or molecular switches on the otherdnd changes in structure
after irradiation or depending on the environment are destd. Here high isomerization
quantum yield and reversibility are key features. The photthemical characteristics,
which determine possible applications, are directly linketo the electronic relaxation
of the dye.

5.1.1 Isomerization of Azobenzene

To discuss the photochemistry of the azo dyes it is helpful tost review the well-
documented characteristics of the parent molecule azobeme. Azobenzene has been
studied extensively with energy-domain and time-domain @erimental techniques
and with computational methods, both in the gas phase and irokition. This review
does not cover the literature completely, but rather focuseon the established relevant
facts and few recent works highlighting the existing inters in the isomerization of
azobenzene molecules.

Figure 5.1a shows the molecular structure of azobenzene irettrans- and cis-isomer
and the two main isomerization pathways discussed in the ditature. The trans-isomer
Is considered to be planar. In the cis-isomer both phenylags are twisted out of the
plane by about 60 (NNCC angle) [127]. The two isomerization pathways are the
rotation around the N=N double bond and the inversion of one afe nitrogen atoms
[21].

The UV-vis absorption spectrum of trans-azobenzene (g. 5.)tshows two main
electronic transitions. The strongest absorption band farans-azobenzene is centered
at around 320nm (i.e. 3.9eV) and is assigned to a symmetry-@alled transition.
The considerably weaker transition centered around 450 nmg. 2.8 eV) is associated
with a symmetry-forbidden n  transition. Both the position and the strength of
the transitions show weak solvent dependence, and even irsgahase measurements
a similar absorption spectrum is obtained [128]. In the abgaion spectrum of the
cis-isomer the  transition is shifted slightly to lower wavelengths and theabsorbance
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Fig. 5.1: a) Molecular structure of trans- and cis-azobenzene and the two main
isomerization pathways suggested in the literature (from ref. [124]).
b) Absorption spectrum of trans- azobenzene and its changes due to
light-induced trans-cis isomerization (from ref. [21]).

of the n  transition is substantially increased. Upon irradiaton andsubsequent
isomerization, the absorbance of the transition increases, while the absorbance of
the transition decreases, as shown in gure 5.1b [21, 129].

Isomerization from trans- to cis-azobenzene and vice versan be triggered by both
S (n )orS, ( ) excitation. Additionally the cis-trans isomerization canoccur

thermally, with an activation energy of around 1.0eV [129]Quantum vyields of the

trans-cis isomerization show a relatively weak solvent depdence, but are sensitive to
the initially excited state. Quantum yields of 23-35% aftefS; excitation and 5-15%
after S, excitation are measured. Cis-trans isomerization on the logér hand does
not show such a clear dependence on excitation, and a quantymeld of 40-60% is
observed depending on the solvent [21]. The di erent isomeation quantum yields of

the molecule for the two excited states have sparked majort@mest in the isomerization

and led to many studies employing time-resolved spectrogyoand quantum chemistry

calculations to explore the isomerization dynamics.

The isomerization of gas-phase azobenzene affrexcitation was recently studied with
high resolution spectroscopy [124] and perturbation thep130]. Both studies come
to the conclusion that isomerization afterS; excitation occurs mainly via a rotational
pathway. After excitation to S,, the only signi cant pathway is the internal conversion
to S; on a timescale of approximately 170fs, according to Tan aneéworkers [124].
A compatible explanation for the di erence in isomerizatia quantum yield is the
involvement of other excited states [131]. Another possibexplanation is an internal
conversion to a region on thes; potential energy surface which is inaccessible to direct
S, excitation [123].
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Fig. 5.2: Molecular structures (from Carl Roth) and absorption spectra of the two
azo dyes, Methyl Orange and Metanil Yellow. The absorption spectra
were measured in water solution at concentrations of approximately 1 mM.

In solution the situation is even more complicated. Most coputational publications do
not include the solvent, which complicates the comparisorotliquid-phase experiments.
An exception is a study [132] of the isomerization of azobemeeafter S; excitation
in various solvents, using a mixed quantum mechanical and thecular dynamics
approach (QM/MD). Tiberio and coworkers [132] conclude, tat a mixed inversion-
rotation mechanism is most probable for azobenzene in sotrt. The contribution of
inversion is found to increase with solvent viscosity [132]n contrast, a recent transient
absorption study [123] observed no viscosity dependencehd isomerization kinetics. In
combination with perturbation theory calculations, Quickand coworkers [123] conclude
that the so-called "hula-twist" is the most probable isomearation mechanism, which is
a concerted motion of both the nitrogen atoms and the phenyings.

In summary the model of pure rotation or pure inversion is ctely too simpli ed
especially in solution. While a mainly torsional pathway sewss to be well-established
in vacuum, a multidimensional pathway has to be considered solution.

5.1.2 Photochemistry of the Amino-Azobenzene Dyes

The molecular structures of the two azo dyes used in the exjpreents are shown in
gure 5.2. Both have a sulfonic acid group on one of the phenyings, attached to
increase solubility in water and polar solvents. On the otligohenyl-ring a hydrogen
Is substituted by nitrogen, to which two methyl groups are d@ached in the case of
Methyl Orange and a third phenyl-ring in the case of Metanil ¥llow. Due to the
electronegative amino-group both molecules belong to th&ass of amino-azobenzenes,
which exhibit several key di erences with respect to azobeene [21, 129].
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Fig. 5.3: Decomposition of the absorption spectra of Methyl Orange and Metanil
Yellow. Gaussian peaks are used as opposed to the skewed functions
used in ref. [136]. Nonetheless the decomposition of Methyl Orange is
comparable to that shown in ref. [136].

The main di erence, used also to de ne the group of amino-abenzenes, is the shift
of the transition to lower energies, leading to the overlap of the andn
transitions. For the dyes used here, the overlap is so strotigat only one absorption
band can be distinguished in the visible range of the UV-vis ataption spectrum ( g.
5.2). Another general tendency for amino-azobenzenes is tla@id thermal cis-trans
isomerization, which complicates measurements of the ¢s®mer absorption spectrum
and of the isomerization quantum yield [129].

While the photochemistry of Methyl Orange is relatively welldocumented, there is no
literature available on the photochemistry of Metanil Yelbw. Therefore the following
literature review will mainly consider the characteristis of Methyl Orange and the
related dye 4-(dimethylamino)azobenzene (DMAAB), which ishte unsulfonated form
of Methyl Orange.

The absorption spectrum of Methyl Orange and other amino-abenzene dyes is strongly
dependent on acidity of the solvent, leading to their applation as pH-indicators [133].
In non-acidic media the solution is yellow, but with increagsg acidity the color changes
towards the red, indicating a shift of the absorption spectim to lower wavelengths.
This is caused by protonation of nitrogen atoms in the azo dyevith the most likely
protonation site being the azo-nitrogen further away fromhe amino substituent
[134]. The acid dissociation constant of Methyl Orange in Wat is 3.4 [135], which
in this context means the pH-value where there is an equililnm of protonated and
deprotonated dye. Therefore in a solution at neutral pH, as its used here, only
approximately 0.03% of the dye is protonated.
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It was however discovered already in 1955 [137] that the alpgtion spectrum of
DMAAB in ethanol changes drastically on addition of water to tle solution even at
neutral pH. The e ect of hydration of the dye appears to be sonvehat similar to
the e ect of protonation, with a second band appearing in th@bsorption spectrum
at higher wavelengths. This e ect was investigated systertiaally by Reeves and
coworkers [136], who measured absorption spectra of Metigtange and several similar
dyes in water, ethanol, and mixtures of the two solvents. Theconcluded that the
principal absorption band consists of two overlapping bars] of which one is associated
to the hydrated form of the dye. It is ruled out that the secondband appearing at
lower energy is caused by an -transition or by absorption of the cis-isomer. Since
the e ect is similar to the e ect observed with increasing adlity, is is concluded that
the second band belongs to a strongly hydrogen-bonded sescj136].

Figure 5.3 shows a decomposition of the absorption spectraMeéthyl Orange and
Metanil Yellow in water solution into two bands, analogousd ref. [136]. Although
Gaussian functions were used instead of the skewed funcsoansed by Reeves and
coworkers [136], the position and relative intensity of theands agree well with the
tted curves for pure water shown in the publication. From the overlap with the 400 nm
pump pulse spectrum it can be concluded, that the band at highn energy will be
predominantly excited. This band is associated with the spees with weaker hydration,
which is found in ethanol.

Apart from protonation [134] and hydration [136], also agggation has to be considered
as an in uence on the molecular structure of the investigate sample. In UV-vis
absorption measurements of both dyes with various conceations up to 1 mM, no
strong changes in the absorption spectrum with concentrain are observed. However
the absorption spectra of the Methyl Orange monomer and dimare also very similar
[138].

The literature on the aggregation is somewhat inconsistentWhile some publications
prepare dilute solutions in the M regime to avoid aggregation [139], aggregation is
claimed to be negligible in transient absorption measuremts with a 0.3 mM solution
of Methyl Orange in water [22]. It is assumed that the non-ptonated/hydrogen-
bonded form has a strong tendency to dimerize [139]. Measments of the aggregation
constant in room temperature water however yield values o200 (extrapolation to
room temperature) [140] and 97 [138]. The dimer concentratis for Methyl Orange
at the concentration used in the time-resolved photoeledn experiments, i.e. 2mM,
can be estimated to be approximately 10%, using the newer aggation constant from
ref. [138]. Assuming the same aggregation constant for Meté Yellow, but factoring
in the higher concentration of 5mM used in the experiment, @awould expect dimer
concentrations of up to 20%. Dimerization is expected to rel in an increase of the
Isomerization timescale [21].

An overview of the various e ects of solvation of Methyl Orang and their impact on
the photochemistry is shown in table 5.1.
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Table 5.1: Overview of the expected solvation e ects for Methyl Orange. In the photoelectron
experiments a 2mM solution at neutral pH is used.

Environment E ect Observed changes

Acidic solution Protonation on the azo-group Shift of the Absorption Spectrum
to higher wavelengths

Hydrogen bonding solvent | Hydrogen bonding to nitrogen| Second absorption band at higher
atoms (azo-group or amino-group) wavelengths

Concentration over 0.3mM| Aggregation, estimated 10% small changes in absorption,
dimers at 2mM slower isomerization

Due to the changes of the absorption spectrum with hydratioand the strong overlap
of the transitions, assigning isomerization timescales dmuantum vyields to either the
or the n transition is di cult. Even the ordering of excited states in unclear.
Due to the higher cross-section, all publications on MethyDrange or DMAAB assume
an initial excitation. But some attribute this to excitation of S, [141, 142] and
others to the excitation ofS; [125]. Another di culty stems from the extremely rapid
thermal cis-trans isomerization. For Methyl Orange in ethaol a rate of 0.1-0.5s! was
measured, increasing with concentration [143] and solvepolarity [144].
In irradiation experiments on the similar dye 4-(diethylanmo)Azobenzene in cyclohex-
ane trans-cis isomerization quantum yields of 0.2-0.3 areeasured for wavelengths of
366 nm and lower, while irradiation with 400 nm light was obseed to yield values close
to 1 and 436 nm light gives a quantum yield of approximately @.[144]. In contrast, a
guantum yield of 0.17 was reported for irradiation of the siifar DMAAB in n-hexane
with 405 nm light [145].
If the -state is the lowest-lying excited state, the decrease of aptum yield at
lower wavelengths could be related to the onset of the transition, in analogy to the
lower n isomerization quantum yield observed for pure azobenzen@n the other
hand the involvement of higher lying  transitions beyond 400 nm is also plausible.
In a low temperature absorption spectroscopy experiment éhmal isomerization is
su ciently inhibited. Using this technique two new absorption bands are identi ed
upon irradiation, which can be attributed to the cis-isomelf146]. The new absorption
features are centered around wavelengths of 365 nm and 458 ifrthe n  absorption
increases upon isomerization, as in pure azobenzene, thedee at 458 nm could belong
to the n  absorption. This would support the hypothesis that the lowst transition is
the n transition also for Methyl Orange, and yield an energy di eence between the
excited states of approximately 0.3eV.
The timescale of light-induced trans-cis isomerization dflethyl Orange in water
solution is addressed in a study employing transient speoscopy [141]. Upon excitation
with 400 nm light the authors nd timescales of 0.7 ps and 10 pwhich they assign
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to isomerization and vibrational cooling respectively [14. In transient absorption
experiments on DMAAB in various solvents Mayer and coworkerd25] nd similar
timescales of 0.6-1.2 ps for the isomerization, depending the solvent.
The isomerization pathway of DMAAB was investigated using arp controlled ultrashort
laser pulses to investigate the coupling of vibrational mas$ [142]. The authors nd
that in the excited state the N=N and C-N stretching modes are @upled through at
least two modes, of which one is identi ed as the torsion modsound the nitrogen
double bond. Thus the simpli ed view of either pure inversio or pure rotation is
found to be insu cient for amino-azobenzenes [142]. Simildo the isomerization of
azobenzene, the isomerization of amino-azobenzenes imtsoh most probably follows
a mixed torsional-inversion mechanism.
To summarize, the absorption spectrum of Methyl Orange in agous solution is
dominated by the overlapping transitions of two di erent hydration species. The
excitation with 400 nm light leads to e cient isomerization on a timescale of
approximately 1 ps. The ordering of the much weaker transition with respect to the
transition is unclear due to the overlap of the two transitios. The evidence for an
n state below the excited  state is more pronounced, meaning that 400 nm light
would excite Methyl Orange intoS,. But a timescale belonging to internal conversion
from S, to S; has not been observed for Methyl Orange or DMAAB [125, 141].

5.1.3 Molecular Structure of Methyl Orange and Metanil Yellow

To obtain information on how much the molecular structure othe azobenzene base
is in uenced by the amino-substituents, DFT geometry optinzation calculations are
performed in vacuum and in aqueous solution. As for Quinolinéellow (sec. 4.2) the
TPSS functional [37] is used together with the def2-TZVP basiset [38]. The CPCM
model [35] is used to simulate the in uence of the solvent. Bée 5.2 shows the results
of the geometry optimization and compares them to the knownegmetry of azobenzene
from ref. [127].

The trans-isomer of Methyl Orange is almost perfectly plameand there are no drastic
changes in geometry compared to trans-azobenzene. In cistiwé& Orange however
the amino-substituted phenyl-ring has a signi cantly smder out-of-plane twist angle
(NNCC) of approximately 30 instead of 60.

For Metanil Yellow the changes relative to the molecular sticture of azobenzene
are already obvious in the trans-form. The molecule is no Igar planar and both
phenyl-rings are twisted out of plane. This is likely causeby the substituted third
phenyl-ring, which is also twisted out of plane by around 30relative to the plane of its
neighboring phenyl group (CNCC angle). The structure of cis Btanil Yellow is similar
to the cis-form of Methyl Orange, with the amino-substitutel ring twisted out of plane.
The geometry of the amino-substituent remains similar in tl cis- and trans-isomer,
indicating that it does not change during isomerization.
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Table 5.2: DFT-optimized geometries (TPSS/def2-TZVP) for Methyl Orange and Metanil

Yellow compared to the Azobenzene geometry from ref. [127]. The bond lenigs are averaged
values in Angstrom, all angles are in degrees. Since the substituted azobenzena® no longer
completely symmetric, two values are given for the NNC angle and the NNCC ang (out of
plane twist of the phenyl-rings). The rst value always belongs to the sulfonated phenyl-ring.
The single point energy di erence E is given relative to the trans-isomer in vacuum and
relative to the vacuum calculation of the same isomer for water solution.

Azobenzene (from ref. [127])

isomer solvent| bond-lengths angles
NN CN CC NNC CNNC NNCC
trans  vac. 1.26 144 139 1142 180.0 0.0
cis vac. 124 147 139 1219 0.0 60(8
Methyl Orange
azobenzene-part amino-substituent E [eV]
bond-lengths angles bond-lengths angles
NN CN CC NNC CNNC NNCC |CN NC CCN CNC CCNC
trans  vac. 1.27 140 140 1141 177.8 3.3.37 1.46 120.9 120.2 178|9
115.2 0.0
trans  H,0 1.29 140 140 1141 178.5 3.8..36 1.47 120.9 120.4 1795 -0.74
116.1 0.1
cis vac. 1.26 142 140 12338 11.8 61.4..37 1.46 120.9 120.3 174(4 +0.63
123.7 30.4
cis H,0 1.27 141 140 1241 14.4 59.a.36 1.47 121.0 120.5 1760 -0.82
124.6 24.9

Metanil Yellow
NN CN CC NNC CNNC NNCC |CN CcC CNC CCNC CNCcC
trans  vac. 1.27 1.41 1.40 114.2 175.2 21.4.40 1.40 129.4 245 271

115.0 9.0

trans  H,O 128 140 140 1141 173.3 24.1.39 140 129.9 18.8 284 -0.78
116.1 9.9

cis vac. 1.26 142 140 1238 111 59.41.40 1.40 129.9 11.7 36/5 +0.60
123.6 32.0

cis H,0 127 142 140 124.0 12.6 59.6.39 140 1304 8.8 350 -0.87

124.4 27.1
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5.2 XUV Photoelectron Spectroscopy Results

Fig. 5.4: Photoelectron spectra of Methyl Orange and Metanil Yellow in aqueous
solution acquired with the 17th harmonic (26.5eV). The Methyl Orange
spectrum was recorded at a concentration of 2mM, that of Metanil
Yellow at a concentration of 5mM. Both spectra are normalized to the
concentration as well as the signal of the liquid water b; peak, which is
proportional to the XUV intensity.

Figure 5.4 shows photoelectron spectra of Methyl Orange andetnil Yellow in agueous
solution acquired with harmonic 17. The solutions are preped from a 60 mM NacCl
bu er solution. The photoelectron signal of the bu er soluton is subtracted to obtain
the spectrum of the dye, as discussed in section 4.2. The sdengolution is kept in the
dark prior to the experiment. Due to the fast thermal cis-tras isomerization, it can
be assumed that the samples contain only the trans-isomer tbe dyes.

Due to the lower solubilities of the dyes, lower concentratns than for Quinoline
Yellow are used in the photoelectron experiment. For MethyDrange a 2mM solution
is prepared, for Metanil Yellow a 5mM solution. The concenation dependence
measurement, which was presented for Quinoline Yellow (seection 4.2), is repeated
for Methyl Orange and Metanil Yellow. The photoelectron spetrum is measured with
dye concentrations ranging from 0.25mM to 2mM or 5mM respeaeely. Up to the
concentrations used in the experiment there is no evidenckabsaturation e ect, as it
is observed in the case of Quinoline Yellow (see g. 4.5). Thlepectrum is reproduced
at all concentrations in the case of both dyes.

The photoelectron spectra of the two dyes are similar, whids expected since the
spectrum is likely dominated by ionization from molecular iitals on the azobenzene
part of the molecules. Overall the ionization energies of Namil Yellow appear to be
0.1-0.2 eV lower. With the signal normalized to the dye conceation and the liquid



96 5 - Isomerization of Amino-Azobenzene Dyes in Aqueous Solution

water signal, the photoelectron yield is also similar. Thearmalization to the liquid
water photoelectron yield removes the in uence of uctuatns in XUV intensity. Thus
the similar yield of the molecular photoelectron signal indates similar photoionization
cross-sections of the two molecules.

5.2.1 DFT lonization Energies

As discussed in section 4.2, computational ionization eneéeg can aid in the interpre-
tation of the measured photoelectron spectra. The DFT calcations are performed
using the M06-2x functional [39], the def2-TZVP basis set [B&nd the conductor-like
polarizable continuum model [35], as discussed in detail $®ction 2.2. The calculated
HOMO vertical ionization energies in water solution are 5.5V and 5.68 eV for trans
Methyl Orange and trans Metanil Yellow respectively. For tle cis-isomer the calculation
yields 5.57 eV for Methyl Orange and 5.73 eV for Metanil Yeho.

In gure 5.5 the calculated ionization energies are shown ¢gether with the measured
photoelectron spectra. It is apparent that the agreement dhe calculated values and
the measured spectra is not nearly as good as for Quinolinellges (section 4.2). The
calculation appears to underestimate the vertical bindingnergies by almost 1eV.
Typically errors of 0.3-0.5eV would be expected for a calation of this type [36]. A
possible explanation for the large deviation of the calcuked values is the hydrogen
bonding of the molecules in water. The CPCM only accounts fguolarization and
does not include the hydrogen bonding to the nitrogen atom3.he hydrogen bonding
can a ect the energy levels substantially as evident from # absorption spectra of
di erently hydrated species [136]. Additionally, the phot@lectron spectrum contains
signal from the two hydrogen-bonded species, whose abs@ptmaxima are spaced by
approximately 0.5eV as discussed in the previous section.

Figure 5.5 also shows the shapes of the two highest-lying nml&ar orbitals of both
amino-azobenzene molecules, as obtained from the groundtstDFT calculations.
They are compared to the molecular orbitals of azobenzeneh& molecular orbitals of
Methyl Orange are very similar to those of Azobenzene, and dently the designation
asn- and -orbital still applies. The calculation yields the -orbital as the highest
occupied molecular orbital, supporting the assumption ofef. [125] that the
transition lies below then transition in energy. The DFT calculation for Methyl
Orange returns a gap of almost 2 eV between the HOMO and the HOMQ-This is
clearly incompatible with the overlap of then and transitions. Also here a likely
reason for the discrepancy is hydrogen bonding to the azdrogens.

For Metanil Yellow the assignment ofn and to the two highest occupied molecular
orbitals is not as straightforward. While the HOMO is still rehtively similar to the
HOMO of Methyl Orange, the HOMO-1 appears to be a mix of the nitrgen lone pair
orbital and a more -like orbital extending over all three phenyl-rings. The rason for
this mixing is probably the stronger out-of-plane twist of he phenyl-rings in trans-
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Fig. 5.5: Photoelectron Spectra of Methyl Orange and Metanil Yellow together wth
the ionization energies from the DFT calculation (M06-2x/def2-TZVP).
The shapes of the HOMO and HOMO-1 from the DFT calculation of
Azobenzene and the two dye-molecules are also shown.

Metanil Yellow. The gap between the HOMO and HOMO-1 obtained &m the DFT

calculation for Metanil Yellow is similarly large as for Mehyl Orange, but also for
Metanil Yellow the in uence of hydrogen bonding is probablynot accurately modeled
in the calculation.

The DFT calculations for both molecules supports the assigrent of the -state as
the lowest-lying excited state. However the spacing of the agpied molecular orbitals
clearly disagrees with the close spacing of the excited sat which is well-established
[21]. Therefore it is unclear, if the ordering of molecularrbitals is modeled correctly.
Additionally the visualization of the orbitals shows that the concept of a  -transition
and an transition may only be applicable to Methyl Orange, but not toMetanil
Yellow.
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5.3 Time-Resolved Photoelectron Spectroscopy Results

To access the isomerization dynamics of the amino-azobemzenolecules upon 400 nm
excitation, time-resolved photoelectron measurements bbth Methyl Orange and
Metanil Yellow are performed with 400 nm pump pulses and 17tharmonic (26.5eV)
probe pulses. As discussed in section 5.1.2 the 400 nm pumpspulvill excite predomi-
nantly the strong transition of one of the hydrogen bonded species present imet
solution.

Comparable to the measurement with Quinoline Yellow, a strg increase in the 400 nm
only photoelectron signal is observed upon switching fromraference NaCl solution
to the dye solution. Associated with this, also the expectedst of the photoelectron
spectrum to lower kinetic energy with positive delays is see The correction for this
light-induced space charge e ect is applied, as discussedsection 4.3, and succeeds in
removing the shift.

5.3.1 Methyl Orange

Figure 5.6a shows the counting mode pump-probe photoeleatrsignal after the space
charge correction, acquired with a 2 mM aqueous solution ofdéhyl Orange. The map
in gure 5.6 is obtained by averaging over 27 delay scans, irhih the spectrum at each
delay point is averaged over 10s per scan. This means that leaelay point is obtained
by averaging over a total measurement time of 4.5 minutes o7@000 laser shots.
The di erence map is obtained by subtracting the signal at ngative delays, which is
equivalent to subtracting the sum of the single-color sigt&since no pump-probe signal
Is observed in this energy range at negative delays.

There are two distinct regions with a positive di erence sigal. As discussed before the
cross-correlation signal centered around 8 eV binding eggrcan be attributed to the
rst positive sideband of liquid water. The decaying positre signal at lower binding
energy is associated with the Methyl Orange excited stategsial. Additionally there
are areas with a negative di erence signal for example arodibinding energies of 6.5 eV
and 8eV and areas with a positive di erence signal around hilng energies of 7.5eV
and 9eV.

The photoelectron spectrum of the excited state at di erentdelays is shown in gure
5.6b. The spectrum at long delays (purple, 0.3-10 ps) matché¢he spectrum at shorter
positive delays (turquoise, 0.15-0.25ps), if it is scaleghpropriately (dashed line). This
shows that after approximately 200 fs the excited state phoelectron spectrum remains
the same. The spectrum around time overlap and for short dets (green, -0.05-0.1 ps)
however extends to higher kinetic energies, i.e. lower bind energies. This indicates
dynamics on a fast femtosecond timescale.

The delay dependence of the excited state signal, integrdtéor binding energies between
2.5eV and 5.5eV, is shown in gure 5.7a. The errorbars are givéy the statistical
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Fig. 5.6: Pump-probe photoelectron data of 2 mM Methyl Orange Solution obtained
with a 400 nm pump pulse and a 17th harmonic probe pulsea) Di erence
Map after space charge correction, obtained by subtracting the signal
at negative delays.b) Averaged di erence photoelectron spectra in the
delay ranges highlighted in the di erence map.

standard error of the signal at the individual delay points eer the 27 scans. To further
reduce the noise, caused mainly by uctuations in the XUV intesity, the number of
delay points is additionally reduced by a factor of 2 by binmig the delay points.

The total excited state decay can be modeled well with a sirggexponential decay of
approximately 1 ps, which matches the expected isomerizati timescale for Methyl
Orange [22, 141]. The residuals of the t are consistently alve zero at delays longer
than 3 ps, which could indicate a second, longer decay congtaGiven the low signal
in this delay range, which did not allow retrieval of an excéd state photoelectron
spectrum, it is however also possible that the e ect is cauddy a slight decrease of
the signal at negative delays, which is subtracted from the ap. Therefore no attempt
was made to extract a second timescale from the data.

The single decay time of 1 ps cannot, however, explain the spal change which is
evident in the rst 200fs. To extract the dynamics of the speital change the "center
of mass" of the excited state spectrum at every delay point alculated by taking the
average binding energy of the spectrum between binding egess of 2.5eV and 5.5eV.
This mean energy of the excited state spectrum is plotted ovéne delay for the rst
picosecond in gure 5.7b. As expected from the excited statpectra shown in gure
5.6b, there is no evidence of signi cant spectral changedeaafa delay of approximately
200fs.

The exponential t of the "center of mass" dynamics yields armmplitude of the spectral
shift of 0.24 eV, matching the di erence of the high kinetic eergy edge of the spectrum
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Fig. 5.7: a) Integrated excited state decay signal modeled with an exponential
decay. The t yields a decay constant of 0.96 0.05ps. b) The Delay
dependent "center of mass" of the excited state spectrum can be motkx
with a single exponential decay with an amplitude of 0.24 0.03eV and a
decay constant of 80 20fs.

between time-overlap and longer positive delays. The timestant associated with
the spectral shift is approximately 80fs. As discussed for @wline Yellow in section
4.3, this fast loss of excited state photoelectron energyutd be associated to the initial
solvent rearrangement, reacting to the changes in dipole ment upon excitation of
the molecule.

To check whether the signal of the ground state recovery catsa be observed, the full
di erence spectra at short (turquoise, 0.03-1.0 ps) and lgn(purple, 1.5-10 ps) delays
are compared in gure 5.8a. The features with a positive di ence signal at 9eV
and around 7 eV binding energy, as well as the depletion featuaround 8 eV binding
energy, do not show any time-dependence and are thereforelpably artifacts of the
subtraction of the spectrum at negative delays. The depletn feature at lower binding
energy, however, appears weaker and shifted towards low@nding energies at long
delays.

Since it coincides with the ank of the XUV-only spectrum, the dp in the purple
curve at approximately 6eV is likely an artifact from the spae charge correction
procedure. This can however not explain the stronger dip aherter delays (turquoise
curve), which is likely attributed to the pump-probe signalon the electronic ground
state. This depletion feature is centered at a binding eneygf approximately 6.5eV,
which matches the binding energy of the lower photoelectrdrand in the XUV only
photoelectron spectrum. Additionally the depletion appe@ immediately after the zero
time delay, where the space charge correction has no e ect.
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Fig. 5.8: a) Methyl Orange di erence photoelectron spectra at short and long
positive delays together with the single-color XUV photoelectron spetum.
b) Integrated signal in the binding energy range of the ground state
recovery signal (6.3-6.9eV). The exponential t yields a timescale of
0.9 04ps

The time-dependent signal of the depletion feature, integted in the binding energy
range from 6.3eV to 6.9eV, is shown in gure 5.8b. Since the saj is measured
against a 100 times stronger XUV-only background signal the ugations are large.
Nevertheless the integrated signal shows a depletion at zénme-delay and recovers
towards longer delays. The ground state recovery can be mdekewith an exponential
decay, yielding a decay time of 0.90.4 ps. This agrees well with the timescale of the
excited state decay.

If the depletion signal is associated to the ground state reeery, there are however
some inconsistencies. The integrated signal of the deptetiis almost three times
weaker than the integrated signal of the excited state decajdditionally the depletion
signal in the spectrum is far narrower than the excited statphotoelectron spectrum.
The energy gap between the high kinetic energy edge of the tiwn feature and
the high kinetic energy edge of the excited state spectrum approximately 3eV and
therefore matches the energy of one 400 nm photon. Howeverrihés also excited
state photoelectron signal at a binding energy of 5.5 eV butoncorresponding depletion
signal at a binding energy of 8.5eV.

A possible explanation for both e ects would be that the dynanic range for the detection
of pump-probe signal decreases as the XUV-only signal increase a binding energy
of approximately 7eV. As discussed in section 3.2, the courngirsignal can already
exhibit a small saturation e ect even at low count rates. Ths would also explain the
steep edge of the depletion feature at high binding energy. Ather explanation for
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the broader excited state spectrum extending to lower kiniet energy would be the
stabilization of the excited state by solvent rearrangemeénwhich could occur on a
timescale of a few femtoseconds and therefore not be resdlie the experiment [112].
Additionally the homogeneous broadening, i.e. broadening/ lthanges in solvation
structure of molecules, can a ect the excited state stronge¢han the ground state.
Methyl Orange reportedly has a high isomerization quantumigld [144], therefore one
would expect that a large fraction of excited molecules redas to the ground state
of the cis-isomer. However a change in the XUV photoelectron sppieim after the
iIsomerization is not observed. From the ratio of pump-probsignal to XUV-only
signal it can be estimated that approximately one percent d¥lethyl Orange molecules
are excited. This means that even after a delay time of over $pless than 1% of
molecules are isomerized. It is questionable if a change oatimagnitude would be
detectable in the pump-probe photoelectron spectrum. Addadnally the ionization
energy of cis- Methyl Orange from the DFT calculation (sectiv5.2) is the same as
for the trans-isomer. It is therefore plausible that the phtmelectron spectrum changes
only marginally upon isomerization, making it an insensitie probe for information on
isomerization quantum yields.

5.3.2 Metanil Yellow

The pump-probe photoelectron data of the 5mM Metanil Yellovsolution is shown as
a dierence map in gure 5.9a. The map is obtained by averagmover 10 delay scans,
l.e. an average over approximately 1.5 minutes or 100000dashots per delay point.
The excited state decay is clearly visible as a broad decagifand at low binding
energy. The sideband signal however is not observed as digas in the measurement
with Methyl Orange. This is related to the lower 400 nm photonux used in this
measurement. The total excited state signal is similar in ngmitude to that in the
Methyl Orange measurement. But the Metanil Yellow measureemt was performed at
a higher concentration, so a similar pump-probe signal yels consistent with a lower
400 nm intensity.

The map shown in gure 5.9a is corrected for the light-induak space charge e ect.
There is, however, a residual depletion visible at a bindingnergy of 6 eV, which is
likely an artifact of the space charge correction. Overalhe uctuations of the ground
state signal are more pronounced in the case of Metanil Yellpas expected from a
stronger XUV-only signal. This is probably the reason that theignal associated to
the ground state recovery is not visible in the di erence mapWhat is immediately
evident from the di erence map is the slower overall timesdéa of the excited state
decay compared with the Methyl Orange data. While the Methyl @nge excited state
signal decays almost completely within the rst two picoseands ( g. 5.6a), there is
still considerable excited state signal left after 10 ps irhe case of Metanil Yellow.
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Fig. 5.9:

Pump-probe photoelectron data of 5mM Metanil Yellow solution. a)
Di erence map after space charge correction, obtained by subtracting he
signal at negative delays.b) Averaged di erence photoelectron spectra
in the delay ranges highlighted in the di erence map. c) Excited state
decay signal of Metanil Yellow, integrated in the binding energy range
from 2.0eV to 5.0eV. The monoexponential decay curve yields a decay
constant of 2.5 0.5ps, but clearly misrepresents the data. The excited
state decay has to be modeled with a biexponential function with deay
constants of 0.6 0.2ps and 4.8 0.9ps. d) The delay-dependent "center
of mass" of the excited state spectrum can be modeled with a single
exponential with an amplitude of 0.26 0.03 eV and a decay constant of
120 30fs.

The integrated excited state decay signal is shown in gure.®c and is modeled with an
exponential decay function. It is evident that a single degaconstant is not su cient
to model the data accurately and a biexponential decay is nessary to model the
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excited state decay of Metanil Yellow. The biexponential dmy yields decay constants
of approximately 0.6 ps and 5 ps with similar amplitudes of B.cts/s for both decay
constants. The dashed line in gure 5.9c shows the contribiagin of the 0.6 ps decay,
indicating that this component is completely decayed afteapproximately 2 ps.
Accordingly gure 5.9b shows the excited state photoelectrospectra at time-overlap
(green, -0.05-0.15 ps), short positive delays (turquoise,25-1.8 ps), and long positive
delays (purple, 2-10 ps). The spectrum at long delays (pug)l matches the spectrum
at shorter positive delays (turquoise) if it is scaled up apppriately, indicating that
the 0.6 ps timescale is not associated with a change in the #&d state photoelectron
spectrum. As for Methyl Orange, the spectrum around time-oviap and for short
positive delays (green) however extends to higher kinetionergies, indicating spectral
change on a timescale faster than 0.6 ps.

To access that timescale once again the "center of mass" oktlxcited state spectrum
is extracted. The delay-dependent average binding energyshown in gure 5.9d and
modeled with an exponential decay with a decay constant of @%s. The spectral change
therefore appears to be associated to a third, faster timede not found in the t of the
integrated total excited state decay signal. This timescalcan probably be attributed
to the solvent rearrangement, since both the energy shift drthe timescale are similar
to what is observed for Methyl Orange.

5.3.3 Discussion

In the time-resolved photoelectron spectroscopy both azo/es exhibit a femtosec-
ond change in the photoelectron spectrum, shifting the cestt of the spectrum by
approximately 0.25eV on a timescale of around 100fs. Analagoto the fast behavior
observed in the Quinoline Yellow measurement this can be lked to the initial solvent
rearrangement. The other possible explanation is, that thitimescale is associated
to the internal conversion from to n , which was recently observed on a 70fs
timescale in the related molecule 4-(amino)azobenzene TL4In that case the state
ordering would be the same as in azobenzene, i.e. the loweasinsition having the
n character. However internal conversion would be expected lead to a decrease
in photoelectron signal, which is not observed on the 100 fsrtescale. Therefore the
solvent rearrangement is the most probable explanation fdine fast spectral shift.

In the case of Methyl Orange the interpretation of the time-@solved data is quite
straightforward. After solvent rearrangement, a single tirascale of approximately 1 ps
is found both for the excited state decay and for the ground &te recovery, which
was successfully identi ed in this measurement. This timeale is in good agreement
with results from all-optical transient experiments [22, 41] and can be attributed to
the trans-cis isomerization. Although this isomerization ccurs with a high quantum
yield [144], the signal of the cis-isomer cannot be identiccbecause photoelectron
spectroscopy is probably not a sensitive probe for isomeris There is a weak excited
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state photoelectron signal after isomerization, which cdal originate from a triplet
state. Intersystem crossing was recently reported to occur 4-(amino)azobenzene on
a timescale of 180 ps frons; and 480 ps fromS, [147].

In the case of Metanil Yellow two timescales of 600 fs and 5 piex the initial solvent
rearrangement are found in the excited state decay signalinSe isomerization is likely
the last process on the potential energy surfaces of the drdi states, the decay constant
of 5ps can be attributed to the trans-cis isomerization. Tlsi means that isomerization
of Metanil Yellow is ve times slower than isomerization of Mthyl Orange.

One possible explanation for this e ect would be the larger oment of inertia of the
third phenyl-ring of Metanil Yellow. From the optimized geanetries of Methyl Orange
and Metanil Yellow (sec. 5.1) the moments of inertia for rot@gon around the N=N bond

can be calculated. The calculation assumes rotation of thee with the amino-group
attached. This assumption is justi ed since the sulfonic ad group is likely much
stronger bound to water and would therefore resist rotatiothrough the solvent. The
calculation yields a moment of inertia of 1800 uk? for Methyl Orange and 5400 uA?2

for Metanil Yellow. Since the rotational constant is inversly proportional to the

moment of inertia, this would only explain a three times sloar isomerization of Metanil
Yellow. An additional e ect could be the larger fraction of dmers of approximately
20%, which was estimated to be present in the Metanil Yellowokition.

The interpretation of the intermediate timescale of 0.6 psi Metanil Yellow remains
speculative without the possibility to compare with excitd state quantum chemistry
calculations or transient absorption spectroscopy ressilt If the 100fs timescale is
associated to solvent rearrangement, one option would beemal conversion to a
lower-lying excited state. Another explanation would be annternal conversion to
the ground state of the trans-isomer, competing with isomeation. This process
was found to occur on a timescale of 0.7 ps in 4-(amino)azolzene [147]. This can
however be excluded, since a competing process would lead ta@oexponential decay
with a decay time close to that of the faster process. Anotherggsibility would be
the vibrational relaxation out of the Franck-Condon regionwhich is however usually
considered to occur on faster femtosecond timescales. This internal conversion to
a lower-lying excited state is the most probable explanatiofor the 0.6 ps timescale.

In conclusion the internal conversion process is most prdidg observed in Metanil
Yellow, but not observed in Methyl Orange. This points to a derence in state
ordering between the two molecules. While the -state appears to be the lowest-lying
excited state in Methyl Orange, there probably is a lower-lpg excited state in Metanil
Yellow. It is however unclear if the model of a - and ann -state, as introduced for
azobenzene, is still valid for Metanil Yellow. As discussed section 5.2, the molecular
orbitals of Metanil Yellow are dissimilar to those of azoberene. Thus the lower-lying
excited state is not necessarily comparable to the -state in azobenzene.
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5.4 Summary

In this chapter the static and time-resolved photoelectrospectroscopy of two amino-
azobenzene derivatives in aqueous solution are present€ohe of the open questions
in this type of molecules is whether amino-azobenzenes iedeo er the possibility
to study isomerization of azobenzene from the -state without the in uence of the

n -state. This would only be the case if the ordering of the exted states is reversed
with respect to azobenzene [125, 141].

The measured static photoelectron spectra of the two amire®obenzene molecules
Methyl Orange and Metanil Yellow are similar. As opposed to th XUV-only measure-
ments for Quinoline Yellow (sec. 4.2), the photoelectron sptra of the azo dyes do
not compare well with ionization energies obtained from DFTalculations. A possible
reason is the complex hydrogen bonding on the azo- and amigiups of the azo dyes,
which is known to cause large changes for example in the UV-vigsarption spectrum
[136]. This e ect is not modeled in the DFT calculations emplged here, using the
conductor-like polarizable continuum model.

In the time-resolved experiments the time-dependent exed state photoelectron signals
of both molecules are measured. Similar to the Quinoline Yelv experiment (section
4.3), a fast shift of the excited state photoelectron speatm is observed. This e ect
can most likely be attributed to the initial solvent rearrargement after excitation. The
decay of the excited state signals can be modeled to extrasbmerization timescales
for both molecules. The isomerization timescale for Methydrange is approximately
1 ps, in agreement with previous studies [22, 141]. For Met&iYellow an isomerization
timescale of approximately 5 ps is extracted. The slower is@rization can be explained
by the larger moment of inertia for rotation around the nitrayen double bond and
therefore supports the hypothesis of a mainly rotational @nerization [23]. This could
be con rmed by experiments in other solvents, investigatim the in uence of solvent
viscosity.

Regarding the ordering of excited states, the two moleculeppear to be di erent.
Internal conversion is not observed in the Methyl Orange expiment, which supports
the assignment of the -state as the lowest exciting state [125]. In Metanil Yellow
a 600 fs decay is observed before isomerization, which canstrikely be assigned to
internal conversion. Thus the -state is probably not the lowest excited state.
Therefore the inverted ordering of the excited states appeaprobable for Methyl
Orange, but not for Metanil Yellow. This can be another reaso for the slower
isomerization of Metanil Yellow, since isomerization occs after internal conversion to
the lower-lying state. The results show that the substitueis on amino-azobenzene have
a strong in uence on the ordering of excited states. The stydof amino-azobenzenes
can however not necessarily provide insight on the parent megule azobenzene, since
the model of a - and an -state may not be valid for Metanil Yellow.
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6 lonization of Tryptophan in Aqueous Solution

The generation of charged species in aqueous solutions isimportant topic in bio-
chemistry, since charged species are highly reactive ancetbxidation of proteins is
a precursor for cell damage. Proteins are major targets fohptoionization in cells,
mainly due to their high abundance in the cells. An important pthway to protein
oxidation is light absorption by bound chromophore groupspr example amino acids.
L-Tryptophan is the most photoactive among the common aminacids, which makes
its photochemistry highly relevant for studies on the oxid@on of proteins [24]. Since
L-Tryptophan is the biologically relevant enantiomer of tke chiral molecule, Tryptophan
will always refer to the L-enantiomer in the following.

In the context of photodamage, knowledge of the thresholdrfdirect photoionization
in the gas-phase and in aqueous solution is essential to gtignthe energy necessary
for direct ionization [148]. This way the photon energy neseary for direct ionization
of aqueous Tryptophan can be quanti ed and compared to the @hon energy necessary
for indirect ionization, e.g. by charge transfer from an exed state. As discussed
in section 2.1, the ionization energy for direct ionization aqueous solution is often
signi cantly lower than in the gas-phase. This phase trangon shift can be accurately
estimated by comparing results from gas-phase photoelemtr spectroscopy [149] and
results from photoelectron spectroscopy in agueous sotuti

In addition to the importance of the steady-state energet&cof aqueous Tryptophan,
there is also great interest for its excited state dynamicdts strong uorescence already
indicates that Tryptophan remains in the excited state longenough for excited state
charge transfer processes to play a role. Excited state poot transfer, electron transfer,
and intersystem crossing are considered as mechanisms feorescence quenching [25].
Additionally the photophysics of Tryptophan depend sensitiely on its environment
[25].

In this chapter rst the ionization energy of isolated Tryptophan molecules and the
e ects of agueous solution on Tryptophan are discussed. Tiehe results from XUV-
only photoelectron spectroscopy in solution are presentedhe photoelectron spectrum
of Tryptophan in aqueous solution is measured, investigaiy also the in uence of
the photon energy and the Tryptophan concentration. Basednothe results, accurate
estimates for the phase transition shift and for the threshd energy for direct ionization
in aqueous solution can be calculated. The XUV-only experimentlso provide the
basis for a possible time-resolved experiment on Tryptophan aqueous solution.

6.1 lonization Energy of Tryptophan

Photoelectron spectroscopy of Tryptophan in the gas-phase challenging since the
molecules often decompose in the inlet system [150]. Thudyofew direct measure-
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Fig. 6.1: Molecular Structures of Tryptophan, Indole and Alanine.

ments of the gas-phase spectrum of Tryptophan have been rejgal [149, 151]. The
photoelectron spectrum has two distinct bands at binding eargies of 8.1 eV and 9.8eV
[149]. The photoionization threshold in the gas-phase hagén reported at 7.2-7.3eV.
The Tryptophan molecule consist of an Indole part and an Alane part (see gure
6.1), and photoelectron spectra of these compounds can beawled more easily. This,
together with quantum chemistry calculations, can be usedtassign the photoelectron
bands of Tryptophan to speci c orbitals [152]. The rst bandat 8.1 eV is attributed to
ionization from the ; and , orbitals of Indole and will hereafter be referred to as the
1 2 band. The band at 9.8 eV is attributed to ionization from the 3 orbital of Indole
and from non-bonding Alanine orbitals. While the early assignent considered only
the ny orbital of the Alanine amino-group [149], a more recent comfational study
considers theng of the C=0 group and the np;, of the C-OH group as well [153]. For
simplicity the composed photoelectron band will be labeleas the 3n-band.
Recent computational studies [153, 154] give values for thertical binding energies
of gas-phase Tryptophan, depending on the conformation. Imoth studies it was
concluded that the lowest energy conformation is one, in wdhi there is an additional
hydrogen bonding interaction between the amino group of Alame and the Indole
group. For this conformer the calculated ionization energs also agree best with the
experimental values. The DFT calculation of Dehareng and cankers [153] yields
ionization energies approximately 0.5 eV lower than the egpimental values for the -
orbitals, but reproduces the experimental values for the mebonding orbitals quite well.
Using a wavefunction-basedb initio method, Close [154] calculated a vertical ionization
energy of 7.8 eV for the ;-orbital, in excellent agreement with the experimental vale.
In solution amino acids can form iso-electric dipolar ionglso known as zwitterions.
This means that, although the entire molecule has no net chge, groups in the molecule
carry opposite charges. In the case of Tryptophan both chagd groups are on the
Alanine part of the molecule. The amino-group on the Alanine ipositively charged
(NH3) and the carboxyl-group carries the negative charge (COQ in the zwitterion
form of Tryptophan ( g. 6.2a). In the gas phase the zwitterim form is not stable, but
in studies with Tryptophan water clusters it has been foundhat few water molecules
can stabilize the zwitterion form [155].
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Fig. 6.2: a) Molecular structure of L-Tryptophan in the neutral and in the zwitte-
rion form. b) lllustration of the di erent ionization processes. They are,
in order of descending necessary energy: direct ionization of gas-phase
molecules referenced to vacuum, direct ionization of solvated moletes
referenced to vacuum, direct ionization of solvated molecules refenced
to the water conduction band, and ionization by charge transfer after
excitation.

For amino acids in aqueous solution the equilibrium conterdf neutrals, anions, cations
and zwitterions is governed by the logarithmic apparent adidissociation constants of
the amino and carboxyl groups. These constants quantify thgH-values, at which the
concentrations of dissociated and bound groups are equabrRhe amino acid Glycin
values ofpK2s0y = 2:3 andpKgy,, = 9:6 were measured [156]. For Glycin the content
of anions or cations is found to be below 1% at all pH-values beten 4.3 and 7.7.
Additionally the zwitterion form is favored in aqueous solubn at neutral pH, with a
ratio of neutral Glycin to zwitterions of approximately 10 ° [156]. For Tryptophan the
measured acid dissociation constants apK 2, = 3:4 and pK,?|H2 =9:4 [156]. Since
these values are similar to the values measured for Glycihcan be safely assumed,
that the zwitterion form also dominates for Tryptophan in agieous solution at neutral
pH.

The di erence in orbital energies in the neutral and in the zviterion form was evaluated
in quantum chemistry calculations in ref. [149]. Seki and wsmrkers reported only a
small shift for the Indole orbitals. For the orbitals assoeited to the Alanine part of
the molecule they predicted a 2-3 eV lower binding energy ime& zwitterion form in
the gas phase. In a more recent DFT study [154], the verticalri@ation energies of
various amino acids in aqueous solution were calculated mgia polarization cavity
model (see section 2.2), resulting in a much smaller phasarsition shift of 0.8 eV for
Tryptophan.



110 6 - lonization of Tryptophan in Aqueous Solution

To discuss the photoionization potential of Tryptophan in gueous solution, the de ni-
tion of the ionization energies for solvated molecules has be expanded as illustrated
in gure 6.2b. Photoelectron spectroscopy measures the iaation potential of the
gas phase or solvated molecules referenced to vacuum. Therénce between these
values is de ned as the phase transition shift. The energylevant for the generation
of charged species in aqueous solution is the ionization epereferenced to water.
This important quantity is the photon energy necessary to geerate electrons in the
conduction band of liquid water. The energy of the liquid wadr conduction band
relative to vacuumV, is -1.2 eV [148]. Using this, the ionization threshold refemeed
to the conduction band was estimated as 5.5eV [148].

lonization threshold measurements using absorption deten of solvated electrons
[148], photoconductivity [157], or detection by scavenginthe generated electron [158],
yield much lower values for Tryptophan and Indole in aqueousolution. An ionization
threshold of approximately 4.5eV is reported. This is due tthe fact that Tryptophan
can be ionized by electron transfer to the solvent after eligonic excitation. This process
needs less energy than direct ionization, because the stdehelectrons have a higher
binding energy than electrons in the conduction band of wate Therefore generation
of solvated electrons can be observed with photon energiesidw the threshold for
direct ionization [148]. This property has also sparked mayj interest in the relaxation
pathways of Tryptophan after UV excitation, leading to recet studies employing
time-resolved techniques [25, 159].

6.2 XUV Photoelectron Spectroscopy Results

For this thesis XUV-only photoelectron spectroscopy experimés on Tryptophan in
aqueous solution are performed. In the experiments the vexal ionization energies of
aqueous Tryptophan, referenced to vacuum, can be directlyaasured. In comparison
with the gas phase photoelectron spectrum this yields a doemeasurement of the
phase transition shift. Therefore also the ionization engy referenced to the water
conduction band can be calculated more accurately.

As discussed before, the intense water contributions in theeactrum have to be
subtracted to isolate the solute photoelectron spectrum.dF this purpose a reference
60mM NacCl solution in demineralized water is prepared. Trypphan is then added to
a part of the reference solution, thus ensuring that both caain the same concentration
of NaCl. L-Tryptophan was purchased fronSigma Aldrich and used as received.

A recurring problem in the subtraction of the water signal a& XUV intensity uctuations.
Since the switch from the reference solution to the samplelstion takes approximately
15 minutes, slow drifts in the XUV intensity cannot be averageaut. In the counting
mode measurements, which were presented in the previous ieas, the maximum
accessible binding energy was approximately 9 eV. Since thater signal for binding
energies below 9eV is small, the error introduced by the baplound subtraction can
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be neglected. To access the photoelectron spectrum of Trgphan at binding energies
beyond 9 eV, the background subtraction procedure needs to bavisited.

The photoelectron spectrum of the Tryptophan solution is th sum of the water spectrum
and the Tryptophan spectrum, i.e. W(E) + T(E). The reference spectrum is the
spectrum of water measured at a di erent XUV intensity, i.e. WY{E) = const W (E).
To correct for the intensity di erence, the reference speatm is normalized to the
maximum intensity of the liquid water 1b, band

Wiorm (E) = W) WL TR _ gy g, TUB

Wq1h) W (1by)

Subtracting the normalized reference spectrum from the sgteum of the Tryptophan
yields the di erence spectrum

(6.1)

D(E)= T(E) W(E)V-I\-/((llt)) (6.2)
meaning that the true Tryptophan spectrum is
T(E)= D(E)+ W(E)VT/((llt;)) (6.3)

which contains the ratio of Tryptophan signal to water signhat the liquid water peak.
This parameter is unknown. It can, however, be estimated toocrect the Tryptophan
spectrum with the measured spectrum of water. To quantify v important the
correction term is for the extracted binding energies, thesemated Tryptophan signal
at the liquid water peak will be varied.

Figure 6.3a shows the photoelectron spectra of the 10 mM Trygbhan solution and
the reference NaCl solution (bu er). In the di erence spectum two photoelectron
bands from Tryptophan are visible. The di erence spectrumsi corrected according
to equation (6.3). Figure 6.3a shows the Tryptophan photoat&on spectra obtained
with estimated ratios of the Tryptophan to liquid water sigral of 0.005 (lower dashed
line), 0.01 (red line), and 0.02 (upper dashed line). As disssed above, the correction
term has no e ect for binding energies below 9 eV, where the veatsignal is negligible.
With increasing water signal the correction term becomes maimportant. Up to a
binding energy of 10 eV the corrected spectra are similar, §ze error introduced by
the correction is small.

Figure 6.3b shows the photoelectron spectra of aqueous Trgphan acquired with the
harmonics 15, 17, and 19. The photoelectron spectra meagsiikgith the harmonics 15
and 17 are corrected with an estimated Tryptophan to water gnal ratio of 0.01. The
XUV vyield with harmonic 19 is considerably lower, so the Tryptphan signal could
only be distinguished using the counting mode. Therefore ¢hspectrum acquired with
harmonic 19 is only shown up to a binding energy of 9eV.
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Fig. 6.3: a) Photoelectron spectra (averaging mode) of a 10 mM Tryptophan solu-
tion and a reference NaCl solution (bu er), averaged over an acquisition
time of approximately 5min. The di erence spectrum is corrected as
discussed in the text (red lines).b) Tryptophan spectra obtained with
the harmonics 15, 17 and 19 compared to the gas-phase photoelectron
spectrum, digitized from ref. [149].

The solubility of Tryptophan in water at room temperature isapproximately 60 mM, but
drops to circa 1 mM at 0C [160]. Due to evaporative cooling the water temperature in
the liquid jet is signi cantly below room temperature, therefore a 10 mM concentration
can be close to the solubility limit or already cause aggrete@n.

To check if the photoelectron spectrum is a ected by a satuteon of the surface

concentration or a possible aggregation, measurements lwii erent concentrations are

conducted. The spectra for concentrations from 0.5mM to 10vhare shown in gure

6.4. For the low concentrations the Tryptophan signal coulanly be distinguished

from the noise in the counting mode, therefore only the; , band is shown. The
spectra are scaled according to the concentration to higght that the observed signal
is linear with concentration. No signi cant spectral change are observed with changing
concentration. Therefore there appears to be no signi cargggregation of the sample,
meaning that the measured spectrum can be interpreted as tlhwaltered spectrum of
solvated Tryptophan.

To compare gas phase and aqueous Tryptophan, the gas phasecsfum from ref.
[149] is plotted together with the solution spectra in gure6.3b. To extract the peak
position, width and total signal, the photoelectron spect are modeled with three
Gaussian peaks, two for the assigned bands and one for theeinsf the next band at
higher binding energies. The extracted t parameters aredted in table 6.1.

Averaging of the values in table 6.1 yields a vertical bindingnergy of 7.350.1eV
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Fig. 6.4: Photoelectron spectra (counting mode) of solvated Tryptophan for dif
ferent concentration, the reference water spectrum is subtractg. The
spectra are scaled according to the Tryptophan concentration to highlght
that no spectral changes are observed with changes in the concentration.

and a FWHM of 1.35 0.09eV for the ; »,-band, with the errors estimated from the
variance of the extracted values and the systematical errof the calibration procedure.
For the n 3-band a vertical binding energy of 9.30.2 and a FWHM of 1.4 0.2eV is
obtained. The errors for then ;-band are larger due to the in uence of the overlapping
liquid water peak. Thus the measured phase transition shifor the ; ,-band is 0.8eV,
while it is only approximately 0.4 eV for then z-band. The retrieved vertical ionization
energy of 7.35eV also agrees reasonably well with the valde6d7 eV, obtained by
Close and coworkers in DFT calculations [154].

Evidently, the phase transition shift for the ; ,-band is larger while the broadening
is larger for then 3-band. This can be intuitively understood, since the lowerdnd
consists of overlapping peaks from two-orbitals that should respond similarly to the
phase transition. The 3n band consists of a -orbital and an n-orbital. The phase
transition shift of the n-orbital is expected to be smaller than that of the -orbital
resulting in a stronger broadening and a weaker shift of theombined peak (see section
2.1).

For the zwitterion Seki and coworkers predicted a 2 eV decrgain the binding energy
of the nitrogen lone pair orbital on the Alanine [149]. It is @ar that this is not
reproduced in this measurement, in the accessible spectrahge only sub-eV shifts
from gas-phase to solution are observed. In fact the retried phase transition shift of
the rst ionization energy agrees with the shift obtained fom CPCM DFT calculations
(see section 2.2) in ref. [154]. This shows that evidently th@olarization model is
su cient to treat the ionization of aqueous Tryptophan and atreatment describing the
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Table 6.1: Binding energies, peak widths, and total signal of the Tryptophan photodectron

bands. The total signal of the 1 peak of liquid water is given for comparison. The values in
brackets are extracted from the corrected di erence spectra showin gure 6.3b. 2obtained

from a t of the re-plotted spectrum from ref. [149].

Tryptophan ; » Tryptophan 3n Water 1b(1')
E [eV] FWHM [eV] cts/s E [eV] FWHM [eV] cts/s cts/s
Solution H15 7.40 144 124 9.21(9.21) 1.24 (1.25) 209 (214) 66500
Solution H17 7.42 1.36 112 9.46 (9.48) 1.61 (1.62) 262 (272) 66200
Solution H19 7.22 1.26 10 - - - 13600
Gas Phasé 8.15 111 - 9.66 0.85

rst solvation shell with discrete water molecules, as it isuggested in ref. [154], is not
necessary in this case.

A value for the ionization threshold cannot be extracted fnm the photoelectron spectra
as reliably as the vertical binding energy, due to the limité energy resolution caused by
the bandwidth of the XUV pulse. The broadening of the ; ,-band approximately cor-
responds to the broadening of photoelectron peaks expecteom the XUV-bandwidth.
Therefore the shift of the ionization threshold due to solM&n can be assumed to be
similar to the shift of the vertical ionization energy, i.e.0.8eV.

Adding the binding energy of the water conduction band thregiid of 1.2 eV [148], the
total di erence between the gas phase ionization energy anlde ionization energy in
solution is 2.0 eV. Taking the measured gas phase ionizatioméshold of 7.3 eV [149],
the ionization threshold of aqueous Tryptophan referencetd the water conduction
band is 5.3eV. Katoh and coworkers [148] came to an estimate mbeV for this
value, but using a overestimated phase transition shift of.1eV and an overestimated
gas-phase ionization threshold of 7.8 eV. Liquid-phase XUV ptoelectron spectroscopy
can improve this estimate with a much more reliable methodjrece it contains a directly
measured liquid-phase ionization potential. The value fahe phase transition shift
of 0.8eV is more accurate than previous estimates, since st lbased completely on
photoelectron experiments from this thesis and from Seki drcoworkers [149].

6.3 Summary

In this chapter results from XUV photoelectron spectroscopyfdlryptophan in aqueous
solution were presented. The vertical binding energies olvd photoelectron bands
of aqueous Tryptophan are obtained. The photoelectron basdcan be assigned to
molecular orbitals by comparison with gas phase photoelesh and computational
studies on Tryptophan [149, 154]. The vertical binding engies of the ; ,-band



6.3 - Summary 115

and the n 3-band are 7.4eV and 9.3 eV respectively. Comparison with aerature
photoelectron spectrum of gas-phase Tryptophan [149], ide a phase transition shift
of 0.8eV. This value for the phase transition shift is in exceint agreement with a
recent computational study [154].

Using the retrieved phase transition shift the threshold fodirect ionization referenced
to water can be calculated. The extracted value is 5.3 eV, wihicompares well to the
value of 5.5eV estimated in ref. [148]. However, the value ngia directly measured
photoelectron spectrum is much more reliable, since the wartain estimate of the phase
transition shift is not necessary.

The XUV-only measurement will serve as a basis for a 266 nm pumyUV-probe
photoelectron experiment, which could prove highly beneial to understand the
complicated relaxation dynamics of Tryptophan. Possibleetaxation pathways are
uorescence, electron transfer, intramolecular proton &insfer and intersystem crossing.
According to a recent study the primary photoreaction at neutl pH is an intramolecular
proton transfer leading to a zwitterionic form where the nitogen on the Indole carries
the charge [25]. It is however unclear, if the intersystem @ssing to a triplet state
is competing with the proton transfer mechanism or if protorransfer is followed by
intersystem crossing.

The open questions in the relaxation dynamics of Tryptophaoould be addressed with
time-resolved photoelectron spectroscopy. Advantages diqioelectron spectroscopy
would be the unambiguous detection of solvated electron sagjs [46], and the observation
of a possible triplet state which has been proposed to play ale in the charge transfer
process [25].
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7 Summary and Outlook

This thesis presents the experimental implementation ofrtie-resolved XUV photoelec-
tron spectroscopy of organic molecules in solution and theg@lication of this novel
method to the investigation of electronic structure and exted state dynamics of several
functional organic chromophores of biological and indusél importance. Due to the
large variety of topics covered in the thesis, the summary divided into three parts.
The rst part discusses the technical aspects of liquid-pls® photoelectron spectroscopy,
with a special focus on the detection of solute signals and gsible technical improve-
ments. In section 7.2 the results on Quinoline Yellow and Tptophan are summarized.
The results show the potential of the developed techniquerfthe investigation of charge
transfer processes, since excited state proton transferpiposed as a major relaxation
pathway in both molecules. In section 7.3 the results on theht-induced isomerization
of amino-azobenzene derivatives are summarized and pokssiloture experiments on
molecular switches are discussed.

7.1 Time-Resolved XUV Photoelectron Spectroscopy in
Solution

The implementation of liquid-phase photoelectron spectsaopy is discussed in chapter
3 of the thesis. This includes the integration of a liquid jetarget [11] into the vacuum
system of the existing XUV monochromator setup [17]. A thin ligid lament is
injected into the vacuum system under high pressure and oetited by a catcher after
a travel distance of a few millimeters. With this technique tle necessary vacuum
conditions for photoelectron detection and for the propag@n of XUV pulses are
achieved. The redesign of the liquid jet assembly, which wasarried out as part of
this thesis, successfully improved the stability and exibity of the liquid jet system.
Photoelectron detection from the liquid-phase is accomphed with a magnetic bottle
time-of- ight electron spectrometer in a design similar tothe one described in ref.
[66], which o ers a signi cantly higher collection e ciency than eld-free electron
spectrometers.

As a rst step of evaluating the performance of the liquid jet edstation, XUV pho-
toelectron spectra of water, ethanol, and acetonitrile aracquired. The obtained
photoelectron spectra are in good agreement with photoetean spectra from the
literature [12]. With the magnetic bottle photoelectron spetrometer high quality
photoelectron spectra of liquid samples can be collected atquisition times of a
few seconds. To demonstrate the sensitivity of the detecticscheme, pump-probe
experiments on liquid water are performed. The laser-as&id photoelectric e ect is
observed with 400 nm pump pulses (see chapter 3), althoughistsigni cantly weaker
than with an 800 nm dressing eld as it was used in a previousigdy [19].
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Regarding the XUV-only photoelectron spectroscopy of solvatanolecules, the solute
photoelectron signals are successfully separated from ghieotoelectron signals of water
for all molecules covered in this thesis. High quality photdéectron spectra of solvated
molecules can be acquired in acquisition times of a few mimg{ making detailed
investigations on the in uence of XUV photon energy and soluteoncentration possible.
Solute photoelectron spectra are measured at solute conizations below 1 mM, which is
three orders of magnitude below the concentration used ingti harmonic photoelectron
spectroscopy of solvated molecules before [101]. The sam@bncentrations used in
the XUV-only experiments are even lower than those used in liguijet photoelectron
experiments at synchrotron facilities [16], which once merdemonstrates the sensitivity
of the implemented setup.

An interesting discovery in this context is that the solute plotoelectron signals do
not necessarily increase linearly with the concentrationOverall the experiments in
this thesis suggest a negative correlation between solutyiland photoelectron yield
(see chapter 4), which can be intuitively explained by the telency of low solubility
samples to accumulate closer to the surface of the liquid jeif this correlation proves
to be robust, it means that low sample solubility is not as lirting for photoelectron
spectroscopy of solvated molecules as expected. More data@nvestigate the universality
of the suspected correlation will be automatically colleed in future experiments on
other organic molecules.

In the time-resolved experiments discussed in this thesisd excited state decay signals
of three organic dye molecules in aqueous solution are swesfelly measured using
millimolar sample concentrations. The pump-probe experiemts however also show
a strong photoelectron signal from ionization of the sampl@olecules by the 400 nm
pump pulse. This causes a light-induced space charge e eag previously observed
in time-resolved photoelectron spectroscopy of water [4%or this thesis a correction
procedure is devised, which corrects the resulting delagjglendent shift based on the
liquid water photoelectron spectrum (see chapter 4).

The main challenge in the time-resolved experiments is thew yield of excited state
electrons, which was on the order of 1-2 electrons per 1008dashots in the presented
experiments. Due to the low electron yield the experimentequire long measurement
times. This in turn causes a high consumption of sample soioh of approximately
500 ml for a complete time-resolved experiment. This limitthe technique to the
investigation of sample molecules which can be obtained imrgje quantities.
Increasing the pump-probe signal yield is challenging in ¢hpresent con guration. A
higher pump pulse intensity causes a higher 400 nm only phelectron signal, which
increases the in uence of the light-induced space chargeeet. Additionally, it is crucial
that the pump-probe signals can be measured backgrounddreTherefore the pump
pulse intensity has to be limited, such that no electrons inhe kinetic energy range of
the pump-probe signal are generated. Increasing the photamx of the XUV pulse
is also problematic. The correction procedure for the spacbarge e ect (chapter 4)
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relies on the detection of the liquid water photoelectron @&. Therefore the dynamic
range in the photoelectron detection needs to be high enoughallow unsaturated
detection of the liquid water peak, while also distinguishig the single electron peaks of
the molecular pump-probe signal. To accomplish this with a ath higher XUV photon
ux is impossible with the current digitizer card.

Thus the most promising approach to shorter acquisition tims and lower sample
consumption is an increase in repetition rate. The setup cwntly operates at a
repetition rate of 1kHz, but the laser system o ers a 10kHz outg. Operation at
10kHz, while also challenging due to the higher average powerboth laser beams,
would be a promising technical improvement. To further deelase sample consumption,
the automatic recycling of the sample solution should be inlgmented. While collecting
the sample after the liquid jet is already possible with watesolutions, recycling more
volatile solvents was not successful with the current cottedon system. Cooling of the
collection bottle to lower temperatures and a smaller dianter of the catcher ori ce
are necessary to recycle solvents like ethanol.

7.2 Investigation of Charge Transfer Processes

In chapter 4 steady-state and time-resolved photoelectroexperiments of the sul-
fonated dye molecule Quinoline Yellow in aqueous solutiomeapresented. Additionally,
ionization energies from DFT calculations performed withithe scope of this thesis
are presented. The calculations include the aqueous sobutivia the conductor-like
polarizable continuum model. The agreement between the DFTalculations and the
photoelectron spectrum is excellent, leading to the condion that one band in the
photoelectron spectrum can clearly be assigned to a delazall -orbital of the planar
tautomer of the molecule.

In the time-resolved photoelectron experiment in water, tlee timescales are extracted
from the excited state signal. The fastest timescale of apptimately 250fs is related
to a spectral change rather than a change in excited state saj, and can therefore be
attributed to the initial solvent rearrangement. The excied state decay then proceeds
with timescales of approximately 1.3 ps and 90 ps. Evidenceasvfound recently, that
Quinoline Yellow in cyclohexane solution undergoes exctstate intramolecular proton
transfer (ESIPT) after excitation [20]. The 1.3 ps timesca& is consistent with an
excited state proton transfer process over a barrier, as & suggested in ref. [20]. The
long timescale could be explained by a rotational relaxatmoto the ground state or a
tautomerization pathway.

To con rm that the ESIPT occurs also in aqueous solution, fuher theoretical and
experimental work is necessary. The ground state DFT calctians, which are per-
formed in this thesis, suggest that the CPCM treatment is sucient to model the
in uence of the solvent on Quinoline Yellow. Therefore timelependent DFT (TDDFT)
calculations, as they were performed by Han and coworker®]2but including various
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solvents could provide insight into the dynamics of the ESIP in various solvents.
Additionally, future TDDFT calculations should not only include the proton transfer
coordinate. Since rotational stability is likely decreaskby the proton transfer, the
coordinate associated to rotation around the bridge bond shld also be considered in
future TDDFT calculations.

Further insight into the plausibility of intramolecular pr oton transfer in aqueous solution
could come from measurements with the deuterated form of Quiline Yellow. Since
the molecule deuterates easily [20], measurements with teated Quinoline Yellow
should be performed in a solution of deuterated water. Addiinally, a time-resolved
photoelectron experiment with Quinoline Yellow in an aprat solvent, for example
acetonitrile, could provide insight into how the 90 ps timesale changes in an aprotic
environment. Since the tautomerization pathway likely inltides a proton transfer
through the solvent, it would be expected to be inhibited in a aprotic environment.
In chapter 6, the amino acid Tryptophan in aqueous solutiorsiinvestigated. Also for
Tryptophan an excited state proton transfer is reported ashte most likely relaxation
pathway after excitation [25]. Tryptophan is only studied vith steady-state XUV
photoelectron spectroscopy in this thesis. In comparisonitiv gas-phase photoelectron
spectroscopy the photoelectron spectra of Tryptophan in agous solution can be used
to determine an accurate experimental value for the phaseatnsition shift, i.e. the
decrease of the ionization energy due to solvation. The detgned value of 0.8eV is in
excellent agreement with recent computational results [4h

Additionally the steady-state experiment on Tryptophan carbe seen as the rst step
towards a time-resolved photoelectron spectroscopy expeent using 266 nm pump
pulses. Such an experiment could aid in disentangling theroplicated excited state
dynamics of Tryptophan [25], including possible electronrgroton transfer processes
to the solvent. Advantages of photoelectron spectroscopy this context would be the
possibility of the unambiguous detection of both triplet sates and solvated electrons.
The experiments on Quinoline Yellow and Tryptophan show thaime-resolved photo-
electron spectroscopy is a promising technique for the irsteggation of both intramolec-
ular and intermolecular charge transfer processes. In thetfire the experiments could
be extended to other photoactive amino acids or photoacids.

7.3 Isomerization of Functional Molecules

Results from steady-state and time-resolved photoelectrespectroscopy of the two
amino-azobenzene derivatives Methyl Orange and Metanil N@v are presented in
chapter 5. Amino-azobenzene derivatives are studied mairfigr their light-induced

isomerization, which is why they are used as molecular swits. An open question
in these molecules is the ordering of the excited states [225], which are labeled as
the and then states, in analogy to azobenzene. Since the -state has a much
higher absorption cross-section, time-resolved experinte can be helpful to resolve
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this question. If the internal conversion from  to n is observed, then state is
clearly lower in energy.

XUV-only photoelectron spectra of both dyes in aqueous solutioare collected at
concentrations of a few millimolar. DFT calculations of ioraation energies in solution
are performed, to support the interpretation of the photo@ctron spectra. However, the
agreement between the calculated ionization energies arftetmeasured photoelectron
spectrum is not nearly as good as for Quinoline Yellow. This ilikely due to the
hydrogen bonding between the solvent and the nitrogen atomisoth on the azo-group
and the amino-substituent. Expectedly the polarization caty model is insu cient for
the modeling of this interaction. Probably an explicit solation model (see section 2.2)
is needed to accurately predict the ionization energies dig¢ amino-azobenzene dyes.
Time-resolved photoelectron experiments of both dyes in agous solution are per-
formed to investigate the isomerization dynamics. In the mhe-resolved photoelectron
experiments of both dyes a spectral change on a timescale ppeximately 100fs is
observed, which can again be associated with the solvent neagement after excitation.
For the dye Methyl Orange a single timescale of approximatell ps is extracted from
both the excited state decay and the ground state recoverygsials. This timescale
can clearly be assigned to the trans to cis isomerization dfd dye, in good agreement
with the timescale found in transient absorption measuremés [22, 141]. In Methyl
Orange the internal conversion from to n is not observed. This, however, does
not exclude it entirely, since this decay could occur on a silar timescale as the initial
solvent rearrangement.

The second amino-azobenzene derivatives, Metanil Yelloexhibits a biexponential
decay of the excited state signal with decay constants of afgximately 0.6 ps and 5 ps.
The 5ps decay is assigned to the isomerization of Metanil Y@k, which is signi cantly
slower than the isomerization of Methyl Orange. This can ptmbly be explained by
the larger moment of inertia of the heavier substituent andhe larger fraction of dimers
in the Metanil Yellow solution. The most likely explanationfor the 600 fs timescale is
the internal conversion from to n . This would support the assignment of the
n -state as the lowest-lying excited state in Metanil Yellow.

To conclusively answer the question of the ordering of exed states in amino-azobenzene
molecules, support from computational chemistry, e.g. TDBT, is needed. It is,
however, unlikely that the in uence of the solvent can be igored in a computational
investigation. Unfortunately the implicit treatment of the solvent proved insu cient for
the calculation of ionization energies of the amino-azobesne dyes. Explicit solvation
on the other hand would make a TDDFT calculation extremely cdly. Probably the
most promising approach would be QM/MM, which treats the saite with TDDFT
and the solvent with molecular mechanics.

Altogether the study of molecular switches is another promisg direction for future
experiments with time-resolved XUV photoelectron spectrospy in solution. A large
variety of di erently substituted azobenzene dyes are aviable, and the technique could



7.3 - Isomerization of Functional Molecules 121

be used to investigate substituent e ects on ordering of eited states and isomerization
dynamics. Additionally, solvent mixtures or pH-variation caild provide insight into the
e ect of protonation or hydration of amino-azobenzene deratives on the isomerization.
Furthermore, the technique could be extended to study theasnerization of biologically
relevant functional molecules, for example the chromoph®iof human vision, retinal.
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A Appendices

A.1 Molecular Structures

Fig. A.1: Molecular Structures of all sample molecules used in the experimén for
this thesis
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A.2 Optimized Geometries of Quinoline Yellow and Azo

Dyes
Quinoline Yellow SS
enamino ketoenol keto
E = 24443064eV E = 24442769eV E = 24442276eV
H -6.5460 0.3522 0.0174H -6.5355 0.4263 0.012/H -5.1705 1.5198 -1.6859
C -5.4609 0.3814 0.0103C -5.4495 0.4271 0.0071H -5.1534 2.1629 0.6951
H -5.3699 2.5415 -0.0012H -5.3081 2.5875 -0.0046C -4.4620 1.0437 -1.0133
H -5.2370 -1.7576 0.0178H -5.2826 -1.7141 0.0154C -4.4518 1.4105 0.3444
C -47941 1.6204 0.0003C -4.7537 -0.7639 0.0089H -3.5811 -0.2105 -2.5490
C -4.7322 -0.7951 0.0110C -4.7503 1.6550 -0.0021C -3.5805 0.0830 -1.5034
C -3.4109 1.6837 -0.0075C -3.3712 1.6831 -0.0080C -3.5598 0.8249 1.2399
C -3.3224 -0.7695 0.0025C -3.3388 -0.7717 0.0022H -3.5454 1.0983 2.2907
H -2.9988 -2.9162 0.0071H -3.0759 -2.9243 0.0083C -2.6802 -0.4956 -0.6064
H -2.8945 2.6394 -0.0158H -2.8278 2.6234 -0.0154C -2.6697 -0.1298 0.7457
C -2.6657 0.4907 -0.0057C -2.6345 0.4737 -0.0052C -1.6562 -1.5398 -0.8703
C -2.5070 -1.9463 0.0019C -2.5648 -1.9641 0.0030C -1.6376 -0.9049 1.4843
N -1.2927 0.5150 -0.0122N -1.2703 0.5159 -0.00980 -1.4706 -2.1310 -1.9168
C -1.1448 -1.8723 -0.0046C -1.1969 -1.9051 -0.00240 -1.4552 -0.9070 2.6861
H -0.7559 1.4065 -0.0158H -0.5743 -2.7932 -0.0015H -0.8851 -2.8115 0.7249
H -0.5086 -2.7501 -0.0046C -0.5582 -0.6293 -0.0075C -0.8644 -1.7524 0.4469
C -0.4946 -0.5962 -0.0097H -0.1832 1.6324 -0.0059C 0.5680 -1.2840 0.2865
C 0.8950 -0.3978 -0.00990 0.8349 1.9369 -0.0024N 0.7541 0.0267 0.2712
O 0.9167 2.0208 -0.0079C 0.8738 -0.4670 -0.0079H 1.3665 2.5453 0.2173
C 15036 09171 -0.0067/C 1.4741 0.7918 -0.0036H 1.3980 -3.2879 0.1413
O 1.8329 -2.6483 -0.01060 1.8457 -2.7043 -0.0100C 1.6180 -2.2249 0.1256
C 19428 -1.4206 -0.0082C 1.9419 -1.4802 -0.0080C 2.0233 0.4996 0.0986
C 209836 0.7141 -0.0005C 2.9413 0.6723 0.0006C 2.2315 1.9017 0.0864
C 3.2457 -0.6640 -0.0037C 3.2412 -0.7012 -0.0035C 2.9003 -1.7652 -0.0519
H 3.8034 2.7096 0.0112H 3.7081 2.6920 0.011C 3.1486 -0.3711 -0.0706
C 4.0157 1.6442 0.0079C 3.9434 1.6318 0.0076C 3.4979 2.4161 -0.0861
C 45475 -1.1452 -0.0011C 4.5507 -1.1435 -0.0025H 3.6496 3.4919 -0.0929
H 4.7414 -2.2141 -0.0038H 4.7765 -2.2061 -0.0056H 3.7289 -2.4589 -0.1776
C 5.3305 1.1627 0.0111C 5.2744 1.1842 0.0090C 4.4387 0.1899 -0.2460
C 5.5926 -0.2121 0.0058C 5.5739 -0.1785 0.0033C 4.6099 1.5565 -0.2535
H 6.1611 1.8633 0.0169H 6.0830 1.9097 0.0135H 5.2894 -0.4764 -0.3736
H 6.6233 -0.5574 0.0073H 6.6129 -0.4967 0.0033H 5.6011 1.9801 -0.3877
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Quinoline Yellow WS Q4

enol vac.
E = 41423365eV

enol H,O

E = 41424193eV

keto vac.
E = 41422231eV

keto H,O
E = 41423520eV

I OO0 0O u”wWoOoITITOOOOoOITITOoOOohO:ZoIIIoIoononoononooTooxTonoonIT:T

-7.5004
-6.9932
-6.4639
-6.1761
-5.6520
-5.4379
-4.8538
-4.6219
-4.1274
-3.8395
-2.8420
-2.7520
-2.3584
-1.7720
-1.7489
-0.4185
-0.3916
-0.0928
0.2345
0.4294
1.5914
1.7960
2.0665
2.0672
2.4265
2.5632
3.8262
3.9406
4.3240
4.5462
4.5662
6.3327
6.6590
6.8228
6.8382
7.0117

0.4629
-1.9486
0.1368
-1.2335
2.1538
1.0889
-1.6913
-2.7523
0.6315
-0.7421
1.4133
2.6410
-0.9197
0.4086
-2.0098
2.7874
0.6326
-1.3679
1.9223
-0.4670
2.0241
-0.4163
3.0012
-2.5620
0.8586
-1.5966
0.9166
-1.5156
1.8793
-2.4147
-0.2568
-0.1623
1.0027
0.2068
-1.4817
-0.6300

0.050
0.077]
0.025
0.040
-0.030
-0.020,
0.011]
0.024
-0.048
-0.033
-0.084
-0.107|
-0.059
-0.082
-0.053
-0.069
-0.065
-0.059
-0.043
-0.050
0.022
0.015
0.048]
0.015
0.063
0.048
0.163
0.140
0.227
0.188
0.201
0.368
1.145
-1.141
0.678
-1.607,

OH
OH
0C
9C
BH
4C
2C
4H
2C
2C
7C
00
2C
80
3C
OH
2C
I7H
1C
BN
0C
4aC
8H
1H
4C
9C
8C
5C
iH
1H
2C
1S
50
60
5H
BO

-7.5000 0.4977
-7.0150 -1.9203
-6.4674 0.1604
-6.1924 -1.2121
-5.6436 2.1689
-5.4302 1.1037
-4.8717 -1.6826
-4.6580 -2.7476
-4.1243 0.6329
-3.8493 -0.7430
-2.8295 1.3945
-2.7377 2.6306
-2.3680 -0.9282
-1.7731 -2.0292
-1.7685 0.3920
-0.3988 2.7740
-0.3777 0.6162
-0.0538 -1.3843
0.2453 1.9041
0.4428 -0.4767
1.6039 2.0130
1.8097 -0.4247
2.0746 2.9914
2.0796 -2.5724
2.4364 0.8505
2.5736 -1.6073
3.8371 0.9131
3.9495 -1.5258
4.3253 1.8804
4.5498 -2.4283
45715 -0.2629
6.3330 -0.1672
6.6762 0.9873
6.8463 -1.4790
6.8515 -0.5524
6.8528 0.2332

0.050
0.083
0.026
0.045
-0.032
-0.020
0.016
0.031
-0.046
-0.029

TH
OH
8C
rC
iH
ies
BC
AaH
6C
BC

-0.08490C

-0.111]
-0.056)
-0.051
-0.080
-0.063
-0.063
-0.064
-0.039
-0.051
0.026
0.013
0.054
-0.005
0.065]
0.039
0.166
0.132
0.224
0.162
0.203

pC
00
70
B8H
7C
6C
5H
1N
ic
AH
6C
7C
BC
7C
5H
4C
4H
BC
BC
8H

0.3691S

1.169
0.708
-1.687
-1.102

1H
cle)
40
0[0)

-6.3872
-6.3692
-5.6113
-5.6003
-4.6434
-4.6397
-4.6159
-4.6047
-3.6188
-3.6010
-2.5696
-2.5417
-2.2975
-2.2464
-2.0457
-1.8279
-0.3377
0.1009
0.1543
0.5284
1.2615
1.4814
1.9031
1.9922
2.4537
2.5715
3.3375
3.7011
3.8275
4.2880
4.5491
5.9498
6.0840
6.2663
6.3517
6.7560

1.9904
1.7658
1.3916
1.2635
0.8521
0.7694
0.5228
0.4141
0.0273
-0.0929
-0.7625
-0.9704
-0.8878
-1.3055
-2.5516
-1.4772
-1.2911
-3.4022
-0.0237
-2.4001
2.3168
0.1624
-2.2312
1.5123
-0.9144
-3.0919
1.7778
2.8018
-0.6324
0.7199
-1.4448
1.0861
0.4578
24171
1.2961
-0.0653

-1.026]
1.466
-0.549
0.879
-2.401
-1.315
1.510
2.594

iTH
iH
5C
4C
OH
9C
5C
BH

-0.6902C

0.749
-1.291
1.185
-2.502
2.352
-0.202

ies
B3C
pPC
90
00
PH

-0.1153C

-0.117
-0.081
-0.139
-0.102
-0.195
-0.156)
-0.117
-0.192
-0.151
-0.111
-0.237
-0.268
-0.195
-0.265
-0.229

uc
B6H
1N
5C
BH
oC
7C
1C
7C
7H
5C
6H
8C
8C
OH

-0.1801S

1.893
-0.680
1.474
-0.585

clo}
30
AH
30

-6.4877
-6.4601
-5.6887
-5.6718
-4.7072
-4.6984
-4.6608
-4.6455
-3.6898
-3.6681
-2.5381
-2.4905
-2.2180
-2.1242
-2.0617
-1.7984
-0.3009
0.0818
0.1655
0.5282
1.3175
1.5131
1.8880
2.0192
2.4251
2.5531
3.3656
3.7505
3.8114
4.2546
4.5083
5.9824
6.1501
6.4314
6.4744
6.6895

1.4861
2.0248
1.0934
1.4024
0.0567
0.2947
0.9253
1.1649
-0.1883
0.1263
-1.0496
-0.4942
-1.4326
-0.3379
-2.4326
-1.3934
-1.2506
-3.3875
-0.0092
-2.4012
2.3175
0.1657
-2.2440
1.4902
-0.9372
-3.1030
1.7157
2.7269
-0.6897
0.6108
-1.5210
0.9185
1.9129
1.7012
1.0816
-0.3435

-1.5320
0.8742
-0.9099
0.4622
-2.5392
-1.4800
1.2955
2.3541
-0.6437
0.7248
-0.9905
1.3732
-2.1046
2.5278
0.5713
0.3264
0.2432
0.2976
0.1637
0.2186
-0.0033
0.0420
0.0955
-0.0520
-0.0038
0.0716
-0.2096
-0.2908
-0.1573
-0.2640
-0.1970
-0.5145
-1.5522
0.8190
1.5770
-0.5935
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Quinoline Yellow WS Q413

enol vac.
E = 58403632eV

enol H,O

E = 58404804eV

keto vac.
E = 58402738eV

keto H,O
E = 58404003eV

I OO0 0O mWITOIOOoOIOoaoIxoTIoOoOohZ2 oI OoI oo OonoOoonoonooxIToozonooIonmvw oo ITo

-7.9438
-7.9025
-7.8430
-7.3063
-7.2483
-6.0157
-5.5492
-5.2278
-4.8467
-4.5808
-3.9007
-3.6297
-3.2664
-2.9320
-2.0104
-1.9685
-1.4458
-0.9105
-0.8058
0.3686
0.4651
0.8284
1.0467
1.3189
2.3984
2.6799
2.8403
3.0140
3.2667
3.4790
4.6589
4.8452
5.1250
5.4288
5.4721
7.1810
7.4373
7.6812
7.7559
8.0425

0.0608
0.8997
-0.6802
1.7261
0.3084
-2.2487
-0.1493
-1.5124
1.9058
0.8557
-1.9086
-2.9593
0.4436
-0.9165
1.2737
2.5025
-1.0383
0.3079
-2.1085
2.7326
0.5800
-1.4093
1.8873
-0.4915
2.0298
-0.4006
3.0209
-2.5379
0.8912
-1.5589
0.9889
-1.4387
1.9639
-0.1621
-2.3209
-0.0207
1.2134
-1.2995
0.2174
-0.6479

-0.926
-1.424
1.385
0.803

50
10
aH
40

0.5261S

0.286
0.226
0.167,
0.170
0.104;

PH
1C
8C
OH
AC

-0.0145C

-0.051
-0.066/
-0.118
-0.163;
-0.159
-0.233
-0.241

BH
0C
7C
AaC
80
6C
1C

-0.28480

-0.176
-0.218
-0.261]
-0.154
-0.220
-0.046
-0.096
0.016
-0.114
0.004
-0.044
0.174
0.125
0.280;
0.236]
0.200;

1H
5C
6H
1C
6N
4C
7C
iH
OH
6C
2C
7C
5C
5H
2C
5H

0.5041S

1.196)
0.959
-1.000
-1.350

00
60
90
PH

-8.0053 0.1037
-7.8273  0.3990
-7.8181 -0.4972
-7.3008 -1.8500
-7.2437 -0.4038
-6.0564 2.1948
-5.5565 0.0954
-5.2601 1.4647
-4.8236 -1.9474
-4.5703 -0.8932
-3.9345 1.8852
-3.6913  2.9429
-3.2621 -0.4541
-2.9489 0.9101
-1.9922 -1.2581
-1.9466 -2.4947
-1.4599 1.0485
-0.9068 -0.2880
-0.8392 2.1322
0.3852 -2.7131
0.4796 -0.5582
0.8673 1.4308
1.0565 -1.8645
1.3318 0.5071
2.4103 -2.0168
2.6945 0.4118
2.8479 -3.0100
3.0323 2.5502
3.2769 -0.8823
3.4942 1.5700
4.6723 -0.9892
4.8615 1.4450
5.1279 -1.9710
5.4403 0.1620
5.4873 2.3288
7.1922 0.0119
7.4815 -1.2475
7.7043 1.2564
7.7703 -0.1877
7.8296 0.6764

0.859
-1.515
1.610
-0.526

AH
e}
50
2S

-0.4634H

-0.279
-0.208
-0.178
-0.116
-0.088
-0.031]
-0.011
0.042
0.067
0.133
0.144
0.165
0.185
0.201
0.152
0.169
0.189
0.125
0.160
0.033]
0.060;
-0.012
0.078
-0.018
0.015
-0.163
-0.128
-0.241
-0.224
-0.182

pC
uC
80
7H
8C
pC
5H
6C
3C
4o
oc
1c
30
1c
bH
oc
5N
AH
PH
pC
oc
pC
6C
6C
c
PH
OH
3C
5C
OH

-0.45090

-1.098
-0.988
1.039
1.496

6H
4S
0O
7O

-6.2786
-5.7369
-5.3519
-4.6827
-4.6002
-4.0447
-3.9855
-3.5968
-3.4070
-3.3864
-3.3214
-3.2964
-2.6757
-2.6654
-1.8868
-1.8703
-1.8252
-1.7123
-1.0729
-1.0451
0.3328
0.4835
1.0133
1.1932
1.3840
1.7153
1.8799
2.6299
2.8388
3.1102
3.2489
3.4601
4.0953
4.2143
4.9615
5.5451
5.7125
5.8098
6.0594
6.7545

2.3730
2.7798
2.6691
2.6642
0.8254
0.3653
1.0196
3.6030

-1.3631

-0.8482
0.4765
0.9815

-1.3754

-0.7360

-1.4374

-1.5357

-2.5976

-3.4441

-2.5672

-3.5576

-2.0336

-0.7288
1.7895

-3.9596

-2.8992

-0.1825
1.2117

-2.3640

-0.9734
1.8002
2.8614

-2.9952

-0.3455
1.0085

-0.9265
2.8599
2.4152
1.7801
2.5867
0.7999

-1.188
1.185
-1.273

PH
60
10

0.2038S

2.358
1.547|
0.304
0.125
2.681
1.726
-0.796
-1.756
0.647
-0.600;
-2.786
-1.578
0.606
1.470
-0.749
-1.211]
-0.515
-0.675]
-0.987|
0.016
-0.114
-0.472
-0.681]
0.107
-0.072
-0.515
-0.694
0.415
0.113
-0.109
0.417
1.248
2.101

PH
0o
pC
1C
8H
aC
oc
OH
1C
Uc
5C
4c
10
10
oH
oc
8C
N
OH
EH
8C
5C
oc
6C
oC
6C
AH
EH
oC
6C
7H
70
BH

0.0590S

-1.105
0.547,

10
BO

-6.8306
-6.0735
-6.0227
-5.1765
-4.8883
-4.2748
-4.2662
-4.2466
-3.4877
-3.4855
-3.4793
-3.4768
-2.7032
-2.6865
-1.7960
-1.7289
-1.7218
-1.5388
-0.9953
-0.9910
0.4343
0.6000
1.1751
1.2845
1.4884
1.8574
2.0423
2.7602
2.9853
3.2962
3.4415
3.5950
4.2701
4.4060
5.1329
5.9224
5.9537
6.0209
6.2026
7.0012

1.5782
2.1544
2.6633
2.4571
0.7454
3.4968
0.3321
0.9478
0.9426
0.4621
-0.7936
-1.2735
-0.6618
-1.2685
-1.3871
-2.4052
-1.2416
-3.1937
-3.3955
-2.3960
-1.9015
-0.5876
1.9472
-3.8825
-2.8174
-0.0847
1.3201
-2.3278
-0.9300
1.8676
2.9397
-2.9975
-0.3499
1.0169
-0.9826
2.7114
2.1830
1.7425
2.6635
0.7063

-1.0381
-1.2753
1.1731
0.0178
2.2913
-0.4238
1.5049
0.2432
-1.7939
-0.8210
1.7410
2.7140
-0.5688
0.6965
-1.4957
0.7044
-2.7037
1.6141
-1.0995
-0.6555
-0.4669
-0.5253
-0.6354
-0.1816
-0.2185
-0.3606
-0.4525
-0.0387
-0.1140
-0.3274
-0.4119
0.1494
0.0267
-0.0886
0.2106
1.2955
2.1204
0.0142
-1.0871
0.2668
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Quinoline Yellow WS Q613

enol vac.
E = 58403363eV

enol H,O

E = 58404554eV

keto vac.

E = 58402937 eV

keto H,O
E = 58404491eV

o
(0]

(0]

n

O 0O IT OO IT OO I

(0]

(0]

T

I T OO I IT OO0 OO n  Oo I OoOoon Z2IT oo

-7.4200
-7.4034
-7.3828
-7.0318
-6.8399
-5.3888
-5.0938
-4.6588
-4.5629
-4.2072
-3.2959
-2.9350
-2.8563
-2.4101
-1.7347
-1.6708
-0.9161
-0.4938
-0.1879
0.5539
0.8531
1.3100
1.3846
1.8016
2.6448
2.8631
2.8676
2.9974
3.1537
3.5172
3.6198
4.1030
4.9010
5.0039
5.0474
5.3420
5.4607
5.9153
6.1692
6.9806

-0.9465
-0.1606
0.6894
1.5069
0.1049
-2.3422
-0.2108
-1.5429
1.8955
0.8717
-1.8268
-2.8504
0.5708
-0.7568
2.7317
1.5029
-0.7555
0.6322
-1.7628
3.1499
1.0174
2.3734
-0.9331
0.0246
2.6406
-2.7819
-2.7163
3.6689
0.2471
-2.4921
1.5920
-0.8060
-3.3368
1.8463
-3.6842
2.8791
-0.5189
0.8077
-1.3364
1.0084

1.176
-1.122
-1.601

0.682

0.384

0.233

0.201]

0.160

0.187

0.134

0.048|

0.022

0.028
-0.009
-0.026
-0.028
-0.073
-0.075
-0.106
-0.077,
-0.072
-0.064
-0.078
-0.061
-0.039
-1.175

1.344
-0.034
-0.011

60
2H
70
10}
2S
OH
7C
3C
4H
7C
0C
6H
6C
aC
80
6C
9C
8C
30
BH
2C
8C
5H
7N
2C
70
40
5H
5C

0.0817s

-0.005
0.045
0.118
0.044

-0.782
0.045
0.104
0.097
0.166
0.140

7C
5C
60
0C
4H
TH
AC
rC
A4H
BH

-7.5114 -0.3947
-7.3626  0.2202
-7.3606 -0.6718
-7.0262 1.6169
-6.8315 0.1825
-5.4122 -2.2930
-5.1000 -0.1565
-4.6818 -1.4933
-4.5531 1.9451
-4.2041 0.9187
-3.3205 -1.7912
-2.9815 -2.8221
-2.8584 0.6009
-2.4250 -0.7300
-1.7244  2.7510
-1.6615 1.5150
-0.9296 -0.7338
-0.4950 0.6438
-0.2113 -1.7560
0.5948 3.1664
0.8652 1.0279
1.3324 2.3745
1.3848 -0.9221
1.8003 0.0307
2.6728 2.6320
2.8187 -2.7882
2.8302 -2.7342
3.0333 3.6566
3.1556 0.2374
3.5066 -2.5053
3.6337 1.5766
4.0935 -0.8254
4.8447 -3.3727
5.0223 1.8200
5.1697 -3.5816
5.3687 2.8492
5.4537 -0.5527
5.9205 0.7718
6.1610 -1.3713
6.9880 0.9589

-0.935
-1.684
1.443
0.461
0.402
0.216
0.188
0.150
0.138
0.107
0.038
0.011]
0.008
-0.020
-0.053
-0.050
-0.081
-0.089
-0.105
-0.097|
-0.082
-0.078,
-0.076
-0.062
-0.047,
-1.156
1.345
-0.044
-0.011

80
O
RS
40
8H
TH
1Cc
6C
BH
6C
1c
BH
oC
rC
BC
7C
10
10
ies
OH
BH
RO
60
A4C
PN
4S
5H
510)
BC

0.0879C

-0.007|
0.051
0.168
0.043

-0.732
0.043
0.107
0.097
0.165]
0.139

[7C
oC
BC
5C
6H
TH
BC
oC
OH
6H

-6.5387 0.4161
-6.4984  1.1959
-5.8582 0.9948
-5.3054 2.4196
-5.1464 3.0001
-5.0164 -0.6021
-4.3413 0.0788
-4.2215 -0.6616
-3.4514 0.6545
-3.3547 0.0732
-3.0973 -1.4536
-2.9894 -2.0398
-2.2264 -0.7081
-2.1058 -1.4690
-1.0218 -0.8751
-0.8319 -2.2352
-0.8069 -0.3224
-0.4340 -2.9930
-0.0976 -1.9021
-0.0921 -2.8180
0.7510 1.3830
0.8689 2.3787
0.9108 2.5163
1.3237 -1.4555
15419 -0.1596
1.6878 2.8079
2.1145 -3.4742
2.1932 4.1363
2.3522 -2.4259
2.8059 0.2614
3.0497 1.6453
3.6342 -2.0187
3.9078 -0.6457
4.3230 2.1006
4.4452 -2.7400
4.4800 3.1635
5.2040 -0.1497
5.4079 1.1976
6.0319 -0.8515
6.4021 1.5769

-1.270,
1.135
-0.144
-0.678
0.090
2.047
0.122
1.310
-1.775]
-0.863
1.530;
2.437
-0.621
0.549
-1.481
0.543
-2.541
1.403
-0.790,
-1.396]
-0.976
-1.076
1.408
-0.551
-0.369

PO
50
4S5
OH
7O
TH
6C
9C
OH
[7C
4C
PH
9C
rC
BC
70
oC
OH
BO
5C
7C
BH
B8H
40
ON

0.2237C

-0.606]
-0.013
-0.457|
-0.060
0.174
-0.182
0.027
0.441
-0.118
0.596
0.316
0.510
0.377]
0.725]

0S
60
oC
4C
60
pC
4H
pC
1c
6C
6H
oC
OH
OH

-7.3093
-6.6966
-6.4039
-6.2512
-6.2222
-5.3746
-4.7653
-4.5542
-3.9369
-3.7562
-3.2980
-3.1224
-2.5078
-2.2849
-1.2720
-1.0631
-0.8809
-0.4628
-0.3007
-0.2778
1.1780
1.3039
1.4049
1.4194
1.8019
1.9091
2.8492
3.1303
3.1367
3.2446
3.3803
3.7409
3.8116
3.9013
5.0848
5.2756
5.5578
5.8514
5.8560
6.9031

0.7268
-1.5497
-0.1444

1.3644

0.3849

1.5910

0.0188

0.9613
-1.5521
-0.8250

1.0739

1.7921
-0.7013

0.2281
-1.4702
-2.2260

0.1407
-1.9333

0.9139
-1.1332
-1.1551

0.9034
-3.2779

2.5329
-0.0124
-2.3545

2.8951

3.3565

0.0766
-2.3396

3.7658

1.3286
-3.2663
-1.1259

1.3489
-1.0549

2.3008

0.1639
-1.9724

0.2258

-0.1133
-0.9877
-0.8301
-2.3544
-2.3326
1.2107
-0.1318
0.8862
-1.3848
-0.5999
1.4807
2.2749
0.0046
1.0330
-0.2821
-1.2080
1.5038
1.6073
2.2435
0.8730
0.5440
0.1681
0.7923
-0.4064
0.2320
0.5333
-0.2035
1.1630
-0.0817
0.1919
-1.2568
-0.3567
0.1682
-0.1194
-0.6847
-0.4544
-0.9047
-0.7369
-0.4826
-0.9977
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Quinoline Yellow WS Q4Q6

enol vac.
E = 58403329eV

enol H,O

E = 58404472eV

keto vac.
E = 58402694eV

keto H,O
E = 58403925eV
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-7.7440
-7.1174
-6.6942
-6.3385
-5.9868
-5.7200
-4.9983
-4.7122
-4.3896
-4.0348
-3.1489
-3.1204
-2.5504
-2.0285
-1.8842
-0.8285
-0.6670
-0.2624
-0.1223
0.2205
1.0691
1.1875
1.2213
15771
1.6415
1.7907
2.1243
2.4618
3.1318
3.2214
3.5080
3.8279
3.9200
4.3429
4.4985
6.0856
6.2756
6.6473
6.6476
6.9477

0.4539
-1.9291
0.1791
-1.1759
2.2323
1.1794
-1.5693
-2.6170
0.7863
-0.5717
1.6313
2.8614
-0.6796
0.6797
-1.7293
3.1195
0.9717
-1.0119
2.2971
-0.0851
-3.0434
-2.8171
2.4786
0.0496
3.4796
-2.7125
1.3636
-1.0632
-3.6203
-4.0453
1.5329
-0.8706
2.5320
0.4263
-1.7209
0.6494
1.8697
0.9732
-0.6183
0.1335

0.180
0.223

1H
4H

0.1201C
0.1443C

0.009

5H

0.0242C
0.0694C

0.088

8H

-0.0461C

-0.026
-0.128
-0.161
-0.105
-0.149
-0.117)
-0.139
-0.146
-0.168
-0.111
-0.147

0.994
-1.514
-0.021
-0.065

0.023

7C
1C
00
1C
9C
00
6H
3C
4H
6C
ON
20
10
8C
5C
5H

-0.2136S

0.024
-0.051
-0.252

0.622

0.172

0.090;

0.273]

0.215

0.118]

6C
8C
20
OH
oC
4ucC
8H
4C
OH

0.4811S

1.217
-1.011
0.892
-1.408

BO
20
60
6H

-7.7464  0.4737
-7.1263 -1.9118
-6.6971 0.1943
-6.3454 -1.1605
-5.9900 2.2434
-5.7165 1.1924
-5.0026 -1.5578
-4.7285 -2.6084
-4.3863 0.7949
-4.0354 -0.5637
-3.1385 1.6274
-3.1115 2.8639
-2.5504 -0.6692
-2.0217 0.6821
-1.8896 -1.7299
-0.7813 3.1291
-0.6499 0.9755
-0.2530 -1.0061
-0.0946 2.2923
0.2266 -0.0830
1.0434 -3.0567
1.1257 -2.8081
1.2530 2.4653
1.5852 0.0372
1.6791 3.4627
1.7772 -2.7247
2.1435 1.3443
2.4568 -1.0846
3.0717 -3.6488
3.3209 -3.9986
3.5313 1.5009
3.8259 -0.9104
3.9444  2.5002
4.3513 0.3828
4.4898 -1.7661
6.1006 0.5849
6.3292 1.6820
6.6184 1.1516
6.6896 -0.7159
6.7013 0.4234

0.118
0.200
0.080
0.126
-0.040
-0.009
0.078
0.115
-0.051
-0.011
-0.124
-0.176
-0.068
-0.118
-0.065
-0.099
-0.107
-0.119
-0.071
-0.103
0.998
-1.491
0.018,
-0.029
0.065]

TH
bH
8C
5C
B8H
4C
8C
OH
i7C
[7C
7C
ies
B30
50
BH
6C
B8O
oC
80
BN
8H
7S
4c
50
oC

-0.2047H

0.059
-0.033
-0.317|

0.563

0.194

0.091

0.285

0.222

0.094

5C
6C
8C
6H
8C
6H
oC
Lc
AH

0.4509S

1.362
-0.960
0.690
-1.610

50
RO
40
BOH

-5.1716
-5.1468
-4.6823
-4.6675
-4.0724
-4.0723
-4.0422
-4.0179
-3.4332
-3.4181
-2.7031
-2.6748
-2.6304
-2.5935
-2.2361
-2.0259
-0.5878
-0.5415
-0.3023
-0.1680
0.0243
0.2397
0.3821
1.1094
1.1430
1.2105
1.5371
1.7178
2.1488
2.4504
2.8491
3.1392
3.4992
3.8258
4.2715
5.5139
5.5145
5.9582
6.3010
6.3521

2.1680
2.6742
1.4774
1.7658
0.1006
0.3297
0.9140
1.1321
-0.5160
-0.2280
-1.7755
-1.2750
-2.3758
-1.4104
-3.2648
-2.2132
2.1509
-1.9713
2.1595
-0.6985
-4.0697
2.1921
-3.0461
3.5646
-0.4082
3.9166
0.9625
-2.7671
-1.4180
-3.5661
1.3138
2.3530
-1.0420
0.2937
-1.7990
0.7640
1.8495
1.4473
-0.4359
0.7513

-1.762
0.650
-1.080
0.295
-2.641
-1.580
1.202
2.265
-0.672
0.699
-0.948
1.441]
-2.002
2.645
0.601
0.386)
-1.001
0.287
1.512
0.247
0.240
0.172
0.195
0.051
0.090
0.956
0.017
0.039
-0.028
-0.041
-0.197
-0.296
-0.224
-0.310
-0.327
-0.628
-1.570
0.781
-0.805
1.341

PH
7H
0C
oC
8H
5C
pC
BH
o
uc
8C
7C
40
70
1H
6C
uc
90
30
PN
6H
35
7C
5C
it}
AH
1C
B8C
6C
BH
8C
5H
o
1c
BH
58
80
50
8H
70

-5.4965
-5.4881
-4.9335
-4.9277
-4.2301
-4.2279
-4.2134
-4.2065
-3.5050
-3.4958
-2.6765
-2.6502
-2.5245
-2.4830
-2.2341
-2.0022
-0.5085
-0.4612
-0.2190
-0.1181
0.0146
0.3684
0.3913
1.2010
1.2316
1.5422
1.6260
1.7349
2.1864
2.4543
2.9453
3.2575
3.5457
3.8973
4.2953
5.5892
5.6175
6.0511
6.2873
6.3648

2.0045
2.5170
1.3666
1.6592
0.0482
0.2763
0.8710
1.0971
-0.5072
-0.2131
-1.6999
-1.1848
-2.2593
-1.2537
-3.1707
-2.1243
-1.9138
2.2355
2.1934
-0.6451
-4.0226
2.2417
-3.0069
-0.3827
3.5929
3.8711
0.9779
-2.7542
-1.4132
-3.5655
1.3030
2.3365
-1.0687
0.2591
-1.8497
0.6929
1.7195
1.4669
0.8255
-0.5202

-1.7429
0.6693
-1.0678
0.3082
-2.6355
-1.5741
1.2092
2.2710
-0.6720
0.7006
-0.9476
1.4270
-2.0221
2.6349
0.6061
0.3839
0.2932
-1.0269
1.4768
0.2373
0.2842
0.1550
0.2250
0.0879
0.0307
0.9173
0.0059
0.0748
-0.0105
0.0125
-0.2050
-0.2956
-0.2045
-0.3127
-0.2850
-0.6413
-1.6588
0.6892
1.3920
-0.7895
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A - Appendices

Methyl Orange

trans vac.
E = 36221967eV

trans H,O

E = 36222710eV

cis vac.

E = 36221334eV

cis H,O
E = 36222152eV
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-7.6392
-7.6098
-7.4812
-7.3298
-7.0147
-5.3269
-5.2622
-4.9382
-4.6945
-4.4683
-3.3180
-3.0919
-2.8409
-2.5042
-2.4523
-1.1149
-0.3954
0.9742
0.9831
1.3201
1.6013
1.8005
2.9745
3.1797
3.4202
3.7761
3.8079
5.1746
5.4768
5.5673
5.7885
5.8015
5.8796
6.0143
6.8830
7.0592

0.5303
-0.2791
-0.9096

1.5301

0.1339
-2.1850
-0.0306

2.0965
-1.3082

1.1189
-1.4295

0.9910
-2.4045
-0.2873

1.8644
-0.5379

0.5143
-1.8599

0.2923

2.4083
-0.9755

1.4345
-1.0908

1.3322
-2.0790

2.2361

0.0610
-0.0607
-1.9827
-1.9291

1.7033
-1.3790

1.7861

1.1285
-1.2508

0.8179

1.587|

70

1.04330
-1.2956H
-0.63540
-0.4208S

-0.268

6H

-0.2035C

-0.135

5H

-0.1743C

-0.099
-0.043
0.020
-0.024
0.039
0.085
0.108
0.087
0.191
0.106
0.023
0.146
0.050
0.117
0.021
0.144
-0.026]
0.044;
-0.006]
-0.856)
0.922
-1.012
0.001
0.764
-0.104
-0.057|
-0.143

1c
oC
oC
1H
6C
UH
5N
PN
oc
OH
1H
oC
0C
7C
pC
AH
5H
8C
ON
OH
1H
5H
clo
PH
5C
OH
1H

-7.6262 -0.2615
-7.5305 -0.8513
-7.4886 0.4566
-7.3312 1.5668
-7.0191 0.1702
-5.3544 -2.1747
-5.2729 -0.0127
-4.9149 2.1148
-4.7184 -1.2990
-4.4643 1.1280
-3.3421 -1.4360
-3.0884 0.9828
-2.8859 -2.4213
-2.5092 -0.3029
-2.4496 1.8563
-1.1273 -0.5698
-0.3885 0.4814
0.9792 0.2663
1.0017 -1.8972
1.3121 2.3919
1.6128 -1.0013
1.7952 1.4190
2.9838 -1.1058
3.1715 1.3296
3.4392 -2.0889
3.7627 2.2368
3.8134 0.0579
5.1677 -0.0524
5.5013 -1.9729
5.5670 -1.9114
57971 1.7168
5.8130 -1.3693
5.8412 1.7947
6.0086 1.1463
6.8914 -1.2226
7.0526 0.8352

1.0544H

-1.268
1.706
-0.613

OH
B8C
OH

-0.3792H

-0.261
-0.199
-0.107
-0.182
-0.097,
-0.073
0.003
-0.064
0.004
0.071
0.063
0.040
0.063
0.147
-0.015
0.108
0.015
0.094
0.001
0.125]
-0.038
0.033
0.001
-0.836)
0.943
-0.983
0.023
0.796
-0.071
-0.021
-0.083

H
oN
oC
PH
pC
oC
OH
OH
clo
pC
AH
bC
pC
ON
1H
BH
7N
Uc
7C
1H
4C
oC
BH
BC
7C
50
H
3O
5S
50
1H

-5.5618
-5.5386
-4.9756
-4.8487
-4.2929
-3.8894
-3.6822
-3.4740
-3.4509
-2.9546
-2.7431
-2.5340
-2.1601
-1.9839
-1.5276
-1.3529
-0.7398
-0.5479
0.1508
0.3598
1.3663
1.4040
2.0327
2.0986
2.7483
2.8031
2.9963
3.0730
3.6312
3.7371
4.1828
4.3898
4.4149
4.5112
6.0724
6.2862

-0.0477
1.6199
0.6872
0.3117
2.9014

-1.5512
0.9542
2.2308
2.1189

-1.3239

-0.0441
2.6941

-3.2906

-2.3059
0.1645
1.0986

-2.0580

-0.8091

-3.1600

-0.6073

-1.4487

-3.0442

-1.1049

-1.8107
0.6018
0.0362

-1.3985

-1.9784
0.4826

-0.2364
2.5777
0.1194
2.7609
2.0073
1.5377
1.3148

-0.041]
-0.659
-0.611
-1.634

0.422
-0.965|

0.007]

6H
bH
8C
gH
6H
OH
AN

0.684]7C

1.778
-0.465
0.108
0.362
-0.801
-0.378
0.811
1.332
0.228
0.852
0.254
1.408
-1.815
0.341
-1.030
0.182
-2.139
-1.215
1.181
2.096
-0.181]
1.016
-1.657
1.806
0.854

OH
5C
pC
BH
AH
1C
pC
BH
oC
uc
EN
6H
BH
BN
oC
pC
BH
pC
5C
AH
oc
oc
80
BH
4s

-0.36830

-0.418
-1.344

40
BH

-5.6334
-5.6197
-5.0614
-4.9387
-4.3888
-3.9593
-3.7582
-3.5456
-3.4784
-3.0131
-2.8050
-2.6263
-2.1989
-2.0239
-1.5643
-1.3956
-0.7590
-0.5693
0.1388
0.3472
1.3739
1.3991
2.0528
2.1099
2.8100
2.8582
3.0260
3.0886
3.7175
3.8124
4.1958
4.4870
4.6802
4.8268
6.1765
6.2384

1.5688
-0.0982
0.6429
0.2645
2.8783
-1.5853
0.9286
2.2364
2.1502
-1.3370
-0.0397
2.6997
-3.2872
-2.2965
0.2010
1.1442
-2.0204
-0.7523
-3.0983
-0.5274
-1.3284
-2.9875
-1.0246
-1.7629
0.6703
0.0927
-1.3989
-1.9912
0.4827
-0.2645
2.6964
0.0428
1.9487
2.5981
1.4293
1.1247

-0.6163
0.0065
-0.5792
-1.5999
0.4021
-0.9133
0.0260
0.6535
1.7454
-0.4461
0.1034
0.2791
-0.7868
-0.3760
0.7653
1.2715
0.1891
0.7893
0.1915
1.3219
-1.7891
0.3246
-0.9988
0.1985
-2.0840
-1.1672
1.2009
2.1086
-0.1323
1.0489
-1.4567
1.8415
-0.3120
0.9732
-0.6272
-1.5558
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Metanil Yellow

trans vac.

E = 40372155eV

trans H,O
E = 40372931eV

cis vac.

E = 40371559eV

cis H,O
E = 40372428eV

o]
O
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-7.7043
-7.3868
-7.3293
-6.8104
-6.6399
-6.2687
-5.9496
-5.7641
-5.6510
-5.4887
-4.2906
-4.1187
-3.8203
-3.5136
-3.4918
-2.1111
-1.6513
-0.4099
-0.2527
0.2207
0.2787
0.6330
1.6476
2.0002
2.0481
2.5356
2.6706
3.8177
3.9008
4.1734
4.7884
4.9561
5.7348
5.8792
6.2347
6.3697
7.1485
7.3193
7.9945
8.3010

0.3012
1.8753
-1.4376
2.6291
1.0192
-1.2746
-3.0923
1.9250
-0.1332
-2.1981
0.1067
-1.9907
0.9818
-0.8367
-2.7140
-0.7382
0.4379
2.6791
0.5385
-1.5617
1.8394
-0.5583
2.0445
-0.3608
3.0560
0.9486
-1.2132
-0.7495
1.1941
2.1269
-0.6058
0.3710
-2.1099
-1.3623
0.5828
1.3356
-1.1532
-0.1689
-1.7435
0.0095

1.98970
0.16880
0.0361H
-0.0598H
1.3393S
-0.1221C
-1.2241H
2.0499C
0.40460
-0.8149C
0.2510C
-0.9607C
0.6854H
-0.4437H
-1.4744C
-0.597[IN
-0.4477N
-0.4875H
-0.4907C
-0.5238H
-0.4931C
-0.5014C
-0.4914C
-0.4832C
-0.4836H
-0.4639C
-0.5100H
1.427PH
-0.4630N
-0.7476H
0.9665C
-0.0275C
2.1634H
1.3883C
-0.5686C
-1.3420H
0.8477C
-0.1272C
1.1869H
-0.5566H

-7.5076
-7.4277
-7.3521
-7.0109
-6.5194
-6.2910
-6.0614
-5.6172
-5.5982
-5.5599
-4.2565
-4.1877
-3.7496
-3.6087
-3.5290
-2.1288
-1.6456
-0.4037
-0.2540
0.2360
0.2804
0.6359
1.6453
2.0003
2.0481
2.5359
2.6653
3.8217
3.8873
4.1578
4.7909
4.9492
5.7580
5.8947
6.2294
6.3538
7.1653
7.3255
8.0205
8.3080

1.7931
0.3038
-1.3425
2.4598
1.0378
-1.2006
-2.9831
-0.0988
2.0010
-2.1209
0.1090
-1.9521
0.9569
-2.6816
-0.8339
-0.7655
0.4110
2.6540
0.5068
-1.5981
1.8116
-0.5894
2.0201
-0.3889
3.0294
0.9250
-1.2444
-0.8314
1.1862
2.1235
-0.6490
0.3645
-2.1738
-1.3969
0.6277
1.4177
-1.1420
-0.1183
-1.7261
0.0984

0.437
2.317
0.066
-0.080

6H
1H
ic
OH

1.4622C

-0.108
-1.287
0.435
2.032
-0.858
0.243
-1.039
0.688
-1.598
-0.504
-0.678
-0.556
-0.667|
-0.575]
-0.507|
-0.615
-0.516
-0.581]
-0.456
-0.609
-0.470
-0.422
1.414
-0.416
-0.695
0.964
0.005
2.119
1.372
-0.512
-1.248
0.851
-0.086
1.179
-0.496

8C
5C
oC
BH
6C
PH
BH
ON
8H
8C
1c
iH
4C
0C
TH
1c
rC
ON
7H
OH
5N
oC
7C
BH
6C
5C
iH
BC
60
pC
bS
4H
80
OH
510)

-7.7751
-6.7618
-6.7198
-6.3519
-6.1479
-5.9219
-4.7964
-4.5674
-4.3761
-3.9895
-3.9449
-2.7887
-2.6295
-2.2733
-1.8536
-1.6713
-0.9631
-0.8249
-0.4331
-0.2982
0.4331
0.6024
1.3889
1.5328
2.2567
2.6339
2.9894
3.2358
3.4594
3.6633
4.2181
4.4320
4.5799
4.6531
4.8686
5.3478
5.5866
5.5928
6.7796
6.8340

0.9447
-1.2669
0.8695
2.9885
-0.3707
2.0141
-0.4784
1.9177
-1.4420
0.6695
2.8093
-1.5113
0.6282
1.4765
-1.4060
-0.3405
-3.1357
-2.3079
-0.2367
0.5482
-2.1542
-1.1110
-3.1546
-1.0046
-0.8342
-2.9619
-0.6668
-1.6748
1.3420
0.5446
-1.4834
-2.2868
0.7538
3.2922
-0.2608
2.3401
-0.0814
2.5776
2.3308
2.1232

-0.533
-0.010
-0.288
-0.461
-0.003;
-0.246
0.317
0.056
0.584
0.338
0.069
-0.999
0.697
1.120
-0.461
0.443
-1.375]
-0.685
1.117
1.858
-0.079
0.854
-0.400)
1.398
-1.980
-0.375]
-1.196
-0.248
-1.821
-1.113
0.736
1.434
-0.078
-0.736
0.841]

OH
8H
7C
1H
4uc
5C
5C
uc
BH
oC
7H
BH
BN
BH
sC
1c
PH
aC
8C
BH
5C
oc
ON
5H
PH
PN
7C
oC
AH
oC
ile
EH
ile
cle)
7C

0.1049S

1.635
1.503
-1.484
-0.532

6H
RO
bH
50

-7.8258
-6.8090
-6.7697
-6.4031
-6.1963
-5.9717
-4.8421
-4.6160
-4.4263
-4.0365
-3.9935
-2.8432
-2.6731
-2.3232
-1.8975
-1.7126
-0.9997
-0.8552
-0.4515
-0.3160
0.4198
0.5925
1.3766
1.5301
2.3163
2.6312
3.0346
3.2490
3.5580
3.7316
4.2185
4.4042
4.6387
4.7698
4.8966
5.4500
5.6102
5.6957
6.9054
6.9333

0.9476
-1.2717
0.8701
2.9939
-0.3748
2.0165
-0.4864
1.9175
-1.4557
0.6632
2.8079
-1.6057
0.6306
1.4859
-1.4444
-0.3253
-3.1919
-2.3314
-0.1570
0.6712
-2.1222
-1.0220
-3.1118
-0.8689
-0.8380
-2.9329
-0.6658
-1.6538
1.3050
0.5333
-1.4571
-2.2395
0.7476
3.2756
-0.2476
2.3091
-0.0728
2.6003
2.0371
2.0642

-0.5363
-0.0446
-0.2949
-0.4359
-0.0267
-0.2381
0.2880
0.0624
0.5397
0.3205
0.0970
-0.9203
0.6686
1.0880
-0.4174
0.4253
-1.2737
-0.6268
1.0541
1.7450
-0.0643
0.8084
-0.3679
1.3283
-1.9787
-0.3200
-1.1832
-0.2052
-1.8658
-1.1235
0.7919
1.5212
-0.0785
-0.7763
0.8725
0.0641
1.6711
1.4604
-1.5035
-0.5249




130

Bibliography

Bibliography

1.

10.

11.

12.

Ferri, V., Elbing, M., Pace, G., Dickey, M. D., Zharnikov, M., Samor, P., Mayor,
M. & Rampi, M. A. Light-Powered Electrical Switch Based on Cago-Lifting
Azobenzene MonolayersAngewandte Chemie International Edition47, 3407{
3409 (2008).

Diguet, A., Yanagisawa, M., Liu, Y-J., Brun, E., Abadie, S., Rudiuk, S. &
Baigl, D. UV-Induced Bursting of Cell-Sized Multicomponent lipid Vesicles in a
Photosensitive Surfactant SolutionJournal of the American Chemical Society
134, 4898{4904 (2012).

Emmott, C. J. M., Rehr, J. A., Campoy-Quiles, M., Kirchartz, T., Urbina, A.,
Ekins-Daukes, N. J. & Nelson, J. Organic photovoltaic greenhoes. a unique
application for semi-transparent PV?Energy & Environmental Science8, 1317{
1328 (2015).

Schoenlein, R. W., Peteanu, L. A., Mathies, R. A. & Shank, C. V. Therst step
in vision: femtosecond isomerization of rhodopsiscience254, 412{415 (1991).

Zewalil, A. H. Laser FemtochemistryScience242, 1645{1653 (1988).

Sundstrem, V. Femtobiology. Annual Review of Physical Chemistrs9, 53{77
(2008).

Stolow, A., Bragg, A. E. & Neumark, D. M. Femtosecond Time-Resatd Photo-
electron SpectroscopyChemical Reviewsl04, 1719{1758 (2004).

Ferray, M., L'Huillier, A., Li, X. F., Lompre, L. A., Mainfray, G. & Manus, C.
Multiple-harmonic conversion of 1064 nm radiation in rare @ges.Journal of
Physics B: Atomic, Molecular and Optical Physic1, L31 (1988).

Birge, R. R. Photophysics of light transduction in rhodopsinand bacteri-
orhodopsin.Annual review of biophysics and bioengineerint0, 315{354 (1981).

Faubel, M., Siefermann, K. R., Liu, Y. & Abel, B. Ultrafast Soft X-ray Photo-
electron Spectroscopy at Liquid Water MicrojetsAccounts of Chemical Research
45, 120{130 (2012).

Faubel, M., Steiner, B. & Toennies, J. P. Photoelectron speascopy of liquid
water, some alcohols, and pure nonane in free micro jethe Journal of Chemical
Physics 106, 9013{9031 (1997).

Winter, B., Weber, R., Widdra, W., Dittmar, M., Faubel, M. & Herte |, I. V.
Full Valence Band Photoemission from Liquid Water Using EUV Sychrotron
Radiation. The Journal of Physical Chemistry A108, 2625{2632 (2004).



131

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nordlund, D., Odelius, M., Bluhm, H., Ogasawara, H., Petterssg L. G. M. &

Nilsson, A. Electronic structure e ects in liquid water studied by photoelectron
spectroscopy and density functional theoryChemical Physics Letters460, 86{92
(2008).

Kurahashi, N., Karashima, S., Tang, Y., Horio, T., Abulimiti, B., Suzuki, Y -I.,
Ogi, Y., Oura, M. & Suzuki, T. Photoelectron spectroscopy of gueous solutions:
Streaming potentials of NaX (X = Cl, Br, and I) solutions and dectron binding
energies of liquid water and X-The Journal of Chemical Physicsl40, 174506
(2014).

Buchner, F., Nakayama, A., Yamazaki, S., Ritze, HH. & Lubcke, A. Excited-
State Relaxation of Hydrated Thymine and Thymidine Measuredy Liquid-
Jet Photoelectron Spectroscopy: Experiment and Simulatiordournal of the
American Chemical Societyl37, 2931{2938 (2015).

Tentscher, P. R., Seidel, R., Winter, B., Guerard, J. J. & Arey, J. SExploring the

Aqueous Vertical lonization of Organic Molecules by Molecat Simulation and

Liquid Microjet Photoelectron SpectroscopyThe Journal of Physical Chemistry
B 119, 238{256 (2015).

Eckstein, M. Investigation of Ultrafast Electronic and Nuclear Dynamics in
Molecular Nitrogen using an XUV Time Delay Compensating Monochromator
Dissertation (Freie Universitat Berlin, 2015).

Kruit, P. & Read, F. H. Magnetic eld paralleliser for 2 electron-spectrometer
and electron-image magni er.Journal of Physics E: Scienti ¢ Instruments 16,
313 (1983).

Arrell, C. A., Ojeda, J., Mewes, L., Grilj, J., Frassetto, F., Poldto, L., van Mourik,
F. & Chergui, M. Laser-Assisted Photoelectric E ect from Liquds. Physical
Review Letters117, 143001 (2016).

Han, G. R., Hwang, D., Lee, S., Lee, J. W., Lim, E., Heo, J. & Kim, S. K.
Shedding new light on an old molecule: quinophthalone dispis uncommon N-
to-O excited state intramolecular proton transfer (ESIPT)between photobases.
Scienti ¢ Reports 7. (2017).

Bandara, H. M. D. & Burdette, S. C. Photoisomerization in derent classes of
azobenzeneChemical Society Reviewd1, 1809{1825 (2012).

Takei, M., Yui, H., Hirose, Y. & Sawada, T. Femtosecond Time-Re$ved Spec-
troscopy of Photoisomerization of Methyl Orange in Cyclodérins. The Journal
of Physical Chemistry A105, 11395{11399 (2001).

Wang, L., Xu, J., Zhou, H., Yi, C. & Xu, W. Cis{trans isomerization mechanism
of 4-aminoazobenzene in the SO and S1 states: A CASSCF and DFTUdst.
Journal of Photochemistry and Photobiology A: Chemistr205, 104{108 (2009).



132

Bibliography

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Davies, M. J. & Truscott, R. J. W. Photo-oxidation of proteins ard its role in
cataractogenesisJournal of Photochemistry and Photobiology B: Biolog$3,
114{125 (2001).

leonard, J., Sharma, D., Szafarowicz, B., Torgasin, K. & Hade, S. Formation
dynamics and nature of tryptophan's primary photoproduct m aqueous solution.
Physical Chemistry Chemical Physic42, 15744 (2010).

Nordling, C., Sokolowski, E. & Siegbahn, K. Precision methotbr obtaining
absolute values of atomic binding energieRhysical Review105, 1676 (1957).

Carlson, T. A. Photoelectron spectroscopyAnnual Review of Physical Chemistry
26, 211{234 (1975).

Demtreder, W. Molekalphysik: Theoretische Grundlagen und experimentelle
Methoden?2., uberarb. und erw. Au . (De Gruyter Oldenbourg, Berlin/B oston,
2013).

Lewars, E. G. .Computational chemistry: introduction to the theory and ap-
plications of molecular and quantum mechanic8. edition (Springer, Cham,
Switzerland, 2016).

Brundle, C. R. & Turner, D. W. High Resolution Molecular Photoéectron
Spectroscopy. Il. Water and Deuterium OxideProceedings of the Royal Society
of London A: Mathematical, Physical and Engineering Science307, 27{36
(1968).

Agren, H. & Carravetta, V. Origin of phase transition shifts of onization energies
in water. Molecular Physics55, 901{922 (1985).

Lundholm, M., Siegbahn, H., Holmberg, S. & Arbman, M. Core eleain spec-
troscopy of water solutions.Journal of Electron Spectroscopy and Related Phe-
nomena40, 163{180 (1986).

Hohenberg, P. & Kohn, W. Inhomogeneous electron gaBhysical review136,
B864 (1964).

Stowasser, R. & Ho mann, R. What Do the Kohn-Sham Orbitals and ienvalues
Mean? Journal of the American Chemical Societyl21, 3414{3420 (1999).

Barone, V. & Cossi, M. Quantum Calculation of Molecular Enerigs and Energy
Gradients in Solution by a Conductor Solvent ModelThe Journal of Physical
Chemistry A 102, 1995{2001 (1998).

Isegawa, M., Neese, F. & Pantazis, D. A. lonization Energies andlqueous
Redox Potentials of Organic Molecules: Comparison of DFT, @elated ab Initio

Theory and Pair Natural Orbital Approaches.Journal of Chemical Theory and
Computation 12, 2272{2284 (2016).



133

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Tao, J., Perdew, J. P., Staroverov, V. N. & Scuseria, G. E. Climbigthe Density
Functional Ladder: Nonempirical Meta-Generalized GradignApproximation
Designed for Molecules and Solid®hysical Review Letters91, 146401 (2003).

Weigend, F. & Ahlrichs, R. Balanced basis sets of split valencé&iple zeta
valence and quadruple zeta valence quality for H to Rn: Desigand assessment
of accuracy.Physical Chemistry Chemical Physic§, 3297{3305 (2005).

Zhao, Y. & Truhlar, D. G. The MO06 suite of density functionals ér main group
thermochemistry, thermochemical kinetics, noncovaleninieractions, excited
states, and transition elements: two new functionals and stematic testing
of four M0O6-class functionals and 12 other functional3.heoretical Chemistry
Accounts 120, 215{241 (2008).

Neese, F. The ORCA program systemWiley Interdisciplinary Reviews: Compu-
tational Molecular Science2, 73{78 (2012).

Banna, M. S., McQuaide, B. H., Malutzki, R. & Schmidt, V. The phaoelectron
spectrum of water in the 30 to 140 eV photon energy rang&he Journal of
Chemical Physics84, 4739{4744 (1986).

Pedersen, S. & Zewail, A. Femtosecond real-time probing of wt@ns XXII.
Kinetic description of probe absorption, uorescence, dégtion and mass spec-
trometry. Molecular Physics89, 1455{1502 (1996).

Siegbahn, H. & Siegbahn, K. ESCA applied to liquidsJournal of Electron
Spectroscopy and Related Phenomer2a 319{325 (1973).

Lubcke, A., Buchner, F., Heine, N., Hertel, I. V. & Schultz, T. Time-resolved
photoelectron spectroscopy of solvated electrons in aqued\al solution.Physical
Chemistry Chemical Physicsl2, 14629{14634 (2010).

Tang, Y., Shen, H., Sekiguchi, K., Kurahashi, N., Mizuno, T., Szuki, Y.-I. &
Suzuki, T. Direct measurement of vertical binding energy & hydrated electron.
Physical Chemistry Chemical Physicd2, 3653{3655 (2010).

Siefermann, K. R., Liu, Y., Lugovoy, E., Link, O., Faubel, M.,Buck, U., Winter,
B. & Abel, B. Binding energies, lifetimes and implications obulk and interface
solvated electrons in waterNature Chemistry 2, 274{279 (2010).

Elkins, M. H., Williams, H. L., Shreve, A. T. & Neumark, D. M. Relaxaion
Mechanism of the Hydrated ElectronScience342, 1496{1499 (2013).

Ojeda, J., Arrell, C. A., Gril}, J., Frassetto, F., Mewes, L., Zhamg, H., van
Mourik, F., Poletto, L. & Chergui, M. Harmonium: A pulse preseving source of
monochromatic extreme ultraviolet (30{110 eV) radiation fo ultrafast photo-
electron spectroscopy of liquidsStructural Dynamics 3, 023602 (2016).



134

Bibliography

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

Al-Obaidi, R., Wilke, M., Borgwardt, M., Metje, J., Moguilevski, A., Engel,
N., Tolksdorf, D., Raheem, A., Kampen, T., Mahl, S., Kiyan, I.Y. & Aziz,
E. F. Ultrafast photoelectron spectroscopy of solutions: spa-charge e ect.New
Journal of Physics17, 093016 (2015).

Link, O., Lugovoy, E., Siefermann, K., Liu, Y., Faubel, M. & Abd, B. Ultrafast
electronic spectroscopy for chemical analysis near liquiditer interfaces: concepts
and applications.Applied Physics A96, 117{135 (2009).

Franken, P. A., Hill, A. E., Peters, C. W. & Weinreich, G. Generaton of Optical
Harmonics. Physical Review Letters7, 118{119 (1961).

Corkum, P. B. Plasma perspective on strong eld multiphotorionization. Physical
Review Letters71, 1994{1997 (1993).

Kulander, K. C., Schafer, K. J. & Krause, J. L.Dynamics of short-pulse excitation,
ionization and harmonic conversionin. Presented at the NATO Workshop, Han-
Sur-Lesse, Belgium (1993).

Goulielmakis, E., Loh, Z:H., Wirth, A., Santra, R., Rohringer, N., Yakovlev,
V. S., Zherebtsov, S., Pfeifer, T., Azzeer, A. M., Kling, M. F., Lene, S. R.
& Krausz, F. Real-time observation of valence electron motio Nature 466,
739{743 (2010).

Sansone, G., Benedetti, E., Calegari, F., Vozzi, C., Avaldi,.LFlammini, R.,
Poletto, L., Villoresi, P., Altucci, C., Velotta, R., Stagira, S., Silvestri, S. D. &
Nisoli, M. Isolated Single-Cycle Attosecond Pulse&cience314, 443{446 (2006).

Poletto, L. & Villoresi, P. Time-delay compensated monochmator in the o -
plane mount for extreme-ultraviolet ultrashort pulsesApplied Optics 45, 8577
(2006).

Constant, E., Garzella, D., Breger, P., Mevel, E., Dorrer,C., Le Blanc, C., Salin,
F. & Agostini, P. Optimizing High Harmonic Generation in Absorbirng Gases:
Model and Experiment.Physical Review Letters82, 1668{1671 (1999).

Werner, W. X-ray e ciencies of blazed gratings in extreme o -gane mountings.
Applied Optics 16, 2078{2080 (1977).

Si alovic, P., Drescher, M., Spieweck, M., Wiesenthal, T., Im, Y. C., Weidner,
R., Elizarov, A. & Heinzmann, U. Laser-based apparatus for exteled ultraviolet
femtosecond time-resolved photoemission spectrosco®eview of Scientic
Instruments 72, 30{35 (2001).

Gaudin, J., Rehbein, S., Guttmann, P., Gode, S., SchneidelG., Wernet, P.
& Eberhardt, W. Selection of a single femtosecond high-ordearmonic using
a zone plate based monochromatodournal of Applied Physics104, 033112
(2008).



135

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

Metje, J., Borgwardt, M., Moguilevski, A., Kothe, A., Engel, N., Wilke, M.,
Al-Obaidi, R., Tolksdorf, D., Firsov, A., Brzhezinskaya, M., Eko, A., Kiyan, . Y.
& Aziz, E. F. Monochromatization of femtosecond XUV light pulsesvith the
use of re ection zone platesOptics Express22, 10747{10760 (2014).

Eckstein, M., Yang, C:-H., Kubin, M., Frassetto, F., Poletto, L., Ritze, H.-H.,
Vrakking, M. J. J. & Kornilov, O. Dynamics of N2 Dissociation upm Inner-
Valence lonization by Wavelength-Selected XUV Pulse$he Journal of Physical
Chemistry Letters 6, 419{425 (2015).

Microliquids GmbH. Microjet System Manual 2012.

Buchner, F., Lubcke, A., Heine, N. & Schultz, T. Time-resolved potoelectron
spectroscopy of liquidsReview of Scienti ¢ Instruments 81, 113107 (2010).

Link, O. Femtosekunden-Photoelektronenspektroskopie mit extrem ultravioletter
Strahlung an FlassigkeitsgrenzachenDissertation (Georg-August-Universitat zu
Gettingen, Gettingen, 2007).

Kothe, A., Metje, J., Wilke, M., Moguilevski, A., Engel, N., Al-Obaidi, R., Richter,
C., Golnak, R., Kiyan, I. Y. & Aziz, E. F. Time-of- ight electron spectrometer
for a broad range of kinetic energiefRReview of Scienti ¢ Instruments 84, 023106
(2013).

Baltzer, P., Larsson, M., Karlsson, L., Wannberg, B. & Carlson Gethe, M.
Inner-valence states of N2+ studied by uv photoelectron sp&oscopy and
con guration-interaction calculations. Physical Review A46, 5545{5553 (1992).

Clauberg, R. & Blacha, A. High electron density e ects in elecbn spectroscopies:
Consequences for picosecond photoemission and electrearh samplingJournal
of Applied Physics65, 4095{4106 (1989).

Passlack, S., Mathias, S., Andreyev, O., Mittnacht, D., Aesdimann, M. & Bauer,
M. Space charge e ects in photoemission with a low repetitip high intensity
femtosecond laser sourcdournal of Applied Physics100, 024912 (2006).

Ong, S., Zhao, X. & Eisenthal, K. B. Polarization of water moleules at a charged
interface: second harmonic studies of the silica/water iatface.Chemical Physics
Letters 191, 327{335 (1992).

Behrens, S. H. & Grier, D. G. The charge of glass and silica saces.The Journal
of Chemical Physicsl15, 6716{6721 (2001).

Preissler, N., Buchner, F., Schultz, T. & Lubcke, A. Electroknetic Charging and
Evidence for Charge Evaporation in Liquid Microjets of Aqueas Salt Solution.
The Journal of Physical Chemistry B117, 2422{2428 (2013).



136

Bibliography

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Anderson, J. H. J. & Parks, G. A. Electrical conductivity of silicagel in the
presence of adsorbed wateilhe Journal of Physical Chemistry72, 3662{3668
(1968).

Van der Heyden, F. H. J., Derek Stein & Dekker, C. Streaming Currésin a
Single Nano uidic Channel.Physical Review Letters95. (2005).

Faubel, M. & Steiner, B. Strong Bipolar Electrokinetic Chaging of Thin Liquid
Jets Emerging from 10 MUm Ptlr NozzlesBerichte der Bunsengesellschaft far
physikalische Chemi®6, 1167{1172 (1992).

Seah, M. P. & Dench, W. A. Quantitative electron spectroscopyfesurfaces: a
standard data base for electron inelastic mean free paths $olids. Surface and
interface analysisl, 2{11 (1979).

Powell, C. J. & Jablonski, A. Evaluation of Calculated and Meased Electron
Inelastic Mean Free Paths Near Solid Surface3ournal of Physical and Chemical
Reference Data28, 19{62 (1999).

Ottosson, N., Faubel, M., Bradforth, S. E., Jungwirth, P. & Wirter, B. Photo-
electron spectroscopy of liquid water and aqueous solutioBlectron e ective
attenuation lengths and emission-angle anisotropylournal of Electron Spec-
troscopy and Related Phenomena. Water and Hydrogen Bontig7, 60{70 (2010).

Tharmer, S., Seidel, R., Faubel, M., Eberhardt, W., Hemminge J. C., Bradforth,
S. E. & Winter, B. Photoelectron Angular Distributions from Liquid Water:
E ects of Electron Scattering. Physical Review Letters111. (2013).

Suzuki, Y -l., Nishizawa, K., Kurahashi, N. & Suzuki, T. E ective attenuation
length of an electron in liquid water between 10 and 600 eWhysical Review E
90. (2014).

Olivieri, G., Parry, K. M., Powell, C. J., Tobias, D. J. & Brown, M. A. Quantita-

tive interpretation of molecular dynamics simulations forX-ray photoelectron
spectroscopy of agueous solutionshe Journal of Chemical Physicsl44, 154704
(2016).

Watanabe, K. & Jursa, A. S. Absorption and Photoionization Cros Sections of
H20 and H2S.The Journal of Chemical Physicst1, 1650 (1964).

Haddad, G. N. & Samson, J. A. R. Total absorption and photoionizébn cross
sections of water vapor between 100 and 10@0 The Journal of Chemical
Physics 84, 6623 (1986).

Hayashi, H., Watanabe, N., Udagawa, Y. & Kao, GC. The complete optical
spectrum of liquid water measured by inelastic x-ray scatteg. Proceedings of
the National Academy of Science87, 6264{6266 (2000).



137

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Solvent Polarity Table - Miller's Home https://sites.google.com/site/

miller00828/in/solvent-polarity-table (2017).
Viscosity, Surface Tension, Speci ¢ Density and Molecular Weight of Selected
Liquids https://www.accudynetest.com/visc_table.html (2017).

NIST Chemistry WebBookhttp://webbook.nist.gov/chemistry/ (2017).

Ohno, K., Imai, K. & Harada, Y. Variations in reactivity of lone-pair electrons due
to intramolecular hydrogen bonding as observed by Penningnization electron
spectroscopyJournal of the American Chemical Societyl07, 8078{8082 (1985).

Gochel-Dupuis, M., Delwiche, J., Hubin-Franskin, M. J. & Colin, J. E. High-
resolution Hel photoelectron spectrum of acetonitrileChemical Physics Letters
193, 41{48 (1992).

Schins, J. M., Breger, P., Agostini, P., Constantinescu, R. CMuller, H. G.,
Grillon, G., Antonetti, A. & Mysyrowicz, A. Observation of Laser-Assisted Auger
Decay in Argon.Physical Review Letters73, 2180{2183 (1994).

Glover, T. E., Schoenlein, R. W., Chin, A. H. & Shank, C. V. Observéon of
laser assisted photoelectric e ect and femtosecond highder harmonic radiation.
Physical Review Letters76, 2468 (1996).

Saatho, G., Miaja-Avila, L., Aeschlimann, M., Murnane, M. M. & Kapteyn,
H. C. Laser-assisted photoemission from surfacé#ysical Review A77. (2008).

Kroll, N. M. & Watson, K. M. Charged-patrticle scattering in the presence of a
strong electromagnetic wavePhysical Review A8, 804 (1973).

Maquet, A. & Taleb, R. Two-colour IR + XUV spectroscopies: the \soft-photon
approximation"”. Journal of Modern Optics 54, 1847{1857 (2007).

Cooper, J. & Zare, R. N. Angular Distribution of Photoelectrons The Journal
of Chemical Physics48, 942{943 (1968).

Nishitani, J., West, C. W. & Suzuki, T. Angle-resolved photoenssion spec-
troscopy of liquid water at 29.5eV.Structural Dynamics 4, 044014 (2017).

Truscott, T. O., Land, E. J. & Sykes, A. The in vitro photochemigry of biological

molecules-11l. Absorption spectra, lifetimes and rates ofxggen quenching of the
triplet states of BETA-carotene, retinal and related polyees.Photochemistry
and Photobiologyl7, 43{51 (1973).

Pope, R. M. & Fry, E. S. Absorption spectrum (380{700 nm) of pug water Il
Integrating cavity measurements Applied Optics 36, 8710 (1997).

Quickenden, T. I. & Irvin, J. A. The ultraviolet absorption spectrum of liquid
water. The Journal of Chemical Physics/2, 4416{4428 (1980).



138

Bibliography

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Buchner, F., Ritze, H-H., Lahl, J. & Lsbcke, A. Time-resolved photoelectron
spectroscopy of adenine and adenosine in aqueous soluti®hysical Chemistry
Chemical Physicsl5, 11402 (2013).

Engel, N., Bokarev, S. I., Moguilevski, A., Raheem, A. A., Al-Obdli, R., Mehle,
T., Grell, G., Siefermann, K. R., Abel, B., Aziz, S. G., Kshn, Q, Borgwardt, M.,
Kiyan, I. Y. & Aziz, E. F. Light-induced relaxation dynamics of the ferricyanide
ion revisited by ultrafast XUV photoelectron spectroscopyPhysical Chemistry
Chemical Physics19, 14248{14255 (2017).

European Food Safety Authority. Re ned exposure assessmefiar Quinoline
Yellow (E 104). EFSA Journal 13, n/a{n/a (2015).

Kutsuna, H., Komatsu, K., Matsuoka, M., Namba, R., Morikawa, Y.& Tanaka,
M. Analyses and Puri cation of Quinoline Yellow WS.Journal of Society of
Cosmetic Chemists of Japari6, 50{56 (1982).

ChemicalBook Chemical Search Enginéttps://www.chemicalbook.com/
(2017).

Kehrer, F., Niklaus, P. & Manukian, B. K. IR.-spektroskopischdJntersuchungen
in der Chinophtalon-Reihe.Helvetica Chimica Acta50, 2200{2211 (1967).

Blakemore, W. M., Rushing, L. G., Thompson, H. C., Freeman, J. PLevine,
R. A. & Nony, C. R. Characterization, puri cation, and analysis of solvent yellow
33 and solvent green 3 dyedournal of Chromatography A391, 219{231 (1987).

Dobosz, R., Gsmialowski, B. & Gawinecki, R. DFT studies onautomeric prefer-
ences. Part 3: Proton transfer in 2-(8-acylquinolin-2-y#l,3-diones.Structural
Chemistry 21, 1037{1041 (2010).

Abbott, L. C., Batchelor, S. N., Oakes, J., Gilbert, B. C., Whitwood, A. C.,
Lindsay Smith, J. R. & Moore, J. N. Experimental and Computatiol Studies
of Structure and Bonding in Parent and Reduced Forms of the AzDye Orange
Il. The Journal of Physical Chemistry A109, 2894{2905 (2005).

Hanwell, M. D., Curtis, D. E., Lonie, D. C., Vandermeersch, T.Zurek, E. &
Hutchison, G. R. Avogadro: an advanced semantic chemical ealif visualization,
and analysis platform.Journal of Cheminformatics4, 17 (2012).

With, G. d. Liquid-state physical chemistry: fundamentals, modeling, and appli-
cations (Wiley-VCH, Weinheim, 2013).

Glasbeek, M. & Zhang, H. Femtosecond Studies of Solvation alttramolecular
Con gurational Dynamics of Fluorophores in Liquid Solution Chemical Reviews
104, 1929{1954 (2004).

Maroncelli, M. & Fleming, G. R. Computer simulation of the dyramics of aqueous
solvation. The Journal of Chemical Physics89, 5044{5069 (1988).



139

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Jimenez, R., Fleming, G. R., Kumar, P. V. & Maroncelli, M. Femtoscond
solvation dynamics of waterNature 369, 471{473 (1994).

Kropman, M. F. & Bakker, H. J. Dynamics of Water Molecules in Aqueos
Solvation Shells.Science291, 2118{2120 (2001).

Wait, S. C. & McNerney, J. C. Vibrational spectra and assignmestfor quinoline
and isoquinoline.Journal of Molecular Spectroscopy4, 56{77 (1970).

Pathak, J., Narayan, V., Sinha, L. & Prasad, O. Theoretical Raran and FTIR
vibrational analysis of 2-phenyl-1H-indene-1,3(2H)-dionky ab initio method.
Journal of Atomic and Molecular Sciences, 95{105 (2012).

Takeuchi, S. & Tahara, T. Coherent Nuclear Wavepacket Motiagin Ultrafast

Excited-State Intramolecular Proton Transfer: Sub-30-fResolved Pump-Probe
Absorption Spectroscopy of 10-Hydroxybenzo-[h]quinolina Solution. The Jour-

nal of Physical Chemistry A109, 10199{10207 (2005).

Yamazaki, S., Sobolewski, A. L. & Domcke, W. Molecular mechams of the
photostability of indigo. Physical Chemistry Chemical Physic43, 1618{1628
(2011).

Driscoll, E. W., Hunt, J. R. & Dawlaty, J. M. Photobasicity in Quin olines:
Origin and Tunability via the Substituents' Hammett Parameters. The Journal
of Physical Chemistry Letters7, 2093{2099 (2016).

Mohammed, O. F., Pines, D., Dreyer, J., Pines, E. & Nibbering, ET. J. Sequen-
tial Proton Transfer Through Water Bridges in Acid-Base Reaiions. Science
310, 83{86 (2005).

Yan, S., Zhang, L., Cukier, R. I. & Bu, Y. Exploration on Regulding Factors
for Proton Transfer along Hydrogen-Bonded Water Chains€ChemPhysChens,
944{954 (2007).

Park, S-Y., Kim, B, Lee, Y.-S., Kwon, O-H. & Jang, D.-J. Triple proton transfer
of excited 7-hydroxyquinoline along a hydrogen-bonded wetchain in ethers:
secondary solvent e ect on the reaction ratePhotochemical & Photobiological
Sciences8, 1611 (2009).

Quick, M., Dobryakov, A. L., Gerecke, M., Richter, C., Berndt,F., loe, I. N.,

Granovsky, A. A., Mahrwald, R., Ernsting, N. P. & Kovalenko, S. A.Photoiso-
merization Dynamics and Pathways of trans- and cis-Azobenze in Solution
from Broadband Femtosecond Spectroscopies and CalculaoThe Journal of
Physical Chemistry B118, 8756{8771 (2014).



140

Bibliography

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Tan, E. M. M., Amirjalayer, S., Smolarek, S., Vdovin, A., Zerbeto, F. & Buma,
W. J. Fast photodynamics of azobenzene probed by scanning eé&distate
potential energy surfaces using slow spectroscopNature Communications6,
5860 (2015).

Mayer, S. G., Thomsen, C. L., Philpott, M. P. & Reid, P. J. The stvent-dependent
isomerization dynamics of 4-(dimethylamino) azobenzen®MAAB) studied by

subpicosecond pump{probe spectroscopghemical physics letters314, 246{254
(1999).

Bafana, A., Devi, S. S. & Chakrabarti, T. Azo dyes: past, presémnd the future.
Environmental Reviews19, 350{371 (NA 2011).

Cattaneo, P. & Persico, M. An ab initio study of the photochenstry of azoben-
zene.Physical Chemistry Chemical Physic4, 4739{4743 (1999).

Andersson, J-A., Petterson, R. & Tegrer, L. Flash photolysis experimentsn
the vapour phase at elevated temperatures I: spectra of azizene and the
kinetics of its thermal cis-trans isomerizationJournal of Photochemistry 20,
17{32 (1982).

Rau, H. Photoisomerization of azobenzeneBhotochemistry and photophysicg,
119{141 (1990).

Harabuchi, Y., Ishii, M., Nakayama, A., Noro, T. & Taketsugu, T. A nultirefer-
ence perturbation study of the NN stretching frequency of tnas-azobenzene in
n * excitation and an implication for the photoisomerizationmechanism.The
Journal of Chemical Physics138, 064305 (2013).

Schultz, T., Quenneville, J., Levine, B., Toniolo, A., Martnez, T. J., Lochbrunner,
S., Schmitt, M., Shaer, J. P., Zgierski, M. Z. & Stolow, A. Meclanism and
Dynamics of Azobenzene Photoisomerizatiodournal of the American Chemical
Society 125, 8098{8099 (2003).

Tiberio, G., Muccioli, L., Berardi, R. & Zannoni, C. How Does he Trans{Cis Pho-
toisomerization of Azobenzene Take Place in Organic SolvefitChemPhysChem
11, 1018{1028 (2010).

Cilento, G., Miller, E. C. & Miller, J. A. On the Addition of Proto ns to Derivatives
of 4-Aminoazobenzenelournal of the American Chemical Society’8, 1718{1722
(1956).

De Meyer, T., Hemelsoet, K., Van der Schueren, L., Pauwels,,BDe Clerck, K.
& Van Speybroeck, V. Investigating the Halochromic Propert® of Azo Dyes in
an Agueous Environment by Using a Combined Experimental and Horetical
Approach. Chemistry - A European Journal 18, 8120{8129 (2012).



141

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Fan, J., Shen, X. & Wang, J. Dissociation constants of methyl orge in aqueous
alcohol solvents Analytica chimica acta 364, 275{280 (1998).

Reeves, R. L., Kaiser, R. S., Maggio, M. S., Sylvestre, E. A. &lwton, W. H.
Analysis of the visual spectrum of methyl orange in solvent:d in hydrophobic
binding sites.Canadian Journal of Chemistry51, 628{635 (1973).

Brode, W. R., Seldin, I. L., Spoerri, P. E. & Wyman, G. M. The reléion between
the absorption spectra and the chemical constitution of dge XXVIII. The
hydration of azo dyes in organic solventslournal of the American Chemical
Society 77, 2762{2765 (1955).

Alberghina, G., Bianchini, R., Fichera, M. & Fisichella, S. Dinerization of
Cibacron Blue F3GA and other dyes: in uence of salts and tempature. Dyes
and Pigments46, 129{137 (2000).

Boily, J.-F. & Seward, T. M. On the Dissociation of Methyl Orange: Spectiphoto-
metric Investigation in Aqueous Solutions from 10 to 90 DEG Cral Theoretical
Evidence for Intramolecular Dihydrogen BondingJournal of Solution Chemistry
34, 1387{1406 (2005).

Kendrick, K. L. & Gilkerson, W. R. The state of aggregation of mnethyl orange
in water. Journal of Solution Chemistry 16, 257{267 (1987).

Yui, H., Takei, M., Hirose, Y. & Sawada, T. Ultrafast transient lens spectroscopy
of photoisomerization dynamics of azocompounds in con neganospace of
cyclodextrins. Review of Scienti ¢ Instruments 74, 907{909 (2003).

Saito, T. & Kobayashi, T. Conformational Change in Azobenzenin Photoiso-
merization Process Studied with Chirp-Controlled sub-16 Pulses.The Journal
of Physical Chemistry A106, 9436{9441 (2002).

Yano, A., Konno, Y., Kinoshita, E. & Yano, R. Concentration dep@dence of ther-
mal isomerization process of methyl orange in ethandlournal of Photochemistry
and Photobiology A: Chemistry346, 411{415 (2017).

Albini, A., Fasani, E. & Pietra, S. The photochemistry of azo dgs. Photoisomeri-
sation versus photoreduction from 4-diethylaminoazobeere and 4-diethylamino-
4-methoxyazobenzenelournal of the Chemical Society, Perkin Transactions 2,
1021{1024 (1983).

Rau, H., Greiner, G., Gauglitz, G. & Meier, H. Photochemical gantum yields in
the A(h ) B(+h; ) system when only the spectrum of A is known. Journal
of physical chemistry94, 6523{6524 (1990).

Fischer, E. & Frei, Y. Photoisomerization Equilibria in Azodye. The Journal of
Chemical Physics27, 328{330 (1957).



142

Bibliography

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Wang, Y., Zhang, S., Sun, S., Liu, K. & Zhang, B. Ultrafast Excied State Dynam-
ics oftrans-4-Aminoazobenzene Studied by Femtosecond Transient Abstgn
SpectroscopyChinese Journal of Chemical Physic26, 651{655 (2013).

Katoh, R. Dependence of photoionization quantum yield of grole and tryptophan
in water on excitation wavelength.Journal of Photochemistry and Photobiology
A: Chemistry 189, 211{217 (2007).

Seki, K. & Inokuchi, H. Photoelectron spectrum of I-tryptoplan in the gas phase.
Chemical Physics Letters65, 158{160 (1979).

Klasinc, L. Application of photoelectron spectroscopy to lologically active
molecules and their constituent partsJournal of Electron Spectroscopy and
Related Phenomena, 161{164 (1976).

Campbell, S., Beauchamp, J. L., Rempe, M. & Lichtenberger, .. Correla-
tions of lone pair ionization energies with proton a nities of amino acids and
related compounds. Site speci city of protonationinternational journal of mass
spectrometry and ion processe$17, 83{99 (1992).

Cannington, P. H. & Ham, N. S. The photoelectron spectra of aminacids: A
survey. Journal of Electron Spectroscopy and Related Phenomeida, 79{82
(1979).

Dehareng, D. & Dive, G. Vertical lonization Energies of a-lLAmino Acids as a
Function of Their Conformation: an Ab Initio Study. International Journal of
Molecular Sciencesb, 301{332 (2004).

Close, D. M. Calculated Vertical lonization Energies of th€ommon a-Amino
Acids in the Gas Phase and in SolutionThe Journal of Physical Chemistry A
115, 2900{2912 (2011).

Xu, S., Nilles, J. M. & Bowen, K. H. Zwitterion formation in hydrated amino
acid, dipole bound anions: How many water molecules are reqgd? The Journal
of Chemical Physics119, 10696{10701 (2003).

Cohn, E. J. & Edsall, J. T. Proteins, Amino Acids And Peptides As lons And
Dipolar lons (Reinhold Publishing Corporation ; New York, 1943).

Grand, D., Bernas, A. & Amouyal, E. Photoionization of aqueougdole: Con-
duction band edge and energy gap in liquid wateChemical Physics44, 73{79
(1979).

Amouyal, E., Bernas, A. & Grand, D. On the Photoionization Enegy Threshold
of Tryptophan in Aqueous Solutions Photochemistry and Photobiologg9, 1071{
1077 (1979).



143

159.

160.

Bram, O., Oskouei, A. A., Tortschano, A., van Mourik, F., Madri d, M., Echave,
J., Cannizzo, A. & Chergui, M. Relaxation Dynamics of Tryptoplan in Water:
A UV Fluorescence Up-Conversion and Molecular Dynamics Studyhe Journal
of Physical Chemistry A114, 9034{9042 (2010).

U.S. National Library of Medicine, TOXNET HSDB Databasehttps://toxnet.
nlm.nih.gov/newtoxnet/hsdb.htm  (2017).



144

Acknowledgments

First of all my | want to express my gratitude to my direct supevisor Oleg Kornilov.
Without his resourcefulness and unwavering optimism this wk would not have been
possible. In many cases he was the direly needed opposingddio my skepticism. |
also want to thank him for the fun we had outside the institute for example on the
basketball court or on one of his bike rallies through Berlin

| am also deeply grateful to Marc J.J. Vrakking for giving me theopportunity to
conduct the research for my PhD at the Max Born Institute. With his vast knowledge
of, as | perceived it, everything ever published he kept thigroject on track (or as close
to the track as possible).

Further | want to thank Karsten Heyne for co-refereeing thishesis.

Special thanks also to Martin Eckstein, who not only built tle XUV monochromator
setup but also taught me all the tricks necessary to keep it ruming. It is a great
machine, which did not cause any major di culties during my ime at the Max Born
Institute. At the monochromator setup | mainly worked with Geert Reitsma, whom |
want to thank for sharing both the successful and the frusttang lab days with me.
| also want to thank Judith Dura for the many hours she investednto rewiring the
monochromator entrails with me.

Next | want to express my gratitude to all those involved in maing the liquid jet setup
work: Katrin Aziz-Lange, Reinhard Grosser, Nicola Mayer, Andra Lubcke, Boris Peev,
and Evgenii lkonnikov. | wish Evgenii all the best for his PhDand hope the project
continues successfully.

Many thanks to Roman Peslin, for his support with all kinds otechnical issues. His
creativity and precision were essential for implementinghe new version of the liquid
jet. I am also grateful to Katrin Herrmann and Regina Lendt, fo their help with the
sample preparation and with the absorption and uorescencmeasurements.

| also want to express my gratitude to the extended kHz lab teansonsisting of
Lorenz Drescher, Jochen Mikosch, Martin Galbreith, Felix $ell, Claus-Peter Schulz
and Ahmed Akin Unal. Especially Ahmed was invaluable for making the laser wior
reproducibly every single day.

| also want to generally thank my colleagues at the Max Born Btitute for providing a
good work atmosphere and for countless cakes at various oppaities. Special thanks
go to my fellow PhD students Katrin Reininger, Lorenz Dresdr, and Peter Jargens
for forming the "Festkomitee" and organizing the PhD Barbege and other activities.
I also want to thank my family and friends for their moral supmrt during the more
stressful phases of the PhD. | am especially grateful to Retma for putting up with
me during the most frustrating experimental campaigns.



145

List of Publications

Hummert J., Reitsma G., Mayer N., lkonnikov E., Eckstein M., andKornilov O.
Femtosecond XUV photoelectron spectroscopy of organic dye molecules
in solution Nature Communications (submitted)

Hummert J., Reitsma G., Mayer N., lkonnikov E., Eckstein M., andKornilov O.
Direct measurement of the ionization potential of aqueous tryptophan
(In preparation)

Hummert J., Reitsma G., Mayer N., Ikonnikov E., Eckstein M., andKornilov O.
Isomerization of amino-azobenzen dyes investigated with liquid phase
time-resolved photoelectron spectroscopy (In preparation)



146

Short Summary

The ultrafast electronic relaxation dynamics of photoactie organic molecules is a
fundamental research topic in physical chemistry. Understaling the role of transient
states in the relaxation is essential to further the undersiding of biological processes
such as vision, but also for improving molecular switches. dWecular processes on
femtosecond timescales are routinely studied in solutionitiv all-optical techniques.
However, time-resolved photoelectron spectroscopy meetghaconsiderable challenges
when it comes to the investigation of molecules in solutiornThis thesis deals with the
implementation of liquid phase time-resolved XUV photoeleobn spectroscopy and its
application to investigate functional photoactive molecles in aqueous solution.

Part of the thesis is dedicated to the implementation of ligu phase photoelectron
spectroscopy at an existing XUV monochromator setup, which pvides wavelength
selected XUV light. The two main challenges are the stable opion of a liquid jet in
vacuum and the detection of the extremely weak solute phot@etron signals against a
strong background originating from the solvent. To allow fostable operation over long
measurement times, the initial commercial liquid jet setups substantially modi ed
to improve its stability and precision of alignment. The craial step to detect the
weak solute signals is the implementation of a new acquisiti software, allowing for
averaging and single-count detection simultaneously. Th@oof-of-principle experiment
for the technique is carried out with an organic dye, Quinatie Yellow WS, in aqueous
solution. The ground state photoelectron spectrum of the @ymolecule is obtained
and is in excellent agreement with DFT calculations perforngefor this thesis. In a
UV-pump, XUV-probe experiment the photoelectron signal of the eited state decay
of Quinoline Yellow is observed. The relaxation is found toogur with timescales of
1.3 ps and 90 ps, which are attributed to an excited state irimolecular proton transfer
process and the subsequent internal conversion to the gralstate.

As synthetic functional molecules two azobenzene derivaéis, Methyl Orange and
Metanil Yellow, are investigated. Azobenzene derivatives@& promising candidates
for application as molecular switches due to their light-iduced isomerization. In a
time-resolved experiment ground and excited state photasltron spectra are obtained
and isomerization timescales are measured for both molezsil The measured iso-
merization timescale for Methyl Orange agrees with previguall-optical studies. The
isomerization of Metanil Yellow is found to be signi cantlyslower, which is explained
by the larger rotational moment of inertia, indicating a manly rotational isomerization.
As a biologically relevant molecule the amino acid Tryptophain aqueous solution
Is investigated with XUV-only photoelectron spectroscopy. m the photoelectron
spectrum the ionization energy of aqueous Tryptophan refemced to water, which
is relevant for the oxidation of proteins, is estimated at 5.eV. Additionally, this
experiment is a prerequisite for a 266 nm-pump, XUV-probe phottectron experiment
to disentangle the complex relaxation dynamics of Tryptopdm.
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Kurzfassung

Ein wichtiges Teilgebiet der physikalischen Chemie ist diérforschung ultraschneller
Prozesse in photoaktiven organischen Molekslen, derenrg@andnis essentiell far die
Erforschung biologisch relevanter Prozesse sowie fur dimtwicklung funktioneller
Molekasle ist. Die Relaxation von Molekslen in Lesung wid in der Ultrakurzzeitspek-
troskopie mit optischen Methoden untersucht. Die Untersuaing von Molekslen in
Lesung mit zeitaufgeldster Photoelektronenspektroskme st t hingegen auf beachtliche
technische Hindernisse. Diese Dissertation behandelt die Setzung der zeitaufgelesten
EUV Photoelektronenspektroskopie an Flassigkeiten und den Anwendung zur Unter-
suchung funktioneller photoaktiver Molekdle in wassrigr Lesung.

Zunachst wird die Umsetzung von Photoelektronenspektrospie an Flassigkeiten an
einem existierenden EUV Monochromator beschrieben. Der,rmchst kommerzielle,
Liquid Jet Aufbau wurde im Zuge der Dissertation erheblich umgbaut um die Stabilit@at
des Aufbaus zu verbessern und langere Messzeiten zu ern@gn. Au erdem wurde
eine neue Software zur Datenaufnahme implementiert, mit d&lugzeitdaten simultan
sowohl als gemittelte Spannung als auch als einzeln gezshElektronen aufgenommen
werden kennen. Dies ist notwendig um die schwachen Signaler gelesten Moleksle
gegen den starken Hintergrund des Lesungsmittels zu messéyer Grundsatzbeweis far
die Methode wird mit einem Experiment an dem organischen Hasto Chinolingelb in
wassriger Lesung erbracht. Das gemessene EUV Photoelaktienspektrum des Moleksls
stimmt mit DFT Berechnungenuberein, die im Zuge der Dissedtion ausgefuahrt wurden.
In einem zeitaufgelesten Experiment mit 400 nm Anregungspgen kann die Relaxation
des angeregten Zustands von Chinolingelb beobachtet wenddie Zeitkonstanten der
Relaxation sind ca. 1,3ps und 90 ps, wobei die kdarzere eindPnotonentransfer im
angeregten Zustand und die mngere einem strahlungslog8hergang zum Grundzustand
zugeordnet werden kennen.

Als Beispiel far synthetische funktionelle Molekule werén die zwei Azobenzolderivate
Methylorange und Metanilgelb in wassriger Lesung untenscht. Azobenzolderivate wer-
den aufgrund ihrer e zienten Photoisomerisierung als molkalare Schalter eingesetzt.
Im zeitaufgel®sten Experiment werden die Photoelektromspektren der angeregten
Zustande sowie die Zeitkonstanten der Isomerisierung lokeir Moleksle gemessen. Far
Methylorange stimmt die gemessene Zeitkonstante mit vorfgehenden rein optis-
chen Messungen uwberein. Die langsamere Isomerisierungn Wetanilgelb mit einer
Zeitkonstante von 5 ps kann mit einem gre® eren Tragheitsroment begnandet werden,
was fur Rotation als Mechanismus der Isomerisierung sphtc Als Beispiel far ein
biologisch relevantes Moleksl wird die Aminosaure Tryptphan mit EUV Photoelektro-
nenspektroskopie untersucht. Mithilfe der Messung wird eilonisationspotential von
Tryptophan in wassriger Lesung von 5,5eV bestimmt. Zuszlich ist die Messung eine
Voraussetzung far ein zeitaufgelstes Experiment, in ce die komplexe Relaxation von
Tryptophan nach Anregung mit 266 nm Pulsen untersucht werdekennte.
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