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Abstract

In this thesis, I have advanced the recently-developed method of time-resolved liquid jet
photoelectron spectroscopy to study the excited-state dynamics of solvated molecules
applying femtosecond pulses in the ultraviolet range. The focus of this work was on
the molecules that probably are the most relevant for life on earth: the DNA bases.
Despite extensive studies with other ultrafast techniques, there are still important open
questions. Time-resolved photoelectron spectroscopy provides a complementary and
important view on the excited-state relaxation of these molecules and therefore helps to
answer these questions.

When photoreactions in water are triggered (in particular by ultrashort pulses), the
hydrated electron is an omnipresent intermediate. In order to disentangle signal of the
hydrated electron from that of the molecule under investigation, I have first investigated
the appearance of this species from photoexcitation to formation of free hydrated elec-
trons in time-resolved photoelectron spectroscopy . As precursor iodide is used which is
known to efficiently generate hydrated electrons after excitation in the deep ultraviolet
range. The hydrated electron is bound by 3.4 eV. Surprisingly and due to an enhanced
surface sensitivity of photoelectron spectroscopy, I have found a new decay channel, in
which the hydrated electrons that are generated in the vicinity of the surface recombine
with the geminate iodine radical on a sub-ps timescale, while in bulk this recombination
takes 22 ps.

In this work, time-resolved photoelectron spectroscopy was for the first time applied to
study the excited-state dynamics of DNA bases and nucleosides in diluted solution. For
adenine, my results reproduce results from the literature: The excited state decays with
two different lifetimes: 90 fs and 8 ps, and the two different decays are assigned to the two
tautomers of adenine present in aqueous solution. For guanosine, I observe two spectral
components that are associated with two different decay times: ~250fs and ~2ps. The
faster decay is assigned to propagation of the excited-state wave packet out of the steep
Franck-Condon region, while the slower decay corresponds to the internal conversion
at the conical intersection between the excited state and the ground state. Previous
studies were contradictory. The new results from photoelectron spectroscopy support
the interpretation from fluorescence up-conversion experiments and therefore contribute
with important new information that will guide to a more complete understanding of the
photodynamics of guanine. For the pyrimidine bases (thymine and cytosine) and their
nucleosides, photoelectron spectroscopy shows spectral contributions from two channels
associated with two different decay times in the range of ~100 fs and ~400 fs for thymine,
and ~170fs and ~1.4 ps for cytosine. As suggested by molecular dynamics simulations,
I have interpreted the data by two different relaxation paths on a single excited-state
potential energy surface. The involvement of the nn* state, which was widely accepted

so far, is questioned by the present work.
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Kurzfassung

In dieser Dissertation wurde die kiirzlich entwickelte Methode der zeitaufgelsten Photo-
elektronenspektroskopie am Fliissigkeitsstrahl zur Untersuchung von angeregten Zustéan-
den in gelosten Molekiilen weiterentwickelt, wobei ultraviolette Femtosekunden-Impulse
angewendet wurden. Der Fokus dieser Arbeit liegt auf den Molekiilen mit der wahr-
scheinlich grofiten Relevanz fiir das Leben auf der Erde: den DNA-Basen. Trotz umfang-
reicher Untersuchungen mit anderen ultraschnellen Methoden gibt es hierbei immernoch
wichtige offene Fragen. Zeitaufgeloste Photoelektronenspektroskopie liefert eine komple-
mentére und wichtige Sicht auf die Relaxation angeregter Zustdnde und hilft daher, diese
offenen Fragen zu beantworten.

Werden Photoreaktionen in Wasser initiiert (insbesondere durch ultrakurze Impulse),
so entstehen sehr hdufig auch hydratisierte Elektronen. Um deren Signal von dem Signal
der zu untersuchenden Molekiile zu unterscheiden, habe ich zunéchst seine Bildung und
Entwicklung mit Hilfe der zeitaufgelosten Photoelektronenspektroskopie untersucht. Als
Precursor wurde Iodid genutzt, das unter Anregung mit ultraviolettem Licht sehr effizient
hydratisierte Elektronen bildet. Diese sind mit 3,4eV gebunden. Uberraschend war die
Beobachtung eines neuen Zerfallskanals fiir hydratisierte Elektronen in der Néhe der
Wasseroberfliche, der nur durch die erhéhte Oberflichenempfindlichkeit dieser Methode
gefunden wurde. Hier rekombinieren die Elektronen in weniger als einer Pikosekunde,
wéahrend diese Rekombination im Bulk etwa 22 ps dauert.

In dieser Arbeit wurde zeitaufgeloste Photoelektronenspektroskopie zum ersten Mal
auf verdiinnte, wéssrige Losungen von DNA-Basen angewendet. Fir Adenin wurden
frithere Ergebnisse aus der Literatur reproduziert und zwei verschiedene Zerfallszeiten
(90 fs und 8 ps) beobachtet, die den beiden in wéssriger Losung von Adenin vorliegenden
Tautomeren zugeordnet wurden. Fiir Guanosin habe ich zwei spektrale Komponenten
beobachtet, die zwei verschiedenen Zerfallszeiten zugeordnet sind: ~250 fs und ~2 ps. Die
kiirzere Zeit wurde dem Herauslaufen des Wellenpakets aus dem steilen Franck-Condon-
Bereich zugeordnet, wihrend die langsamere Zeit die interne Konversion vom angeregten
in den Grundzustand durch die konische Durchdringung beschreibt. Hier waren friihe-
re Untersuchungen widerspriichlich, aber die neuen Ergebnisse aus der zeitaufgeldsten
Photoelektronenspektroskopie stiitzen die Resultate der Fluoreszenz-Messungen und tra-
gen daher zu einem besseren Verstdndnis der Photodynamik von Guanin bei. Fiir die
Pyrimidin-Basen (Thymin und Cytosin) und ihre Nukleoside zeigt die zeitaufgeloste Pho-
toelektronenspektroskopie spektrale Beitrage von zwei Relaxationskanélen, denen zwei
verschiedene Zeiten zugeordnet werden: ~100fs und ~400fs fiir Thymin und ~170 fs
und ~1,4 ps fiir Cytosin. Motiviert durch Molekiildynamik-Simulationen habe ich diese
Daten als Relaxation entlang zweier verschiedener Pfade auf derselben Potentialfliche
des angeregten Zustands interpretiert. Die Beteiligung eines nt*-Zustandes, die bislang

weit akzeptiert war, wird in dieser Arbeit infrage gestellt.
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1. Introduction

It is well-known that frequent sun-burns hold the risk of skin cancer being the long-term
effect of changes in the genetic information that each cell carries. The molecule, that
stores the genetic information of living species on earth, is the well known deoxyribonu-
cleic acid (DNA). DNA is a polynucleotide, composed of smaller units, the nucleotides.
Every nucleotide contains one out of the four DNA bases (adenine, guanine, cytosine,
and thymine), a sugar moiety (deoxyribose) and a phosphate group. The nucleotides
are attached to each other like a chain of pearls — covalently linked wia the phosphate
groups (phosphodiester bonds). The sequence of DNA bases along the chain encodes
the genetic instructions for synthesis of proteins which actually catalyse most of the bio-
chemical reactions within a cell. Changes in the DNA sequence — the so-called mutations
— are the motor for evolution but can also lead to development of malfunctioning cells
and consequently lead to cancer.

Besides genotoxic chemicals and ionising radiation, also ultraviolet (UV) light can
induce a damage of the DNA — the so-called photodamage. DNA bases absorb light in
the UV range (about 200-380 nm) which has sufficiently high energy to break chemi-
cal bonds. However, the DNA molecule is astonishingly resistant versus light induced
changes. There have been a number of experimental and theoretical studies on the DNA
itself and the DNA bases in order to understand and explain this photostability. Besides
the fact that in living cells a number of repair mechanisms exist in order to prevent con-
sequences for the cell, it seems to be an inherent property of the DNA bases themselves
to dissipate the energy so quickly that chemical bonds are protected.

The development of ultrashort laser pulses (with femtosecond duration) enabled the
extension of time-resolved spectroscopic methods to the time-scale of nuclear motion [1].
Transient absorption (TA), fluorescence up-conversion (FU) and time-resolved photo-
electron spectroscopy (TRPES) are different techniques to study ultrafast phenomena
and differ in the kind of probing process. In TA, the excited state is probed by a transi-
tion into a higher excited state but competing processes like ground state bleach and/or
ground state absorption complicate the analysis. In FU, the spontaneous transition into
the ground state upon emission of light is measured. These two methods are most com-
mon for solvated samples, and solvated DNA bases were extensively studied exploiting
these two methods [2]. In TRPES, the excited molecule is photoionised and the kinetic
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energy of the photoelectron is analysed. This method requires high vacuum conditions
to ensure photoelectron detection without energy loss (due to scattering events). It is
therefore commonly used to study excited-state dynamics of isolated molecules in the
gas phase and in surface science.

In the last two decades, a liquid jet technique was developed which allows us to
apply the TRPES also to liquid samples and molecules in solution. In this work, I will
show that time-resolved photoelectron spectroscopy is a powerful tool to investigate the
excited state dynamics and energetics of molecules in solution. I will present the first
time-resolved photoelectron spectra of DNA bases and nucleosides in aqueous solution.

The following issues will be addressed:

e To what extend does TRPES provide new, complementary information on the

excited state dynamics of DNA bases in solution?

e For the excited state relaxation of the pyrimidine bases (cytosine and thymine),
the involvement of an optically dark nn* state has been proposed but not directly
observed. With TRPES, we can ionize all excited states and confirm or refute the
involvement of this state in the relaxation process. If an nr* state is occupied

during the relaxation, also its binding energy is accessible by TRPES.

e Theoretical simulations of molecules in solution are costly but the ionic state is
in principle easily accessible. Therefore, this method can also be used to check
the applicability of theoretical simulations — or even calibrate the calculations.
Collaborations with theory groups have been established in order to compare the
experimental results with sophisticated simulations of DNA bases in solution, i.e.

in large water clusters.

In TA experiments on DNA bases, the signal from hydrated DNA bases was superim-
posed by the signal from solvated electrons. We expect to observe signal related to the
hydrated electron in TRPES, too. To be able to distinguish between the two different
signals, we have started our investigations by studies of the hydrated electron, only. We
performed time-resolved photoelectron spectroscopy of a sodium iodide solution (easily
generating the solvated electrons) and solutions of three DNA bases and four nucleo-
sides. I will first give some general information on the method (Chapter 2) and then
explain the setup in detail (Chapter 3). In Chapter 4, I will show the results obtained
for sodium iodide solution and describe how a solvated electron is generated and evolves
in time. Afterwards, I will discuss the experimental data on the different DNA bases and
nucleosides in solution in Chapter 5. The whole work will be completed with Chapter 6
summarising the main findings and emphasising the impact of this work on the progress

in the research field.



2. Photoelectron spectroscopy of liquids -
problems and solutions

Photoelectron spectroscopy uses the principle of photoemission to evaluate the energy
of occupied orbitals in atoms and molecules. Figure 2.1 illustrates this principle: an
electron from a bound state is ejected upon absorption of one or more photon(s) with

an energy of hw. The kinetic energy of the photoelectron is then given by
Ekin =nX hw—Eb, (2.1)

where n is the number of absorbed photons and FEj, is the binding energy. The photoelec-
tron spectrum shows the kinetic energy distribution of these photoelectrons measured by
an appropriate spectrometer. From such a spectrum we can deduce the energy levels of
an atom or a molecule relative to the absolute energy of the free electron in vacuum. For
lower photon energies, only the weakly bound valence orbitals can be ionized, whereas

for higher photon energies also the core levels are accessible (see Figure 2.1).

2.1. Time-resolved photoelectron spectroscopy

The development of the pump-probe method by A. Zewail in the 1980s enabled the
investigation of excited states of molecules and was awarded with the Nobel prize in
chemistry in 1999. Zewail aimed at observing the bond breaking and bond making
in a photo-induced chemical reaction. The initial step of such a reaction occurs on a
femtosecond to picosecond time-scale. Therefore, the previous development of ultra-
short pulsed laser sources was essential for Zewail’s scientific success.

In time-resolved spectroscopy, a molecule is excited by absorbing a photon of a first
pulse, the pump pulse. The subsequent relaxation of the molecule or chemical reaction
is observed by interaction with a second pulse, the probe pulse. The time-dependent
evolution of the excited state is followed by scanning the pump-probe time delay. In
the recent decades, a number of time-resolved methods have been developed exploiting
different spectroscopic techniques.

In Figure 2.2, the pump-probe scheme is illustrated for photoelectron spectroscopy

where the probe process is ionization. A molecule in the ground state (gs, black) with



2. Photoelectron spectroscopy of liquids - problems and solutions
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Ey of photoelectrons,
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E=0

Figure 2.1. Principle of photoemission. The dashed lines and grey bar represent occupied core
and valence levels of an atom. XUV-photons of energy hw ionize the different levels leading to
a photoelectron spectrum with the corresponding peaks at Eyj, = hw — Ep. Picture taken from
Ref. [3].
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< E
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Figure 2.2. Principle of time-resolved photoelectron spectroscopy assuming a molecule with
molecular coordinates Q. Initially, the ground state (gs) of the molecule is populated. Absorption
of a pump photon leads to the excited state . At zero delay, « is ionized by a probe photon
leading to the formation of the ionic state a™ and a photoelectron with a kinetic energy e1. At
later delay times At, state a has evolved and non-adiabatically coupled to state (3, where higher
vibrational states are occupied. Ionization by a probe photon of the same energy now leads to
the ionic state S and a photoelectron with a kinetic energy €. Picture adapted from [4].

nuclear coordinates () absorbs a pump photon, and the initially excited state « is pre-
pared. A delayed probe pulse ionizes the molecule and generates a photoelectron. At
very short delay times, the probe pulse ionizes the « state leading to a photoelectron
with a kinetic energy €; and the ionic state a™. In the example sketched in Figure 2.2,
the state a can couple non-adiabatically to state 3. Resulting from this coupling, higher

vibrational states of 8 are populated. At longer delays At, ionization by the probe pulse

4



2.2. Liquids in vacuum

therefore leads to an ionic state 87 and a photoelectron with a different kinetic energy
€.

In the work presented here, ultraviolet light is applied corresponding to photon en-
ergies in the range of about 4.5-6.2eV. These low photon energies make this method
almost background-free, because there are only very few molecules, that have ionization
potentials as low as 6eV. Therefore, photoionization of the ground state with only one
pulse occurs in a multi-photon process. However, in a time-resolved process applying
one photon of each pulse, the total photon energy will be about 10eV — enough to ionize
a lot of organic molecules. The choice of these low photon energies provides the large
advantage that ionization with only one of the pulses is significantly less probable than
(141)-photon processes occurring in the pump-probe scheme. Hence, we can study the
excited state dynamics almost background-free in contrast to other groups who aim at
using higher photon energies.

Time-resolved photoelectron spectroscopy is a well-established method for investiga-
tion of electron dynamics in isolated molecules [5, 6] and in surface science [7, 8]. This

work is among the first ones, in which this technique is applied to liquid samples.

2.2. Liquids in vacuum

For an accurate measurement of the kinetic energy, the photoelectrons have to reach the
detector without colliding with atoms or molecules in the meantime. Hence, high vac-
uum conditions are needed. Volatile liquids, however, have high vapour pressures (e.g.
about 20 mbar for water at room temperature) counteracting an appropriate working
pressure. With the exception of a few liquids with exceptionally low vapour pressures
(e.g. formamide: 0.13 mbar at 30°C, see early experiments of Siegbahn [9]), photoelec-
tron studies were only possible for gases and solids until the late 20th century. This
problem was solved by Faubel et al., who invented the liquid microjet technique [10, 11].
The liquid is pushed through a nozzle with inner diameter of 5-50 um into vacuum and
forms a jet. Such a liquid jet is shown in Figure 2.3. The jet flows laminarly for some
distance which depends on the liquid, the flow rate, and the nozzle diameter. After-
wards, the jet becomes unstable and finally breaks apart into droplets. From the jet
surface, molecules evaporate into the vacuum leading to a cylindrical pressure gradient.

The distance an electron can travel before colliding with surrounding molecules is the

electron mean free path [. At thermal equilibrium, it is given by [12]:

l= (nvapael)fl, (2.2)

where ny,p is the density of the vapour molecules and o is the cross-section for an
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| spectrometer entrance

Figure 2.3. Photograph of the liquid jet in the interaction chamber. After entering into the
vacuum, the jet flows laminarly for a few millimetres. Afterwards it breaks apart into droplets
giving rise to enhanced light scattering (white horizontal line).

Table 2.1. Mean free path of a low kinetic energy electron (about 5eV) in water vapour at
thermal equilibrium.

pressure / mbar mean free path

1013 53 nm

20 2.7um

3.6 15um

1 54 um
5.4-1072 1 mm

103 54 mm

2.10~4 27 cm
5.4-107° 1m
10~ 54m

electron colliding with a vapour molecule. As a first approximation, the ideal gas concept
is used to derive the density of the vapour molecules ny,, from the pressure p.

Map = /@LT' (2.3)
For photoelectrons with kinetic energy between 1 and 10€V, the scattering cross-section
is about 20-120-10"'6cm? [13]. In Table 2.1, the mean free path of an electron of
about 5eV kinetic energy (corresponding oo ~ 70-10716 cm?) at different densities of
water vapour is listed. The table shows that for an 1 m long flight tube, a pressure
of 5-107° mbar has to be reached to ensure collision-free conditions. During operation
(while the liquid jet is running), we measure a pressure 1-10~% mbar in the spectrometer
achieving this condition. For the distance between the jet surface and the entrance into
the spectrometer, Faubel et al. have shown that for a sufficiently small jet radius, the

electrons travel collision-free [14].

This technique finally enables scientists to perform photoelectron studies on free flow-
ing liquids in vacuum which is successfully used by several groups around the world
[15-17].

6
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Figure 2.4. Photoelectron spectrum of liquid water obtained for different photon energies (80,
100, 120eV). The peaks at small binding energies correspond to ionization of the four valence
orbitals of the water molecule (1by, 3a;, 1bg, and 2a;). The strong background signal is assigned
to secondary electrons due to inelastic scattering. The picture is taken from Ref. [16].

2.3. Electron scattering and electron range in the liquid

Static photoelectron spectroscopy of pure water and different salt solutions was inten-
sively studied by Bernd Winter et al. (e.g. [12, 16, 18]). Photoelectron spectra of liquid
water measured with different photon energies are shown in Figure 2.4 [16]. The peaks
at low binding energies correspond to ionization of the occupied molecular orbitals of the
water molecule (1by, 3aj, 1bg, and 2a;). The strong background which seems to grow
with increasing binding energy is referred to as secondary electrons. These are electrons
that have lost kinetic energy due to multiple inelastic scattering events on their path

through the liquid and therefore give rise to the continuous background in the spectrum.

In the work presented here, photoelectrons with low kinetic energies are emitted where
this effect of multiple inelastic collisions does not play a significant role. The inelastic
scattering cross-sections depend on the kinetic energy of the photoelectrons. Plante et
al. have calculated the cross-sections for different processes in liquid water for electron
kinetic energies in the range between 1eV and 100 MeV [19]. Their results are shown
in Figure 2.5. They found ionization and electronic excitation to be important only
for electron kinetic energies above 10eV. Below 10eV, the cross-sections for these two

processes decrease by at least five orders of magnitude. In the present work, UV pulses
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Figure 2.5. Calculated cross-sections for different scattering processes as a function of electron
energy [19].

are used and photoelectrons with kinetic energies below 10eV are generated. Thus, ion-
ization and electronic excitation are much less important than in the aforementioned
EUYV studies with photon energies of about 100 eV. Dissociative electron attachment is
important for electron kinetic energies around 6-10¢eV. This process decreases the total
signal but will not contribute to the spectrum. The remaining processes are excitation
of vibrational and rotational states and elastic scattering. The latter does not change
the electron kinetic energy and can thus be neglected for this discussion. Rotational
excitation would only change the kinetic energy of the photoelectrons by tiny amounts
compared to the broad photoelectron distributions expected due to the large variation
in geometries. Cross-sections of vibrational excitation in amorphous ice were studied by
Michaud et al. [20]. They found that energy-loss due to vibrational excitation would re-
duce the kinetic energy of the electrons by up to 0.4 eV (stretching mode excitation) with
relatively low cross-sections. Regarding Figure 2.5, inelastic scattering cross-sections de-
crease drastically when moving from kinetic energies of about 200eV to below 10eV.
Hence, in the experiments presented here, where the photoelectron kinetic energies are
below 10 eV, inelastic scattering does not play a significant role.

Another relevant issue is the electron range in water and to what extent this method
is surface or bulk sensitive. The electron range in water depends on the electron kinetic
energy. We have shown that with our set-up and UV photons, photoelectrons from a
depth of up to 5nm are detected [21]. In order to distinguish between contributions
from the surface and from the bulk, we used the surface-active salt tetrabutyl ammo-
nium iodide (TBAI) and added bulk contribution by addition of sodium iodide (NalI).



2.4. Electrokinetic charging

Experimentally observed changes in the iodide signal can be related to the surface ver-
sus bulk contribution of iodide. In a first experiment, we used a solution of 0.2 mM
TBAI which has a strong propensity to be at the surface, but at this concentration
the surface is not yet saturated [22]. Therefore, the iodide signal of this TBAI-only
solution is dominated by surface contributions. In a second experiment, we added bulk
contribution by addition of 1.8 mM Nal to the 0.2mM TBAI solution. For a totally
bulk-sensitive measurement, we would expect the intensity of the iodide photoelectron
signal to increase with the total iodide concentration, i.e. by a factor of 10. Whereas
for a surface-sensitive measurement, the iodide photoelectron signal would increase less
strongly than the bulk iodide concentration. In order to extract a value for the electron
range, the radial distribution of iodide is needed. We assumed a simplified distribution
based on the molecular dynamics simulations performed by Jungwirth and Tobias [23].
This simplified radial distribution underestimates the electron range and the obtained
value therefore may be treated as the lower limit. Additionally an exponential escape
probability is assumed. The difference in the iodide signal intensity supports an electron
range of about 5nm. Hence, photoelectrons do not escape the center of the jet but
still the electron range is about 17 times larger than a single water molecule (~3A).

Therefore, we observe dynamics occurring at the surface but also in the region beyond.

Hence, applying photoelectron spectroscopy with UV light, we observe contributions
from the surface layer and from the bulk. Further theoretical and experimental works
have confirmed this finding [19, 24-26].

2.4. Electrokinetic charging

Elektrokinetic charging creates a potential difference between the liquid jet and the
electron spectrometer and therefore electrostatically accelerates or retards emitted pho-
toelectrons. Electrokinetic charging can lead to significant potentials on the order of
tens of volts as derived for pure water [10] and alcohols [27]. For liquid jet photoelectron
spectroscopy, this charging is a serious problem, especially when applying low photon
energies in the UV range. With such low photon energies, no reference molecule inside
the liquid jet can be ionized to monitor the actual potential during the experiment.

Therefore, the electrokinetic charging itself has to be suppressed efficiently.

Electrokinetic charging occurs when a solution containing ions flows over a surface and
carries one type of ions away while the counterions remain at the static interface. In the
experimental set-up considered here, water flows through a stainless steel tubing and a
fused-silica nozzle into a vacuum chamber. The first approach to overcome the problem

of charging would be to eliminate the ions from the solution. For water, however, this
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is not possible due to its autoprotolysis.
Hy0 +Ho0 = H30T + OH™ (2.4)

Hence, in water a minimal amount of ions will always be present.
Being in contact with water, the silica surface becomes hydrated as shown in Fig-

ure 2.6. The so-called Haber-Haugaard layer of a hydrated silica surface contains acidic

silica. silica.
S{ s HO | si s
O OH OH

Figure 2.6. A silica surface is hydrated.

hydroxyl groups (-OH) [28, 29]. In general, these hydroxyl groups can act as proton
acceptors or proton donors as shown in equations (2.5). An equilibrium will be estab-
lished.

Si-OH + H' = Si-OH5
Si-OH = Si-O~ + HT (2.5)

In neutral water, the equilibrium is balanced such that the hydroxyl groups are de-
protonated leading to a negatively charged surface (Si-O7)[30]. Charging of the glass
surface creates an electrostatic potential which causes the formation of a diffusely bound
Gouy-Chapman layer of counterions (in this case cations). Figure 2.7 illustrates the elec-
trokinetic charging mechanism at the exit of a fused-silica nozzle. The ion concentration
in the diffuse Gouy-Chapman layer decreases exponentially with increasing distance from
the surface. The characteristic length over which the potential decreases to e~ ! relative

to the surface potential is the so-called Debye length rp [31],

/ J
6067»]{3T

=\ 2.
D 2e2Ny S’ (26)

where g is the vacuum permittivity , €/ is the relative permittivity of the jet, k is Boltz-
mann’s constant, T is the jet temperature, e is the elementary charge, N4 is Avogadro’s
constant and S is the ionic strength. The latter depends on the concentrations ¢; of all

ions in the solution and their ionic charge z:
S=— Z izl (2.7)
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2.4. Electrokinetic charging
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surface charge
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of ions
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Figure 2.7. Schematic illustration of the longitudinal section of a liquid jet flowing through a
fused silica nozzle into vacuum. At the silica surface, the "Haber-Haugaard layer” is negatively
charged (violet). A diffuse layer of counterions (cations) called ”"Gouy-Chapman layer” (grey)
builds up and partly sticks to the surface. Due to the laminar flow with a parabolic velocity
profile (blue line), ions in the diffuse layer are sheared off. Net-charge separation results and
leads to a surface potential at the water/vacuum interface.

For laminar flow, the velocity profile inside the nozzle is parabolic as indicated in
Figure 2.7. The velocity is highest in the center of the jet and vanishes at the liquid/silica
interface. Therefore, a part of the diffuse layer is sheared off leading to a net-charge
separation. The resulting streaming current I depends on the net ion charge distribution
p(r) and the radial velocity profile u(r) of the liquid jet [10, 27]:

I= /OTN p(r)-u(r)dr, (2.8)

where the integration runs from the center of the jet (r =0) to the inner wall of the
nozzle (r =ry).

Equation (2.8) implies that there are two conditions, where no (or least) electrokinetic
charging occurs. Firstly, the Debye length could be larger than the nozzle radius. This
corresponds to the case of a solution with practically no charges (which is not applicable
for water due to the autoprotolysis). Secondly, in the presence of ions, the Debye length
should be very small, i.e. for large ion concentrations and for high ionic charges (see
equations (2.6) and (2.7)). Then the range over which the charges separate is small
and only few charges are sheared off due to the velocity gradient close to the interface.
This second condition has been applied for a number of recent photoelectron studies
[15, 17, 21, 32-36], where addition of salt suppressed electrokinetic charging.

At MBI, we have studied the influence of salt concentration on the amount of excess

charges in the jet [37] and found a concentration of 30 mM monovalent salt to sufficiently
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2. Photoelectron spectroscopy of liquids - problems and solutions

suppress the charging of the liquid jet.

In addition to the aforementioned and discussed process, proton concentration changes
can generate time-dependent charging of the liquid jet. Protons are able to diffuse quickly
into or out of the silica glass surface leading to a positive or negative surface potential,
respectively. Larger anions will then follow slowly and neutralize the potential time-
delayed. Hence, a time-dependent surface potential will influence the photoelectrons
generated from the liquid jet. Therefore, the buffer solution flows through the nozzle at
least for 10 h to allow for adaption of the nozzle surface potential.

In neat water, dissolving small amounts of CO5 can lead to quite substantial changes

in the pH value. Therefore, our sample solution is always prepared freshly each day.
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3. Experimental setup

In this experiment, time-resolved photoelectron spectroscopy is combined with the lig-
uid jet technique. A schematic picture of the setup is shown in Figure 3.1. The liquid
jet is pushed into the interaction chamber where the pump and probe pulses generate
photoelectrons from sample molecules. The interaction chamber houses three cold traps
to freeze out the liquid jet and water vapour. It is pumped by a 15001/s turbo molec-
ular pump to keep the volume of about 0.05m? at adequate working pressures below
10~3 mbar. The photoelectrons are guided by a magnetic bottle into the time-of-flight
spectrometer and finally detected on a chevron-type multi-channel plate (MCP) detector
with phosphor screen. The spectrometer is separated from the interaction chamber by
a spherical valve and differentially pumped by two 5001/s turbo molecular pumps.

The set-up used for the first experiments on the solvated electron has been described
in detail in reference [15]. There have been several improvements. In the following, the

actual set-up will be explained in detail.

3.1. The liquid jet

A high pressure liquid chromatography (HPLC) pump pushes the sample solution through
a fused silica nozzle (inner diameter of 12-15 ym, 30 mm long) into vacuum. Figure 3.2
shows a photograph of the liquid jet in the interaction chamber. Directly after the noz-
zle, the jet flows laminarly. Evaporation of water molecules from the surface leads to
slightly reduced jet diameters. From the diffraction pattern of a HeNe laser diffracted
from the jet in vacuum, we deduced a jet diameter of about 8 ym generated from a nozzle
with 13 um inner diameter. The flow rate is typically about 0.5 ml/min resulting in a
jet velocity of about 50 m/s. The pressure in the HPLC pump depends on the flow rate
and the pore size of the microfilter in the tubing of the jet. This pressure is typically in
the range of 10-50 bar with a maximum value of 100 bar.

Three cold traps are placed in the interaction chamber (see grey structures in Fig-
ure 3.1): one in direction of the liquid jet in order to freeze out the water jet and two
additional cold traps to freeze out water vapour in the interaction chamber. If all cold
traps are filled with liquid nitrogen, we can ensure an appropriate working pressure of

about 5 x 10”4 mbar while the jet is running. The entrance to the differentially pumped
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3. Experimental setup
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Figure 3.1. The experimental set-up from the front (left) and in side view (right). See details
in the text.

| spectrometer entrance

Figure 3.2. Photograph of the liquid jet in the interaction chamber. Just after entering into the
vacuum, the jet flows laminarly for a few millimeters. Afterwards it breaks apart into droplets
giving rise to enhanced light scattering (white horizontal line). Experiments are performed in
the region of laminar flow, i.e. the invisible part of the jet in between the soft iron tip of the
magnet and spectrometer entrance.

spectrometer is only about 1mm away from the interaction region where the photo-
electrons are generated. Faubel and co-workers have proven collision-free emission of
photoelectrons for sufficiently small jet diameters [11]. Hence, we can be sure, that the

photoelectrons enter the spectrometer without colliding with water molecules around.

In order to quickly diagnose liquid beam instabilities during experiments, we contin-
uously monitor the jet through the telescope (see Figure 3.1) which is mounted under
an angle with respect to the laser propagation axis — otherwise would be blocked by the
cold trap. For a usual experiment with a 10-14 hours per day continuously running jet,
about 300—400 ml of sample solution is pushed into the interaction chamber and frozen
out on the cold traps. Therefore, daily venting and cleaning of the interaction chamber
is necessary. A spherical valve can isolate the spectrometer from the interaction chamber

and therefore minimizes the maintenance time.
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3.2. The spectrometer
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Figure 3.3. Principle of a magnetic bottle invented by Kruit and Read [38] and adapted to the
present setup.

3.2. The spectrometer

The spectrometer is a time of flight spectrometer using a magnetic bottle to maximize

the collection efficiency [38].

The magnetic bottle principle. A magnetic bottle collects electrons from a di-
hedral angle of 2 and guides them towards a detector. The magnetic bottle is formed
by a strong inhomogeneous (B;) and a weak homogeneous magnetic field (Bf) which is
shielded against external fields. Figure 3.3 shows the principle. Photoelectrons that are
generated in the strongly divergent field of the magnet, spiral along the magnetic field
lines due to Lorentz’ force. The angular momentum [ of the circular motion is given by

[38]
= M ST (3.1)

where m, is the mass of the electron, v is its velocity, 6 the angle of the velocity vec-
tor with respect to the spectrometer axis z and B is the magnetic field. The angular
momentum and the kinetic energy are conserved. Therefore, reduction of the B-field
requires a decrease of the angle §. Consequently, velocity components perpendicular
to the spectrometer axis are transformed into parallel components. Therefore, magnetic
bottle spectrometers in general have a high collection efficiency. The energy resolution of
the spectrometer is limited by electron motion perpendicular to the magnetic field lines
leading to longer trajectories. This perpendicular motion is determined by the gradient
of the magnetic field. In the drift tube, the maximum angle 0 .« of the electrons with

respect to the spectrometer axis is given by

sian,maX = \/Bf/Bi. (32)
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Figure 3.4. Left: Magnetic bottle time-of-flight spectrometer: Red arrows indicate magnetic
field lines. Right: Photoelectron source images at the phosphor screen for gas phase experiments
(top) and liquid jet experiments (bottom). The grey area is the active area of the phosphor screen
behind the MCPs. The dashed circle around the signal indicates the image of the microskimmer
orifice (in this case about 500 pm diameter).

For details see text.

And the maximum diameter of the cyclotron motion in the drift tube is then [38]:

Y 2me Exin

doye = Y0 (33)

The electrons spiral around "their” field lines and therefore, every cross-section through
the spectrometer is an image of the starting position of the electrons, magnified by the
factor M = (B;/B(2))"/2.

A schematic picture of the actual spectrometer is shown in Figure 3.4. Laser focus and
liquid jet are overlapped in the divergent field of a strong permanent magnet (about 1T).
The soft iron tip increases the gradient of the magnetic field in the interaction region.
Inside the flight tube, a weak magnetic field (about 1mT) is generated by a current
(about 0.6 A) flowing through a solenoid around the tube. According to equation 3.3,
the maximum diameter of the cyclotron motion of about 5eV photoelectrons is then
deye =15 ym.

Before entering the flight tube, the photoelectrons pass a small orifice of 500 um. This
orifice ensures pressures below 107% mbar in the flight tube while the jet is operating.
Only at these low pressures, the MCP detector can be operated safely.

The permanent magnet is mounted on three stepping motors to adjust the magnetic

bottle such that the photoelectrons are not clipped at the orifice and the entire spatial
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3.3. The light sources

distribution of the photoelectron signal is observed on the MCP-detector containing a
phosphor screen. The magnetic bottle is capable of collecting nearly all photoelectrons
ejected from the liquid jet. However, photoelectrons emitted into the lower half sphere
are first reflected in the strong and inhomogeneous magnetic field and only at later times
of flight detected by the MCPs. These electrons are not used for analysis and are referred
to as arising from reflected trajectories. For analysis, we only use the photoelectrons that
follow direct trajectories, i.e. those that are emitted into the upper half sphere (towards
the flight tube). These are about 50% of the entire photoelectrons.

A grounded gold mesh terminates the electrical field-free flight tube. Behind the mesh
the electrons are pre-accelerated by a potential difference of 300 V between the gold mesh
and the front side of the first MCP of a chevron-type MCP detector (Photonis, Model
3040 FM). The distance between gold mesh and first MCP is about 1cm. This pre-
acceleration enhances the MCP’s detection efficiency for the very low kinetic energy
electrons studied here [39]. The MCPs multiply and accelerate the electrons which
finally illuminate the phosphor screen and thereby make the electron source visible. The
phosphor screen helps enormously to align/adjust the spectrometer, to overlap pump
and probe pulses, and to differentiate gas phase from liquid jet signal. In Figure 3.4,
the right panel shows images of the phosphor screen when ionizing either the gas (top)
or the liquid jet (bottom). Of course, the intensity of the laser pulses was attenuated
strongly in the latter case. Pulse energies were always chosen such that electron count
rates were on the order of 10 per shot or less.

The signal is capacitively coupled out at the second MCP, then processed by a NOV-
ELEC amplifier and read by an Acqiris card (AP240) which is plugged into a personal
computer (see Figure 3.5). A system of two chopper wheels selects/excludes two sub-
sequent pulses in each laser beam (see also optical setup in section 3.3). The second
chopper runs with a phase offset of n/2 with respect to the first chopper. A linear
combination of the two chopper output signals is generated electronically and also read
out by the Acqiris card. A C++ routine then assigns counted electron signal to chop-
per positions and integrates histograms for the two-colour signal (pump + probe), the
one-colour signals (pump-only and probe-only) and additionally computes the difference

signal (pump — probe).

3.3. The light sources

In all experiments discussed here, the same regeneratively amplified Titanium:Sapphire
laser system is used. At 800nm central wavelength it delivers 3 mJ pulses of sub-40 fs
duration at a repetition rate of 1 kHz. Figure 3.6 shows the optical setup. The beam is

split into two parts. The first part (1) is used to generate the third harmonic by second
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3. Experimental setup
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Figure 3.5. Description of the signal processing. The Acqiris Card reads out a linear combina-
tion of the two individual chopper outputs (generated electronically), the amplified MCP-signal,
and the trigger from an external photodiode. At each trigger, the MCP-signal is assigned to
"pump”, "probe” or "pp” depending on the chopper signal.
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Figure 3.6. A commercial Ti:Sapphire laser generates sub-40fs pulses at 800nm wich are
split into two parts. The first part (1) is used to generate 266 nm pulses by second harmonic
generation (SHG) and sum frequency generation (SFG) in non-linear BBO crystals. The second
part is either (2a) used to deliver pulses of 200 nm applying the same processes or, alternatively,
(2b) yields tunable pulses in the wavelength range of about 480-500 nm from parametric processes
in a TOPAS which is then frequency-doubled to give 238-248 nm pulses.
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3.4. Alignment and calibration

harmonic generation (SHG) and sum frequency generation (SFG) in beta barium borate
crystals (BBO, thickness typically 0.2mm). The second part can be used to generate
the fourth harmonic by the same processes (2a). Alternatively, an optical parametric
amplifier (TOPAS, Light Conversion) can generate visible pulses, which are frequency-
doubled by another BBO crystal (2b).

For experiments with sodium iodide solution aiming at studying the solvated electron,
the third and fourth harmonic of the fundamental were used (paths 1 and 2a). For
experiments with solutions containing DNA bases, paths 1 and 2b were used. To allow
for counting mode detection, the pulses have to be attenuated to 30-90 nJ pulse energy.
We use neutral density filters (Thorlabs, NDC-50C-4) to attenuate the pulse energy.
The pulse duration at the liquid jet position is below 140 fs in all cases.

A chopper wheel (Thorlabs, MC2000 Optical Chopper System, blade MC1F10) is
inserted into each beam path to eliminate two subsequent pulses and let the next two
pulses pass. The two wheels are phase-shifted by one pulse as indicated in Figure 3.5 to
allow for separate detection of the one-colour signals.

An aluminium coated spherical mirror with about 30 cm focal length focuses both
pulses onto the liquid jet. The focal beam waist is estimated to be on the order of about
100 ym.

3.4. Alignment and calibration

3.4.1. Spatial and temporal overlap

In order to align the spectrometers, a lot of parameters have to be considered. The liquid
jet and the light pulses have to intersect in the highly divergent field of the permanent
magnet in such a way that the photoelectrons can enter the spectrometer. To achieve
this, most parts are movable: the jet is mounted on a manipulator (all three dimensions),
light pulses can be aligned by simply moving mirrors outside the chamber and the magnet
is mounted on three motorized linear translation stages in order to move the magnet in
all three dimensions.

First, the liquid jet has to be positioned beneath the spectrometer entrance (orifice
of 500 um). The proper lateral position of the jet beneath the spectrometer entrance is
found by maximizing the pressure in the spectrometer. The pump and probe pulses have
to be overlapped with the liquid jet, individually, and then the overlap between the two
pulses has to be established. The strategy for this is to make the pulse position on the
jet visible. Then the individual spots caused by each of the pulses can be observed with a
camera through the telescope (see Figure 3.1) and thus can easily be overlapped. There

are two options to make the pulses visible on the jet. Firstly, a solution containing
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3. Experimental setup

a fluorescent dye which absorbs light in the UV/Vis range. A sample candidate is
fluoresceine which fluoresces in the green when UV /Vis pulses hit the liquid jet. Secondly,
enhanced light scattering is observed when pulses of higher intensities hit the droplets
behind the laminar flow region of the jet. Fine adjustment is reached by overlapping the
images of the individual photoelectron sources of both pulses on the phosphor screen
(see Figure 3.4).

For finding the temporal overlap, we typically excite a long-lived state and scan the de-
lay range looking for a step function in the intensity of the signal. One sample candidate
for a long-lived signal is for example an alkali iodide salt solution which has the so-called
charge-transfer-to-solvent states at about 200 and 240 nm excitation wavelength leading
to generation of a solvated electron with a good signal to noise contrast (for details see
Chapter 4).

3.4.2. Calibration of the time-of-flight spectrometer

The time-of-flight spectrometer measures the time an electron needs to arrive at the
detector with respect to an external trigger (given by a photodiode that picks up a back
reflection or losses from a dielectric mirror). To convert the time of flight into electron
kinetic energy, the spectrometer has to be calibrated. For this purpose, the spectrum
of nitric oxide (NO) gas is measured and the individual peaks are assigned to kinetic
energies. In Figure 3.7 (left panel), photoelectron spectra of nitric oxide are shown
for two different wavelengths: 200nm and 266 nm. The spectra reveal the vibronic
transitions from the vibrational and electronic ground state of NO (X2II, /2 V' =0,
J" =1/2) into different vibrational levels of the ionic state of NOT(X!%+ v+ =0-32,
N*t =0). These states have ionization energies between 9.24 ¢V and 16.80 eV [40]. The
applied photon energies are 6.20 eV (200 nm) and 4.66 €V (266 nm). Hence, two to three
photons have to be absorbed to perform these transitions. Due to wavelength-dependent
multi-photon ionization cross-sections, the intensity distribution may be totally different
as compared to the intensity distribution obtained by one-photon ionization in Ref. [40].

The 200 nm spectrum of NO shows 10 vibronic bands (v =0-9) at TOF between
800 and 1200ns. Those stem from a two-photon process. At large TOF (>1800 ns),
photoelectrons from reflected trajectories show up — clearly exhibiting a very similar
intensity distribution as the ones from direct trajectories. These reflected electrons are
not considered for calibration. The width of the peaks increases with TOF because the
TOF depends quadratically on the electron kinetic energy (see Equation 3.5). Hence, at
small TOF two equally spaced energy points will appear closer together than at larger
TOF.

The 266 nm spectrum shows 4 vibronic bands (v =0—3) at TOF between 700 and
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Figure 3.7. Calibration of the spectrometer using nitric oxide (NO) gas. Left: Photoelec-
tron spectra of NO obtained by multi-photon ionization with 200nm (blue) and 266 nm pulses
(green). The bands are assigned to the vibronic transitions from the NO ground state to the
NOT ion. Note that the y-axis is scaled logarithmically. Right: For each vibronic transition, the
expected electron kinetic energy according to equation (3.4) is plotted against the corresponding
time of flight in the NO-spectrum. Corresponding ionization energies are taken from Ref. [40].
Equation (3.5) is fitted to these points in order to extract the calibration parameters of the
spectrometer. Note that the calibration holds only for the direct electron trajectories.

These results were published in Ref. [15].

800 ns due to 3-photon photoionization of NO. In this spectrum, a single contribution
from the 2-photon ionization of NO into the first vibronic band (v = 0) appears at
21400 ns TOF. This feature overlaps with contributions from the reflected trajectories

from the 3-photon process appearing at >1600 ns.

Each of the peaks observed in the NO spectra is assigned to the electron kinetic energy

(EXxin) calculated from the referenced ionization energy (IE) according to
Eyin=nhw—IFE, (3.4)

where n is the number of absorbed photons with photon energy hw and IFE is the
ionization energy for the transitions NO*(X'XF, v =0-9, N* =0) +- NO(X?II, 5,
V" =0, J” =1/2) [40]. These electron kinetic energies are then plotted versus the
corresponding TOF observed in the spectrum. The correlation between TOF () and

kinetic energy is given by the following equation:

1 2
Ekinzime( %0 ) — E,. (3.5)

In this equation, m. is the electron rest mass. The fit parameters are sy, being the
distance that the electrons have to cover, tg, which is the time between the start of data

acquisition (trigger signal) and photoelectron generation, and Ey, which is an energy
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3. Experimental setup

offset. From the example given in Figure 3.7, the following fit values were extracted:
so = (0.62+£0.01) m, to = (252+8)ns, and Ep = (0.78 £0.04) eV. The fit value sy =
(0.62+0.01) m nicely resembles the length of the first version spectrometer tube. For
the second version of the TOF tube, the parameter sq is typically about 0.7 m. The time
offset ty = (252 £ 8) ns depends on the position of the photodiode providing the external
trigger and the length of the connecting cable. It varies between the different beamtimes
(slightly different set-ups) but is rather constant within one measurement session. The
energy offset Ey = (0.78 £0.04) eV is due to small electric fields close to the interaction
region which accelerate or decelerate all photoelectrons. These fields may be induced by
tiny water droplets or salt crystals sitting on the magnet or at the nozzle surface. They
depend on the exact position of the magnet and the nozzle. Due to the high sensitivity
of the relative alignment of the liquid jet, laser and magnetic bottle, daily calibration of

the spectrometer is required for reliable data.

Transforming the NO spectrum itself into kinetic energy, we can learn about the appa-
ratus function of the spectrometer. When performing this transformation, the integral

of the signal S has to be preserved by including the Jacobian factors.

[ 5B amia =[5 22 ar (3.6)
2
: - . _MeS0
S(Ekm)dEkm S(t)dt (t—to)?’ (37)

Figure 3.8 shows the energy-calibrated NO spectrum obtained by two-photon ionization
with 200 nm pulses. Since the rotational bandwidth is narrow, the measured peak shape
is dominated by the apparatus function. The individual bands are not symmetric with
respect to their central kinetic energy. Indeed, there is a significant contribution towards
low kinetic energies at each peak. The peak shape could be reproduced by the sum
of a Gaussian and an exponentially decreasing shoulder towards lower electron kinetic
energies:
_ (Biin—5g)?
Goe AEG for FEyn > Ey

Signal = _ (Ekin_2EO)2 Frin—Fo (3.8)
Go | Ae APe 4+ (1—A)e AP for Eyn<EFEy 0<A<LI1

where Gg is the peak amplitude, Fy is the peak position, AFg is the width of the
Gaussian part of the apparatus function, AFEg the exponential tail towards low kinetic

energies, and A is the weight of the Gaussian part to the entire apparatus function.

For vibronic bands according to v = 0 —8, this function was fitted to the spectrum

(see Figure 3.8). The corresponding fit parameters are given in Table 3.1. The values
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Figure 3.8. Photoelectron spectrum of NO in the gas phase obtained by 2-photon photoion-
ization with 200nm pulses. The experimental data (black) is well reproduced by the sum of
vibrational bands (green) in the NOT ion, convolved with an instrument function as given in
equation (3.8) where parameters AEg, AEg and A were treated as common parameters for all
peaks. The inset shows the same data and fit lines on logarithmic scale and reveals the good
match for the low-intensity peaks. These results were published in Ref. [15].

Table 3.1. Kinetic energy dependent fit parameters for the apparatus function (Equation 3.8)
for the transition from the NO ground state into the v*-vibrational state of the ion. The last
column gives the resolving power AFEpwunm/Eo of the instrument where A Epwan = 0.13(3) eV
is a combination of AEg and AEg according to Equation 3.8.

I/+ EO / eV GO / arb. un. AEFWHM/EO / %
(0) 3.120(1) 109(2) 4(1)
(1) 2.833(1) 118(2) 5(1)
(2) 2.549(1) 186(2) 5(1)
(3) 2.261(1) 75(2) 6(1)
(4) 2.007(5) 18(2) 6(2)
(5) 1.723(9) 9(1) 8(2)
(6) 1.45(2) 5(1) 9(2)
(7) 1.18(4) 1.8(9) 11(3)
(8) 0.92(3) 1.8(8) 14(4)

for AEg, AEE and A which determine the resolution of the spectrometer were treated
as common for all peaks and determined to AEg=0.061(2) eV, AEr=0.13(1) eV and
A=0.39(5). Since these values are equal for all the peaks, the full width at half maximum
A EpwmM is constant for all the peaks and can be calculated using Equation 3.8. From
the values given here, a AEpwmy = 0.13(3) €V is determined. Hence, the resolution of

the spectrometer does not depend significantly on the kinetic energy of the electron in the
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3. Experimental setup

range of this investigation. The resolution AEpwpnm/Ep of the spectrometer is about
4-6 % between 2 and 3eV. The exponential tail of the peak corresponds to electrons
originating from the same transition but which are detected at later times. This later
detection can have two reasons: either the electrons lose kinetic energy on their way to
the detector or they arrive later due to longer trajectories in the magnetic field. Kinetic
energy-loss would mean that the electrons are scattered inelastically. As this spectrum
was taken from gas phase sample with a maximum pressure of 2-10~3 mbar, this channel
is negligible (see mean free path at this pressure in Table 2.1). Hence, the electrons
arrive later due to longer trajectories: electrons emitted along the magnetic field lines
are fastest, while electrons emitted under an angle may fly longer trajectories into the
flight tube and therefore arrive later (see Section 3.2).

The width of the apparatus function is considerably smaller than the photoelectron
bands from liquid samples. Photoelectron spectra of molecules in solution are inhomo-
geneously broadened due to the high density of molecules leading to typical FWHM
of about 1€V being a factor of 10 wider than AFEpwpym of the apparatus function (see
Table 3.1). Therefore, the apparatus function has no influence on the actual shape of

the photoelectron spectra in condensed phase.

3.5. Preparation of sample solutions

DNA bases dissolved in water have different properties at different pH-values. A buffer
is used to keep the pH-value constant at a given value even if the DNA base is added. As
buffer system, we chose tris(hydroxymethyl)aminomethane / hydrochloric acid (TRIS/HCI)
because it does not absorb UV light.

The storage bottles have a capacity of 280 ml liquid sample - enough for about 9h of
data-acquisition time. For a solution containing 1 mmol/l DNA base, the appropriate
amount of powder and 490.9mg (30 mmol/l) sodium chloride are dissolved in 278 ml
water and 2ml of the buffer stock solution (see below) is added.

For the buffer stock solution, 4.2259 g TRIS was dissolved in 200 ml demineralized
water. Then HCI solution (1mol/l) was added until the pH-cathode showed a pH value
of 8 (about 15 ml HCI solution was used). Afterwards the solution was filled up to 250 ml.
2ml of this solution were added to each DNA-solution (1 mmol/l) to keep the pH at 8.

The sample solution is prepared using demineralized water which has a residual con-
ductivity of below 0.25uS/cm.
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4. The solvated electron

A solvated electron is a single, free electron in solution (e, ). Polar solvents form a
solvation shell around this electron — as they do for ions, too. The solvated electron
appears in a variety of polar solvents. It is a potent reagent in chemistry and biology. A
solvated electron can be formed by radiolysis of a solvent and therefore is a species that
may also appear when photo-exciting molecules in water by UV light. Depending on
the photon energy and pulse intensity, the (time-dependent) signal of solvated electrons
will contribute to — or even dominate — the measured time-dependent signal. It is
therefore necessary to disentangle the solvated electron contribution from the excited
state dynamics of molecules. We therefore first concentrate on the solvated electron and
evaluate its spectral and temporal behaviour before studying the excited state dynamics
of the DNA bases in the next chapter.

4.1. Properties of hydrated electrons

In 1962, Hart and Boag discovered the solvated electron in water [41]. They measured
the absorption spectrum of water and aqueous solution after an electron beam of 1.8 MeV
electrons has interacted with the liquid. They found a broad absorption peaking at about
700 nm with a long tail in the visible wavelength range. Comparison with spectra from
alkali metals dissolved in ammonia and reduced signal in presence of electron scavengers
let them conclude that they observed a solvated electron in water. They called the sol-
vated electron in water “hydrated electron” (eiyd). Hydrated electrons have a rather
short lifetime as compared to solvated electrons in ammonia which were already discov-
ered about 100 years earlier [42]. Hydrated electrons can be generated by photoionisation
of a solvent molecule (e.g. water [43, 44]), or by photoionisation / photodetachment of
solutes (e.g. iodide [43, 45, 46] or chloride [47]). Especially, iodide is a prominent candi-
date, because its charge-transfer-to-solvent (CTTS) transition is in the UV wavelength
region which is easily accessible. For smaller halide ions, the CTTS absorption shifts
to the VUV region which is less feasible. From these experiments, we know that after
formation of a hydrated electron, first the solvent shell reorients around the new charge
(typical relaxation time ~ 1ps), and a geminate pair of electron and radical is formed.

Then, this geminate pair can either recombine to the precursor or it dissociates and
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4. The solvated electron

forms a free Chyd- The recombination rates depend on the precursor and on the pres-
ence of electron scavengers [43, 47-49]. In case of an iodide precursor, Kloepfer et al.
found no influence of the salt concentration (in the range of 600 pM—200mM) on the
observed rates [43]. Sheu and Rossky investigated iodide photodetachment by quantum
simulations [50]. They described two detachment channels. Most of the electrons are
formed via a CTTS process, remain bound in a contact pair and recombine quickly. But
about 10 % of the electrons reach a solvent void of proper structure by non-adiabatic
tunnelling.

Until 2010, when the first photoelectron spectrum of a hydrated electron was published
[15, 17, 35, 36, 51, 52|, the electronic structure of hydrated electrons has only been
accessible by cluster measurements [53-56]. Water clusters containing excess electrons
were produced in different ways: neutral clusters containing alkali metals which form
charge separated centres (e.g. [53]) or negatively charged clusters of pure water molecules
with an excess electron (e.g. [57, 58]). A general observation from experiments with
negatively charged clusters is that the excess electron is stronger bound for increasing
cluster size. Hence, Coe et al. argued that extrapolating the size of the cluster to
infinity would yield the bulk value for the binding energy of the hydrated electron [57].
In subsequent experiments [56, 58, 59], different vertical detachment energies for the
same cluster size were found and assigned to different isomers: an isomer with an internal
electron with highest vertical detachment energy and some isomers with electrons bound
to the surface of the cluster with lower vertical detachment energies. Extrapolation to
infinite cluster size then led to the speculation about a fully solvated electron in the bulk
with vertical detachment energy of about 3.2eV (or even up to about 4eV [58]) and a
partially solvated electron at the surface with a significantly lower vertical detachment
energy of about 1.6 eV. There is an ongoing discussion in the literature about the nature
of these two species [58, 60, and references therein].

In 2010, a number of groups (Abel [17], Neumark [36], Suzuki [35, 51] and our own
studies [15, 52]) published their results concerning the binding energy of the hydrated
electron in liquid water and its solvation dynamics. A binding energy of 3.3-3.6 eV has
been found. I will first present my results (Sections 4.2 and 4.3) and then compare them
to the results from Abel, Neumark and Suzuki in Section 4.4.

Parallel to these new contributions from experimentalists, Larsen et al. raised the
question whether or not the hydrated electron occupies a cavity at all [61]. This approach

has raised immediate controversy [62, 63] and is still discussed [64-66].
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4.2. One-colour multi-photon photoelectron spectra of Nal in solution

4.2. One-colour multi-photon photoelectron spectra of Nal in

solution

For non-resonant multi-photon processes, the one-colour spectra reveal the ground state
energies of the species present in the sample solution. Due to the low photon energy
of UV-light (about 4-6¢eV), the observed photoelectrons will result from two- or three-
photon processes. This does not influence the observed kinetic energy of the photoelec-
trons as long as there is no resonant intermediate state. But ionisation cross-sections can
be different compared to one-photon ionisation. In presence of a resonant intermediate
state, nuclear dynamics may quickly lead to structural relaxation of the molecule increas-
ing the binding energy of this intermediate state and thereby decreasing the observed
photoelectron kinetic energy.

Figure 4.1 shows the absorption spectrum of iodide in aqueous solution (left) and an
energy diagram of the species present in a sodium iodide solution (right). The first two
bands of the iodide absorption spectrum are assigned to CTTS transitions from the closed
shell iodide anion I~ into two different spin-orbit states of the neutral iodine radical
I(*P3/5) and I(*Py ). In agreement with the vacuum spin-orbit splitting [69], these two
transitions are separated by almost 1eV. Due to the spin-orbit splitting of the iodine
radical, there are two different vacuum levels. Photodetachment of iodide therefore
leads to two contributions in the photoelectron spectrum, corresponding to the I(*Pj /2)
and the I(2P, /2) radical. The I(?P, /2) is stronger bound by about 1€V, resulting in less
kinetic energy photoelectrons. Therefore, with 266 nm pulses (4.65 €V), two contributions
due to two-photon photoionisation of iodide are expected. Additionally, three-photon
photoionisation of water is also possible. With 200 nm pulses, however, a signal due
to direct two-photon ionisation of iodide is not expected because iodide has a high
probability to populate the CTTS state with only one photon. As soon as the CTTS
state is populated, a solvated electron is formed immediately (for a detailed discussion,
see Section 4.3). The spectrum obtained for the 200 nm pulses is therefore expected to
also contain the initial distribution of solvated electrons. Since 4.65eV photon energy
(266 nm) is below the iodide absorption band, generation of solvated electrons with these
photons is excluded.

Figure 4.2 shows the measured spectra obtained by multi-photon ionisation with ei-
ther 200nm or 266 nm pulses. The spectra can be reconstructed by fitting Gaussian
contributions of the different species that are present in the solution. For these recon-
structions, the peak positions were kept constant at the expected kinetic energies given
in Table 4.1. Figure 4.2A shows the spectrum obtained with a 200 nm pulse (6.20¢eV).
This pulse can ionise liquid water in a two-photon processes (ionisation energy 11.16 eV

[16]) and photodetach iodide also by two photons (photodetachment energy 7.85 and
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Figure 4.1. Left: Absorption spectrum (blue) of iodide in aqueous solution [67, 68]. The
first two bands are assigned to transitions from the closed shell iodide anion into two different
spin-orbit states of the neutral iodine radical with a diffuse CTTS electron. Figure taken from
Ref. [68]. Right: Energy diagram of the species which are important for the assignment of
the one-colour signals. Due to spin-orbit splitting two different vacuum levels with an energy
difference of almost the vacuum spin-orbit splitting of 0.94eV [69] exist for the I(*Pg/5) (left,
dashed lines) and I(?P, /2) (right, solid lines) radicals. Two-photon photodetachment of the iodide
is possible for pulses with a photon energy of 6.2eV (blue arrows) and 4.65¢V (red arrows). Due
to the efficient one-photon excitation of the CTTS state by the 6.2eV photons and subsequent
highly efficient formation of hydrated electrons, a signal due to two-photon ionisation of iodide
may not be observed. Instead, a contribution of the solvated electron formed within the pulse
duration may appear (for details see Section 4.3).

8.8¢eV for transition into the I(2P3/2) and I(2P1/2) states [32]). But absorption of one
photon of 6.2 eV energy populates the CTTS state which rapidly decays forming solvated
electrons which can be photodetached by another photon and contribute to the spec-
trum. Hence, also the solvated electron signal at very early times has to be included.
As will be discussed in Section 4.3, we observe two contributions that can be assigned

b b —
and “cold” e_;,

to the initial solvated electrons ("hot” e_ with a binding energy of

solv
3.5 and 2.4 eV, respectively). Direct two-photon ionisation of iodide would contribute to
the spectrum at a kinetic energy around 3.6 and 4.5€V for ionisation into the I(*P; /2)
and 1(?Py /2) final states, respectively. A small contribution around 3.6V might be
hidden in the signal but, especially at 4.5eV, there is no indication for a contribution.

This observation is explained in the following way: Due to the very efficient one-photon
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Figure 4.2. One-colour multi-photon photoelectron spectra of a 100 mM sodium iodide solution
obtained with 200nm (A, 6.2¢eV) and 266 nm pulses (B, 4.65¢V). The signal (open circles) can
be reproduced by a Gaussian fit (red) including signals from ionisation of the water 1b; level
(blue), iodide (brown and orange for ionisation into I(QPI/Q) and I(2P3/2), respectively), and
the “cold” (green) and “hot” solvated electrons (magenta). The inset shows the same data on a
logarithmic scale.

Table 4.1. For all species present in Nal solution, the binding energy (taken from the given
Refs.) and the expected photoelectron kinetic energies due to absorption of n photons are listed.
These values are used to reproduce the complex signal of the one-colour spectra in Figure 4.2.
Values in parentheses are given for completeness but do not appear in the spectra. The binding
energies of the solvated electrons are discussed in detail in Section 4.3. The photoelectron signal
of solvated electrons is formally a two-photon process: a first photon populates the CTTS state
of iodide which rapidly decays forming solvated electrons and a second photon photodetaches

e 1y~ Only the second photon contributes to the kinetic energy of the photoelectrons.

species Evin Ref. 6.2 eV pulses 4.65¢€V pulses
/ eV n Ekin / €V n Ekin / €V

iodide 7.85 (I(*P3/2)) [32, 69] 2 (4.54) 2 1.48

iodide 8.8 (I(*P12)) [32] 2 (3.6) 2 0.52

water 11.16 (1by) [16] 2 1.24 3 2.79

"cold” e_ 3.4 [52] 1+1 2.8

"hot” e, 2.4 [52] 1+1 3.8

absorption process in iodide and subsequent formation of solvated electrons, which can
also be ionised with a single electron, the direct two-photon ionisation of iodide is not

observed.

For the 266 nm spectrum of Nal solution (see Figure 4.2B, 4.65¢€V) two-photon pho-
todetachment of iodide and three-photon ionisation of water is expected. Again, there
are two contributions from iodide due to the different final states. The expected kinetic
energies are at 0.52 and 1.62 eV. The three-photon contribution from the water 1b; band
appears at 2.79 eV and is only visible in the logarithmically scaled inset of Figure 4.2B.
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Figure 4.3. Energy diagram of the species which are important for the assignment of the time-
dependent photoelectron signals of sodium iodide in aqueous solution. The CTTS is populated
by absorption of a 6.2€V photon (blue arrow) from the pump pulse. It evolves in time and leads
to formation of a contact pair of iodine radical and excess electron (I + e~)* which finally
thermalises to (IO + e The process is probed by delayed ionisation with 4.65eV photons
(red arrows).
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4.3. Hydrated electrons from iodide photodetachment

Figure 4.3 shows the energy diagram for generation of solvated electrons by photodetach-
ment of iodide ions. Absorption of a 6.2eV photon (blue arrow) from the pump pulse
leads to population of the CTTS state connected to the I(2P1/2) final state. The CTTS
state evolves and a solvated electron is formed. If the excitation process is followed by
a probe pulse with high enough photon energy (here: 4.65¢V, red arrow), the energy
distribution of the solvated electrons can be projected onto the ionisation continuum
and the temporal evolution of the photoelectron spectrum is accessible by delaying the
probe versus the pump pulse.

Figure 4.4(left) shows the time-dependent photoelectron spectrum obtained from a
100 mM sodium iodide solution excited by a 6.2eV pump pulse and ionised by a delayed
4.65 eV probe pulse. At the temporal overlap of the pump and probe pulses, we observe
a very broad distribution of photoelectrons extending over electron kinetic energies from
0 up to more than 3eV. Within the first picosecond, a time-dependent shift of the

photoelectrons with high kinetic energies is observed. But the peak position stays almost
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Figure 4.4. Time-resolved photoelectron spectrum of 100 mM sodium iodide solution excited
with 200 nm and ionised with 266 nm pulses. Left: The two-dimensional plot shows a pronounced
shift of the high kinetic energy photoelectrons occurring within the first picosecond. The one-
colour signals have been subtracted. Right: Photoelectron spectrum at a pump-probe delay of
130fs (squares) and > 10ps (circles). The spectrum at large delays (> 10 ps) is well reproduced
by a single Gaussian corresponding to the thermalised e_ |, with a binding energy of 3.40eV.
The spectrum at ¢ = 130fs can be fitted by the sum of two Gaussians (dashed lines): one with
the same position and width as the spectrum at long delays and a second contribution at lower
binding energies which is broader. The two spectra are vertically displaced for clarity. Published
in Ref. [52].

constant.

The right panel of Figure 4.4 shows a comparison between the photoelectron distri-
bution at short and long delay times after excitation. At large delay times (> 10 ps,
circles), the spectrum resembles a single Gaussian revealing the distribution of hydrated
electrons in thermalised solvent geometries. This electron distribution is characterised
by a center binding energy of 3.40 eV with a FWHM of 1.1eV. At very short delays (here
130 fs, squares) however, the spectrum is much broader and can be well reproduced by
the sum of two Gaussian contributions including one Gaussian of the same width and
position as the spectrum at long delays. This observation suggests that already at 130 fs
after excitation, there are some electrons that have high binding energies and therefore

they must occupy sites for which the environment provides a favourable solvent struc-

<olv 18 generated with a proper solvation shell (as

ture. Consequentially, a fraction of e
predicted by Sheu and Rossky in 1993 [70], tunnelling channel). This is in contrast to
earlier transient absorption measurements, where this tunnelling channel has not been
observed. We call these electrons ”cold” electrons (where ”cold” refers to the solvent

structure) because they appear in an environment which is already thermalised.

The second Gaussian contribution is centred at lower binding energy and is much
broader. We call these only weakly solvated electrons "hot” electrons because they are
initially located in an environment with an unfavourable solvent structure. In this case,
the solvent molecules re-orient their dipoles according to the new charge distribution

and thereby stabilise the hydrated electrons. In general, such a stabilisation process is
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Figure 4.5. Results of a two-dimensional fit of two Gaussian contributions to the time-resolved
photoelectron spectrum of 100 mM sodium iodide solution (200nm pump, 266 nm probe). (a)
Comparison of raw data (colour map) and fit (grey contour lines). In a global fit (lines), two
transients of Gaussian shape are assumed and assigned to initially “hot” and “cold” electrons
with corresponding spectra (b) and population dynamics (c¢). The contributions of hot and cold
electron to the total signal is shown in (d) and (e). Published in Ref. [15].

connected with an increase in binding energy. Therefore, we assign the pronounced shift
of the photoelectron spectrum within the first picosecond to the re-orientation of the
water molecules, i.e. thermalisation.

In transient absorption, the electron solvation dynamics after photodetachment from
iodide has been discussed using a sequential model [43, 49]. This model includes a
stepwise transition from the initially excited CTTS state to a contact pair where iodine
radical and ejected electron share a solvation shell, and finally the free solvated electrons
and iodine radicals with their individual solvation shells. However, since the solvation
dynamics observed for the solvated electrons are generally assigned to a re-orientation
of surrounding water molecules, we rather preferred a model revealing this continuous
process. Based on the spectra observed for different delays (see fight panel of Fig. 4.4),
a two-dimensional fit to the data was performed. The results are shown in Figure 4.5.
The data were analysed by a non-linear Levenberg-Marquard fit assuming Gaussian

band shapes S;(E,t) for the photoelectron bands and exponential population dynamics
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4.3. Hydrated electrons from iodide photodetachment

P;(t). Cooling processes are modelled as exponential shift of the band position and band
width for the respective photoelectron band. The observed signal is the product of band
shape and population dynamics, convolved with the laser cross-correlation CC(t). The
cross-correlation function was assumed to be of Gaussian shape. The signal Sig(E,t) is

then the sum of the contributions of individual transients i:

Sig(E,t) = CC(t) ® Z[Pl-(t) -Si(E,1)], (4.1)

where the symbol ® represents the convolution (for an explicit equation see Appendix A.1).
Motivated by the observations described in the previous paragraph, we assumed two dis-

tinct populations representing "hot” and "cold” e__, .

The low kinetic energy part (high

<oly) Of the spectrum has a temporally con-

binding energy corresponding to the ”cold” e
stant width and peak position. Hence, this component simply decays exponentially.
The "hot” e, |,-part at higher kinetic energies (and lower binding energies) is initially
free in position and width, but both parameters are time-dependent and approach the

3 7 ” -
corresponding parameters of the "cold” e_; .

The transient spectrum corresponding to the thermalised, "cold” electrons is centred
at 3.4¢eV binding energy with a FWHM of 1.1eV. This population decays with a rate
of (22ps)~! due to geminate recombination with the iodine radical. About 35% of
the thermalised electrons escape this fate by diffusion away from the iodine radical.
These electrons recombine with other iodine radicals or hydronium ions (H3O%1) on
a us time scale [41]. The second transient is due to "hot” electrons in an initially
unrelaxed environment. This leads to a very broad signal at delay times around 0ps
in the time-resolved photoelectron spectrum (representing a large number of different
water environments [68]). This "hot” electron transient thermalises on a ps-time scale:
the photoelectron band position shifts from an initial binding energy of 2.35 eV towards
that of the equilibrated electron and the bandwidth contracts slightly. This shift occurs
with a rate of (1.1 ps)~!. A part of the hot electron population decays with a lifetime of
800 fs, probably due to geminate recombination. After 5 ps, no further spectral shift of
photoelectrons is observed and the ”hot” electrons have fully thermalised. There is no
spectral evidence for an escape of the electron from its geminate radical. This can only

be concluded from the kinetics.

In transient absorption experiments, the initially cold” electrons have not been ob-
served. One reason for this difference might be that the optical absorption may not
be very sensitive to the local environment of eg,y. But since transient absorption is
a bulk-sensitive method and my method is also sensitive to changes at the surface, an
alternative explanation can be raised which assigns signal equivalent to TA signal to

stemming from the bulk and the leftover to stemming from the surface. The distribu-
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4. The solvated electron

tion assigned to bulk hydrated electrons thermalise as observed in TA. These electrons
are born with binding energies around 2.4eV and approach 3.4eV. They decay with a
rate constant of (22ps)~!. The second distribution assigned to electrons at the surface
reveals a constant binding energy of 3.4 eV. They decay faster than bulk electrons with a
lifetime of about 1 ps. The constant binding energy of hydrated electrons at the surface
might be due to the limited degrees of freedom at the surface, which would lead to the
same initial binding energy for all electrons and prevent time-dependent changes due to
thermalisation.

The latter assignment to surface and bulk electrons was supported by later experi-
ments. Using two solutions with different amounts of a surface-active cation, we studied
the contribution from the surface relative to the bulk contribution [21]. For solvated
electrons generated at (or close to) the surface, we found an additional sub-ps decay
channel which was not observed in the bulk-sensitive TA studies. We therefore assign
this sub-ps channel to solvated electrons that are generated close to the surface and re-
combine much faster with their geminate partner due to the limited degrees of freedom

at the surface.

4.4. Comparison to results obtained by other groups

In 2010, a number of groups published their results on the binding energy of the solvated
electron in liquid water. Figure 4.6 summarises the results on the so-called bulk solvated
electron. Siefermann et al. used a precursor molecule (K4[Fe(CN)g], 0.5M) which is
known to be repelled from the surface and only accumulates in the bulk [17]. Therefore,
solvated electrons generated by excitation of these molecules should also predominantly
appear in the bulk. Excitation occurs in a one-photon process at 266 nm (4.65¢V).
The bulk solvated electrons are then probed using 32 nm pulses (38.7¢V). The observed
vertical binding energy of 3.3€V is in very good agreement with the binding energy of
3.4 eV which was measured in this work (see Section 4.3).

Tang et al. performed femtosecond time-resolved photoelectron studies on sodium
iodide (Nal) solution [35, 51] and reported a binding energy for the hydrated electron of
3.3¢V (Fig. 4.6B). This is also in good agreement with the value of 3.4 eV measured in
this work.

Shreve et al. used nanosecond UV laser pulses at 266 or 213nm to study the pho-
toelectron spectrum of potassium hexacyanoferrate (K4Fe[CNJg) and potassium iodide
(KI) [36] in aqueous solution. They observe hydrated electrons generated by a two-
photon process, where within one pulse the first photon excites the precursor generating
solvated electrons via a CTTS state and the second photon ejects this electron into the

vacuum. Since the time for equilibration of solvated electrons (~ 70 ps) is short com-
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Figure 4.6. Comparison of photoelectron spectra of solvated electrons in water. A: Siefermann
et al. found 3.3eV binding energy upon 1-photon absorption in [Fe(CN)g]*~ with 266 nm pump
and 32nm probe pulses [17]. B: Tang et al. also found 3.3 €V binding energy, but upon 1-photon
absorption of I~ with 243nm pump and 260 nm probe pulses [51]. C: Shreve et al. found on
average 3.6eV binding energy upon 1-photon excitation of [Fe(CN)g]*~ and I~ with 213nm
pulses of ns-duration [36]. D: In this work, 3.4€V binding energy was measured at delays >10ps
after excitation of I~ with 200 nm pulses.

pared to the pulse duration (~ 35ns), the authors measure predominantly the signal of
the fully relaxed hydrated electrons. They observe a single photoelectron band with an
average binding energy of 3.6eV for both precursors. This binding energy is slightly
higher than the value of 3.4eV obtained in this work. Comparing their results to the
aforementioned results, Shreve et al. discuss experimental differences as delay schemes,
temperature dependence, and inelastic scattering of the photoelectrons but find these
reasons unlikely to explain the different results. They also exclude surface potentials
evoked by electrokinetic charging. However, they do not discuss two-photon ionisation

of the water molecules. The spectra in Figure 4.6C show at high kinetic energies an
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Figure 4.7. Comparison of photoelectron spectra of solvated electrons in water. A: The surface-
bound solvated electron with 1.6eV binding energy was generated by 2-photon absorption of
water [17]. B: In this work, solvated electrons were generated by iodide photodetachment. This
spectrum is the sum of all spectra taken at delays >10ps. Despite the logarithmic scale, there
is no hint for a contribution at 1.6 eV binding energy.

increasing feature with decreasing concentration. Given that the spectral shape of the
photoelectron band changes with the concentration, a contribution of water itself may

not be neglected.

Siefermann et al. also observed a surface-bound solvated electron as shown in Fig-
ure 4.7A. In this case, water molecules were excited in a 2-photon process with 266 nm
pulses (4.65 eV). The two-photon absorption length is much longer than the probe depth,
i.e. we can assume that the hydrated electrons are homogeneously generated over the
probe volume. Siefermann et al. argue that using 32nm (38.7¢V) probe pulses, they
only probe the surface due to the small inelastic mean free path of the electrons in water.
Therefore, they claim that no bulk signal is observed here. However, recent experimental
studies on the electron range in water reveal a probe depth of about 2nm at this wave-
length [25, 71]. This is about seven times larger than the diameter of a water molecule.

Hence, bulk solvated electrons should also appear in this spectrum.

In this work, we generated solvated electrons by photodetachment from a sodium
iodide solution. Iodide is known to accumulate at the water surface. According to
Siefermann et al., the surface bound solvated electron has a lifetime longer than a hun-
dred ps and therefore it should also appear in our time-resolved data. Figure 4.7C shows
the average of all spectra at delays >10ps on a logarithmic scale. There is no indication
for a contribution at 1.6 eV binding energy despite our dynamic range of > 1000 which
is deduced from the integral of the signal. The measurements of Siefermann et al. are
strongly discussed. A number of theoretical works have been published in the meantime
which doubt the existence of a solvated electron with 1.6V [21, 65, 71, 72]. Although

different groups spent some effort to reproduce the observations of Siefermann et al.,
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4.4. Comparison to results obtained by other groups
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Figure 4.8. Comparison of two-dimensional plot of the time-resolved photoelectron spectra
of solvated electrons in water generated by CTTS state excitation of iodide. A: Suzuki et al.
excite the first CTTS state with 226 nm pulses and probe the dynamics with 260 nm (4.77€eV)
[73]. Note the logarithmically scaled delay-axis. B: In this work, the second CTTS state was
excited with 200nm and probed with 266 nm. A qualitatively very similar solvation dynamics is
observed.

their findings could not be reproduced, yet [21, 71]. But since Siefermann et al. were
the only ones who directly excited water in order to generate solvated electrons, it can-
not be excluded that the precursor molecule (or ion) is crucial. Hence, it the solvated
electron with 1.6 eV binding energy might only appear if water molecules are excited

with 4.65 eV pulses (two-photon process).

Suzuki et al. also studied the dynamics of the solvated electron [73]. They excited an
iodide solution with 226 nm pulses (5.5€V) into the lower CTTS state and followed the
dynamics by ionisation with 260nm. The two-dimensional plot of their time-resolved
spectra appears qualitatively very similar to the spectra obtained in this work as a
direct comparison in Figure 4.8 reveals. However, they analysed their data according
to the model proposed from transient absorption experiments, namely in terms of three
intermediate states on the path to the hydrated electron. First, excitation of the CTTS
band of iodide would lead to a displacement of the electron cloud forming a contact pair
within the same (original) solvation shell. Second, this contact pair dissociates forming
a solvent separated state where water molecules have moved between the neutral iodine
and the electron. And finally, the solvent separated state dissociates further forming a
free solvated electron. They show spectra for each of the species discussed and the a

number of lifetimes connected to their appearance and decay.

This interpretation therefore assumes the presence of these four discrete states that
inter-convert. In our point of view this picture is not appropriate for dynamics in solu-
tion which is better described by a continuous picture. Each iodide ion or iodine-electron
pair or hydrated electron experiences a slightly different and temporally changing en-

vironment. Even the nature of the CTTS state and its decay is better described by a
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4. The solvated electron

continuous picture: it is very diffuse and extends over several water molecules. It is im-
mediately clear, that fluctuations of the water molecules will have a dramatic influence
on the stability of this state. Indeed, Messina et al. find a broad distribution of CTTS
decay times reflecting the highly inhomogeneous initial environments [74]. For this rea-
son, we discarded the description with discrete states which is typically applied in gas

phase spectroscopy, but we chose a continuous description as presented in Section 4.3.
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5. Excited state dynamics of DNA bases
and nucleosides

DNA bases are very photostable which is commonly ascribed to the existence of radiation-
less decay channels. This is a very important property for living organisms because DNA
bases are present in different biomolecules in living organisms. The most widely known
is the deoxyribonucleic acid (DNA), which carries the genetic code. But they are also
part of the RNA which is relevant for protein production and regulation. But they have
also differing functions. For example, the DNA base adenine is part of the adenosine
triphosphate (ATP) which responsible for the intracellular energy transfer. Guanosine

triphosphate (GTP) is essential for signal transduction for specific proteins.

The existence of radiation-less decay channels in DNA bases is very important for
living organisms, because it decreases their need for energetically costly enzymatic repair
of the DNA. Another motivation to study the excited states of DNA is the ultrafast
exciton transfer in DNA molecules which might be useful for potential applications in

molecular electronics [75-77].

In the following sections, I will first give some general information on common aspects
concerning the properties of the DNA bases and the data evaluation. Then, I will show
and compare the one-colour signals of the nucleosides. And afterwards, I will discuss in
detail the four DNA bases individually.

NH, o) NH,
ST AT )
NT N N™ N7 “NH, N~ N0
H H H
adenine guanine cytosine thymine

Figure 5.1. Chemical structure of the DNA bases.
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Figure 5.2. All possible tautomers of adenine. E- and Z-imino isomers are not equal due to the
double bond connecting the imino-group to the C'6 atom. Double bonds are not freely rotatable.

5.1. Introductory remarks

In Figure 5.1, the structure of the four DNA bases is shown. Natural DNA bases are
aromatic heterocycles, two purines (adenine and guanine) and two pyrimidines (cytosine
and thymine). According to international nomenclature, the ring atoms are numbered as
given in the Figure 5.1. These numbers become relevant when the molecule is changed
in a chemical reaction and the specific site has to be named, or when upon excitation
nuclear rearrangement occurs changing the geometry of the molecule. In the ground
state, the DNA bases are more or less flat with all heavy atoms lying in the same plane.
Only the light hydrogen atoms of amino or methyl groups may stick out of the plane.
In contrast to carbon atoms, heteroatoms (here O and N) have free electron pairs where
protons can easily be attached. The positive charge introduced by the proton can be
neutralised by releasing a proton from another heteroatom and "flipping” bonds within
the conjugated m-system. Conformational isomers, that quickly interchange mostly by
migration of a single hydrogen atom or a proton are called tautomers. Due to the large
number of heteroatoms present in the DNA bases, these molecules are prone to form tau-
tomers. In adenine, there are three hydrogens attached to nitrogens. These hydrogens
can easily move to another nitrogen accompanied by a change in the electron distribution
in the aromatic ring. Theoretically, adenine can appear in twelve different tautomers
as listed in Figure 5.2. These tautomers have different ground state energies and dipole
moments, and therefore, are favoured or disfavoured in surroundings of different polar-
ity. The electronic structure of tautomers can be very different and therefore, it is of
importance to know, which tautomers exist in the present experiment. Additionally, if

the excited state energies of two tautomers are similar, excitation of one tautomer can
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Figure 5.3. UV absorption spectrum of DNA bases in solution. red: adenine, blue: guanine,
yellow: thymine, and green: cytosine.
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Figure 5.4. Vertical excitation and ionisation energies of the DNA bases in the gas phase and
the solution (GS: ground state, ES: excited state, IP: ionisation potential). The optically bright
nn* states are displayed in blue and the dark nt* states in red. For values and references see
appendix A.2.

lead to excited state tautomerisation as has been observed by Kosma et al. [78].

In Figure 5.3, the absorption spectrum of the four DNA bases in aqueous solution is
shown. The spectra of the different DNA bases are quite different, but they all show
a broad absorption band in the ultraviolet region. The structure of the absorption
spectrum gives some hints on the number of states lying in the Franck-Condon region.
In the case of guanine for example (blue spectrum), the double-hump structure indicates
that there are at least two bright states in the UV region.

Figure 5.4 shows the energies and character of excited states that are present in the

Franck-Condon region of the isolated DNA bases and in aqueous solution (for values see
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5. Excited state dynamics of DNA bases and nucleosides
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Figure 5.5. Two-dimensional contour plot of the time-dependent photoelectron spectrum for
the example of guanosine in aqueous solution (A). The one-colour signals have been subtracted.
Horizontal cuts give photoelectron spectra at a specific delay between pump and probe pulse
(B). Vertical cuts give the time-dependent signal at a specific kinetic energy (C).

appendix A.2). In general, states with a larger dipole moment are stabilised in polar
solvents such as water and therefore appear at lower energies. When going from the
isolated base to the base in aqueous solution, the nr* states (blue) are lowered in energy

for most bases while the nn* states (red) appear at higher energies.

As mentioned before, the absorption spectrum of the DNA bases is quite broad (see
Figure 5.3). The wavelengths that are used for the experiments described in this work
are 266 nm and around 240 nm. Pulses of either wavelength can be absorbed and can
trigger the photoreaction. Hence, we expect a signal initiated by either pulse. Due to
the set-up, we observe signal from excitation with 266 nm and ionisation with 240 nm
at positive delays. At negative delay times, signal due to excitation with 240 nm and
ionisation with 266 nm is observed. The measured signal will always be plotted in two-
dimensional contour plots as shown in Figure 5.5A. The x-axis shows the electron kinetic
energy and the y-axis the delay between both pulses. The colour is a measure for the
number of photoelectrons at a given kinetic energy and pump-probe delay. Horizontal
lineouts give the photoelectron spectrum of the excited molecule at a distinct delay.

Vertical lineouts give the population dynamics at a distinct electron kinetic energy.

At long delays, we observe a slightly negative pump-probe spectrum which we assign
to dead-time effects of the MCP detector working in counting mode. Figure 5.6 shows
the photoelectron spectra of cytidine measured with 238 nm and 248 nm pulses at long
positive (>3 ps, green) and long negative delays (<—2ps, blue). Each spectrum is av-
eraged over 20 individual spectra to improve the statistics. The error bars show the
standard error of the mean. These spectra appear at delays where a time-dependent sig-
nal is not necessarily expected any more and persists for more than 150 ps. Additionally,

the spectra are identical although the pump and probe wavelengths are interchanged. If
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Figure 5.6. Measured time-dependent photoelectron signal of cytidine in solution at long
positive (>3 ps) and at long negative delays (<—2ps). The data were taken with 266 nm and
249 nm pulses (40nJ pulse energy, each). Each spectrum is an average of 20 individual spectra
and the error bars are given by the standard error of the mean. The one-colour signals were
subtracted. This bleach is about 4% of the total two-colour signal.

this slightly negative spectrum was due to a real long-lived signal (or bleach), it should
depend on the probe photon energy and should not be identical if pump and probe
pulse are interchanged. Therefore, this bleach signal is treated as an artefact without a
physical meaning. This negative signal was included in the fit by an additional spectral
offset which does not depend on time (see Appendix A.1).

From the intensity relation between signals at positive and negative delays, we can
get additional information about the excited state absorption coeflicients for different

wavelengths. The following function was fitted to the data:
N(Ekin,t) = Zai(Ekin)[Pi(t) & G(t)], (5.1)
i

where a;(Eyin) is the decay associated spectrum and P;(t) is the population dynamics
of the contribution ¢ convolved with a Gaussian cross-correlation function G(t) (for an
explicit fit function see equation A.7 in Appendix A.1). For exact fitting of the time-
resolved data and exact retrieval of the excited state lifetimes, the cross-correlation width
of the pump and probe pulses is crucial. In the calibration with NO (see Section 3.4) and
when measuring the buffered NaCl solution, we obtain a non-resonant cross-correlation
signal. Although the pulses are initially short, the width of this cross-correlation signal
at the location of the liquid jet is about 200 fs (FWHM) for each of the two samples.
Therefore, this parameter is kept constant at this value for all the fits discussed after-

wards.

The amplitude of the signal A; = [ a;(Fxin)dFxin depends on the pulse intensities and
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5. Excited state dynamics of DNA bases and nucleosides

on the absorption cross-sections:

AO(O‘GS(Apu)'Ipu'aES(Apr) 'Ipra (5'2)

where in the pump step, the absorption coefficient of the ground state agg(Ap,) and the
pump pulse intensity I, contribute to the signal. For the probe step, it depends on the
absorption coefficient in the excited state aps(\,r) and the probe pulse intensity I,,.
Since the assignment of "pump” and "probe” is unclear for dynamics at negative delays,
they are replaced by A\;=266 nm and \o=238-248 nm.

A+ O(Oégs()\l)-I()\l)-OéES()\Q)-I()\Q), (5.3)
A~ O(Ozgs()\g)-I()\Q)-OzEs()\l)-I()\l). (5.4)

The ratio of the signal amplitudes at positive and negative delays A~ /AT is then inde-
pendent of the pulse intensities.
A™  ags(A2)-ags(M)

At T ags(M)-ams(he)’ (5:5)

The relative absorption of the ground state can be deduced from the absorption spec-
trum. Knowing the relation of A~/A%, we can draw conclusions on the relation of
ags(A2)/ags(A1). This gives an insight into the excited state ionisation cross-sections
of the DNA bases in the UV region.

The lifetimes that are measured are influenced not only by the excited state lifetime
itself but also by the Franck-Condon overlap with the ionic state. In general, the ioni-
sation energy increases as the molecule leaves the ground state geometry which usually
happens during excited state relaxation via a conical intersection. If the photon energy
of the probe pulse is high enough, then the ionic state may be reached during the whole
relaxation process. For very high photon energies (VUV or EUV photons), even the
ground state can be ionised and the re-population of the ground state may be observed.
In this work, UV pulses in the photon energy range of 4.6-5.2eV are used. For these
photon energies, it is not obvious that we can always ionise the excited state but we
will surely not ionise the ground state in an one-photon process. Hence, we evaluate
our data very critically with respect to the possibility that the measured lifetimes do
not reflect the return to the ground state but rather reveal the movement out of the

Franck-Condon window for ionisation.

In the next sections, I will discuss the data obtained from DNA bases in aqueous
solution. Except stated differently, the concentration of the DNA base will be 1073 mol/1.
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5.2. One-colour two-photon photoelectron spectra

Table 5.1. Expected and measured photoelectron kinetic energies of the one-colour two-photon
photoelectron signal. The expected photoelectron band maximum E " ccted ig given by the
difference between the total absorbed photon energy 2 x hw and the vertical ionisation energy
(VIE) deduced by Seidel [80]. The measured photoelectron bands Emeasured are always lower
than the expected values. The maximum kinetic energy E\35* were deduced from the logarithmic
plots of the one-colour spectra providing a minimum value for the ionisation energy IE™"™ which
is quite close to the calculated adiabatic ionisation potential ATP?!¢ of the solvated molecules.

Numbers in parentheses give the uncertainty of the last digit.

molecule Tw | VIE[80]  EgPected  pmeaswred | pmax pgmin - pppeale
eV eV eV eV eV eV eV
adenosine 4.66 7.5(2) 1.8(2) 0.9(1) 2.6(1) 6.7(1) 6.60 [81]
5.21 7.5(2) 2.9(2) 1.1(1) 3.6(1)  6.8(1)  6.60 [81]
guanosine  4.66 7.2(1) 2.1(1) 0.9(1) 2.9(1)  6.4(1)  6.32[81]
5.21 7.2(1) 3.2(1) 1.0(1) 3.9(1) 6.5(1) 6.32 [81]
thymidine 4.66 8.1(1) 1.2(1) 1.0(1) 2.6(1) 6.7(1) 6.66 [82]
5.21 8.1(1) 2.3(1) 1.2(1) 3.5(1) 6.9(1) 6.66 [82]
cytidine 4.66 7.8(2) 1.5(2) 0.8(1) 2.4(1)  6.9(1)  6.64 [82]
5.21 7.8(2) 2.6(2) 0.9(1) 3.0(1)  7.4(1)  6.64 [82]

5.2. One-colour two-photon photoelectron spectra

In general, the one-colour photoelectron spectra provide information on the ground state
binding energies of the system of interest. Figure 5.7 shows the one-colour two-photon
photoelectron spectra of the four nucleosides in aqueous solution. For all molecules,
spectra obtained with two different wavelengths are shown: 266 nm (green line) and
238 nm (blue line). All spectra are plotted on a linear scale to identify the photoelectron

band maximum (EBeswred eft) and on a logarithmic scale to deduce the maximum

max
kin >

and values will be exemplified using the case of adenosine but the concept/explanation

kinetic energy ( right). The values are summarised in Table 5.1. The spectra
applies in the same way for the other molecules.

From EUV photoelectron spectroscopy, the vertical ionisation energy (VIE) of adenine
has been deduced to 7.5 €V [80]. Due to inhomogeneous broadening occurring in solution,
that signal has a full width at half maximum of about 1eV. For a two-photon ionisation
process with 266 nm (4.66 €V) and 238 nm (5.21 eV) pulses, we would therefore expect the
photoelectron band maximum to be around 1.8 and 2.9 €V kinetic energy, respectively.
However, the measured photoelectron band maximum is at 0.9 and 1.1 eV kinetic energy
for two-photon ionisation with 4.66 and 5.21 eV pulses, respectively. This is significantly
lower than the expected values. Additionally, one would expect the band maxima to be
separated by the difference of the absorbed photon energy, i.e. 1.10eV for a two-photon
process. But they are separated by only 0.2 eV, which is even less than expected for a one-
photon process. The logarithmic plot reveals that the spectrum obtained with 238 nm

pulses extends to significantly higher kinetic energies than the spectrum obtained with
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Figure 5.7. One-colour two-photon photoelectron spectra of the nucleosides in aqueous solution
for 266nm (green) and 238nm (blue) pulses shown on a linear (A) and on a logarithmic (B)
scale. top to bottom: adenosine, guanosine, thymidine, and cytidine. For each spectrum, the
photoelectron band maximum (A) and the maximum kinetic energy (B) is identified. The dotted
lines in the first plot show the one-colour spectra of the NaCl-buffer solution taken with 266 nm
and 248 nm. Part of the figure is taken from Buchner et al. [79)].
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Figure 5.8. Illustration of the appearence of one-colour spectra exemplified on adenosine spectra
using the corresponding potential energy curves (cf. Figure 5.12). Left: 266 nm (4.66 €V) pulses,
right: 238nm (5.21eV) pulses. Initially, the molecule is in the ground state Sg. The coloured
rectangle indicates the Franck-Condon (FC) region and absorption of a first photon populates
the excited state S1 (left) or Sy (right). Already within the pulse duration, the excited-state
wave packet spreads, evolves away from the FC region, and nuclear relaxation sets in. This is
indicated by the yellow shapes on the excited-state potential curve. In case of 5.21 eV excitation,
the initialy populated state S, relaxes into S; within 40fs [83] which is indicated by a black
arrow. Upon absorption of a second photon within the pulse duration, the excited-state wave
packet is mapped onto the ionic state Dg. The values given above the ionic potential curve
correspond to the maximum kinetic energy and the photoelectron band maximum determined
from the measured spectrum (see top panel of Figure 5.7). The grey horizontal lines are photon
energies (2 hw) and grey vertical lines indicate the end of the FC window for ionisation. Figure
taken from Buchner et al. [79].

266 nm pulses. If we define the maximum kinetic energy as the intersection point between
the high-energy tail of the spectrum and the noise level, then we find a maximum electron
kinetic energy of 2.6 eV and 3.6 eV for the 266 nm and the 238 nm pulses, respectively.
In contrast to the position of the band maxima, the difference between the maximum

kinetic energies agrees well with the difference in absorbed photon energy.

These observations can be explained in terms of resonant two-photon ionisation with
initial dynamics of the intermediate state occurring within the pulse duration of about
140 fs. This principle is sketched schematically in Figure 5.8. The molecule is initially
in the ground state Sg. Absorption of a first photon populates the excited state Sp
or Sy, depending on the photon energy. For infinitely short pulses or negligible initial
dynamics, absorption of the second photon would ionise the molecule from the Franck-
Condon region. However, if the excited state evolves very quickly, nuclear rearrangement
may already have started when the second photon of the same pulse is absorbed. Since
the ionisation energy typically increases as the molecule leaves the ground state geometry,

such initial dynamics results in lower photoelectron kinetic energies and photoelectron
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5. Excited state dynamics of DNA bases and nucleosides

bands which are significantly broader than supported by the Franck-Condon region.
Therefore, the maximum of the photoelectron band Efi‘gasured cannot be related to the
vertical ionisation energy (VIE) obtained with higher photon energies in a one-photon
process. The ionisation energy derived from the photoelectron band maximum will
be somewhat larger than the (true) value for the vertical ionisation energy. For higher
excitation energies introducing more excess energy, the excited state can in general evolve
faster as compared to lower excitation energy. Therefore, it is not surprising that for the
5.21 eV one-colour spectrum, a larger shift of the photoelectron band is observed than
in the 4.66 eV spectrum. Additional broadening of the photoelectron band is initiated
by the transition from S, to S; within 40fs [83].

max
kin >

energy IE™™ of adenosine is deduced: (6.840.1)eV and (6.7 +0.1)eV for 5.21eV and

4.66 eV photon energy, respectively. These values are intriguingly close to the adiabatic

From the maximum observed kinetic energy a minimum value for the ionisation

transition energy of 6.60 eV calculated by Pluhafové et al. [81]. This suggests that the
ionic ground state geometry is close to the Franck-Condon window for ionisation from
the neutral ground state.

For guanosine, this finding of nuclear rearrangement starting within 140 fs is supported
by the time-resolved fluorescence anisotropy measurements of Miannay et al. who found
values below 0.2 for all times indicating a substantial geometrical change of the molecule
faster than 100 fs [84].

For cytidine, the minimal ionisation energy IE™™ is larger than the calculated AIP.
This observation can be interpreted in two ways (which may both be true). Firstly,
the potential of the excited state has a large gradient in the FC region of the ground
state accelerating the excited wave packet and increasing the ionisation potential of the
excited state instantaneously. Secondly, the potential minimum of the ionic ground state

geometry is not as close to the FC region of the ground state as in the other nucleosides.

5.3. Adenine and adenosine

5.3.1. Current state of knowledge

The adenine molecule can be present in the form of different tautomers which have
different ground state energies. Figure 5.9 shows the six most stable tautomers of isolated
adenine and the energy difference to the Al tautomer [85]. In the gas phase, only one
tautomer (A1l or 9H-Ade) is present since the other tautomers are substantially less
stable. In aqueous solution, however, the situation is different. Due to interaction
with the polar solvent, geometries with a large dipole moment are stabilised [81, 86].
Theoretical [86, 88-90] and experimental findings [91-94] lead to the conclusion, that
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34eV (0.51 eV)

(0 eV) (0.34 eV)

(Ad)(15.5 keal/mol) (A5)(15.6 keal/mol) (A6)(17.9 keal/mol)
(0.67 eV) (0.68 eV) (0.78 eV)

Figure 5.9. Tautomeric forms of isolated adenine and their ground state energies relative to the
lowest energy tautomer [85]. In aqueous solution, the tautomer A2 is stabilised by interaction
with the polar solvent and therefore also appears in significant amounts (about 20% [87]).

two tautomers co-exist in aqueous solution: the 7TH-Ade (A2) and the 9H-Ade (Al).
These two tautomers have similar ground state energies in water.

Excited state dynamics of adenine were previously investigated by transient absorp-
tion [87] and fluorescence up-conversion experiments [95, 96]. Cohen et al. performed
transient absorption studies of adenine and methylated adenine derivatives to assign
the lifetimes of different tautomers [87]. For adenine in solution, they measured a bi-
exponential decay with lifetimes of (180+30)fs and (8.8+1.2) ps. Furthermore, they
found lifetimes around 200 fs for adenine derivatives that are methylated at positions
N1, N3, and N9, but about 4ps in case of methylation at N7. Since the 1H- and
3H-tautomer of adenine are less stable, Cohen et al. assigned the 180 fs lifetime to the
excited state relaxation of the 9H-tautomer and the 8.8 ps to the 7H-tautomer. Fluo-
rescence up-conversion experiments of adenine and adenosine in solution performed in
the group of Gustavsson [95, 96] also reveal similar excited state lifetimes. For adenine,
they found a bi-exponential decay where the faster lifetime is between (340+70) fs and
(670+140) fs depending on the pump wavelength and suggest that below 265 nm another
decay channel plays a role involving the no* state which shortens the excited state life-
time. For adenosine, they found an excited state lifetime of about (310+50) fs which is
independent from the excitation wavelength.

Ullrich et al. measured the time-dependent photoelectron spectra of isolated adenine
[97]. They found a bi-exponenital decay of the nn* state with lifetimes of <50fs and
750 fs. Kang et al. studied the time-resolved transient ion signal of isolated adenine and

adenine derivatives [98]. They found excited state lifetimes of around 1ps for all the
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Figure 5.10. The most important conical intersections of isolated adenine calculated using
CASSCF theory [102]. The CI assigned to a transition from the nn* state to the ground state
is connected with an envelope puckering at C2 (A). The CI of the nn* state with the ground
state is an out-of-plane distortion of the C'6-atom and the amino group (B). Both structures are
shown from the top and in side view. The bond lengths are given in angstroms. Figure taken
from Ref. [102].

adenine derivatives which they studied.

Theoretical studies of isolated adenine (especially the 9 H-tautomer) in the gas phase
identified several conical intersections (CI) relevant for the excited state relaxation
(e /nn*, nn*/no™®, nn* /Sy, nn*/Se, no*/Sp) [83, 97, 99-107, and references therein].
Starting from the ground state geometry of adenine, where all ring-atoms lie in the
same plane, these Cls are associated with geometrical changes of the molecule. The
two most important Cls include an envelope puckering at the C2-atom (2E, mn*/Sp)
and a pronounced out-of-plane distortion of the C6-atom and the amino group (%S,
nn*/Sp). These two Cls are illustrated in Figure 5.10. Calculations reveal the existence
of other CIs connected with a stretch of the N9-H bond (rno*/Sp) and/or C8-N9 bond
breaking (for labelling of atoms, see Figure 5.9). For excitation energies around 5.0 eV
(the maximum of the absorption band in the gas phase), two mechanisms were found to
explain the lifetimes observed in experiments with isolated adenine: A direct decay of
the nn* state to the ground state Sy (via E) and a transition from the nr* state to the
nr* state are responsible for the ultrafast lifetime below 200 fs, whereas the subsequent
decay of the nr* state to the ground state Sg (via 6S;) explains the second, slightly
longer lifetime below 1 ps. For excitation energies above 5.3 eV, another channel arises:
the initially excited n* state decays to an no™ state which finally relaxes to the ground
state So. This channel is associated with an elongation of the N9-H bond [102, 108-110].
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Theoretical studies of adenine in solution are rare because not only all the relevant
electronic states have to be described as correctly as necessary and reasonable but also
the effect of the surrounding solvent molecules has to be included. There have been differ-
ent approaches to account for the effect of the environment on the relaxation of adenine
[83, 111-114]. Mitri¢ et al. used the time-dependent density functional tight binding
method combined with a surface hopping algorithm to calculate the non-adiabatic relax-
ation of microsolvated adenine [114]. After excitation with 260 nm light into S (nn*),
they found a 16 fs transition into S; (nn*) and a time constant of 200 fs for re-population
of the ground state. Lan et al. recently studied the non-adiabatic dynamics of 9H-Ade
in aqueous solution using surface-hopping quantum mechanical- molecular mechanical
(QM/MM) simulations [83]. They found a relaxation mechanism that also appears for
the gas phase (a two-step nn*—nn*—Sy pathway via the °S;-CI). Due to a slight non-
planarity of the molecule in solution (out-of-plane amino group), the molecule is oriented
towards the ®S; conical intersection. Thus, this pathway is dynamically favoured and
dominates the relaxation. This would also explain the faster relaxation in solution with
respect to the gas phase, i.e. <350fs in solution vs. ~1 ps in the gas phase.

Lan et al. also calculated the vertical energies of the first three excited states of 9H-
Ade in a water sphere of 20 A diameter. For ten snapshot geometries obtained after
ground state minimisation, they found the S; state (nn* character) between 4.45 and
4.69 eV. The Sy and S3 states (both n* character) always lie very close (within 0.1 V)
in the range of 4.69-4.95 eV [83]. After excitation of the So state, Lan et al. found an
ultra-fast population transfer into the S; state within 40fs and a lifetime of 410fs for
internal conversion from the S; state into the ground state.

For the second tautomer (7H-Ade), there has been significantly less theoretical activ-
ity. Marian et al. found some higher potential barriers for the relaxation into the ground
state for the isolated 7H-Ade compared to 9H-Ade [115]. These barriers would explain
the larger excited state lifetime assigned to 7H-Ade in solution.

In adenosine, the sugar moiety is attached to position N9 and blocks the hydrogen (or
proton) migration which is necessary to form the second tautomer which is also present
in solution. This is shown in Figure 5.11. For adenosine itself, there are no simulations
of the excited state dynamics in solution, yet. Only recently, Tuna et al. explained
the significantly faster relaxation of adenosine as compared to adenine in the gas phase
[116-119]. They found that an intra-molecular hydrogen bond between the sugar moiety
and the N3 atom of the adenine moiety led to a low-lying conical intersection with
the ground state [116]. However, in water there are lots of other possibilities to form
hydrogen bonds. Due to its structure, we can assume that adenosine behaves very similar
to the 9H-Ade. Fluorescence up-conversion experiments on the excited state relaxation

of adenosine show that it relaxes a bit slower than the contribution assigned to 9H-
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Figure 5.11. Chemical structure of the two relevant tautomers of adenine: the 7TH Ade and the
9H Ade. In case of adenosine (Ado), a sugar moiety named ribose is covalently bound to the N9
position, and formation of the 7H tautomer is therefore excluded. Figure taken from Buchner
et al. [79].
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Figure 5.12. Schematic representation of the potential energy curves of the 9H tautomer of
adenine in water, where Sy is the ground state, S; is the excited state, and Dy is the ionic ground
state. Higher excited states are referred to as Sy,. The green and blue arrows indicate the photon
energies of pump and probe pulses applied in the present work (4.66 eV and 5.21eV). The relative
positions of the curves are given by (1) the UV /Vis absorption spectrum [120], (2) the vertical
ionisation energy [80], and (3) the adiabatic ionisation potential [81]. The general shape of Sy is
adapted from Ref. [100]. Figure taken from Buchner et al. [79)].

adenine [96]. It is speculated that due to the more efficient coupling to the bath via the
sugar moiety, the excess energy is dissipated faster and the molecule needs more time
to reach the conical intersection(s). First results on excited state dynamics of adenosine
from a collaboration with R. Mitri¢ are discussed in Section 5.3.4.

Figure 5.12 shows a schematic of the potential energy curves for the 9H tautomer of
adenine in water. To define the positions of the curves, experimental and theoretical val-
ues (orange) are used: (1) UV /Vis spectra show that the absorption of adenine in water
starts at about 4.3eV [120]. This is the lowest absorbable photon energy and therefore
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Figure 5.13. Time-resolved photoelectron spectrum of adenine (A) and adenosine (B) in aque-
ous solution. At positive delays, the molecules are excited with the 266 nm pulse and ionised with
the 238nm pulse (4.66eV and 5.21eV photon energy, respectively). At negative delays, pump
and probe pulses are interchanged. The one-colour two-photon signals have been subtracted.
Figure taken from Buchner et al. [79].

represents the 0-0 transition between the ground state Sg and the first excited state Sy
(nr*). (2) The vertical ionisation energy of adenine in aqueous solution was deduced
experimentally to be 7.5eV [80]. (3) The adiabatic ionisation potential of adenosine
(corresponding to the 9H tautomer) in water has been calculated by ab initio methods
together with the equilibrium polarisable continuum model to be about 6.6 €V [81]. The
general shape of the excited state S; is adapted from Blancafort, who calculated the
excited-state potential energy surface for different relaxation paths [100]: In the region
of vertical excitation from the ground state, the excited state S; is quite flat and bends
downwards near the conical intersection (there are several conical intersections with the
ground state; we did not pick any specific one). According to Lan et al., the higher
excited states So and S3 lie very close together, directly above 4.7¢eV [83]. We indicated
those by Sy,.

5.3.2. TRPES results - spectra

In Figure 5.13, the time-resolved photoelectron spectra of adenine (A) and adenosine (B)
in aqueous solution are shown. These spectra show the time-dependent kinetic energy
distribution of the photoelectrons, which directly depends on the population of the
excited state(s). Around the temporal overlap of the pump and probe pulses, a strong
and short-lived photoelectron signal appears for both molecules. This photoelectron
distribution is quite broad and extends over a large range of more than 2eV. In the case
of adenine (see Figure 5.13A), a significant fraction of the signal persists towards positive
delays (266 nm pump, 238 nm probe) for several picoseconds. As will be discussed later,

this longer-lived signal stems from the 7H-tautomer that is only present in aqueous
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Figure 5.14. Photoelectron spectrum of adenosine in aqueous solution at the temporal overlap
(£ 0.1ps) of both pulses (4.66 €V and 5.21 eV photon energy). The spectrum is shown on a linear
scale (A) in order to identify the photoelectron band maximum of 0.9€eV and on a logarithmical
scale (B) to deduce the maximum kinetic energy of 3.0e¢V. The one-colour two-photon signals
have been subtracted. Figure taken from Buchner et al. [79].

solutions of adenine, while the short-lived signal is assigned to the 9H-tautomer existing

in aqueous solutions of adenosine as well [87].

In Figure 5.14, the pump-probe spectrum of adenosine in aqueous solution around
the temporal overlap of both pulses is shown. This spectrum is averaged over the delay
range (0.0+0.1)ps. At these delays, ionisation due to absorption of one photon of
each pulse is expected. According to the one-photon ionisation energy of adenosine
[80], the photoelectron band should be centred around (4.66 +5.21-7.5)eV =2.37€V.
In agreement with the findings for the one-colour two-photon ionisation discussed in
the previous section, also the time-dependent photoelectron spectrum appears at lower

kinetic energies than expected.

In Figure 5.15, the photoelectron distribution of the excited adenosine is shown for
different delays. To compare the temporal change of the spectral shape, each spectrum
is fitted with a function of the type y = A-x-exp(—Bz?), and the fit results are scaled
to 1 and shown in the insets. In the spectra shown in Figure 5.15A, the molecule is
excited with 266 nm light (4.66 eV photon energy) and ionised with 238 nm light (5.21 V).
The spectra are shown for delays (0.0+0.1) ps, (0.2+0.1) ps, and (0.3+0.1) ps. With
increasing delay, the spectrum shifts slightly towards lower kinetic energies and becomes
more narrow. The spectra shown in Figure 5.15B show the same qualitative behaviour
for negative delays, i.e. for excitation with 238 nm and ionisation with 266 nm pulses.
The spectral shift and the narrowing, however, are much more pronounced than for

positive delays.

To get a more quantitative understanding of the spectral shift, it is described in terms
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Figure 5.15. Time-resolved photoelectron spectra of adenosine in aqueous solution. A: exci-
tation with 266 nm light and ionisation with 238 nm corresponding to positive delays, B: wvice
versa. For both excitation energies, spectra at delays 0.0 ps (black), 0.2ps (blue), and 0.3 ps
(green) are shown. All spectra are averaged over +0.1ps to increase the signal-to-noise ratio.
The diamonds mark the average kinetic energy of the corresponding spectrum. To compare the
time-dependent shape of the spectrum, a function y = A-2-exp(—Bz?) was fitted to the spectra.
The insets show the corresponding fit results with their maximum scaled to 1 in the same colour
code. Figure taken from Buchner et al. [79].

of an average kinetic energy (AKE) defined as an expectation value:

15" Exinl (Exin)d Eyin

AKE =10 _ ,
f(] I(Ekin)dEkin

(5.6)

where I(Eyiy,) is the signal intensity at the kinetic energy Fiyi,. The AKE is illustrated
by the diamonds in Figure 5.15A and B. After excitation with 4.66 eV photons, the AKE
shifts only slightly changing from 1.10eV at 0ps to 1.02eV at 0.2 ps, and to 0.95eV at
0.3ps. For excitation with 5.21eV (negative delay direction with 238 nm pump and
266 nm probe pulses), the AKE changes faster, namely from 1.10eV at Ops to 0.95eV
at 0.2ps and to 0.73 eV at 0.3 ps.

In Figure 5.16, this behaviour is sketched schematically for the delays 0 ps and 0.3 ps
in positive (left) and negative (right) temporal direction. The excited state is prepared
by absorption of a pump photon (4.66 €V or 5.21 eV), and the FC region is indicated by a
green/blue rectangle. At delay At=0ps, dynamics occurring within the pulse duration
broadens the wave packet in the same way as explained for the one-colour signals which
is indicated by the yellow shapes on the excited state potential curves. Immediate ab-
sorption of a probe photon leads to a maximum kinetic energy of 3.0 eV (see Figure 5.14)
and an AKE of 1.10eV. These numbers appear for both wavelength combinations be-
cause at At =0ps, the pump and probe pulses are interchangeable. Differences occur in
the spectra at At=0.3ps. At this delay, the population has decreased due to internal

conversion at a conical intersection with the ground state. The remaining population
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Figure 5.16. Illustration of the appearance of the time-dependent spectra using the potential
energy curves previously shown in Figure 5.12. Initially, the molecule is in the electronic ground
state Sg. Absorption of a pump photon in the Franck-Condon region is indicated by a green
(4.66€V) or blue (5.21eV) rectangle. The wave packet in the excited state is broadened by
dynamics occurring within the pulse duration at At =0ps (yellow shapes) and by further nuclear
rearrangement at At=0.3ps (orange shapes). Upon absorption of a probe photon (blue and
green arrows corresponding to 5.21 and 4.66 €V, respectively), the excited-state wave packet is
mapped onto the potential curve of the ionic ground state Dg. The numbers above the arrows
give the values for the maximum kinetic energy at At =0ps, the average kinetic energy (AKE)
at At =0ps, and the AKE at At=0.3ps. The grey horizontal lines reflect the sum of the photon
energies and grey vertical lines indicate the end of the Franck-Condon window for ionisation.
Figure taken from Buchner et al. [79].

has moved towards the conical intersection. This is indicated by the orange shapes. The
value of the AKE at At =0.3 ps is smaller for excitation with higher photon energy due
to the accelerated dynamics occurring when higher excess energy is introduced into the

molecule.

5.3.3. TRPES results - population dynamics

To evaluate the population dynamics and excited state lifetimes of adenine and adeno-
sine, the photoelectron signal is integrated over all kinetic energies and plotted versus
the pump-probe delay. In Figure 5.17, the spectrally integrated photoelectron signals of
adenosine are shown for three different probe-photon energies (248 nm (A), 243nm (B),
and 238 nm (C)). These traces are fitted by a sum of two contributions, namely a sin-
gle component for each temporal direction. For further information on the fit function,
see appendix A.1. The results of these fits are summarised in Table 5.2. The lifetimes
extracted for each case are very similar: about 150 fs for the positive temporal direction

and about 130 fs for the negative temporal direction.

For positive delays, the molecules are always excited with 266 nm pulses. The ex-
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Figure 5.17. Energy-integrated photoelectron signal and fit of adenosine for different probe
wavelengths: 248nm (A), 243nm (B), and 238nm (C). The pump-wavelength is constant at
266nm (4.66€eV). The open circles represent data points. The blue and green lines fit the pop-
ulation dynamics in the positive and negative delay direction; the red line is the cumulative fit.
For comparison, also the signal of the buffered NaCl solution without adenosine is shown (crosses
in (A)). This signal was measured at the same wavelength but at twice the pulse energy. For
clarity, this signal is displaced vertically. Figure taken from Buchner et al. [79].

Table 5.2. Excited state lifetimes of adenosine. The intensity ratio between contributions to
positive and negative delays Aq) = A~ /AT relates to the relative ionisation cross-sections of the
excited state.

Photon energies / eV Lifetime

pump probe T/ fs Aral
positive delays 4.66 5.00 150+£10
4.66 5.10 150£10
4.66 5.21 150+10
negative delays 5.00 4.66 130+£10 1.1(1)
5.10 4.66 150+20 0.41(5)
5.21 4.66 120420 0.30(4)

tracted lifetimes are identical without any dependence on the probe wavelength. We
observe a lifetime of (150+10)fs. This is very close to the value of (170£10)fs that
Onidas et al. observed using the fluorescence up-conversion method [121]. Somewhat
larger values of (290+40)fs and (310+50) fs were obtained from transient absorption
measurements by Pecourt et al. [122] and from fluorescence up-conversion experiments

by Pancur et al. [96], respectively.

At negative delays, the dynamics are initiated by a photon energy that is varied
between 5.0 and 5.2 eV and probed by 4.66 V. With these pump photon energies, higher
excited states are initially populated. These states decay within the pulse duration to the
S state resulting in higher excess energy as compared to excitation with a 4.66 eV pump
photon energy. With increasing excess energy in the S; state the conical intersection
with the Sy ground state can be reached in a shorter time. Additionally, also higher-lying
conical intersections may play an increasing role which also would lead to an accelerated

relaxation. Thus, for the higher excitation energy, a smaller lifetime is expected. The
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slight increase of the pump photon energy from 5.0 to 5.2 eV does not reveal a significant
change in the observed excited state lifetimes. However, the mean lifetime of about
130fs is slightly shorter compared to the lifetime observed for excitation with 4.66 eV
photon energy which was discussed in the previous paragraph, i.e. 150fs. A similar
behaviour was reported by Pancur et al. who measured fluorescence up-conversion of
adenosine using tunable pump pulses in the UV range [96]. They observed slightly
longer fluorescence lifetimes for longer excitation wavelengths (> 260nm, lower pump
photon energies) compared to excitation with shorter wavelength. Additionally, in this
temporal direction, the probe pulse is only 4.66 ¢V. For a smaller probe photon energy,
the measured excited state dynamics might be limited by the Franck-Condon window for
ionisation. As the excited state evolves and nuclear rearrangement occurs, the potential
energy of the ionic ground state typically increases. Thus, there is a minimum photon
energy that is necessary to ionise the excited state all along the path to the conical
intersection. Therefore, it cannot be excluded that the shorter lifetimes measured for
the negative temporal direction is in part due to the smaller probe photon energy used

in these experiments.

As stated in Table 5.2, the intensity ratio A,e increases with increasing excitation

wavelength Ao, i.e. with decreasing photon energies between 5.2 and 5.0 eV. The relative

ags(A2)
ags(266nm)

trum (see Figure 5.3). With increasing Ag, the relative absorption of the ground state

absorption of the ground state ( ) can be retrieved from the absorption spec-

increases from 0.4 at 238 nm to 0.6 at 243 nm and reaches 0.8 at 248 nm. According to

equation 5.5, the relative absorption of the excited state is then given by:

aps(de) ags(A2)
QES (266nm) aGs (266nm) . Arel

(5.7)

Hence with increasing Ay (between 238 and 248 nm), the relative absorption of the excited

state (O;S}E(gig‘ﬁi)m)) yields values of 1.3 at 238 nm, 1.5 at 243nm and 0.7 at 248 nm.

For adenine, the time-dependent signal is more complex due to the second tautomer
co-existing in aqueous solution. The time-dependent signal for adenine is shown in
Figure 5.18 for the same wavelength combinations as for adenosine. Due to the presence
of the TH and 9H tautomer, the signal was fitted with two contributions in positive
direction. We assume global lifetimes 7 and 7,7 ("7 refers to positive delays) which
are independent of the probe wavelength, because the dynamics is initiated by the same
photon energy (4.66 eV) and the probe wavelength is changed only slightly. In negative
temporal direction, the second contribution is not obvious from the data. Hence, only
one contribution was chosen, possibly yielding a mean lifetime of both contributions
(not common for the different pump wavelengths). The results of these fits are given in
Table 5.3.
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Figure 5.18. Energy-integrated photoelectron signal of adenine in aqueous solution and global
fit for different probe wavelengths: 248nm (A), 243nm (B), and 238 nm (C). The crosses in (A)
again reveal the signal of the blank buffered NaCl solution measured with the same wavelengths
but at twice the pulse energy. For clarity, this signal is displaced vertically. Figure taken from
Buchner et al. [79].

Table 5.3. Excited state lifetimes and intensity ratios of the contributions of adenine. (%) For
positive delays, the intensities of the fast and the slow component are compared by the intensity
ratio given by a = A;‘ /Ai" The intensity ratio given for the negative delays denotes the ratio
between the total contributions to negative and positive delays (8 = A7 /(AT + AJ)). 1This
lifetime was kept constant.

Photon energies / €V Lifetimes Intensity ratio ()
pump probe 1/ fs T / ps o I5;
positive delays 4.66 5.00 0.07(2)
4.66 5.10 90+10 8+2 0.06(2)
4.66 5.21 0.18(3)
negative delays 5.00 4.66 180+30 0.4(2)
5.10 4.66 70£30 0.4(3)
5.21 4.66 75+10 0.8(2)

Upon excitation with 4.66 eV pulses, a short lifetime in the range of 7" =100fs is
observed which is slightly shorter than the excited state lifetime of adenosine (150 fs)
and therefore is assigned to the 9H tautomer. But compared to adenosine a second
contribution with a lifetime of a few ps appears. This second contribution is due to
the 7H tautomer as has been shown by Cohen et al. [87]. The extracted lifetime for
this tautomer is 7'2+ =8+ 2ps, which is in agreement with the lifetimes measured in
transient absorption and fluorescence up-conversion experiments, i.e. (8.8 +1.2) ps [87]
and (8.4+0.8) ps [96], respectively. Therefore, we can assume that the Franck-Condon
window for ionisation is accessible during the whole relaxation dynamics of the excited

state.

However, the relative amplitude of the two contributions at positive delays (o =
AS /AT) depends on the probe wavelength: for 5.2eV, a is about three fold higher
than for 5.0 and 5.1eV. Since the two contributions were assigned to the 7H and 9H

tautomer and the relative abundance of these tautomers obviously does not change with
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5. Excited state dynamics of DNA bases and nucleosides

the probe wavelength, this change in « has to be assigned to a wavelength-dependent
ionisation cross-section. This indicates that the cross-section for ionisation of the excited
7TH tautomer drops drastically when decreasing the probe photon energy below 5.2 ¢€V.

For the negative temporal direction (excitation with 5.0-5.2 eV photons), the second
contribution assigned to the 7H tautomer should in principle appear, too. But the
data show no hint for the existence of this component for negative delays. Instead,
we observe a short lifetime below 200 fs which might be assigned to the 9H tautomer.
The lack of signal lasting for longer than a ps can be interpreted in three ways: higher
excitation energy, insufficient probe photon energy, and low ionisation cross-sections.
Firstly, the higher excitation energy may accelerate the dynamics to such an extent,
that the lifetimes of 9H and 7H tautomer become similar and cannot be discriminated.
Marian et al. proposed a barrier along the excited state relaxation pathway of the
7TH tautomer [115] explaining its longer lifetime. Due to the high excitation energy at
negative delays, the excited state relaxation of the 7H tautomer might easily overcome
this barrier or different relaxation pathways become accessible. Secondly, the probe
wavelength (4.66 V) may not suffice to ionise the excited state. This explanation can be
easily ruled out by looking at the excited-state spectra: with 5.2 eV probe photon energy,
the spectrum of the 7H tautomer extends to about 2eV (see Figure 5.13A). With a probe
photon energy of 4.66¢€V, a spectrum extending to about 1.5eV would be expected.
Thirdly, the ionisation cross-section is very low for this probe wavelength. Given that
we only observe small signals for ionisation with 5.0 eV as compared to 5.2V, a further
decrease of the cross-section with decreasing probe photon energy seems reasonable.

Higher photon energies for ionisation may help to evaluate the real lifetimes related to
the residence in the excited state and rule out Franck-Condon effects. Therefore, we have
also performed measurements using 200 nm (6.2eV) and 266 nm (4.66 V) pulses. How-
ever, at this wavelength combination, a new process complicates the observed dynamics.
Figure 5.19 shows the corresponding time-resolved photoelectron spectra of adenosine
and adenine in solution. With these wavelengths, a transient signal is exclusively ob-
served for excitation at 200 nm. Additionally, this signal is extremely long-lived with
about 5-10% of the population persisting for more than 100 ps. Such a long-lived signal
is not expected for DNA bases and suggests the presence of solvated electrons.

In Figure 5.20, the spectrum of the solvated electrons generated by photoexcitation
of adenine (black triangles) is compared to the spectrum of the solvated electron gener-
ated by photodetachment of iodide ions (grey circles). The binding energy of solvated
electrons close to adenine is 3.8eV which is obviously somewhat higher than observed
after iodide photodetachment (3.4 eV). Additionally, the spectral shape is quite different:
it may either include more than just a single contribution or it may also be due to a

different broadening mechanism (e.g. homogeneous broadening would lead to Lorentzian
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Figure 5.19. Time-resolved photoelectron spectrum of adenosine (A, B) and adenine (C, D)
in solution measured with 200 and 266 nm pulses. Dynamics are initiated by the 200 nm pulse
(10-301nJ) and probed with 266 nm (~1.4uJ). In B and D, the time axis is inverted in order to
cover the whole delay range.

line shapes).

A channel for formation of solvated electrons from DNA bases has been proposed
by Sobolewski and Domcke [99, 102, 123]. They studied the excited state dynamics of
9H-adenine applying different theoretical methods and found an additional relaxation
channel via a repulsive to* state which is associated to elongation of the N-H bond.
The existence of this channel was proven by the detection of fast hydrogen atoms after
excitation of 9H adenine in the gas phase [107, 124]. In aqueous solution, hydrogen
atoms undergo spontaneous charge separation forming a hydronium cation (H3O") and
a solvated electron [125, 126]. This could be the process leading to the solvated electrons
observed upon excitation of adenine with 200 nm photons (see Figs. 5.19 and 5.20).

In order to observe the relaxation dynamics of the DNA bases, a signal induced by the
probe pulse should be minimised. For DNA bases, this is the case at wavelength above
300 nm where the ground state does not absorb. However, these wavelength provide only

a small Franck-Condon window for ionisation — if the excited state of the molecule can
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Figure 5.20. Comparison of the spectrum obtained from adenine solution with the spectrum
of the solvated electron at large delays (see Fig. 4.4). In both cases, 200nm pulses initiate the
dynamics and 266 nm pulses probe it. The adenine spectrum (black triangles) is averaged over
all delays >2ps. The binding energy is somewhat higher for solvated electrons generated from
adenine and also the line shape seems different.

be ionised at all with these low photon energies (~4¢€V). As a compromise between high
photon energies for a large FC window and low ground state absorption to reduce probe-
induced signal at negative delays, the subsequent measurements were conducted using
probe pulses in the range of 240 nm (~5.2eV) where most DNA bases have a minimum

in the absorption spectrum.

5.3.4. Comparison with theory

Motivated by these results, a collaboration with Roland Mitri¢ and co-workers was ini-
tiated. They combine the field induced surface-hopping (FISH) method [127] with a
quantum mechanics/molecular mechanics (QM/MM) approach [128] to simulate excited
state dynamics of molecules in the center of a large water droplet. The QM part is
a semi-empirical method (OM2) including the adenosine molecule and three explicit
water molecules while the MM part is a classical force field approach. Their specific
method takes into account all single and double excitations out of the four most relevant
configurations of the considered electronic states.

In Figure 5.21A, a snapshot of adenosine embedded in a water sphere of ~ 26 A radius
is shown. Ground state QM /MM dynamics performed at 300 K give the thermal ensem-
ble and hence provides the starting point for calculating the absorption spectrum and the

non-adiabatic dynamics. The absorption spectrum obtained from a thermal ensemble of
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Figure 5.21. Adenosine is embedded in a water sphere of ~26 A radius (A). The calculated
absorption spectrum (B, blue line) of this system includes the lowest 25 excited states calculated
at the OM2 level for the thermal ensemble of 70 structures at 300 K. Individual transitions are
given by the black sticks. The red line represents the experimental spectrum obtained by Arce
et al. [129].

70 structures including the lowest 25 excited states is shown in Figure 5.21B. The peak
position at about 260 nm and its width corresponds to the experimental spectrum. This
agreement suggests that the chosen model may be also suitable to get proper information

on dynamical simulations.

In the calculations, Mitri¢ and co-workers have simulated laser-induced non-adiabatic
dynamics by applying a Gaussian pump pulse with similar parameters as used for our
experiments at MBI: 4.66 eV photon energy, 3.5x10'2 W/cm? intensity, and 33 fs tem-
poral width (FWHM, Fourier-transform limited). They have applied this pulse to 50
initial conditions obtained from the ground state QM /MM dynamics and propagated
these for 1ps. Figure 5.22 shows the result of one typical trajectory and the corre-
sponding geometry at three selected delays. At t=0ps, the molecule is in the ground
state (0eV relative energy) with excited state energies around 5 eV and the ionic ground
state above 8eV. Due to structure fluctuations, also the energy gap between ground
and excited states fluctuates and the molecule can be excited when the energy gap is

around 4.66 V. The pump pulse (centred at t=40fs) initially populates the bright state
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Figure 5.22. Relative energies of the lowest four electronic states (Sp—S3) and the ionic ground
state (Dg) of adenosine in water calculated from a single trajectory. At t=0ps, the molecule is
in the ground state (black). In the Franck-Condon region, the first three excited states lie in
close proximity just below 5eV (red, green and blue line). At t=40fs, the molecule is excited
by a 4.66 eV Gaussian laser pulse (33 fs pulse duration, 3.5x10'2 W /cm? intensity). The dashed
orange line marks the actual state that the trajectory resides in. At t~560fs, this trajectory
reaches a conical intersection and returns to the ground state. The inset shows geometries of the
molecule at different delays: at 25 fs the molecule ist still in Sp (planar aromatic ring), at 560 fs,
the conical intersection is reached (puckering of the aromatic ring), and at 1ps the molecule is
back in Sp (planar again).

So. The geometry of the just excited molecule (at 25 fs) still resembles the ground state
geometry with a planar aromatic ring. Within a few fs, the population relaxes from So
to S; and the geometry starts to change. This is revealed by an increase of the relative
energy of both the neutral and the ionic ground state. As dynamics in the excited state
proceeds, the puckering ring mode on C6 (carrying the amino group) is populated and
charge density accumulates on this site. For this specific trajectory, the geometry of the
conical intersection of Sy /Sy is reached at about 560 fs and the population is transferred
to the ground state. The corresponding snapshot shows a slightly distorted 5-membered
ring and a displaced amino group. Afterwards, the molecule returns back to the original
geometry as the structure at 1ps reveals a planar adenine moiety. Cooling of the hot

ground state is not fully completed within the propagation time of 1 ps.

In Figure 5.23, the results of 50 trajectories propagated over 1 ps are shown. Again,
the exciting Gaussian pulse is centred at 40 fs. Therefore, the population of Sy (i.e. the
ground state) is maximum at t=0 ps. The incoming laser pulse couples the ground state
with the excited states and populates these. But the populations of Sy and S3 relax
extremely fast to S;. In total, about 70 % of the 50 trajectories reach the excited state
S1, while about 30 % stay in the ground state. About 60 % of the excited trajectories

decay to the ground state through a conical intersection associated with a puckering
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Figure 5.23. Excited state population of the three lowest excited states averaged over 50
trajectories. The initially populated state So relaxes with a lifetime of about 15fs to S; (violet
line). The latter decays with a lifetime of about 470fs into the ground state (orange line).

mode centred on a carbon atom in the adenine moiety (C2 or C6). The remaining 40 %
do not reach a conical intersection with the ground state within the propagation time of
1ps. An exponential fit to the So population reveals a lifetime of only ~ 15fs. Already
about 50 fs after excitation (at ~100fs), the population of S; reaches its maximum of
about 70 %. Then the S; decays radiationless to the ground state with a lifetime of about
470 fs, which is on the same order of magnitude as the measured excited-state lifetime of
adenosine in solution, i.e. 170fs. This is a good agreement since there is a large number
of uncertainties in the theory and experiment, i.e. the exact lifetime strongly depends
on the excess energy and the details of the potential energy surfaces.

Figure 5.24 shows the corresponding time-dependent binding energy calculated from
the energy gap between the current state (Sp—3) and the ionic ground state (Dg). Again,
the exciting pulse is centred at 40fs. Therefore, at t=0fs, all trajectories reside in Sg
(i.e. the ground state) and a large signal is observed at binding energies >8¢eV. Upon
interaction with the pulse, 70 % of the trajectories change to the excited states S;_3 and
a large contribution at ~4eV binding energy appears. Due to the ~15fs transition from
the Sy state (and S3) to the Sy state, the spectrum shifts by about 1€V to higher binding
energies and broadens. This spectral component stays at about 5eV, broadens further
and finally decays leading to an increase (and also slight shift) of the signal around 8 eV.
The re-population of the ground state leaves the molecule in vibrationally excited states
which do not relax completely within the propagation time of 1 ps. Therefore, the energy
of the ground state also shows some time-dependence appearing slightly shifted to lower
binding energies.

From the data described above, Mitri¢ and co-workers calculated the difference be-
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Figure 5.24. Simulated time-resolved electron binding energies of excited solvated adenosine
averaged over the same 50 trajectories. Electron binding energies are obtained from the difference
between the actual state S, and the ionic ground state Dg. The dashed white line marks 5.2 eV
binding energy, the highest energy accessible by the probe photons used in the experiments
described in this thesis.

tween the probe photon energy (i.e. 5.21€V) and the electron binding energy shown
in Figure 5.24 in order to compare their results to the measured photoelectron spectra.
Figure 5.25 shows a direct comparison of these calculated spectra (A) with the measured
ones (B, discussed in detail in Section 5.3.2). For these simulated photoelectron spectra,
again a Fourier-transform-limited pulse of 33 fs duration is included. However, in the
experiment, a cross-correlation of about 200fs (FWHM) was determined. Hence, the
time-dependent shift of the simulated spectrum should be smeared out due to the actual
probe pulse duration of ~140fs. Taking this into account, we find a good agreement
between the simulated spectra and the experimental spectrum. However, after 200 fs,
the S; contribution below 0.5 €V is absent in the measured spectra but still prominent
in the simulated spectra. This reflects the different retrieved lifetimes that have been
discussed in the paragraph before last. Another value that has not been treated in
the theoretical description is the ionisation cross-section of the excited state. This can
change time-dependently and therefore may lead to discrepancies between experiment
and simulations. A third source for the observed discrepancy is the calculated energy of
the excited S; and the ionic Dy state.
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Figure 5.25. Time-resolved photoelectron spectrum of adenosine in a large cluster (A, simu-
lated) and in aqueous solution (B, experiment).

5.4. Guanine and guanosine

5.4.1. Current state of knowledge

Besides adenine, guanine is the second purine base. For isolated guanine, theoretical
studies identified several tautomeric structures with almost equal energy suggesting a
broad variety of tautomers in gas phase experiments. Figure 5.26 shows the lowest
tautomers of guanine found by a recent stuy [85]. For guanine in water, an enormous
stabilisation of tautomers that have large dipole moments and that are rare in the gas
phase has been predicted by calculations [130]. But comparison of IR and NMR spectra
of different guanine derivatives have shown that at neutral pH values only the keto-amino
tautomers of guanine (G1 and G2) are present in solution [131]. Since guanine is only
very weakly soluble in water, we only studied its nucleoside guanosine with the sugar
moiety attached to the N9 atom. Therefore, the 9 H-keto-amino tautomer (G2) will be
considered for the interpretation of the data presented in this work.

For the relaxation of the excited 9H-keto-amino guanine, different pathways have

* state can

been identified in theoretical studies over the last decade. The excited nn
directly relax to the ground state via a conical intersection which is characterised by
an out-of-plane (oop) movement of the C2 atom and a displacement of the NHy group
[132-137]. This CI is called the oop-NHs CI and is shown in Figure 5.27. Two only
slightly different CIs with the same characteristics were found by Yamazaki et al. [136]
(ethylenic I and ethylenic IT) and further studied by Barbatti et al. [137]. The second
pathway runs via an nt* state leading to a CI which is characterised by a puckering of
the C'6 atom and an oop motion of the carbonyl oxygen [132, 134, 135, 137]. A third
pathway includes the mo* state which has a conical intersection with the ground state

at stretched NH bond lengths [136]. This relaxation path is only accessible about 0.4 eV
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Figure 5.26. Tautomeric structures and relative energies of isolated guanine [85]. Shown are
the structures with lowest energies. In pH neutral solution, only the keto-amino tautomers (G1
and G2) are present [131].

oop-NH,

Figure 5.27. Geometries of two conical intersections of excited states with the ground state
occurring in isolated guanine [132]. The oop-NHy CI characterises a barrierless pathway from
the nn* state to the ground state. The oop-O CI is accessible after population transfer to the
nr* state.

above the absorption maximum of the first ©n* state in isolated guanine and therefore
is not expected to play a role in the experiments. According to Barbatti et al., only

* * state

5% of the population which initially starts in the nrn* state relaxes via the nn
[137]. The majority (95%) decays barrierless directly towards one of the ethylenic Cls.
A recent molecular dynamics simulation of solvated guanine concluded that the oop-O
CI is much more important in solution than in the gas phase [138]. About 42% (71%)
of the trajectories started on the Sy (S2) state relax towards this CI.

In fs-transient absorption experiments, Kohler et al. found an excited state lifetime
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of (460+40) fs for guanosine in aqueous solution [122, 139]. Peon and Zewail applied the
fs-fluorescence up-conversion method to guanosine and GMP in aqueous solution. They
found lifetimes of (690£100) fs and (860+100) fs for guanosine and GMP, respectively
[140].

In a more recent study, Karunakaran et al. applied the transient absorption method
to guanosine monophosphate (GMP) in aqueous solution probing the excited state with
a broad band pulse of 270-900 nm [141]. They varied the excitation wavelength from
the absorption maximum (267 nm, exciting L, and Lj) to the low energy onset (287 nm,
exciting only L,) in order to observe spectral differences in the excited state. The
absence of spectral differences indicates that the transition from the L, to L, must be
faster than 100 fs and the whole dynamics observed in both cases reveals the relaxation
along the L, potential. Besides this ultrafast transition, they observe decay times of
about 11 =220fs and t9 =900 fs for in the wavelength region between 400 and 900 nm.
In the wavelength region between 270 and 400 nm, the signal rises with t; =250 fs and
then decays bi-exponentially with 1o =1ps and 13 =2.5ps. Karunakaran et al. assign
the observed lifetimes with the help of quantum-chemical calculations as follows: T
(~250fs) denotes the transition from the FC region to a (preudo-)minimum on the L,
potential, 19 (~1ps) reveals the internal conversion from the L, to the hot ground state
which cools down with t3 (2.5 ps).

Shortly after these findings, Miannay et al. published their results on GMP contra-
dicting this assignment [84]. They measured the fluorescence up-conversion signal of
GMP in solution wavelength-resolved. They emphasise that all the observed signal must
stem from a very flat excited state potential. They observe a quite complex behaviour of
the time-dependent fluorescence up-conversion signal at different probe-wavelength. A
global fit to their data reveals lifetimes of 0.16, 0.67 and 2.0 ps. Although the obtained
lifetimes are comparable to the lifetimes obtained by Karunakaran et al., their assign-
ment must be revisited. The 2 ps lifetime cannot be assigned to hot-ground-state cooling
because this would not show up in fluorescence. Hence, also the long lifetimes must be
assigned to excited state relaxation. In Figure 5.28, these different assignments are visu-
alised schematically. Applying time-resolved photoelectron spectroscopy, we contribute

with a complementary method and improve this assignment.

5.4.2. TRPES results

Figure 5.29 shows the time-resolved photoelectron spectra of guanosine solution obtained
by 266 nm pump and a tunable probe ranging from 238 nm to 248 nm. At negative delays,
the signal stems from tunable pump and 266 nm probe pulses. In all three cases, a very

broad photoelectron distribution at time zero is observed ranging up to about 2.5eV
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Figure 5.28. Schematic representation of the potential energy curves for guanosine and assign-
ment of observed lifetimes as proposed by Karunakaran et al. [141] (red) and Miannay et al.
[84] (blue), grey accounts for both. The ground state Sy is excited vertically by the pump pulse
(267 nm or 287nm) to the bright excited states L, and Lj. Both groups agree on the sub-100{s
Ly — L, population transfer and the ~200 fs lifetime to leave the FC region. While Karunakaran
propose a pseudominimum on the L, potential and a ~1 ps population transfer to the hot ground
state which cools down with a lifetime of about 2.5 ps, Miannay assign all their observed signal
(up to 4 ps at 600nm probe) to the excited state relaxation.
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Figure 5.29. Time-resolved photoelectron spectra of a buffered 1 mM guanosine solution. For
each wavelength combination, the raw data is shown as colour plot.

photoelectron kinetic energy. With increasing delays, the signal seems to shift towards
lower kinetic energy and gets more narrow. The time-dependent spectral shape of the
signal seems to be quite complex. Already from the raw data, it is obvious that a single

contribution with a single lifetime would not fit the data satisfactorily. Therefore, the
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Table 5.4. Lifetimes and relative intensity (Apej= Aglow/Afast) Of the corresponding contribu-
tions of guanosine obtained for different pump and probe photon energies. (Parentheses show
the uncertainty of the last digit as obtained from the fit.) {This lifetime was kept constant.

pump probe Tfast Tslow Asel
/ eV / eV / fs / ps

positive delays 4.66 5.00 380+10 2.440.1 0.32
4.66 5.10 260460 2.3+0.4 0.34
4.66 5.21 250120 2.1£0.1 0.42

negative delays 5.00 4.66 40+£10 1.14+0.1 0.24
5.10 4.66 60+£30 1.17 0.34
5.21 4.66 60+£10 1.040.1 0.29

signal was fitted globally with a sum of two spectrally different contributions. Based on
the findings from Karunakaran et al. [141] and Miannay et al. [84], a sequential model

was assumed:
So 24 S, F 8, 28, (5.8)

In this model, the first contribution Sy is prepared by the pump pulse and decays
mono-exponentially with the time constant k;. The signal of the second contribution
Sy, rises with time constant k; and then also decays mono-exponentially with a different
time constant ky. A two-dimensional fit is performed (for the explicit fit function, see
equation A.6 in Appendix A.1). Lifetimes similar to the ones obtained by Karunakaran
et al. and Miannay et al. (200fs and 2 ps) were taken for parameter initialisation.

Figure 5.30 summarises the results of the two-dimensional fits. In the first row (A-C),
the raw data are compared to the fit revealing a very good agreement. In the second row
(D-F), the residuals are plotted with maximum values of £15% of the total signal. Again,
the fit is plotted on top to easily assign systematic discrepancies if present. However,
the residuals are dominated by statistical deviations and reveal a very good agreement
of the fits with the datasets. In the third row (G-I), the individual population dynamics
for each contribution is plotted. In the last row (J-L), the decay-associated spectra for
the individual contributions are shown with the same colour code as the corresponding
contribution in the population dynamics.

The lifetimes and relative amplitudes obtained from these 2-dimensional fits are sum-
marised in Table 5.4. There is a faster decaying and a slower decaying contribution
for each temporal direction, named 7g.st and T7gow, respectively. For positive delays
(266 nm pump, tunable probe), the lifetimes are Tgst: 250-380 fs and TSTOW:2.1*2.4 ps.
For negative delays (tunable pump, 266 nm probe), the lifetimes are 7, =40-60 fs and

Tslow

was kept constant at 1.1 ps. Both, the fast and the slow lifetime are faster at negative

=1.0-1.1 ps. Due to the poor statistics of the second dataset, 740w at negative delays
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Figure 5.30. Results obtained from fitting the TRPES of guanosine obtained with 266 nm and
tunable UV pulses (left column: 248 nm, center column: 243 nm, right column: 238nm). A-C:
Comparison of the global fit (lines) with the measured data (colour), D-F: Residuals (colour)
and the global fit (lines), where the colour scale covers a range of £15% of the maximum photo-
electron signal, G-I: Population dynamics of the individual contributions, J-L: Decay associated
spectra of the individual contributions with error bars with the same colour code as in the
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Figure 5.31. Comparison of decay-associated spectra of guanosine solution obtained with

different wavelengths. The spectra associated to T, (A) and tf_ (B) were obtained with

4.66 eV pump and different probe phonon energies (red: 5.0eV, blue: 5.1eV, and black: 5.2€V).

The spectra associated to tg, (C) and 1 (D) were obtained with different pump phonon

energies (red: 5.0eV, blue: 5.1eV, and black: 5.2¢eV) and 4.66 eV probe photon energy.

delays.

The value A, gives the relative intensity of the slow contribution with respect to
the fast contribution. For a complete population transfer from the first to the second
contribution, A, is 1. In all cases, about one third of the fast decaying population also

appears in the slower decaying contribution.

In Figure 5.31, the decay-associated spectra obtained from different wavelength com-
binations are compared to evaluate the wavelength-dependency. The spectra associated
to 'cftst (A) and 'c;OW (B) were obtained with 4.66 eV pump and different probe phonon
energies between 5.0 and 5.2eV. The general shape of the observed spectra is very simi-
lar. At the low-energy side, they are even identical whereas on the high-energy side, the
spectra seem to be shifted: extending to slightly higher kinetic energies for higher probe
photon energies. Hence, in all three cases the same excited distribution is probed with

slightly different photon energies and the spectra are cut off at low kinetic energies due
+

slow

more narrow and peak at smaller kinetic energies than the spectra associated to ‘c;;St.

to the magnetic bottle or effects in the liquid jet. The spectra associated to <t are

The spectra associated to decays at negative delays t  and tj_  are shown in Fig-
ures 5.31 C and D, respectively. These spectra were obtained with different pump photon
energies between 5.0 and 5.2 eV and 4.66 eV probe photon energy. These spectra reveal
identical shape only differing in the intensity. This is due to the same probe-photon
energy in this temporal direction. This indicates that, varying the pump-photon energy

by about 0.2eV does not change the excited state spectrum.

Comparing the spectra associated to the fast decays T;;st and tp ., we find surprising
+

slow and

similarities. Even more surprisingly, the spectra associated to the slow decays t

are also almost identical although the probe photon energy differs by up to 0.55¢€V.

Tslow
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5.4.3. Discussion

The time-resolved photoelectron spectra of guanosine in solution reveal excited state
lifetimes that depend on the excitation wavelength. For excitation with 266 nm, excited
state lifetimes of about 300 fs and 2 ps were found. The time-dependent spectra reveal
a binding energy of about 4.2eV for the excited state. For excitation around 5eV, the
lifetimes are significantly shorter with about 50 fs and 1 ps. However, the spectra for the
fast and the slow contribution are quite similar for the different temporal directions. For
both temporal directions, only about one third of the population of the fast contribution

appears in the slow contribution.

Motivated by these results, a collaboration with Walter Thiel and co-workers was
initiated. Based on their results on hydrated guanine [138], they are currently calculating
the time-dependent ionisation energies of guanine in solution (a common publication is
being prepared). Preliminary results indicate, that for delay times after about 100 fs the
ionisation potential of the excited state is constant at a value of about 4.5 eV (the original
value from the simulation has been re-calibrated by comparison of the initial ionisation
energy of the excited state (3.54 eV [142]) with the energy gap between the first ground
state absorption maximum (~4.6eV) and one-photon ionisation energy of the molecule
in the ground state (7.2eV [80])) [142]. Therefore, the potential hypersurface of the ionic
ground state must be parallel to the excited state along the relaxation paths. The probe
photon energy that we applied in the experiment was up to 5.2¢eV. Due to the broad
bands in solution, we are able to ionise the excited state along the whole pathway on
the S; state.

These results are explained with the help of Figure 5.32 which shows schematically
the potential energy curve for the ground state, the first exited state, and the ionic
ground state of guanosine in solution. For positive delays (A), the molecule is excited
with a 266 nm pulse (4.66 €V) preparing the excited state. In the FC region, the excited
state potential shows a strong gradient accelerating the excited-state wave packet. At
the temporal overlap of the pulses, ionisation of the excited state with a probe pulse of
238 nm will therefore lead to a broad distribution of kinetic energies in the photoelectron
spectrum. The wave packet leaves the FC region within about 300 fs. As the wave packet
leaves the FC region, the wave packet spreads but the ionic potential curve is now almost
parallel to the excited state potential and the observed photoelectron spectrum gets more

narrow. The molecule returns to the ground state with a lifetime of about ‘c;EOW ~2ps.

At negative delays (Figure 5.32B), the molecule is excited with higher photon energies
up to 5.2eV (238 nm). The photoelectron spectrum at the temporal overlap is as broad
as for positive delays because the potential of the excited state has the same gradient.

But with the higher photon energies, a lot more excess energy is introduced in the excited

74



5.4. Guanine and guanosine

A: positive delays B: negative delays
spectrum spectrum spectrum spectrum
A Ekin Ekin Ekin Ekin

-

energy / eV
energy / eV

=266 nm,

T st ~ 50 fs

Q

Z

238 nm

L | L.
0.0 reaction coordinate 0.0 reaction coordinate

Figure 5.32. Potential energy diagramm for guanosine in solution in order to explain the differ-
ent results obtained for positive (A) and negative (B) delays. The fast lifetime < _, corresponds
to the wave packet leaving the FC region (grey) on the excited state S; whereas the slow lifetime

T:iow reveals the transfer to the electronic ground state Sg. The spectra associated to Tf—zst and
Trast are broad due to the potential gradient on the excited state in the FC region. At longer

delays, the potential curves of the excited state S; and the ionic state Dg are almost parallel
leading to a narrowing in the photoelectron spectrum although the wave packet broadens while
it evolves on the excited state. The initially excited vibronic level is retained (dashed line) which
explains the similarity of spectra at long delays for both temporal directions.

state. This leads to an acceleration of the wave packet dynamics and the FC region is
left with a much shorter lifetime of about 50fs. Again, the wave packet spreads but
due to the ionic potential being parallel to the excited state potential, the photoelectron
spectrum becomes narrow. The electron kinetic energies are the same as for positive
delays, because the vibrational energy is conserved. Due to the accelerated dynamics,
the excited state only has a lifetime of 1 ps.

Wavelength dependence. The wavelength dependence only appears in the spectra and
lifetimes in positive delays, where the probe-wavelength is varied. For higher photon
energies in the probe step, the photoelectron spectrum extends to slightly higher kinetic
energies. However, regarding the variation in the lifetime, open questions remain. The
lifetime changes from 250fs for 5.2eV and 5.1eV probe photon energy to 380fs for
5.0 eV photon energy. Limitations due to the FC window for ionisation (too low photon
energies) would affect the lifetime in opposite direction, namely shorten the lifetime
when the probe photon energy is decreased. For negative delays, the pump wavelength
is varied between 5.0 and 5.2eV. For this direction, the measured lifetimes and decay-

associated spectra are identical. Hence, for excitation with high excess energy, slight

75



5. Excited state dynamics of DNA bases and nucleosides

changes in the excitation energy do not change the results.

Heggen et al. simulated the excited state dynamics of guanine in solution and identi-
fied different conical intersections between the excited state and the ground state [138].
However, the hopping time for the different types of S;/Sp hopping structures is very
similar (200500 fs). Additionally, the ionisation energy of the excited molecules is also
very similar for the different structures [142]. Therefore, we propose the assignment
given in Figure 5.32. However, due to the extraordinary good match of the simulated
lifetime with the experimental szst, an alternative assignment may also be plausible:
Trast Tefers to the relaxation of the excited state and 7gow to a second pathway which has
not been observed in the simulations.

Comparison with previous results. Karunakaran et al. measured the transient absorp-
tion of GMP excited with 267 nm and 287 nm and assigned the lifetimes in the following
way: 250 fs for transfer from the FC region to the Ly min, 1 ps for transition into the hot
ground state and finally 2.5 ps for the hot ground state relaxation [141]. This assignment
was challenged by Miannay et al. who measured the fluorescence up-conversion signal of
GMP excited with 266 nm [84]. They found a dependency of the measured lifetimes on
the selected fluorescence wavelength revealing a time-dependent shift of the fluorescence
spectrum. A global fit gave lifetimes of 160 fs, 670 fs and 2.0 ps - all assigned to relax-
ation on the L, (S;1) potential surface. Since it seems unlikely that the (hot) ground
state can be ionised with a probe photon energy of about 5eV, my results indicate that

the excited state is occupied for about 2 ps and therefore support the latter assignment.

5.5. Thymine and thymidine

5.5.1. Current state of knowledge

Figure 5.33 shows the lowest energy tautomers of isolated thymine. The canonical tau-
tomer is the keto-tautomer (T1). In a polar environment (e.g. aqueous solution), tau-
tomers with large dipole moments are stabilised. The dipole moments and energies of the
tautomers of isolated thymine suggest that in aqueous solution only the keto-tautomer
(T1) is present with significant abundance [143]. In the case of thymidine, the sugar
moiety is attached to the N1 position - also favouring the same tautomer (T1).

In the gas phase, the first excited state of thymine in the Franck-Condon region
is an optically dark nn* state and the second excited state is a bright nn* state (see
Figure 5.4). The transition into this second excited state leads to an intense absorption
band at around 250 nm (4.95¢V) in the gas phase [144]. Further excited states (nn*)
were observed at about 6.2eV and 7.4€V in the gas phase [144] but are to high in energy

to play any role in the deactivation process.
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Figure 5.33. Tautomeric structures of isolated thymine and their relative ground state ener-
gies [85]. In this case, the energy difference to the lowest energy tautomer is too large to be
compensated by a higher stabilzation due to a larger dipolemoment [143].

Time-resolved spectroscopy on isolated DNA bases has been performed by Kang et
al. and Ullrich et al. [145, 146]. Kang et al. measured the transient ion signal af-
ter excitation with 267 nm and delayed ionisation with 800 nm pulses in a three-photon
process [145]. Besides a Gaussian cross-correlation signal, they found a bi-exponential
decay with lifetimes of 6.4 ps and >100ps. The latter was assigned to a low-lying triplet
state accessible in the gas phase. Ullrich et al. performed time-resolved photoelectron
spectroscopy on isolated DNA bases. They used 250 nm (4.96 eV) pulses to excite the
molecules and 200 nm (6.20 V) pulses to ionise. They do not observe any time-dependent
spectral change of the photoelectron signal and fitted their signal with three exponen-
tially decaying contributions, where the longest was fixed to 6.4 ps (taken from Kang et
al.). The other two lifetimes were <50 fs and 490 fs for thymine [146]. The triplet state
was not observed in this case. Very recent experimental data on isolated thymine show
a 200 fs electronic relaxation without any indication for a barrier on the nn* state [147].
Comparing their results with simulations of Auger spectra, they also suggest involvement

of an nr* state.

There has been a lot of effort from theory to explain the results obtained from these
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Figure 5.34. Different pathways predicted for the excited state relaxation of isolated thymine.
Figure taken from Ref. [148].

gas phase experiments and to assign distinct pathways [148—155] as summarised in Fig-
ure 5.34. Merchan et al. proposed a relaxation pathway that occurs only on the mn*
hypersurface [149]. They assigned the sub-ps lifetime to a direct transition from the
excited mn* state to the ground state and the longer-lived contribution to a planar min-
imum on the nn* state where the population is trapped. Hudock et al. and Szymczak
et al. found a fs-transfer from the FC region to a minimum of the nn* potential surface
[154, 155]. According to them, a small barrier to the nn*/nn* conical intersection would
then result in the ps decay observed in the experiments. Asturiol et al. found two relax-
ation pathways [150]: a direct pathway and an indirect pathway via the nt* state. Both
paths start with a small barrier on the nn* state which has to be overcome initially. A
part of the population then passes a conical intersection directly into the ground state.
The remaining population decays via the nt* state which has a pronounced minimum
giving rise to the ps lifetime. The sub-ps lifetime refers to the de-population of the

et

state including both, the direct transition to the ground state and the population
transfer to the nn* state. Lan et al. found a barrierless transition on the nn* surface to
the nt* /nn* conical intersection giving rise to the fs-lifetime and a subsequent trapping
of the population in the ni* state leading to a ps decay [151]. In more recent works,
a population transfer from the nn* state to the nt* state on the femtosecond timescale
was predicted for isolated thymine [148, 152]. While Picconi et al. found a significant
population of the nt* state upon excitation of the n* state [152], Barbatti et al. even
proposed a complete population transfer to the nn* state [148]. In contrast, recent
QM-MD simulations of excited state dynamics of isolated thymine find no indication for

involvement of the nt* state but assign the whole relaxation pathway to dynamics on
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the nn* potential surface [153].

Also solvated thymine has been studied experimentally applying different femtosecond
time-resolved spectroscopy techniques [2, 122, 139, 156-159]. First femtosecond studies
on transient absorption of DNA bases including thymine have been published by the
Kohler group [2, 122, 139, 156]. They found a sub-ps decay of the excited state signal
(720fs) and a bi-exponential re-population of the ground state minimum. This delayed
re-population was assigned to a relaxation wvia the dark nrm* state. For thymine an
nr* state lifetime of 30 ps was deduced [156]. Gustavsson and co-workers have studied
thymine extensively applying fs fluorescence up-conversion in different protic and aprotic
environments [157-159]. They observed two lifetimes: an ultra-short contribution below
200 fs and a longer-lived contribution which was strongly solvent dependent (630 fs in
water) [157, 159]. They did not observe the 30 ps contribution of the n* state, but this
was not expected in fluorescent up-conversion experiments because transitions from the

nr* state to the ground state are optically dark.

Theoretical calculations on solvated thymine are rare. The first theoretical study on
a similar molecule in solution was performed by Improta et al. [160]. They studied the
excited state dynamics of uracil in solution explicitly including the exciting laser pulse
which turned out to be an important feature. Uracil only differs from thymine by lacking
the methyl group at the C5 atom. Their calculations show that the potential energy
surfaces of the n* state and the n* state cross along the de-excitation path on the mr*
surface. They therefore can explain an ultrafast population transfer from the nn* state
to the nr* state in less than 100 fs in aqueous solution and suggest a similar behaviour

for solvated thymine.

Recently, QM /MM molecular dynamics simulations about excited state relaxation of
thymine in aqueous solution were published by Nakayama et al. [153]. In contrast to the
pronounced involvement of the nn* state in the calculations of Improta et al. (see above),
these new simulations find no indication for any role of the nr* state in the deactivation
process. As shown in Figure 5.4, the lowest excited state of thymine in water is the nr*
state. Upon excitation of this nn* state of the solvated thymine, Nakayama et al. found
two distinct relaxation pathways via two conical intersections with the ground state. The
two corresponding structures at the Cls are shown in Figure 5.35. The first CI involves
a twisting of the C'5-C6 bond with a strong puckering of the C'6 atom and is labelled
as (fnn*(C5-C6)/So)c1- The second CI is associated to an out-of-plane displacement of
the carbonyl group and is labelled as (1nn*(C4-08)/So)c1. According to Nakayama et
al., this second pathway only appears for excited thymine in solution and was absent in

their calculations on the isolated thymine.
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Figure 5.35. Snapshots of thymine at the conical intersections that are involved in the electronic
de-excitation of thymine in solution. [153]

5.5.2. TRPES results

Figures 5.36 and 5.37 show the time-resolved photoelectron spectra of thymine and
thymidine, respectively. For both molecules, photoelectron kinetic energies ranging up
to about 2.5eV are observed in a pump-probe delay range from -0.5ps to 1ps. These
data were analysed in terms of a global fit including the convolution of a Gaussian cross-
correlation and an exponential decay, both for positive and negative delays (accounting
for excitation with 266 nm or 238 nm). The explicit fit function is given in equation A.7
(see appendix A.1). All fit results are summarised in Table 5.5. Following the observation
of Ullrich et al., a time-dependent spectral shift of the individual contributions was not
included [146].

In a first version, only a single contribution for each temporal direction was assumed.
The results of this fit are shown in Figures 5.36(a,d,g,j) and 5.37(a,d,g,j) for thymine and
thymidine, respectively. These fits give reasonable agreement with the data but there are
still systematic deviations as revealed by the residuals in 5.36d and 5.37d. These show
rather positive values at early negative delays and negative values at positive delays.
Therefore, the model was extended to a second contribution and parallel pathways have
been assumed:

k1
hw Sm — So,

SO — (5'9)

S, 25,
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5.5. Thymine and thymidine

Table 5.5. Fitparameters of the global analysis of thymine and thymidine assuming n contri-
butions to the signal. The lifetimes 71 and 72 refer to decays at positive delays (pump 266 nm,
probe 238 nm) and the lifetimes 757 and 7, to decays at negative delays (pump 238 nm, probe

AT +A
266nm). The parameter = ﬁ gives the ratio between signal in negative delay direc-
1 2

tion and signal in positive direction, with A; = fooo a;(Eyin)dEyin (for a;(Eyiy) see Equation A.7
in Appendix A.1). The uncertainties of the lifetimes correspond to one standard deviation as
obtained from the fit.

n 1/ fs o [ fs T3 [ fs T, /15 B
thymine 2 (1+1) 240+10 - 140440 - 0.29
3 (2+1) 70410 410440 32040 — 0.08
2 (FU [157]) 195417 63318 - - -
2 (TA [156])T — 720470 - — -
4 (2+2) 80410 420410 70410 430+10 0.14
thymidine 2 (1+1) 260+10 - 230+30 — 0.13
1 (FU [140]) - 7004120 - - -
1 (TA [122, 139]) - 540+40 - - -
3 (2+1) 120+£10 390+10 29020 - 0.09
2 (FU [121]) 150420 720+30 - - -
4 (2+2) 140410 430+10 3+10 310£10 0.73
TMP 1 (FU [140]) - 980+120 - = -
2 (TA [156])* — 410490 - — -

t additional lifetime of Tlong = (30£13) ps for re-population of the ground state
¥ additional lifetime of Tlong = (127%£15) ps for re-population of the ground state

In this model, S, and S,, may either be two different excited states or refer to different
trajectories within the same excited state. But in any case, k1 and ks reveal the temporal
evolution of two different points in phase space that are directly populated by the pump
pulse. Hence, the data cannot be fitted well with a single exponential characterised by
k = k1 + k9. For negative delays, a single contribution was used in this second fit shown
in Figures 5.36(b,e,h,k) and 5.37(b,e,h k). Figure 5.36b shows the experimental data of
thymine (colour) and the fit (lines). In Figure 5.36¢, the residuals from the fit are shown.
At positive delays, the residuals vary statistically around zero and the model fits well
to the data. At early negative delays, however, the residuals are systematically more
positive (red) revealing an underestimation of the data by the model. These deviations
seem to arise from a very tiny temporal shift of the excited state population decay (cf.
Figure 5.36k) which may simply reflect the limitations of using an exponential decay
model to fit the population. In fact, the prepared wave packet needs some time to
spread and reach the conical intersection. It is therefore reasonable to expect a small

delay in the excited state de-population.

The decay associated spectra and population dynamics of individual contributions
are shown in Figures 5.36h and k, respectively. In positive delay direction, contribu-

tions with lifetimes of 70fs and 410fs are observed for thymine. The average kinetic
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Figure 5.36. Time-resolved photoelectron spectrum of thymine in solution obtained with

266nm and 238nm pulses. A global analysis including two (left column), three (center col-
umn), and four contributions (right column) was performed. a-c) Comparison of the global fit
(lines) with the measured data (colour), d-f) Residuals (colour) and the global fit (lines), where
the colour scale covers a range of £15% of the maximum photoelectron signal, g-i) Decay asso-
ciated spectra of the two, three, or four contributions with error bars, j-1) Population dynamics
of the individual contributions with the same colour code as in the decay associated spectra.
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energies (AKE, see equation 5.3.2) for thymine are 1.42¢eV and 1.26 eV for the fast and
the slowly decaying component in positive delay direction, respectively. The contribu-
tion towards negative delays shows a lifetime of 320 fs and has an AKE of 1.08¢eV. The
probe-photon energy difference between positive and negative delay direction is (5.2 eV—
4.65eV=0.55¢eV). Hence, the AKE of the contribution in positive direction should be
shifted by 0.55 eV with respect to the same contribution in negative direction. However,
this is not the case. In all our liquid jet experiments, we have observed that the photo-
electron signal is in general strongly reduced at very low kinetic energies [79]. However,
this is not the case for experiments with nitric oxide in the gas phase, i.e. it is not given by
properties of the spectrometer itself. The reason for this reduction of signal is possibly a
cloud of charged water clusters surrounding the liquid jet [37]. Due to this reduced signal
at low kinetic energies, an overestimation of the average kinetic energy can be assumed,
especially for the case of the lower probe photon energy in negative delay direction. For
adenine / adenosine a very good agreement of the maximum kinetic energy with the
probe photon energy difference has been demonstrated (see Section 5.3.2 or [79]). In
the case of thymine, the maximum kinetic energies of the individual contributions are
2.8¢eV and 2.6 €V at positive delays and 2.0 eV at negative delays (cf. Figure 5.36b). The
difference between the maximum kinetic energy of the slower contribution in positive
delay direction and the contribution in negative delay direction matches the probe pho-
ton energy difference. This indicates that both contributions originate from the same
relaxation path. This would indicate the absence of the faster decaying contribution
at negative delays. However, due to the low signal at negative delays, a deconvolution
is very difficult (see the subsequent paragraph), and a combination of fast and slowly

decaying contribution at negative delays cannot be excluded.

The corresponding data and fits for thymidine are shown in Figure 5.37. For com-
pleteness, the fits again include two, three, or four contributions. The fit with three
contributions is preferred for the same reasons as in the thymine case and discussed in
detail. For the contributions in positive delay direction (266 nm pump, 238 nm probe),
we found lifetimes of 120 fs and 390 fs, and for the contribution in negative delay direc-
tion (238 nm pump, 266 nm probe) 290 fs. These lifetimes are almost identical to the
excited state lifetimes of thymine — only the short lifetime at positive delays is slightly
longer for thymidine.

The AKE for the two contributions in positive delay direction are 1.43 eV for the faster
decaying contribution and 1.19¢eV for the slower one. For the contribution in negative
delay direction, we observe an AKE of 1.00eV. Again, these values do not reveal the
probe photon energy difference of 0.55 eV for positive and negative delays. But the max-
imum kinetic energies are 2.9eV and 2.6 eV for the fast and slow contribution in positive

delay direction and 2.0 eV in negative delay direction. Again, the difference between the
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Figure 5.37. Time-resolved photoelectron spectrum of thymidine in solution obtained with
266 nm and 238 nm pulses. A global analysis including two (left column), three (center column),
and four contributions (right column) was performed. a-c) Comparison of the global fit (lines)
with the measured data (colour), d-f) Residuals (colour) and the global fit (lines), where the
colour scale covers a range of £15 % of the maximum photoelectron signal, g-i) Decay associated
spectra of the two, three, or four contributions with error bars, j-1) Population dynamics of the
individual contributions with the same colour code as in the decay associated spectra.
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maximum kinetic energy of the slower contribution in positive delay direction and the
contribution in negative delay direction matches the probe photon energy difference.
For comparison, also a global analysis with four contributions (two for each temporal
direction) was performed, as shown in Figure 5.36(c,f,i,]) and Figure 5.37(c,f,i,]) for
thymine and thymidine, respectively. This fit gives similarly good agreement with the
data as the one with three contributions. Also the lifetimes are very similar. For thymine,
the very quickly decaying contribution at negative delays has only a very small amplitude
compared to the total signal (see Figure 5.361). For thymidine, this contribution is even
smaller and reveals an unrealistically short lifetime of only 3fs. Therefore, we can
conclude, that a fit with three contributions is sufficient — especially, since the main
focus of this work lies on the dynamics upon excitation with 266 nm (positive delays).
Due to the large similarities of the data and fits of thymine and thymidine, we can
conclude that the excited states of both molecules relax along the same coordinates and

that the sugar moiety only plays a minor role (e.g. by slightly extending the lifetimes).

5.5.3. Discussion

In their fluorescence up-conversion experiments, Gustavsson et al. found a bi-exponential
decay of the signal of thymine and thymidine upon excitation with 267 nm pulses. The
deduced lifetimes of 195fs and 630fs for Thy and <150fs and 690 fs for Thd were all
assigned to the decay of the nn* state [157, 161]. In experiments on transient absorption,
Kohler and co-workers found a mono-exponential decay (540 fs) of the nn* excited state
of thymidine in early experiments [122, 139]. A more detailed study on thymine (and
its nucleotide, TMP) revealed a 720fs (410fs) lifetime of the excited state and a bi-
exponential re-population of the vibronic ground state suggesting that a significant part
of the excited state population is trapped in a dark state [156]. They found a lifetime
of 30 ps (127 ps) for the decay of the dark state in thymine (TMP). This dark state was
suggested to be the lowest nn* state [156, 160, 162]. In contrast, recent QM /MM molec-
ular dynamics simulations suggest that the relaxation only occurs along two different
coordinates on the same nn* potential [153]. The observed ground state re-population
times in this study suggest a sub-ps decay of the excited states. The excited-state life-
times presented here are in agreement with both, fluorescence up-conversion lifetimes
and QM /MM molecular dynamics simulations.

Motivated by the good agreement of our experimental data with the QM /MM molec-
ular dynamics simulations [153], a collaboration was established with A. Nakayama.
Based on his theoretical work, Nakayama calculated the time-dependent energy of the
ionic ground state (Dg) of solvated thymine. In Figure 5.38A and B, potential energies

along representative trajectories are shown for the ground state and the excited states
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Figure 5.38. Time-dependent potential energies of all relevant states along two representa-
tive trajectories that reach the regions of (a) 'nn*(C5-C6/So)cr and (b) ‘nn*(C4-08/So)cr.
All potential energies are given relative to the S;(nn*) potential energy. The potential ener-
gies of the excited states (S1(nn*), red squares and Sa(nn*), blue triangles) and neutral ground
state (S, black circles) are taken from Ref. [153]. The potential energy of the ionic ground
state (Do(n™!), green triangles) was calculated by Akira Nakayama [163]. For the case of in-
stantaneous and complete redistribution of the excess energy, the ionisation window is given
by E(nn*)+ hwprobe (black solid line) for a 5.2eV photon. The black diamond shows the total
photon energy (hwpump + Awprobe) Which only seems to be higher in b) due to the slightly lower
absolute energy of the nn* state. Red shaded areas are regions where the probe photon energy
is large enough to ionise the n* state. The blue shaded areas denote regions where the energy
of ionic ground state is too high and hence the molecule cannot be ionised by the probe photon.
Along the pathway towards the 'nn*(C5-C6/Sp)c1 (a), the ionic ground state energy increases
by about 3 eV within the first 200 fs making ionisation impossible already at ~130fs after excita-
tion. However, along the second pathway, relaxation is much slower, and the ionic ground state
energy rises less steeply. Therefore, the molecule can be ionised for a much longer period up to
about 500 fs along this pathway.

* state. Besides the temporal evolution of the

of thymine — relative to the excited nr
relative energies of the ground state (Sp, black circles), the nn* state (Si, red line), and
the nnt* state (Sq, blue triangles), also the relative potential energy of the ionic ground
state (Do, green triangles) is depicted. For both representative trajectories, the potential
energy of the nt* state is above the nn* potential energy suggesting that the nt* state is
not involved in the relaxation. The black horizontal line at 5.2 eV relative energy denotes
the photon energy of the probe pulse. As long as the probe photon energy is higher than
the ionic ground state energy (red area), the excited state can be ionised. If the relative
ionic ground state energy gets higher than the probe photon energy (blue area), then
the nn* state cannot be ionised any more. For the representative trajectory towards
the nn*(C5-C6/So)cr) (see Figure 5.38A), the observation time is limited to about
130fs. In contrast, for the second representative trajectory via the 'nn*(C4-08/So)ct
shown in Figure 5.38B the nn* state can be ionised all along the relaxation path. This

indicates an assignment of the measured lifetimes: the short lifetime corresponds to the
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Figure 5.39. Results of simulation with 30 trajectories reaching either the (*nn*(C5-C6/So)c1
(red) or the (‘nn*(C4-08/So)c1 region (blue). Left: Time-dependent population in the 'rr*
excited state. The black line shows the average of all trajectories. Right: Kinetic energies of
photoelectrons along the trajectories for ionisation with 5.2eV photon energy. At t=0ps, the
average of all kinetic energies is 1.72eV. The average over kinetic energies of trajectories that
reach the (1nn*(C5-C6/Sp)cr and (rn*(C4-08/Sp)c1 regions are 1.80 and 1.40 eV, respectively.

relaxation via the nn*(C5-C6/So)cr and the long lifetime to the relaxation via the
Lan*(C4-08/S0)c1. Further trajectories towards both conical intersections were simu-
lated by Akira Nakayama and the results will soon be published in a common paper
[163].

This assignment is supported by comparing the decay associated spectra with the
results from QM/MM molecular dynamics simulations [163]. Figure 5.39 shows the
time-dependent population in the excited state which can be ionised by a probe photon
with 5.2eV photon energy (a) and the expected kinetic energy of the photoelectron at
different delays (b). The trajectories were assigned to two groups: one evolving towards
the nn*(C5-C6/So)cr and the second towards 'nn*(C4-08/Sp)ci. The trajectories
from the latter group stay in the excited state for a longer time before they hop to the
ground state or leave the FC window for ionisation. The kinetic energies calculated from
these trajectories are on average higher for the relaxation towards 'nn*(C5-C6/So)c1
than towards 'nn*(C4-08/So)cr. In the first case, we find an average kinetic energy of
1.8eV at the temporal overlap and in the second case, the kinetic energy amounts to
1.4 eV. With increasing delay, the ionisation energy quickly increases due to the evolving
dynamics and the corresponding photoelectron kinetic energy decreases. For comparison
with the measured spectra, we have to consider the limited time-resolution of the exper-
iment. Averaging over all kinetic energies up to 100 fs, we find an average kinetic energy
of 1.14 eV for relaxation towards 'nn*(C5-C6/Sp)cr and 1.05eV for relaxation towards
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5. Excited state dynamics of DNA bases and nucleosides

Lan*(C4-08/So)cr1. This is only slightly lower than the average kinetic energy retrieved
for the fast and slowly decaying contribution, i.e. 1.42 and 1.26 eV, respectively. For
both, the excited state lifetime and the photoelectron spectrum, we find a qualitative
agreement between the QM /MM molecular dynamics simulations and the experiment.
We assign the short-lived contribution to a wave packet evolving along the relaxation
path associated to the 'nn*(C5-C6/S)cr, whereas the longer-lived contribution reveals
a wave packet relaxing through the 'nn*(C4-08/Sg)cr.

Why do we not observe signal from the nn* state? It has been discussed, that in
aqueous solution, a part of the excited state population of thymine is trapped in the nr*
state with a lifetime of 30 ps [156]. Hence, we should observe some signal at long delays
if this state was occupied and if the photon energy was high enough to ionise this state.
We do not observe any pump-probe signal lasting longer than about 2ps. Therefore,

I have to discuss if the nn*

state can be ionised by a 5.2eV photon. Within an in-
house collaboration, Hans-Herrmann Ritze performed ab-initio calculations on isolated
thymine employing the MOLPRO2010.1 package [164]. Assuming Cs symmetry and
using the aug-cc-pVTZ basis set, the equilibrium structure of the nt* electronic state
was obtained at the CASPT2 level of theory. Applying the MR-CISD(+Q) method, the
vertical ionisation energy from the nt* to the Di(n~!) cationic state was computed for
this geometry and a value of 5.48 eV was found for isolated thymine. For the hydrated
molecule, we expect a lowering of this value by about 0.9 eV due to solvatochromic shifts
[80, 165, 166]. Therefore, the vertical ionisation energy of hydrated thymine would be
expected at about 4.6 eV for the nt* minimum geometry. This is easily accessible with
5.2eV probe photons. Hence, if the nt* state was populated to significant amounts,
we would expect a signal around 0.6eV with a lifetime of about 30 ps. Especially at
longer delays when the signal from the nn* state has decayed, the nt* signal would be
easily detectable. The fact that we do not observe any long-lived signal strongly suggests
that the nn* state is not significantly populated and not involved in the excited-state
relaxation of thymine. The bi-exponential re-population of the vibronic ground state
observed in transient absorption [156] might instead reflect ground state dynamics (e.g.

hot-ground-state cooling) along the different relaxation paths.

5.6. Cytosine and cytidine

5.6.1. Current state of knowledge

Cytosine is in structure quite similar to thymine (discussed in the previous section).
But in contrast to thymine, cytosine appears in several tautomers in the gas phase.

Therefore, excited state dynamics of cytosine in the gas phase is quite complex and
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Figure 5.40. Tautomeric structures of isolated cytosine [85]. The tautomers are ordered ac-
cording to the ground-state energy. In aqueous solution, the canonical tautomer (C1) is much
better hydrated than the enol- and imino-forms [169] and is the only tautomer of cytosine in
aqueous solution.

difficult to interpret. Figure 5.40 shows the lowest eight tautomers with their relative
ground state energies found in a recent coupled-cluster calculation [85]. Experimentally,
three tautomers have been distinguished: the keto- (C1), the enol- (C2, C3) and the keto-
imino-tautomer (C4, C5) [167]. The exact relative abundance of the keto-, enol- and
keto-imino-tautomer in the gas phase is still under discussion [168, references therein].
Kosma et al. and Ho et al. performed experiments on isolated cytosine accounting
for the tautomers present in the gas phase [78, 168]. Kosma et al. observed the time-
dependent ion signal after excitation with a tunable pump pulse and delayed ionisation
with several photons of a 800 nm probe pulse. Depending on the excitation wavelength,
they found different excited state lifetimes and assigned these to different tautomers. Ho
et al. compared the excited state lifetimes of cytosine with the excited state lifetimes

of 1-methyl cytosine and 5-fluoro cytosine where different tautomers are favoured. Both
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Figure 5.41. Structures at conical intersections of isolated keto cytosine [170].

groups came to the conclusion that upon nr*

excitation, the enol-tautomer decays on
a timescale of several picoseconds whereas the keto- and imino-tautomers decay much
faster.

In numerous theoretical studies on excited state relaxation of cytosine, several conical
intersections with the ground state have been identified. However, the labelling of the
ClIs is quite different for individual studies. Therefore, a labelling according to Barbatti
et al. is chosen here [170, cross-references therein]. The conical intersections are shown
in Figure 5.41: the oop-NH; CI is connected to a strong out-of-plane (oop) motion of the
amino group and puckering of the atoms N3 and C4 [151, 171-176]; the semi-planar CI
is characterised by a C5-C6 bond length increase and a C2-N3 bond length decrease
[171-173, 175, 176]; the C6-puckered CI involves a twist around the C5-C6 bond leading
to a puckering of the C6 atom [151, 171, 174-179]; and the oop-O CI is connected to a
strong out-of-plane motion of the O atom while the ring stays almost planar [170]. This
latter CI lies at a quite high energy for isolated cytosine. Therefore, it is not involved
in the relaxation of isolated cytosine.

The relative importance of those Cls is not as clear (see Table 5.6). Hudock and
Martinez find most excited molecules to relax towards the oop-NHy CI [175]. Lan et
al. see all the excited molecules relax along the C6-puckered geometry. Barbatti et al.
observed the main fraction of the excited molecules relaxing towards the semi-planar
CI. Also the most recent studies by Nakayama et al. and Mai et al. do not provide
a consistent picture: Nakayama et al. see most molecules relax via the C6-puckered
CI while Mai et al. observe a broad distribution in the pathways including the triplet
manifold where 25% of the trajectories get trapped.

Calculations of Nakayama et al. [180] show, that the excited state dynamics of the
isolated cytosine is different for the imino-, keto-, and enol-tautomer. The lifetimes, they
found were remarkably similar to the lifetimes measured in pump-probe experiments [78,
168]. Nakayama et al. concluded that the imino- and keto-tautomer decay with a sub-ps
lifetime, whereas the enol-tautomer stays in the excited state for a much longer time.

In a recent study, Mai et al. [181] compared the calculated excited state dynamics of
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Table 5.6. Importance of individual relaxation pathways of excited keto-cytosine according to
different theoretical studies.

oop-NHo semi-planar C6-puckered others
Hudock and Martinez [175] 65% 15% 5% 15%
Lan et al. [151] 0% 0% 100% -
Barbatti et al. [170] % 68% 8% 17%P
Nakayama et al. [180] 4% 0% 84% 12%*
Mai et al. [181] 20% 42% 1% 37%¢

® no relaxation within 1 ps simulation time

b 1o relaxation within 1.2 ps simulation time

¢ 25% populate triplet states, the remaining 12% persisted in the Sy excited state beyond the simulation
time of 1 ps

the keto- and enol-tautomer of cytosine. They found triplets states playing a significant
role in the excited-state relaxation of the keto-tautomer, whereas the triplet states are
less important for the enol-tautomer relaxation. There is no simulation on the excited
state dynamics of hydrated cytosine, yet. QM/MM molecular dynamics simulation are
difficult for cytosine because the molecule is not planar in solution and frequent switching
of states occurs.

For solvated cytosine, the situation is a bit easier because the canonical keto-tautomer
(C1) gains a substantial amount of energy due to solvation — more than the enol- and
imino-tautomers [169]. Therefore, dynamics occurring from this tautomer is expected
to dominate the signal of excited cytosine in water. Hare et al. have observed a bi-
exponential re-population of the vibronic ground state for all pyrimidines (cytosine,
thymine and uracil) [156] and explained this behaviour by a population trapping in an

* state. In cytosine, about 10 % of the excited molecules experience

optically dark nr
this trapping and re-populate the vibronic ground state with a rate of (12ps)~!. In
cytidine 5-monophosphate (CMP), even 41 % of the excited molecules only re-populate

the vibronic ground state with a rate of (34ps)~!.

These experimental results have
triggered several theoretical investigations which have developed models for an ultra-
fast population transfer from the excited nn* state to the nn* state [160, 162]. However,
the nn* state which is discussed to play a critical role in the excited state relaxation of

pyrimidines has not yet been observed directly in experiments.

5.6.2. TRPES results

Figures 5.42 and 5.43 show the time-resolved photoelectron signal of cytosine and cyti-
dine, respectively, solvated in water. The photoelectron spectrum extends over kinetic
energies between 0 and 2.5eV and is observed in a pump probe delay range between
—0.5 and 2 ps. The signal at positive delays results from 266 nm excitation and 238 nm

ionisation (at negative delays: 238 nm pump and 266 nm probe).
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Figure 5.42. Time-resolved photoelectron spectrum of cytosine in solution obtained with
266nm and 238nm pulses. A global analysis including two (left column), three (center col-
umn), and four contributions (right column) was performed. a-c) Comparison of the global fit
(lines) with the measured data (colour), d-f) Residuals (colour) and the global fit (lines), where
the colour scale covers a range of £15% of the maximum photoelectron signal, g-i) Decay asso-
ciated spectra of the two, three, or four contributions with error bars, j-1) Population dynamics
of the individual contributions with the same colour code as in the decay associated spectra.
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Figure 5.43. Time-resolved photoelectron spectrum of cytidine in solution obtained with 266 nm
and 238 nm pulses. A global analysis including two (left column), three (center column), and four
contributions (right column) was performed. a-c) Comparison of the global fit (lines) with the
measured data (colour), d-f) Residuals (colour) and the global fit (lines), where the colour scale
covers a range of £15% of the maximum photoelectron signal, g-i) Decay associated spectra of
the two, three, or four contributions with error bars, j-1) Population dynamics of the individual
contributions with the same colour code as in the decay associated spectra.
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These data were analysed in terms of a global fit as described in the previous section
on thymine (Section 5.5). The fit function includes an exponential decay convolved with
a Gaussian cross-correlation for each contribution (see equation A.7 in Appendix A.1).
All fit results are summarised in Table 5.7. Similar to the previous analysis of thymine
(Section 5.5), the decay-associated spectra are not expected to change in time. The
most simple model involves only a single contribution in each temporal direction. The
result of this fit is shown in Figures 5.42(a,d,g,j) and 5.43(a,d,g,j) for cytosine and cy-
tidine, respectively. In both cases, this fit gives reasonably good agreement but some
systematic deviations are obvious. The residuals in Figures 5.42d and 5.43d are mainly
positive just before time zero, negative at delays up to 0.5ps and at later times pos-
itive, again. Therefore, an additional contribution towards positive delays was added
symbolizing an alternative relaxation path (see scheme 5.9). The result of this fit with
three contributions is shown in the center column (Fig. 5.42(b,e,h k) and 5.43(b,e,h.k)).
The residuals (Fig. 5.42¢ and 5.43e) reveal a much better agreement of the data with
the fit. However, at small negative delays, the fit still underestimates the data. This
has also been observed for thymine and we again explain this deviation by the failure of
the exponential fit model: the wave packet needs some finite time to evolve and explore
the phase space to reach the CI. Therefore, a small delay in the population decay is

expected.

Figure 5.42k shows the population dynamics of the individual contributions for the
three-contributions fit for cytosine. At positive delays, the main part of the excited
population (90%) decays with a rate of about (170 fs)~!. The remaining 10% population
decays with a rate of about (1.4 ps)~!. At negative delays, the excited state lifetime is
about 230 fs. For cytidine (see Fig. 5.43k), excited state lifetimes are 160fs and 1.1 ps
for the positive delays with about 78% of the population decaying via the faster path
and 370 fs for negative delays. All the fit parameters are summed up in Table 5.7. As
observed for thymine/thymidine, there is no indication for a longer-lived excited state
in cytosine/cytidine.

The corresponding decay associated spectra are shown in Figure 5.42h for cytosine
and in Figure 5.43h for cytidine. Although the relative intensity of the spectra differs,
their shape for individual contributions of the excited state dynamics of cytosine and
cytidine is very similar: in positive temporal direction, the short-lived contribution has
a very broad and asymmetric spectrum (possibly cut towards 0eV) ranging up to about
2.5¢eV while the more slowly decaying contribution is more symmetric and ranges only
up to about 2eV. The contribution in negative delays is again asymmetric (probably cut
towards 0eV) and ranges only up to about 1.8 eV. The similarity of the spectra and the
lifetimes of excited cytosine and cytidine in solution suggests that both molecules relax

on very similar pathways.
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Table 5.7. Fitparameters of the global analysis of cytosine and cytidine in solution assum-
ing n contributions to the signal and comparison with results from transient absorption (TA)
and fluorescence up-conversion (FU). The lifetimes 71 and 7o refer to decays at positive delays
(pump 266 nm, probe 238 nm) and the lifetimes 75" and 7, to decays at negative delays (pump
238 nm, probe 266 nm). The uncertainties of the lifetimes correspond to one standard deviation
as obtained from the fit.

n 1 /18 T2 / DS Ty [ fs T, / DS
cytosine 2 (1+1) 270 - 180 -
2 (TA [156])f 0.740.1 - -
3 (2+1) 170£20 1.44+0.4 230440 =
2 (FU [182]) 20020 1.3040.07 — -
4 (242) 190 1.9 10 0.29
cytidine 2 (1+1) 350 - 320 -
1 (FU [140)) 0.76+0.12 - -
1 (TA [122, 139]) 0.7240.40 - -
3 (2+1) 160430 1.1+0.3 370130 =
2 (FU [182]) 180420 0.9240.06 - -
4 (2+2) 210 1.4 80 430
CMP 1 (FU [140)) 0.95+0.12 - -
1 (FU [182)) 0.5340.20 - -
(TA [156])* 0.740.3 - -
2 (FU [182)) 270420 1.440.2 - -

t additional lifetime of Tlong = (12£3) ps for re-population of the ground state
¥ additional lifetime of Tlong = (34=£3) ps for re-population of the ground state

5.6.3. Discussion

For both, cytosine and cytidine, the lifetimes obtained from the fit with three con-
tributions are comparable to the lifetimes obtained from a bi-exponential fit to the
data obtained from fluorescence up-conversion (see Table 5.7). For cytosine, we found
(170£20) fs and (1.440.4) ps and for cytidine (160+30) fs and (1.1£0.3) ps. Hence, the
short and long lifetime are identical for the two molecules. However, the results from
mono-exponential fits to the TA and FU data for cytidine yield a significantly larger
lifetime (~740 fs) than a mono-exponential fit to our data (350 fs). This is probably due

to the different relative amplitudes of the different contributions.

Why do we not observe any long-lived signal due to a trapping of the population in
the nt* state? There are two possible reasons for the absence of such a signal. Firstly,
the nnt* state is not involved in the deactivation of the nn* excited state and, hence, no
population can be probed. Secondly, the ionisation energy of the nt* minimum might
be larger than the photon energy of the probe pulse and an existing population in the

nr* state could not be ionised.

Time-dependent photoelectron spectra of isolated cytosine have been simulated by

Hudock and Martinez [175]. They observed that a significant part of the population
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did not decay within 1 ps but instead was trapped in the non* minimum (associated to
the O atom). They applied 6.2 eV probe photons and observed kinetic energies of about
0.5eV. From this, we estimate the ionisation energy of the nn* state at the corresponding
minimum geometry of the isolated cytosine to be about 5.7 eV for the isolated molecule.
In hydrated cytosine, the nt* state is destabilised and binding energies in water are in
general lower. Therefore, the ionisation energy is expected to lower by about 1.5eV in
total (cf. Fig. 5.4). Hence, our probe photon energy of 5.2V should be sufficient to
ionise the nn* state of solvated cytosine at the nt* potential minimum and give rise to
a long-lived signal if this state is occupied. The absence of such a signal indicates that
the nt* state of cytosine in solution is not populated during the relaxation.

Assignment of relaxation pathways. There have been numerous theoretical studies on
excited state dynamics of isolated cytosine in the past [151, 170176, 179]. These studies
agree on the fact that cytosine relaxes along multiple pathways. However, differences
appear in the relative importance of individual pathways. The influence of hydration
on the relaxation has been studied regarding only two specific pathways that appear
in isolated cytosine [183, 184]. These pathways towards the oop-NHs CI and the C6-
puckered CI remained equally accessible. There was no clear preference of one over the
other pathways. Since, even for isolated cytosine, the assignment of relaxation pathways
to measured excited state lifetimes remains controversially, we cannot provide a clear
assignment of decay channels in solution, yet.

However, an intriguing similarity to the thymine case might be pointed out. Nakayama
et al. have recently found two different relaxation pathways on the nn* potential energy
surface for hydrated thymine [153]: the first involving a CI with a pronounced out-of-
plane motion of the NHy group, the second involving a CI with an out-of-plane motion
of the O8 atom (cf. Fig. 5.35). These geometries show very similar features as the
geometries at the oop-NHy CI and the oop-O CI of cytosine. The latter is very high
in potential energy for isolated thymine and therefore is not involved in excited state
relaxation in the gas phase. However, this pathway is strongly stabilised upon hydration
and hence becomes relevant. We may speculate that hydration influences the relaxation
pathways in cytosine similarly. But here, further sophisticated theoretical work on cy-
tosine in solution is required. We expect that this work presents benchmark data and
will trigger new theory work to better understand the relaxation dynamics in hydrated

DNA bases.
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In this work, I have investigated the solvated electron and the excited state dynam-
ics of DNA bases and nucleosides in solution by means of time-resolved photoelectron
spectroscopy.

The solvated electron is the — seemingly — most simple species in solution. We have
generated solvated electron by a charge-transfer-to-solvent excitation of iodide anions
in aqueous solution and have observed a temporal evolution as expected from transient
absorption experiments: Initially, the newly formed excess electrons are located in a
non-relaxed solvent environment, i. e. water molecules need to re-orient around the new
charge distribution in order to stabilise it. This leads to a time-dependent shift of the
photoelectron band. The solvated electron is initially located in close proximity to the
geminate iodine radial, and recombination competes with the formation of free solvated
electrons. Again in agreement with existing literature, we have observed a geminate
recombination rate of (22ps)~! and a rate for formation of free solvated electrons of
about (60 ps)~!.

However, in addition to existing literature, we have also obtained surprising new re-
sults: Some of the excess charges are apparently generated already in relaxed solvent
environment — their binding energy is already initially large. We also observed an ad-
ditional sub-ps decay of solvated electron signal. Based on the surface sensitivity of
liquid jet photoelectron spectroscopy and supported by our data obtained from surface
active tetrabutyl ammonium iodide measurements, we proposed a new interpretation of
the data: There are two sub-populations of solvated electrons contributing to the signal:
surface and bulk solvated electrons. Bulk solvated electrons thermalise in about 1 ps and
then either recombine with the geminate iodide radical with a rate of (22 ps)~! or diffuse
away from the iodine radical surviving for up to ps. Solvated electrons close to the sur-
face are generated already with a binding energy characteristic for thermalised solvated
electrons and recombine on a sub-ps timescale. Both species have the same binding
energy of 3.4eV. No indication for a long-lived contribution with a binding energy of
1.6 eV has been observed.

I presented the first photoelectron spectra of neutral DNA bases and nucleosides in
aqueous solution (guanine excluded due to its poor solubility in water). I found a

common feature in the two-photon ionisation signals (one-colour signals): the spectra
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are in general down-shifted in electron kinetic energy. This observation was interpreted
in terms of excited-state dynamics occurring within the pulse duration.

For adenine, the most theoretical and experimental work was available, and we chose
this molecule for a proof of principle experiment. We distinguished the two tautomers
that are present in solution and assigned the excited state lifetimes according to the
literature. The time-dependent photoelectron spectra of these two tautomers are almost
identical and reveal an excited state binding energy of about 4 €V. But the relative signal
intensity of the two tautomers depends on the probe wavelength, i.e. their excited-state
ionisation cross-sections have a different wavelength dependence.

In the case of guanosine, previous experiments with transient absorption and fluores-
cence up-conversion have given similar excited state lifetimes of 200 fs, 1 ps and 2.5 ps.
But these lifetimes were assigned differently. While in transient absorption experiments,
the first two lifetimes were assigned to dynamics on the excited nn* state and the largest
lifetime was assigned to hot-ground-state relaxation, fluorescence up-conversion experi-
ments indicated that all lifetimes had to be assigned to excited state dynamics and the
excited state potential was suggested to be very flat. In our experiment using time-
resolved photoelectron spectroscopy, we found comparable lifetimes of about 300 fs and
2ps. Since we cannot ionise the ground state (even if hot), we follow the latter as-
signment: a sequential transition out of the Franck-Condon region and a subsequent
population transfer through the conical intersection into the ground state. With the
higher excitation energy at negative delays, the relaxation lifetimes are decreased in
agreement with the higher excess energy accelerating the excited state dynamics and
also opening further relaxation pathways. The fact that the spectra are almost identical
at positive and negative delays suggests that vibrational energy in the excited state is
preserved.

Regarding the solvated pyrimidine bases (thymine and cytosine) and nucleosides (thymi-
dine and cytidine), our data challenged the previously accepted relaxation pathway via
the ni* state. In transient absorption experiments, an excited state de-population of
* state. Additionally, the

re-population of the vibronic ground state occurred within several ten ps. This was
*

<1ps was found and assigned to the relaxation of the nn
explained by an involvement of a dark nr™* state. In photoelectron spectroscopy, also
nr* states are directly observable if the photon energy is sufficiently high for ionisation.
Our time-resolved photoelectron spectra show no signal from an nn* state although it
is energetically accessible with the probe photon energy and should be easily observable
at delay times >1ps. In case of thymine/thymidine, our data instead is in agreement
with the previously proposed relaxation along two different reaction coordinates on the
same nn* potential energy surface. For cytosine/cytidine, we observed a very similar

behaviour as for thymine/thymidine, however the corresponding QM/MM molecular

98



dynamics simulations are not available, yet. We suppose that also cytosine and cytidine
relax along two coordinates on the nn* potential surface.

In this work, I have shown that time-resolved photoelectron spectroscopy is a powerful
tool to investigate solvated molecules in a liquid jet. This technique provides a different
view on the excited state dynamics of solvated molecules complementing established
techniques as transient absorption or fluorescence up-conversion.

Only short time after the very first works on time-resolved photoelectron spectroscopy
in solution were published in 2010, this technique has raised a lot of interest and several
groups are now implementing set-ups to join this research area. Most of these groups aim
at using high harmonics for the benefit of a larger Franck-Condon window for ionisation.
But they sacrifice the advantage of almost background-free measurements because every
molecule will be ionised by a single photon — whether solute or solvent, whether in
the ground or excited state. A very simple estimation demonstrates the obstacles: To
minimise solute-solute interactions, diluted solutions of up to 1 mM concentration are
preferred. Aqueous solutions always contain 55 M water molecules. Moreover, typically
excitation densities of about 10% are used to avoid non-linear effects. Hence, only
from considering the concentrations and excitation density, a signal-to-noise ratio of
about 2-107% at maximum is expected. At the same time, the pulse energies have to
be decreased drastically in order to create only a few (meaning 1-10) photoelectrons
per pulse, otherwise space charge effects disturb the spectrum. Hence, there are some
technical challenges to be overcome prior to performing successful experiments on diluted
solutions using high harmonic radiation. Omne possibility is obviously to significantly
increase the repetition rate of the laser.

The time-resolved photoelectron spectroscopy of liquid samples as it is presented in
this work is a great tool which has provided new insights in the dynamics and energetics
of the solvated electron and the excited-state dynamics of DNA bases and nucleosides
— although these species were already extensively studied with other techniques and
reasonably well understood.

The photostability of DNA bases is not yet understood completely but it is surely
based on the ultrafast dynamics that bring the molecule back into the ground state. We
have shown, that the dynamics starts already within the pulse duration and that the
process initiating these dynamics could not be resolved, yet. It would be very interesting

to do the same experiment with even shorter pulses in order to resolve the initial steps.
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A.1. Fitfunction for the time-dependent signal

The cross-correlation of the laser pulses is assumed to be of Gaussian shape. Therefore,

a normalized Gaussian G(t) is used where w is its width (twice the standard deviation):

G(t) = w;m exp <_ii2> . (A1)

The full width at half maximum of the cross-correlation is then given by FWHM=

w-+/In(4). (For the convolution with the exponential, this Gaussian runs over the whole
time axis. Therefore, it is not shifted to ¢ty which is the temporal overlap of pump and
probe pulses.)

The lifetime of the excited state ¢ is given by an exponential decay function FE;(t),
where k; is the decay rate of the excited state with corresponding lifetime of 7; = k; !

and A; is the amplitude of this contribution at tg:
Ez(t) :Ai-eXp(—ki-(t—to)). (AQ)

The time-dependent signal is then the convolution of the Gaussian cross-correlation
and the exponential decrease E(t) (the exponential has to be 0 for delay times < ¢y and

is therefore multiplied with a step-function centred at t):

1 ki w? kiw? — 4(t —t
Popdyn(t) = G(t) ® B(t) = 5 Ai-exp < - k:z'(t—to)> Erfe <%ﬂo>> .

Parallel decays: 1f several transients (all initiated instantaneously by the pump pulse)

contribute to the signal, then individual population dynamics are summed up:

2,2 a2 — _
Signal(t) = ZAZ- : %exp (k:zgu — k(¢ —t0)> -Erfe (%4\(/%@) , (A4)

where A; is the amplitude of the individual component at the time t = ¢g.
Sequential decays: In case of sequential decays, only the transient A is populated by

the pump pulse and decays with the rate k4 by forming transient B which rises with the
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Figure A.1. The solutions of the rate equations for two transients with lifetimes of 250 fs and
2.5 ps in a sequential model with complete population transfer (¢ =1) are shown in A. B shows
the same equations convolved with the Gaussian cross-correlation (FWHM = 117 fs).

same time constant. In this case, the rate equations have to be solved, where N and

Np reflect the number of molecules in the corresponding excited states:

WA — —fp- Na(2) L Na() = Aok a3
WB)  — _ky - Np(t)+ka - Na(t) Np(t) =Avka(e-kat_ehat)

where Ag is the initial population of transient A at tg. If now also these functions
are convolved with the same Gaussian cross-correlation function G(t), the Population
dynamics for transient B changes to (the population dynamics for transient A is of course

the same as for the parallel pathways):

Ag-ka 1 k3w? kpw? —4(t —to)
Popdynp(t) = a- —2 "4 2 ~kp(t—to) | - Exf
opdyns(t) =a ka—kp 2<exp< 8 5(t—to) e 2w\/2

k% w? kaw? —4(t —t
—exp< A8 —kA(t—to)>-Erfc< A Qw\/(§ 0)>>7

where « corresponds to the relative cross-section of transient B as compared to transient

(A.6)

A. If all population is transferred from A to B and they have equal ionization cross-
sections then o« = 1. This is illustrated in Figure A.1 showing the solutions of the rate

equations (A) and the convolutions with the cross-correlation function (B).

For the experiments with DNA bases and nucleotides, the photon energies were chosen
such that both pump and probe pulse can initiate dynamics. Therefore, also signal
into negative temporal direction (where the probe pulse pumps) is expected. In the
corresponding equation for population dynamics, only the sign in front of the term

(t —tp) in the argument of the exponential and in the argument of the error function
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A.2. Excitation and ionization energies of the DNA bases

changes.

Two-dimensional fit of signal from DNA bases: For the two-dimensional fit of the
photoelectron signal, the amplitudes A; are replaced by energy-dependent amplitudes
a;(E) for each energy point which are introduced as fit-parameters. Hence, the a;(E)
is the decay-associated spectrum of the contribution . An additional time-independent
contribution aofset (E£) is added due to the dead time effects of the detector.

2,2 2
Signal(E,t) = aofrset () —{—;ai(E) : %exp <kl§u —ki(t— t0)> -Erfe <klu}+€§t§_to)> ,
(A.7)
This is the case of parallel pathways but it is also easily adaptable to the sequential

pathways.

A.2. Excitation and ionization energies of the DNA bases

Table A.1 lists values and references for the vertical excitation and ionization energies
of the DNA bases in gas phase (absolute calculated values) and aqueous solution (solva-

tochromic shifts compared to the isolated molecule).
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Table A.1. Vertical excitation energies (Franck-Condon region) of the DNA bases in the gas
phase and in aqueous solution. For adenine in solution, Lan et al. found strongly mixed charac-
ters in the first three excited states [83].

molecule state vertical excitation energy / eV Ref.
adenine (gas) nr* 4.58 [185]
wr* (Lq) 5.16(exp), 4.66(theo) [186], [185]
et (Ly) within 0.2 around L,, 4.97 [116], [185]
IP 8.5 [187]
adenine (aq) Lg -0.1-0.3 [188]
Ly 0.1-0.2 [188]
nr* 10.2-0.5 [188]
P 756V [80]
guanine (gas) Ly (nmt*) 4.26 [135]
Ly (nm*) 4.99 [135]
nrk 5.33 [135]
P 8.24 [189]
guanine (aq) Ly (nmt*) -(0.1-0.3) [188]
Ly (nm*) ~ [188]
nr* (dark) +0.5 [188]
IP 726V [80]
thymine (gas) nm* 4.54 [151]
n* 4.90 [151]
IP 9.15 [190]
thymine (aq) nr* -0.1-0.2 [188]
nrk 0.5 [188]
P 8.1eV [80]
cytosine (gas) nr* 4.30 [151]
nr* 4.68 [151]
IP 8.8V 78, Ref. 12]
cytosine (aq) nn* +0.2 [188]
nr* +0.6 [188]
P 7.8V [80]
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uv ultraviolet spectral range: 200-380 nm

VIE vertical ionisation energy

VUuv vacuum ultraviolet spectral range: ~100-200 nm
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