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Introduction

1. Introduction

This thesis is focused on the structure, energy and reactivity of excited singlet and
triplet states in isolated molecules and small aggregates. In particular primary steps of
elementary photoinduced reactions are investigated in isolated model systems. Thus intra-
and intermolecular interactions can be identified, and a detailed understanding of these
model systems makes it possible to draw conclusions concerning biomolecules in a more

complex environment.

Special focus is on proton transfer reactions upon photoexcitation, which play a role for
instance in excited state deactivation mechanisms: The photostability of DNA is assigned
to fast internal conversion of the electronically excited state to the electronic ground state,
leading to short lifetimes of the excited state and thus preventing photochemical reactions.
Excited states of Watson-Crick base pairs in DNA decay via a ©t* charge-transfer state
which is stabilized by a proton or hydrogen transfer (cf. example "), This thesis deals
with primary steps of light induced proton transfer reactions, also described as a keto-enol
tautomerism. One molecule which has been investigated in this work by IR spectroscopy
with regard to an excited state proton transfer reaction is 3-hydroxyflavone, a
representative of flavonoids which are known for their photoprotective and antioxidative
effects. Furthermore 2,5-dihydroxybenzoic acid, which is used as a matrix substance'® in
MALDI (matrix assisted laser desorption ionization) sources'”), and 2-(2-naphthyl)-3-
hydroxychromone have been analyzed by IR spectroscopy concerning a possible proton

transfer in the excited state.

Additionally the mono- and the dihydrate of 3-hydroxyflavone have been investigated
with regard to proton wire reactions. Proton migration along solvent chains of hydrogen
bonded water molecules play a major role in the energetic of cell membranes'® *'; Many
transmembrane proteins create, control or utilize proton gradients across the biological
membranes. Hydrogen bonded wires were identified for instance in the membrane

spanning proteins such as bacteriarhodopsin“o'lz]

[13-15]

, the bacterial photosynthetic reaction

[16-18]

centers and the transmembrane channel formed by gramicidin . The proton

transfer can be described by a mechanism which is similar to the proton translocation

[19, 20]

described by the Grotthus model through bulk liquid water For a better

understanding of these mechanisms, isolated small model systems exhibiting a proton wire
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along a chain of solvent molecules were analyzed: 7-Hydroxyquinolin®'~" and 7-

azaindole*® !

were investigated by fluorescence, UV and combined UV/UV spectroscopy
with regard to an excited state proton transfer along ammonia, methanol and water wires.
Although the proton transfer is confirmed for the aggregates with ammonia and methanol
(whereas it did not occur for the water wires), no direct structural information about the
excited states were obtained. Aggregates of 3-hydroxyflavone with water can also serve as
model systems for proton wire reactions. In this work the IR spectra of the electronic
ground state of the mono- and the dihydrate as well as the IR spectra of the electronically
excited states of the aggregate with two water molecules are presented, yielding direct and
detailed geometrical information. Due to the combination of UV and IR spectroscopy an

unambiguous structural assignment is possible, and the first application subsequent to an

excited state proton transfer along solvent molecules (proton wire) is shown.

Fragmentation upon photoexcitation is the second topic of this work. Caged
compounds as a class of substances being able to release active components after
irradiation*" have been investigated with regard to their fragmentation pathways. They are
used to insert their active components into cells: For instance cyclic adenosine

411 were bonded to an o-

monophosphate (cAMP)** #*! as well as adenosine triphosphate
nitrobenzylic protective group and were released in the cell by a laser pulse. 6-
Nitropiperonylalcohol and 6-nitropiperonylacetate serve as model systems for this
substance class. For a better understanding of the observed fragmentation pattern, 3,4-
methylendioxynitrobenzene, 3,4-dimethoxynitrobenzene and 5-nitroindole have been

investigated as precursor molecules.

As photochemical intra- and intermolecular reactions involve not only singlet but also
triplet states!, the analyses of those are of interest as well. Furthermore photoinduced
reactions originating from triplet states are highly probable due to their long lifetimes. The
energies of T states can easily be determined by phosphorescence spectroscopy, including
investigations in solution as well as in molecular beams. Still these analyses are often
limited to the lowest triplet states and almost no information about the higher ones are
obtained, which are of interest due to the fact that often more triplet states than the T state
are located energetically below the S, state (c.f. example ). The energy of these triplet
states is accessible by photoexcitation of the anion (photoelectron spectroscopy) (cf.
example ). Still no direct structural information about triplet states are obtained by

either phosphorescence or photoelectron spectroscopy. Combined IR/UV spectroscopy
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offers a tool to investigate triplet states with regard to their geometry in a molecular beam:
The T, state of the pyrazine-argon complex was investigated by photodissociation
spectroscopy" ). The ion signal was obtained via direct T;«Sj transition with a second UV
laser ionizing the molecule. The IR photon was placed after electronic excitation and prior
to ionization, and a resonant vibrational excitation leads to photodissociation, that is, the
loss of an Ar atom (messenger). The IR spectrum of the cluster is taken as an estimate for
the spectrum of the bare molecule. In order to analyze triplet states of isolated molecules,
i.e. without using a messenger molecule, UV/IR/UV spectroscopy can be applied. Due to
the fact that electronic excitation often occurs to singlet states, the analysis subsequent to
an Intersystem Crossing (ISC) is desirable. In this thesis the UV/IR/UV technique has been
applied for the first time to a T, state; xanthone with an efficient ISC serves as a model
system: After electronic excitation to the S, state ISC into the triplet manifold occurs
offering the possibility to investigate triplet states of isolated xanthone by combined IR/UV
spectroscopy. Thus direct structural information about reaction products of photoinduced

reactions in triplet states can be obtained.

In general, molecular beam experiments enable the investigation of isolated, cold
molecules without any influence of the environment. Furthermore, small aggregates can be
analyzed in a supersonic jet by gradually adding solvent molecules like water. Conclusions
concerning the interactions in solution can be derived by investigating and fully

understanding small systems with a defined amount of solvent molecules.

IR/R2PI (Infrared/Resonant 2-photon ionization) spectroscopy can be applied to

electronic ground states to determine and discriminate between different structures’™ ", IR

laser systems are necessary for the application of this method in different spectral ranges:
The IR light is generated by various techniques, including difference frequency mixing

[58]

(DFM)®¥, optical parametric oscillating (OPO)*®, DFM followed by an optical

[59, 60]

parametrical amplification (OPA) and a second DFM process as well as free electron

lasers'®). The first molecule analyzed with IR/R2PI spectroscopy is benzene and its dimer
in the range of 3000 — 3100 cm™ yielding information on the CH stretching vibrations™.
In the case of fluorobenzene(methanol), (n=1,2)[54] the spectral range was extended to
1020 — 1060 cm™ allowing the analysis of the C-O stretching and C-H bending vibrations.
The IR light was generated by a CO, laser. Furthermore the OH stretching vibrations of
phenol(H,0), (n=1-3)""! were analyzed by IR/R2PI spectroscopy in the range of 3000 —

3800 cm™. The spectral region of the C=0 stretching vibrations was also accessible with
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high resolution and higher power; signal and idler of an OPA (optical parametrical
amplification) process are the input of a difference frequency mixing process in an
AgGaSe, crystal®. A detailed description of the laser system including the resulting
output energies as well as the obtained resolution is given in Chapter 2.3. Thus the
protected amino acid AcPheOMe was analyzed in the spectral range of 1450 — 1800 cm™
yielding information on the structure sensitive C=O stretching vibrations” . Finally the IR
spectra of tryptophan were recorded in the fingerprint region of 330 — 1500 cm’' 1% by
using a free electron laser. The spectral range was further extended to 150 — 2000 cm™ for

the hydrated aggregates of tryptophan'®*.

Electronically excited states can be analyzed by for instance R2PI (resonant 2-photon
ionization) spectroscopy'®°®: The first UV photon populates different vibrational levels of
the excited state. Thus by scanning the UV laser, a vibrational spectrum of the excited state
is obtained. In most cases only low frequencies are observed due to unfavourable Franck-
Condon factors for the high frequencies. The spectrum can be attributable to one or to an
overlay of different isomers with similar excitation energies (for further details cf. Chapter
[67]

2.2.1). To discriminate between different isomers, UV/UV hole burning spectroscopy

can be applied (cf. Chapter 2.2.3).

Furthermore combined IR/UV spectroscopy can also be applied to electronically
excited states, yielding information on high frequency vibrations and thus detailed
information on geometry changes upon photoexcitation'®”?. In the first applications the
IR spectrum was recorded via a decrease of the fluorescence signal (IR/fluorescence
spectroscopy): The IR spectrum of propynolm] was recorded in the range of 3250 — 3400
cm’'. Furthermore the IR spectra of microsolvated aggregates of phenol, phenol(H,0),
(n=1, 3), were recorded in the range of 3000 — 3800 cm'l, yielding information on the OH
stretching vibrations'’'\. Additionally the IR spectrum can be detected via a decrease of the
ion signal (IR/R2PI (UV/IR/UV) spectroscopy). This technique was applied to

aminophtalimides and their aggregates with one and two water molecules'®

in the range of
3100 — 3800 cm’, yielding information on the NH and OH stretching vibrations.
Additionally IR spectra of the electronically excited states of coumarins such as coumarin
151, coumarin 120 and coumarin 152A and its aggregates with acetonitrile, water and

[69]

acetone~ were recorded in the range of 3000 — 3800 cm’ by IR/R2PI spectroscopy,

yielding information on the NH and OH stretching vibrations.
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By setting the second UV photon to the exact ionization potential, a triple resonance
technique, IR/MATI (IR/mass analyzed threshold ionization) spectroscopy, can be applied
to electronically excited states; resorcinol was investigated with this technique in the range

of 3520 — 3700 cm™' yielding information on the OH stretching vibrations!?.

Thus the mass and isomer selective IR/R2PI method can be applied to electronic
ground as well as to electronically excited singlet states. Besides the structure in different
neutral states, the ionic states are of interest as well: By applying the IR/PIRI (IR/photo
induced Rydberg ionization) triple resonance technique!’”, the ionic states of molecules
can be analyzed. A detailed description of the spectroscopic techniques is given in Chapter

2.2.

Structural assignments of the different electronic and ionic states are derived by
comparing the IR spectra with ab initio and (TD)DFT calculations'””). Therefore geometry
changes upon photoexcitation can be identified and detailed structural information about

the reaction products can be obtained.

In this work new variants of IR/UV double and triple resonance techniques are
introduced: IR/PIRI spectroscopy has been applied for the first time in the region of the
C=O0 stretching vibrations of 2,5-dihydroxybenzoic acid. Also a new variant of combined
IR/UV spectroscopy has been introduced in the region of the C=0 stretching vibrations in
the excited state of 2,5-dihydroxybenzoic acid. Finally the first application of the IR/UV
double resonance technique to excited triplet states without any messenger molecules
subsequent to an Intersystem Crossing is shown in this work. Furthermore, the IR/R2PI
technique has also been introduced subsequent to reactions - in this case a proton transfer
reaction - in the excited state of 3-hydroxyflavone and its aggregate with two water
molecules. In the case of the dihydrate, the proton transfer reaction along the water
molecules (proton wire) has to be induced by raising the excitation energy. Altogether it is
shown that IR/UV double and triple resonance techniques are suitable tools to analyze

reaction coordinates of photochemical processes.

The results are summarized in Chapter 3 and the associated publications are attached.
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2. Apparatus and Spectroscopic Techniques

All experimental results presented in Chapter 3 have been obtained in molecular beam
experiments on isolated molecules and their aggregates with water. Spectroscopic methods
are combined with mass spectrometry, leading to mass resolved spectra. The apparatus in
which the experiments have been carried out, the various - partly new - spectroscopic
techniques which have been applied as well as the laser systems used to generate the

necessary UV and IR radiation are described in this chapter.

2.1 Apparatus

The high vacuum apparatus consists of three differentially pumped vacuum chambers
(Figure 2.1). The first chamber is evacuated by a diffusion pump (3000 1/h, DI 3000,
Leybold); a rotary vane pump (65 m’/h, Alcatel) and a roots pump (250 m’/h, Alcatel) serve
as forepumps. A pressure of 810 mbar is achieved as long as the pulse valve is closed, it
is degraded to about 3%10™ mbar in the operating mode. The substance is placed in a glass
crucible in a steel sample storage comprised in the first chamber. The sample storage
consists of two cylindrical micro chambers that are connected by a steel tube and can be
heated individually up to 220 °C (Figure 2.2). The sample storage is clamped in a device
which can be adjusted in six dimensions from the outside: The translation into the three
spatial directions, the rotation in two different planes and the rotation of the front flange of

the pulse valve.

The micro chambers are filled with the substance (either one or two samples) which are
transported to the front flange by a carrier gas (p = 2 - 3 bar, either helium or neon). Finally
the molecules are expanded into vacuum by the pulse valve (Iota One, General Valve,

orifice: 500 pm). The valve can be heated up to 220 °C as well.

The molecular beam enters through a skimmer (Beam Dynamics, aperture 1 mm) into
the second chamber. This chamber is evacuated by a turbomolecular pump (Turbovac1000,
Leybold), which is affiliated to the same forepumps as for the first chamber. A pressure of

2*#10” mbar is achieved in the operating mode (pulse valve on). The supersonic jet is
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crossed perpendicularly by up to three laser beams in the second chamber. The ionized
molecules pass on for 3 cm without applying any electric field, or - in the case of MATI
or IR/PIRI"? experiments - with a small electric field (1-2 V/cm). Thus, ions which do not
result from ionization of the molecular beam are suppressed. Afterwards a pulsed high
voltage accelerates the ions perpendicularly towards the detector; or - in the case of

MATI" and IR/PIRI""? experiments - the Rydberg neutrals are ionized and accelerated.

Experimental setup

L laser
R Rydberg neutrals I:. MEE
/K/
e
@® ~100ns -
@  ~12ups (He) :
~28 pis (Ne) ion lense
® ~10us i
y deflection
- ionizing laser
I {a) 1025V : KDP  Dye Nd-YAG
b) 3518 V] i
— " x deflection

N

oV ay1168V | 16 ”‘mi/ m skimmer valve
b) 4130 V % dD \

excitation laser
Nd-YAG

T

Figure 2.1: Apparatus including the ionizing and excitation laser as well as the IR laser. The applied voltages

of the acceleration plates differ depending on the molecule: In the case of DHB a set of 1168 V and 1025 V
has been used, for the other molecules a set of 4130 V and 3518 V has been applied (cf. Appendix A).

The third chamber is the time-of-flight mass spectrometer. This chamber is evacuated by
a turbomolecular pump (Turbovac361, Leybold), whereas a rotary vane pump (8 m’/h,

Leybold) serves as forepump. A pressure of 2%10™® mbar is achieved in the operating mode.

10
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Figure 2.2: Sample storage including the pulse valve:

1y

2)
3)

4)

5)

6)

In order to obtain a Wiley-McLaren arrangemen

Resistances for thermalization of a) the front flange of the pulse valve, of b) the first and of c) the
second micro chamber. The pulse valve (3) is clamped by a connector made of brass, which is
also heated by resistances and connected to (1a). The pulse valve has the highest temperature,
followed by the first micro chamber. Thus the molecules are transported by the carrier gas

towards slightly higher temperatures and precipitation is circumvented.
Cogwheel, part of the arrangement to rotate the front flange.
Pulse valve (Iota One, General Valve, orifice: 500 pm).

ConFlat flange (CF 16) for a) the first and b) the second micro chamber. The arrangement of two
chambers allows the investigation of either one substance (first chamber) but also of two
substances for e.g. mixed dimers. For two samples the one requiring higher temperatures is

placed in the first micro chamber.

Heating element (Thermocoax), two of them are wrapped around the sample storage to heat the

system.

Drills for thermocouples to control the temperature. A third temperature receiving device is used

to control the temperature of the connector clamping the pulse valve.

t”s], three deflection plates are used

(two acceleration fields instead of one). The advantage of this arrangement is that ions of

the same mass but with different points of origin are focused by the first acceleration field.

Thus the ions are focused temporally, i.e. arrive at the same time at the detector. A

resolution of m/Am = 1800 for a mass of 110 Da can be achieved. Additionally deflection

11
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voltages in x- and y-direction can optimize the flight route. Three voltages are connected to

the microchannel plate detector in chevron arrangement:

VDI =0to -2200 V
VD2 =010 -1200 V (54.5 % of VDI) and

VD3=0to0-200 V (9.1 % of VD1).

For the experiments in this thesis voltages of -1700 V (VD1) and therefore -926.5 V (VD2)
as well as -154.7 V (VD3) have been applied, leading to a voltage level of about 770 V for
each of the two microchannel plates (amplification: 10%). The resulting electron current is
further amplified by a wideband voltage amplifier (HVA-200M-40-B, 40 dB, Femto) before
being visualized on a digital oscilloscope (TDS 520, Techtronics).

The apparatus is pulsed operated (10 Hz): The timing of the various lasers and the pulse
for the acceleration voltage is controlled by two Digital Delay/Pulse Generators (DG 535,
Stanford Research and a self-made one) which are triggered by the pulse driver (Iota One,

General Valve) for the pulse valve. For a detailed description cf. Appendix B.

12
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2.2 Spectroscopic Techniques

2.2.1 Resonant Two-Photon lonization!®*®°!

The cations of the investigated molecules result from a resonant two-photon ionization
(R2PI). The first UV photon populates different vibrational levels of the electronically
excited state; the second UV photon ionizes the molecule (Figure 2.3a). In the case of a
resonant excitation, the ion signal is considerably larger than in the case of a non resonant
excitation. Thus, by scanning the first UV laser, a vibrational spectrum of the excited state
is obtained. In most cases only low frequencies are observed due to unfavourable Franck-
Condon factors for the high frequencies. This spectrum can be attributable to one isomer or
to different isomers with similar excitation energies. For combined UV/UV and IR/UV
spectroscopic techniques to discriminate between different isomers cf. Chapter 2.2.2 and

Chapter 2.2.3.

a) DO , / b) DO #ﬂ o]
uv uv
A
Sn A - Sn A A A
uv uv
So S,
R2PI MATI

Figure 2.3: Scheme illustrating a) R2PI and b) MATI spectroscopy

a) The excitation laser is scanned; in the case of a resonant excitation the ion signal is considerably

larger than in the non resonant case. Thus a vibrational spectrum of the excited state is obtained.

b) The ionizing laser is scanned while the excitation laser is set to a resonant transition. Rydberg
states which are located directly below the ionization potential and the vibronic levels of the
cation can be seperated from the direct ions. An isomer selective spectrum of the ionic state is

obtained.

13
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After photoexcitation to the S; state, a UV photon of the same wavelength can be used
for ionization, which is called one-color R2PI. If a UV photon of a different wavelength is
used to ionize the molecule, it is called two-color R2PI. If the energetic distance between
the Sp and the electronically excited state is shorter than the distance between the excited
and the ionic state, it is inevitable to use a UV photon that is sufficient to exceed the
ionization potential. It might also be useful to use a UV photon with a longer wavelength
in cases where the exciting photon can easily exceed the ionization potential to prevent
fragmentation in the ionic state. In this work all R2PI spectra - except for the caged
compounds - have been recorded with a second UV photon of a shorter wavelength in

order to exceed the ionization potential.

lon Current Spectrum

By scanning the second UV laser, while the first laser is fixed on a resonant transition,
the ion current of the molecule can be recorded. If the energy of the second UV photon
exceeds the ionization potential, a steep raise of the ion current is observed. The ionization
potential is exceeded at the point of inflection and thus the ionization potential can be
determined by setting a tangent to it. A more accurate value for the ionization potential can
be obtained by recording a MATI spectrumm] (cf. Chapter 2.2.2), which corresponds to
the first derivative of the ion current. Additional steps can occur in the ion current
spectrum in the case of a resonant excitation to a vibrational level of the ionic state. These
are often not well resolved, MATI spectra provide a better resolution (cf. Chapter 2.2.2).
Thus a vibrational spectrum of the ion is obtained which is attributable to only one isomer

due to the isomer selective excitation to the S; state.

2.2.2 Mass Analyzed Threshold lonization*!

To obtain a more accurate value for the ionization potential, mass analyzed threshold
ionization (MATI)!"¥ spectroscopy is applied. MATI spectroscopy is similar to the pulsed

field ionization - zero kinetic energy (PFI-ZEKE)*"! method. Both techniques are based

14
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on the field ionization of long living Rydberg states which are located directly below the
ionization potential and the vibronic levels of the cation. The first UV laser is fixed to a
resonant transition, while the second laser is scanned (Figure 2.3b). The laser pulse
generates Rydberg neutrals as well as direct electrons (and ions). The Rydberg neutrals are
separated from the direct electrons by an electric field which is switched on 100 ns after
the two UV lasers crossed the probe volume. Afterwards a strong electric field is applied,
the ionization potential is lowered and thus the Rydberg neutrals are ionized. The resulting

electrons are accelerated towards a detector and can be analyzed.

In order to obtain a mass resolution, the resulting ions can be detected by using time-of-
flight mass spectrometry. As the mass of the direct ions is much larger than the one of the
electrons, a stronger electric field of 1-2 V/cm has to be applied to separate these from the
Rydberg neutrals. This leads to field ionization of more Rydberg neutrals even before the
strong electric field for ionization and acceleration towards the detector is applied. Thus
the signal of the field ionized Rydberg neutrals is less intense compared to the one of the

electrons.

The obtained ionization potentials have to be corrected by the electric field used to
separate the two species: By applying the electric field, Rydberg states of the same
quantum number are shifted and split into Stark states. Due to the high density of the
Rydberg states, the resulting Stark states of different main quantum numbers can cross. If
the electric field rises slowly, avoided crossings have to be taken into account, which is
called adiabatic ionization. In the case of a fast rising electric field these crossings are still
avoided which is called diabatic ionization. The subsidence of the ionization potential
depends on the electric field which is applied and thus the obtained value has to be

corrected by
4 \/? (Veem)™

in the case of a diabatic ionization and by
6% \/? (Veem)™

in the case of an adiabatic ionization'®***!. For the experiments described in this work the

diabatic ionization is applied.

15
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By scanning the ionizing laser, a vibrational spectrum of the ionic state is obtained via
the ion signal resulting from the Rydberg neutrals. In contrast to the R2PI spectrum of the
excited neutral state, this spectrum is attributable to only one isomer as the first resonant

excitation is isomer selective.

2.2.3 Combined Infrared/Ultraviolet Spectroscopy!®*~>": 6872 83, 84]

Various combined IR/UV techniques can be applied to electronic ground and
electronically excited states in molecular beam experiments.

For the Infrared/Resonant 2-photon ionization (IR/R2PT)"**>"!

method, the excitation
laser is fixed to one transition of the R2PI spectrum and the ionizing laser is set above the
corresponding ionization potential. This leads to a constant ion signal. The IR photon
arrives prior to the first UV photon, and in the case of a resonant vibrational excitation, the
vibrational ground state of the S, state is depopulated, leading to a decrease of the ion
signal®*>” (Figure 2.4a). By scanning the IR laser an IR/R2PI spectrum of one isomer -

due to the isomer selective excitation - of the electronic ground state is obtained and

different transitions of the R2PI spectrum can be assigned to the corresponding isomers.

The IR spectrum in the case of IR/MATI spectroscopym] is also recorded via a
depletion of an ion signal. In contrast to the IR/R2PI technique, the ionizing laser excites
the molecule to long living Rydberg states (cf. Chapter 2.2.2) and the IR spectrum is
recorded via a decrease of the ion signal of the field ionized Rydberg neutrals (Figure
2.4b).

A technique that differs only in the detecting method is IR/fluorescence spectroscopy'®
83. 841, Instead of a decrease of the ion signal, the fluorescence of the excited state is
detected. The IR photon arrives prior to the UV photon, and in the case of a resonant
vibrational excitation, the vibrational ground state of the electronic ground state is
depopulated leading to a less efficient excitation to the excited state and thus to a decrease

of the detected fluorescence (Figure 2.4c).

Both detection methods yield the same IR spectra, in the case of the IR/R2PI and the

IR/MATI spectroscopy the analysis is mass resolved. This is not the case for
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IR/fluorescence spectroscopy, but on the other hand only one UV photon is required to
record the IR spectrum. Due to the choice of nanosecond lasers, IR/R2PI spectroscopy
requires lifetimes on a nanosecond timescale of the excited state as ionization occurs from

thereon.

If the electronic transitions of two isomers are overlaid, combined IR/UV methods fail
to discriminate the isomers: The recorded IR spectrum can be due to an overlay of different
isomers. To assign the obtained transitions to the corresponding structures, IR/IR/UV hole
burning spectroscopy™’ can be applied (Figure 2.4d): The first IR laser is set to a
vibrational transition, the second IR laser is scanned. All bands belonging to the same
species as the one depopulated by the first IR laser will be considerably less intensive in
the IR spectrum. Thus by comparing the IR spectrum obtained by IR/UV spectroscopy to
the one recorded by the IR/IR/UV technique, vibrational transitions of one isomer can be

identified. This technique requires two IR photons and thus two IR laser systems are

necessary.

uv uv uv
Sn AE Sn AE Sn _A Sn A:

uv uv uv —
uv

A A
IR 4 IR 4 IRT Rl IR

S, S, S, S ﬂ—

Figure 2.4: Schemes illustrating different IR techniques for the electronic ground state:
a) IR/R2PI spectroscopy for the electronic ground state.
b) IR/MATI spectroscopy for the electronic ground state.
¢) IR/fluorescence spectroscopy for the electronic ground state.

d) IR/IR/UV hole burning spectroscopy for the electronic ground state. The IR spectrum can either
be recorded via the depletion of the fluorescence signal of the S, state or via the depletion of the

ion signal of the R2PI process.
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All techniques can also be applied to electronically excited states: For IR/fluorescence

[70- 71 the IR photon arrives temporally after the UV photon. In the case of a

spectroscopy
resonant vibrational excitation in the excited state, the fluorescence decreases due to a

depopulation of the vibrational ground state of the electronically excited state (Figure2.5a).

The spectrum of the excited state can also be detected via a decrease of the ion signal of
the R2PI process (IR/R2PD)'%* ®I: Therefore the IR photon arrives temporally in between
the first and the second UV photon (UV/IR/UV spectroscopy). In the case of a resonant

vibrational excitation, the ion signal decreases (Figure 2.5b). IR/MATI spectroscopy'’ > ca

n
also be applied to electronically excited states: The ionizing laser excites the molecule to
long living Rydberg states (cf. Chapter 2.2.2) and the IR spectrum is recorded via a
decrease of the ion signal of the field ionized Rydberg neutrals (Figure 2.5¢). For this
technique two isomer selective steps are applied: the electronic excitation to the excited
state and the ionization from thereon, but it requires the possibility to record MATI spectra

of the molecule (cf. Chapter 2.2.2).

In this thesis the IR/R2PI method (UV/IR/UV) has been applied subsequent to a proton
transfer reaction in the excited state (Figure 2.5d): After vertical excitation to the short
lived S; state, an excited state proton transfer occurs, leading to a second deeper minimum
called S, state. By placing the IR photon temporally between the proton transfer reaction
and the ionizing UV photon, the IR spectrum of the tautomeric form is recorded. The
obtained spectra are depicted in the attached ref. ™ and ™. Furthermore IR/R2PI
spectroscopy (UV/IR/UV) has been applied for the first time to a triplet state subsequent to
an Intersystem Crossing (ISC) in this work (Figure 2.5d): A molecule which exhibits an
efficient ISC is excited to its electronically excited singlet state (in this thesis the S, state),
followed by ISC, leading to the triplet manifold. By placing the IR photon temporally
between the ISC and the ionizing UV photon, a spectrum of the triplet state can be

recorded. The obtained spectrum is depicted in the attached ref. ™.

In this thesis another variant of IR/R2PI spectroscopy for electronically excited states,
the UV+(IR+UV) method, has been applied successfully in the region of the C=0
stretching vibrations for the first time: The ionizing laser is set to a wavelength so that the
sum of excitation and ionizing laser is not sufficient to ionize the molecule. By scanning
the IR laser to vibrational levels of the excited state of the molecule, the sum of three
photons (UV+IR+UV) exceeds the ionization potential and an ion signal is obtained

(Figure 2.5e). This method allows measuring against a zero base line since neither an
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excitation with two UV1 photons nor the sum of UV1 and UV2 photon leads to an ion
signal. (The non resonant excitation and ionization with two UV2 photons is also not
efficient enough to form an ion signal.) Thus the signal to noise ratio is excellent which
allows observing small effects. The recorded spectrum is depicted in the attached ref. !

and in Figure 3.4.

All techniques presented here have in common, that they are isomer and structure
selective. Another approach to discriminate between different isomers, which is not
structure selective, is the application of combined UV/UV spectroscopy: For UV/UV hole

1671 one UV laser (probe laser) is set to a transition of the R2PI

burning spectroscopy
spectrum, leading to a constant ion signal. Then a second UV laser (burn laser) is scanned
over the complete range of the R2PI spectrum, arriving approximately 150 ns prior to the
probe laser. If the burn laser is in resonance with a transition that shares the same
electronic ground state with the species which is excited by the probe laser, the Sy state is
depopulated leading to a decrease of the probe signal. Thus the obtained spectrum exhibits

bands which belong to only one isomer.

Another combined UV/UV technique which can be applied is MATI spectroscopy (cf.
Chapter 2.2.2): The first UV photon is set to one transition of the R2PI spectrum (cf.
Chapter 2.2.1) while the second one is scanned. Thus different isomers can be

distinguished by their exact ionization potentials.

In order to record an IR spectrum of the ion, the infrared/photo induced Rydberg
jonization (IR/PIRI)'"* spectroscopy is applied: In this triple resonance technique, the
excitation laser is set to one transition of the R2PI spectrum and the ionizing laser is fixed
to a high lying Rydberg state converging to the ionization potential (cf. Chapter 2.2.2). The
IR photon arrives after the second UV photon. In the case of a resonant vibrational
excitation, autoionization of the Rydberg state occurs, leading to a decrease of the ion
signal arising from the Rydberg neutrals (Figure 2.4f), i.e. a decrease of the MATI signal
(increase of the ion signal of the direct ions). The obtained IR/PIRI spectrum is attributable

to one isomer in the ionic state due to the isomer selective excitation.
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a) b) DOMA%L C) D,
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Figure 2.5: Schemes illustrating different IR techniques for electronically excited states and the ionic state:

a) IR/fluorescence spectroscopy for the electronically excited state

b) IR/R2PI spectroscopy for the electronically excited state

c) IR/MATTI spectroscopy for the electronically excited state

d) IR/R2PI spectroscopy subsequent to an excited state proton transfer and an Intersystem Crossing
e) UV+(IR+UV) spectroscopy for the electronically excited state

f) IR/PIRI spectroscopy.
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2.3 Laser Systems

Two Nd:YAG lasers (Lumonics HY 400 and Lumonics HY 750) are used to pump two
dye lasers with the second (Lumonics HD 300 and Sirah Cobra-Stretch) or the third
harmonic (Lumonics HY 750 and Sirah Cobra-Stretch). The output of the Dye laser is then
frequency doubled in a crystal (KDP or BBO, depending on the wavelength).

The IR radiation results from consecutive non-linear processes (Figure 2.6). The IR
light in the region of 2600 - 4200 cm™ is generated with a LiNbO; crystal by difference
frequency mixing (DFM) of the fundamental (1064 nm) of a seeded Nd:YAG laser
(Spectra-Physics PRO-230) and the output of a dye laser (Sirah, Precision Scan) pumped
by the second harmonic (532 nm) of the same Nd:YAG laser. The Dye laser is used in the
range of 735 - 833 nm (Styryl 8 and Styryl 9), and the DFM process is generated in a
LiNbOs crystal with a length of 30 mm. The crystal is doped with MgO in order to increase
the damage threshold. The incoming beams are separated from the IR pulse by two
dichroic mirrors before the output is amplified by mixing it with the fundamental of the
Nd:YAG laser in a second LiNbO; crystal with a length of 50 mm. Two photons result
from this OPA (optical parametrical amplification): One with the same wavelength as the
IR input (idler) and one in the range of 5200 - 6800 cm™ (signal). The remaining radiation
of fundamental and signal is separated from the idler by two dichroic mirrors. In order to
obtain an overall output (signal and idler) of 48 mJ, a dye input of 30 mJ and energies of
150 mJ and 240 mJ at 1064 nm are used for the DFM and OPA process. At 4700 cm’” the
output is equally distributed to signal and idler, at a wavenumber of 3689 cm™, the idler
pulse has an energy of about 18 mJ. The resolution in this region is < 0.04 cm™. Due to
self-absorption of the LiNbOj crystals, the range of 3460 - 3520 cm™ is not accessible with
these crystals. Therefore another LiNbOjs crystal differing in the MgO endowment is used
for the DFM process. The exact Mg endowment was determined by energy dispersive x-
ray spectroscopy (EDX) to be 6 atomic percent (Figure 2.7). The self-absorption of this
crystal is in the range of 3520 - 3550 cm™'. The dye input is raised to 60 mJ and the
obtained IR pulse with an energy of 5 mJ is used without further amplification in this

range.

The IR light in the region of 1000 - 1800 cm™ is generated in a third nonlinear
process”®” ®: Signal (5200 - 5600 cm™) and idler (3800 - 4200 cm™) of the OPA process
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are the input of a difference frequency mixing process in an AgGaSe, crystal with a length
of 18 mm leading to the IR light of 1000 - 1800 cm™. The remaining radiation of signal
and idler is separated from the mid IR pulse by two dichroic mirrors. With an overall input
of signal and idler of 15 mJ, the resulting output at 1645 cm™ and 1200 cm™ is 440 pJ and
380 wuJ respectively. The resolution is < 0.1 cm’™ in this region. Due to the effective surface
and the specified input power for the AgGaSe; crystal, the overall input of signal and idler
could be raised up to 50 mJ. The pulse energy of the IR light has been determined at 1645
cm” with respect to the total input energy in the range of 6 mJ to 15 mJ. By an
extrapolation of this curve pulse energies of 2 mJ are predicted for input energies of 40 mlJ.

For further details see ref. !,

/ 1064 nm \
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\ \ compensator
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Seeded 532 hm Dye laser = )2
Nd-YAG Sirah - - M M
Precision Scan LiNbO, LiNbO, | ‘
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DFM | OPA DFMII
Figure 2.6: Scheme illustrating the IR laser system'®’.
I Flachenmessung ca. 1mm?
M
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_____ M M
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keV
Figure 2.7: EDX spectrum (EDX, Oxford Instruments, attached to Hitachi S-3500 scanning electron

microscope) of the LiNbO; crystal used in the range of 3400 - 3520 cm™, yielding an endowment of 6 % Mg.
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3. Results and Discussion

Primary steps of photoinduced reactions, including excited state proton transfer
reactions as well as fragmentation pathways, have been investigated in this thesis: Direct
information on structures and reaction pathways of isolated molecules and their aggregates

with water have been obtained by applying combined IR/UV spectroscopy.

3-Hydroxyflavone (3-HF), 2-(2-naphthyl)-3-hydroxychromone (2-NHC) and 2,5-
dihydroxybenzoic acid (DHB) have been analyzed with regard to an excited state proton
transfer reaction. Furthermore the dihydrate of 3-HF has been investigated with respect to a
proton or hydrogen transfer along a solvent wire as the water molecules can be inserted
between the hydroxyl and the carbonyl group. In the case of the caged compounds
fragmentation pathways, requiring e.g. rearrangements in the excited state have been
analyzed. Furthermore 3,4-methylendioxynitrobenzene, 3,4-dimethoxynitrobenzene and 5-
nitroindole were investigated with regard to the influence of the substituent in m- and p-
position onto the stability of the nitro aromatic compound. Finally xanthone has been
chosen as an archetype molecule to extend combined IR/UV spectroscopy to triplet states
subsequent to an Intersystem Crossing (ISC). The corresponding publications are attached

and are summarized in the following chapter.

3.1 2,5-Dihydroxybenzoic Acid

2,5-Dihydroxybenzoic acid (Figure 3.1) is a derivative of salicylic acid, representing a
beta hydroxyl acid in which the OH group is adjacent to the carboxyl group. The vicinal
position of the carboxyl to the hydroxyl group leads to a strong intramolecular hydrogen
bond. Therefore salicylic acid is a model system for a possible proton transfer from the OH
group to the carboxyl group in the excited state. It was first investigated by Weller, who
proposed a double minimum potential along the reaction coordinate in the S; state!™®*,
Fluorescence and combined IR/fluorescence spectroscopy in a supersonic jet in
combination with calculations provided evidence for a hydrogen dislocation rather than an

[89-97]

excited state proton transfer upon photoexcitation . The IR spectra were recorded for
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the electronic ground state as well as for the electronically excited state in the spectral
region of the OH stretching modes. All observed isomers form a hydrogen bond between
the hydroxyl and the carboxyl group. The phenolic hydrogen bonded OH stretching
vibration was not observed in the electronically excited state, thus it is either to broad or
shifted below the investigated spectral region[90’ o Analyses of the methoxy derivative of
salicylic acid, 5-methoxysalicylic acid, yielded the same information: No excited state

proton transfer but a hydrogen dislocation was assigned[91’ 57, 98]

Anthranylic acid is another molecule which is of interest concerning excited state
proton transfer reactions. Compared to salicylic acid, the hydroxyl group is substituted by
an amino group. Thus a hydrogen bond is formed to the carboxylic group, which is weaker
than in salicylic acid. The electronic ground state and the electronically excited state were
investigated by IR/fluorescence spectroscopy in a supersonic jet®'°!: The NH stretching
vibration is red shifted upon electronic excitation, investigations in the range of 1400 cm'-
1800 cm™ yield an assumption for the C=0O stretching vibration in the excited state!'".
Analogue to salicylic acid a hydrogen dislocation rather than a proton transfer was
observed. This assignment is confirmed by calculations (TDDFT/B3LYP/cc-pVDZ) of

Sobolewski and Domcke!¥.

Figure 3.1: 2,5 Dihydroxybenzoic acid (DHB).

DHB (Figure 3.1) is important as a matrix substance!® in MALDI (matrix assisted

laser desorption ionization)!”

sources. In order to find out whether protonation in the
MALDI process is induced by an excited state proton transfer, the laser induced
fluorescence spectrum of DHB was recorded in a supersonic jet[m’ 13 No excited state
proton transfer was observed. Still no structural assignments for the Sy, S; and the ionic

state were obtained, and combined IR/UV spectroscopy offers an ideal tool to obtain
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detailed information on the proton transfer coordinate in these states by applying it to
vibrational modes which are directly involved in the hydrogen bond, i.e. the OH stretching
vibration and the C=0 stretching vibration have to be taken into account. In contrast to the

OH stretching vibration, the C=0 stretching mode can be observed in all electronic states.

3.1.1 Results for DHB

Due to different orientations of the three hydroxyl groups and the carboxyl group, DHB
has 16 possible isomers (Figure 3.2). In order to obtain a structural assignment, combined
IR/UV spectroscopic techniques have been applied to the electronic ground state, to the

electronically excited state as well as to the ionic state.

Figure 3.2: Possible rotations of the three CO and the CC bond yielding new isomers.

Initially the two-color R2PI spectrum of DHB has been recorded in the range of 27500
- 28400 cm™. The most red transition is found at 27624 cm™'. By recording IR/R2PI spectra
for the electronic ground state via the transitions of the R2PI spectrum as well as applying
MATT spectroscopy (cf. Chapter 2.2), different isomers can be identified: By determination
of the ionization potentials two isomers with electronic origins of 27624 and 27904 cm’'
can be assigned. However, the IR spectra in the spectral range of the hydroxyl and
carbonyl stretching vibrations (3000 - 3800 cm™ as well as 1500 - 1800 cm™) are identical,
thus no direct structural discrimination is possible. Considering the results of ab initio und
DFT calculations', the structures indicated in Figure 3.3a,b are by far the most stable,

followed by the geometries depicted in Figure 3.3c,d. Each structure exhibits an
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intramolecular hydrogen bond, for the isomers in Figure 3.3a,b this is formed between the
hydroxyl group in position 2 to the C=0 group of the carboxyl group whereas the isomers
in Figure 3.3c,d form the hydrogen bond from the hydroxyl group in position 2 to the
hydroxyl group of the carboxyl group. The structures depicted in Figure 3.3a,b (the same is
valid for the geometries in Figure 3.3c,d) vary only in the relative orientation of the OH
group in position 5, leading to identical calculated values for the OH and C=O stretching
vibrations for isomers A and B (and for isomers C and D). The experimentally observed
frequencies can unambigously be assigned to the isomers indicated in Figure 3.3a,b. In
order to discriminate these two isomers, IR/R2PI spectra have been recorded in the upper
fingerprint region (1100 - 1450 cm™). By extending the IR spectra to this range, both
isomers can be assigned to their corresponding electronic origins in agreement with

theoretical predictions.

), H.. _H ~H _H
|O O O
#H
0] 0] 0]
H-© O~y i
a) b) c) d)

Figure 3.3: The four most stable isomers of DHB. The structures indicated a) and b) have been observed

experimentally.

UV/IR/UV spectra (cf. Chapter 2.2.3) for the electronically excited state have been
recorded in the range of 3000 - 3800 cm’! for both isomers determined in the So state. The
spectrum exhibits two frequencies at 3603 and 3619 cm™ for each isomer which are
assigned to the OH stretching vibrations of the hydroxyl groups not involved in the

hydrogen bond in agreement with theoretical predictions (TDDFT/B3LYP/TZVP)"!,

A possible proton transfer in the excited state should strongly influence the OH
stretching vibration of the hydrogen bonded hydroxyl group as well as the C=0 stretching
vibration of the carboxyl group. The OH stretching vibration (of the intramolecular
hydrogen bonded OH group) is strongly red shifted and probably broadened, so the

analyses focused on the C=0 stretching vibration. It turned out, that it is difficult to obtain
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a reproducible UV/IR/UV spectrum (recorded via a depletion of the ion signal) for the
electronically excited state in the range of 1450 - 1750 cm™. Instead an alternative
technique has been applied, in which the energy of the ionizing laser is set 150 cm™ below
the ionization potential, and therefore only in the case of a resonant IR excitation the sum
of both photons (IR+UV) is sufficient to ionize the molecule (cf. Chapter 2.2.3, Figure 2.5¢
and Figure 3.4). The advantage of this technique is that it is possible to measure against a
zero base line. Thus the signal to noise ratio is excellent and even small effects can be

observed.

A T R T
S 1 'y 1450 1500 1550 1600 1650 1700 1750

S, —

Figure 3.4: Scheme illustrating the UV+(IR+UV) technique for the electronically excited state

Experimentally three bands at 1508 cm™, 1552 cm™ and 1655 cm™ are observed with
this technique for the most stable isomer in the Sy state (Figure 3.3a). They fit ideally to the
harmonically calculated vibrational frequencies (TDDFT/B3LYP/TZVP)"? of the
electronically excited state and can be assigned to coupled OH bending and C=0 stretching
vibrations. TDDFT calculations predict exactly one structure with an elongated OH bond
for the S; state; no proton transfer including the formation of a second minimum is
predicted”. This prediction is confirmed by the assignment of the experimentally

obtained frequencies in the region of the C=0 stretching vibrations.

The IR spectrum in the range of 1600 - 1800 cm™ and 3200 - 3700 cm™" for the Dy state
of the most stable isomer in the Sy state (Figure 3.3a) has been recorded via IR/PIRI
spectroscopy. The spectra exhibit three transitions at 3550 cm™, 3574 cm™ and 1757 cm™.

The former ones can be assigned to the OH stretching vibrations of the free hydroxyl
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groups; the frequency of the hydrogen bonded OH group is - as in the S; state — shifted
below the investigated spectral range. The transition at 1757 cm™ is assigned to the C=0

stretching vibration.

Hence DHB is a model system for the characterization of three electronic states (So, S,
and the ionic ground state Dg) via the carbonyl stretching vibration. To attain this goal,
appropriate methods are necessary: UV+(IR+UV) ionization has been applied for the first
time to electronically excited states and the IR/PIRI spectrum has been recorded for the
first time in the range of the carbonyl stretching vibrations. For further details see attached

ref. 1,
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3.2 3-Hydroxyflavone and 2-(2-Naphthyl)-3-hydroxychromone

Flavonoids represent a large group of organic natural dyes, being responsible for plant
color. Flavonoids are known for their antioxidative and photoprotective effects!'*, e.g.

changes in the pathway of flavonoid synthesis occur upon UV-B radiation in plants.

Spectroscopically 3-hydroxyflavone (3-HF) (Figure 3.5) is of special interest as an
excited state proton transfer (ESPT) takes place: After vertical excitation, a short lived
excited state structure (S; state) is reached which relaxes on picoseconds timescale to the
tautomeric form (S7; state). The ESPT of 3-HF was first observed by Kasha et al."% ip 2-
methylbutane solution. Investigations in various solvents as well as in matrices
followed"'*'?%!. Especially the influence of the solvent on the ESPT time and the tautomer
fluorescence lifetime as well as the influence of the temperature were analyzed. In
solutions and in matrices the ESPT occurs on a femtosecond to picosecond timescale, in a

molecular beam it is 2 ps''?'.

a)

0
o
O----H

Figure 3.5: 3-Hydroxyflavone (3-HF) in its a) normal and b) tautomeric form.

Due to the pulse length of our laser systems a lifetime of the excited state on a

nanosecond timescale is necessary for combined IR/UV experiments, as ionization occurs

from thereon. The lifetime of the tautomeric structure differs from 890 ps in acetonitril''*

(106, 116 "1 an Ar matrix the lifetime of the tautomer

[111-113]

to 4 ns in methylcyclohexane

fluorescence was determined to be 8.6 ns
[122]

. In the vapour phase the tautomer

fluorescence lifetime is 1-2 ns while in molecular beam experiments the lifetime of the

[123]

tautomer was determined to be 14-15 ns" ™", being sufficient for R2PI and combined

IR/UV spectroscopy. Via fluorescence excitation spectroscopy in a supersonic jet the

electronic origin was determined to be 28080 cm''#! 121231,
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In order to obtain direct structural information, the IR spectra of the electronic ground

state were recorded in the solid state[l%], in solutions!'* 127], in an Ar matrix'"*® and also in
the gas phase!'* *°!. Up to now no detailed and direct structural information on the excited

state was obtained.

A molecule that differs only in the second chromophore from 3-HF is 2-(2-naphthyl)-3-
hydroxychromone (2-NHC) (Figure 3.6). The excited state proton transfer reaction was
also observed for this molecule: In 3-methylpentane solution the tautomer fluorescence

311 Whereas the ESPT occurs on a

lifetime is about 5 ns depending on the temperature
picoseconds timescale!*”. In molecular beam experiments the lifetime of the tautomer was
determined to be 11-12 ns''** ' thus the molecule is suitable for the application of R2PI
and combined IR/UV spectroscopy. The electronic origin was determined via fluorescence

excitation spectroscopy to be 27291 cm™ in a supersonic jet!'* %4,

|
O----H

Figure 3.6: 2-(2-Naphthyl)-3-hydroxychromone (2-NHC) in its a) normal and b) tautomeric form.
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Figure 3.7: Schemes illustrating the IR/R2PI technique subsequent to an excited state proton transfer.
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Up to now the ESPT process for both molecules was only analyzed via fluorescence
spectroscopy, a detailed and direct structural investigation of the excited state tautomeric
geometry via IR spectroscopy was not performed yet. UV/IR/UV spectroscopy offers the
possibility to record spectra of electronically excited states'®® ®! (cf. Chapter 2.2.3), and in
the cases of 3-HF and 2-NHC it has been successfully applied for the first time to an
excited singlet state subsequent to an excited state proton transfer (cf. Chapter 2.2.3, Figure

2.5d and Figure 3.7).

3.2.1 Results for 3-HF and 2-NHC ™

IR spectra for the electronic ground state of 3-HF have been recorded in the region of
the OH stretching vibrations (2600 - 3800 cm™) and in the region of the C=O stretching
vibrations (1450 - 1750 cm™). For a structural assignment, different geometries have been

31 are compared to the

optimized and the calculated frequencies of the isomers
experimentally obtained values. Harmonic calculations (TDDFT/B3LYP/TZVP)"?! predict
the normal structure to be most stable in the electronic ground state while the tautomeric
form is most stable in the electronically excited state (Figure 3.5). Based on the calculated
frequencies in the region of the OH stretching vibrations as well as in the region of the

C=0 stretching vibrations, the normal form is assigned to the electronic ground state.

Experimentally the OH stretching vibration has been obtained at 3276 cm™ in the
electronic ground state and at 3350 cm™ in the electronically excited state (carrier gas:
neon). Scaled harmonic calculations (TDDFT/B3LYP/TZVP)[73] predict a strong red shift
for the OH stretching vibration for the normal form, while it is blue shifted for the
tautomeric form compared to the electronic ground state. Thus the proton transfer is
verified, although both frequencies are calculated at higher energies (resulting from the
unsatisfying description of the anharmonic potential energy curves of hydrogen bonded
OH stretching vibrations by harmonic calculations). Anharmonic calculations along the

reaction coordinate yield the assignment of an overtone rather than the fundamental”!.

The IR spectrum of 2-NHC has been recorded in the range of 3100 - 3460 cm™' for the

electronic ground and the electronically excited state. In analogy to 3-hydroxyflavone the
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normal structure is unambiguously assigned to the electronic ground state, the tautomeric

form to the electronically excited state (Figure 3.6).

The IR spectra of both molecules have been recorded in their electronic ground states
and their electronically excited states. UV/IR/UV spectroscopy has been applied for the
first time to an electronically excited state subsequent to an ESPT yielding detailed
structural information about the reaction product after photoexcitation of 3-HF and 2-NHC.

For further details see attached ref. ',
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3.3 3-HF(H,0),, Clusters

Beside proton transfer reactions of photoexcited isolated molecules, the influence of
solvent molecules is of interest in chemical and biological processes. By a gradual adding
of solvent molecules, molecular beam experiments offer the possibility to investigate the
isolated aggregate consisting of the molecule and its direct solvent environment. In the
case of 3-HF the question of the influence of water aggregation on the ESPT is discussed
controversially: The electronic origins of the mono- as well as of the dihydrate of 3-
hydroxyflavone were determined to be 27772 cm™ and 27470 cm™ respectively!'* 124,
Both water clusters show no tautomer fluorescence excited at their origins. Thus, the ESPT
is circumvented by adding water molecules. The same results were obtained in an Ar
matrix concerning the dihydrate, whereas the monohydrate exhibits tautomer fluorescence
at 490 - 575 nm''"!. In superfluid helium droplets, the ESPT was confirmed for 3-HF as

well as for its aggregates with one and two water molecules!'*?.

Furthermore, the influence of methanol on the ESPT of 3-HF was investigated in a

t34 as well as in an Ar matrix"*'. The results correspond to those of the

supersonic je
water complexes: The tautomer fluorescence was observed in the matrix excited at 365 nm
whereas no ESPT was found in a molecular beam with a similar excitation wavelength of
366 nm. As all investigations focused on fluorescence measurements, no direct structural

information about the electronic ground or the electronically excited state were obtained.

Another interesting aspect is, that the hydrates of 3-HF are model systems for a proton
or hydrogen transfer along a solvent wire as water molecules can be inserted between the
hydroxyl and the carbonyl group. 7-Hydroxyquinolin was analyzed in a supersonic jet with
respect to solvent wire reactions?' ! The transfer starts at the hydroxyl group along the

1[21] [22, 24, 26-34] and

solvent molecules to the accepting nitrogen atom. Methanol™", ammonia

123.25.32. 35 served as solvents. In the case of the aggregates with methanol

water molecules
molecules, wires are formed by two and three solvent molecules. However the

proton/hydrogen transfer occurs only for 7-hydroxyquinolin(CH;OH);*".

A minimum of two solvent molecules is also needed in the case of ammonia to bridge
the donating and accepting group; for more than four ammonia molecules additional
topologies occur'®®’. The proton/hydrogen transfer after vertical excitation via the origin

was assigned to the aggregates with a minimum of four ammonia molecules®* ** 20281,
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However the proton/hydrogen transfer in the excited state can be induced for the cluster

. . .. . . . . 29-34
with three ammonia molecules by exciting low frequency ammonia wire vibrations! 341,

Changing the solvent molecule to water or even the introduction of one single water
molecule stops the proton/hydrogen transfer as the energy barrier is increased® 2% %! In
a mixed wire in which the first location is occupied by an ammonia molecule, the first

transfer (7-hydroxyquinoline to ammonia) takes place*> **!,

7-Azaindole was analyzed with respect to solvent wire reactions as wel]2040);

Methanol®®>* and water® 4*!

served as solvent molecules. In the case of methanol, a
transfer was observed from the NH group to the accepting nitrogen atom for aggregates
with two solvent molecules excited at their origin[3 738 n analogy to 7-hydroxyquinoline,

39, 40
no proton transfer has been observed for water as a solvent*” %!,

All information on the solvent wire of 7-hydroxyquinoline and 7-azaindole mainly
result from fluorescence, UV- and UV/UV double resonance techniques (IR spectroscopy
has only been applied to 7-azaindole in the electronic ground state*®). Thus no structural
assignments for the excited state were obtained. In this work the IR spectra of the
electronic ground state of the mono- and the dihydrate as well as the IR spectra of the
electronically excited states of the aggregate with two water molecules are presented. In

combination with ab initio and (TD)DFT calculations!”!

a structural assignment to all
states is possible. Thus the question whether an ESPT occurs for the aggregates with water
which has not been observed for 7-hydroxyquinoline and 7-azaindole can be clarified.

Furthermore the arrangement of the water molecules in the aggregates is determined.

3.3.1 Results for 3-HF(H,0); M

The monohydrate is formed less prominently than the dihydrate. Thus only the IR
spectrum of the electronic ground state can be recorded in the range of 2700 - 3800 cm’

and in the range of 1450 - 1750 cm™.

For the aggregate with one water molecule different binding motives, whose structures
and frequencies have been calculated at the DFT/B3LYP/TZVP level ], are feasible. The

experimentally obtained spectrum can be explained by an overlay of the two most stable
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isomers: The structure in which the water molecule is inserted between both functional
groups and a geometry in which the water molecule is hydrogen bonded to the carbonyl

group have been assigned to the electronic ground state (Figure 3.8).

Figure 3.8: Assigned structures to the electronic ground state of 3-HF(H,0);: (a) inserted structure and (b)

structure in which the water molecule is bonded to the carbonyl group.

3.3.2 Results for 3-HF(H,0), M

The IR spectrum of the prominently formed dihydrate has been recorded in the range of
2700 - 3800 cm™ as well as in the range of 1150 - 1750 cm™. Based on harmonic
calculations (DFT/B3LYP/TZVP) of various geometries including normal and proton
transferred structures'’”, the spectrum can be assigned to an overlay of the two most stable
isomers (Figure 3.9): A structure in which both water molecules are inserted between the
functional groups (isomer I, Figure 3.9a) and a geometry in which one water molecule is
inserted while the second one is hydrogen bonded to the first one (isomer D, Figure 3.9b).
Both species are overlaid in a broad electronic transition; therefore the IR spectra of the
two isomers cannot be separated by the choice of the UV excitation wavelength: The IR
spectrum recorded via several excitation energies - including both, maxima and minima of
the R2PI spectrum - turn out to be identical for all chosen wavelength.

In the case of the electronically excited state the IR spectrum has been recorded in the

range of 2700 - 3800 cm™'. The question whether a proton transfer occurs subsequent to
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photoexcitation is of special interest. Based on the fact that two isomers are assigned to the
electronic ground state, these structures as well as their tautomeric forms have been
calculated for the excited state (TDDFT/B3LYP/TZVP)"*. The proton transferred species
turn out to be most stable. By comparing the experimentally obtained spectrum to the
calculated frequencies, structure D can unambiguously be assigned to the excited state.
Furthermore the same overlay as in the electronic ground state (isomer D and /) is most
probable. Anyway the UV/IR/UV spectrum recorded via an excitation with a low excess

energy (28080 cm™) yields no evidence for a proton transfer.

Figure 3.9: Structures of 3-HF(H,0),: (a) inserted structure I (b) structure D, in which the second water

molecule is hydrogen bonded to the first one (c) proton transferred structure DT.

By raising the UV excess energy by yet another 500 cm’ compared to excitation at
28080 cm™ (overall excess energy: ~900 cm™), the UV/IR/UV spectra exhibit further
transitions which are in good agreement with the calculated frequencies of the DT-structure
(Figure 3.9¢). Thus a proton transfer along a solvent wire can be induced by exceeding an

energy barrier, leading to the more stable tautomeric structure.

UV/IR/UV spectroscopy has been applied to the electronically excited states of the
dihydrate of 3-HF, yielding information on structural changes due to a cooperative proton
transfer along a water molecule: By increasing the UV excitation energy, i.e. the excess
energy in the electronically excited state, a proton transfer along a proton wire can be
induced. The product has been analyzed by IR spectroscopy again, indicating the formation

of the isomer DT. Therefore 3-HF(H,O), represents the first isolated proton wire
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investigated by combined IR/UV spectroscopy in the excited state, yielding unambiguous
structural information. Furthermore so far unknown geometries can be identified in the
electronic ground state as well as in the electronically excited states by applying combined

IR/UV spectroscopy. For further details see attached ref. ™.
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3.4 Xanthone

Derivatives of xanthone occur as plant pigments in exotic fruits such as the mangosteen
fruit. They are used as additives in the polymerization of polyester in order to provide
resistance to degradation by UV light. Furthermore some derivatives show antioxidative

effects.

P A
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L,// o NF

Xanthone (Figure 3.10) was analyzed via phosphorescence, fluorescence and transient

A\

Figure 3.10: Xanthone.

absorption spectroscopy with regard to the energy, the lifetime and the character of its

electronically excited states. Most of these investigations were carried out in solutions,

focusing on the influence of the solvent and the temperature dependence!'**'>%,

ISC IR

w
—33)
=

uv

S,

Figure 3.11: Scheme illustrating the IR/R2PI technique subsequent to an Intersytem Crossing.
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Xanthone was also investigated via phosphorescence and fluorescence spectroscopy in
a supersonic jet[153’ 154 The origins of the S; (n7*), the S, (mwn*) and the T (n7*) state
were determined to be 26939 cm’, 30718 cm™ and 25808 cm™ respectively. The
phosphorescence of the T; state was observed in a molecular beam after excitation to the
S, state, thus the S, state couples directly with the T; state, leading to an efficient

[155]

Intersystem Crossing (ISC) in accordance to El-Sayed’s rule' ™', predicting efficient ISC

between a Tt* and a nTt* state.

In order to apply UV/IR/UV spectroscopy for the first time to triplet states without a
messenger molecule, xanthone (Figure 3.10) was chosen as an archetype molecule due to
its efficient ISC, with the intention to investigate a triplet state subsequent to an ISC (cf.

Chapter 2.2.3, Figure 2.5d and Figure 3.11).

3.4.1 Results for Xanthone ']

In this work two-color R2PI spectra have been recorded in the range of the S;«Sy, the
S»«Sp as well as the T;«S transition. The ionizing laser has been set to 44053 cm’ in
order to exceed the ionization potential (69686 cm’! (8.64 eV)[156] and 68718 cm’! (8.52
eV)“57]) even if ionization originates from the T, state. No ion signal has been obtained in
the region of the S;«—S, transition and direct triplet excitation has not been successful. In
the range of the S,«—S( excitation three bands have been obtained with the origin at 30729
cm™. The additional transitions at 218 cm™ and 249 cm™ are assigned to low frequency
vibrations of the S, state. The ion current (excitation laser fixed at 30729 cm'l) yields a
maximum ion signal at 43478 cm™', clearly indicating that ionization originates from the T,

state.

The IR/R2PI spectrum for the electronic ground state has been recorded in the range of
1250 - 1750 cm™. The calculated frequencies (DFT/B3LYP/TZVP)! fit excellently to the
experimentally obtained values and the transition at 1692 cm™ is assigned to the C=0
stretching vibration whereas the other bands are assigned to combined CC stretching and

CH bending modes.
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For the T, state the IR/R2PI spectrum has been recorded in the range of 1250 - 1750
cm’'. Again, the calculated frequencies of the T, state (DFT/B3LYP/TZVP)!"*! match the
experimentally obtained frequencies excellently: The transitions are assigned to combined

CC stretching (ring deformation vibrations) and CH bending modes.

The IR spectra of the Sy as well as the T, state of xanthone have been recorded by
combined IR/UV spectroscopy and the obtained transitions have been assigned in
combination with DFT calculations. UV/IR/UV spectroscopy has been applied to triplet
states subsequent to an ISC and without using messenger molecules for the first time. For

further details see attached ref. 'V,
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3.5 Caged Compounds

Caged compounds are molecules with a photolabile protective group that release active

components after electronic excitation™!!

. For this o-nitrobenzyl groups are commonly
used, however other components like p-nitrophenyl-, phenacyl- or 4-methylcoumarin
compounds are also suitable as protective groups (cf. example "**'%l). The release of the
active component can be used to insert it into cells: For example cyclic adenosine
monophosphate (cAMP) was bonded to an o-nitrobenzylic protective group. Thus the
molecule is hydrophobic and can diffuse into a cell. There it can be released by a laser

pulse!***¥. The same technique was applied to adenosine triphosphate!*'l.

Requirements for caged compounds are hydrophilic properties, stability concerning
hydrolysis, low activation energy for the photochemical reaction and the property of being
inert to biological systems. Furthermore the photochemical release is required to be fast,

the quantum yield high and their coproducts should have no side effects.

Several spectroscopic analyses in solutions or in matrices gave evidence, that o-

nitrobenzylic derivatives follow this reaction scheme subsequent to photoexcitation“sg'mo]:
I~ = 3 =
o) o o)
( ( ( /O_
= NO» 9 NO2 o ——N
e _—
\ OH
OR OR OR
L | o a _gl
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Figure 3.12: Proposed reaction scheme for o-nitrobenzylic derivatives subsequent to photoexcitation. Herein

compounds with R=H and R=Ac have been examined.
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After photochemical excitation via an UV photon, Intersytem Crossing (ISC) to a triplet
state occurs. Then a proton is transferred, forming an aci-nitro compound. By adding a

base deprotonation occurs, followed by cyclisation.

+Z—0O
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Figure 3.13: Caged compounds based on nitrobenzenes:
a) 6-Nitropiperonylalcohol
b) 6-Nitropiperonylacetate
Model substances without a reactive group in o-position:
¢) 3,4-Methylendioxynitrobenzene

d) 3.,4-Dimethoxynitrobenzene.

O,N

Iz

Figure 3.14: 5-Nitroindole.

In this work o-nitrobenzylic derivatives containing a hydroxyl group (Figure 3.13a) as well
as compounds containing an acetyl group (Figure 3.13b) have been investigated. Besides
these caged compounds 3,4-methylendioxynitrobenzene (Figure 3.13c) and 3,4-dimethoxy-
nitrobenzene (Figure 3.13d) have been analyzed as precursor molecules. The investigation

of these two molecules focused on the effect of the two methoxy groups instead of the
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dioxolane substituent onto the stability of the nitro aromatic compound after electronic
excitation. Additionally the influence of a second aromatic compound in meta and para
position onto the photostability has been investigated by analyzing 5-nitroindole (Figure

3.14).

In order to obtain structural information about the electronic ground states as well as
the electronically excited states, combined IR/UV spectroscopy has been applied to these
molecules. The major problem of these substances is their reactivity after electronic
excitation, resulting in fragmentation, which should be dependent on the excitation
wavelength. Additionally fragmentation can also occur in the ionic state. Due to the fact
that the resulting ions of the R2PI process have been analyzed in a time-of-flight mass
spectrometer, fragmentation pathways can be observed and thus information about the

reaction coordinate are obtained.

3.5.1 Results for 6-Nitropiperonylalcohol

The gas phase absorption spectrum (T = 122 °C) of 6-nitropiperonylalcohol (Figure
3.15) exhibits three transitions with maxima at 222 nm (I), 278 nm (II) as well as 306 nm
(ITI). The first two bands (I and II) can be assigned qualitatively to ©tnt* charge-transfer
transitions between the aryl group and the nitro group. In the case of transition (I) an
additional contribution from an excitation of the m-system (without the nitro group) to
Rydberg states is postulated. The most bathochrome band (III) is characterized by a ©n*
charge-transfer between the aryl group with participation of the oxygen atoms to the nitro

group'' Y,

One-color and two-color R2PI spectra have been recorded in the range of the electronic
resonances (I) to (III) aiming to obtain a parent ion of the 6-nitropiperonylalcohol (m/z =
197). In all measurements - including various wavelengths for the ionizing laser - no parent
ion has been detected. Exemplarily two mass spectra which resulted for wavelengths of
230 nm and 299 nm are depicted in Figure 3.16. Furthermore by setting the ionizing laser
to another wavelength (two-color ionization) only an overlay of the mass spectra recorded

with one-color conditions - and therefore no parent ion at 197 Da - is observed. It is
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noteworthy, that in the case of the shorter wavelength of 230 nm (excitation in the range of

transition (I)) fragments of higher masses are preferred.
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Figure 3.15: Gas phase UV absorption spectrum of 6-nitropiperonylalcohol (T = 122 °C).

The obtained fragment of 180 Da is explained by the loss of the alcoholic hydroxyl
group. Depending on the excitation wavelength, most prominent fragments are obtained at
137 Da and 167 Da. The mass signal at 167 Da results from a rearrangement to a nitrite
followed by the release of the NO group (Figure 3.17). This mechanism was discussed in
several publications for different nitroalkanes or nitroaromatics (o-nitrotoloul) (cf. example
[165-168]y * Additionally these publications proposed a mechanism in which NO, is released
and fragments further to NO and O. For this reaction a fragment of 151 Da should be
detected instead of - or additionally to - the fragment of 167 Da.

The mass signal at 137 Da results from the loss of the NO group plus the side chain in
o-position (release of formaldehyde) (Figure 3.24). The analogue mechanism in which the
side chain is released, is observed for 6-nitropiperonylacetate (cf. Chapter 3.5.2 and Figure

3.24).
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Figure 3.16: Fragmentation pattern of 6-nitropiperonylalcohol at different excitation energies.

Figure 3.17: Reaction scheme for the fragmentation in the excited state.

R2PI spectra with sharp transitions have been recorded via the mass traces of 137 Da
and 167 Da. The corresponding spectra are illustrated in Figure 3.18 and 3.19, the first one
has been recorded by one-color R2PI, the second one by two-color R2PI (the
corresponding spectrum using one-color R2PI exhibits the same transitions). It should be
noted, that the fragment of 167 Da shows no R2PI signals in the range of the spectrum of
mass 137 Da (Figure 3.18, 31100 - 31440 cm'l) and vice versa.

R2PI spectra are important for the characterization of the obtained species and
conclusions about the reaction mechanism are possible, particularly with regard to reaction

processes in other caged compounds as 6-nitropiperonylacetate (cf. Chapter 3.5.2).
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Figure 3.18: R2PI spectrum recorded via the mass trace of the fragment of 137 Da.
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Figure 3.19: Two-color R2PI spectrum recorded via the mass trace of the fragment of 167 Da (ionizing laser:

230 nm).

As pointed out in Chapter 2.2.3, combined IR/UV spectroscopy can be applied to
electronic ground states as well as to electronically excited states. In the case of the
electronic ground state, the IR photon arrives prior to the UV photons, thus it is negligible

whether fragmentation occurs after electronic excitation: The IR photon excites vibrations
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of the intact molecule. Nevertheless it is necessary that the depletion effect is detectable

even after fragmentation in the excited state in order to apply the IR/R2PI technique.

The IR/R2PI spectrum (Figure 3.20) in the range of 3520 - 3760 cm™ recorded for the
electronic ground state via the mass trace of 167 Da (excitation laser: 33494 cm™ and
ionizing laser: 230 nm) exhibits a band at 3592 cm™. This transition is assigned to the OH

stretching vibration of the neutral, undecomposed molecule.

3592

I T T T T T T T T T T
3500 3550 3600 3650 3700 3750
wavenumbers of IR laser [cm™]

Figure 3.20: IR/R2PI spectrum of the electronic ground state recorded via the mass trace of the fragment of

167 Da.

A similar molecule that was also analyzed in molecular beam experiments is benzyl

alcohol!'®”

. As the investigated 6-nitropiperonylalcohol it possesses a CH,OH group
bonded to an aromatic compound. Two isomers were assigned in the supersonic jet: A
structure which is completely in-plane and a structure in which the OH group is out-of-
plane interacting with the m-electrons of the benzyl ring (Figure 3.21). The experimentally
obtained frequencies are 3650 cm™ and 3587 cm”, respectively!'®!. The observed
frequency for the 6-nitropiperonylalcohol at 3592 cm™ offers a good agreement to the
frequency of the OH stretching vibration of the gauche-type structure. Therefore a similar
interaction with the aromatic system could be existent for the caged compound. Anyhow it

should be noted that the hydroxyl group can be hydrogen bonded to the oxygen atom of the

nitro group, leading to an additional red shift of the vibrational frequency.
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T R

Figure 3.21: Confomers of benzyl alcohol, all in-plane structure (left side) and the gauche-type conformer

(right side)'®".

The IR spectra of the excited state of 6-nitropiperonylalcohol are of special interest, but

these could not be recorded successfully via the mass traces of the fragments.

3.5.2 Results for 6-Nitropiperonylacetate

As no parent ion has been obtained for 6-nitropiperonylalcohol, the alcohol has been
esterified in order to increase the stability of the molecule after electronic excitation. The
obtained 6-nitropiperonylacetate (m/z = 239) (Figure 3.13b) has been investigated by one-
color and two-color R2PI spectroscopy in the same spectral range as the alcohol.
Unfortunately no parent ion has been detected either. By comparing the mass spectra of the
acetate (Figure 3.22) to the ones of the alcohol, it can be seen that one fragment of the
same mass appears, additionally other fragments result from identical fragmentations: The
loss of the NO group (fragment mass 209 Da) or the CH3-OCO group (fragment mass 180
Da, in analogy to releasing the hydroxyl group in the case of the alcohol) and the loss of
both, the NO group and the side chain in o-position (fragment mass 137 Da). lon signals
for masses which are higher than the parent ion (m/z = 239) can either be due to
aggregation of fragments or to small impurities of the substance (resulting from synthesis)

which are easy to ionize.
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Figure 3.22: Fragmentation pattern of 6-nitropiperonylacetate (excitation laser: 33670 cm™ and ionizing

laser: 40000 cm'l).
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Figure 3.23: R2PI spectrum recorded via the mass trace of the fragment of 137 Da.
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In order to characterize the fragments, R2PI spectra have been recorded. The one-color
R2PI spectrum (Figure 3.23) recorded in the range of 30770 - 31440 cm™ exhibits sharp
resonances for the fragment of 137 Da. The same spectrum was obtained for the two-color
process. The experimental transitions are identical to the ones obtained for the same
fragment in the case of the alcohol (Figure 3.18). Thus the same species is formed in both
cases. This is a clear indication for analogue fragmentation mechanisms, in which an
intramolecular rearrangement leads to the nitrite, followed by releasing the NO group and

the side chain in o-position (Figure 3.24).

0
I
o g <0 O\N/G NO o g
<0 OH 5 OH <0 OH \

167

o SO0 X6 004
j]/ j.]/ N \‘IJ/

Figure 3.24: Reaction scheme for the loss of NO plus the sidechain in o-position leading to a fragment of

137 Da for 6-nitropiperonylalcohol (upper trace) and 6-nitropiperonylacetate (lower trace).

3.5.3 Results for 3,4-Methylendioxynitrobenzene

As no parent ion has been detected for the caged compounds, the skeletal structure of
the nitro compounds without a side chain in o-position to the nitro group has been
analyzed. This offers the possibility to investigate the stabilization obtained by different
substituents in meta and para position to the nitro group. In contrast to the caged
compounds, a parent ion has been obtained in the case of 3,4-methylendioxynitrobenzene
(Figure 3.13c) even by a one-color R2PI process (Figure 3.25). The parent ion (m/z = 167)
is the most dominant mass signal for an excitation wavelength of 230 nm, whereas strong
fragmentation occurs for an excitation wavelength of 270 nm. This result is in agreement

to the analyses of the caged compounds, i.e. via excitation of the first absorption band
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(Figure 3.15) fragments of higher masses are preferred. In the case of 3,4-
methylendioxynitrobenzene it can almost be suppressed completely (Figure 3.25). The
fragment of 121 Da (most dominant signal for the longer excitation wavelength) results
from releasing NO,, the fragment of 137 Da results from the loss of NO (cf. Chapter 3.5.1
and 3.5.2).

230 nm

100 150 200 250 300

121

100 ' 150 ' 200 ' 250 ' 300
mass [Da]
Figure 3.25: Fragmentation pattern of 3,4-methylendioxynitrobenzene at different excitation energies.

The R2PI spectra for 3,4-methylendioxynitrobenzene in the range of the electronic
transitions (I) and (IT) are shown in Figure 3.26. No sharp resonances have been obtained;

the spectra exhibit only broad transitions.
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Figure 3.26: R2PI spectrum of 3,4-methylendioxynitrobenzene.

3.5.4 Results for 3,4-Dimethoxynitrobenzene

Furthermore 3,4-dimethoxynitrobenzene (Figure 3.13d) has been investigated. The
interest is focused on the influence of the substitution of the dioxolane group by two
methoxy groups onto the stability of the nitro aromatic compound after electronic
excitation. For this molecule the parent ion has been obtained as well, and as in the case of
3,2-methylendioxynitrobenzene it is only formed by the shorter excitation wavelength of
230 nm (Figure 3.27). This behavior is in agreement to the results for all the investigated
species concerning the formation of parent ions or - in the case of the caged compounds -

the formation of larger fragments subsequent to excitation via the electronic transition (I).
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Figure 3.27: Fragmentation pattern of 3,4-dimethoxynitrobenzene at different excitation energies.

As for 3,4-methylendioxynitrobenzene (Figure 3.25) the mass spectrum exhibits an

additional fragment (m/z = 137) resulting from the loss of NO,. With respect to the

obtained parent ions, the formation of this fragment is suppressed more efficiently for 3,4-

methylendioxynitrobenzene compared to 3,4-dimethoxynitrobenzene. Thus it can be

concluded, that the dioxolane substituent increases the stability of the nitro aromatic

compounds after electronic excitation.

3.5.5 Results for 5-Nitroindole

The previous investigations have shown that the stability of the nitro compounds is

increased by the dioxolane group. To increase the stability further, a second aromatic ring

is inserted via these positions. 5-Nitroindole (Figure 3.14, m/z = 162) is used as a model

system to analyze the stability of such systems.
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UV spectra in aqueous solution show, that the UV absorption of the aromatic t-system

is blue shifted compared to indole. Based on the absorption region of indole in a molecular

beam [170, 171]

has been obtained; the mass spectra recorded via five different wavelengths are depicted in
Figure 3.28. In agreement to the results for the other nitro aromatic compounds, the
fragments of 132 Da and 116 Da result from the loss of NO and NO,. However, the
fragment of 93 Da can only be explained by a more complex reaction, e.g. the loss of the

nitrogen containing five-membered ring as well as releasing NO under formation of a

phenoxy radical.

93 . \
/132

at 283 nm, R2PI spectra have been recorded for 5-nitroindole. No parent ion

116 261 nm
132
93 105 116 266 nm
selssassnolbe L -
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105 116 271 nm
o )
132
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Figure 3.28: Fragmentation pattern of 5-nitroindole at different excitation energies. Most prominent

fragments occur at 93 Da, 116 Da and 132 Da.
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The one-color R2PI spectrum via the mass trace of the fragment of 132 Da (loss of
NO) in the range of 35840 - 38150 cm™ is depicted in Figure 3.29. It exhibits a broad
absorption with two maxima at 36791 cm™ and 36941 cm™. The attempt to apply two-
color R2PI spectroscopy in order to reduce the excess energy in the ion and thus prevent
fragmentation did not yield a parent ion, due to the fact that fragmentation occurs in the
excited state after electronic excitation.
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Figure 3.29: R2PI spectrum recorded via the mass trace of the fragment of 132 Da.

3.5.6 Summary

It is known, that caged compounds based on nitro aromatics are very reactive in the
excited state. For analyzing these species by combined IR/UV spectroscopy, a parent ion is
desirable. Thus the caged compounds have to be stabilized. The investigations focused on
caged compounds based on o-nitrobenzene which react intramolecularly after electronic
excitation. Analyses in molecular beam experiments provide no evidence for the proposed
reaction mechanism, instead fragmentation occurred and no parent ion has been obtained.
The loss of NO has been observed for all substances which implies a rearrangement in the
excited state. It is shown, that the stability of the nitro aromatic compounds depends
strongly on the substituent in m- and p-position, e.g. the species with a dioxolane group
exhibit the parent ion as predominant signal (for the molecule without a side chain in o-

position). The occurrence of the predominant signal highly depends on the excitation
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wavelength: In the case of the shorter wavelength of 230 nm (excitation in the range of

transition (I)) fragments of higher masses are preferred.

The wavelength depending mass spectrometry in combination with one-color or two-
color R2PI spectroscopy as well as IR/R2PI spectroscopy on the resulting fragments yield
information on reaction channels and mechanisms as well as a characterization of reaction
products. In order to obtain more detailed insights into structural changes and reactions in
complete molecules, it is necessary to choose less reactive but selective species based on

e.g. coumarins.
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4. Summary and Outlook

This thesis is focused on the analysis of primary steps of elementary photoinduced
reactions. Especially excited state proton transfer reactions have been investigated with
combined IR/UV spectroscopy: The IR spectra of the electronic ground states as well as of
the electronically excited states of 3-hydroxyflavone (3-HF), 2-(2-naphthyl)-3-
hydroxychromone (2-NHC) and 2,5-dihydroxybenzoic acid (DHB) have been recorded in

a supersonic jet.

In the case of DHB the OH stretching vibrations as well as the C=0 stretching vibration
which are directly involved in the proton transfer have been analyzed in the electronic
ground state, the electronically excited state and - for the first time in the mid IR region - in
the ionic state. Whereas the hydrogen bonded OH stretching vibration is strongly red
shifted and broadened, the C=0O stretching vibration is observed in all states, yielding
information on the proton transfer reaction. To record the IR spectrum in the range of the
C=0 stretching vibrations in the electronically excited state, UV+(IR+UV) spectroscopy is
applied for the first time. It is an alternative method to the IR/R2PI technique for
electronically excited states (UV/IR/UV). Based on the IR spectra for the electronically
excited state, a hydrogen dislocation is observed for DHB instead of a proton or hydrogen

transfer.

3-HF and 2-NHC are the second molecules investigated with respect to a proton
transfer reaction, which was already confirmed via fluorescence spectroscopy in both
cases!'™ U IR/R2PI (UV/IR/UV) spectroscopy has been introduced subsequent to a
reaction in the excited state, yielding direct structural information on the reaction product:
The IR spectra of the tautomeric forms have been recorded successfully subsequent to an
excited state proton transfer and can unambiguously be assigned by comparing the
spectrum to TDDFT calculations. Thus direct structural information about the proton

transferred structure has been obtained.

Furthermore the aggregates of 3-HF with water molecules were investigated with

respect to proton wire reactions. Other model systems for proton wires such as the

aggregates of 7-hydroxyquinolin®?*! and 7-azaindole?®*”" with different solvent
molecules were investigated by fluorescence, UV and combined UV/UV spectroscopy.

Furthermore the excited state proton transfer of 3-HF(H,O), was discussed controversially
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. . 113, 123, 124, 133 . C
in literature!'' ’ ’ ]; however, all investigations focused on fluorescence

spectroscopy. Thus for both, 7-hydroxyquinolin and 7-azaindole as well as for 3-HF(H,0O),
no direct structural assignments for the excited states were obtained. In contrast to these
analyses, combined UV/IR/UV spectroscopy of the electronically excited state of 3-
HF(H,0), yields direct structural information on the product of the proton transfer. Two
isomers are assigned to the electronic ground state by comparing the IR spectrum to DFT
calculations, either one (D structure) or both water molecules (/ structure) are inserted into
the hydrogen bond of 3-HF. In the electronically excited state, the D isomer can
unambiguously be assigned by comparing the experimentally obtained frequencies to
TDDFT calculations, but an overlay of both structures is probable. No proton transfer
leading to the tautomeric forms occurs, which is due to an energy barrier between the two
geometries. By increasing the energy of the excitation laser, the proton transfer of the D
structure is induced and analyzed by IR spectroscopy: The experimentally obtained
frequencies fit only to the tautomeric form of the D structure. Thus after vertical excitation
the normal form of the dihydrate is assigned, but by increasing the excitation energy, a
proton transfer along a water molecule is induced leading to the tautomeric form.
Therefore the dihydrate of 3-HF represents the first isolated proton wire investigated by
combined IR/UV spectroscopy in the excited state, yielding unambiguous structural

information.

Photoinduced reactions involve not only singlet but also triplet states. Thus xanthone is
chosen as a model system to analyze excited triplet states due to its efficient ISC after
excitation to the S, state. UV/IR/UV spectroscopy has been applied for the first time to
triplet states of isolated molecules in a molecular beam experiment: The IR spectrum of the
T, state has been recorded successfully after the ISC into the triplet manifold without using
any messenger molecules, and the obtained frequencies can be assigned by comparing the
spectrum to DFT calculations. Thus IR/R2PI spectroscopy offers the possibility to
investigate not only excited singlet states involved in photoinduced reactions, but also

triplet states of isolated reactive molecules.

Caged Compounds release active components in the excited state. The proposed
reaction scheme cannot be observed due to fragmentation after photoexcitation. Still
rearrangements in the excited states are observed and analyzed via the fragmentation

pathways.
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Due to the fact that the electronic transitions of the two isomers of 3-HF(H,O), are
overlaid, the IR spectrum of the electronic ground state (as well as the IR spectrum of the
electronically excited state) is contributable to two isomers. To verify the assignment of the
obtained vibrational transitions to the corresponding geometries, IR/IR/UV hole burning
spectroscopy[gs] (cf. Chapter 2.2.3) will be applied to the S, state in future work.
Furthermore the question whether the IR spectrum of the excited state of the 3-HF(H,0),
cluster is due to only one structure or an overlay of two isomers will be clarified by
applying the IR/UV/IR/UV technique, another variant of combined IR/UV spectroscopy:
The first IR photon arrives prior to the first UV photon. It is fixed to a vibrational transition
of the electronic ground state, depopulating the vibrational ground state of the
corresponding isomer. Thus less molecules of this geometry are excited to the S; state by
the first UV photon. The second IR photon arrives between the first and the second UV
photon. An IR spectrum of the excited state is obtained by scanning the second IR laser. If
vibrational transitions belong to the same isomer whose vibrational ground state is
depopulated by the first IR photon in the electronic ground state, these are considerably
smaller than the other bands of the spectrum. By applying this technique to the dihydrate
of 3-HF, the question whether two isomers contribute to the IR spectrum of the S; state
will be clarified. Furthermore the assignment of the vibrational transitions can be

confirmed by discriminating the two isomers with this technique.
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5. Zusammenfassung und Ausblick

Der Schwerpunkt dieser Arbeit liegt auf der Analyse von Primérschritten
photoinduzierter Elementarreaktionen. Insbesondere Protonentransferreaktionen in
elektronisch angeregten Zustinden wurden mit kombinierter IR/UV-Spektroskopie
untersucht: IR-Spektren der elektronischen Grundzustinde sowie der elektronisch
angeregten Zustinde von 3-Hydroxyflavon (3-HF), 2-(2-Naphthyl)-3-hydroxychromon
(2-NHC) und 2,5-Dihydroxybenzoesdure (DHB) wurden in einem Molekularstrahl

aufgenommen.

Im Fall des DHBs wurden die OH Streckschwingungen sowie die C=0
Streckschwingungen die direkt am Protonentransfer beteiligt sind im elektronischen
Grund-, im elektronisch angeregten und - zum ersten Mal im mittleren IR-Bereich - im
ionischen Zustand analysiert. Waihrend die wasserstoffbriickengebundene OH-
Streckschwingung stark rotverschoben und verbreitert ist, wurde die C=0
Streckschwingung in allen Zustinden gemessen und so Informationen iiber den
Protonentransfer gewonnen. Um das IR-Spektrum des elektronisch angeregten Zustands
im Bereich der C=0 Streckschwingungen aufzunehmen, wurde die UV+(IR+UV)-
Spektroskopie zum ersten Mal angewendet. Dies ist eine Alternative zur IR/R2PI-Technik
(UV/IR/UV) fiir elektronisch angeregt Zustinde. Basierend auf den IR-Spektren des
angeregten Zustands konnte eine Wasserstoffdelokalisierung an Stelle eines Protonen-

oder Wasserstofftransfers zugeordnet werden.

Des Weiteren wurden 3-HF und 2-NHC im Hinblick auf einen Protonentransfer im
elektronisch angeregten Zustand untersucht. Dieser wurde in beiden Fillen bereits durch
Fluoreszenzspektroskopie best'aitigt[los’ 131 IR/R2PI-Spektroskopie (UV/IR/UV) zur
Untersuchung elektronisch angeregter Zustinde im Anschluss an einen Protonentransfer
wurde eingefiihrt, so dass direkte strukturelle Informationen iiber das Reaktionsprodukt
erhalten wurden: Das IR-Spektrum der tautomeren Form wurde erfolgreich nach einem
Protonentransfer im elektronisch angeregten Zustand aufgenommen und kann durch einen
Vergleich mit TDDFT-Rechnungen eindeutig zugeordnet werden. Folglich wurden

direkte strukturelle Informationen iiber die protonentransferierte Struktur erhalten.

Dariiber hinaus wurden Aggregate von 3-HF mit Wassermolekiilen im Hinblick auf

Protonenleiterreaktionen untersucht. Weitere Modellsysteme fiir Protonenleiter wie zum
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21351 ynd - 7-Azaindol®®*®”  mit  verschiedenen

Beispiel ~ 7-Hydroxychinolin
Solvensmolekiilen wurden bereits mit Fluoreszenz-, UV- und kombinierter UV/UV-
Spektroskopie untersucht. Des Weiteren wird der Protonentransfer des 3-HF(H,0O); in der
Literatur kontrovers diskutiert!!'> 2 12 131" ajlerdings wurde bislang nur
Fluoreszenzspektroskopie fiir die Analyse angewendet. Demnach wurden sowohl fiir 7-
Hydroxychinolin und 7-Azaindol als auch fiir das 3-HF(H,O), keine direkten
Strukturzuordnungen fiir den angeregten Zustand erhalten. Im Gegensatz zu diesen
Analysen liefert kombinierte UV/IR/UV-Spektroskopie direkte strukturelle Informationen
iiber das Produkt des Protonentransfers. Zwei Isomere werden dem elektronischen
Grundzustand durch Vergleich des IR-Spektrums mit DFT-Rechnungen zugeordnet:
Entweder ist eins (D Struktur) oder beide Wassermolekiile (/I Struktur) in die
Wasserstoffbriicke von 3-HF insertiert. Im elektronisch angeregten Zustand kann Isomer
D durch Vergleich der experimentell erhaltenen Banden mit TDDFT-Rechnungen
eindeutig zugeordnet werden, allerdings ist eine Uberlagerung der beiden Geometrien
wahrscheinlich. Es wurde kein Protonentransfer beobachtet, der zur tautomeren Form der
D oder I Struktur fiihrt. Dies liegt an einer Energiebarriere zwischen den beiden
Geometrien. Durch eine Erhohung der Energie des Anregungslasers wird der
Protonentransfer im D Isomer induziert und mit IR-Spektroskopie analysiert. Die
erhaltenen Frequenzen konnen eindeutig der tautomeren Form der D Struktur zugeordnet
werden. Demnach wird nach vertikaler Anregung die normale Form des Dihydrates
zugeordnet, wihrend durch eine Erhohung der Anregungsenergie ein Protonentransfer
entlang eines Wassermolekiils induziert wird, der zur tautomeren Form fiihrt. Folglich
reprasentiert 3-HF(H,0O), den ersten isolierten Protonenleiter, fiir den eindeutige

strukturelle Informationen mit kombinierter IR/UV-Spektroskopie im elektronisch

angeregten Zustand erhalten wurden.

Da neben elektronisch angeregten Singulett-Zustinden auch Triplett-Zustinde an
photoinduzierten Reaktionen beteiligt sind, wurde Xanthon mit einem effizienten ISC
nach Anregung in den S;-Zustand als Modellsystem gewihlt, um Triplett-Zustinde zu
analysieren. UV/IR/UV-Spektroskopie wurde zum ersten Mal auf Triplett-Zustinde im
Molekularstrahl angewendet: Das IR-Spektrum des T-Zustands wurde erfolgreich nach
einem ISC in die Triplettmannigfaltigkeit ohne die Benutzung von “messenger”
Molekiilen aufgenommen, und die experimentell erhaltenen Frequenzen konnen durch

einen Vergleich mit DFT-Rechnungen zugeordnet werden. Demnach bietet IR/R2PI-
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Spektroskopie (UV/IR/UV) die Moglichkeit sowohl angeregte Singulett- als auch

Triplett-Zustinde isolierter reaktiver Molekiile zu analysieren.

Caged Compounds werden eingesetzt um nach Photoanregung Wirkstoffe
freizusetzen. Das vorgeschlagene Reaktionsschema konnte nicht beobachtet werden, da
die Molekiile nach Photoanregung stark fragmentieren. Trotzdem konnte durch eine
Analyse der beobachteten Fragmente eine Umlagerung im elektronisch angeregten

Zustand nachgewiesen werden.

Da die elektronischen Uberga'nge der beiden Isomere des 3-HF(H,0), iiberlagern, ist
das IR-Spektrum des Sy-Zustands (sowie das des elektronisch angeregten Zustands) einer
Uberlagerung der beiden Strukturen zugeordnet worden. Um die Zuordnung der Banden
zu den entsprechenden Isomeren zu bestitigen, wird in Zukunft die IR/IR/UV-Lochbrenn-
Spektroskopie!® (s. Kapitel 2.2.3) auf den elektronischen Grundzustand angewendet. Des
Weiteren wird die Frage ob das IR-Spektrum des angeregten Zustands von 3-HF(H,0),
durch eine Uberlagerung der beiden Isomere entsteht durch Anwendung der
IR/UV/IR/UV-Technik - einer weiteren Variante kombinierter IR/UV-Spektroskopie -
geklart: Das erste IR-Photon wird vor dem ersten UV-Photon eingestrahlt und auf eine
Schwingungsbande des Sy-Zustands gestellt. Dadurch wird der Schwingungs-
grundzustand des entsprechenden Isomers depopuliert und weniger Molekiile dieser
Struktur werden durch das erste UV-Photon in den S;-Zustand angeregt. Das zweite IR-
Photon wird zwischen dem ersten und dem zweiten UV-Photon eingestrahlt. Durch das
Durchstimmen des zweiten IR-Lasers wird ein Spektrum des elektronisch angeregten
Zustands erhalten. Falls Schwingungsiibergiinge zu demselben Isomer gehdren, dessen
Schwingungsgrundzustand von dem ersten IR-Photon im Sy-Zustand depopuliert wurde,
sind diese deutlich kleiner als die anderen Banden des Spektrums. Durch Anwendung
dieser Technik auf das Dihydrat von 3-HF wird die Frage geklirt ob das IR-Spektrum des
Si-Zustands auf zwei Isomere zuriickzufiihren ist. Des Weiteren kann die Zuordnung der

Schwingungsbanden zu der jeweiligen Struktur bestétigt werden.
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Appendix A

Experimental Parameters

Tab. A: Experimental parameters used for the investigated molecules (Output energies of the IR laser system
for the different spectral ranges are described in Chapter 2.3; the voltages connected to the microchannel

plate detector were set to -1700 V (VD1), -926.5 V (VD2) and -154.7 V (VD3) for all substances).

3-HF 3,4- 3,4-Di-
and 6-Nitro- 6-Nitro- Methylendi- | methoxy- | 5-Nitro-
3-HF Xan- piperonyl- piperonyl- oxynitro- nitro- indole
DHB (H20), | 2-NHC | thone | alcohol acetate benzene benzene
130°C | 110°C | 150 °C | 95 °C 80-90 °C 70 -80 °C 80-100°C | 70-90 °C 90 °C
TMicro chamber
He Ne He He He He He He He
Carrier Gas
2,5bar | 2,5bar | 2,5bar | 2,5 bar 2,5 bar 2,5 bar 2,5 bar 2,5 bar 2,5 bar
Pcarrier Gas
87 230 230 230 230 230 230 230 230
VX1/[V]
1168 4130 4130 4130 4130 4130 4130 4130 4130
VA1 /[V]
1025 3518 3518 3518 3518 3518 3518 3518 3518
VA2 /[V]
MATI 1.6V - - - - - - - -
Voltage
10 ns 6 ns 6 ns 150 ns <1ns <1ns <1ns <1ns <1ns
A(UV4-UVy)
90 ns 90 ns 90 ns 90 ns 90 ns 90 ns 90 ns 90 ns 90 ns
A(IR-UV4)
7ns 4 ns 4ns 20 ns - - - - -
A(UVi+-IR)
Output imd 06mJ | 0.6mJ | 0.6 mJ 0,6-2mdJ 0,6-2md 0,6-2mJ 0,6-2mJ 0,7mJ
Energy UV
Outpt 05mJ | 04mJ | 0,4mJ | <20 uJ 0,6-2md 0,6-1 md 0,6-1 mJ 0,6-1 mJ 0,4 md
Energy UV»
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Appendix B

Pulsed Operated Apparatus

Two Digital Delay/Pulse Generators are used to control the timing of the various laser
systems, the oscilloscope and the pulse for the acceleration voltage. The first Digital
Delay/Pulse Generator is self-made and triggered by the pulse driver. It offers four circuit
points:
1) Provides the voltage (1-2 V) to separate the direct ions from the Rydberg
neutrals for MATI and IR/PIRI experiments.
2) TTL Pulse, triggers the second Digital Delay/Pulse Generator (DG 535, Stanford
Research) as well as the flash lamps of the Nd:YAG laser (Spectra-Physics Pro-
230) used to pump the IR laser system.
3) and 4) 15V Pulses, trigger the flash lamps of the two Nd:YAG lasers used to

generate the UV light.
Wideband voltage Amplifier
(HVA-200M-40-B, 40 dB, Femto)
Time-of-Flight Power Supply
(Jordan TOF Products)
Apparatus
(Cf' flg 21) VD1 VD2 VD3 VX2 VX1 VY2 VY1 VA2 VA1
RS OnEon ®
A1 VA2 I L
Fast High Voltage Transistor Switch
(HTS 50, Ontime 10 ps, Behlke)
Q@ @ ® ®
MATI voltage Flash Lamps é Q-Switch Oscilloscope
("E’rq—ZBO) and (Pro-230) and High voltgge
e . O=———® oo it
igital Dela
ai /PulsegGeneratZr @ Q?' £ @
y Flash Lamps (y;yv;lg(:)) Sy
Pulse Driver (HY 400) T (HY 400)
(lota One, General valve) £ )
Digital Delay/Pulse Generator Digital Delay/Pulse Generator
(Self-made) (DG 535, Stanford Research)

Figure B: Connection scheme for the pulsed operation of the apparatus.
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The second Digital Delay/Pulse Generator (DG 535, Stanford Research) offers four circuit
points as well, it triggers the applications needing more temporal accuracy (Delay
resolution 5 ps):

A) 6.4 V Pulse, triggers the Q-Switch of the Nd:YAG laser pumping the IR system
(Spectra-Physics Pro-230).

B) TTL Pulse, triggers the Fast High Voltage Transistor Switch (HTS 50, Ontime
10ms, Behlke) which controls the pulse for the acceleration voltages as well as
the oscilloscope (TDS 520, Techtronics).

C) and D) 15 V Pulses, trigger the Q-Switches of the two Nd:YAG lasers pumping
the two UV laser systems.

A typical setup for recording IR spectra in the S; state of 3-HF and its aggregates with

water (carrier gas: Ne) is

1: 7699 us A: T + 179,8839 us
2: 589,0 us B: C+28 us

3: 540.1 ps C: T+ 179.9 us

4: 519.0 us D: C +32 ps.

The arriving time of the laser beams at the apparatus is changed by adjusting the trigger
times for the Q-Switches of the various Nd:YAG lasers. The timing is only shifted on a ns
timescale and thus there is no need to adjust the trigger times for the flash lamps. The time

delay between flash lamps and Q-Switch is set to

250 ps for Lumonics HY 750
229 us for Lumonics HY 400 and
180 ps for Spectra-Physics Pro-230.
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Appendix C

List of Publications

[1]

(1]

[111]

[IV]

Proton/Hydrogen-Transfer  Coordinate of 2,5-Dihydroxybenzoic  Acid
investigated in a Supersonic Beam: Combined IR/UV Spectroscopy in the S,
S; and Dg States

H. Fricke, K. Bartl, A. Funk, A. Gerlach, M. Gerhards,

ChemPhysChem 2008, 9, 2592

IR spectroscopy applied subsequent to a proton transfer reaction in the excited
state of isolated 3-hydroxyflavone and 2-(2-naphthyl)-3-hydr oxychromone

K. Bartl, A. Funk, K. Schwing, H. Fricke, G. Kock, H.-D. Martin, M. Gerhards,
Physical Chemistry Chemical Physics 2009, 11, 1173

IR/UV spectroscopy on jet cooled 3-hydroxyflavone(H,;0), (n=1,2) clusters
along proton transfer coordinatesin the electronic ground and excited states
K. Bartl, A. Funk, M. Gerhards,

Journal of Chemical Physics 2008, 129, 234306

Structure of Isolated Xanthonein the T, State Obtained via Combined UV/IR
Spectroscopy

K. Bartl, A. Funk, M. Gerhards,

ChemPhysChem 2009, 10, 1882
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