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Abstract

In this work the electron affinities and the energetics of low-lying triplet states of a great
variety of large molecules have been measured which have extended 7 systems . Some of
the investigated molecules or their variants have potential applications as colour dyes or
chromophores in molecular electronic devices.

The approach of this work is, to first form radical anions of the intact sample molecules,
select the sample molecule or the molecular cluster by mass spectrometry, then detach an
electron by laser excitation and to measure the kinetic energy of the removed electron.
Only the access via the radical anion allows to circumvent optical selection rules valid
for neutral molecules, enabling the direct spectroscopy of otherwise "forbidden" states.
In total 15 molecules are investigated, for which so far no or only vague values for elec-
tron affinities and no Sy - T} transition energies are known. The efficient access to so
many molecular systems becomes feasible due to a new method of anion formation. The
construction, the realisation, the testing and the properties of the new discharge anion
formation is described in this work in detail. The new anion formation method comprises
a short-pulsed discharge, which takes place in a pulsed molecule-argon co-expansion, in
front of a pulsed gas nozzle. The observed evidences show, that this new anion source is
able to efficiently and very stably form intact radical anions, even from those molecules,
which can offer only extremely weakly bound states, such as dipole-bound states.

For the first time the measured electronic state order of these manifold molecules allows
a systematic comparison and an investigation of the question, how substitutions in dif-
ferent positions of a core chromophore (here mostly anthracene) influence the molecular
electronic state energetics. The sample data are compared to literature data and an effort
is made to explain already known photo-physics of these sample molecules on the basis of

the new results.

In dieser Arbeit wurden die Elektronenaffinititen und die energetischen Lagen niedrig
liegender Triplettzustidnde von einer Vielzahl von grossen Molekiilen mit ausgedehnten
m-Systemen gemessen. Einige der untersuchten Molekiile oder deren Varianten, weisen
grokes Potential in der Anwendung als Farbstoff oder Chromophor in molekularen elek-
tronischen Bauelementen auf.

Das Konzept dieser Arbeit war es, zundchst Radikal-Anionen von intakten Probemolekiilen
zu generieren, diese Probemolekiile bzw. Cluster mittels Massenspektrometrie zu trennen
und dann mittels dem Herauslésen von Elektronen durch Laseranregung die kinetische En-

ergie dieser Elektronen zu messen. Nur der Zugang {iber das Radikal-Anion ermdglicht ein
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Umgehen der optischen Auswahlregeln die fiir neutrale Molekiile gelten, was eine direkte
Spektroskopie von sonst "verbotenen" Zustinden erlaubt. Insgesamt wurden 15 Molekiile
untersucht, fiir welche nur wage oder keine Werte der Elektronenaffinititen oder der Sy-77-
Ubergange bekannt waren. Der effiziente Zugang zu derart vielen molekularen Systemen
war lediglich durch eine neue Methode der Anionenerzeugung moglich. Die Konstruktion,
Realisierung, Erprobung und Eigenschaften dieser neuen entladungsgestiitzten Erzeugung
von Anion wurde in dieser Arbeit beschrieben. Die neue Anionengenerationsmethode um-
fasst eine Kurzpulsentladung, welche in einer gepulsten Molekiil-Argon Koexpansion, im
Bereich vor einer gepulsten Gasdiise stattfindet. Die Beobachtungen indizieren, dass diese
neue Anionenquelle effizient und stabil Anionen generiert, selbst von Molekiilen welche
nur extrem schwach gebundene Zustinde aufweisen, wie beispielsweise dipolgebundene
Zustinde. Die gemessenen Reihenfolgen elektronischer Zustédnde so vieler Molekiile, er-
laubt ein erstes Mal einen systematischen Vergleich und eine Untersuchung der Frage
wie Substituenten in verschiedenen Positionen an Chromophoren (hier vorwiegend An-
thracene) die molekularen elektronischen Zustédnde beeinflusst. Die erhobenen Daten wer-
den mit der Literatur verglichen und ein Versuch der Erkldrung von bereits bekannten

photo-physikalischer Vorgingen wird auf der Basis der neuen Ergebnisse versucht.
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1 Introduction

During the studies of chemistry, it is easy to become overwhelmed by the information
which have been up to now accumulated for innumerable molecules: structural formulas,
projection drawings, chemical bond strengths, rotational vibrational and electronic energy
levels, time scales of intra-molecular processes, chemical reaction-pathways and other in-
formation concerning physical and chemical properties in the gas and various condensed
phases.

The major part of this molecular data was gathered by different spectroscopic methods.
Spectroscopy in general, is in most cases the measurement and interpretation of these data
which can be acquired as a result of the interaction of photons with atoms or molecules.
These molecules are either isolated in the gas phase, diluted in solutions or arranged in
aggregates of different sizes. The latter can cover the gap from the single molecule to the
solid state matter. By using different photon wavelengths, numerous physical and chemi-
cal data and properties have been explored over the last 50 years, which allowed to gain
specific microscopic information on manifold molecules.

With the accessibility of high-intensity and narrow-bandwidth lasers, countless optical
properties of molecules can be investigated with high accuracy and in great depth.

The simplest light-matter interaction is the physical reflection of the light on surfaces,
either macroscopic surfaces (the outer surface of an object) or microscopic surfaces (the
surfaces between different phases, different crystal modifications or simply crystal orienta-
tions) inside a poly-crystal solid state. However, in the latter case only those wavelengths
of the light can be reflected, which are not absorbed. Hence, absorption and reflection
mainly define the colour of the macroscopic objects in our daily environment.

If the weak light-matter non-resonant diffraction processes are neglected, such as Raman-
effects [RAM21], the difference between a direct photon reflection at such a micro-crystal
surface and photon emission process from a molecule after a photon absorption is, that in
the latter process a time delay and often also a change in colour. Also a lot of possible
directions of the outgoing versus the incoming photon is observed. Hence, after absorption

the photon energy is within the molecule for a certain time .
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As a first expectation, in an analogy to atoms, a re-emission of the same photon or a
photon of similar colour, termed in general luminescence, would be the main answer of
the molecule. But by a rough check of the light and its colours which are present in our
daily environment it becomes evident, that the re-emission of photons from a molecule is
not the main process and only happens efficiently in a small fraction of all molecules. In
most of molecules the absorbed energy is simply converted from electronic to vibrational
energy, which is termed heat in an ensemble of molecules .

A first essential understanding for the non-radiative processes which happen in molecules
after photoabsorption was provided by a strongly simplified visualization in the ladder
of the electronic states of the molecule, invented by Jablonski and therefore termed "the
Jablonski scheme" [Jab33|. In this scheme, the role of the respective excited electronic
states and their vibrations for photoabsorption and photoemission can be explained, but
more importantly also radiation-less energy deactivation processes can be understood. The
main message of this scheme is that the excited electronic states of a molecule (with their
energetic order, energetic spacings, electronic wave-function characters, total electron spin
and geometries) are the key elements for the understanding of the molecular processes
which happen in molecules after a photoexcitation.

For example, after photoexcitation of a molecule to one of the lowest singlet states, fluo-
rescence from the Si-state and/or —less often— phosphorescence from the triplet T;-state
can happen. This light emission channels carry signatures of the molecular properties and
can be investigated in detail in order to derive molecular parameters, such as geometric
structures, energies, dynamics of physical and chemical processes and so forth.

However, after photoexcitation non-radiative processes happen in many molecules instead
of photon emission: the energy of the photoexcitation is simply converted to heat. There-
fore, for these molecules the methods fluorescence excitation spectroscopy and dispersed
fluorescence spectroscopy are not applicable. In such cases either the non-sensitive ab-
sorption spectroscopy or a resonant enhanced multiphoton ionization (REMPI or RPI)
scheme has to be applied to produce well-detectable signals [SBZ21].

Typically from the neutral Sy ground state of a molecule usually it is not possible to in-
vestigate a triplet state by direct absorption or emission, since they are not accessible by
photoexcitation from Sy due to the electron spin conservation during optical excitations.
If triplet states are "invisible" and not accessible by photoexcitation, the obvious and im-
portant question arises, why is it at all necessary to know more about these triplet states.
Do they have any importance for fundamental molecular processes? The number of actual

research topics in which triplet states are involved provide the answer to this question.




Triplet states are involved in:

e the deactivation of S; state populations in countless molecules

e photo-destruction of molecules by intra- or intermolecular excited state chemistry

e the limitation for the photoemission efficiency in organic light emitting diodes (OLED)
e semiconductors used for triplet-triplet up-conversion [OGMA21]

e clectron spin resonance spectroscopy [BABT19]

e supramolecular photocatalysis, e.g. for [4+2]| additions [UOK™20]

e photopolymerisation processes [ABDC20] and

e analytics on biomolecules [GBAT11]

The list above is quite long, but definitely still not a complete collection of the topics were
triplet states are playing an important role. As already mentioned in the context of the
Jablonski scheme, the relative order of the electronic singlet and triplet states and their
character play the most important role for the photophysics of a molecule.

Although some exotic methods exist to determine the energetics of triplet states in solid
state, there are just two methods to observe them directly and in isolated molecules in the

gas phase. These are:
e i) electron energy loss spectroscopy ([HAASO3]|)
e ii) the radical anion PDIIPES| used in this work

Both methods are enabling directly access low-lying triplet states and have the potential
to observe otherwise transition-forbidden singlet states.

Theoretically angle- and energy-resolved [E]ﬂ is even able to distinguish transitions
to triplet and singlet states in the spectra ([HAASO03|) by using different energies of the
primary electron and different detection angles , a feature is not able to pro-
vide. However, to the authors knowledge EELS was up to now only applied to small and
mediocre-sized molecules without supersonic cooling. This is a strong drawback especially

for large molecules which have to be heated up to high temperatures for evaporation. In

!Photodetachment
2Photoelectron Spectroscopy
3electron energy loss spectroscopy
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addition, since the EELS method is applied directly in the inlet chamber, severe surface
contamination with sample molecules is a significant problem ([TVCT98|). In contrast
to this the anion is performed after mass selection in a separate high-vacuum
chamber.

Usually for almost all spectroscopy methods — EELS included — the initial starting state
is the ground state of the neutral molecule. Neutral ground state molecules are usually
closed-shell molecules, which means that all molecular orbitals are full and the total elec-
tron spin is S = 0. The multiplicity (degeneracy) of the ground state is one and it is
therefore termed as a singlet state Sy.

By using the radical anion as starting position, the initial state for spectroscopy changes
from the ground state of the neutral molecule Sy to an open shell state with an overall
spin § = %, which is a doublet state. Beginning from this state, using photoexcitation to
remove an electron the total spin is changed by +3 leading to singlet (S = 0) and triplet
(S = 1) states of the neutral molecule equally. The energy of the emitted electron then
carries the information of the neutral molecule to which final state the excitation took
place. This is the spectroscopy concept used in this work.

Advantages of the method in comparison to coventional spectroscopy are, that the radical
anions can be internally cooled and mass-selected in a time-of-flight mass spectrometer
(mm prior to photodetachment and photoelectron spectroscopy.

The here presented thesis also features a new efficient method for generating cold, intact
radical anions. This new anion formation method drastically reduces the effort and the
time needed to run photoelectron measurements. Due to this improvement, the following

molecular systems can be investigated:
e heterocyclic species like BEFFF] GET| [DBIF] and fond|
e polyaromatic hydrocarbons , mostly anthracene derivatives
e the organic complex compound copper(IT)phthalocyanine

Numerous [EAJY values and state energies for many triplet 7} states and some forbidden
or only weakly allowed singlet states can be obtained for many molecules, which could not

be investigated before.

4time-of-flight
5Mass Spectrometry
65-Fluoroindole
76-Fluoroindole
8Dibenzofurane
99H-Fluorenone
O¢lectron affinity




In addition it is possible to test and evaluate the new anion generation method. For
this previously well-investigated sample molecules were re-measured in the new set.up for
comparison (compare 4.2.1 for a reference with pyrene).

This work is organized as following:

e Introduction to required background information to facilitate the understanding of
the process of anion formation as well as the principles and physical properties
of discharges. this theoretical outline only includes the information necessary to

understand the subject of this work.

e Provision of the concept and theory behind the photodetachment process of radical

anions.

e Detailed descriptions of the experimental set-up, vacuum system, short-pulse laser
as well as other therefor significant components, enabling to form a connection /link

between theoretical knowledge and the experiment performed for this work.

e Presentation and assignment of the molecular PD-PE spectra as well as embedding

into the context of data already known for the investigated molecules.

e Finally a comparison between the results of molecules with similar chemical struc-

tures is performed.
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2 Theory

2.1 Discharge Phenomena

One of the most well known examples of discharge phenomena is lightening in thunder-
storms. Since the 19th century, artificial discharges and especially their light emission
phenomena have been subject of many scientific investigations.

A pulsed discharge in a pulsed, supersonic co-expansion of neutral sample molecules with

the rare gas argon is used for the formation of intact molecular radical anions in this work

To the knowledge of the author this is the first time that a pulsed discharge in a gas pulse
outside the nozzle is used for radical anion formation of intact molecules.
In this set-up, a combination of several exceptional methods is used, which are - as a

combination - unique in comparison to previous experiments of others (see Figure [2.1]).

The goal of this chapter is to outline first the well-known theoretical and practical as-
pects of different discharges, in order to subsequently obtain a qualitative understanding
of the processes, which happen in the used anion source. In order to be able to pick the
relevant information from the following review on the research performed on discharges,
it is necessary to know the main elements of the discharge anion source. In Figure [2.1
the set-up of our inlet system is shown as a two-dimensional sketch. It is mounted into
a vacuum chamber and consists of 1) a pulsed and heated gas nozzle, which is also the
anode, 2) eight Tungsten needles as cathodes, arranged in a concentric symmetry around
the nozzle orifice at a distance of 4 — 5 mm and 3) the skimmer, which selects the middle
part of the expansion and the ion cloud and transfers it into the second vacuum chamber
where it arrives in the pulsed ion source.

In Figure from left to the right the timing of the main three processes is schematically
displayed.

In the following the time sequence of the three main processes which are involved in the

anion formation is explained (see Figure [2.1)):

e Left inset of Fig. : The gas valve opens, releasing an expanding gas pulse (grey
cloud) into the vacuum . The gas contains argon with a contribution of about 3% of
sample molecules. The temporal width of the gas pulse is about 200 ps half-width-
at-half-hight (hw). At this early time the set-up is still field-free.

e Middle inset: A negative HV-pulse (duration 1 — 2 us) is applied at the needles.
The discharge ignites into the expanding gas pulse in the direction of the nozzle

head. Primary electrons are accelerated and cause an electron avalanche by multiple
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argon carrier gas
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Figure 2.1: Illustration of the timing of the three main processes, taking place in the
inlet chamber. The important devices of the set-up are: The pulsed gas nozzle, the
needle cathodes and the skimmer for selection ans transfer of the ions to the second
vacuum chamber. Left side: Opening of the gas nozzle and formation of the supersonic
expansion. Middle: Application of the negative HV pulse at the needles and ignition
of the discharge. Right side: After the voltage is switched off the ion cloud drifts
downwards to the skimmer (see also text).

sequential ionisation processes. During this time, argon cations as well as sample

anions are formed.

e Right inset: The HV-pulse is switched off. In the dense gas expansion the newly
formed anions are cooled by collisions with the argon atoms and transported to and

through the skimmer into the second vacuum chamber into the pulsed ion source of

a mass spectrometer.

In comparison to other typical discharges (see subsequent chapters) the discharge used

in this work has a very high complexity due to the fact that:

e The pulsed expansion of the gas through a small orifice results in a strong inhomo-

geneity of the gas density in time and space.

e The high voltage (2.5—5 kV) at the cathode needles is switched on only for 1 —2 pus.

So prompt ignition of the discharge is necessary.




2 Theory

e The electric field and the gas density during the discharge is extremely inhomoge-

neous.
e The timing between the gas pulse and the discharge ignition pulse is critical.

e The electric field is switched off in a few nanoseconds, which means that the charge
distribution present at the end of the discharge is conserved as it is and is no more
distorted by electric fields.

It is nearly impossible to discuss and understand the processes, which happen in such
a complex discharge without a detailed and broad knowledge of a variety of discharges,
such as for example continuous discharges, discharges in homogeneous and inhomogeneous
electric fields and discharges in gas columns of constant gas pressure and discharges in
different gases.

Therefore,the for this work relevant part of the basic textbook knowledge on discharges is
presented in the following . The described elements will enable a qualitative understanding

of the microscopic processes that take place in the discharge anion source used herein.

2.1.1 Electric fields

Before talking about discharges, the basic laws of electrodynamics needs to be recalled.
In a discharge, it has to be distinguished between the external field applied between the
electrodes, which is necessary for maintaining the discharge and the internal space charge,
which is produced by the charged particles moving in the gas between the electrodes.

A charge ) positioned at the origin (0;0;0) of the cartesian coordinate system creates an
electric field E fieq at the position 7. This centre-symmetric field can be written with
Coulomb’s law as [GobT71]:

7 position vector [m]
Lo 7 T length of 7, distance to Q [m]
E(T)et. fieta = AT € - €, ] (2.1) E(F):  electric vector field [Y]
Q charge in coordinate origin [m?]
€o: electric field constant [é'ﬁl
€ electric permittivity [(/4;1

Recalling that

with T% when moving away from the centre of the charge. If many charges of the same

=y

is a vector of the length 1, one realises that the electric field decreases

polarity are arranged in a certain volume, the resulting total electric field is just the sum

10
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of the individual field contributions [Gob71] :

E:  electric vector field [X]
- 1 " r—r 71 position vector [m]
(7) AT - €o - € — ¢ GEEEE (2.2) €,: unified vector
Q: charge in coordinate origin [m?]
€o: electric field constant ["/47;"1
€1 electric permittivity [‘}4;]

The formula above is the result of the super-positioning principle of electric and mag-
netic fields in electrodynamics. Later-on in this chapter it will be shown that the field
caused by a cloud of positive charges, plays an important role for anion formation in
pulsed discharges. Although the superposition principle is easy to be understood and to
be applied, unfortunately, the field of an arbitrary charge distributions cannot easily be
described mathematically for a given experiment because of the numerous charges and
their irregular spatial distribution.Time consuming computer-simulations would be neces-

sary which lie outside of this thesis.

In many experiments where discharges have been used or investigated, the electric field,
which is applied at the electrodes is constant in time and space. The typical set-up
consists of parallel electrodes at which the potential difference U is applied. Neglecting
disturbances of the field at the borders of the plates (distance d between the plates is much
smaller that the plate geometries), the field inside this plate geometry is homogeneous and
can be written as [Gob71] :

E: electric field [%]
U d:  distance between plates |m]
E= E - 606?' A (2'3) A:  plate area [m?]
Q: charge [a.u.]
€o: electric field constant [",4;
€. electric permittivity [‘f;l

€, is in the gas phase in effect one. In this set-up of parallel plate electrodes it is not
necessary to write the electric field as a vector field, since it is homogeneous and the field
lines are all parallel to each other and orthogonal to the plane electrodes. The lines of the

electric field and the arrows of the forces on positive and negative charges can be seen in
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figure In this homogeneous electric field, positive particles are accelerated along the
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Figure 2.2: Two-dimensional illustration of the electric field lines between two
opposite-charged parallel plates as described with formula (2.2). The field lines, dis-
played as green arrows, are orthogonal to the plates and parallel to each other. Note

the field direction from + to — and the forces which act on the two opposite-charged
particles. [GobT7I]

field lines to the negative electrode (termed cathode) and electrons would be accelerated

to the positively-charged plate, the anode.

The last example is the electric field distribution in an arrangement of two long concentric
cylinders (see Figure [2.3). This field distribution comes into use in the Geiger-Mueller-
set-up and qualitatively with reversed electrodes in the herein used setup. The function
of the Geiger-Mueller-set-up will be explained below in detail.
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Figure 2.3: Three-dimensional illustration of the electric field lines between two con-
centric cylinders as described by formula (2.4). The outside cylinder is negatively
charged and the inner cylinder (or wire) is positively charged. The electric field be-
tween the two cylinders is strongly inhomogeneous. It increases from the outer cylinder
to the inner cylinder, which would be the flight direction for free electrons in a dis-
charge.

The electric field between the two cylinders can be written in dependence on r, which is

the distance from the centre of the inner wire.
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E: electric field [X]

E(F) = p—aQ I a<r<br=>b—a, max. r:  distance from centre [m]
20€0-1 T a:  inner wire radius [m]
(2.4) b:  outer cylinder radius [m)]
p:  charge distribution [%]
€o: electric field constant [“/451

The electric field between the electrodes is strongly inhomogeneous and proportional to
%. It has its maximum at the surface of the inner cylinder or wire and decreases with the

distance from the inner wire.

As noted above, the most common application of this cylindrical electrode set-up is the

Geiger-Mueller-Counter which is able to detect ionizing radiation (for details see below).

Conventional continuous discharges

If the distance d between two flat and parallel electrodes (- the anode (4) and the cathode
(=) - )is not too large and the voltage difference U is high enough (even at atmospheric
pressure) after ignition, then discharges can burn stable. This means that in the gas phase
charged particles can move from one electrode to the other. In-between the electrodes,
the electrons are accelerated by the electric field Eyeq = %. If there are not too many
collisions with the gas, their kinetic energy becomes high enough (Eyi, = ¢ Efjea - with
[ as the flight path of undisturbed acceleration) that they can cause electronic excitation
or even ionisation in one of the next collisions with neutral atoms or molecules. When a
single electron ionises a neutral atom, afterwards two free electrons exist. Such ionisation
processes can happen several or even multiple times between the electrodes. This results
in an amplification of the number of charged particles in the gas, which leads to an increase

of the current through the gas and by this also stabilizes the discharge [Rajo7].

At this point, it is obvious that the ionisation energy (I E) of the gas and its collisional cross
section ¢ for ionisation with electrons comes into account. As already indicated above,
the pressure (p) in the gas is an important parameter for discharges as well. Electrons
and ions can only gain as much energy in the electric field as needed for the collisional
ionisation process, if their flight is not too often decelerated or even stopped by collisions

with neutral atoms.
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The preceding description of continuous discharges between flat parallel electrodes shows,
that already in such straightforward set-ups (continuous discharge, homogeneous electric

field) many parameters are involved.

By changing the pressure and keeping the voltage constant, the well-known Franck-Hertz
experiment [FH67| directly proves, that the electrons at first have to gain enough energy in
the electric field in order to be able to excite or ionize the next neutral collision partner. If
voltage and pressure are well-suited, the electron (and the ion amplification) by collisional
ionisation can happen multiple times on the way to the attractive electrode. If the charge

multiplication happens very often, it is more precisely described as an "avalanche effect".

The initial charge formation

The most relevant question for continuous and especially for pulsed discharges is: how the
first free seed electrons are formed. The following scenarios for the initial charge formation

can be imagined:

e lonization of gas atoms or molecules between the electrodes by high-energetic pho-

tons or particles which stem from natural sources (see below 2.1.2).

e Jonization at the cathode surface by high-energetic photons or particles from natural

sources.
e Spontaneous thermal electron emission by a strongly heated cathode and/or

e Spontaneous electron emission by tunnelling out of the cathode caused by a very

strong local electric field at the metal surface.

Natural sources of high-energetic photons or particles are nuclear fission (natural radioac-
tivity) or nuclear fusion processes (extraterrestrial radiation or particles from the sun or
other interstellar sources). In former works, it was often assumed that the ionisation by
natural high-energy processes takes place in the gas between the electrodes. Due to the
much higher density of the atoms in the electrodes in comparison to the gas it seems more
reasonable to assume that the first ionisation process takes place at the cathode surface.

In the past often § emitters have been included in the cathode material in order to make
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sure that enough electrons for the discharge ignition are provided. This method is nowa-
days excluded for safety reasons.

Spontaneous electron emission either by heat or field or both needs very high temperatures
or/and very high electric fields, as will be described below.

It is very important to note that the question "how the first free charge is formed" is
not so important for continuous discharges but very essential for pulsed discharges. This
holds especially for the discharge used in this work, where i) the ignition of the discharge
should follow promptly the rise-time of the high voltage applied to the electrodes and ii)
no charges are left over in the gas between the electrodes from the previous discharge pulse
cycle.

After ignition (first free charge formation), the discharge can only form a stable current
through the gas if at least a minimal avalanche amplification effect is present. As evident
from the Franck-Hertz experiment the applied voltage, the gas pressure between the elec-
trodes as well as the property of the gas in the electrode gap have an influence on the
stability of the burning of the discharge as reflected in its light emission and the current
through the discharge.

Since the cross section for the formation of negatively charged molecules and atoms is
usually very small and radical anions can typically be only stabilised by energy-loss in
low-energetic collisions (see Chapter 2.2) anions play virtually no active role in usual dis-
charges.

One well-known exception is the molecule S Fyz which has a very large electron affinity and
a very high cross section for the uptake of an electron [CO0I| and therefore can scavenge

free electrons. By this it is able to prevent the formation of discharges.

The asymmetric roles of electrons and ions in discharges

The role of the free electrons and the free ions (atomic ion core or radical cation molecule)
in discharges is complex and not understood in all facets. First of all, the role of the
electrons and the cations in discharges might be different for several reasons. The most
obvious differences between an electron and and ion are i) their different masses, but also
ii) that ionised and neutral atoms and molecules offer bound states for electrons. These
differences have consequences for the microscopic processes happening in discharges. In a

discharge, due to its small mass an electron in collisions with neutral atoms or molecules

e Cannot transfer a significant amount of kinetic energy to the kinetic energy of a
heavy neutral atom or molecule as a whole: Low-energetic electrons are therefore

expected to be scattered elastic (no loss of kinetic energy, just a change in the flight
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direction) as long as their kinetic energy is not too high.

e High-energetic electrons, however, can directly interact with the bound electrons of
the neutral atoms or molecules: they can excite the neutral to an electronic excited

state but can also directly ionize.

Because i) the mass of an ion is much higher, ii) it is positively charged and iii) can offer

bound states to electrons:

e The interaction of radical cations with neutral molecules is more complex than that

of electrons with neutrals.

e The cross section for a purely mechanical ion-neutral collision is much higher (note
that twice the radius of the atom has to be considered) than the cross section for an

electron-neutral collision.

e Since the cation and neutrals of the gas in the discharge have practically the same
masses and diameters, kinetic energy transfer is expected to play a very important
role. The motion of a cation can be completely stopped in one cation-neutral colli-

sion.

e Charge transfer from the cation to a neutral especially between the same atomic
and molecular species is known to have a very high cross section [BBST81| . This
means that fast ions can efficiently transfer the charge to slow neutrals. This can
lead to a situation where the cations, in the worst case, can not at all or only with
a small fraction contribute to the charge amplification in a discharge. They should,
however, still be able to create one or two new free electrons by ionisation of the
cathode surface, which has a much smaller work function than the ionisation energy

of the neutral rare gas atoms.

e The fact that in a cation-neutral collision in the gas phase the electron has to escape
from two positive charges, to be available as free electron. This is an extremely

improbable process since double ionisation energies typically lie above 30 eV [DM61].

Due to the mentioned reasons, a direct ionisation and formation of a free electron by
ion-neutral collisions in the gas phase seems to be extremely improbable.
With the described asymmetry between electrons and ions and the consequences thereof
in mind, it can attempted to interpret former experiments of others. In a usual discharge
set-up, it is not so easy to separate the contributions of the electrons from the contribu-

tions of the ions to the discharge.
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From pulsed discharges with repetition rates in the kHz range, it is known [Git4(], that
even after a time gap of more that 100 us, the re-ignition of a subsequent discharge pulse
profits from the presence of radical cations which are still present form the previous cycle.
This is assumed to be due to their high masses and the resulting relative slow motion
between the electrodes in comparison to electrons. It is also possible that after switching
off the voltage the fast ions transfer resonantly the charge to slow neutrals (see above),
and these now thermal ions stay and survive between the electrodes for a relatively long
time. Due to this,even after more that 100 us there are still some ions present in the gas.
To clarify the role of these remaining radical cations for the restart of the subsequent dis-
charge pulse, the gas phase ionisation versus the surface ionisation has to be weighted at
the cathode. For this, there are several important effects to consider. On one hand, there
is the above-mentioned efficient charge transfer from the fast ions to the slow neutrals,
which makes it improbable that ions in the gas make it to produce free electrons. On the
other hand there is the low work function of the cathode metal surface as well as the high
atom density in the cathode. Hence, one can imagine that the impact of one, two or a
few cations on the cathode surface eject each one or two electrons, and by this can ini-

tiate the observed easy re-start of the subsequent discharge pulse at relatively low voltages.

The question is now, whether an experiment which selectively enlightens the role of the

electrons can be found. The key for this experiment is the Geiger-Mueller-tube.

2.1.2 The Geiger-Mueller-tube

The basic set-up of a Geiger-Mueller tube (see Figure can be described as following:
It consists of a vacuum sealed tube filled with a gas at low pressure. The tube contains two
electrodes, which can be fed with voltages. Inside the tube, there is a hollow-cylindrical
cathode. Concentric to the cylinder is a wire-like anode in the centre.

As previously discussed, this electrode set-up produces a very inhomogeneous electric field.
It increases with % when moving from the outer negative cylinder electrode (high r) to
the positive inner wire (low r). Typically neon or argon gas at a low pressure is used
as a medium inside the tube. Figure displays the basic set-up of a Geiger-Mueller
tube. Gamma radiation, enters the tube via the glass window and is able to ionize at the
electrode or the carrier gas.

The electric field strength and the gas density in the tube are chosen is such way, that a

single primary electron is accelerated to such high kinetic energy that in the next collision
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Figure 2.4: Two-dimensional illustration of a Geiger-Mueller-Tube. Note that the
outer electrode is a hollow-cylinder. The gamma radiation can enter through the
permeable glass. A single ionization event triggers an electron avalanche. Electrons
and cations are moving in opposite directions in the field. The electron discharge stops,
when the electrons reach the centre electrode. The pulsed electron signal can be used
as input signal for a counter. Sketch based loosely on [Kor12|

with a neutral atom it can eject an electron. In the next step, primary and secondary
electrons are accelerated and are each able to ionize in their next collisions with neutral
atoms. This results in four free electrons. These four electrons are again accelerated ...
and so forth.

This cascade is repeated multiple times resulting in an efficient free electron amplification
process. Because the electric field increases as closer the electrons come to the inner elec-
trode (Eyire & % LU %) the stronger the secondary and tertiary and so on electrons are

accelerated. This enforces the formation of an electron avalanche.

In contrast to the active role of the electrons in the Geiger-Mueller tube the role of the

cations is passive:
e They are accelerated to the outward cylinder.

e In the next collision they can efficiently transfer their charge to a slow neutral atom.

This basically prevents that positive cations can become fast in a gas-filled tube.

e Principally the ionization of a neutral atom by an ion is extremely improbable be-

cause of its positive charge, as was discussed in 2.1.1

e Due to of the decrease of the electric field with increasing distance from the centre,
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the many collisions and charge transfer processes the ions become slower and slower.
e At the end they are so slow that they can not ionize the cathode.

This special set-up achieves that if a single primary free electron is formed the electron
avalanche starts, but the current flow ends if the electrons reach the inner wire. The
discharge ends because the ions can not contribute to the formation of new free charges.
Hence, one primary ionization event results in one single short negative pulse.

These numerous electrons are captured by the middle electrode and can be detected by
a counter. Normally the counting signal is linked to a loud speaker, which generates the
well-known ticking noise. One tick indicates a single primary ionization event.

In conclusion, with the Geiger-Mueller counter, which is easy in function and relatively
cheap, it is possible to detect even low activity of gamma radiation|Kor12].

For this work, the function of the Geiger-Mueller-counter is a proof that the above-listed
asymmetry of the roles of the electrons and the ions in a discharge is qualitatively right.

Figure [2.5] illustrates a primary ionization event by gamma radiation and the formation

Cathode-
e initial ionization event .
radiation electric
. field
mean free
electron path A V

A HV

v power
supply

VAN

Anode+

Figure 2.5: Sketch of the electron avalanche formation in the Geiger-Mueller-counter.
The electron avalanche captured by the anode superimposes to a short negative pulse,
which can be detected by a counter. Sketch based loosely on [EH40]

of the electron avalanche, which is then captured by the inner positive electrode.
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Historical classification of discharges

While using a relatively extraordinary method of a pulsed discharge for anion formation
in this work, it is nevertheless necessary to also submerse somewhat in the discussion of

some well-investigated classical types of continuous or semi-continuous discharges.

Continuous discharges are characterized by the gas properties, the gas pressure and the
current which flows through the gas. The latter depends on the number of atoms be-
tween the electrodes - which means the pressure in the discharge - , but also on the
voltage difference applied at the electrodes. Because charge flow and voltage correlate
monotonously and in former times three-dimensional plots have been impossible, in the
past gas discharges have been characterised only by pressure and current density (see Fig.
2.1). Note that this classification is rough and not sharp [Mid02]. This classification can
be subdivided into

e Dark discharges at low pressures and low currents up to 1 pA and high pressure and

high current also known as Townsend or avalanche discharge. [TB2I]
e Glow Discharges, at not too high pressure, but high current from 1 mA to 50 mA
e Arc discharges, at medium pressure and current above 50 mA

All of this gas discharge phenomena have different applications from welding metals (i.e.
arc discharges), the production of UV-lamps, the detection of atoms and molecules by
their fluorescence to the determination of electron affinities. As already outlined above,
the widely known Geiger-Mueller-Counter is a very useful device to detect weak levels of
ionizing radiation and radioactive processes [GM2§].

Dark discharges have small numbers of charges per volume and therefore need ionization
events caused by external sources to keep ongoing. As already outlined above, external
sources for free charge formation can be high- energetic cosmic photon or particle radiation
(see Geiger-Mueller-counter above) or even ultra-violet light.

In a discharge, the current through a gas of constant pressure depends monotonously on
the applied voltage. In a discharge, in the low-voltage range the increase of the current
with a rise in voltage is rather steep. Above this range, if the voltage is further increased,
the current starts to saturate and only increases slowly. From that point on the discharge
does not need any further ionizing stimuli from outside. Now the discharge can be classified
as an independent dark discharge respectively a Townsend discharge. The nomenclature

"dark discharge" refers to the fact that the light emission from the discharge is so weak,
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Figure 2.6: Tllustration of the different types of discharges depending on the pres-
sure and current density. The transition from the glow to an arc discharge can be
provoked by increasing the pressure. The transition form a Townsend discharge to an
arc discharge can be achieved by an increase of the current density (by increasing the
voltage). Sketch based loosely on |[GobT7I]

that it is practically invisible. The transition to a glow discharge is achieved by a additional
increase of the current. It is now possible to observe a strong light emission from the
discharge. When the pressure in the gas is further increased and the current density
is high, the temperature of the cathode strongly increases and thermionic emission of
electrons occurs at the cathode. This type of discharge is then termed "arc discharge".
Arc discharges can be recognised by their steady and strong light emissions and the glowing
electrodes.

Since in Figure the voltage applied to the electrodes is not included, the impression
occurs that it may be of minor importance. This, however, is not the case, as the following

chapter shows.

2.1.3 Paschen’s Law describing the minimum voltage necessary

for a stable discharge

For some technical applications of high voltages for example in photo-multipliers, particle
detectors, in Geiger-Mueller counters as well as in electron microscopes and other high
voltage electronics, it is important to know at which voltages, distances and gases stable
discharges can occur. It should be noted that such knowledge is important, because for

example in mass spectrometers one short discharge in an ion detector can destroy all the
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subsequent expensive electronics for data acquisition.

After an ignition process with a certain voltage, the discharge is expected to start burning
constantly. The amount of voltage required is given determined by Paschen’s law. Exper-
imental conditions such as the electrode distance d, gas pressure p (which correlates to the
mean free path length until the next collision happens) and properties of the gas such as
the electron-atom collisional cross section o and the [l of the gas influence the minimum
voltage at which a stable discharge can evolve. All the above parameters are included to

a greater or lesser extent directly in Paschen’s law|[Pas89):

Voltage [V]
B cross section electron-gas [5.—]
In(o-p-d)—In[in(l +~1)] b (2:5) = 2 ]

pressure [Pa]

electrode distance [m]

2 2% B9

third Townsend coefficient [a .u.]

This equation is crucial to understand that for a given gas and given distances specific pa-
rameters such as gas pressure and voltage can be used to control and maintain discharges.
The minimum voltage for a discharge depends on electrode distance d and pressure p on
the electron-neutral cross section ¢ and the constant B, which is the product of o with
the ionisation energy of the gas[E]/e, given in electron volt. It should be noted that the

influence of the third Townsend coefficient is very small.

If the minimum voltages for stable discharges - as given by equation (2.5) - are plotted
versus the gas pressure (as can be seen in figure for several gases, it turns out, that
over a broad range of pressures the rare gas argon is the gas for which the voltage for a
stable discharge is the lowest.

Luckily, argon is inert and heavy and therefore also well-suited as carrier gas for atom-
molecule co-expansions and is thus used in this work as carrier and discharge gas for the
pulsed co-expansion through which the pulsed discharge is ignited.

Most of the previously mentioned laws and considerations apply for discharges with con-
stant voltages. There are also discharge phenomena where voltage and current are alter-
nating or unidirectional and pulsed.

However, a pulsed discharge - as used in this work - which is realized by a pulsed inho-

Yonization energy
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Figure 2.7: Sketch of the paschen curves for argon, nitrogen and helium. Note that

discharges in argon, which was used in this work, need the lowest voltage over a wide
pressure range. Sketch based on [LL94]

mogeneous electric field in a pulsed Argon gas cloud needs further detailed discussion.
Intending to use the numerous free electrons which are formed in a discharge for radical

anion formation, it is immediately understandable the necessity for a pulsed discharge as
will be outlined in the next section.

2.1.4 Pulsed discharges and intact anion formation

Pulsed discharges have previously been used in countless experiments. The discharge was
mostly aligned perpendicular to a channel, which was placed in front of a pulsed nozzle.
In such discharges molecules and solid state material were fragmented to atoms and in

the expansion reassembled to form atomic clusters or exotic molecular species as anions
or cations [CKMI0).

The aim of this work is, however, to form radical anions of intact molecules. As the

example of previous work shows, discharges usually provide a crud and high-energetic en-
vironment.

In the following the discharge set-up is presented with further details and the peculiari-
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ties as well as the functions of the involved devices are explained. At the end, a possible

scenario for the time sequence of the microscopic processes is proposed.

The detailed experimental set-up of the anion source

Before attempting a microscopic explanation of the processes, taking place in the pulsed
discharge of this work, it is necessary to provide a more detailed understanding of the
experimental set-up. Figure [2.8|shows a sketch of the inlet chamber used in this work. In
this chamber the electrodes for the pulsed discharge and a pulsed gas valve for the super-

sonic argon-molecule co-expansion are mounted. The whole electrode and nozzle set-up is

vacuum chamber———M — e

pulsed valve
argon jet
pulsed power
hv switch source
tungsten needle -
mounting ring —8 —— =5k i
pulse
generator

to the ion flue

Figure 2.8: Simplified illustration of the needle electrodes (negative cathode), the
pulsed-discharge (blue) and the pulsed gas valve (positive anode). Eight Tungsten
needles are arranged concentric at 4 — 5 mm in front of the gas nozzle orifice. A high
negative voltage(~ 4 kV) pulse (duration: 1 — 2 us) is applied in order to inject seed
electrons into the expansion gas. The seed electrons initiate an electron avalanche in
the argon gas to the nozzle. Tt should be noted that the electric field is strongly inho-
mogeneous at the negatively charged needle tips. This field-inhomogeneity is opposite
to the Geiger-Mueller-tube (see chapter 2.1.2) where the field strength increased when
going to the inner positive wire. For further explanations see text.

mounted inside an aluminium vacuum chamber, which is pumped by two turbo pumps.
In the following the devices of the set-up will be described one by one.

The nozzle: The heated and pulsed gas valve contains the sample molecules and is kept
under approximately 30 bar excess of argon pressure. It is typically heated to a tempera-
ture below the estimated melting point of the sample, in order to just sublimate sufficient

amount of sample molecules into the gas phase. The mixture of argon carrier gas and
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sample molecules (maximum five percent) expands from 30 bar to vacuum (5-107° mbar).
The pulsed valve is activated ten times per second. The electric steering pulse is a high-
current pulse of 70 V' which is led into a copper-wire-coil (30 turns about 6 mm inner coil
diameter) with a isolating coating. The coil is wrapped on a magnetisable hollow-cylinder
which is also the housing of the nozzle. The resulting pulsed magnetic centre-symmetric
field attracts the magnetic plunger which then moves from outside the field into the coil.
By this it draws back the poppet and opens the orifice (diameter ~ 300 um). The resulting
gas pulse has a time-width at half height of estimated 120 us to 200 us.

The gas co-expansion: During the expansion through the orifice and still some mil-
limetres downstream, the nozzle orifice, first the neutral sample molecules and later the
newly formed anions are strongly cooled internally. Cooling of the vibrations of the sam-
ple molecules is performed by a transfer of vibrational energy to the argon translational
energy in low-energetic argon-molecule collisions.

The Tungsten needles (the cathodes): Eight tungsten needles are used as cathodes.
They are arranged centre-symmetrically , pointing to the hole of the nozzle at a distance
of about 4 — 5 mm from the nozzle surface. It is essential to keep a suitable distance
between the tungsten needles and the stainless-steel front plate of the valve: They need
to be close enough to the nozzle to keep the electric field high and to reach into a suitable
pressure domain and far enough to prevent that the gas pressure at the needles is still so
high, that the mean free path length is still so short that avalanche effect fails.

The inhomogeneous electric field: The voltage applied to the needles is about 2—4 kV.
Since the needle tips have only a radius r of about 20 mum and the electric field at a tip
is proportional to % it follows that the electric field at the tip is particularly high and very
inhomogeneous. The immense electric field at the tips might be essential for the formation
of the first free electrons which ignite the electron avalanche effect (see below). Tt should
be noted also, that in contrast to the Geiger-Mueller-tube the electric field increases when
moving to the negative electrodes.

The timing: To allow the electron avalanche effect to take place, the electric field and
the argon gas pressure must be suitable. It is necessary to emphasize that i) the pulsing
of the gas valve and ii) the time-correlated fast pulsing of electric field provide the key ele-
ments for the formation of an efficient discharge and therein the formation of cold anions.
The pulsed gas valve produces a Gaussian-like temporal pressure distribution in front of
the valve. It is important to understand that the density of the gas decreases with the
distance from the nozzle. This pressure-variation in time and space allows to choose the

right pressure-condition for the ignition of the discharge and the formation of the electron
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avalanche. This needs a perfect, reproducible timing between the nozzle opening and the
electric pulse. Whereas the HV-pulse can be controlled in time and pulse width with a
nanosecond accuracy, usually the temporal reproducibility of the mechanical gas valve is
miserable. In this work a high reproducibility was achieved by several changes at the gas
nozzle, which are described in the experimental section (see Chapter 3.2.1).

The double function of the argon carrier gas. As already mentioned, the function

of argon as a carrier gas is twofold:

e i) By its efficient ionization in the electron avalanche, it acts as electron multiplier.

e ii) It serves as a collision gas, which cools the vibrations of the freshly formed hot

sample anions.

Regarding i): Due to the high gas density in the argon jet and the large cross-section for
electron ionization in argon, plenty of electrons are formed in the pulsed electron avalanche.
Because there are many electrons formed, nevertheless the number of low-energy electrons
is still high. Preferentially only these low-energetic electrons are able to efficiently attach
to neutral molecules and form radical anions. Regarding ii): The argon atoms are heavy
enough to be able to accelerate the sample molecules until they have the same velocity as
the argon atoms. Then the argon-molecule collisions are low-energetic and the cooling of
vibrations of the freshly formed hot anions sets in.

The sequence of processes: Some tenth of us after the valve is electrically addressed
it opens and the gas expands from 30 bar into vacuum (5 - 1075 mbar before the valve
opening). It should be noted that in general, in agreement with the theory of gases, the
average velocity of the argon gas is only slightly increased by increasing the pressure in
the nozzle. The density of the gas cloud directly at the nozzle orifice increases over time
to a maximum and then decreases until the valve closes again. The pulse width at half
height is about 200 wps which results about in a 10 e¢m long gas cloud. In a distance of
approximately 4 — 5 mm the jet hits the cathode needles which are oriented towards the
orifice (tip radius about 20 um) of the valve. The high-voltage pulse for the discharge
at the needles is synchronized to that gas density, which is ideal for the ignition and the
avalanche process. The high-voltage pulse is switched-on shortly before the gas density
at the needles reaches its maximum. About 1 us after the high voltage (2 — 4 kV) is
applied, at an oscilloscope which monitors the discharge pulse, a small voltage drop can
be observed. This drop is interpreted as the time at which the discharge is fully evolved.
An avalanche of free electron is formed by electron ionisation of the argon carrier gas. It
burns into the gas expansion and to the valve front plate, especially to the orifice. Di-

rectly in front of the nozzle orifice the gas density is so high and the mean free path lengths
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becomes so small, that numerous collisions occur, which moderate the electron velocity
and prevent further ionization. Nevertheless, the countless electrons reach the nozzle front
surface. After the electron avalanche is fully evolved, the HV and hence the discharge is
shut-off in 10 ns. Due to this, the electric field can no longer disturb neither the cooling
effect nor the direction of the ion flight path. The remaining charge cloud consists of
cations, anions and electrons. It is reasonable to assume, that at this time because of their
small mass most of the electrons have already disappeared. The cloud travels now with
the velocity of the neutral gas through the skimmer and to the ion acceleration area of a
Time-of-flight-MS where they can be separated by mass and detected.

This set-up generates sufficient amounts of anions, which then can be analysed and inves-
tigated by PES.

The following subsection is dedicated to attempt an understanding of the specialities of

this discharge ion source.

An attempt of a microscopic understanding

As noted above, anions usually do not play an active role in discharges. Besides the fact
that not every gas has a positive electron affinity, it can also be assumed that the condi-
tions in a discharge are too harsh, in order to form radical anions by electron capture. Here
a pulsed discharge with argon as carrier gas which contains up to five percent of sample
molecules is used. It is known that electron-capture by molecules preferentially works for
low-energetic electrons (see chapter 2.2), which should be usually sparse in number in a
discharge. An obvious reason for this is the presence of the high electric field driving the
discharge. A second aspect is that the excess energy of the electrons which approaches
the molecule has to be removed by low-energetic collisions of the argon gas, in order to
stabilize the newly formed anion, which is internally hot due to the electron attachment
process. It should be pointed out that the electron affinity is converted to vibrations of
the anion ground state, which have to be removed in order to obtain simple PE spectra.
Because of the electric field during the discharge, also the anions are immediately acceler-
ated against the neutral gas, leading to high-energetic instead of low-energetic collisions

with the neutral argon atoms.

As the experiment here shows anion formation in a pulsed discharge of a pulse width
of 1 — 2 us performed in a pulsed rare gas cloud is very efficient in anion formation.

As a consequence, there have to be extraordinary characteristics of a pulsed discharge in
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a dense argon cloud, which have been not yet considered in the previous sections.

It is important to note that due to the application of an ultra-fast high-voltage switch

(Behlke HTS12, circuit plan in chapter 3) the high voltage for ignition and driving the

discharge can be switched on and off with very fast rise and fall times of about 10 — 20 ns.

There are several motivations to use a pulsed discharge, especially those with an ultra-fast

fall-time of the high voltage for anion formation:

The ultra-fast switching-off of the electrode voltages freeze out the charge situation,

which is actually present at the end of the discharge.

If it is assumed, that a sufficient number of anions and/or electrons are formed
during or after the discharge, the switch-off of the electric field, prevents a further

acceleration of the anions and the electrons.

By this, a low velocity of the anions can be realised, which results in small velocity
differences between the anions and the neutral argon atoms. This allows the neutral

argon atoms to stabilize and cool the anions internally.

If the pulse of the electric field is short enough, it can be assumed that predominantly

the electrons move and initiate an electron avalanche in the discharge.

In contrast cations which are formed close to the needle cathodes are strongly ac-
celerated by the immense attractive inhomogeneous field of the tip and gain enough
energy that they can eject electrons from the needle and by this help to increase the

number of seed electrons and maintain and stabilize the electron avalanche effect.

The pulsed electron current through the gas can be pushed to the maximum, since
with the support of storage capacitors the high-voltage power supply can provide
energies of up to mJ in one us. Ageing of the electrodes due high temperature and

erosion by sputter processes can be nearly avoided.

The presence of a high number of free electrons is very suitable for anion formation:
its probability clearly increases with the number of attempts the molecule has to

capture a free electron. This obviously increases with the number of free electrons.

In contrast to the electrons, because of their large mass, the ions stay (for a rel-
ative long time) in the gas expansion. After some time this leads to an excess of
positive charges. As a result, they form a positive coulomb trap for the anions and

interestingly also the low-energetic electrons.
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e The formation of a coulomb trap for the low-energy electrons considerably increases

the number of attachment attempts and prolong the times scale for anion formation.

e The coulomb space charge cloud drifts downwards with the neutral gas atoms through
the skimmer into the ion source and keeps the anions together. Especially the re-

pulsion between the anions is compensated for.

The above list shows that the microscopic effects in a pulsed discharge, as used in this
work, are very different in comparison to a continuous discharge. It also shows, that there
are many advantages of such a set-up for the formation of molecular anions.

One last question is, how the first free electron are formed, which then start the avalanche

process.

2.1.5 The first free electrons

It should be noted, that the emission of electrons from the tip surface depends on several

parameters:
e The size of the work function (see below).
e The field strength at the surface of the tip.
e The temperature of the tip.

In the following we discuss these effects and their contribution to the formation of the first

free electrouns.

Field emission of electrons

The formation of the first free electrons is a very crucial point, since the discharge has to
fully evolve in the duration of the electric pulse, which is only 1 — 2 us. Hence, the first
free electrons have to be ejected rather promptly after the rise of the HV-pulse. Back-
ground radiation from radioactivity or UV-radiation can be ruled out here because i) the
discharge happens inside an alumina vacuum chamber and ii) the pulse length of 1 —2 us
is too short to allow a ignition by background effects.

At immense electric fields at the cathode tips electrons may be able to leave the metal
and initiate the discharge.

For this very high electric fields (% = Egieq; U = voltage difference at the electrodes,
d = electrode distance) as achieved by high voltages, small electrode distances and sharp

cathode tip geometries (Efjeq & %, while r is the radius of the tip of the cathode electrode)
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have been used. A more precise description of the electric field generated by a needle tip
is given by the following equations. Under the assumption of a perfect tip with a field
direction along the gap axis the field at the tip can be written asJASNMO07]:

U: applied Voltage [V]
R: gap distance [m]
B(r) = u cos(bh) 1 (2.6) tan®(6,) = %: ratio radius to distance [a.u.]
R ln(cot(%)) sin?() 7 distance from tip [m]

cos(0) = (R—r) - %: circle distance relation[a.u.]

Due to the high field densities at the tip of the tungsten needle and between the the
tip and the orifice of the valve it is possible that electrons are ejected by field-supported
electron emission from the tungsten needles. As can be seen in figure 2.9 the electric field
vectors are also directed into to argon jet. So the initial electrons leaving the tip surface
can be accelerated and start the avalanche process. This means the question, how the
initial free electrons are formed can be possibly answered by field emission of electrons

from the Tungsten tip surface. This effect is well known and applied for example in the

pulsed valve

electric field vectors

supersonic argon jet

tungsten needles

Figure 2.9: Simplified [llustration of the pulsed-discharge pulsed-valve system used in
this work. The highly negatively charged tungsten needles generate enough initial free
electrons to trigger an electron and ion avalanche in the argon gas entering the vacuum
chamber. Because of the high gas density plenty of free electrons are formed. Electrons
which have suitable energies are able to form radical sample anions and cations while
hitting the sample molecules in the jet.

scanning tunnelling microscopy [CBP12|. In the following the field-assisted electron emis-
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sion is described.

Electron field emission from metal surfaces needs very high electric fields in the order of
10° % or more. It can be understood as the tunnelling probability of an electron through
the fermi barrier out of the bulk into the continuum. The field emission current can be
written as|GMb56]:

G: escape probability [a.u.]
— 1 (B — 0 zero field height [eV]
G(bo, B) = 2v2m - h bo Mdz (2.7) B: barrier field [eV]
Ik Planck’s constant [eVs]
M = (U(z) — E,): electron motive energy [eV]
2 .
e U(z): potential energy [eV]
M = by — — 2.
(b07 B> bo — B O6megr 8) E,: electron total energy [eV]

The thermionic electron emission

In case the temperature of a metal wire (usually tungsten enriched with elements of low-
work-function) is very high, electrons can leave the metal alone by their thermal energy.
Regarding first the pure thermionic emission. As mentioned before the jet valve needs to
get heated in order to sublime enough sample molecules. The molecules in this work are
without exception relatively large polyaromatic hydrocarbons and as such have different
sublimation temperatures. For example, it is possible to obtain spectra of 5-Fluroindole
at about 70°C, but samples molecules like Pentacene need temperatures close to 300°C to
evaporate efficiently. Because of the close distance to the nozzle and the skimmer (typ-
ically heated 50°C above the nozzle temperature to circumvent surface adsorption), it is
reasonable to assume that over time the needles and their mountings are heated up close
to the valve temperature. To understand the influence of temperature on the emission of
electrons in the following we indulge somewhat in the thermionic effect.

The relation between electron emission and temperature in solids can be described by
Richardson’s law|Ric13] :
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J:  current density [£]
J=A,- T e% (2.9) Ay material constant [ ]

W:  work function [eV]

kT: Boltzmann energy [eV]

This means for a heated wire that higher temperatures lead to higher electron currents out
of the surface. However, the thermal energy k7" has to be at least a fraction of the work
function. Since the latter is at best in the range of 3 — 4 eV extremely high temperatures
are necessary, which are far beyond our nozzle temperature. Since the temperature of the
needles always stays below the temperature of the nozzle (at maximum 650 K'), a pure

thermionic emission is ruled out.

A concerted action of field and temperature

One could, however imagine that temperature and field can work together. This means
that the current of the field-emitted electrons rises with temperature[DD54]. With re-
<) which

describes a remodelled barrier function. This suggests that most electron emissions out

spect to that, the term M can be corrected by the Schottky approximation (

167egx

of solids are combined processes of field emission and thermionic emission. To include
both kinds of mechanisms Walter Schottky introduced a correction term to describe field
regimes below 10° £ [MG56]:

A

m

current density [
w-a

J=A, -T* e " (2.10)

J

Ay material constant [ —|
W:  work function [eV]
kT

boltzmann energy [eV]

While the correction term AW takes the electric field into account by :
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3.
AW = e B (2.11) © elemental charge [C]
Ameg E: applied electric field [%
€o: electric permittivity [(;‘;l

On one hand, by this formula the transition between the different types of electron emis-
sions are described and on the other hand it shows how two effects can cooperatively
determine the electron current from the metal surface. For this work it can be assumed
that the regime of the above-mentioned method lies within the Schottky area of the phe-

nomena. Figure 2.7 illustrates how the regimes behave in a qualitative way. If the field is

barrier energy
A

AW

work function W

y \schottky emisson
4 A

' field emission

.

\
Fermi energy 77777777/

Metall vacuum

reaction coordinate x

Figure 2.10: Simplified Hlustration of the emission barrier under the influences of
temperature and electric field effects. Just thermoionic emission is the less effective.
When the field densities rise, it will transition into a Schottky emission. When the
estimated electric field threshold of 10° % is reached the field emission curve becomes
dominant. Sketch loosely based on [DGAT12]

zero solely thermionic emission remains. With increasing electric field intensity the curve
will transform to a regime where the field emission becomes predominant as can be seen
in Figure 2.7. With that in mind, it is reasonable to to assume that the pulsed discharge
used here lies within the gap of the Schottky regime. This means both field (strong contri-
bution) and thermionic effects (minor contribution) add up to the primary charge carrier

generation.

One of the most important parameters is, however, the work function of the metal.
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The work function of the cathode

The work function of a metal describes, how much energy is needed to remove an electron
from the metal surface, if no electric field or temperature is involved. The appearance
of the work function in the previous formula means that the choice of the right metal is
crucial, as the work function is a material constant. The work function can be measured
by the photo-effect[Ein05]. It can be described as [KW96]:

work function [eV]

W=—¢-e—Ep (2.12)

. . V
electrostatic potential [ ]

e

fundamental charge of an electron [C]

Ep: fermi energy [eV]
It is necessary to mention, that the electrostatic potential, is the electrostatic poten-
tial at the immediate vicinity of the surface to vacuum and can be derived by the line
integral|[Gril3]:

¢: electrostatic potential [%]
== / Edl (2'13) Ay surface area [m?]

dl:  line length [m]
E:  electric field [m]

The Fermi energy Er and the work function W are material properties. Thus the solid
state material of the cathode used to generate initial charge carriers in form of electrons
should be thoroughly selected. Figure 2.8 illustrates the work function and the Fermi level

e" ————— vacuum energy
W=pe-EF

fermi energy EF

metal

Figure 2.11: Simplified Illustration of the work function of a metal.The lower the
Fermi level the more energy a electron needs to get ejected. Sketch loosely based on
[DGAT12|

in relation to the vacuum energy. When within two metals the work function in one metal
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is lower than in the other it is easier to remove an electron from the metal of lower work

function into vacuum. Table 2.1 shows work function of several pure metals.

Table 2.1: Overview of some work functions of different metals. It can be well stated
that the work functions differ strongly. Based on|RBD20)]
| metal | work function [eV] | metal | work function [eV] |

Al 4.30 Au 5.10
Ti 4.33 Ir 5.27
\% 4.30 Os 4.83
Cr 4.50 W 4.55
Mn 4.10 Ta 4.25
Fe 4.70 Hf 3.90
Co 5.00 Ru 4.70
Ni 5.15 Rh 4.98

There can be, however, surface effects that drastically change the work function. Adsorp-
tion (physisorption) of molecules at the surface or chemical surface modifications can have
an influence on the work function of a given metal surface.

Taking a closer look at the chemical behaviour of tungsten, which is used here as cathode
material, one can see how the work function of clean tungsten (4.66 eV') can be changed
by chemistry. Because in our discharge gas also molecules are contained physisorption
and even surface chemistry can take place. If for example organic compounds are frag-
mented near a metal electrode, carbo-metals can be formed. Such a reaction can build-up
a tungsten-carbide surface layer, whose work function of 3.73 eV is considerably lower in

comparison to pure tungsten (4.55 eV).

Since the formation of a tungsten-carbide surface on the needle tip considerably eases
the process of releasing electrons [JZST02).

Interestingly also chemical compounds with negative electron affinities can lower the work
function of a material when adsorbing on the surface. For example is known that pyridine
on zinc-oxide decreases the work-function from 4.5 eV to 1.6 eV [HDX"13].

In conclusion, a discharge in an atmosphere of argon enriched with aromatic molecules and
tungsten cathodes, as used in this work, are ideal preconditions for field electron emission.
Hence, in conclusion, it seems that the initial seed electrons of the pulsed discharge can
leave the tungsten metal surface because: i) the work-function of tungsten is lowered by
sample-molecule-induced surface effects, ii) by thermal heating and mostly iii) by field

emission.
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Conclusion

It has been a complex question, why and how the pulsed discharge in combination with an
argon-sample gas pulse are able to generate many more intact radical-anions in comparison
to classical anion formation methods. In this chapter a variety of reasons has been found,
explaining why the new anion source works so well. It seems, however, that all these
reasons even constructively work together, which explains the extraordinary success of the

new anion source.
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2.1.6 Closed Shell Versus Open-Shell Anions

In general negatively charged molecules, termed anions, can be formed either by:

e removal of a proton (a hydrogen cation), meaning deprotonation, a chemical change

of the molecule or

e Attachment of a surplus electron to the intact molecule and the formation of a radical

anion.

It should be noted that molecular radical anions are open shell species, whereas deproto-
nated molecules are closed shell species. The latter are usually more stable, but strictly
seen a chemically modified version of the initial molecule. Usually the site of deprotonation
is known by chemical intuition, but may be unclear in special cases, especially in larger
peptides or proteins.

Even in the gas phase stable anions can be formed by deprotonation of neutral molecules.
This is performed in electrospray ionization mass spectrometry (ESEMSP|[YEF84]) and in
matrix assisted laser desorption /ionization mass spectrometry (MALDIMS|[TWI*8S]).
In ESI-MS one uses negative electrospray of sample solutions enriched with some base.
In MALDI one uses suitable matrices which act as photo-bases. The anion formation is
performed by proton transfer to the solvent or the matrix, a process which is per definition

a chemical reaction

They are closed-shell anions, which means that in their ground state their electron spins
are anti-parallel paired. As a result the anion ground state is a singlet Sy state. If then
an electron is removed by photo-excitation a neutral open shell molecule is formed. Since
closed-shell molecules are more stable than open-shell molecules-also known as radicals,
the energy difference between the anion and the neutral, which is defined as electron affin-
ity (compare the following paragraph) is relatively big with about 3 — 4 eV[ZKCT04].

In ESI-MS also multiply negatively charged molecular anions are observed if several well-
spaced deprotonation sites are present. Such singly and multiply deprotonated molecular
anions have been investigated by photo-detachment by Lai Sheng Wang and co-workers
[WWO00]. They found many new effects such as relatively small stable multiple charged
anions, coulomb barriers and emitted electrons that had more energy than the photon,
which induced the detachment.

2electrospray ionization mass spectrometry
3matrix assisted laser desorption ionization mass spectrometry
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These new effects are without doubt very interesting, but the focus in this work lies
on the formation of radical anions which we use as starting point from which we perform

photo-detachment photo-electron spectroscopy and determine
e The electron affinity of intact neutral molecules and

e The energetics of the low-lying excited states of the neutral molecule, especially their

T7 and sometimes even their 75 triplet states.

For this aim it is needed to start with the radical anions of the intact sample molecules as

is described in the next chapter.

2.2 The Electron Affinity (EA) of Intact Molecules

Radical anions are formed by attachment of an electron to an intact neutral sample
molecule. The anion ground state possesses typically the electron spin % and forms there-
fore a doublet Dy ground state. Hence, if by photo-excitation an electron (spin %) is
removed from the radical anion ground state, singlet states such as Sy and S as well as
triplet states T} and possibly 75 of the neutral molecule can be addressed with a similar

probability.

However, this type of spectroscopy can only be performed for molecules which are able to
stabilize a surplus electron.

The electron affinity (abbreviated: EA) of an atom or a molecule is defined as the binding
energy of a surplus electron. If the EA-value is positive, then a surplus electron can be
stabilized within the atom or the molecule. If the EA of a molecule or an atom is neg-
ative, then it can not stabilize an electron in an orbital. For molecules with high dipole
or quadrupole moments it is possible to bind a surplus physically mostly outside of the
molecule in dipole- or quadrupole-bound states (see Chapter 2.3 dipole bound states).
Here the main focus lies on valence-bound electrons, which means molecules with a posi-
tive EA.

In the following it has been tried to provide an understanding where the binding energy
for the surplus electron comes from. For example it is well-known that halogen atoms
have high electron affinities|Per63]. This can be understood with classical chemical intu-
ition: the neutral fluorine atom is the atom i) with the highest-charged ion core of the
second row of the periodic table, which ii) has still a free position in the 2p-orbitals. In

order to saturate and close the orbital an additional electron is needed. Since the three p

38



2.2 The Electron Affinity (EA) of Intact Molecules

sub-orbitals p,, p, and p, are perpendicular to each other i) the electrons can efficiently
avoid each other and ii) they can well participate at the positive charge of the core (the
shielding of the core charge by the other p-electrons is weak).

This means that in the fluorine atoms the fact that the "participation at the positive
charge of the core" overrides the repulsion between the other 2p electrons is mostly, due
to the fact that the electrons can efficiently avoid each other.

Another effect, which is also present in the fluorine atom, but of minor importance there
and not needed for the understanding of its high EA is the correlation of the electron
motions. This means that the electrons (- due to coulomb repulsion -) within their or-
bitals and between orbitals avoid each other as much as possible in order to minimize
the electron-electron repulsion. This complex correlation of electron motions is termed
electron correlation

The best example that in some atoms that electron correlation can be the main effect is the
atomic hydrogen anion. In a simplified consideration it can be assumed that the hydrogen
atom is not able to stabilize a surplus electron: there are two negative electrons and only
one positive charge at the nucleus. The fact that the electron affinity of the hydrogen
atom, however, is about 1 eV [Pau|, shows that there must be a binding effect, which is
not considered in this simple picture just outlined. This effect - as already indicated -
is the electron correlation: The two electrons in the 1s orbital avoid each other as much
as they can. As a result of the coulomb repulsion, they are always on opposite sides of
the positive nucleus in average. Remembering that the Coulomb law for the electrostatic
potential energy of a three-body system can be composed as the sum of the two-body
potentials between all charges and it has a % dependence on distance. This causes the
attraction of the electron No. 1 by the positive nucleus is stronger as the repulsion by
the opposite and further away electron No. 2. Clearly as a result the attraction by the
nucleus is predominant.

For large molecules with extended m-systems the situation becomes more complicated be-
cause of the numerous electrons, but has the same origin as in the hydrogen anion. The
electrons avoid each other in such a way that also the surplus electron is allowed to partic-
ipate at the positive charges of the nuclei, and the attraction predominates. In conclusion
(in conjugated hydrocarbons) the binding effect of the surplus electron is supposed to

come from

e The electron correlation.

e The existence of a low-lying un-occupied orbital (abbreviated LUMO)

As already mentioned above, not all molecules have a positive EA, which means that not
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all molecules are able to stabilize a surplus electron. By substituting one or two hydrogen
atoms by halogen atoms in such a molecule, it can be expected that its electron affinity
is shifted to a positive EA. Sulphur and oxygen are expected to act similar, but not so
strong as halogen atoms.

However, if a conjugated molecule has a certain size of the 7 orbitals it should have a
positive EA. For example, whereas naphthaline does not have a positive EA, antracene
has (500 meV|[Paul7]).

EAs of many, especially large conjugated hydrocarbons are up to now not determined by
direct measurements.

As outlined above, measured EA values can serve as calibration points for theoretical
calculations and may be also helpful for experimentalists to understand the energetic
position of intermolecular charge transfer states [WSM™96]. Tt also seems that molecules
with very high electron affinities (above 3 eV') are strongly biologically active and therefore
can hold a high toxicity or are cancerogen |[EELT|,[DPTP96]. Of course the major role
in toxicity /cancerogenity plays the chemical structure itself, but a high reactivity due to

electron affinity can be a partial aspect.

Preconditions for the PD-PES

As already mentioned above, the reason for the interest in forming intact radical anions
and apply a complicated and expensive sequence of methods is, that the intact radical
anions have spins % and therefore a doublet ground state. If an electron is removed the
molecular spin is changed by +% or —%. This leads to over-all spins of either zero or
one in the neutral molecule. Because electrons from lower orbitals than LUMO can also
be removed, if the laser photon energy is high enough, singlet and triplet states can be
addressed by photo-detachment equally. This means that via the radical-anion by using
photo-detachment spectroscopy (PD-PES) one is able to circumvent most of the classical
optical selection rules which exist if one would start spectroscopy from the neutral ground
state, as usually performed.

For a given sample molecule, there are, however, several preconditions which have to be

fulfilled in order to be able to apply the PD-PE spectroscopy:
e It has to be brought into the gas-phase as an intact molecule.

e It has to be able to form a valence-bound radical anion, where the electron resides
in the LUMO of the molecule.
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e The laser photon energy has to be high-energetic enough in order to be able to reach

the neutral exited states from the anion.

This means that the neutral states of such molecule which can not form a valence-bound
radical anion, cannot be investigated at all by PDHPESl Due to the limited photon energy
in this experiment (213 nm ~ 6.25¢V'), also molecules which have a very high electron
affinity only allow excitation to the Sy ground state. In an ideal case electron affinities

and especially the lowest triplet states up to the S; state can be investigated.

2.2.1 Definition of the Electron Affinity

Consider reading the TUPAC gold book compendium of Chemical Terminology|[NJK™]|

there can be found two well-suited definitions of electron affinities [NJK|:

X = X +e (2'14) X 7: radical anion X
X: atom X
e : electron

In the first definition the EA is the minimum energy required to remove an electron
from a radical anion and form its neutral ground state. The second definition is opposite

to the first one and more frequently used. It just reverses equation [2.14] and is the

X4e — X (2'15) X 7: radical anion X
X: atom X
e : electron

maximum energy which is released by a molecule when the surplus electron attaches.
Both EA definitions can be calculated as the energy difference between the anion ground
state and the neutral ground state 5.

For atomic species the electron affinity is just a value depending on local effects of the
shell. Regarding molecules, it can be assumed that huge m-systems should have positive
EA’s and that the EA values are monotonously increasing with the molecular size. In
general for molecular systems the prediction of the EA by a simple guess, can be much

more difficult due to global and local effects [SWNS98|. A more recent example for an
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extraordinary high EA can be found, when looking at benzoide cyanocarbons. Their EA’s
can exceed the EA of fullerene, which has an EA of 3.53 eV |[ZLIT06]. In general, the

determination of EA’s is a subject of theoretical, as well as experimental investigations.

2.2.2 The Formation of Radical-Anions

The formation of radical anions in the gas phase is a complex process, which is not un-
derstood in detail. In parts it was already described in section 2.1. It can be stated that
the size of the EA is a first important factor for the formation of stable radical-anions.
In order to successfully detect the anions of a given sample molecule, the newly-formed
anions have to be stable for a certain time. Depending on the mass of the anion, in a
time-of-flight mass spectrometer this are usually several 100 us.

The fact that in vacuum radical anions can loose the electron after some time again |,
meaning that they are metastable, needs further explanation. For this, it has to be con-
sidered that the processes which occur during or right after the electron capture process.
Since the free electron has some kinetic energy before it attaches to the neutral molecule,
due to energy conservation, the newly-formed molecular anion has an internal energy lying
above the detachment threshold.

The reason that the internally hot anion does not immediately decay to the neutral plus

a free electron is,
e That the excess energy is stored in molecular vibrations.

e That obviously the re-conversion of the vibrational energy into the electronic energy

of the surplus electron is slow .

To understand the variables and the parameters, which determine the time scale of the
metastable auto-detachment, the size of the EA has to be considered. If the surplus elec-
tron makes it to stay in the molecule, its kinetic energy and the electron affinity has to
be stored in vibrations. If the molecule has a high number of vibrations - say 20 normal
modes - and an EA higher that 0.5 eV, the density of the vibrational states at the level
of the neutral ground state is very high. This is due to the many states resulting from
the many possible combinations of quanta of the normal modes. The statistics that the
energy finds back to the surplus electron is small and depends on the number of accessible
vibrational states in the hot anion|KCT78|.

Even in vacuum, if the excess energy of the freshly-formed anion over the detachment
threshold it not too high, it can possibly stabilize itself by the emission of infra-read radi-

ation. In a gas co-expansion with argon vibrational cooling of the anion can be performed
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by the many low-energy collisions with the argon atoms.

Removing just the excess energy from the newly-formed anion would be sufficient to make
the anion forever stable, but would not be sufficient for the subsequent photo-electron
spectroscopy.

Starting the spectroscopy in vibrational excited anions would result in manifold hot-band
transitions and broad photo-electron spectra, as shown in section 4. This should be avoided
under all circumstances.

If the anion formation takes place in a co-expansion with argon, the countless collisions
with the rare gas cause an efficient jet-cooling effects (as is described in section 2.1 and
can be seen in the experimental part of this work).

The above considerations do, however, not jet explain how the electron manages to stay
in the molecule and how it converts so quickly its kinetic energy and the EA to vibrations.
The efficient electron capture in liquid fluorinated or chlorinated hydrocarbons is tech-
nically used in high-voltage applications, in order to capture and bind free electrons (as
formed by high energy particles or photons from natural radioactivity or extraterrestrial
origin) into molecular anions and by this avoid discharges.

In liquids the mean free path length for electrons is minuscule, so that even in a enormous
electric field the electrons undergo so many collisions that i) they can not gain kinetic
energy and ii) after anion formation the excess energy can be very efficiently transferred
to neighbouring molecules.

In contrast to this, the formation of radical anions in vacuum is a very different process.
It is performed by attachment of a free electron with some kinetic energy to an isolated
neutral sample molecule. Since the energy equilibration effect of the liquid is missing, the
gas phase process is more complex and not understood in detail at all.

Also experimentally the electron attachment in the gas phase and the cooling of the anion

is difficult to perform for several reasons:

e Since the sample molecules are neutral they do not attract free electrons.

e Thus many electrons have to be offered to a single molecule in order to result in a

reasonable electron capture result.

e In most of molecular samples the kinetic energy of the incoming electron has to be
very small, to allow its stabilization in the molecule at least for an interval long

enough, which allows cooling by other processes.

e Once the surplus electron is at least temporarily stabilized in the anion has to be

efficiently cooled.
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In PD-PES the EA and the kinetic energy of the incoming electron has to be removed by

cooling either due to
e Cooling by dissociation of a already existing molecule-argon complex .
e By collisional cooling in the co-expansion with the argon carrier gas.

The most crucial/critical, not jet explained step of the electron attachment is the first
stabilization mechanism of the incoming electron (third item in the list above). It should
be noted that the electron is fast even if it has a minuscule kinetic energy. For example
if an electron has a kinetic energy of 10 meV, it would only need about 1 fs to pass the
sample molecule. In this time interval only the electrons of the molecules can react to the
approach of the additional electron. The motions of the atoms of the molecule are too
slow to be able to immediately react to the new electrostatic situation.

In order to make the additional electron stay in the molecule for a relatively long time or
in terms of a real binding, in the gas phase, during the half collision of the attachment

process, the kinetic energy of the incoming electron has to be immediately
e Removed by a third particle, presumably an argon atom
e Stored in other degrees of freedom in the molecule

Clearly the probability of a three particle collision electron-molecule-argon is diminishing
and does not explain the efficient anion formation in the discharge. The attachment of
the electron to a molecule-argon cluster could indeed lead to a situation where the argon
is able to remove the excess energy of the electron. However, such a mechanism is not
obvious since the electronic energy has to be converted on an ultra-fast time scale to a
translational motion of the argon. Nevertheless, it is important to note, that the usage of
argon at very high pressures leading to complex formation at this position of the expansion
might be dominant.

As already mentioned above, the most plausible possibility to store energy for a relatively
long time are the vibrational states of the molecule. Because large molecules have many
normal modes and especially very many combination states of these normal modes, the
vibrational density at the level of the [EAl can be so high, that it allows to fulfil the energy
conservation law and accept the electronic energy. However, what is the mechanism which
converts the kinetic energy of the incoming electron to vibrations of the anion ground
state on a ultra-fast scale. If this is achieved, the vibrational hot anion is stabilized and
cooled by offering as many rare gas collisions as possible. The time scale on which these

collisions have to take place can be a much longer time scale, as outlined above.

44



2.2 The Electron Affinity (EA) of Intact Molecules

Since this energy conversion from the kinetic energy of the incoming electron to the vibra-
tions of the anion has to be fast, there are not so many possibilities, It could be from the
starting situation "free electron plus a neutral molecule" to the iso-energetic vibrations of

the anion ground state
e An internal conversion process of a short-lived anion excited state

e A direct iso-energetic Franck-Condon-transition to the high vibrational states of the

anion.

Since, for the internal conversion (IC) also a overlap of vibrational wave functions
is necessary, essentially both choices are similar. Indeed the example of Benzoquinone
has shown [SW99|, that anion excited states can act as acceptor states, which enhance
electron capture. Obviously these anion excited states are able to convert the energy of
the incoming electron on a ultra-fast time scale to iso-energetic vibrational states of below-
lying anion excited states or directly to the iso-energetic anion ground state vibrations.
This process is a classical IC: The conversion of electronic energy to vibrations of the
lower electronic state. However, if not the situation of a molecular distortion and a conical
intersection is present (which may be the case in benzoquinone), IC processes typically
take place on a time scale of several nanoseconds, far too long in comparison to the time
interval of an electron-molecule collision even for low-energetic electrons. Considering
the work of Smirnov and Illenberger [IS98] One can approximate the time ¢, for electron
capture within the framework of the Born-Oppenheimer approximation and under the

assumption of autodetachment-states as

1
te <<< — (2.16) ..

electron capture time

w:  vibrational energy difference

While Aw is the energetic difference between the closest vibrational states in the molecule.
Assuming electron attachment as a direct Franck-Condon process (similar to photon ab-
sorption or emission, but just iso-energetic), there has to be a wave-function overlap be-
tween iso-energetic vibrational wave-functions of the highly excited anion ground state
with the wave-function of the neutral ground state. If this overlap is too small, the con-
version process would fail and so would the stabilization of the surplus electron.

A well-known molecular example for a good Franck-Condon-overlap for such a case is
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sulphurhexafluorid SFy [Bor07|. In this molecule, the electron attachment causes a large
geometrical change for the anion in respect to the neutral molecule. Since in general the
vibrational wave function of high quantum numbers (in the SF; anion at about 2.5 eV)
peak at the inside and outside turning points of the Morse-potential and the anion-to-
neutral geometry-shift is large, the Franck-Condon overlap of the isoenergetic vibrational
levels with the neutral ground state wave function is exceptional. This explains that SFg
is known to be the most efficient scavenger for low-energetic electrons.

The role of inhomogeneous charge distribution (dipole and quadrupole moment) in the
molecule may be important to stabilize the electron in the molecule a little longer than a
simple transition time, and thus enhance the electronic to vibrational energy conversion.
However, nothing is known about such effects.

The first steps of anion formation, the electron approach and the attachment process,
cannot be directly influenced by experimental parameters except that one tries to offer
as much as free electrons as possible, as much low-energetic electrons as possible and as
much as argon atoms either to form an argon-molecule-complexes or to perform collisions.
Since presumably also the energy of the free electrons may be moderated or controlled by
argon collisions (see chapter 3.3.2 for evidence and further discussion),the argon particle
density in the anion formation zone in front of the nozzle could be a crucial parameter.

In this work the back-pressure in the valve was therefore set between 10 and 30bar.

2.2.3 Methods to determine electron affinities
electron-capture detection ECD

One of the earliest methods to determine electron affinities in the gas phase is the capturing
of electrons after a ionization process by measuring the current after the impact on an
electrode, short the Im The basic principle of this kind of detection is the ionization
of a target molecule inside a carrier gas like argon or xenon which gets hooked to a
gas chromatograph.This setup was firstly proposed by J.E Lovelock|Lov58] and was the
start for a experimentation series with R.Becker and E.Chen|BC66]. The function of
this detector relies on a pre separation via gas-chromatography. After the GC the target
molecule will be carried in argon gas entering the detector. The walls are coated in
Strontium 90 metal. This substance is a weak [S-emitter generating initial electrons. The
target substance as well as the argon will form ions. If the target molecule has a positive
electron affinity (see radical-anions will be formed. The resulting current will decrease

4electron capture detector
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from the gas chromatograph

insulators

Sr 90 emitter E
current

detection

brass casing

outlet

Figure 2.12: Simplified Illustration of the ECD. The gas flows with the target sub-
stance into the detector at normal pressure. The S-radiation from the Sr%-surface
ionises the carrier gas and the target molecule. The resulting current can be used to
determine the EA of the substance. Sketch loosely based on [Lov5§]|

in comparison to just the argon jet. The drop in current then can be linked to EA after
calibrating the detector. This methods gets more sensitive the higher the EA of the
target molecule is and is therefore suited to detect most environmental pollutants, which
mostly consists of halogenated hydrocarbons. Nevertheless this also means that the ECD
is not the most suitable method for measuring substances with smaller EA because of
this relation. The EA’s in organic compounds can vary drastically which makes other
methods more reliable depending on the EA value. This can be explained by the electron
absorption coefficient which describes the effectiveness of electron attachment and is gained
by relating data of the ECD with flame ionization detector data|[KD70]. The following
table shows some of the data of [KD70] and reveals the correlation between substance class

and electron absorption efficiency.

This clearly indicates that the probability of forming an Anion is dependent on the local
effects and the respective electrophores. Halogenated substances therefore tend to have a
higher EA due to local effects and can be detected more sensitively.

Other methods also have been used in the past but most of them function in a similar way
and a kind of mass spectrometry or other optical methods.

Of course the laser photoelectron spectroscopy is a valid method to determine EA’s too,

as can be seen in the next chapter.
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Table 2.2: Overview of some electron absorption coefficient depending on functional
groups.Based on|KD70)
| electron absorption coefficient [a.u] | species |

0,01 aliphatic-compounds, dienes, benzene
0,01 —0,1 ethers, esters, naphtalene
0,1 -1 aliphatic alcohols, ketones, amines,
aldehydes
1—-10 enols, oxalat esters, dichloro, hexaflu-
oro, monobromo-compounds
10 — 100 trichloro-compounds,  benzaldehyde,
anthracene
100 — 1000 Azulene, benzophenones, monoiodo,
dibromo, tri/tetrachloro-compounds
1000 — 10* quinones, 1,2-Diketones,
polyhalogenated compounds

2.2.4 The formation of radical anions regarding the pulsed

discharge

To the authors knowledge, the combination of a pulsed supersonic co-expansion with a
pulsed discharge outside of the nozzle is new experimental concept, which is used for the
first time in this work . Pulsed discharges have been used in a channel in front of the
pulsed nozzle. The discharge provides charges but also evaporates atomic material from
the metal rod, which in a pulsed supersonic rare gas expansion reassembles to atomic
clusters, which carry a positive or negative charge[WPTMO06|. Also outside the valve a
continuous discharge (corona discharge|[JBDO1| ) has been used too for small molecular
radical anions and cations. It is, however, well-known that continuous discharges can be

controlled and stabilized in their behaviour.

Pulsed discharges on the time scale of several microseconds-as used in this work-usually
suffer from instability. As explained above, a reproducible ignition time and a reproducible

current strength of pulsed discharges strongly depend on
e The existence or formation and number of the first charge seeds.
e The gas pressure between the electrodes

To solve the first mentioned problem, often radioactive materials mixed into the elec-
trode materials or a permanent low-current discharge (simmering: compare flash lamps in

Nd:YAG lasers) are used. They inject permanently charged particles (electrons or ions)
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into the space between the electrodes. These charges are then instantaneously available to
immediately ignite the high current-discharge at exactly the time when the high voltage
pulse is switched on. As for point 2): Since beside the charge seeds the gas pressure is a
critical parameter for the ignition and maintenance of the discharge, it is thinkable that
the distance of the electrode tips to the nozzle (note that the gas density in an expansion
decreases with # with the distance L from the nozzle orifice) and the timing of the high
voltage pulse referred to the gas pulse (typical pulse lengths 100 — 200 us) are very critical.
Because gas valves, although electrically addressed, open the nozzle orifice by mechanical
motion of a poppet, their opening characteristics undergo fluctuation from pulse to pulse.
Having the 1 — 2 ps time scale of the high voltage pulse in mind (leading frequencies in a
Fourier analysis of the high voltage pulse: 1 — 0.5 M Hz), due to mass inertia any motion
of mechanical parts is slow (5 — 10 kHz). Even worse, in addition the mechanical motion
undergoes a fluctuation concerning the time difference between the electric addressing of
the valve and its mechanical answer.

Another problem may arise from the fact already mentioned above, that if the valve is open,
the gas density changes with time but also decreases with % according to the distance
from the nozzle. This means that the average collision-free path-length of the electrons
until they duplicate by ionization of an argon atom decreases the closer they come to the
valve orifice. It is imaginable that there might be a point close to the nozzle orifice where
the ionization processes might stop due to the high number of collisions. In the worst case
this could lead to an interruption of the discharge or at least to a insufficient cooling of
the anions. For an efficient cooling of the freshly formed molecular anions it is desirable

that the anions are formed as close to the nozzle orifice as possible.

Knowing these unfortunate preconditions, you would hesitate to combine a pulsed dis-
charge outside of a pulsed gas nozzle. It turned out, however, that once adjusted in means
of the timing and pulse length it became possible to form numerous radical-anions. The
very details of the setup can be seen in chapter 3.3.2 where the electrical framework and
the geometric boundaries are further explained. But so far, several assumptions regarding

the process itself can be made.

Presumably, for most of the sample molecules used in this work, the electron attachment
process works best if the electrons are slow. In a discharge, however, the electric field has
to be strong in order to start and maintain the charge flow. This means that electrons
and ions are accelerated enough in order to be able to ionize and form secondary charge

carriers in one of the next collisions. In such a high electric filed (driving voltage at the
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electrodes: 2000 — 5000 V| electrode distance: 2 —3 mm) despite many free electrons may
be present in the discharge, the number of low-energetic electrons (say 0 — 100 meV') is
expected to be very small. Hence, if low-energetic electrons play the mayor role in the
anion formation process, their small number would be in contradiction to the fact that in
this experiments quite a lot of molecular anions are formed.

The important question resulting from this controversy is, by which process the anions

are formed. In general there are the following possibilities:

e I) The attachment of energetic electrons takes place in a three-body mechanism
either a three-body collision process (electron molecule and carrier gas atom) or the
electron attachment to a preformed molecule-carrier gas complex. In such a process
the third partner, an argon atom, could theoretically carry away the electron kinetic
energy before the collision and at least a part of the binding energy (electron affinity)

if the electron is stabilized in the molecule.

e II) The attachment of energetic electrons is resonantly enhanced by anion excited
states of the sample molecule, which lie well above the neutral ground state. In
order to form stable anions via this pathway, the anion-excited state - instead of
quickly releasing the electron again (this process is termed auto-detachment) - has
to undergo an ultra-fast internal conversion process to the vibrations of a below-lying

electronic state.

e III) Close to the nozzle the carrier gas density increases so enormously that the
electron energy is strongly diminished despite the still existing high electric field.

The low-energetic electrons then can efficiently attach to molecules.

e IV) Since the electrons in a typical discharge move very fast and disappear in the
anode, at the end of the discharge, when the field is switched off in some tenths of
nanoseconds, a positive net charge in form of argon ions remains. This positive ion
cloud forms (by its space charge) a Coulomb-valley, in which the still existing free
electrons are trapped. These electrons can be caught long enough to be moderated
in energy by collisions or/and to have multiple trials for attachments to sample
molecules. The coulomb-valley starts to build-up during the discharge and in about

150us drifts down into the ion source.

None of the authors experiments can clarify exactly which of the four process (or a
combination of them) is or processes are the most predominant ones in our discharge. A

direct proof for the existence of the coulomb-valley is the high electron signal at very short
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flight times, which can be observed in the backward time-of-flight mass spectrometer (see
chapter 3.3.2). That this signal is brought by electrons can easily be proven by deflection
using a magnetic field. The presence of the space charge trapping would also explain
why in one discharge event (duration about ~ 1 us) are for some sample anions able
to transport the high number of more than estimated 1000 to 5000 anions downwards
through the skimmer into the ion source of the time-of-flight mass spectrometer. This
transfer needs about 150 us, during which — if the positive charges are absent - the anion
would experience a charge repulsion between each other. This should cause a strong loss
in the anion intensity, which is obviously not observable.

As already mentioned above, the experiments cannot directly clarify the processes taking
place in our discharge anion source, it seems that the high back-pressure in the nozzle and
the high current in the pulsed discharge create unique conditions such as a very high gas
density in front of the nozzle and the formation of many positive ions (and electrons).

These conditions could indeed favour the scenarios I1I and IV.
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2.3 Photodetachment Photoelectron Spectroscopy at

Radical Anions

The experimental set-up for radical-anion [PDHPES| consists of a sequence of different sub-

set-ups, each of them using different methods and dedicated to fulfil a certain task. To

achieve the main aim this consecutive sequence of methods in order is used , which is the

determination of the molecular EAs and the spectroscopy of neutral states otherwise not

accessible. In the following sub-chapters the background of the the anion formation, the
mass-selection and specifically the principles and boundaries of PES| will be outlined.

Overview over the sequence of methods

Basically the PD-PES experiment consists of six sub-set-ups. [2.14] shows the whole pro-

totype as an overview. In the following the sub-set-ups are presented according to their

timing in the measurement cycles:

e A heated and pulsed gas nozzle releases argon and sample molecules through a small

orifice into the vacuum.

Intact radical anions of the sample molecules are formed in front of the nozzle by a

pulsed discharge, which takes place through the expanding sample-argon gas mixture.

Directly after anion formation vibrational cooling by the Argon jet expansion takes

place.

The ions pass a skimmer for pressure reduction and enter the pulsed extraction unit
of the TOF-MS.

When the extraction voltage is switched on, the anions are accelerated into the

direction of the PE spectrometer and the ion detector.

In the time-of-flight PE spectrometer the pulsed laser hits the selected anion cloud

and performs photodetachment.

Photoelectron spectra are recorded by measuring the electron flight time for the
60 cm long field-free drift tube to the electron detector.

To control the mass of the detached anion and the quality of the anion formation
process, the mass-spectrum is amplified by a MCP particle detector behind the PE

spectrometer and displayed and recorded by a digital oscilloscope.

Every single point in this recital is crucial for the success of the PD-PES method.
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The anion formation

It is self-explaining, that without the generation of a sufficient number of cold anions,
it is not possible to record spectra. In the past, before this work was started, the
anion formation in the group of Prof. Weinkauf was also performed in the supersonic
co-expansion but it was induced by electrons from a laser-fed pulsed electron gun [Paul7].
This electron gun was mounted on one side of the first chamber in such a way, that the
electrons could be injected from outside the expansion into the supersonic co-expansion
to the nozzle orifice [Stel5].

In contrast to this, in this work a pulsed discharge in front of the nozzle is used for anion
formation. This means that the discharge which provides the electrons for the attachment
process and the anion formation take place at the same site in the supersonic co-expansion.
In chapter 4 it is shown, that this new anion formation method works more stable and
reliable than the electron gun used before. Surprisingly the highest peak in the mass
spectra is always the parent anion and only a few fragments with small intensities or some
complexes with water or dimers and trimers are observed. Since the new anion formation
with the pulsed discharge is very efficient, it is tolerable that less per cent of sample
molecules occur in the expansion and therefore the use considerably lower temperatures

for the sublimation process in the nozzle head is possible.

The Supersonic Co-expansion of Sample Molecules with Argon

In the chapter two it is speculated that there may be a mechanism for anion formation
in which three-bold collisions of the type electron-molecule-argon may be involved. And
that this process can be one mechanism which contributes to the efficiency of the anion
formation of the discharge in the supersonic co-expansion. This is unproven speculation,
but without doubt it is crucial for this experiment, that the newly formed anions are
stabilised and cooled. This means that for the neutral and the anionic sample molecules
all internal energy in form of vibrational energy should be removed as much as possible.

It should be noted that in the set-up at two positions cooling is needed:

e First for the neutral molecules, which are brought into gas phase at temperatures
between 80° Celsius and 350° Celsius, have to be cooled to be prepared for the
acceptance of a surplus electron. This happens in the orifice channel and directly

behind the nozzle orifice.

o After electron attachment the anions are internally heated again, because the excess

5Photoelectron
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energy of the incoming electron as well as the electron affinity is converted to vibra-
tions. This energy has also to be removed as much as possible. Because this has
to take place already some 100 pum outside of the nozzle, we use a high pressure in
the nozzle and the expansion: The hope by doing this, is that one can prolong the

collision zone in front of the nozzle.

The collisional stabilization and cooling of the anions is crucial, because as long as they are
internally hot they can eject the electron again, which of course is not desired. A cooling
effect beyond the anion stabilization is, however, also very essential to obtain sharp and
non-congested PD-PE-spectra. The vibrational (and rotational) cooling in co-expansions
is often used in laser spectroscopy of poly-atomic molecules [SK13].

The concept of using a supersonic co-expansion consisting of about five percent sample
molecules mixed with a rare gas, here argon, is, to achieve a vibrational cooling by the
very many low-energetic collisions of the sample with argon atoms.

In order to get an understanding of what happens in the co-expansion, recalling first that
the thermal velocity of different masses in a thermal equilibrium, as present in the nozzle
head, is different: bigger masses are slower than smaller masses. In this experiment, the
big mass is always the sample molecule and the smaller mass is the carrier and expansion
gas. If the nozzle opens, the bigger masses are accelerated by the many collisions with the
carrier gas atoms. This acceleration starts to happen already on their way out though the
orifice channel into the vacuum. In this acceleration phase, the sample-argon collisions are
relatively high-energetic. In order to keep the distance over which the acceleration happens
as small as possible, a heavy carrier gas has to be used so that the initial sample-to-carrier-
gas velocity difference is not too big. The best expansion gas would be theoretically xenon.
Beside that xenon is very expensive, it tends to form extensively complexes with molecules,
and this even more if the molecules carries a charge. This latter complication is the reason
that in our experiment argon (40 Da) is used as carrier gas.

It is typically assumed that the acceleration and most of the cooling is over at some
100 um outside the nozzle. Because the cathode electrode-to-nozzle distance is only about
3 — 4 mm, we assume that the anion formation by the discharge happens at 0.2 — 1 mm
above the orifice. Since a 20 — 30 bar argon backing-pressure in the nozzle is used, the
density of the expansion is supposed to be still high enough at the site of the anion
formation, so that the internally - due to the attachment process - hot anions are still
cooled by collisions with the argon atoms.

It should be noted that due to the dynamics in the on-going atomic expansion (see below)

the sample velocities more and more adapt to the atomic velocity so that the molecule-
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atom collision energies become smaller and smaller until the zone is reached, where all
velocities are the same (zone of silence). In this zone all sample anions cations and neutral
Argon atoms drift with the same velocity without collisions. This stepwise down-regulation
of the collisional energy and the zone of silence ensure that the anions are cooled and stay
cold, well-prepared for spectroscopy.

Seen from a theoretical perspective, the cooling of intra-molecular vibrations by collisions
with argon converts vibrational energy to translational energy of the atoms. Because the
density of the vibrational states is relatively low in comparison to the very high density
of the translational states at the energy level of the vibration this process is highly driven

by entropy and is a unidirectional process.

The Supersonic Expansions of Atoms

In order to better understand the dynamics of the co-expansion indulging in the dynamics
of an atomic rare gas supersonic expansion is needed. A supersonic expansion always oc-
curs when a rare gas of high pressure through a small orifice suddenly enters an area with
a very low pressure. The name "supersonic expansion" stems from the fact, that for rare
gas atoms at the end of the expansion the velocity of the expanded gas is higher as the
average speed in the nozzle before. Therefore the velocity after the expansion is supersonic
in comparison to the velocity in the nozzle. The best way to describe the process is by
using the Mach-Number which simply is the ratio of the speed after the expansion divided
by the standard sonic-velocity in the respective medium.

In textbooks it is noted that due to expansion a cooling effect occurs. The definition of
this cooling in the atomic expansion is in principal, however, purely artificial. If the main
direction of the expansion follows the z-axis, the extreme cooling of the translation in the
direction x- and y-axes is only observed because one uses a skimmer in order to select the
centre part of the expansion. If one considers the translational velocity in the z-axis then
the velocity is increased. This would be even a heating. Only by trying to describe the
narrow velocity in the z-direction in the zone of silence by a thermal velocity distribution
(which is a pure artificial fitting procedure, because the average velocity is subtracted)
one finds low temperatures.

Additionally the above described effect has nothing in common with the Joule-Thomson
cooling effect. This effect comes from the fact that suitable gases under high pressure
already have attractive intermolecular van-der-Waals interactions, which are broken if the
pressure and the gas density suddenly decreases. To break the bonds energy is needed

which is taken from the translational energy of the gas. The Joule-Thomson cooling does
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not work for helium, the supersonic expansion and the molecular cooling in a supersonic

co-expansion, however, with helium does work.

v M: Mach-Number [a.u.]
(2-17) k:  isotropic exponent [a.u.]
k- 2.T Kom?
M R:  gas constant | 25—
M:  molar mass [2]
v:  gas velocity [7%]

This means the transition from a effusive jet and a supersonic or sonic jet depends mostly

on the relation between the diameter D of the reservoir orifice and the collision-free path-

length of the respective gas A\g. So if the ratio between those numbers reaches the point

reservoir valve

M>=1

—
_—

domain of highest density

gas expansion

to the acceleration

skimmer

Figure 2.13: [llustration of a continuous supersonic jet expansion. The process can be
divided in several sections: i) The reservoir with the high gas pressure, ii) the orifice
of some 100 um diameters, iii) the cone of the expansion gas and iv) the vacuum
chamber. In the centre area of the expansion the gas density is the highest. This is
the area where the anions undergo many collisions the velocities equilibrate and where
the coldest molecular anions are found. This part of the gas passes the skimmer to
proceed to the ion source of the ToF-MS. Sketch loosely based on [HS83].

where D >> )\, the jet will become supersonic, in terms of the mach number M > 1 and

on the opening of the reservoir at least M = 1. If this is the case the velocities equilibrate

and the zone of silence exists. Otherwise the gas expansion is just an effusive gas flow,

where the equilibration of the velocities fails.

The supersonic expansion is solely formed if the pressure difference between the nozzle

and the vacuum is very high (from 15 bar to high vacuum 5 - 107% bar ).

As outlined above, for the molecular cooling the mach number of the atomic gas is not the
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important parameter, since the translational cooling of the atomic gas and the vibrational
cooling of the molecules are completely different processes. Important for the vibrational
cooling of the molecules is, that the argon density in the middle of the jet is extremely
high. Meaning that there the impact probability is enormously high so that vibrational
energy can now be transferred out of the molecules by collisions with the argon. In addi-
tion the collision energy between molecules and argon is first relatively high and becomes
miniscule during the course of the expansion. By this, it is possible to cool the neutral
molecules first, which in the nozzle have been brought into gas phase by heating. When
the electron capturing happens, the anion is internally heated and needs a second cooling
in the ongoing expansion.

It is necessary to ad, that if the expansion is loaded with too many sample molecules or too
many ions the formation of an undisturbed expansion fails, which results in an imperfect
vibrational cooling.

For further processing of the anions, a skimming of the jet is needed, because i) the
molecules outside the centre of the expansion are not cold and ii) a vacuum pressure-
reduction is needed in order to stay collision-free in the second vacuum chamber especially
at the site of the acceleration into the TOF-MS instrument.

Selection of the Sample Anions of Interest

Mass selection prior to spectroscopy is essential to guarantee that only the species of inter-
est will be analysed and not a fragment or an aggregate. This especially holds for the anion
formation in a discharge in a supersonic expansion: i) Discharges are known to impose
harsh conditions in which molecular fragments can occur and ii) supersonic expansions
are also known to support the formation of complexes, such as the sample molecule with
water, sample molecular dimers or clusters with the carrier gas argon.

The most-efficient and most-used method for selection of ions is mass spectrometry. Be-
cause of its high transmission, a linear time-of-flight mass-spectrometer (TOF-MS) is used
in this work . With certain changes, such as for example reversing the polarity of the
acceleration voltages and some detector voltages, the usual [TOF} set-up, as known
from cation mass spectrometry can be also applied for anion MS. By a high voltage pulse
applied to the plates of the extraction unit (the orifices at the centre of the plates are
covered with copper grids) in the extraction unit, the anions are accelerated to the TOF
flight path crossing the photoelectron spectrometer perpendicularly and end at the MCP
particle detector. Because of their polarity the cations fly exactly to the opposite side and

can be detected in a short TOF. This allows to control the functionality of the discharge.
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Figure 2.14: Illustration of the linear time-of-flight mass spectrometer for mass selec-
tion of negative ions. After arriving in the extraction unit of the TOF-MS, the anions
are accelerated by a high voltage pulse into the flight path of the TOF-MS, which
crosses perpendicularly the photo-electron spectrometer. Detection happens by a fast
two-stack micro-channel-plate detector. The post processing and data collection takes
place by a digital oscilloscope and a PC.

The anion cloud passes several electrostatic lenses, two quadrupole deflection systems and
the post source acceleration. before the photoelectron spectrometer the anion cloud is,
shaped by cylindrical lenses into a cigar-like form for a better overlap with the laser beam.
The laser comes perpendicular to the ion flight path and the photoelectron spectrometer.
The ion flight-time is measured, when the anions hit the ion MCP detector at the end
of the flight path. It is possible to directly observe the full mass spectrum on the digital
oscilloscope. The flight time of the ions can be correlated with their masses (see below).
This oscilloscope can be also used to digitize and store mass spectra /PC.

The timing of the photodetachment laser pulse is adjusted in such way that the anions
are detached in the middle of the photoelectron spectrometer.

The arrival time of a molecular species of mass m in a linear TOF can be computed as

following:

Egjectric:  €lectric energy [J]
Eelectm'c = Ekinetie (218) Eginetic:  kinetic energy [J]
1 9 e: electron charge [C]
e-U= 5 mev (2.19) - mass [kg]
U: voltage [V]
OF velocity [%]
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2.3 Photodetachment Photoelectron Spectroscopy at Radical Anions

Simple transforming of the equation to the flight-time t results in:

t =

s m
= 2.20
o ( )

VU

Since theoretically (see below) all ions of all masses are accelerated to the same constant
energy, the above equations show, that the flight time ¢ is just dependent on the mass of
the molecule. So an observed ion peak can be assigned to a certain mass simply by its
flight time and with some intuition assigned to a given molecular species or a complex.

It is always important to know the mass resolution of the spectrometer, which is defined
as 1= . The 50 percent definition of the mass resolution assumes i) that two neighbour-
ing mass peaks, which can still be identified as two peaks, have the same height and ii)
they have a mass difference Am exactly so, that the two 50 percent levels of the inner
signal wings overlap at the same point. Then the so-termed 50 percent mass resolution
is - = % - At. The mass resolution of the here used TOF-MS is about 200 — 500 and
depends on mass and especially on the intensity of the ion peak. The latter is due to the
coulomb repulsion between the ions during their flight to the detector. For intense signals,

this repulsion causes a time-broadening of the peaks.

Usually in a mass spectrometer the attempt is made to let all ions start at the same
position of the extraction field in the acceleration unit. If this would be fulfilled and all
ions start at the same potential energy line, they would all have the same energy. In the
set-up this is, however, not the case. There are two reasons for that. One reason is that
the volume where the anion formation takes place may have a diameter of one mm. The
other reason is that supersonic expansion also expands in diameter when moving away
from the nozzle: the nozzle orifice is like a point source of particles and the expansion
forms a cone-like structure. In the set-up the cone diameter selected for admittance to
the TOF extraction unit, is given by the position of the nozzle in respect to the skimmer
(distance: nozzle to skimmer orifice about 20 mm) and the diameter of the skimmer ori-
fice (diameter ~ 4 mm). Due to this, the ion cloud may have a diameter of 7mm or even
more between the extraction plates. This means, that the ions - even the ions of the same
mass - start at different equipotential lines in the extraction plates and are accelerated
to different energies. They therefore do not arrive at the same time at the detector. In
the case of an initial spatial width of the ion cloud of 7 mm the time error caused by
the energy error is huge. As a first measure, it can be reduced by using two extraction

fields (three plates): First a small electric field and then a high electric field is applied.
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The energy error of the starting ions in the first small field is then small, much smaller
than it would be in the case of using only one field (two plates). According to Wiley and
McLaren|[WMb55], if the two electric fields are well-chosen, the ions meet in a point outside
the extraction unit (typically at 20 —30 ¢m from the extraction unit). This point is termed
space focus. This is, however, much too close to the ion source in order to efficiently use
it for a considerable increase of the mass resolution in a linear TOF-MS. Weinkauf et al.
could show, that when in addition the distances between the extraction plates plates is
adapted in the right way, one can shift the space focus to relatively long distances. This
is the mode in which we record our mass spectra.

Once the right peak of the sample of interest is identified we further sharpen this ion
package in time by the so called "post source focussing effect" ( found by Garry
Kinsel [KJ89|]. This is necessary in order to compress the ions in order to hit as many
anions as possible with the detachment laser. The focal size of the detachment laser is
about 1 mm in diameter. The idea of this PS method is to post-accelerate the ions of
one mass or a small mass range by an accelerating electric pulse at a site of the ion flight
path where the low-energetic ions already lag behind. At this point the ions are again
accelerated between two plates with a high-voltage pulse, in such way that the slower ions
have the longer distance in the field and therefore gain more energy than the faster ones.
By choosing the right delay and the right voltage of the PS-pulse the flight errors between
the ions of one mass can be mostly compensated for. With both methods applied, and by
reducing the ion number, peak widths of down to 50 ns width at half height are achievable
(the absolute flight time is about 100 — 150 s).

Fast Anion Detection

The detection of anions (in this work also electrons) can be accomplished by usingm
detectors. MCP’s are basically plates (typically made from a non-conductive glass) with a
tremendous high electric resistance (500 — 1400 M€2). In these plates, minuscule channels
(diameter 10 um or less), are etched and coated with semi-conducting material (possibly
oxidized lead). The plate itself has typically a diameter of 3 em (depending on the appli-
cation up to 40 ¢m) and a thickness of 1 mm. The centre-to-centre hole distance of the
channels is so small that 60 percent of the MCP’s surface are open. Front and rear side of
the plate are metal coated to which a difference voltage of approximately 1 £V is applied.

For single particle detection typically two MCPs are used in series [Wol81]. In combination

post source focussing effect
"micro channel plate
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with a mChip as a collecting anode for example, they can be also used to obtain an
efficient amplification of particles while maintaining a spatial resolution [OSST01].
In order to use MCP’S as a mass detector, especially for anions and electrons, a few fea-
tures have to be added, as the MCP’s themselves are just secondary electron multipliers.
For application as fast and sensitive a detector, a grounded copper grid is mounted in
front of the first plate. This keeps the flight path free from electric fields. Also a contacted
anode is mounted behind the rear side of the second MCP, in order to collect the electron
avalanches and deliver the signal to the digital oscilloscope.
As can be seen in figure [2.15] the channels are slightly tilted (about 15° against the ion
flight path). Due to this, the entering particle hits the wall in the front part of a channel
and kicks out one or two electrons. Because of the applied voltage across the length of
the channel, they were accelerated, hit the wall again and create more free electrons. This
process repeats many times, so that an electron avalanche moves through the channel.
Typically two MCP plates in series are needed to amplify the signal of one ion or electron
to 10 mV at 50 Ohm.
By the applied voltage at the front side of the first MCP (U; position in Figure x), it is
possible to use this set-up for cation (U; negative) as well as anion/electron (U; positive)
detection.

This ion detection by MCPs is applied for the short TOF-MS (positive /negative-mode),
for the long TOF-MS (neg. mode only) and the photoelectron spectrometer (negative
mode only). The signal is displayed and digitized by a digital oscilloscope and recorded

via a pc interface.

8charge coupled device
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Figure 2.15: Illustration of the dissection of a MCP. The nickel surface coverage re-
assure a good contact for the applied voltage. The copper grid in front of the MCP
keeps the flight path free of electric fields. The entering charged particles are acceler-
ated between the grid and the front side of the first MCP. The ions are converted to
a electrons if they hit the inner wall of a channel. In the channel the primary elec-
trons are accelerated and can when colliding with the wall create secondary(violet) and
these tertiary electrons(red) and so forth. The electrons of the first MCP are typically
post-amplified in a second MCP. The electron signal is collected at an anode which is
connected to the signal cable. Sketch based on [Ber17].

—" cabel to oscilloscope

Calibration of the Mass Spectra

In mass spectra (especially [PES]), the confident assignment of peaks to their masses is
of utmost importance. For [PDHPES] it is crucial to be certain about the anionic species
which will be detached. To calibrate a mass spectrum, a well-known sample which does
not show complications should be used. Wanting to get one step further and exclude any
potential error it is possible to choose a sample molecular anion which is well-characterized
by PD-PES in terms of the energetics of the neutral excited states. Thus, the reproduction
of the well-known PE-spectrum of the species (here for example pyrene, [PES]) provides the
ultimate certainty that the[TOF] peak picked for the detachment is the parent anion, which
was assigned before by mass spectrometry. If masses and flight time are known for sev-
eral masses, one can calculate the calibration parameters with equation 2.20. If the mass
calibration is complete, one can assign also the unknown masses in the time-of-flight spec-

trum. Due to its already known[PESspectra, the pyrene anion (202.26 Da) to calibrate the
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[TOEIMS was used. The flight time of the pyrene mass peak at a flight time of 76.3 us was

correlated to its mass 202.16 Da by applying equation 2.20. The result led to the equation:

lror:
\/1 PR Bor s e
tror =[5 - -10 (2.21) *a
2 e (Uapplicd + k) lror:
e:
Uapplied:
k:

flight-time [us]

mass of the sample[flzl]
Avaogadro’s constant [a.u.]
length flight path [m)
elementary charge [C]
voltage ion source [V]

voltage correction [V]

The reproducibility of this empirical equation derived from equation 2.20 was consistent

with almost all samples, with an estimated error of about 2 %. To fit the mass values

to the time-of-flight mass spectra, a correction voltage had to be added to the applied

voltage (k = 100 V). The reason is, that because of the many ion lenses and deflection

plates the ions arrive earlier as if the drift length would be field-free. This means that in

reality equation 2.20 is just an approximation, which needs some correction.
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2.3.1 The Laser Photodetachment Spectroscopy

For the presentation of this sub-chapter in this work, it is necessary to emphasize, that
already several thesis have been submitted, in which the anion photodetachment spec-
troscopy had been described thoroughly before [SWNS98|[Siel1][Vog12][Stel5|[Paul®]. As
this work does not contribute fundamental new approaches regarding the theory of laser-
photodetachment, the explanations are kept brief.

In general, the photodetachment spectroscopy of anions is a direct and systematic way to
investigate unknown [EATs as well as transitions to so-called forbidden states of the neutral
molecule such as the triplet states, 77 and sometimes also T5. Since the energetic positions
of the S; state are usually already known, they can be used as a further validation of the
PD-PES-method.

The basic effect of the photodetachment is the outer photo-effect [Ein05]: a bound electron
is ejected as a result of the absorption of a photon (laser-radiation). Due to energy con-
servation, the energy of the ejected electron is intimately correlated to the photon energy

and the energy of the final state of the neutral molecule:

E,eutrai:  energy of neutral species[eV]

FEonion: energy of anion species|eV
Eneut'ral - Eanion - Eelectron + hv (222) 8y p [ ]

Eeiectron:  €electron energy [eV]
h: Planck ‘s constant [<Y]

v: frequency of the photon[%]
Therefore, if the energy of the electron is measured, the energy of the final neutral state

of the detachment process can be found. The energy of the electron is determined by
measuring the flight time from the detachment site to the electron detector (distance of
62 cm). There are other possibilities to measure electron energy such as slow electron
velocity imaging [HKWT12| or a scanning technique using the deflection in-between two
half-bowls. The advantage of a TOF measurement is, that the full electron energy range
is covered for each laser shot. Hence, fluctuations in the anion formation do not influ-
ence the relative intensities of the peaks in the PE spectra. The disadvantage of a TOF
measurement is the low transmission: Because the electrons are statistically ejected in
all directions, only a small fraction of the electrons hits occidentally the detector. The
transmission is only about 1072, which means that the data acquisition for one spectrum
need some hours. The resolution of the spectral PE-features theoretically only depends on
the accuracy of the flight time measurement (about 2.3 ns) and the absolute flight time,

which means the energy of the electrons. The energy resolution is best for low-energetic
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electrons. In reality, however, also surface charges of the tube wall, repulsion effects of the
electrons by the anions and other imperfections of the field-free drift tube play additional
roles. As a result, one has to work at low anion numbers and the spectrometer has to be
heated from time to time to over 130 °C in order to remove the non-volatile molecules,
which are absorbed and accumulated on the inner surface of the flight tube.

If all aspects are well considered, the starting point from the radical anion provides the
possibility to circumvent or bypass most of the classical optical selection rules, speaking
of:

e Transitions to triplet states (spin selection rule).
e To dipole-forbidden states and

e To some symmetry-forbidden singlet states.

Nevertheless, not all electronic states of the neutral molecules can be addressed, since a
photon can only excite and address one electron [Ein05|. That means if one starts in the
anion with the electron in the LUMO and two electrons would have to be moved in order
to form an excited state of the neutral molecule, than this state is not observed in the PE
spectrum. Further effects like a lack of overlap of the electronic wave-functions can also
lead to a non-appearance or a very weak intensity in the obtained PE spectra. The latter
for example would hold for a n to 7 excitation.

This said, the major difference between anion PD-PES and conventional methods, is the
starting point from the doublet D, state of the anion ground state instead of the usual

singlet Sp-state of the neutral molecule.

ms =25 +1 (2.23) my:  spin multiplicity [a.u.]
S: total spinfa.u.]

Recalling that in the neutral molecule an optical transition has to follow the electron
spin selection rule AS = 0. Starting in the neutral ground state of the molecule, with a
total spin of S = 0, the only accessible states have again spin S = 0, such as for example
the 5.

Because the ground state or the radical anion is a doublet state, with a total spin of S = %,
if o an electron by photodetachment is removed in the molecule a spin change +% or —% is
caused. This means that neutral states with a total spin of zero or one can be addressed.

This results in the fact, that from the anion in general triplet states and singlet states of

the neutral molecule can be addressed equally.
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Because electronic excitations are very fast, the photo-excitation processes takes place at
such a fast time scale, that during the excitation the molecular atoms do not move. Due
to this, the excitation problem can be separated with the help of the Born-Oppenheimer-
approximation into an electronic transition moment and an overlap of vibrational wave-

functions:

Wtransiton: transition dipole moment [C'm]

— — E E Helectron:
Htransiton = Helectron + Heore = —€ T+ e 2§ chectron
%

electron dipole moment [C'm)|

; Leore: core dipole moment [C'm]
(2.24) e elemental charge [C]
x; electron position [m]
zjt number of core charges [a.u.]
xj: core position[m]

The dipole transition moment describes the strength of a photo-excitation. It consists
of the integral over the product of the total wave-function of the excited state (19) mul-

tiplied by the transition dipole operator and the total wave-function of the lower state

(¥1):

transition dipole moment [C'm)]

78
Piransition =< 1/}1\#!% >= —€ Z/Qﬂl - PodT Piransition:  transition probability [a.u]
i T

1 wave function state 1 [a.u.]
(2.25) s wave function state 2 [a.u]

e elemental charge [C]

T integration volume [m?]

Starting from equation 2.25, one can use the Franck-Condon principle to split the integral

into products by separating the two total wave functions in a vibrational and electronic

part with w = ¢electronic : wvibrationally
Ptransition =< ¢17l/|q/}2,l/ > - < wl,e|ﬂe|w27e > (226)

The first factor (squared) is the so termed Franck-Condon-factor|[ED26][Con26], describing
the vibrational overlap of the wave functions and the second factor describes the oscillator
strength of the electronic transition. The FC-factor determines how many vibrational
states can excited with which intensities I oc F'C?).

If in the detachment process the excitation of the removed electron goes to the detachment
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continuum, then the intensities in the electronic anion-to-neutral transitions would allow
to directly derive what kind of a geometry-change happens between the two involved
electronic states.

It turns, however, out, that in some cases the detachment laser does not directly excite to
the continuum but to an anion excited state. Typically high-lying anion excited states are
very short-lived and therefore better termed anion excited resonance. Since such an anion
excited state may have a different binding situation as the anion ground state, the FC-
factor to the neutral state is then manipulated by this intermediate anion excited state.
This effect is usually causing the excitation of many vibrations, which unfortunately often

make the spectra ambiguous.

The Typical Situation of the Neutral Excited States

After this introduction, it is necessary to explain the typical electronic state situation
in a neutral molecule. Figure displays a typical Jablonski scheme for a "normal"
molecule. It should be noted that also the anion ground state is added as well as the
photo-detachment of an electron. Traditional spectroscopy methods such as laser exci-
tation of neutral molecules start in the Sy-state. Violet arrow: The neutral molecule is
excited for example into a vibrational state of the S,. After this excitation, the molecule
can undergo internal conversion to the S; state. From The S state either fluorescence can
be emitted, or the molecule undergoes an inter-system crossing to the 7} state. In some
molecules from the T a long-lasting weak phosphorescence is observed. Sometimes both
types of radiations - phosphorescence and fluorescence - can be detected after excitation.
Nevertheless not all molecules shows a fluorescence or phosphorescence, but instead very
fast deactivate the excited state to heat. The molecule in the S; state can deactivate by
efficient IC. In general the emissions of triplet 77 state are challenging to detect because
often in parallel to phosphorescence the molecule deactivates the T; state by a reverse ISC
to the ground state.

If the PD-PES method is applied, the starting state is the anion ground state, a doublet
Dy-state. If an electron is detached into the continuum, the final state depends from the
MO from which the electron is removed. The MO where the electron hole is formed de-
termines which neutral state with the corresponding MO configuration is formed.
Usually, in the anion the surplus electron resides in the LUMO orbital. If then the LUMO
electron is removed the neutral ground state is formed. If an electron from the HOMO is
removed it depends whether the electron has the same spin as the electron in the LOMO

or the opposite spin. In the first case a triplet state, presumably 7T} is formed and in the
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Figure 2.16: Illustration of the typical situation in solvent. Illustrated are all radi-
ating and non radiating processes as well as an overview of the detachment channels.
The violet arrow represents an higher-state excitation and the subsequent processes
as fluorescence phosphorescence and non-radiative processes like internal conversion
(IC,orange), inter-system-crossing (ISC,cyan) and vibrational relaxation (VR, light
green). Sketch loosely based on[Jab33|[SWNS98|[PaulT].

latter case a singlet state, presumably the S; state is formed. Some neutral molecules
have a 5; state electron configuration which does not correspond to a hole in the HOMO
and an electron with anti-parallel spin in the LUMO. Such electronic states might be
more difficult to be addressed by PD. Just the removal of a single electron might be not
sufficient to reach some neutral excited electronic states. If so, this neutral state cannot
be observed at all in the PD-PE-Spectra or only with this MO contribution of the state
which is accessible from the anion.

Therefore there are still molecules which can not be perfectly analysed by PD-PES.
These considerations are all focussed on the direct PD-process: The photo-excitation into
the continuum. But also indirect photo-detachment is possible via a anion excited state
(also termed auto-detachment-states). The probability of addressing one of these state
seems to be higher, the bigger and complexer the molecule is, as can be seen in the spec-
tra of this work, where often anion excited states change the expected anion-to-neutral
Franck-Condon-factors (compare chapter 4). Due to this, it is necessary to describe the

origin of theses states in the next chapter.
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Figure 2.17: Illustration of the typical detachment channels reachable by PD of the
anion. Even triplet states can be reached. The red arrow shows the detachment process
starting from the doublet anion ground state. The blue arrows shows exemplarily the
reachable states, sketch loosely based on|Jab33|[SWNS98|[PaulT].

Other values also can influence the PD-process, like the effective cross section of a molecule,
as well as the polarisation of the radiation of the detaching laser (compare the dipole bound
state of bE1in chapter 4). The cross section of a molecule is strongly energy-dependent and
depends on the angular momentum of the emitted electron, but also on the excess-energy
of the respective process. The latter is known as Wigner’s threshold law|[Wig48|. Wigner
described generally the cross-sections for detachment and ionisation processes. Since be-
tween the neutral molecule and the electron no coulomb attraction exists, the process is

highly dependant on the angular momentum and the energy of the emitted electron

1 . _sects 2
o ~ (AE)H—E (2.27) o: cross-section [fm?]
AE: energy difference threshold/photon [eV]
l: angular momentum quantum number [a.u.]
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The type of detachment can be termed s- or p-detachment, depending on the angular
quantum number of the leaving electron. At an excess energy which is not far above the
threshold, the s-detachment is the more efficient, as the p-wave detachment. As can be
seen in the chapter "Results and Discussion", which detachment type provides the better
results cannot be answered easily. There are two reasons for this: i) the certainty whether
the polarisation direction is maintained by the quartz windows (note that there might be
locally birefringent crystals in them, they are pressed against the sealing and heated) and
ii) auto-detachment states can be involved. In this case the Wigner threshold laws are not

applicable, since they are only valid for transitions to the continuum.

The Influence of Anion Excited States on the PD-PE-spectra

As noted before apart from the direct detachment into the continuum, resonant excitation
and detachment via short-lived anion-excited states can happen. This means, that a
photon of the detachment laser at a fixed wavelength accidentally excites an electron of
the anion to an excited electronic state of still the anion which now lies above the energy
of the neutral ground state. From this state the electron then can detach (this process is
termed auto-detachment) and release the molecule in a neutral state. Not being involved
in anion photodetachment spectroscopy could lead to the assumption that such a case
appears rarely. This is, however, not the case as can be seen in Chapter 4.

There are two reasons for this:
e Most of the anion excited states are broad due to their short lifetime.

e The number of anion-excited states increases with the density of molecular orbitals,
which is a critical point for the molecules with extended m-systems investigated in

this work.
e There are several types of anion excited states.
Excited states of anions above the detachment threshold can be formed by different effects:

e i) Dipole or quadrupole-bound states, which lie close below the neutral state to which

they belong.

e ii) Shape resonances where the electron is excited into an electronic orbital above
the detachment threshold,

e Feshbach resonances, where the molecular anion has enough internal energy to make

an electron leave, but the energy is distributed over two electrons, and
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e the electron is excited to a relatively long-lived anion-excited state which converts

the electronic energy to vibrations and then cooks-off the electron.

Each of the above cases needs some explanation. The nature of dipole and quadrupole-
bound states is explained below in a separate chapter. Similar to Rydberg states, the
electron is physically bound mostly outside of the molecule. Theoretically a whole set of
dipole-bound state would exist for each electronic state of the neutral molecule and its

vibrational states.

The "shape-resonance" got well-documented in detachment processes of C'a™ anionic
atoms quite thoroughly by Walter et al [WP92| and for ionisation of neutrals also by
Zobel et al, by investigating Rydberg-states of CO[ZMJT96|. Shape resonances have been
also observed in larger molecular anions, such as for example in benzoquinone[SW99].

A shape resonance is due to an excitation to a higher unoccupied molecular orbital (LUMO
+ n). Since the orbital is, however, not able to stabilize the electron these states are ex-
tremely short-lived and appear as broad features in photodetachment-spectra, where the
laser wavelength is scanned and the number of detached electrons is recorded. By its
presence in case of a resonant excitation it just causes a higher transition moment than
the excitation to the continuum. So only for a miniscule amount of time, the electron is
in the excited orbital, which is energetically higher than the detachment threshold and it
then leaves the molecule. The residence time in the orbital is supposed to be so short,
that the excited anion cannot undergo vibrations. Nevertheless the anion "experiences"
for this very short time the properties of the anion-excited state (which is presumably less
bound than the anion ground state). As a result the anion-excited state still can manip-
ulate the Franck-Condon-factors between the anion ground state and the neutral states,

occasionally causing broad vibrational features in the PD-PES spectra.

The other above-mentioned anion-excited state is termed "Feshbach-resonance" mentioned
first by Herman Feshbach in his work [Fesb8| and is still subject in today’s research
[YCW™20]. The background of these resonances is more complex than that of the shape-
resonances. In Feshbach states above the detachment threshold, the electronic energy is
so distributed on two or more electrons that neither of them has the energy to leave. For
example if in the ground state of the anion the surplus electron is in the LUMO orbital
and a second electron is excited from the HOMO-2 to the LUMO orbital. So two paired
electrons are in the LUMO but there is a hole in HOMO-2. In total, the energy of this

anionic state is above the detachment threshold, but neither of the electrons in LUMO
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can leave. Only if one electron of the two LUMO-electrons or another electron of a higher
occupied MO fills the hole in HOMO-2 and transfers the energy to one of the electrons
in the LUMO, this electron can leave. In Rontgen-innershell excitations and photoelec-
tron spectroscopy one would term this detachment process a shake-up process. Because
in molecular anions the energetics and the size of the molecule is different in comparison
to an atom, this two-electron process is assumed to take some time, in agreement with
longer lifetimes. In benzoquinone Feshbach states with lifetimes of some ps have been
found|SW99]. This is long enough for an electronic state to exhibit vibrational states. If
such a state is accidentally excited by the detachment laser it completely determines the
Franck-Condon-factor to the neutral molecule.

Unfortunately the variety of such Feshbach resonances is so high and complex, that their
energetic positions cannot be predicted. One can solely state, that as denser the MO-

ladder in a molecule is as more Feshbach resonances should exist.

Usually all anion-excited states are short-lived and would appear as more or less broad
excitation resonances in photodetachment spectra. Since the geometry of the anion ex-
cited states is different in comparison to the anion ground state, the anion-excited states
are indirectly observed in PD-PE-spectra as unexpected vibrational structures. For large
molecules with large 7 systems one has usually the expectation that Franck-Condon-factors
between the anion ground state and the neutral electronic states are mostly diagonal.

If a strong vibrational activity is observed in the PD-PE-spectra it can be assumed that an
anion excited state contributes to the excitation. Even more, the accidental excitation of
one of these anion-excited states, can extremely complicate the interpretation of PD-PES
spectra as the relative positions of the vibrational states caused by the auto-detachment
can interfere with the peaks of other electronic state origins. The only possibility to cir-
cumvent addressing of these states, is to shift the detachment-laser wavelength, best done
with a dye-laser. Due to the already very complex set-up the use of a dye-laser was avoided,
by simply changing to another wavelength of the fundamental or a higher harmonics of
the Nd:YAG laser.

Figure shows a PD-PE-spectrum, where an excited auto-detachment state manipu-

lates the Franc-Condon-factors.
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So

Figure 2.18: Illustration of the effect of the accidentally excited anion excited states
on the PD PE spectra. Note that direkt PD and the indirect PD typically happen
both in an ensemble of anions. The observed PE spectrum is then a superposition of
the two processes. For further explanation see text.

Dipole-Bound States

The dipole- and quadrupole-bound states still need further consideration, since dipole-
bound anions have been also investigated in this work. It was theoretically predicted that
molecules with a dipole moment of more than 2 Debye should have dipole-bond states
[ACBD™97] or i > 2.5 D |[LCGT20|. In these states the surplus electron always resides
on the positive side of the molecule and is mostly outside of the molecule in a very large
diffuse orbital. Therefore, molecular rotation and the binding conditions by the positive
charge are correlated, leading to a finite number of dipole bound states, typically just one
for each neutral state.

A closer look to the concept of dipoles and multi-poles shows, however, that the ap-

proximation to describe an inhomogeneous charge distribution in a molecule by a dipole
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or a quadrupole is an approximation, which is only valid with a high accuracy at large
distances from the molecule. Strictly seen, this is not the case for the electrons bound
in such states. Nevertheless the nomenclature dipole-bound and quadrupole-bound pro-
vide a good description of the physical binding effects in these states. Dipole-bound
states have been found by many groups|[LMLS84|,|CLGT18|,[YZQ™21]. To the authors
knowledge quadrupole-bound states have been only found up to now by Bowen and co-
workers [LCGT20]. In this work the dipole-bound 5-Fluoroindole anions was acciden-
tally investigated and its water clusters, as well as dipole-bound 6-Fluoroindole anions.
In general, molecules with hetero-atoms integrated in their 7w-systems or molecules with
electron-withdrawing substitutions, often have a very pronounced charge separation in
their electron-density. When this occurs, a dipole-moment (or a higher multipole mo-
ment) can be assumed as an approximative description. This can be even extended to
water-clusters, which can have relative large dipole moments due to a suitable collective
arrangement of all dipole moments of the individual water molecules [Hab94].

As stated already above, in dipole-bound states the excess electron is trapped on the pos-
itive site of the dipole-field (see the work of Lykke, Lineberger et al. [LML84]). In this
state the surplus electron is also only very weakly bound and resides in a large diffuse
cloud mostly outside of the molecule. Because the MO “s do not contribute to the binding
of the surplus electron, these states are characterized as physical-bound states, in contrast
to valence bound states, where the surplus electron resides in a MO of the molecule.
Thus, it is probable to find DB-states in molecules or molecular complexes with a high
dipole moment. The size of the dipole moment of a complex than interestingly also de-
pends on the structure of the complex. Structural research in molecular clusters with
dipole-bound electrons has been performed in the group of Kit Bowen by a combination
of Rydberg electron transfer and

In the PD-process of DB-states the direction of the electron emission is found to strongly
depend on the polarisation of the laser radiation (see chapter 4.1). This polarisation be-
haviour can be even used as a proof for the DB-character of an anionic state. DB-states
typically have very small binding energies in a range from several meV up to a few hun-
dred meV.

To form those dipole-bound anions, electrons of very low kinetic energy are needed. In this
work, by chance, it was possible to form DB-states in 5-Fluoroindole and its water-clusters
as well as in 6-Flouroindole. Even though this works major aim is to investigate the triplet

states of neutral molecules, the dipole bound states of those two molecules revealed that
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the new discharge method for anion formation, is capable of producing electrons with
such a small kinetic energy that they are able to form DB-states. This is surprising, as
discharges are considered to be a very harsh electron formation method. This finding sup-
ports the conclusion drawn in chapter 2.1 that the very fast switching-off of the discharge

may be the crucial point in order to achieve soft conditions for the electron attachment.
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3 The experimental set-up

The experiment "photo-detachment photo-electron spectroscopy on radical anions" is a
prototype spectrometer, which has been set-up in a first version in the year 2000 and has
been constantly changed and optimized during the last twenty years. Except turbo pumps,
pre-pumps, high-voltage power supplies, digital oscilloscopes, the basic laser components
and the personal computers most of the other components are home-built or consist of com-
mercial products, which have been modified by Ph. D students or the chemistry machine
shop. As a result, the handling of the experiment is quite delicate and time-consuming.
The set-up is very complex in many ways. It has especially many knobs to turn and many
switches to set. Its handling needs la long time experience, many technical skills and
a perfect reproducibility of user during the switching-on and switching-off processes: A

single user error can cause severe damage or even destroy the complete experiment.

The key component of the experiment is clearly the anion source:

e If the anion source does not always work reliably, it may happen that during the
up-heating of the nozzle the temperature window for the sublimation of the sample
molecule is missed and the temperature is increased too much. As a consequence

the sample would be destroyed by thermal decomposition.

e If the number of anions at the photo-detachment site is too small, the photo-electron
spectra will be very noisy and it will be difficult to find and assign the electronic
transitions. This holds especially for higher excited states, which lie in an energy
range where the density of electronic and vibrational states is high and the intensities

due to Wigner s law are low (see chapter 2).

e If the anion signal is not stable enough, it is very difficult to adjust the detachment
laser in time and space: In case of a stable anion signal, the right adjustment of the
detachment laser can be observed as a small decrease of the anion signal. Such a

control is impossible, if the fluctuation of the anion mass signal is too high.
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e If the anions are not cold, the spectra contain numerous hot-band transitions, which
unfortunately lie mostly on the blue side of the origin transition and are not dis-
tinguishable from cold bands. They can form a broad background-like structure on
which it may be difficult to identify weak electronic transitions, such as for exam-
ple the T5 state. Unfortunately, however, one would like to know whether the T;
state lies below or above the S; state, because this might be highly relevant for the

understanding of the 57 dynamics.

First in the following section the previous set-up is described and in a second section the

changes made in this work are outlined.

3.1 The experimental set-up at the beginning of this

work

The experimental set-up of the anion photo-detachment photoelectron spectrometer was
developed in evolutionary steps over more than 20 years. Each Ph.D. student improved
specifics details of the experiment, such as for example the resolution of the mass spec-
trometer, or of the resolution of the photo-electron spectrometer. Minor improvements of
local components have been performed by several bachelor- and master-students, super-
vised by a Ph.D. student.

Most of the previous improvements have been already described thoroughly in the dis-
sertations of Paul Konieczny|[Paul7| and Stefan Vosskotter[Steld]. The major changes
and improvements performed in the course of this work concentrate on the inlet vacuum
chamber, where the formation and cooling of the radical anions takes place. It is natural
therefore, that the following chapters mainly deal with the improvements, which have been

implemented in this work.

3.2 Overview

In Figure the complete experiment is displayed in an overview sketch. The machine is
subdivided into four vacuum chambers in order to be able to improve stepwise the vacuum
pressure from the inlet chamber 1 to the photo-electron spectrometer in chamber 4. This
is necessary, because the back-pressure in the nozzle is 20 bar and due to this many atoms
and molecules enter chamber one during a single pulse of the gas valve.

The first vacuum chamber one contains the pulsed and heated gas valve, the discharge elec-

trodes and the skimmer. Here the formations of molecular radical anions takes place. After
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the formation of the molecular anions, they are cooled by the argon-molecule co-expansion
and transported through the skimmer (orifice diameter about 4 mm) into chamber two.
By collisions the anion velocity is adapted to the supersonic velocity of the argon expan-
sion (about 500 7). In chamber two the ions enter the two-stage ion source perpendicular
to the flight path of the mass spectrometer. In order to have maximal transmission a
Wiley-McLaren time-of-flight [TOF| mass spectrometer with some modifications is used.
In Figure 3.1 this TOF-MS is drawn to the right side and passes chamber three and four,
where the anion-MCP detector is mounted. The voltages applied at the plates of the ion
source can be exchanged by a switch in such a manner, that the anions fly to the left
into a short TOF-MS with very high transmission. This means that, when entering the
ion source, the anions can be either accelerated into the direction of the photo-electron
spectrometer (chamber 4) or in the opposite direction to the short flight path by just
switching the polarity of the ion source. The high-transmission TOF with its MCP-mass-
detector on the left hand side can be used to easily monitor the anion formation process:
this is important because the two quadrupoles adjustment units and the manifold lenses
are difficult to adjust and also reduce considerably the transmission. Alternatively the
short TOF can be also used to detect the argon and the sample cations which are also
formed in the discharge. For this it is possible to switch the polarity of the MCP-detector
accordingly.

The application of the cation detection mode needs some explanation, since the major
interest lies in anions: for some molecules it is unknown, whether the EA is positive or
negative. Unfortunately for uncounted large conjugated molecules it is also unknown at
which temperature their vapour pressure will be sufficiently enough for a measurement.
Since the formation of radical cations is always possible, the observation of the radical
cations of the sample molecules indicates, that there are in general enough molecules in
the gas phase for a measurement. If then under the same experimental conditions no an-
ions are observed, it seems plausible to assume that with a high probability this molecule
does not have a positive EA. The details of the operating principle of the high-transmission
TOF is described in detail in a master thesis [Ber17].

3.2.1 Chamber 1

As can be seen in Chamber 1 hosts the inlet and anion formation set-up. It consists
of a stainless steel tube for the supply of the argon gas which allows to maintain a steady
argon gas pressure of 5 — 20 bar inside the valve. The pulsed and heatable gas valve opens

with an electro-magnet which is steered by an electric pulse of +70 V', several amperes
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Figure 3.1: Schematic Illustration of the PD-PES set-up. Chamber 1 contains the
pulsed valve and the pulsed discharge electrodes. The ions (red arrows) enter the ion
source in chamber 2. By exchanging the pulsed voltages at the plates of the ion source,
two possible flight paths can be chosen: Either along the short or along the long flight
path through the photo-electron spectrometer. Chamber 3 contains two quadrupole
steering systems and many rotation-symmetric and some slit lenses. The goal of the
beam shaping is the only these anions enter chamber 4 which can be hit by the laser
beam (yellow dot, the laser comes from above the plain). The laser-photo-detachment,
the electron and the mass detection takes place in Chamber 4. For further explanations
see text

and a pulse width os 15 — 25 us. The nozzle can be heated to more than 300 °C in order
to achieve sufficient temperatures for sample sublimation within the valve. The nozzle is
enclosed by a brass block which can be cooled by water flow from the outside. This is
necessary because the magnetic material of the nozzle is heated by the attached heated
nozzle head (wherein the sample resides) and the electric energy which drives the opening
motion of the valve. In order to keep the susceptibility of the coil core constant, cooling to
about 60 °C is necessary. The pulsed discharge needles are directly mounted to the pulsed
valve in a tip-nozzle-head-distance of approximately 2.7 mm. Right below the valve in
a distance of approximately 1.5 c¢m is a heated skimmer with an orifice of 4 mm. On
one hand the skimmer acts as a differential pressure reduction stage between the first two
chambers, on the other hand it selects the mid area of the beam, where the coolest ions

are and deflects all other particles to the walls. In operation of the valve with a repetition
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rate of 10 Hz, the average pressure inside the first vacuum chamber is approximately
2—4-107° mbar. This, however, means that for the short time of the opening of the valve
the pressure goes strongly up, possibly to 1072 mbar or even higher. Two close-mounted
turbo pumps with a pumping speed of 500 litre per second each ensure that the pressure
will be again in the range of 1075 mbar, so that a collision-free condition exists, when the
next gas pulse follows.

The processes taking place in chamber 1 are :

e Heating of the nozzle head to achieve a sufficient vapour pressure of the sample by

sublimation.
e Opening of the valve for a determined period of time (= 200 ps)

e Switching-on the high-voltage pulse of the discharge at a suitable time (100 —200 pus)
after the opening of the valve. The pulse width of the HV-pulse is 200 — 300 ns)

e Ignition of the discharge into the argon jet
e Formation of cations and anion by the electron avalanche in the argon jet

e Transition of the middle part of the co-expansion through the skimmer into chamber

two.

Figure shows on the left hand side (a) a more detailed schematic set-up of the devices
in chamber 1 and on the right hand side (b) a photo taken of the valve for comparison.
As can be seen in (a), the valve set-up is mounted on a flange plate which is in two axis
adjustable. This flange has several feed-throughs for the gas inlet, the water cooling, the
HYV pulse, the valve steering pulse, the nozzle heating and the PT 100 temperature sensor.
The flange separates the valve set-up which reaches into the vacuum and the supply media
on the outside which connect to the feed-throughs. Through two metal springs and screws
it is possible to adjust a concentric relative position of the valve and the skimmer. This
way, it is possible to guarantee a perfect alignment in order to only transmit exactly the
middle area of the jet into chamber 2. Beside the argon gas inlet, the flange has a water
in- and outlet which allows the water to circulate through the brass plate. The cooled
brass plate tightly encloses the electromagnetic coil housing and by this also cools the coil
via the water flow. Also every necessary cables are conducted through the cover plate,
as needed for a pt 100 temperature sensor, the heating itself and the high-voltage pulse
cable. Right under the hull of the coil is the head of valve with the sample and the orifice.

The nozzle head cannot be seen in inset (b) because it is embedded in the heating ring
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(note the thick metal coated cable going to the right) The Pt 100 temperature sensor is
directly mounted at the heating (note the thinner metal-coated cable, which goes to the
left).
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Figure 3.2: a) Schematic Illustration of the devices in chamber 1. The valve with its
heating ring and the below mounted discharge ring is right above the heated skimmer.
Details of the devices and the processes are described in the text. b) Photo of a part
of the valve set-up shown in a)

The Reproducible Gas Valve

The gas valve is based on a valve of a former company named "General Valve" (type:
Series 9). Several modifications were made and new parts were added. First a new valve
head was constructed which has enough room to host the sample. A intermediate spacer
part was added, which is mend to better thermally insulate the valve coil from the nozzle
head. By this and the cooling of the coil the nozzle head and the sample was heated to
above 340 °C. To be able to use this distance part, the new poppet had to be extended
considerably.

The function of the nozzle is as following: Inside the valve, there is a magnetic plunger
between two springs. The plunger is moved backwards into the coil if current flows though
the coil and produces a strong centre-symmetric magnetic field. When moving backwards
the plunger draws back the poppet, which then frees the orifice in the nozzle head. This

part of the nozzle set-up is described further in detail in the work of Stefan Vosskotter

[Stels)].
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Since the discharge only can ignite if the gas pressure at the needles it suitable, it is ur-
gently needed that the valve reproducibly opens for each gas pulse at exactly the same
time. Since this was originally not the case and there was a considerable time jitter be-
tween the electric steering pulse and the valve opening, the valve had to be modified.

After a detailed analysis of the valve opening mechanism, in this work a small modification
of the nozzle was made. A small brass screw with a cylindrical head was added above the
upper spring, which is pushing down the poppet which closes the valve orifice. Since the
poppet lies inside the plunger also the plunger is pushed downwards. The head of the
screw was chosen to have the outer diameter of the spring. The thread part of the screw
fits loosely inside the spring. If the screw is mounted, the head of the screw extends the
spring. Since in the assembled valve the space for spring plus the screw head is about the
same as it was before for the spring only, the prolonged spring is now stronger squeezed
and the force on the poppet is somewhat higher. It should be noted that, however, it
seems that it is not only the higher force on the poppet, which improves the performance
of the modified nozzle. Obviously the "longer spring" causes the magnetic plunger to be
moved somewhat more outside of the electro-magnet of the pulsed coil and this slightly
new position seems to be more favourable for the reproducibility of the valve opening.

This very small change of the valve had a huge impact on the stability of the jitter of the
delay which the valve shows between the electric steering pulse and the real gas pulse. It
seems that this improvement was crucial for the success of the pulsed discharge in a pulsed

argon expansion as a new anion source.

Right below the valve is the mounted discharge device in approximately 2.7 mm dis-
tance. Here the jet coming from the pulsed valve gets hit by the initial electrons out of
the discharge and the ion formation takes place. The ions pass the skimmer to the next
chamber. Due to the major changes in terms of ion formation, the discharge device will
be further described in the next sub-chapter.

Moreover the pressure needs to be maintained in the given range, otherwise the discharge
will not ignite properly (meaning a regular opening behaviour is also crucial). Furthermore
the cooling by co expansion can solely be efficient if the velocity of the newly-formed ions
is not further increased after after the ignition. A higher argon pressure results in many
more collisions of the anions with argon atoms and can only resolt in a good vibrational
cooling if the velocity differenced between the anions and the argon atoms is not too big
and is quickly equilibrated.

The exactness of timing the trigger events of the pulsed valve and discharge is also of
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utmost importance. If the time-sequence is out of certain time windows, the formation
of ions is not efficient any more respectively not taking place at all. The key to the suc-
cessful formation of ions is a small time jitter of the nozzle and the fast switching off of
the high-voltage pulse right after the ignition of the discharge. If the width of the high
voltage pulse is too long, the electric field of the discharge is able to accelerate the formed
anions, leading to a less efficient cooling or a deflection of the ions of their destined flight
path through the skimmer in the worst case .

The skimmer itself also needs to be heated, to keep the surface of it free of sample sub-
stance. Otherwise there could form monolayers of the sample substance which are insu-
lating. An insulating surface can get charged up by the ions and then cause an electric
field which could also perturb the flight path of the following ions. After this processes
the cations, anions and neutral molecules in the centre part of the expansion proceed to

next chamber.

84



3.2 Overview

3.2.2 Chamber 2

The anions, cations and neutral molecules enter chamber 2 at approximately sonic speed.
The separation of the species and the acceleration of the anions into chamber 3 takes place
within the ion source. Some modifications of the ion source made it possible to switch
the polarity of lens 1 and 2. This is a desirable feature, because it is possible to direct
any species to the short flight path with the micro channel plate detector. This short
flight path is intended to act as a easy and effective way to control the proper formation
of ions. The necessity of this flight path is based on the historical development of the
discharge-method and the need to validate the proper function of the discharge as well as
the possible other difficulties that occurred in the past resulting in a non appearance of

any signal at the mcp detector in Chamber 4. Those can be:
e Maladjustments of the long flight path.
e Insufficient temperatures inside the valve.
e Absent formation of ions (due to negative electron affinities).

e Malfunctions of the formation system(discharge/or the former electron gun).

from Chamber 1

micro channel anion flight path
plate detector

neutral flight path

optional anion flight path ion source
: vy /

to Chamber 3

- >
1| )1, \
signal out
‘ \ \ lense 5
ground lense lense 3
lense 1 lense 2 lense 4

Figure 3.3: Schematic sketch of chamber 2. The cloud consisting of anions, cation an
neutral molecules enters the ion source. With the bipolar ion source it is possible to
direct cations or anions to the short flight path to verify a proper anion. Normally for
PD-PES the anion acceleration takes places into the direction of chamber 3.
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Those insecurities made it quite difficult to get a hold of the exact reason why a certain
sample does not appear on the anion mass detector in chamber 4. So it is an easy way
to direct the ions to the short flight path with the intention of observing solely the ion
formation. With entering the ion source (= 130 us) after the ignition of the discharge)
the cloud which is now exactly between the lenses 1 and 2, can be separated by applying
a pulsed electric field between lens 1 and lens 2. If the polarity is negative, 100 percent
of the voltage (613 V') is applied to lens 1 and about 66 percent to lens 2 resulting in an
acceleration of the anions towards chamber 3 (PES mode). Lenses 3 to 5 then act as a
deflection lenses. To check the proper function of the formation of ions 2 modes are now
possible. If it is desired to direct the anions to short flight path, on lens 2 100 percent
of the voltage is applied and the 66 percent to lens 1, so the anions can be directed to
short flight path. By switching polarity it is possible to detect cations properly on the
short flight path. Of course it should be possible to detect the cations in the short flight
path simultaneous while the anions transit to chamber 3, but was not possible due to
geometrical deviations of the exact flight path (the left path lies vertically under the right
one). In conclusion this short flight path offers a quite easy method of monitoring the ion
formation to guarantee the anion-formation of a new sample molecule or respective the
ruling out of a too small or negative electron affinity for example. It has to be pointed out,
that it was necessary to attach a neodym-magnet on top of the feed-through of the left
flight path to suppress a very prominent electron peak. This peak vanished by applying
a magnetic field instantly and led to the conclusion it has to be free electrons trapped in
the ion cloud. Without magnetic suppression the electron peak led to a saturation of the
MCP detector.

3.2.3 Chamber 3

Chamber 3 hosts a system consisting of two quadrupoles and a system of lenses. Basically
it is a modified version of a Wiley-McLaren [TOFHMS| This system is described in detail by
several former PhD-canditates as can be seen in [SWNS98|, [Paul7] and [Stel5|. This part
of the setup is necessary to separate all the formed anions to gain certainty of detaching
only the desired species of anions. Due to the cleaning routine of the valve-system it is
possible to form anion clusters consisting of ethanol or water and the sample molecule
aside of the sample molecule itself. The mass spectra resolution can reach - ~ 190,
which allows to distinguish between clusters and the sample anion. Furthermore the lens
system has the capability to compensate small deviations in the ion beam and correct its

direction towards chamber 4. The post source focussing system [KMMJ91] is intended to
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further separate the desired molecule from all other occurring masses in a spectrum and
is described in detail in [Stel5]. Its function is to isolate a given peak by post acceleration
of the peak at the time the mass passes through it. That way it is possible to enhance

the resolution and therefore the intensity of said peak as can be seen in [Paul?|. The
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Figure 3.4: Schematic lllustration of chamber 3, hosting the modified Wiley-McLaren
[TOIHMS], the post source focussing system and the cylindrical lenses. The intention
in this chamber is to direct the ion beam towards the detector and enable a decent
mass selection. By different lenses the ion beam can be formed into a cylindrical shape
which is optimized for laser overlap and detachment.

cylindrical lenses right after the post source focussing system is intend to form the anion
cloud. The desired form of the cloud would be a perfect cylinder orthogonal to the flight
direction, so it would be in perfect overlap with the beam profile of the detachment laser.
Thus the lenses can skim the ion beam in a horizontal direction and widen the ion beam
in a vertical direction. The following horizontal slit is built in to force the ion beam
mechanically into the said shape. After passing the slit the ion beam transits to chamber
4.
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3.2.4 Chamber 4

Chamber 4 hosts all the essential detection systems needed to record photo electron spec-
tra, mass spectra and a uv-permeable window for laser access. The pressure need to be
maintained in ranges of 3 - 1078 mbar to 5 - 107° mbar to guarantee an optimal mean
free path for the electrons. To achieve this pressure regime, two molecular pumps and
a kryo-pump is attached to Chamber 4. The external heating (=~ 60° C') drives water
out of the inner surface of the chamber to avoid reflections of electrons from the water
layers. The entering anion cloud passes through the py-metal-shielding and is directed to
the MCP-mass-detector. The green cross marks the laser-detachment spot. The shielding
is necessary to block any magnetic field from the outside of the apparatus to avoid distrac-
tion of electrons. The ejected electrons from the detachment site emit in spherical shape.
Normal measuring mode, uses the double electron detector with a small angle, to get a
better cone-cut-out of the spherical emitted electrons (detailed description in [Stel5]). The
signals of both detectors are merged afterwards and analysed with a LE Croy 500 M H z
oscilloscope after passing a constant fraction system and recorded via a MathLab routine
(see[Paul”]). The energy of the electrons can be determined by their time-of-flight. The
short flight path to the other detector is intended as a monitoring system during mea-
surements with low count rates or to measure the signal-noise ratio while using deep UV
wavelength to easy the critical geometric adjustment of the detachment laser. The MCP
mass detector is functioning as the one mentioned above and is mainly used to separate

mass signals in order to guarantee the detachment of the desired species.

3.2.5 The detachment laser

Due to the nature of this kind of [TOFlelectron measurements the timing and positioning
of the laser-access is of utmost importance. This means the durance of the laser-pulse
marks the start and the stop in terms of timing for the electron-spectra)3.6| shows the
laser system used for detachment. The diode-laser (= 800 ps ) generates a pulsed infrared
laser beam (=~ 1065nm). This beam is directed trough a focusing lens(2)) and a Faraday-
Rotator. The Rotator has the purpose to block unwanted reflections back to to the diode
laser. Thus, after passing the polarisator the beam enters via a polarised two-way mirror
the laser head of a Innolas Spitlight 600 laser head. It passes the first Nd:YAG rod in a
first amplification process, while the second amplification takes places while it is reflected
by another polarised mirror (8)). Then it is directed toward the other rod for a third

amplification process. Right behind the laser head is the higher harmonics generation
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double electron detector

exterior heating

J-metal-shielding

laser access

from Chamber 3

—_—t MCcp mass

| detector

mcp electron detector

Figure 3.5: Schematic Illustration of chamber 4 with the detection systems for elec-
trons and molecular ions. The detachment takes place in the area of the green cross.
A short flight path with high transmission is installed at the bottom. It serves for
back-ground optimization in case of UV photodetachment is performed.The long flight
path is used for actual TOF photoelectron energy measurements. The fast ion detec-
tion takes place on the right hand side.

system, where several crystals can be used to gain the wavelengths 1064 nm (without

crystal), 532 nm (doubling 1064 nm), 355 nm (mixing first and second harmonic), 266 nm
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(doubling 532 nm) and 213 nm(mixing second and fourth harmonic). After passing a Pellin
Proca prism the laser can be direct towards Chamber 4 via another mirror-system. To fix
a starting point of the electron counting system, a diode-sensor catches the reflexes of the
laser beam and triggers the counting system. The pulse energy of a single pulse ranges
from 40 mJ (1064 nm) to 0,8 mJ (213 nm) which is a amplification of approximately
times 1000 regarding the diode-laser pulse. Due to the critical nature of overlapping the
laser-focus and the ion beam as well as in terms of timing and geometry, it is necessary
to control the laser beam in terms of energy and shape. The beam form is also strongly

dependent on the adjustments of the system and must be controlled regularly. The laser

to chamber 4

fast
diode-sensor water cooling outlet 2) 3) 4)

Nd:YAG
il )
laser rods 5)
diode-laser \
7) 6)
=\ /

laser head

—{ flash-lamp
9)

higher harmonics
generation cristals
Pellin-Broca-Prism

water cooling outlet

Figure 3.6: Schematic Illustration of the photodetachment laser system. 1)ps-diode
laser "picolo"; 2)lens; 3)optical diode:Faraday-rotator; 4)Fresnel-Rhombus to rotate
the polarisation to be perpendicular to the table; 5)100%-mirror; 6)polarised 100%-
mirror; 7)%—plate; 8)polarised 100%-mirror; 9)%—p1ate;The ps-laser pulse from the diode
laser passes three times trough the Nd:YAG rods and is amplified by about a factor
of 1000. With the prism the wavelengths are separated and directed to the PD-PES
apparatus. A fast diode sensor triggers the electron counting system. Sketch based on
[Paul].

beam then is able to enter the apparatus via a three-mirror system. Before entering
chamber 4 via the window it is possible to rotate the polarisation and adjust the laser

focus with a collecting lens to optimize the spatial conditions of detachment.
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3.2.6 The timing sequence of the setup

As mentioned before, the timing sequence of the whole setup is crucial for a successful
measurement. The setup works with a repetition rate of 10 Hz and the trigger signals are
based on 5 V-TTL-logic pulses all over the setup, steered by a Stanford Research Delay
generator Model DG. To gain a better understanding of the complexity of the Anion-PD-
PES method, it is helpful to understand the timing in detail. All triggering signals are five
volts T'T'L-logic based. The timing sequence is illustrated in while the colour systems

refers to the single components used in the system. The initial triggering starts within the

0.8-3ps
PD-Laser
flash lamp trigger 110us
extraction start PE-spectrum
100ps | 380-500ps 30-50us=35%tror electron detection
Start » cycle end
120-180ps
Discharge pulse M f
|_1500ns-5,5us

90-150p5%93,8%t,o-

800|:§|
3-6us T
start MS-spectrum arrival of sample anion

Figure 3.7: Scheme of the timing sequence. Different parts of the setup are separated
by colours. After the electric steering pulse the valve opens with some delay. The
discharge ignites at a suitable gas pressure at the needles;The ion source pulse acts
starting time for the post source focussing, the laser trigger and the mass spectrum.
The electron detection takes place 500 ns to 5.5 us after the detachment.

gas pulse |

Stanford Research Delay generator. The first 100 ps gap is the time between the initial
electronic signal and the mechanical response of the valve( sed3.7] green).The valve then
opens for a total time of approximately 800 us and the opening behaviour resembles a
gaussian function regarding the time and the pressure with a peak around 400 ps. That
is the reason why the delay for the discharge pulse is around 380 — 500 us(violet). The
discharge pulse is then active for around 0.8 — 3 us for an effective anion formation as
mentioned above. This timing is variable and must be optimized manually for an optimal
mass signal and need to be adjusted as needed. The travelling time for the ion cloud to
the ion source is around 100 — 200 us, so the electric pulse steering the ion source pulse

(orange) follows the discharge time with approximately 120 — 180 ps. The duration of
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the ion source pulse (3 — 6 us) is based on the actual geometrical size of the ion cloud
because it directly refers to the horizontal expansion of the cloud and also needs to get
readjusted depending on the effective mass signal. 30 — 50 us after the ion source pulse
follows the post source trigger (yellow) which is basically a second ion source with a similar
timing to the ion source. The exact timing also needs to be adjusted depending on the
time-of-flight (¢;,,) of the desired mass with around 34 percent of the effective time of the
respective peak. The blue coloured arrows illustrates the timing sequence of the laser.
The flash lamp trigger of the laser system needs to be triggered 110 us before the ion
source to guarantee the laser pulse to be released just in time for the passing anion cloud
approximately 94 percent of t;,,. To generate well resoluted spectra, the laser pulse width
needs to be as narrow as possible, here around 800 ps. The laser itself triggers finally
the electron detection which takes place 500 ns — 5.5 us after the laser pulse. During a
measuring session it is needed to adjust the timing depending an the effective mass signal

and electron counts, to guarantee optimal count rates.
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3.3 The Mounted-Discharge-Valve

3.3.1 The Evolution of the Mounted-Discharge-Valve Setup

During the completion time of the thesis, several bachelor and master thesis got involved
with different problems concerning the discharge method as such. Those thesis have been
stages in the evolution of the Mounted-Discharge-Valve-Setup. A brief overview of this

evolution is described in the next paragraph.

Inspired by several other methods utilizing a discharge source([Wol|), it was possible to
circumvent certain problems with the previous setup. It turned out, that the amount of
anions produced by the previous setup had been inferior to the discharge setup. Manifold
other problems, like the directing through the apparatus by using a discharge source,
several other problems had to be solved in order to achieve a well working setup for the
application used in this work. Thus several Bachelor and Master thesis revolved around
the discharge method to overcome those mentioned problems.

The first attempt in utilizing discharges as a anion source, has been made in the work of
Marco Schmidt|[Mar17]. Two tungstens needles were applied to a copper ring mounted to
an adjustable swivel arm. This arm could be moved in proximity to the pulsed valve. By
applying a constant high voltage (approx 5 kV') it was possible to obtain the first mass
spectra of anions and cations. Due to the constant voltage, the ion cloud got distorted
right after formation and the time-of-flight was flickering. This made calibration of the
spectra quite difficult. The conclusion was made to pulse the high voltage applied to the
needles.

By using a Behlke high voltage double bridged switch (HTS-121) in another bachelor thesis
(J[Erals8]), it was possible to pulse the applied voltage and thus enabling to calibrate the
spectra because the ion cloud got no longer distorted by the electric field. Furthermore, it
turned out that more needles are more effective (now using eight) but finding the perfect
distance between valve and needle setup had been difficult.

Still not being quite confident with the setup, further experiments took place in two other
thesis. One of them tried to use the needle setup as a feeding source for a electron gun
(JLaul8|). The other one made use of the needle setup to get anion and cation spectra
out of the surface of the valve (|[Jan19]). The latter thesis enabled the generation of the
first well interpretable spectra as can be seen in a first pentacene spectrum in figure [3.8|
This was the first spectrum with a recognisable parent ion. Noticeable is also the strong

fragmentation and other peaks like O H ~-anion originating from leftover water at the valve
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Figure 3.8: a) Time-of-flight anion spectrum of pentacene (argon). The baseline
variation can be repatriate to the manifold peaks . Parent ion at 44.30 s b) Respective
anion mass spectrum with well recognisable fragmentation and parent ion at 278 Dalton

itself as well several water clusters of the parent ion. These peaks are withdrawing electrons
during the process of anion formation and this can be an explanation for the low parent
ion intensity.

The main idea here was to use a double high voltage pulse to firstly bring the substance
off the surface and with the second pulse to ionize the molecules inside a argon jet. As can
be seen, the intensity of the parent ion (44.30 us) is quite low, due to the fragmentation
of the parent ion and water cluster formation. Nevertheless this work marks a essential
evolution stage in the development of the mounted discharge valve because the spectra
became interpretable in reproducible manner.

In further approaches (|[Nik19]) it was decided to use a single pulse again, as well as
mounting the discharge setup to the valve itself, to facilitate the adjustment of the distance

between the valve and the tungsten needles. In this thesis the short flight path was utilized

94



3.3 The Mounted-Discharge-Valve

for the first time for monitoring purposes. Now the most fitting values for the distance
between the valve and the needle mount as well as the timing for the high voltage pulse

became determinable. After this master thesis the set-up evolved to the current system.

3.3.2 The current Mounted-Discharge-Valve
The framework of the discharge Mount

With the last paragraph in mind, a very crucial dimension for a proper working anion
formation is the distance between the valve and the plane of the tungsten needle tips as

can be seen in figure 3.9 The optimal distance is between 2.5 — 3 mm and seems repro-

valve +

orifice

~3mm critical

working distance
for discharge

discharge ring——MM8M8M8M8M  — | -

———skimmer

Figure 3.9: critical distance between the needle tips (cathode) and the valve (an-
ode).The distance is fixed before bringing the valve into chamber 1.

ducibly stable at 3 mm varying a bit from one substance to another. As discussed earlier,
the distance determines factors like the mean free path regime of the gas jet, but also
the voltage needed for proper operation. Too close to the valve the discharge is burning
through the valve instead of into the jet. This results in an absence of ions frequently due
to the flashover. Too far from the valve results in an total absence of the discharge because
of the bigger mean-free-path of the gas molecules. Figure [3.10] shows the ring mount of
the tungsten needles. The high voltage is directly applied to this ring. It contains holes to
put the needles through as well as deepenings for holding the ceramic screws. Figure[3.11
shows the complete blueprint of the mounting ring. The needle holes are about 0.4 mm
in diameter, the needle tips itself are a bit smaller(varying). The distance between two
facing needles is about 1 mm. Also crucial is the angle of the holes (needles) respective to
the valve orifice here about 34°. Also the diameter of the ring is important to maintain

a fixed electric field distribution, as the geometry of the ring also has an impact on it. It
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Figure 3.10: 3D modell of the needle mount.
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Figure 3.11: Blueprint of the needle mount.

was chosen by the size of the valve and became a bit smaller during the evolving process
for an easier handling. Probably a bigger diameter could result in a more fitting electric
field distribution. The eight holes for the needles are distributed in an angle of 45° around
the ring. The mounting plate can be seen in Figure [3.12] The edges were cut out to
be better fitting through the feed-trough as the valve and the mount are designed as a
dive-in-system which gets lowered down into chamber 1 from the upside. The boreholes
at both sides are intended for threaded rods. With those it is mounted to the cooling

plate of the valve. The three boreholes in the horizontal axis are for ceramic screws to
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Figure 3.12: Blueprint of the ring mount.

fix and insulate the mount versus the high voltage applied to the ring. The mount is on
the same electrical ground level as the rest of the valve. The ceramic screws also enable
an adjustment of the needle tips in a horizontal plane in respect to the orifice. As can
been seen earlier the needles are positioned in a centro-symmetric way around the orifice.
This assures a symmetric field and therefore a proper symmetry of the anion formation

regarding the setup geometry in chamber 1.

It has to be said that the majority of the geometric values got improved step-by-step
using the trial and error method during the several thesis mentioned above. The key to

be able to improve the method, finding fitting ways of monitoring the behaviour of
e The anion (cation) formation by rusing the short flight path.
e The electronic behaviour of the discharge itself.

Both items mentioned on the list above shall be explained in a detailed manner in the
next subsections.
Besides the geometry, the electronic setup is also important. To apply a negative high

voltage pulse it is necessary to use a fitting switch. It must be able to operate at a frequency
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of 10Hz, with negative polarity, as well as being able to trigger with 5V TTL-pulses as
the other devices also get steered by TTL-pulses. The switch used here is a Behlke HTS
121-01-HB-C, with a maximum voltage reference of —12kV. With the intention to use
voltages around —5kV. It turned out that it is necessary to stay below the maximum
voltage to prevent flyback pulse damaging the switch. Those pulses can occur after the
ignition of the discharge when a flashover happens between the needles and the valve.
Those flyback pulses can overlap with the next incoming pulse and add up, resulting in
a higher voltage than applied and therefore damaging the switch. The circuit diagram in

Figure [3.13| shows the used circuit in this application. The Behlke switch itself is in the

middle (green ring) of the circuit. The transformer and the wheatstone-bridge on the left
side with the

[ e HT3121-01-HB-C
I u

Figure 3.13: Circuit diagram of the pulsing device for the pulsed discharge.

following capacitors grant a proper source voltage for the switch. Under the switch
there is the circuit for the incoming high voltage with a small circuit just at the output
of the circuit. This protects the switch from the above mentioned flyback spikes coming
from the discharge. Not pictured is the TTL input which is just directly at the Behlke
component itself. All ground levels are brought to the same level. This circumvents any
outside coupling of distorting signals into the cables. Directly behind the output is a pick
of where the effective signal can be illustrated with a time resolution on a oscilloscope.
Through this it is possible to monitor the timing behaviour of the applied negative high
voltage pulse. Usual voltages are between 2 — 5 kV with a strong dependency on the

framework situation of chamber 1.
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The monitoring of the discharge

As mentioned before the effective monitoring takes place in two instances. It is impor-
tant to observe the behaviour of the discharge at all times during a experiment. Several

conditions can influence this specific behaviour:

e The working distance (valve vs needle plane).

The back-pressure of the carrier gas.

The applied voltage.

The timing of the discharge and its length.

The opening behaviour of the valve (consistency/timing).
e The temperature of the valve.

Although the temperature is dictated by the sample substance and cannot be adjusted at
will (with the exception of ranges of about 5 — 10° Celsius). The opening behaviour of
the valve is strongly dependent on the mechanical conditions and can vary to a certain
degree from experiment to experiment. The tightness of the valve in standby has to be
nearly perfect as a possible control value for the proper functioning. The working distance
can solely be adjusted between two experiments and just turned out to be fitting at the
mentioned 3 mm value.

The back-pressure as well as the applied voltage, and the timing can be adjusted on the
fly during a running experiment. It can be modified depending on the mass signal and
stability and has to be modified manually. So the other above mentioned items on the
list can be adjusted during the experiment. To guarantee a stable running experiment,
several monitoring instance can be consulted.

One of these is the monitoring of the applied high voltage pulse via the above mentioned
pick off. The interpretation of the resulting signal on the oscilloscope can be seen in Figure
Three situations can occure while monitoring the pulse. On the left a simplified
illustration of the pulse when the valve is not working is displayed. If that is the case, the
pulse can be recognised as a simple negative rectangle signal. If during this state, anything
is not functioning properly - like a too close distance to the valve-, it can be recognised
right away.

The graph in the middle describes the pulse during a proper functioning measurement.
The rectangle pulse is a bit cut off on the right side, because of the ignition of the pulse

into the gas. This situation leads to the assumption that the setup works without any
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Figure 3.14: Schematic Tllustration of the monitoring of the discharge pulse via the
oscilloscope.

problems.

The right illustration shows the signal if anything is not working properly. This can
for instance be a too large voltage on the needles, which causes the discharge to burn
right to valve (instead of into the gas pulse), resulting in a flashover. This behaviour
can also be caused by a too small distance between the needles and the valve, as well if
the valve is opening improperly or unstably (or the valve simply is not sealed properly).
Additionally, a non fitting timing overlap between the high voltage pulse and the opening
time of the valve can cause this distorted signal. However, this means that it is possible
to adjust the above mentioned values solely with this signal. The timing, as well as the
applied voltage, can therefore be adjusted to always fit the situation illustrated in the
middle picture. This can be used as a reference to maintain the mass signal, which is
the very foundation for the following photo-detachment. It turned out that it is not
possible to gain a stable mass signal, if the high voltage pulse signal is not resembling the
middle picture. Also the stability can be monitored with this signal. In border regions
of the timing/voltage/distance, it is possible to monitor how stable this situation can be

sustained and necessary adjustments can be made. Typical working ranges had been
e for the voltage : 2 —5 kV (at 1 mA current)
e for the high voltage pulse length : 800 ns — 3 us

e for the timing between valve and high voltage pulse : 200 — 500 pus
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It has to be emphasised that the sustaining of the high voltage pulse was easier with a
sample molecule in the argon jet than without a sample (empty valve), which led to the

assumption that the sample molecule must have an impact on the discharge itself.

Even with this instance, it is possible that no mass signal is detected. Possibly because
most of the sublimation temperatures of the sample molecules are not well known or not
known at all. This adds temperature as a possible unknown value. This value can not
be controlled by electrical means, but the short flight path with its MCP detector can
be extraordinarily useful when it comes to determine fitting sublimation temperatures

(as well if a substance is not forming anions at all). Furthermore, the obtained mass

Time of flight diagram of Dibenzofurane
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Figure 3.15: Time of flight spectrum of the anion formation of The parent
peak loses intesity due to fragmentation and cluster formation

spectra from the short flight path can be indicating a proper anion formation as well as
reaching the correct sublimation temperature. In figure |3.15 an early mass spectrum of
dibenzofurane can be seen . Just with reaching the temperature of 71° Celsius, the marked

parent ion peak appeared. The peaks left to the parent ion peak could be determined to
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be aluminium as well as OH~ and impurities of the setup. Special attention has to be
given to the first occurring peak. The peak could be nearly suppressed completely by
applying an weak magnetic field from the outside and therefore led us to the assumption
that this peak represents the presence of free electrons in the ion cloud. This contributed

to several assumption regarding the attachment process as mentioned in section 2.2.4 .
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3.4 Mass-selection via Time of flight

Since the radical anions carry a charge they can be analysed by mass in a mass spec-
trometer. A prototype-build time-of-flight mass spectrometer (TOF-MS) is used for this,
because of its construction and its high transmission. The advantage of mass separation is
(before performing the laser spectroscopy) that it can be ensured that the right molecular
species and not a cluster nor a fragment anion is investigated by photo-electron spec-
troscopy. Beside its high transmission, a further advantage of a TOF-MS is the fact that
the anions of one mass can be compressed in time and thus also in space. This compression
of the molecular anions in a small volume is very favourable for the laser access needed
in the photo-electron spectrometer. The disadvantage of a linear TOF-MS instrument as
used in this work is its typical malign mass resolution in comparison to other types of
MS spectrometers. The ideal concept of TOF-MS is that all ions start at the same time
at the same position in the ion source. If all ions obtain the same energy, then ions of
small masses come first and ions with bigger masses come later. Whereas the timing of
the acceleration can be well controlled by an accurate fast high-voltage pulser, the starting
position of the anions is very broad. This is due to the large volume in which the anions
are formed and the large skimmer orifice. In this work, the diameter of the anion cloud at
the start position is estimated to be 4 — 5 mm along the direction of the ion flight path
in the MS-spectrometer. As a result even the ions of the same mass are accelerated to
different kinetic energies.

A reflectron TOF-MS instrument ([Mam01] , [BNWS82]) would compensate the effect of
the ion energy distribution on the flight time and thus provide a much better resolution
than a linear TOF-MS. However, it would — due to the longer flight path and the typically
used grids - lead to a considerable loss of anions at the site of the laser access. It also
would need a more complicated PE-spectrometer, because the anion flight path has to
cross two times the PE-spectrometer.

As outlined above , the spatial ion distribution in the pulsed ion source results, if the
electric field is switched on, in energy differences between the ions of the same mass and
is the reason for the relatively bad mass resolution. A two-stage ion source with a first
small electric field and a second strong field helps to reduce the energy error caused by the
different starting positions in the first weak field (J[WM55]) . Weinkauf et al.([Wei9]) have
shown that the mass resolution in such a concept can be further improved by choosing
the right acceleration path lengths in the two-stage ion source and use suitable voltages
allowing to compensate the errors in flight time to the second derivative. Because in the

used setup the spatial distribution in the ion source is so enormously large the ion cloud
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at the laser interaction site is still too big to lie fully in the laser-interaction volume.
Garry Kinsel at al.([KJ89]) could show that for a part of the mass spectrum an improve
in mass resolution by post-source focusing (PS-focussing) is possible. This means, that
far downstream the ion source, the ion cloud of one mass is a second time accelerated.
This is performed in a way that the slower ions — lying back - receive more energy than
the fast ions — flying ahead -. This PS-focussing even works for a section of about five
per cent of the mass spectrum. By this post-source-acceleration the ion cloud of one mass
(here the mass of the anion of interest) is so strongly compressed in the direction of the
flight path, so that all ions can be hit at the detachment site by the slightly focused laser
beam (focal size 1 — 2 mm diameter). The anions are further accelerated in front of the
detector and detected by a micro-channel-plate (MCP) detector (consisting of two stacked
micro channel plates). The signal is then displayed and stored by a digital oscilloscope
(bandwidth 100 M Hz, Tektronic/LeCroy).
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3.5 The PD-Laser in the context of anion

spectroscopy

Since the number of parent anions in one cycle of measurement (the repetition rate of
the experiment is 10 Hz) is not very high (about 50-200 ions) and the transmission of the
TOF-photoelectron spectrometer is only 1073, the photodetachment efficiency should by

as high as possible. Virtually this depends on many factors such as
e i) The detachment cross section of the orbital from which the electron is removed.
e ii) The anisotropy of the electron emission and the polarisation of the laser radiation.
e iii) The excess energy of the detachment photons over the final neutral state.

e iv) The temporal and spacial overlap between the detachment laser beam and the

ion cloud.
e v) And evidently the pulse energy of the detachment laser.

Whereas i) is given by the molecule, the size of its orbital (7-system, or localized lone pair
orbital) or the type of excitation (single excitation or contribution of double excitation
(see Chapter 2)) and cannot be improved, all the other factors can be influenced by the by
the experimentalist. For example, if the electron emission does not take place isotropically
over the angle of 4 7, (see ii) above) (but is for example preferentially directed along the
polarization of the detachment laser), then at least two different laser polarisations have
to be used, to make sure that this transition is missed. According to Wigner’s law the
detachment efficiency also depends on the angular momentum of the emitted electron and
the photon excess energy (see iii) above and chapter 2). Especially if a m wave detachment
takes place the detachment cross section in dependence on the excess energy is first very
low (low excess energy) and then only rises very flat for higher excess energies. Since
the wavelengths which are available for photodetachment are limited (see chapter 3 and
below), it could be that low-energetic photons can just detach to a neutral electronic
state. If this state, shows a m-wave detachment then this transition would appear to be
very weak in the according PD-PES or would be even completely missing in the case the
laser polarisation is wrong (Wigner’s Law.). The best possibility to improve the intensity
of this transition is to increase the photon excess energy by choosing a higher harmonics
of the Nd:YAG laser.

The spatial and temporal overlap (iv) above) can only be achieved by a careful adjustment
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of the laser beam and the anion beam. The ideal situation is that all ions can interact with
the detachment laser. Due to the fact that the laser beam typically has a gaussian spatial
profile, the interaction of the anions with the outer area of the laser beam is usually small.
This can be simply improved by increasing the laser pulse energy (i.e. the number of
photons). This can be easily realized in the fundamental and the lower harmonics 532 nm
and 355 nm. The only precondition is that the laser does not perform laser desorption
of metal atoms or cause a laser plasma at the inner surfaces of the spectrometer. For
the fourth and fifth harmonics the situation is more complex: the requirement for a good
beam quality and technical reasons limit the maximum intensity and thereby also the laser

pulse energy. The reasons are that

e i) If photons with a wavelength below 300nm hit the inside spectrometer wall, they

can produce background electrons, which can destroy the PD-PE-spectrum.
e ii) The entrance windows of the spectrometer start to absorb and can be destroyed.

In the above discussion still one aspect is missing. This is the aspect of the time accuracy,
with which the time of flight of the electrons can be measured. In a former work a laser
pulse of 12 — 15 ns (depending on the harmonics) was used for the detachment, resulting
in a flight time accuracy for the electrons which was practically completely limited by the
laser pulse width itself. In a second step a laser set-up with a shorter pulse width was
used in order to improve the over-all flight time error to 2 ns (see explanations below and
Reference [Stel]).

In conclusion the anion photoedachment photoelectron spectroscopy experiment imposes

the following requirements for the detachment laser:

e The fundamental and all harmonics up to the fifths harmonics (212.7 nm) have to

be available for the detachment.

e The laser beam quality has to be taken care of to reduce or avoid laser desorption

and background electrons.

e The laser pulse width should be in the order of a few ns, in order to not limit the

electron energy resolution.

In order to ensure a short laser pulse width, a diode-pumped Nd:YVO, seed-laser with
a pulse width of 800 ps was used and post-amplified in a home-build amplifier. This
amplifier was mainly based on the pump chamber of a regular Nd:YAG laser in our case

the Spitlight 600 of the German laser company Innolas.
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The complete laser set-up is described in the following (see also figure 3.6). In order to fit
in the importance of the laser system in context of the experiment, further explanations are
necessary The laser Spitlight 600 was still functioning in its basic functionalities, except
that the pump chamber is mounted outside the original laser into the home-build amplifier.
The pump-chamber has one flash-lamp and two Nd:YAG rods. When the Spitlight 600 is
switched on, the flash-lamp is brought into a pulsed low-current discharge mode, which is
necessary to ensure that enough charge carriers are still between the electrodes if the high
power discharge is initiated: It is essential that this main discharge starts instantaneously
with full lamp-light intensity. The light of the lamp directly or by reflection from the
pump-chamber inner walls enters from all sides into the two laser rods. During the 110 us
of the main lamp discharge this light creates a strong energy level population inversion in
the two Nd:YAG rods. This complete pump-chamber set-up including the electric wires
and the water cooling for the flash-lamp and the laser-rods have been taken out of the
Spitlight laser and posed onto a separate aluminium plate, which allows to freely mount
additional optics.

The post-amplification of the 800 ps laser pulse of the Piccolo was necessary because its
pulse energy is in the order of 30 uJ, far to low for our application.

The requirement concerning the detachment laser were, that about 30 m.J (800 ns pulse
width) are available at 1064 nm. This requirement comes from the need to produce the
fourth “s and fifth s harmonics. Note that for the production of the fifth “s harmonics the
1064 nm has to be a first time frequency-doubled to 532 nm then again frequency-doubled
to 266 nm and finally mixed with the fundamental to 212.7 nm. Hence three non-linear
processes are necessary in order to create 212.7 nm radiation. In order to end up with a
sufficient pulse energy of about 500 pJ at 212.7 nm, the above-mentioned 30 m.J should
be available in the fundamental.

This means that the pulse energy of the piccolo has to be amplified by about a factor of

1000. These requirements define the specifications for the amplifier:
e i) Light amplification by a factor of 1000

e ii) Preservation of the 800 ps pulse width, especially no double pulses or continuous

radiation.

e iii) Good beam and polarisation quality to allow efficient higher harmonics genera-

tion.

e iv) Exact triggering with an accuracy of better that 1 ns.

107



3 The experimental set-up

e v) No destruction of the Piccolo laser by amplified back-reflections.

In order to fulfil the requirements of the above list the follwing concept and tools were

used:

e In order to achieve the amplification of about 1000 (see i) above) the seed-beam was

three times send for amplification thorough Nd:YAG rods.

e In order to preserve the pulse width (see ii) above) of the seed-laser great care
was taken that the seed laser does not have a continuous back-ground. In addition
all optical surfaces were slightly tilted in order to avoid reflections, which could
result in a second pulse (note that 1 ns light travel time corresponds to about a

30 emdistance).

e In order to avoid destruction of the Piccolo by amplified back-reflections an optical

diode (Faraday rotator) was used.

In the following for one laser shot the formation of the detachment laser pulse is described.
In the beginning the laser flash-lamp is ignited 110 s before the laser pulse is needed.
During the 110 wps the flash-lamp has enough time to create an inversion in the two
amplifier laser.

If the laser pulse is needed, the Piccolo laser is triggered by a 5 V' TTL-pulse. Inside the
diode-pulped Nd:YVO, laser an optical deflection element allows lasing for a very short
time. Since the cavity length of the Piccolo laser is only 2.5 ¢m the round-trip-time is
very short and a pulse with abut 800 ps pulse width evolves. This pulse is transmitted
through the Faraday-rotator acting as an optical diode. Since the polarisation is turned
by the Faraday-rotator, afterwards a Fresnel-rhombus is used to rotate the polarisation to
the plane of the table. Two dielectric 45° mirrors for 1064 nm allows to adjust the Piccolo
beam in order to become collinear to the left laser rod. On its way to the left Nd:YAG
rod, the beam passes straight a polarisation-dependent mirror aligned in a mechanical 45°
orientation to the beam. The beam of the Piccolo then runs through the left laser rod
for the first time and is amplified by that. Its polarisation is then rotated by 45° by a
% plate and reflected in itself by a 0° mirror. By passing the % plate the second time,
the polarisation is again rotated by 45° so that in total the polarisation is now rotated by
90° against the original orientation. After passing the left laser rod a second time for a
second amplification, it is now deflected by the polarisation-dependent mirror to the right,
again deflected by 45° and fed into the second laser rod. After the third amplification the

laser passes a %, which allows to suppress spontaneous emission and distorted laser light
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3.5 The PD-Laser in the context of anion spectroscopy

contributions. The higher harmonics are created from the fundamental of the Nd:YAG
laser (1064 nm) by using the right polarization of the laser and non-linear crystals tilted
to the right angle and heated to the right temperature. They have two different refractive
indices for the two perpendicular polarization directions of the different colours allowing
to synchronize the speed of light in the crystal for the involved wavelengths. The second
harmonics (532 nm) is formed by using a doubling crystal. The third harmonics (355 nm)
is created by mixing the fundamental with the second harmonics. The fourth harmonics
(266 nm) results from the frequency doubling of 532 nm. The fifth harmonics (213 nm)
is formed by mixing the fundamental with the fourth harmonics.

The laser light with the desired colour is selected by a Pellin-Broca prism by rotation of
the prism and via the different exit angles of the different light components.

The laser pulse of the right colour is adjusted via three dielectric mirrors into the PE
spectrometer from above. Different lenses and orifices are used to optimize the bean
quality. The laser pulse energy is measured on a regular basis, to ensure that the pulse
energy is roughly right. A fast photo-diode is used to feed a constant fraction unit, which
forms the trigger pulse to start the flight time measurement for the photoelectrons. Since
also the electron signal passes though a constant fraction unit and the cable lengths are
exactly measured, the zero-time for the photoelectron measurement can be determined.
Typically the first time point in the spectrum corresponds to 500 ns.

As already indicated the adjustment of the laser in time and space can be first only
performed by following a typical adjustment procedure. Typically one of the wave-lengths
1064 nm, 532 nm or 355 nm is used, because the laser pulse energy is then so high that
a considerable amount of the anions can be detached. As a result the anion signal at
the mass detector decreases. This decrease then allows optimization of the temporal and
spatial laser-anion overlap. If after such a measurement a fourth or fifth harmonics is used
for photodetachment, one can be sure that at least the timing between laser and anions is
right, so the main adjustment that is then that of the spatial anion to laser overlap under
the precondition that a minimum of back-ground electrons is created. This requires a good

beam quality and a perfect adjustment of the beam without hitting internal surfaces.
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4 Results and Discussion

The sample molecules investigated in this work were preferentially large polycyclic conju-
gated hydrocarbons, which may be interesting for organic electronic devices. The general
aim of this work was, to determine electron affinities and the energy of such electronic
excited electronic states of the neutral molecules, that are otherwise transition forbidden
from the neutral Sy ground state. With this knowledge, we possibly can contribute missing
links to the discussion and understanding of photo-physical and photo-chemical processes
in these molecules.

To achieve this goal, the intact sample molecules were
e Brought into the gas phase by thermal heating.
e Co-expanded in a supersonic jet with argon .
e Transformed into radical anions in a pulsed discharge.
e Cooled by the on-going co-expansion.
e Mass-selected.
e Photo-detached by a short laser pulse.
e Measured regarding their photo-electrons.

All the points of the above list are described in detail in Chapters 2 and 3. The formation
of cold radical anions and their mass-selection as well as the laser-excitation are expensive
components which are also difficult to handle. But, as outlined above, only the approach
via the radical anions allows a systematic circumvention of most of the selection rules
which are otherwise valid in neutral molecules.

It is well-known in science that the difficulty of a prototype experiment increases with
the number of steps by which a sample is prepared, selected and treated. This is also
the reason why the output of this experiment is usually low. In addition, time-consuming

improvements have to be made and constant maintenance work is necessary.
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The Results for the investigated sample molecules were:
e The determination of the up to now unknown electron affinities.
e The spectroscopy of the up to now unknown triplet states 7.
e Possibly energies of T; states.
e Energies of intra-molecular charge transfer states.
In this chapter for the molecules investigated in this work,
e The chemical structures are presented.
e Previous experimental and theoretical investigations are reviewed.

e Specialities concerning the electronic structure or unusual photo-physical or photo-

chemical properties are highlighted.
e The PD-PE spectra are presented, described and as far as possible assigned.

e The extracted electronic state data are listed in tables and compared to the results

of previous works.

e For molecules of similar chemical structure the energetic electronic state positions

and the state orders are compared and discussed.

Data Processing and Presentation of the PD-PE-Spectra

In the following, it is described with which wavelengths the PE-spectra have been recorded,
how the sub-spectra have been assembled to obtain one complete spectrum, why PE
intensities of different electronic transitions are difficult to be compared, and how the
spectra have been calibrated.

The Composition of the PE-Sub-Spectra to one Complete Spectrum.

The PD-PE spectra cover up to 6.25 eV of energy. Due to using a time-of-flight PE
spectrometer and its energy-resolution strongly depends on the velocity of the electrons
(see chapter 2/3), several laser wavelengths have been applied for the detachment. By
this the energy of the removed electrons is limited to a certain range in a certain section
of the PE-spectrum . The intention of this was to achieve optimal energy resolution
for each electronic state of the neutral molecule which was identified. Hence, the featured

overview PD-PE spectra are composed of several sub-spectra, recorded with different laser
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wavelengths. The wavelengths used for photo-detachment were the fundamental and the
higher harmonics of the ps-Nd:YAG laser (see chapter 3):

e 1064 nm

532 nm

355 nm

266 nm

213 nm

The formation of higher harmonics of the fundamental wavelength of the Nd:YAG laser is
described in section 3.6.

The positions at which the spectra are composed are marked by arrows in the respective
figures and the wavelength used are given below the respective section.

Transition Intensities in the PD-PE-Spectra

The peak intensities of the PE spectra are difficult to compare in general, since according
to Wigner “s law [Wig48|, the intensity of an electronic transition to the neutral molecule
should increase with the photon excess energy over the final neutral state. A result of this
methodical artefact is, that in principle low-lying electronic states of the neutral molecule,
such as Sy and T} states, have typically considerably higher intensities than higher-lying
electronic states (for example Ty and S), which lie close below the photon energy (the
photon energy is added to the anion ground state).

As a result of this, in PD-PE spectra electronic transition intensities can be only inter-

preted, if:
e The two electronic states lie very close in energy.
e They have been recorded with the same detachment wavelength.
e Their intensities are significantly different.

This intensity problem is very unfortunate, since the transition intensities could - with
the help of theory - give hints, which molecular orbital might be involved in the transition
(see chapter 2).

Time-of-flight to energy conversion

As in the thesis of Vosskotter [Steld] and Konieczny [PaulT], also in this work PE spectra
have been recorded by measuring simultaneously the complete kinetic energy range of the

photo-electrons for each data acquisition cycle (see Chapter 3.6). This was performed in a
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time-of-flight photo-electron spectrometer. The TOF spectrum (electron intensity versus
flight time) was first recorded and afterwards converted to an energy spectrum (electron
intensity versus electron energy). Because of the non-linearity between flight time and
energy (t o ﬁ) great care was taken to convert the intensities in such a way that the
number of electron counts which have fallen in a certain flight-time window are exactly
filled into the corresponding energy window.
It should be noted that this procedure fails in the case of a metastable, delayed electron
emission (see the molecule) or in the case of background electrons which stem from
a laser surface interaction. In the latter case, this background signal could be subtracted
without loosing information.
The intensities of the electronic states are presented as realistically as possible. Inter-
estingly in some cases the intensity effect (this corresponds to the area under a peak) as
caused by Wiegner’s law is at least optically compensated for by the fact, that the en-
ergy resolution is better if the electron energy is low. This means that the peaks become
sharper and even if the intensity (area under the peak) is small it becomes considerable
high.
If possible, overlapping peaks in neighbouring spectra are used to adapt the y-scales of
these spectral sections.
Since the number of anions known in the overlap between laser and the anion beam is not
exactly, the y-axis is displayed in arbitrary units. In most of the cases this procedure is
justified since mostly the energetic position of a respective electronic state is of interest
and not the absolute intensities.

The energy calibration.
Unfortunately photo-electron spectrometer suffer from surface ageing by adsorption of
molecules or pump oil. All these surface contaminations produce electric stray fields which
cause a time-of-flight shift resulting in a falsified energy. Heating of the spectrometer can
help to minimize or heal such effects. It turns out that a full recovery to the old status
cannot be achieved. In former works photo-detachment spectra of the atomic iodine anion
recorded with the fourth and the fifth harmonics have been used for calibration, as is
described extensively in the thesis of Konieczny|[PaulT].
The atomic iodine anion is formed by dissociative electron attachment to iodo-methane.
Because of the hazardous nature of this substance, we decided to use the well-known Sy
and T; states of anthracene as calibration points. They have been calibrated before with
iodine. As a result, the calibration constants for converting the PE spectra from flight

time to energy were adapted to shift the spectrum of anthracene to the right energies.
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Comparison of the Old and New Anion Formation Methods

In Figure 4.1 two PD-PE spectra of the neutral Sy ground state of anthracene recorded
with the detachment wavelength 1064 nm are shown. The spectrum in red has been
recorded with the old anion formation method by using electrons from a MCP-electron
gun and the black spectrum with the new anion formation method (MDV) using the pulsed
discharge in combination with a pulsed argon co-expansion. Compare the good agreement
in the vibrational structure and the intensities. The black spectrum has a slightly better
resolution, but also a somewhat higher hot-band contribution in comparison to the red
spectrum. The hot band at the left side lies about 400 ¢m ™! below the origin transition.
This should be a non-symmetrical out of plane vibration, which has in the anion a lower
frequency than in the neutral Sy state. It should be noted that the sequence hot-bands with
the anion-to neutral vibrational quantum numbers 1-1 and 1-2 lie on the high-energy side

of the cold-band transitions because the neutral molecule is stronger bound than the anion.

Comparison of the S,-State MDV vs. MCP electron gun
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Figure 4.1: Photoelectron spectra of the anthracene radical anion. Red PE spectrum:
Anions generated with the MCP-based electron gun. Black spectrum: Anions formed
with the pulsed discharge. Note the hot-band contribution. For comparison see text.
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4 Results and Discussion

Overview Over the Investigated Molecules

In this work 15 molecules have been investigated by PD-PE spectroscopy.

This chapter is organised as following:
e A first section is dedicated to the investigation of poly-aromatic hydrocarbons.

e A second section reports on the results on hetero-cyclic hydro-carbons.
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4 Results and Discussion

4.1 Molecular Samples and the Subjects of

Investigation

The major focus of the here presented spectroscopic measurements on the investigated
neutral sample molecules is to determine electron affinities (EA) and the energetic posi-
tions of up-to-now not or only rarely investigated low-lying excited electronic states, such

as for example especially the T, states and in some molecules also the Ty state.

4.2 Heterocyclic Conjugated Compounds

Heterocylic compounds are molecules, which consist of m conjugated ring structures and
therein embedded heteroatoms, such as for example oxygen, which could on one hand con-
tribute orbitals to the 7 system, but could on the other hand also have lone pair orbitals
which are supposed to stay local and not contribute to the de-localized 7 orbitals. Due
to the hetero atoms, they i) can form hydrogen bonds to their environment, ii) have a
enhanced chemical reactivity at the site of the hetero atom and iii) have a complex and
dense excited state structure.

In this work the major interest lies in the electronic state effects, since after photo-
excitation of the molecule they define the subsequent molecular answer such as photo-
emission, photo-induced chemistry or simply deactivation of electronic energy to heat.
The excited electronic states of heterocyclic conjugated compounds can have two type of
MO characters either 77* or n7*. Since the absolute energies of these two types of states
react differently on the increase of the 7 system or the position of the heteroatom, these
derivatives offer a great variety of photophysics and photochemistry and therefore play an
important role in various applicative fields of chemistry and physics.

In practice, heterocyclic compounds can be found in many kinds of research fields, for

example:
e As pharmaceuticals [BBLNT1]

e In key elements of molecular electronics (organic semi conductors, transistors and

field effect transistors) [Ron92]
e As luminophores and fluorophores in OLEDs and organic solar cellsjJOSS™20]

e As dyes for biochemical investigations by imaging methods [OBP™|
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e In preparative chemistry [JMOS|

For most of these applications, a detailed knowledge of the electronic properties of the
molecular compounds is necessary. Different spectroscopic methods have been used, in
order to be able to gather a complete set of data on molecular properties, which then can
be used by the researchers of the different fields .

Two molecules in which this effect was explicitly studied have been N-methyl-acridone
(NM-AC) and N,N-dimethyl-quinacridone (NNM-QAC). The results on these two molecules
are published in a master thesis by Jan Meissner and an article in JPC [MKMW?2I]|. The
author of this Ph. D. thesis was also involved in these measurements and is therefore
co-author of the latter publication. The details of the results on NM-AC and NNM-QAC
are not part of this work, but are mentioned in order to demonstrate the main effects

which occur in hetero-cyclic molecules.

4.3 Molecules with Conjugated © Systems

Since Stefan Vosskoter [VKMW15| and Paul Koniezeny [Paul’] already investigated medium-
sized to large conjugated cyclic hydrocarbons, it is only consequent to enlarge the list of
PAHs. In this work, it was tempting to simply continue the investigations of the same
molecular class, but also to increase the size of the molecules as much as possible.
Especially interesting from a methodical point are those results which can be compared
to results formerly achieved with a different anion source (see section above: 4.1).
Previously, it has been found out that some of the investigated molecules show quite an
exceptional behaviour regarding the size of their singlet-triplet splitting [VKMWT15|. Such
a behaviour was found in the azulene molecule und could be explained by the overlap of
the electron densities between the involved MOs.

So for this work the question was, whether it would be also possible to find new concepts
or even rules by conducting broad investigations on different classes of sample molecules.
In order to observe gradual changes, the sample molecules have to possess the same or
similar molecular motives or core structures, but need to have systematic variations. The
latter could be for example the substitution of phenyl rings in different positions or a

simple increase of the 7 system.
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4.4 Excited State Properties relevant for the
Photophysics of a Molecule

As already motivated in the introduction, there are some properties of excited electronic
states of molecules which are of primary importance for the understanding of the molecular

dynamics after a photoexcitation. They are:

e The total electron spin of the state, typically for closed shell molecules either 1 or 0

e The energetic order of the electronic states, especially what triplet states lie below
Si.

e The relative energy difference between energetically neighbouring states, because

close states can more efficiently couple.
e The molecular orbital character of these states (see below).

The most important key information is (see point 1) in the list above) the spin character
of the individual electronic states: It is either a singlet (S = 0) or a triplet state (S = 1).
The total electronic spin of the electronic states determines the efficiency with which they
can be optically excited from the ground state Sy. Additionally, after the population of an
excited state its decay by fluorescence or possible transfers between the excited states and
to the Sy state also influence excitation. Inter-spin processes are typically (with the excep-
tions below) less efficient than processes between states of the same spin. This statement
holds for radiative processes such as absorption and fluorescence emission, but especially
also for non-radiative processes such as intersystem crossing (ISC). Because for most of the
molecules the excitation energies of the S; and possibly higher singlet states are known
—for example by UV-Vis spectroscopy —, the question whether in a PD-PE spectrum a
transition ends in a singlet or a triplet state can be directly answered: the singlet states
should appear in the PD-PE and the UV-Vis spectra, but the triplet states should do s
only in the PD-PE spectra.

The second key information is (see point 2 in the list above) the knowledge of the energetic
order of the excited electronic states: only these molecular processes are efficiently possi-
ble, which energetically lead downhill. If an assignment of the structures in the PD-PE
spectrum is found for a molecule, the order of the electronic states is known. If then for
example the T; state lies close below the S; state, it can be assumed that in this molecule

the fluorescence efficiency is considerably reduced by an ISC process to the T5 state.
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The third key information (see point 3 in the list above) is the orbital character of the
electronic states: It could be for example either a 77* or a nm* state character. According
to the rule of El Sayed ([ES68]) the ISC is considerably enhanced between singlet and
triplet states of different MO character: ICS from a a 77* singlet to a n7™ triplet state or
in reverse the ICS from a n7* singlet to a 77* triplet state is in both cases very efficient
and mostly prevents the fluorescence of the corresponding molecule. The orbital charac-
ters can typically not be derived from our PD-PE-spectra. The MO character of a state
is hidden in subtle spectral features or can be only determined by theoretical calculations.
For example the agreement or the disagreement with calculated Franck-Condon-factors
from the anion ground state to an excited electronic state of the neutral molecule can give
hints about the bond strength in the experimentally observed excited state (please note

Chapter 2.3.2 anion excited States).

4.5 Experimental Problems Arising with the

Investigation of Large Sized Molecules

Because the herein investigated sample molecules have extended, conjugated m-systems,
they have all a positive EA, which is the main precondition for the application of anion
PD-PES.

However, it has to be mentioned that severe problems can occur when one tries to transfer

compounds into the gas phase, which have one or more hetero atoms incorporated :

e Most of the organic compounds with one or more hetero atom have very high subli-

mation temperatures.

e Unfortunately, in most cases nothing is known about their sublimation points, which

could vary over a large temperature range.

e Some of them cannot be vaporized without chemical decomposition or denaturation,

such as isomerisation or decay.

e Due to forming hydrogen bonds to a second identical sample molecule or water the

monomer signal can be weak.

The above list motivates why spectroscopy on conjugated and hydrocarbons heterocyclic

compounds is experimentally difficult and presumably also a reason for why such molecules
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have been not extensively investigated up-to-now.
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4.5 Experimental Problems Arising with the Investigation of Large Sized Molecules

4.5.1 Fluoro-Substituted-Indoles

Indole is the chromophore of the amino acid tryptophane. It has a high optical cross-
section at about 300 nm and is supposed to play a key role in the photo-damage and
photo-protection processes in skin [WS97|. The still unsolved problem in the neutral in-
dole molecule is the exact electronic state order of the two lowest excited singlet states [,
and [,. In un-substituted indole in the gas phase the [, lies below the L, state [BKP™T10].
However, this electronic state order is reversed in polar solvents, because the L, state is
considerably more polar than the L, state and therefore more strongly stabilized by the
solvent dipoles.

In order to investigate this question in more detail, Michael Schmitt and co-workers
IWWBT™17| investigated 5-fluoro-indole BEY and 6-fluoro-indole 6ET by high-resolution
UV-laser-induced fluorescence excitation spectroscopy combined with rotationally-resolved
Stark spectroscopy. The concept behind the usage of different fluorine substitution sites
was, that the relative energetics of the electronic states and possibly even the electronic
state order may be changed. For the structure and the numbering of the possible substi-
tution sites see Figure [£.2]

Schmitt et al. [WWBT17| found out, that a change of the position of the fluorine atom
resulted in a change of the mixing of the L, state with levels of the L, state. A direct ob-
servation of the L, state origin was impossible up to now : it is assumed that its geometry
differs so much from that of the Sy state that its origin transition cannot be vertically ex-

cited. Due to the scientific and geographic vicinity of our two research groups, we became

ZT
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Figure 4.2: The structure of the 5-fluoro-indole (BEi) molecule with the numbering
of the other possible substitution sites (IUPAC).

interested in this problem and investigated BF1 and BET with PD-PES.

The focus of this investigation was to solve the excited state riddle in indole, or even to
observe the L, state origin directly for the first time. This latter desire was based on
experiences from the cold anion ground state the origin transitions of the neutral ground
state and of the excited states are typically the most intense vibronic peaks. This can be

understood by the fact that for molecules with large 7 systems typically the anion ground
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state geometry lies in-between the geometry of the S state and the geometries of the
excited electronic states of the neutral molecules (see chapter 2).

As mentioned above, our main motivation to investigate fluoro-indoles by anion{PDIPES|
had been the hope to directly access the up-to-now not observed origin transition of the
L, state. In addition to this, one could as side effects determine the EA and the excitation
energies of the two triplet states which by MO configuration correspond to the L, and the
Ly, singlet states.

These triplet states have great importance for the photo-stability of tryptophane. In an
ensemble of tryptophane molecules 30 per cent of a produced S; population undergoes
ISC, presumably first to T, which by subsequent 1C relaxes to the T} state. This lowest
triplet state has an unusual long lifetime of seconds and can undergo intermolecular spin
exchange for example with Oy [WS97] or intermolecular chemistry.

Since indole itself is supposed to have a slightly negative [EAl [BBXT16| and is therefore
not able to stabilize a surplus electron, our expectation was, that one substituted fluorine
atom should withdraw electron density from the 7 system and by this bring the to a
positive value. The surplus electron would then reside in the LUMO 7*, and by this form
a valence-bound radical anion.

This expectation turned out to not be the case, neither for G nor for 61l As reported in
the next Chapters, for both molecules we only observed anions where the surplus electron
is very weakly bound, presumably by a physical binding in a dipole-bound state.

A molecule can offer a dipole-bound state for a surplus electron if the dipole of the molecule
exceeds 2.0 Debye [ACBDT97|,[LCGT20]. It is a state where the surplus electron is embed-
ded in a very large diffuse orbital and always remains on the positive side of the molecule.
Hence molecular rotation and the electron motion are coupled, which leads to the situa-
tion that typically only one dipole-bound state is possible . This is in contrast to Rydberg
states, where the electron can orbit the positive core and the number of Rydberg states
reaches infinity.

Because dipole-bound states are rather seldom and are therefore rather exotic, here the
reversal of the typical order in which experimental results and their theoretical conse-
quences are presented was applied. In the following, a first listing of the special properties
of dipole-bound anions and the corresponding experimental findings, which support and
prove the dipole bound character in and are displayed.

The dipole-bound nature of the surplus electron in the fluoro-substituted indoles is derived

from the facts that:

e The dipole moments of both molecules exceed the threshold value for the existence
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of dipole-bound states (details see below).
e The EA observed in the spectra is very small.

e The anion-to-neutral geometry change derived form the vibronic transitions in the
spectra is very small and

e The photodetachment behaviour follows a p-wave detachment, as expected for the

detachment of dipole-bound states (see below) [San4].

The most important point in the above list is that high-resolution gas phase data of M.
Schmitt and co-workers [WWB™17| showed that the dipole moments of 5Fi and 6Fi in
their neutral ground states have values of 3.27 and 2.53 Debye, respectively. Hence, the
dipole moments of both molecules considerably exceed the theoretical threshold of 2.0 De-
bye for the existence of dipole-bound states (see Chapter 2.3). This experimental finding
is already the proof that dipole-bound states exist for both molecules. The experimental
findings to the other three points in the above list then prove that these dipole-bound
states can be indeed populated and stabilized by the discharge anion formation method.
The fact that for BFT and [EET only dipole-bound anions have been found is an unfortunate
situation regarding the initial goal to access the neutral excited states by spec-
troscopy. In a dipole-bound state the surplus electron is essentially outside the molecule.
The removal of this weakly bound electron or an other electron from an occupied molec-
ular orbital does not result in a MO configuration of an excited electronic state. Hence
applied to dipole-bound molecular anions does not provide data on excited elec-
tronic neutral states.

It turned out, that in the pulsed discharge many low-energy electrons are formed, which
can be efficiently captured into a weakly bound state. This turned out to be interesting
for itself. The main question here is, how a discharge, which up-to-now was assumed
to be always crude and brutal, can efficiently produce such weakly-bound dipole-bound

molecular anions.

4.5.2 The Influence of the Discharge Pulse Width on the Anion
Mass Spectra of 5Fi

Usually, if discharges are used for ion formation, the observation is, that manifold frag-

ment ions are formed. This is presumably caused by the fact that in discharges the charged
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particles are strongly accelerated by the high voltage (3 — 4 kV'), which is needed to en-
sure the ignition of the discharge. In such a high-voltage driven discharge the ions and
electrons become fast and high-energetic and can easily form fragment ions by collisions .
As shown in the following, this expected scenario is in strong contrast to our observation

for a short-pulse discharge within a molecule rare gas co-expansion.

Dependence of the mass spectra on the pulse width
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Figure 4.3: Two anion mass spectra of when using different discharge times for the
anion formation. MS spectrum with 200 ns (red spectrum at the top) and MS spectrum
with 30 ps discharge time (black spectrum at the bottom). Nearly no fragments are
observed in the red MS spectrum. The two very close-lying fragment peaks in the black
spectrum are due to the loss of atomic fluorine. For further explanations see text.

To investigate the influence of the duration of the discharge in front of the pulsed inlet
nozzle on the anion mass spectra, discharges of different pulse widths were ignited trough
a pulsed co-expansion of BF1 with argon in a separate experiment. Thereby for each dis-
charge pulse width, the time delay of discharge pulse was optimized with respect to the
gas pulse. The two traces for the ion intensity versus flight time in Figure [4.3| show that
the fragment intensities in anion mass spectra which stem from pulsed discharges are in
general relatively weak and dependent on the pulse width of the discharge used for the
anion formation. The two most extreme cases of these experiment are displayed in Figure
[£.3] For the mass spectrum on the top (red line) the discharge pulse width was 200 ns.
For the spectrum at the bottom (black line) the discharge pulse width was 30 ps. The
fragment ion intensity, the width and the positions of the peaks is affected by the dis-
charge pulse length. The reason for the latter two observations is that the lower spectrum

is about five times more intense: the broader pulse widths and the peak shifts result from
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the Coulomb-repulsion between the enormous number of anions. In the lower spectrum,
the broad peak at a shorter arrival time can be attributed to indole fragment anions, where
a loss of fluorine and/or possibly also a loss of hydrogen-flouride had taken place. The

small single peak at shorter flight times could be due to loss of CsHs.

Whereas in general the fragmentation is an undesired side effect, the loss of the fluo-
rine substituent may open up a new access route to deprotonated anionic species: If the
fluorine-substituent is lost, a deprotonated indole molecule remains. Presumably the un-
saturated site of the deprotonated indole is located at the former position of the fluorine
substituent. It should be noted that this observation could be used as a novel pathway
to access anions (as for example nucleic acid bases) with well-defined specific sites of de-
protonation: simply using a precursor molecule in which a fluorine atom is substituted
at a specific position, say position number 5. In the discharge then the fluorine atom is
lost presumably as an anion. Under suitable conditions the remaining dehydrogenated
molecule then can subsequently accept an electron and ends up to be nothing else but
an indole-molecule deprotonated at the position number 5. Although not thoroughly in-
vestigated in this work, this could be a possible access to the spectroscopy of closed shell
anions formed by deprotonation at a specific position. Other methods such as electrospray
ionisation [WW00] would produce a deprotonation at the most acid site or if two sites have
similar deprotonation energies and would lead to a statistical distribution.

Although the peak intensities in Figure [4.3| are much higher for the broad discharge pulse
width, the usage of discharge pulses with widths of 200 — 350 ns are applied for several
reasons. One reason is that at these conditions practically no fragment ions are formed,
which also indicates that the molecules are internally not heated intensively. The origin
of this is the short on-time of the high voltage pulse used for the discharge: it transfers
only a relatively small kinetic energy to the anions. Because the velocity difference of the

anions against the neutral argon atoms is relatively small:

e In the on-going co-expansion a velocity equilibration between the sample anions and
the argon carrier gas is achieved by the many low-energetic collisions with argon

atoms.

e This velocity equilibration ensures that in the course of the expansion the anion-
argon collisions become more and more low-energetic which results in a good internal

cooling of the anions.
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e The deceleration of the velocity of the anions by the argon is also important for
quality of the the anion beam in the MS spectrometer. The velocity the anions
still have after the formation process is perpendicular to the ion flight path of the
TOF-MS. If this transversal velocity would be high, it would provoke extensive

adjustments in order to not loose too many anions in the TOF flight path.

The fact that the ion signals in the MS are smaller and sharper in time when using the
short discharge pulse is not a disadvantage for spectroscopy: it is compressed in
time and space allowing to acces all anions with the detachment laser. In case the ion
cloud would be larger, not all anions would interact with the laser, but contribute to a
space charge which would cause an electron energy error due to the Coulomb repulsion.
In conclusion, a short discharge pulse-width is used to reduce the fragment ion intensity
and improve the cooling of the newly-formed internally hot anions.

This result is very important for a systematic adjustment of the pulsed discharge.

4.5.3 5-Fluoro-Indole

Although not a natural compound, BF1is of biological interest: it has been used as a mimic
for DNA-bases and natural indole. Furthermore, in biochemistry it had been subject of
extended research, for example as a growth-inhibitor in different fungi [Til78]. Tt is also a
possible agent for an anti-bacterial bio-film and acts anti-viral. It also interferes with the

quorum sensing systems of a manifold of bacterial pathogens [SSK™20).

The PD-PE Spectrum of 5Fi

In Figure[4.4] the spectrum of bF recorded with the detachment laser wavelengths
of 1064 nm is displayed. The spectrum features one predominant peak, which is attributed
to the photodetachment from the vibration-less ground state of the GF1 anion to the origin
of the ground state of the corresponding intact neutral molecule. Only very small vibronic
transitions are observed. The characteristics of the spectrum indicate that in the
anion the surplus electron resides in very weakly bound state, presumably in a dipole-
bound state. The spectral features which support the presence of a dipole-bound state are

are:

e The very low binding energy of 180 meV .
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Dipole Bound State of 5-Fluoroindole [1064nm]

Intensity [arb. units]
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Energy with respect to the anion ground state [meV]

Figure 4.4: The PD-PE-spectrum of BE1l Note the small electron binding energy and
the low vibrational activity in the transition

e The anion-to-neutral Franck-Condon-factors, which strongly prefer the transition to
the origin of the neutral ground state. This shows that the anion and the neutral

molecule have essentially the same valence bond character.

e The measured p-wave detachment (see Fig4.5)), which is typical for dipole-bond an-

ions.

For the third point on the list above, the angle of the linear polarized 1064 nm light of
the laser beam was rotated with respect to the direction of the electron detection through
some angles and the corresponding electron intensities were measured (see Figure .
Remembering the detachment laser beam is perpendicular to the ion beam and the di-
rection of electron detection. The laser polarization is then rotated with respect to the
direction of the electron detection from 0° (parallel to the electron detection) to —90° and
+90° (perpendicular to the electron detection). The electron detachment count rate in
dependence on the angle was then recorded for some angles. As Figure [4.5] shows, the
rotation of the laser polarisation greatly affects (approximately times five) the electron
count rate. This is a clear p-wave detachment, as expected for a dipole-bound state. The

angular distribution of photoelectrons is described in general by the equation|San14]:
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I(0): Intensity [a.u]

1(0) =a-[L+ 8- Pycos(8))] (4.1) a: normalization constant [a.u]
B: anisotropy constant [a.u]
6: Polarisation angle [°]
Ps: second order legendre polynom

The second order Legendre-polynome is defined by P»(cos(d)) = 1 - (3cos*(9) — 1). The
normalization constant here is proportional to the resulting intensity and the [-constant

is ranging from —1(for a perpendicular transition) uo to +2 (for a parallel transition).

Photoelectron Angular Distribution of 5Fi, 1064nm
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Figure 4.5: Detachment intensity versus the direction of the linear polarisation of the
laser. The count rate of the photo-ejected electrons strongly depends on the polarisa-
tion angle of the linear polarized light of the laser. This clearly further supports the
electron binding in a dipole-bound state. The fitting curve is given by equation 4.1 .

From the polarization data, the S-value 1.10 is determined. This means a strong pref-
erence for an electron emission process parallel to the laser polarization. This behaviour
supports a detachment from a dipole-bound state.

In conclusion, since the and molecules (see below) have a suitable dipole moment
and their anions show all properties of a dipole-bound states, it can be assumed that in
the pulsed discharge dipole-bound anions are formed.

Unfortunately, from the electron configuration of the dipole-bound anion it is not possible
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to accesses triplet states of the neutral molecule: the removal of the dipole-bound electron
only leads to the ground state of the neutral molecule. To access higher excited electronic
states the excitation of electrons in the neutral core are needed. By this excitation to
dipole-bound states of the S state [YZQ™21| could occur, which then ejects the electron
after some time. Since the molecular core of the anion is neutral, the optical spin selection
rules of the neutral molecule are also valid for the excitation of dipole-bound anions. The
only advantage of such a anion photodetachment spectroscopy over UV-Vis spectroscopy
of the neutral molecule is the mass-selection prior to spectroscopy and the access to open
shell neutral molecules when one starts in deprotonated molecular anions.

The fact that in a pulsed discharge quite a great amount of dipole-bound anions can be
formed is interesting in itself and was very surprising. In other groups (compare [LCG™20])
the formation of theses states is only possible by offering very low energetic electrons or
even Rydberg electrons [CLG™18| for the attachment.

This leads to the conclusion that the short-pulsed anion formation method in a discharge
can well produce many low-energy electrons.

Since in the mass spectra, water clusters as well as homo-multimeres (up to the trimer)

appear, we also investigates the monomer-water clusters and molecular dimers by PD-PES.

4.5.4 PD-PE-Spectra of 5-Fluoro-Indol clusters

Since BET has already a high dipole moment of 3.27 Debye, it is evident, that if further
dipoles, such as that of a water molecule (1.8 Debye [GCLT97|), are attached to it the
resulting total dipole of the cluster complex is a question of the geometrical structure of
the molecular complex. In principal the individual dipole vectors of all molecules in the
complex sum up in a vector summation. Hence, the total dipole moment of the complex
can become smaller (below 2.1 Debye: no dipole-bound state possible) or considerably
larger (a stronger-bound dipole-bound state exists) but theoretically also many cases in-
between are possible.

If other effects are neglected two rod-like electrical dipoles would arrange head to tail and
form either i) a linear configuration or ii) a side by side structure. In practice, however,
an important additional restriction for the molecular cluster formation is, that the water
molecule - if possible - tends to go to that site of the molecule which is best suited for
a hydrogen-bonding. This could BET theoretically be in the positions at i) the nitrogen
atom or ii) at the fluorine atom. Presumably the most stable H-bond would be to the

flourine atom. In this case one could speculate that also the dipole moments add almost
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constructive, assuming a in-plane geometric bounding.

Remembering that an anion solvation by a solvent dipole could also result in a valence-
bound anion state of the sample molecule [SWS98]|: the solvation energy of the surplus
electron in the localized LUMO by the solvent molecule could be so high that this struc-
ture is lower in energy than that of the state "electron bound to a larger dipole ". This
valence-bound effect shows up in the PD-PES of clusters as a very broad structure. This
broadening can be well understood: the solvation energy of a localized charge is high in
the anion, but the solvation energy in the neutral complex is small. This leads to differ-
ent molecule-solvent equilibrium distances and orientations in the anion and the neutral
complexes. This anion-to-neutral geometry shift in the intermolecular coordinate causes a
broad spectrum for the electron detachment ([SWS98]). In conclusion: Sharp PD-PE spec-
tra and small binding energies are a signature for a dipole-bound electron in the molecular
comples and broad PD-PE spectra and high binding energies are typical for valence-bound
electrons in the sample molecule stabilized by the solvent molecule.

In figure the PD-PE spectra of the monomer and five clusters are displayed.

PD-PE-Spectra of the 5fi monomer, dimer and trimer and some of their clusters with water
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Figure 4.6: Juxtaposition of the PD-PE spectra of the monomer and some of its homo
and hetero clusters. Note especially the changes in the electron binding energies: The
binding energies decrease and increase.
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In Figure [4.6] at a first glance its observable that for some complexes the EAs increase
and the spectra become broad and for some cases the EA’s differ not very much from that
of the monomer but are somewhat smaller and the spectra are sharp. All EA values of
the monomer and clusters are also collected in table .11
At the bottom of [£.6 for comparison, the PD-PE-spectrum of the 5fi monomer (black)
is repeated. The activity between 700 — 100 meV seems to be due to a small vibrational
excitation, a metastable auto-detachment or noise.

The red plot visualizes the PE spectrum of the 5Fi — HyO-cluster. Note the shift of about
150 meV to a higher energy in respect to the monomer and the remarkable increase in the
width of the first peak. The electron is obviously stronger bound in the cluster than in the
monomer anion. The EA of about 220 meV is rather high for a dipole-bound state. The
width of the peak can be due to the high flexibility of the single attached water, which
results in many low-energetic non-resolved vibrations. Since, the vibrational activity con-
cerning intra-molecular 5Fi vibrations is still small, the removed electron seems still to
come from a dipole-bound state.

The light blue curve is the spectrum of the 5fi dimer. Its Sy origin position is slightly
shifted to a lower-energy in comparison to the monomer and the structure is very sharp,
much sharper than in the monomer-water cluster. This leads to the conclusion that i) the
dimer complex forms a rigid structure ii) in which the electron is less bound than in the
monomer and iii) the dimer does not form a charge resonance complex [PMLK14|, which
should result in a much higher EA and a broad spectrum. In conclusion, the electron is
trapped in a physically bound state of a rigidly bound dimer. This could be a 7 stacked
dimer structure in a head-tail conformation. In this case speculation is possible whether
the electron is bound in a quadrupole-bound state [LCPT19|. This would at least explain
the sightly less binding energy in comparison to the monomer.

The BElFdimer-water-cluster (magenta) PE-spectrum comprises a big surprise. It shows a
large increase of the KA to 500 meV and a broader peak as the monomer and dimer.
This value is surprisingly different from that of the dimer and the monomer, and is very
large for a dipole-bound state. This and also the presence of a molecular vibration may
be an indication that the structure of the dimer is considerably changed by the one
water molecule attached. This tempts to propose that the dipole moments of the three
molecules cooperatively bind the electron. The alternative, a charge resonance effect or a
valence-bound state is, seems implausible, because one then would expect to see more vi-

brational activity in the intramolecular and intermolecular modes. In the case of a charge
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resonance anion one would also expect a resonant excitation from the bound CR ground
state to the anti-bonding CR state, leading to auto-detachment or dissociation. In the
latter case the formed monomer anion could be detached by a second photon which can
not be observed.

The green spectrum shows the PES of the dimer-2 - HyO-cluster. Interestingly its EA
position jumps back to that of the 5BF1l dimer. This energetic agreement is so striking, that
one could think of a two-photon detachment: First an anti-bonding charge resonance state
is excited with a first photon and then the anion cluster decays and with a second photon
the remaining dipole-bound monomer is detached [SWS98|. This riddle can, however, not
be solved without theoretical calculations.

In this series, the trimer seems to offer the weakest binding of all investigated clus-
ters for the electron. This could have many reasons, such as for example that the trimer
forms a three-dimensional triangle structure, trapping the charge within the three fluoro-
substituents.

A more precise interpretation on the structure of the clusters can not be made so far, as

there are no computational data available concerning the structures of the complexes.

Such calculations would be, however, very important since the "dipole moment" is an
approximation for the electric field a polar molecule causes, which strictly applies only in
the far-field. This means that distance in which the approximation can be used should be
considerably larger that the size of the dipole ([Dra08§]). Strictly seen in a dipole-bound
anion this distance requirement is violated.

In a dipole-bound state the electron can indeed move in a rather large and diffuse orbital.
However, the question arises, whether the electron indeed is far enough outside of the
molecule most of the time or the cluster in order that the dipole approximation is reason-
able. The same question arises also for the clusters where the dipole possibly increases in
geometric size by a factor of two in comparison to the monomer. We cannot solve this
problem on the basis of our measurements. The plots of the EA values of the clusters,

however, show that interesting effects are going on and might be worth to be investigated.

134



4.5 Experimental Problems Arising with the Investigation of Large Sized Molecules

140

120

100

Energy in [meV]

80

T T T
Monomer Dimer Trimer

Figure 4.7: Plot of the binding energies of the species. Note the steady decrease in
binding energy up to the trimer.
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Figure 4.8: Plot of the binding energies of the species. Note the extraordinary increase
in binding energy in the dimer-water cluster.

In a direct comparison, the transition from the monomer to the dimer and to the trimer
of BF1 results in a decrease of the electron binding energy, a weaker stabilisation of the

additional charge. This is difficult to understand, if one thinks about possible cluster
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Table 4.1: energy values of the 5Fi clusters.

‘ species ‘ energy [meV] ‘
5F1 128
5Fi - HyO 215
5F'q 110
5Fiy - HyO 447
5Fiy - 2H50 115
5F3 75

structures which produce gradually lower dipole moments with the increase in the cluster
size.

Interestingly the first attachment of a water molecule to considerably increases the
binding energy, but a second water brings this effect to zero. This clearly has to be due to
a cooperative effect of the two molecular dipoles. Unfortunately the trimer-water cluster
and the monomer-2H;O-cluster had only a minuscule peak height in the mass spectrum,
so that it was impossible to record detachment spectra.

Although it has to be emphasized, that the main subject of this work is the access to
triplet states of neutral molecules, it seems that we accidental entered a new interesting
research field. Due to the limited time available, this research was put aside and instead a
proposal for a cooperation with Prof. Kit Bowen was made, who is an expert in the field

of dipole-bound and quadrupole-bound molecular anions.
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6-Fluoroindole

As already mentioned above, the main interest of this work is to unravel energetic positions
of excited electronic states. The possibility that has a valence-bound anion in addition
to a dipole-bound state could not be ruled out. Hence is a logical follow up species
after the analysis of GFIl [6F1 got also characterised concerning a L, — Ly-mixing by Schmitt
and co-workers.

It also has - similar to - an application as inhibitor of the bio-synthesis of indole-3-
acetic acid in plants|[LMDCQTI0]. Nevertheless the spectrum again only featured a dipole

-n
ZT .

)

Figure 4.9: Atomic numbering of the 6FI molecule (IUPAC).

4

bound state, although its value is a bit higher with around 203 meV" which is featured in
Figure It is possible that the higher energy value, indicates that the stability of the

DB-state is increased compared to 5Fi.

Dipole Bound State of 6-Fluoroindole [355nm]
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Figure 4.10: PD-PE spectrum of 6Fi: The small binding energy and the low vibra-
tional activity indicates that a dipole-bound anion is detached.
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Conclusion

Taking the measurements of BF1 and [6F1 it is for both molecules obviously not possible
to form valence-bound anions. It was possible to gain some insights into the properties of
the pulsed-discharge anion formation method. Surprisingly even states with a minuscule
binding energy for the surplus electron can be formed. This was not expected beforehand,
as in discharges usually very harsh conditions exist. This means, the short-pulse discharge
in front of a pulsed high-pressure gas nozzle seems to be a valuable tool for the formation
of all kind of intact radical anions. Furthermore the cluster PD-PE spectra of with
other BF1 units and with water molecules provide significant shifts which are correlated
to structural motives of the clusters but may also correlated with new binding situations
which lie beyond dipole and quadrupole approximations. To obtain a more detailed un-
derstanding whether the explanation of the above cluster spectra has more a geometric or

an electronic background high-quality calculations of the anion clusters are needed.
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4.5.5 9H-Fluorenone

In general 9H-fluorenone (often simply termed fluorenone, see Figure is used as a dye
for liquid chromatography due to its yellow bright colour. But also other research fields are
interested in this molecule, such as biochemistry and medicine. Fluorenone is assumed to
be carcinogenic, which so far was not explicitly confirmed [Nik02]. The mitogenic activity
of fluorenone and its derivatives is the reason that they are tested as virostatica [CDAT13|.
They also gained popularity in organic electronics as material which shows a thermally
activated delayed fluorescence with an orange emission|[YTG™19].

Interestingly f9one is one of the molecules in which the fluorescence intensity strongly de-
pends on the polarity of the solvent environment. It has a S; lifetime of 0.4 ns and a very
low fluorescence quantum efficiency of 0.04 % in cyclohexane and a lifetime of 17.8 ns and
quantum efficiency of2.7 % in acetone.|[GMK™14| Because the S; state has a n* character
[MIHO2], this solvent behaviour is expected in the gas phase because the T7 state is a 77*
state. Hence, fluorenone fulfils the El Sayed rule (JES68]) conditions for a fast ISC (see
also Chapter 4.1). The situation seems to be, however, more complicated because also
a nm* triplet state should be situated below S;.|GMK™14] Ghosh et al. |[GMK™14] even
proposed that in gas phase three triplet states are be below .S;.

Figure shows the PD-PE composite spectrum of 9H-fluorenone (f9onel), for which two
PD-PE spectra recorded with 532 nm and 213 nm have been mounted together (see arrow
at 2000 meV'). The first distinctive broad hump between 1000 and 2000 meV has a sharp
peak at its beginning at 1072 meV. This peak is attributed to the transition from the
cold anion to the origin of the Sj state of the neutral molecule. The energetic position of
this peak is the value of The of [Qonel is relatively high in comparison to

Figure 4.11: chemical structure and atomic numbering of 9H-fluorenone

other heterocyclic compounds [VKMWT5|. Right after the onset of the Sy state appears
a very broad structure (termed AD) which has no corresponding equivalent behind the
origin transitions of the excited electronic states in the spectrum. This indicates that its

appearance is an effect of the wavelength of 532 nm, which was used for the detachment
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when recording this part of the spectrum. The "hill" is therefore attributed to electrons,
which stem from auto-detachment (AD) from an anion excited electronic state, which was
obviously accidentally excited by the detachment laser: the excited vibronic states of this
anion-excited state strongly influence and determine the Franck-Condon factors to the Sy
state. This auto-detachment results in the broad structure. In conclusion, for the PD-PE
spectrum recorded with 532 nm there are two contributions: i) the direct detachment
into the continuum, which provides the sharp origin transition to Sy and ii) an indirect
detachment via vibrations of an anion excited electronic state, which provides the broad
hump.

The next steep onset corresponds to the origin transition of the triplet 7T} state at 2056 meV’
above the Sy state (upper scale) with some vibrational progression. This value agrees well
with the literature value 2207 meV in paraffin at low temperatures. [?] It is proba-
bly followed by the second excited triplet state T, with a very distinctive sharp peak at
2472 meV. The shape of this peak is so different to the first peak of the 77 state that a
possible assignment to a nz* transition is tempting. Note that Ghosh et al. postulated
that such a triplet state should lie below S; [GMK™T14]. The next rise behind the sharp
peak could then be T3(marked X), which is then expected to have again 7m7* character.
The assignment of T, and T} is clearly speculative and inspired by the work of Ghosh et
al.: the signal to noise ratio is not very good in order to postulate tree triplet states.
Remarkable is then the onset of the Si-state at 2984 meV which is somewhat higher than
the previous peaks.

So far regarding the obtained spectrum, the excited electronic states are embedded into a
background structure. This structure is ether due to an [ADJ|state or due to photo-induced
background electrons from the inner walls of the spectrometer. In table 4.2 all literature
values as well the values determined in this work are listed. The position of the singlet Sy
state as determined by PD-PES is in good agreement with previous data. Concerning the
triplet T} there is some discrepancy with the literature value. Looking at Figure 4.12] as-
suming that the first steep onset after the Sy state and the AD structure should be the first
excited state — the triplet T3 state is possible. Soep et al.[SMB™16| have been performing
two-colour multi-photon-ionization with two time-delayed femtosecond laser pulses. The
first laser populates the S state, which then decays — if one follows our assignment — by
ISC to the Ty and then presumably by IC to the T state. The second laser pulse then
performs ionization from the T} state to the cation. The energy balance of the photons and

the kinetic energy of the electron then gives an upper limit of 2311 meV for the position

lauto detachment
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Figure 4.12: PD-PE overview spectrum of 9H-Fluorenone. For this spectrum two
spectra recorded with the detachment wavelengths 532 nm and 213 nm have been
mounted together at the arrow (2000 meV'). Note the two energy scales which refer to
the neutral ground state Sy (upper axis) and to the anion ground state (lower axis).

of the T state position. This value is 255 meV higher than the measured value, which
is no contradiction, since it was termed "upper limit". Considering that their experiment
took place in the gas phase, it becomes evident that due to energy conservation, after
ISC and IC their 7 state is enormously vibrational hot (932 mel or more vibrational
energy), which could well account for the deviation. Also the Ty-state in Figure 4.11 fits
the expectation of being a distinct peak as a nm*-transition which should be "bright" in
the spectra. This is the first time that a triplet state with a lifetime shorter
than 200ns [SMBT16]) was observed by Note that the intensities and shapes
of the spectra do not rely on lifetime as long as a few picoseconds are not fallen short
of. In the gas phase the Sy m7™* state is assumed to be very close above S; state which
has a nm* character [MIH02]. Since no observation of two independent structures in this
energy range took place and since the splitting of the two states should be small, it can be
assumed that due to the limited resolution of about 5meV both states seem to be super-
imposed in this spectrum. The most prominent peak in that energy range of the PD-PES

lies at 2984 meV and therefore 107 meV too high in comparison to the accurate value
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determined in the gas phase with laser excitation. This deviation motivates to assign the
peak at 2984 meV to the Sy w7* state, which should be also considerably more intense
than the S; n7* state. The S; state than could be one of the small peaks in front of the
transition to Sy ( Area marked X.). Without further investigations (theoretical computa-

tions mainly) a reassuring assignment of the excited states above the Tj-state cannot be

made.

Table 4.2: Overview of the electronic states of f9one. The values without citation are

from this work. All values are indicated in meV

electronic state | configuration (ratio) literature experimental
theory \ experiment AFg, \ AFEp,
So/eA ; 1072
Ty T 22204 2311% 2200° 2056 | 3128
15 NT* - - 2472 | 3544
T; TTT* - - X X
Sh NT* 2877 22918P2877¢| X X
So TT* - 2984 | 4056

@ |[SMB™16] multiphoton ionization
b [ZBV74] in hexane matrices

¢ [MIHO2] gas phase fluorescence

4 [KHET11] TD-DFT at B3LYP

¢ [GMK™14]| in solvents
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4.5.6 Dibenzofurane

As other heterocyclic compounds, also dibenzofurane (DBF) is subject of current research.
Concerning the chemical structure see Figure [4.13| Beside the fact that different spectro-
scopic methods have been applied to DBF, it is also a test sample investigated and used
in biochemical experiments. It is tested in regard of the inhibition of the bio-synthesis
in lichens under cadmium exposition and in consideration for a possible application in
biomedicine as a transition product of the medulla [MMT16]. Its structural similarity to
9H-fluorenone (f9one) made it interesting for a comparison of the electronic state systems
of the two molecules. In the Ph. D. Thesis of Fabian Drenkow —a former member of our
group— [Fab] DBF was ionized with two-photon The electrons removed in this
step have been analysed by photoelectron spectroscopy and the ions by mass spectrome-
try. This means that this molecule was also well-known in the authors working group, an
additional reason to decide to investigate DBF with [PDHPESl Since nothing was known
concerning the first triplet states of DBF, it was desirable to obtain new insights regarding

the position of the excited states. The PD-PES overview spectrum of DBF is presented

Figure 4.13: The chemical structure and the atomic numbering of dibenzofurane
(DBF)

in figure [£.14] It is composed of sections of three spectra recorded with the wavelengths
1064 nm, 266 nm and 213 nm. The transition points are marked by arrows. The first
peak corresponds — as always — to the transition from the anion ground state to the Sy
state of the neutral molecule. Its first peak energy of 359meV defines the EA of DBF.
The strongest and sharpest peak of the spectrum lies on the very right of Figure 4.14]
Due to the work of Drenkow and others, who found the S; state at an excitation energy of
4173 meV above the Sy state, it is straight forward to assign this sharp and intense PD-PE
peak to the transition to the first excited singlet state S;. This resulting Sy -to- Sy tran-
sition energy of 4207 meV which is quite somewhat higher than the literature value. The
resulting PE energy error of 34 meV seems at first thought quite large. Considering that

this value is determined as a difference between the EA value and the S; energy in respect

2resonance enhanced multi photon ionisation
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4 Results and Discussion

to the anion ground state. Hence the PES error appears twice. In the neutral molecule
this S; state is formed by excitation of an electron from the no lone pair orbital to the 7*
orbital. This excitation is fully allowed. Since from the anion the transition to the S; state
is just the removal of an electron from the lone pair orbital, the binding situation in DBF
is by this nearly not changed. It is therefore reasonable to assume that the geometries of
the anion and the neutral S; state are very similar and that the corresponding FC factors
should strongly prefer the origin transition, resulting in one sharp peak. This seems to
be the case, since it seems that no vibronic transitions in the S; spectrum is observed. A
closer look, however, makes clear that the electrons corresponding to the vibronic states
of S1 would be so low-energetic that they are no more detected.

This S; assignment suggests that the two peaks at lower energies, are the triplet states T
and T5. The transitions to the first and the second triplet state have both distinct onsets,
but are both broad. The onset of the first triplet state at 3073 meV and that of the second
triplet state at 3769 meV above the Sy. The fact that both electronic transitions possess
a broad non-resolved vibrational structure in the PD-PE spectrum is strange since one of
the two —presumably 75 — has the same MO configuration than S; and should therefore be
sharp. Concerning the 77* triplet state —presumably 77 — forwarding the argument that
the broad PD-PES structure is due to the true FC factors from the anion seems possible.
Note that the 7 system of DBF is not yet so large that the surplus electron is already so
strongly diluted in the molecule that its effect on an individual C-C bond is completely
washed out - as expected for very large 7 systems. This argument does, however, not hold
for T,. This means that there has to be in addition also a contribution of auto-detachment
to this spectrum. Which of the two effects is predominant for which state remains unclear.
Taking the symmetry character of both triplet states into account, it is not surprising that
they have not been observed before: they are both from the Sy state spin- and symmetry-
forbidden. The reason that they can be observed in this PD-PE spectrum, is that the
molecular orbital configuration of the anion is such that in both cases the excitation of

one electron accesses directly the relevant triplet state.

Most probable a wavelength could be found which is more suitable and would allow to
avoid the [ADlstates. A tuning of wavelengths is unfortunately currently not available. In
the 213 nm section of the PD-PE spectrum the S)-state appears as a very sharp peak on
top of a huge background. Tt is slightly red-shifted in comparison to the literature value
4975 meV [BVZT73).

In conclusion, it was for possible for the first time to measure the electron affinity,

as well as the energetic positions of the first two triplet states. The agreement of the
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DBF Energy with respect to the neutral ground state [meV]
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Figure 4.14: PD-PE overview spectrum of DBF. For the three sub-spectra the wave-
lengths 1064 nm, 266 nm and 213 nmhave been used. The connection points lie at
1000 meV and 4600 meV .Additionally the 213 nm spectrum is below the 266 nm to

visualize the accordance of the spectra.

Table 4.3: Overview over the electronic states of DBF. The non-cited energy values
stem from this work. All values are given in meV

electronic state | configuration (ratio) literature experimental
(symmetry) theory | experimental | AEg, | AEp,
So(tAr)/eA - 359
T1(*Bs) - 3379° 3073 | 3432

T, (PA) - 3921° - 3769 | 4128

Sy (A) 4442° 4173 4207 | 4566

Sy (! Bs) 4975¢ 4849 | 5208

» [Fab] REMPI

b JGKKNO9| model of vibronic induced spin-orbit coupling

¢ IBVZ73| in n-heptane

PD-PES energies of the first two singlet states with the literature values is acceptable.

The computed energies of Bree et al. overestimate the excited state energies [Fabl, by a

systematic error of +260meV .
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4 Results and Discussion

4.5.7 The Comparison of DBF and f9one

The two substances and have both two conjugated rings and an extended 7
system. They differ, however, in the way the oxygen can participate at the 7 system: In
the oxygen is integrated into the ring system and in [Qonel it is in the keto-group,
which can with the C=0O 7 bond participate at the 7 system . In Figure the energies

4500

4000 =— DBF _
3500_- e 9fone 7

3000 1 I/ .
2500 - / e
2000 a4
1500 //
1000 4
500 -
0 4
500 - s
1000 o

Energy with respect to the neutral state [meV]

DO S0 T1 T2 S1
states

Figure 4.15: Comparison of the electronic state energies in DBF and f9one: On the
x-axis: EA, T1, Ty and S;. On the y axis the energy in meV. Note that the Sy state
is the energy reference point "zero energy" for both molecules.

(y axis) of the electronic states (abstract x axis) of DBF and f9one are compared. The
Sp state is chosen as zero point of the energy y scale. The electronic states are aligned
in equidistant units from left to right (x axis). Concerning the EAs (see energies at Dy):
has the higher EA of 1074 meV and the EA difference to DBF is 713 meV. An
EA difference of this high value is rather unexpected. It was clear that there should be
a difference, as in [9onel i) the keto-group participates at the m system increasing its size
and ii) the oxygen is able to considerably draw electron density out of the ring system.
Thus facilitating the binding of an additional electron in the 7* orbital. Nevertheless the

value seems quite high, as it is in the range of the EA of pentacene (see next chapter).
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The much smaller EA in [DBE] could be due to the fact that the lone pair electrons of the
oxygen directly participate at the 7 system thus providing a higher electron density to the
ring system. This seems to hamper the hosting of a surplus electron, leading to a smaller
EA.

In both molecules two triplet states are below the first singlet state. The fact that in f9one
versus DBF the excited states lie systematic lower in respect to the Sy state is interesting.
One question arising from this observation, which is a direct result of the scheme in Figure
is, whether the low anion ground state energy is correlated with the low excited state
energies in f9one. In any case one should keep this in mind, in order to see whether there
might be a systematic rule in this. The state-to-state energy increase of both molecules

seems to follow a linear growth with a slope of 0.3 eV per state.
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4 Results and Discussion

4.6 Poly-Aromatic Hydro-Carbons (PAH's)

In the last few years PAIF|s gained more and more attention due to their carcinogenicity
and —as a result of this—, their relevance in environmental analytics. They are typically
present as waste products in practically all forms of combustions of organic materials,
such as for example wood, oil, plastics or tobacco. In the meantime they are even used
as benchmark molecules to characterize the level of urban pollution|PSOT17|. They are
conjugated hydrocarbons, which consist of several up to numerous conjugated annealed
rings. The rings can form complex structures (see coronene) and they can carry all kind
of substitutions in different positions. In a sub-class of such hydrocarbons benzene rings
are substituted in different positions. While the smaller [PAH/s are volatile at 100 or
150 °C, the larger ones are practically non-volatile and also quite difficult to be solved
in solvents|CS13]. These larger PAHl's are often adsorbed on small dust particles or even
form such dust particles. Inhaling them can cause on the long term health problems.
Because of the very high temperatures which is needed to transfer them the into gas-phase
(up to 350 °C) they were simply not found in former analytical mass-spectrometrical in-
vestigations.

As indicated above, many of the PAH’s either are classified as "carcinogenic" or are -
because they have not jet been characterized in detail - at least in suspicion of being haz-
ardous. Benzola|pyrene for example is the main component in cigarette smoke and
is known to be highly carcinogenic [DPTP96|. Recent studies [MRST20| propose a regular
investigation of the PAH concentration in urine of adolescents and children as a marker
for the pollution level in their immediate environment.

As a consequence, it is not surprising that PAH’s are subject of numerous research works

in many laboratories and in different scientific fields.

The Relevance of Electron Affinity and Excited Electronic States

Most of the applications of PAH’s rely on the interaction of photons, or charges and both
photon and charges with the molecules in a solvent or condensed phase.

PAH’s are quite interesting as chromophores in dyes and are subject of investigations for
the applications in organic solar cells, in organic light emitting diodes [OLED}] in organic
electronic devices and in photochemistry. For example, it was shown that a ter-pyridine-

substituted chyrsene has a high potential as electron transport layer in high-performance

3Poly aromatic Hydrocarbons
4Organic light transmitting Diode
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4.6 Poly-Aromatic Hydro-Carbons (PAH’s)

OLED’s recentlyf?]

As already discussed previously, the understanding of electronic and photo-physical prop-
erties of molecules is only possible if at least the order, the spin of the electronic states
and even better the MO character would be known. As already outlined in chapter 2, due
to the spin selection rules, singlet states are able to directly absorb or emit photons and
triplet states only participate indirectly in the form that deactivate the population of the
singlet states. The interplay between singlet and triplet states in excited state dynamics
is complex and still a subject of intense investigations.

If it comes to the application of molecules in electronics, mostly properties such as the
conductivity and charge separation are involved. For the electron conductivity and the
charge separation in molecular dimers properties such data as ionisation energy and elec-
tron affinity are important. Whereas due to the many investigations with analytical mass
spectrometry the ionization energies of many PAH’s are known, only a few EA values exist
taking typical databases into account like the NIST.

Concerning inter- or inter-molecular charge transfer states in PAH’s, the number of ex-
periments is very sparse. It is a fact that in many homogeneous crystals of hydrocarbons
the fluorescence is very efficiently quenched and the molecules stay dark. In contrast to
this, if the same molecules are isolated in solution they show a strong fluorescence. Many
authors correlate this phenomenon with the existence of excitonic couplings between the
S, states of neighbouring molecules. What is mostly over-locked is, that molecules with
large 7 systems have low ionisation energies and high electron affinities. If the neighbour-
ing molecules then are w-stacked and are close to each other, the intermolecular charge
transfer state can lie below the S state and efficiently cause its depopulation and quench
the fluorescence. The assumption, that this mechanism is present in most of the non-
fluorescing organic crystals can be made. Interestingly, in some of them the fluorescence
can be re-gained by cooling the crystal. In a here proposed model, this means that the
CT-state is slightly above the S; state at the neutral dimer geometry. Only by vibration
the two molecules come for a short time closer to each other so that the energy of the
inter-molecular CT state — which is strongly distance dependent — shifts below the S}
and depopulates it. If the crystal is then cooled, the amplitude of the inter-molecular
vibrations diminishes. It is then only a question of temperature that the CT fails and the
fluorescence recovers. It is evident that for the calculation of the energy of the intra- or
inter-molecular charge transfer states beside the ionisation energy — which is often known—

the EA value is necessary.

5[0SSF20]
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4 Results and Discussion

In addition beside providing data for applications, experimental values of electron affini-
ties of large aromatic molecules provide benchmark data for the theorists. Since electron
affinities are mostly due to electron correlation effects, and since molecules with large m-
systems have many electrons, the calculations of electron affinities is a test for the quality

of theoretical methods.

150
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4.6.1 Pyrene

The chemical structure of pyrene — also known as benzo-phenanthrene — is shown in the in-
set of Figure It can be found in fuels and is a waste-product of combustion processes
for example in tobacco- and oven-smoke. In the latter, the concentration is especially high,
when wood with oleaginous materials are burned. It is likely to be carcinogenic and can be
accumulated in organisms especially in the grease. The reason for this is its non-polarity,
its high chemical stability and therefore its long biological persistence. Due to this special
combination of properties it is considered as a dangerous PAH [MPWT09].

Pyrene has been subject of several spectroscopic investigations in solution [KRHT21| as
well as in the gas phase [TR97|. Pyrene as a monomer shows a strong fluorescence at
455nm and has been used as a probing substance for the examination of local molecular
organization [JEVT10].

Pyrene dimes and multimers are especially interesting due to the excimer-formation (excited-
dimer-formation) and the resulting strong red-shifted emission [FK54].

This excimer effects might have been the reason that the pyrene monomer and its homo-
complexes have been subject of two independent investigations conducted also with the
radical-anion PD-PES method. The group of Ando et al. were the first to investigate the
electron affinities of pyrene and its homo-clusters [AKMNO4]. Similar work was performed
somewhat later by Kim et al. [KLS09]. The focus of these two investigations were not on
the excited states of the monomer, but the question whether in the anion complexes the
surplus electron is either shared by two or more active pyrene molecules or the electron re-
sides on one pyrene molecule and the other molecules passively act as "solvents". Because
of this goal the authors used only detachment wavelengths down to 355 nm and therefore
only observed the T} state for the monomer. In addition their energy resolution was so

low that the EA and energetic position of the T state can only be vaguely determined.

One trivial reason to re-investigate pyrene in this work was the fact, that there were
already publications to which the results can be compared. This decision was important
for this work at that time, because recording the PD-PE spectra with i) the new discharge
anion formation source and ii) with a photoelectron spectrometer which has a consider-
able higher resolution in comparison to the previous investigations was insightful. The
primary goal was to investigate the properties of the pulsed discharge combined with a
pulsed co-expansion of sample molecules with a high pressure of argon, as a novel source

for intact and cold molecular radical anions.
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4 Results and Discussion

In figure 4.2 our PD-PE spectrum of pyrene recorded with the above-described meth-
ods is shown. Three sharp peak structures with an at some distance following vibrational
activity are observed, which are due to the transitions from the anion ground state to the
Sp, the T} and the Sy states of the neutral molecule. The assignments of these intense
peaks can be directly derived from the fact that the S; position is already known [TRI7].
The question is why for the electronic transitions such a strong vibrational activity is
observed or whether there are other electronic states hidden under these structures. Note,
that especially the transition to the 7T, state should also lie in this observation window.
The spectral activity behind the T} state looks similar to that behind the S; state and
both seem to be due to vibrations only. Note that interestingly the PD-PE spectrum looks
similar to a typical REMPI spectrum of a molecule with a conjugated polycyclic rigid ring
system: behind the origin transition there is a gap and then the intensity increases because
there very many vibrations simultaneously contribute. The distances between these latter
transitions is so small that they are not resolved and create a hump with sharp peaks on
top. The gap between the origin transition is due to the fact that the molecule is rigid,
and there are non many vibrational levels in this low.energetic energy range. Despite this
possible scenario, since in such a large 7 system already almost diagonal FC factors are
expected, the observed vibrational activities behind the origin transitions can also be due
to the influence of an anion-excited state: a part of the laser excitation does not go to the
continuum but excites resonantly an anion-excited vibronic state. This excited state of
the anion is far above the detachment threshold and therefore un-stable and short-lived.
When it emits the surplus electron the FC factors between this excited anion state and
the neutral final state come into play. The probability that an excitation with a fixed laser
frequency excites a vibration of this state and not the origin is rather high. In this case
the resulting Franck-Condon factors for the subsequent electron emission to the neutral
states provokes the excitations of many vibrations.

The intense peak at the right could be an experimental background or the transition to 75
or to Sy. If this peak would be due to the S; state, immediately the question would arise
where T is located. Since there is also this spectral hump-like activity in the energy range
between the T and the S; states and above the S state, you cannot derive, whether there
is still the 75 state hidden in this structure. Unfortunately theoretical data which could
help to find the right assignments are missing.

The nature of the high peak at the end of the spectrum is unclear and therefore marked
with a question mark. Theoretically it can not be fully excluded that it is due to an un-

usual mono-energetic electron background effect. Recent theoretical work of Inagaki and
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Shirai [SI20] reports that the S; state is in fact the 'L, state. Since the 'L, state should
be not so much above S;, one could propose that the strong peak at 4200mev would be
the 'L, state. If so, the structure of the Ty state would be missing. In this case it has to

be either in the vibronic hump structure of the T; or of the S;.

Pyrene Energy with respect to the neutral ground state [meV]
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Figure 4.16: PD-PE overview spectrum of pyrene: It consists of three sections each
from a spectrum recorded with different wavelengths: 1064 nm, 355 nm and 266 nm.
Note the sharp origin transitions and the following dense vibrational structure. For
further explanations, see text

Table 4.4: Overview of the electronic states of pyrene. The non cited values are out
of this work. All values are indicated in meV’

electronic state configuration (ratio) literature experimental
(symmetry) theory | experimental | AEs, | AEp,
So (A,) - 450P 140
B
Ty (Big)? - ;ggggﬁgiz)c 2114 | 2554
Si (Bs)* | H— L+1(0.33), H — 1 — L(0.32)% 3400 | 3800(AEp,)¢| 3400 | 3840
Sa/ T - - 45827

4 [ST20] Theory (multi-reference perturbation theory methods)
b [KLS09] MS-LPES(magnetic bottle technique)
¢ JAKMNO4] MS-LPES (magnetic bottle technique)
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4.6.2 Benzanthracene

The chemical structure of benz|aJanthracene — or benzanthracene — is shown in Figure[1.17]
Benzanthracene, as numerous other PAHs, can be found in manifold processes involving
combustions. The most common appearance is in cigarette smoke. It is carcinogenic as
most of the PAHs investigated in this work. Derivatives of benz[aJanthracene have poten-
tial applications as fluorescence marker for oncologic applications [WSW98|. Due to the
fact that it contains the same number of conjugated six-rings as pyrene, it also attracted

the authors interest as a sample molecule for comparative studies conducted with radical-

anion

Some time ago benzanthracene gained spectroscopic interest because it can perform

Figure 4.17: Chemical structure of benzanthracene (IUPAC).

p-type delayed fluorescence in a homogeneous crystal. The delayed fluorescence in the
wavelength regime of visible light is the result of a triplet-triplet annihilation process. The
energy of two triplet T} excitations on neighbouring molecules combines to populate a
higher excited singlet state S, on a single molecule. This S, state then relaxes to Sy,
which then can emit a photon |[Nic74]. This effect sounded extremely interesting for the
application as a wavelengths conversion process of invisible IR light to visible photons.
Unfortunately this effect it is not very efficient and therefore did not end in a technical
application. Nevertheless the data of this investigations [Nic74| can be used to estimate
the energy of the first triplet state 77 as 2070 meV'.

Nakajima et al. [Nak72| investigated the two lowest-lying singlet states by laser-induced
fluorescence in the gas phase. The origin state energies for the S state 3248 meV and
for the Sy state 3583 meV, respectively (see Table 4.5). In their spectrum, you are able
to find a small signal onset below of the declared S} energy position. This small peak lies
approximately 24500 - (3037 meV’) above the Sy state.

In Figure the PD-PE overview spectrum of benzanthracene is presented. It consists

154



4.6 Poly-Aromatic Hydro-Carbons (PAH’s)

of two sections of two spectra recorded with 1064 nm and 266 nm. Again as for all investi-
gated molecules the first peak, here at 572 meV (lower scale), corresponds to the transition
from the anion ground state to the Sy state of the neutral molecule and defines the elec-
tron affinity of benzanthracene. This EA value does not match the EA value of 630 meV
determined by Becker et al. [BCG6]. Since the error of our electron energy measurement
should be smaller than 4+ 10 meV/, it seems that the method "electron capture detection"
used by Becker et al. determines systematically too high values and thus provides at best
only an upper limit for the

In figure [4.18 only a small vibrational activity and a small background is observed be-
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Figure 4.18: PD-PE overview spectrum of benzanthracene. The spectrum is com-
posed of two sections of two spectra recorded with 1064 nm and 266 nm as detachment
wavelengths. For assignments see text.

tween the Sp-state and the first triplet-state 7;. This indicates that auto-detachment via
anion excited states is with the excitation by 266 nm photons can be neglected, in strong
contrast to pyrene (see above) and benz|a|pyrene (see next section). The T energy posi-
tion (upper scale) derived from the PD-PES is 2076 meV above Sj. In comparison to this,
the indirectly determined 7} value of Nickel et al. |[Nic74] is 2070 meV. This indirectly
determined value in the crystal, is surprisingly close to the PD-PES gas phase value.

The minuscule, very sharp peak at 2772meV (upper scale) in front of the next intense
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transition lies far behind the vibronic transitions of 77 and could possibly be the transi-
tion to the 7. This assumption relies upon typical peak patterns, which we observed in
earlier works [VKMW15],[Paul?|. In these former investigations also small peaks in front
of the Si-state have been observed, which could be in most of the cases identified as a
triplet-state with the help of theoretical calculations (Marian et al.).

The S state energy derived from the PD-PES lies at 3052 meV. The value determined by
Nakajima et al. [Nak72|, however, is 3248 meV. This large difference of about 200 meV is
far outside our experimental error.Therefore it can be postulated that the small structure
found in the spectrum of Nakajima et al. [Nak72] at 3037 meV is the true S; origin and
the other peaks at higher energies are vibronic transitions of S;. The next electronic tran-
sition observed in the PD-PES lies at 3574 meV (upper scale). Taking a closer look to the
publication of Nakajima, reveals that the values of the graphics and the tabular, where
the values are assigned, are inconsistent. My work is referencing the assigned values in
the tabular. This time this value is in very good agreement with the value for the S, state
origin of Nakajima et al. of 3583meV [Nak72|. The very good agreement of the Sy energy
value with the literature value supports the PD-PE accuracy, and indirectly supports the
newly proposed S; origin transition energy. Note that the S, state has a considerable
contribution of double excitation [Prol7|, which cannot be used for the photodetachment
from the electron configuration of the anion. Nevertheless the PD-PE transition to this
state is clearly detectable. In Table 4.5 the PD-PE energy data are compared to the avail-

able literature values.

Table 4.5: Overview over the data of the electronic states of benzanthracene. The
numbers without citation stem from this work. All values are given in meV

electronic state | configuration (ratio) literature experimental
theory \ experimental | AEjg, \ AFEp,

So/eA 630% - 572

T - - 2070° 2076 | 2648

15 - - 27727 | 33447

Si 3248°¢ 3052 | 3624

So 3583°¢ 3574 | 4146

2 [BC66] electron capture detection
b [Nic74] laser excitation
¢ [Nak72] fluorescence excitation gas phase

In conclusion, the above-shown PD-PE spectrum of benzanthracene provides i) a much

more accurate EA than previously published, ii) for a first time the accurate gas phase
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energy of the T} state, iii) a new transition energy to the Sy origin and iv) confirms the

literature energy value of the S, state.

Comparison of the results: Benzanthracene versus tetracene

In previous PD-PES work, Koniezcny|[Paul7| measured and compared the polyacenes com-
pounds tetracene and anthracene. As the empirical formula of both species benzanthracene
and tetracene are the same, it would be interesting to compare their electronic state prop-
erties. The only structural difference between them is the different position of one ring in
the ring-systems. The question is, how this relatively small change shifts the electronic
state energies. In the following for simplification and as a test we assume that the elec-
tronic properties of such type of molecules can be described by a "particle in the box"
model. Clearly from anthracene to tetracene the "box" is enlarged, which predicts an
energetic drop of the MOs in agreement with the PD-PES observations |[Paul7|. A first
assumption for the comparison between tetracene and benz|aJanthracene could be, that
in the latter the "linear box" of tetracene is only slightly distorted leading to a slight
energetic decrease of all neutral excited electronic states.

Table 4.6 is a juxtaposition of the excited state energies and the EA values of the two

molecules. By comparison of the data in Table 4.6 it becomes evident on a first glance

Table 4.6: Comparison of the EAs and the electronic state energies of tetracene and
benz|a|anthracene. All values are given in meV, with respect to the neutral ground
state.

electronic state ‘ tetracene ‘ benz|alantracene ‘ difference ‘

So/eA 10552 572 -483
Ty 13322 2076 744
T, 26162 2772 156
Sy 27772 3052 275
Sy 3021° 3574 553

% [Paulf] radical-anion PD-PES
b [Prol7] theoretical investigation

that all excited state energies of benzanthracene in comparison to tetracene shift consid-
erably upwards in energy and even the anion ground state shifts up with respect to the
neutral Sy state and causes a considerably smaller EA value. This means that the slightly
distorted particle in a box model completely fails.

Also the simple concept that the molecules with the same size of their 7w systems should

have similar excited state energies fails. Obviously the theoretical effects which stay behind
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the electronic differences of the two molecules are much more sophisticated than expected.
Looking at the T)-states, one finds the biggest energy difference. In tetracene the con-
figuration for the first triplet state consist mostly of a [HOMOPHLUMOl | transition (0,92
[Pro17]), which leads to a nearly perfect overlap of the wavefunctions [Paul?|. This sit-
uation must be obviously very different for benzanthracene, resulting in a higher excited
T, state energy. Also the the T /S;-splitting leads to this conclusion, as it is bigger in
tetracene as in benzanthracene. The T)-state difference of 156 meV between the two
molecules is relatively small, the S; state energy difference increase to 275 meV and fi-
nally the S, state energy difference is with 553 meV again large. Despite that the Sy
excitation is dominated by a double excitation [Prol7] it follows the same trend than the
the states which have only single excitations.

The comparison of benzanthracene to tetracene can be concluded as following: In com-

parison to tetracene benzanthracene has:
e systematically higher excited state energies
e a smaller 77/S; gap, meaning a smaller HOMO-LUMO overlap and
e a smaller stabilization for a surplus electron

The large differences between the electronic state energies of the two molecules show that
the "particle in a box" model is by far not sufficient to describe the situation in the two
molecules. Also the fact that the two molecules have the same number of conjugated rings
and the same sizes of the 7 systems is no argument for similarities. One consequence of
the above comparison is, that the question arises whether one could generate a smaller
Ty /S;-splitting if one would arrange the rings in such ways that the linear geometry is
even stronger disturbed. A small S/T splitting would be interesting for an application as
molecules, which need a small singlet /triplet splitting to enable a thermal-induced

reverse intersystem crossing from the 7 to the Sj.

Shighest occupied molecular orbital
"lowest unoccupied molecular orbital
8thermally activated delayed fluorescence
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4.6.3 Benz[a]pyrene

The chemical structure of benzola|pyrene (termed also 3,4-benzpyren, abbreviated
is presented in Figure In comparison to benzanthracene or pyrene is has an addi-
tional annealed conjugated six-ring . It is as many other PAHs also found in incomplete
combustions. Because of its high toxicity and its potential to promote tumors, its concen-
tration is constantly monitored in the environment by several national and international
institutes [Dab99]. It also can be found in higher amounts in charcoal-grilled meat and
is one of the main reason of the health risk of barbecues [AK05]. The toxicity lies not in
the molecule itself, but in the diole-epoxide, which is enzymatically formed in a metabolic
reaction

Although it has been spectroscopically studied for almost 80 years, the excited state
data on BaP are sparse and limited to the energetic position of the S;-state [ZHHKII].

It is considered to have a ('3 geometry in the ground state of the neutral molecule. The

Figure 4.19: Chemical structure of benzo|a|pyrene (IUPAC).

overview PD-PE-spectrum recorded in this work is shown in Figure It is composed of
two sections of PD-PE spectra recorded with the detachment wavelengths 532 and 266 nm.
The peak positions and the assignments are collected in Table 4.7. The electron affinity is
given by the Sy onset and is 760 meV. The minuscule peaks in front of the steep and high
onset, of Sy are interpreted as hot-band transitions. The unresolved structure right behind
the Sy origin peak is unexpected, since BaP is so large that the presence of a surplus
electron should not much change the structure of the neutral molecule. As an effect the
origin transitions of the electronic excited states should be by far the highest peaks and
the vibrational activities should be small. This situation is found for the transitions to
the T) state and the T; states. It is therefore assumed that the reason for this high spec-
tral activity behind Sy is not due a Dy to Sy geometry change but due to the accidental

excitation of vibrations of an anion excited state with 532 nm photons of the detachment

?Benz|aJanthracene
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Figure 4.20: PD-PE overview spectrum of benzo|a|pyrene. Note that the complete
spectrum is composed of the two sections of spectra, recorded with 532 nm and 266 nm.
The energies of the transitions to the 77, the T5 and the Sy states haven "t been known
before. For further explanations see text.

laser.

The vibronic states of the anion excited state then have two possibilities for decay:

e i) they can either decay to the neutral molecule by electron emission to many Sy

vibrational levels of the Sy ground state, or

e ii) they stay to be anions and decay by IC to iso-energetic vibrations of the anion

ground state.

Because in the case ii) the vibrational levels of the anion ground state, which lie iso-
energetic to the energy level of the anion excited state, lie far above the detachment thresh-
old, they can undergo thermal auto-detachment by a delayed electron emissions. Such a
delayed emission should follow an exponential decrease with a time scale of 1 — 100 pus.
Note that this delayed emission of electrons destroys the concept of the calculation of the
electron energy from the time-of-flight measurement. Usually, electrons which arrive at a
later time at the detector of the TOF PE spectrometer are interpreted as low-energy elec-

trons. The correlation between the detector arrival time and the electron energy, however,
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does not exist any more in the case of a delayed electron emission. Even worse, because
the PE spectrometer is unsuited for that the transmission of the electrons is optimized
for a detachment in the middle of the spectrometer tube. Since the anions fly in about
4 ps out of the spectrometer tube, the intensity modulation at 1750 meV can be a pure
transmission artefact. It is assumed that both mechanisms i) and ii) are active.

The next very sharp and distinct peak is the transition to the Ti-state at 2572 meV. In
contrast to Sy the transition to 7; shows only some weak vibrational progression, which
is moderate in length and intensity. These vibrational excitations seem to be not affected
by an other AD-state, resonantly excited with 266 nm.

The interpretation of the spectrum above the 7) state is more difficult. The next peak
about one eV behind the T} origin is labelled 75 because it does neither fit the energy
known for Sy nor for Sy

Just taking intensities into account, thinking that the peak marked with S5 should be
the first excited singlet state S;. Zhang et al. [ZHHKII] had determined that from the
anion the Sj-state position above Sy with 3125 meV (lower energy scale). In a theoretical
work [WWOS] it was calculated that the Sy state may be very close above the S state at
3330 meV and that the weak transition to the S; state gains intensity from this nearby
Sy state. The distinctive peak at 3326 meV fits this value perfectly and hence, could be
the transition to the S5 state.

The question is now, where is S;7 The minuscule peak already termed with the label S}
in our spectrum indeed fits the S; value of Zhang et al. (compare Table 4.4), meaning the
peak just below it at 3748 meV should be another triplet state, most likely the 75 state.
As a result the energetic difference between the first two singlet states is very small.
The S;-Sy energy difference was already predicted by Wang to be about 1935 cm™!
(240 meV) in good agreement with the gained value AEg, s, = 202 meV. Note that the
energies of the transitions to the 77, the 75 and the S states haven 't been known before.
Since the transitions to 15, S; and S5 lie in the same PD-PE spectrum and the states
are energetically close, it is tempting to interpret the intensities: based on their small
intensities, proposing that 7, and S; have both electron configurations which are difficult
to excite from the anion ground state configuration. Since the S; is practically invisible
proposing that it may have configurations which strong contribution of a double excita-
tion, such as HOM O LU M O? can be done. Note that due to the fact that the transitions
to 171 and S, are intense and the transitions to 75 and S; are weak, feeds the idea that
the two pairs might be corresponding singlet triplet pairs and have the same or similar

electron configurations. If so, the T1-to-Ss splitting would be large (1514 meV') and the
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Ty»-to-S; splitting very small (134 meV).

Table 4.7: Electronic state data of benzo|a|pyrene. The values without citation are
from this work. All values are given in meV

electronic state | configuration (ratio) literature experimental
theory ‘ experimental | AFEg, ‘ AFEp,

So/eA 680° i 760

Ty - - - 1812 | 2572

T - - - 2988 | 3748

S 3125 3122 | 3882

Ss 3330°(Ly) - 3326 | 4086

2 [BC66] electron capture detector
b [ZHHK11] REMPI/ZEKE
¢ [WW08] TDDFT

In conclusion, by PD-PES for benzo|a|pyrene three excited electronic state positions
have been identified for the first time, which have been determined not even vaguely up to
now. The comparison of the electronic state schemes of benzo[a|pyrene and benzanthracene
show that there is no easy way to predict the electronic state order and their energy

spacings from the chemical structure by using hand-waving arguments.
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4.6.4 Dibenz[a,h]anthracen

1,2,5,6-dibenzanthracene or dibenz|a,hanthrace is in this work abbreviated DBahA. Its
structure is shown in Figure 4.21. DBahA is in the focus of oncological studies since the
1930 “s[See34]. In solid state, it is a white to light yellow crystalline powder. Because
it is known to intercalate into bacterial as mammalian cell systems, it can easily trigger
mutations and it therefore can also cause carcinoma and sarcoma [Lor40]. Since long it
is therefore under investigation by different environmental agencies, such as for example
the international agency for cancer research [TARS85|. Tt is also — as most other [PAH|"s
— a waste product of practically all combustions and therefore can be found as pollutant
around all kind of industries. Its concentration in the air is also under permanent surveil-
lance and control, similar to many other [PAHls (see above).

In chemistry and physics, DBahA gained interest in organic mixed n-trap crystals for
triplet exciton fusion, e.g. in naphthalene as host and in DBA as a guest system [BGLR87].
The research for superconducting materials investigates DBahA and other concern-
ing their conducting properties in the range of 5 — 7 K [ZCL19|. The interest of the
authors working group in DBahA is inspired primarily by its similarity to benzo|a|pyrene

and other molecules which appear in this work. The literature concerning the excited state

Figure 4.21: Chemical structure of dibenz[a,h]anthracene (IUPAC).

properties of DBahA is surprisingly rare or completely missing. Most of the research at
DBahA deals with crystal structure spectroscopy [BGLR&7| and only a few groups work
with DBahA in solution [PA99] or in the gas phase [BCG66].

In Figure [4.22] the overview PD-PE spectrum of DBahA is presented. It consists of two sec-
tions of two spectra, recorded with 532 nm and 266 nm. The peak positions are collected
in Table 4.8 and compared to literature values. The Sy origin transition peak (first peak)
is high and absolutely sharp with a clear, perfect onset. With its position at 544 meV it
defines the EA of DBahA. This value is somewhat lower in energy as the value 595 meV
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previously measured by Becker and Chen with the electron capture method [BC66]. As
already discussed above, it seems - and this is confirmed also here — that with this method
only a upper limit of the EA can be given.
Behind the S; origin a vibrational progressions of the Sy-state follows until suddenly the
signal rises and ends in an intense, broad structure termed AD. The energy of this hump is
definitively too low to be due to an electronic excited state and is due to autodetachment
(see above).
The next intense PD-PE peak is very exceptional in intensity and shape. It lies at
2324 meV (upper scale) and should be due to the transition to 7j or. Since the ener-
getic position of the S state is known to be 3178 meV [PA99| and this value agrees well
with the position of the third large peak in the PD-PE spectrum. This transition is termed
accordingly S;. With this S; identification automatically the assignment of the T} state
is confirmed. Note that this is the first direct observation of the 77 state. Its remarkable
higher intensity in relation to that of the transition to the S;, should be partly caused by
to the threshold problem for different electron excess energies [Wig48]. The fact that the
intensity difference is so great, could, however, also be a result of different electron con-
figurations of these states. Clearly this question cannot be answered without theoretical
data. One could speculate, whether a strong contribution of a double excitation in S,
which is not accessible from the anion ground state and which is not possible for the T}
state, causes the observed extreme intensity ratio. The minuscule peak (marked with X)
lies just before the Si-transition. It is very sharp, and low in intensity. An assignment
of its nature is without additional information impossible. It could be for example the
Ts-state. Such a situation that the 75 state is very weak and lies just below the S; has
already been observed for other species, and obviously occurs rather frequently.
Right behind the S-state the vibrational activity and unfortunately also the background
of stray electrons increases. This makes a proper discussion of the section Y difficult. It
seems, however, that there could be other transitions as e.g. the Sy-state.

In conclusion, for DBahA it was possible to determine an accurate EA value, to observe
the first triplet state and to confirm the position of the S;i-state. To evaluate the nature
of other unassigned weak peaks in the PD-PE spectrum, further theoretical studies are

required.
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Dibenzanthracen Energy with respect to the neutral ground state [meV]
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Figure 4.22: PD-PE overview spectrum of dibenz|a,h|anthracene. The spectrum con-
sists of two sections of two PD-PE spectra recorded with 532 nm and with 266 nm.
Note the strong auto-detachment (AD) when 532 nm photons are used for the detach-

ment.

Table 4.8: Overview of the electronic state energies of DBahA. The values without
citation stem from this work. All values are given in meVl

electronic state | configuration (ratio) literature experimental
theory ‘ experimental | AEjg, ‘ AFEDp,
So/eA - 595% - 544
T - - 2324 2868
15 - - - 3020 7 | 3564 7
S1 3148* 3178 | 3722
Sy -

% [BC66] electron capture detection

b [PA99] linear dichroism spectroscopy, in n-hexane
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4.6.5 Pentacen

In the past decade pentacene (abbreviated lm gained high interest in photochemistry
and polymer chemistry. Its chemical structure is shown in Figure 4.23. As it is highly
conjugated, its application as a semiconductor material (as a thin film or as single crystal)
has been investigated [Kha20al,[Kha20b|. For the crystal first a triclinic crystal structure
was reported [CRT62|, but it was difficult to reproduce these results later. It seems that
different triclinic structures co-exist in a single crystal (polymorphism) [MDB™01|. Tt was
argued that molecular impurities negatively influence the perfect crystallisation process
of pentacene. In addition it also seems that the exact crystallisation temperature is an
crucial parameter[SBHT07].

The most remarkable optical property of b-Ad in a homo-crystal is its ability to perform
singlet fission. This process can be described as a process where a singlet-state excitation
on one molecule is split into two triplet excitations on two neighbouring molecules. This
process can only work if the S energy is larger that twice the triplet-state energy: AFE(S;—
So) > 2+ AE(T) — Sp) [SIST65]. For the first time reported in the 1950 [BMS49], it still
attracts immense attention, as a way to circumvent the Schockley-Queisser limit (limiting
loss effect in solar cells by radiative recombination). [SQ61]

This means, that a singlet exciton formed in the layer p-n element of a solar cell can be
1" 12 13 14 1
4a
9 e
8 7 6 5 4
Figure 4.23: Chemical structure of pentacene (IUPAC).

converted in one step into two triplet state excitations, without the subsequent possibility
of a radiative recombination by photon emission. If it would be possible to use the two
triplet excitations to achieve the separation of two charge pairs in a solar cell, this would
be an elegant way to push forward the efficiencies of organic solar-cells [FRE18|. To be
able to optimize this genius concept also in other molecular crystals, the energetics of the
involved singlet and triplet states is crucial, a great motivation for this work.

Still open question concerning the singlet fission is, what exactly is the pathway for singlet-
fission. Either it is a direct transition from the Si-state to the corresponding T}-states, or
the transition is mediated by a bimolecular charge-transfer-state.

In a previous work Konieczny [Paul7] investigated anthracene and tetracene by PD-PES,

0Pentacene
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so the pentacene spectrum in this work completes the series of linear acenes.

Nakajima et al. [MSN16] already performed Radical-Anion for pentacene. They
determined an and the first excited states of the neutral molecule. Due to the different
spectrometers used, electron gun and magnetic bottle PE spectrometer by Masubuchi,
and discharge anion source and field-free PE spectrometer in this work, it is nevertheless
interesting to reinvestigate pentacene.

Figure 4.24 displays the overview composite PD-PE spectrum of pentacene. It consists of
two sections of two spectra recorded with the detachment wavelength 355 nm and 266 nm.

The PD transition from the anion to the Sy state shows a very unexpected structure:

e i) It does not rise as steep as expected for a molecule with such a large 7 system

(see for comparison the shape of the transition to T7)

e ii) It has a well-resolved low-energetic substructure in the rise and close behind the

maximum and
e iii) It and has a strong vibrational activity right after the maximum.

The effects mentioned in iii) stem from an accidental excitation to a vibration of an anion-
excited state. This anion state then obviously undergoes fast auto-detachment. In this
process the vibration excited in the anion excited state dictates the FC factors which rule
the auto-detachment process to the vibrations of the neutral Sy state (see chapter 2).
Obviously in the anion excited state a low-energy vibration is excited, resulting in the
neutral Sy state in a structure of many peaks with a very low-energetic energy spacing.
An un-complete cooling and the resulting hot-band transitions doe not account for the not
so steep rise simply because no hot-bands are observed for the transition to the T} state.
The of pentacene is determined by taking the energy value at half height of the rise
( ~ 1392 meV) of the transition to Sy. This procedure follows the assumption that due
to the above problem the origin transition of Sy is not the highest peak but lies before
the maximum. To take the energy value at half height is — one has to admit — somewhat
arbitrary since the quantum numbers of the vibrational states are not known.

The previous PD-PE spectrum provides an EA value of 1430 meV [MSNI16|(EAlat 1392 meV)
is 38 meV higher in energy. This error could have the simple reason: Masubuchi et al.
could not resolve the low-energetic vibrations in Sy. They therefore presumably took the
position of the maximum of the first peak for the EA value. This maximum lies at a higher
energy, what might explain their higher EA value. The perfect agreement of the EA value
here with the value of Crocker and Wang, also 1392 meV, seems to be accidental, because

they use the electron capture set-up, which usually gives higher values too [CWK93|. The
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Figure 4.24: PD-PE overview spectrum of pentacene composed of two sections of two
PD-PE spectra recorded with the detachment wavelengths 355 nm and 266 nm. Note
the low-lying T state with respect to the Sy state and to the S; state, which allows
singlet fission in pentacene crystals. For further explanations see text.

region between 2000 meV and 3000 meV seems to be less affected by auto-detachment
as the Sy region. The triplet Ti-peak at 916 meV (upper scale) is remarkably sharp in
comparison to the other peaks. It has a few vibrational structures which slowly more and
more merges into noise and background. Note the extremely small 77 — Sp-energy gap,
which fulfils the above-mentioned condition for a singlet fission. Our 7} energy is unfor-
tunately not in agreement with the value determined by Masubuchi et al. (960 meV).
The deviation is with 44 meV and much bigger than for the [EAl values. The reason for
this relatively large deviation remains unclear. In the range after the T}-state does not
yield any more clear peaks, but possible peaks show up in the noise (marked with X). This
noise situation does, however, not allow to assign a possible 75 triplet state. This situation
is somewhat similar to the spectra of Konieczny of anthracene and tetracene, where it is
known that the T is below S;. |[Paulf].

In the immediate vicinity of the Si-state an increasing electron activity and noise is
observed. This might be due to an other anion-excited state excited with 266nm. This

local distortion and the resulting signal modulation, makes it even difficult to clearly
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Table 4.9: Overview of the electronic states of pentacene. The values without reference
stem from this work. All values are given in meV’

electronic state | configuration (ratio) literature experimental
theory ‘ experimental | AFEg, ‘ AFEDp,
Sy / EA - 13922 1430° | - | 1302
Ty - - 960" 916 2308
Sh 2200°¢ 2180221504 | 2288 | 3680
Ty - - -
Sy -

4 [CWK93] ion/molecule reaction equilibrium
b [MSNT16] magnetic bottle

¢ [MKD20] TDDFT

d [MRK*04] UV-VIS in thin film

assign the origin transition of the Sj-state. We assume that the Sj-state origin is the
first onset before the maximum (marked with a line in figure 4.24). The such determined
Si-value of 2288 meV is in reasonable agreement with the theoretical literature value of
2200 meV [MRK™T04] and again deviates somewhat from the value determined by PD-PES
(2150 meV)[MSN16]. As for the the difference of the S; value to that of Masubuchi, it
may be due to the fact that here appears a smaller value for the Sy position.

In conclusion, although already well-investigated, the PD-PE spectrum of pentacene yields
interesting new information, and shows that even in the gas phase the 77 and S; energy
values would allow singlet-fission energetically .

Unfortunately experimental boundaries prohibited an observation of the dimer here, as
well the usage of other laser-wavelengths, in order to circumvent the excitation of anion-
excited-states.

But still now having an accurate EA one could try to estimate the energy of the inter-
molecular [CT]T}state in the dimer. The following equation for the intermolecular charge
transfer (CT) energy in two 7 stacked molecules is relatively simple, but contains some

assumption, for which the validity is unknown.[WS97| Those are
e i) That the two molecules are 7 stacked and are not shifted against each other
e ii) The assumption that the opposite charges are point charges
e iii) That the opposite charges move correlated through the molecules

e iv) That the intermolecular distance is a good description for the charge distance

Hcharge transfer
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Whereas the above points are well fulfilled for small molecular complexes theirs validity

is highly questionable for a pentacene dimer.

Ecor: charge transfer state energy [eV]
IP;s_a.: ionisation energy [eV]
o 5 J f(r)dr:  coulomb integral [eV]
Ecr =1P5_ 4. — / q sdr — EAs ae — AEgqp  d: spacing of the molecules [m]
a Admer EA: electron affinity[eV]
AFEa difference in stabilization energy [eV]

The energy of a possible [CTkstate can be estimated, by taking into account:
e i) the [P;_4.=6,61eV [SM84]
e ii) the [EA] of 1392 meV, determined in this work

e iii) the Coulomb integral by assuming an intermolecular distance of 3,1A (centre-

to-centre) provides an value of about 4500 meV

In the following the unknown stabilization energy wil be neglected. This term takes into
account that the separated charges in the monomers try to come closer to each other, than
the centre-to-centre distance and further reduces the energy of the CT state.

The result is 718 mev for the position of the [CTlstate. This low CT energy value lies
even below the T} state, which means that the singlet-fission process can happen directly
from the singlet to triplet states without an [CTlintermediate as the [CTlenergy in this
approximation lies lower than a single triplet 7T}-energy.

The question, however, arises whether the above equation initially set up for point charges
really describes the CT energy in a dimer of such large molecules. FEspecially the as-
sumption that the charge distance between the opposite charges is equivalent to the one-
dimensional distance (say coordinate z) of the quasi-two-dimensional molecules (the molec-
ular planes extend in in x and y directions) might be very wrong, since it assumes a full and
permanent correlation of the motion of the two charges in the x and y directions. If this
correlation of the charge motions in x and y is not possible due to for example quantum
mechanical reasons, the electron and the hole might be most of the time in different x,y
positions of the neighbouring molecules and the inter-charge distance is much larger than
the molecular distance. This discussion shows that the above equation might not hold
for the CT state in pentacene dimers and therefore it would have been very important
to measure the dimer and determine the position of the CT state. Unfortunately this

was not possible. In a retrospective view of the measurements performed on the
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molecule, one has to say that several improvements of the experimental set-up could
lead to better or more precise results (see Section "Conclusion"). As the here mentioned
experimental procedures unfortunately were not accessible by the likes of our group till
now, the only thing left is a advanced theoretical investigation. Yet, it is possible to
compare the results presented here with the results for B=Ad" and E=Ad"| raised by Paul

Konieczny|[Paul7]. An attempt at classification of b-Ad in the series of the linear acenes

is made in the next subsection.

12 Anthracene
I3 Tetracene
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Pentacene data compared with the data of tetracene and anthracene

AsB-Ad is a natural continuation of the series of acenes, it is reasonable to compare the
change in excited states energies ot them. A comparing plot can be seen in Figure 4.25. All
values are referenced to the Sy-ground state with respect to the neutral species. As it was
not possible to gain information of higher excited states of 6-Ad the comparison is limited

to the [EAlI's and the S; and T; states. As expected, the general trend is an decreasing

3000 - —=— anthracene
—e— tetracene
—A— pentacene

Energy with respect to the neutral state [meV]

DO SO T1 S1

states

Figure 4.25: The excited state and electron affinity data of anthracene,
tetracene([Paul?]) and pentacene. Note that all data are referenced to the Sy states.

energy of the excited states while extending the linear acene system. In fact a almost
systematically decrease is observable from [B-Ad over d=Ad down to B=Ad Simultaneous

an increase in the [EAl values can be found. This seems consistent as a larger m-electron
system should be able to hold an additional charge more preferably than a small one thus

resulting in a higher [EAlvalue. The consistent decrease in the T /S;-splitting energy can
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be vice versa interpreted as a yet good overlap of the participating orbitals, with a deflating
trend regarding longer systems. The diminishing of the triplet energies seem to be nearly
equidistant at a rate of 400 meV per additional ring. Based on these considerations, one

could derivate the following assumptions:
e System-length affects the total energy values to decrease
e System-length slightly affects the T /S;-splitting
e System-length increases the [EAl

Aside of these observations, it seems also that the greatly affects the absolute energy
of triplet states. Due to a general lack of overall data regarding triplet states in organic

molecules (gas phase), the nature of this statement is purely hypothetical.
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4.6.6 Comparison of the Data of the Acenes

To obtain a general insight in the excited states dynamics, it is of utmost interest to find
possible correlations between molecular geometries and the excited state energies. Because
anion PD-PES is applied in this work, the main focus lies on triplet states 7}, 75 and the

electron affinity.

Comparison of the EAs

The [EAls of the acenes varying over a wide range. In Figure 4.26 , all the acene spectra
are shown. To concentrate on the neutral state energies all spectra were shifted so they
are referenced to the Sy ground state. The EA vales are added as labels at the Sy-state
onsets. This means Figure 4.27 obtains all anion ground values as text labels and all
neutral excited state values become directly visible by comparing the positions in the

spectra.

In general the values does not change dramatically when going from dibenzan-
thracene, via benzanthracene to pyrene. Pyrene has the smallest [EAl (440 meV') of all
investigated acenes. At the same time, the S;i-value of pyrene is the highest among the S;
values of the here listed species.The of dibenzanthracene and benzanthracene differs
the less among the regarded species, although there is quite a difference in structure as
also in total atom numbers. BaP shows the first significant increase in [EA] and B-Ad has
the highest observed [EAl
In a simple consideration, it can be assumed that sheer size of a molecule affects the cor-
responding This is, however, obviously not the only and the predominant factor in
absolute terms of [EAL
If you compare the form and structure of the Sy regions, it stands out that the vibrational
progressions are quite sharp for pyrene, benzanthracene and DBA, while it is broader for
5-Ac and BaP. Eye-catching are also the auto-detachment (AD) effects in these molecules.
While the AD effect is in pyrene is quite local, it is absent in BA, a hump with resolved
sharp peaks on top for 5-Ac and broad in BaP.
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Figure 4.26: PD-PE spectra of the measured acene compounds. All spectra are
shifted in order to agree with their Sy origin positions. For further explanations see
text.

Comparison of the T; Energies

The deviation in the singlet state energies of the acenes seem to be smaller than that for
the T; states, with the exception of pentacene. Its variance pattern seems to be much
smaller compared to the T; values. Also differences of the T;/S; splittings are observed
and (as indirectly stated before) are increasing in size with the molecular size.

In conclusion, in order to obtain a more detailed pattern on how molecular size and
shape influences excited electronic state positions, EAs or respectively anion-excited states,
further experimental and theoretical investigations are necessary to provide sound and

accurate data for many molecules for a comparison to theoretical calculations.
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Figure 4.27: Comparision of the state energies of the measured acenes (y scale)
including the electron affinity.
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4.6.7 9,10-Diphenylanthracen

The measurement of 9,10-diphenylanthracene (abbreviated pursues the concept
to investigate the electronic effects caused by phenyl substitutions on an anthracene core.
The chemical structure of is shown in Figure Its has an anthracene core just
with two phenyl groups substituted at the 9 and 10 positions. The phenyl rings are bound
to the anthracene by a single C-C bond in contrast to the acenes investigated above, where
the phenyl rings are co-annealed to anthracene.

Already in 1965 was investigated due to the chemo-luminescence of its anion
[SB65]. Also the optical and electronic properties of neutral attracted attention,
because it may be suited for tunable semiconducting devices. For example, single crystals
of embedded in nano-rods were investigated, concerning a probable application as
field effect transistors.[ZYLT08|

Because performs efficient triplet-triplet annihilation as a dimer and in crystals,
its seems to be a potent material for photon frequency up-conversion|[XSD™ 21|

In Figure the overview spectrum of is shown. It is composed of

Figure 4.28: Chemical structure and atomic numbering of 9,10-diphenylanthracene
(IUPAC).

three sections of three PD-PE spectra, measured with the wavelengths 1064 nm, 355 nm
and 266 nm. The very first peak with a steep onset at 750 meV is — as in all spectra of the
radical anions — the transition from the ground state of the anion Dy to the origin of the
So of the neutral molecule. This transition energy defines the [EA] of which had

not been evaluated before. The peak and background activities in the region of 1000 meV

149.10-Diphenylanthracene
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Figure 4.29: PD-PE overview spectrum of 9,10-diphenylanthracen. For further ex-
planation see text.

to 2000 meV seem to be due to vibrational progressions, which are only partly resolved
and might be due to the accidental excitation of an anion-excited state by the detachment
wavelength of 355 nm.

The following sharp peak at 1779 meV is the lowest triplet state 7T} in good accordance
to the experimental value of 1770 meV in solution [CKDS83| and the theoretical value of
1720 meV .JOGMAZ21]. Note the vibrational progressions of sharp peaks which — at higher
T state energy — become so dense that they merge and form a hump on top of which still
peaks remain. This strong and long-range activity just after the 7T} origin is with high
probability also due to the accidental excitation of an anion-excited-state. It should be
noted, that the PD-PE spectrum recorded with 1064 nm(at approx 900 mev)/355 nm (left
side) and the PD-PE spectrum recorded with 266 nm (right side) are mounted together
at 3375 meV (lower scale). The best indication for this site are the different signal levels.
The small and thin peak at about 3050 meV is marked with X. It lies just before the
Si-region, and could be the T; state. Because of its minuscule intensity this is, however,
very speculative.

The intense peak at 3249meV is assigned to the transition to the origin of the S; singlet
state. This value agrees well with the S; energy of 3262 meV determined by an UV
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absorption measurement in non-polar solutions|JON47|. Note the occurrence of vibrational
bands similar as for 7. The energy difference of the first two peaks in 57 is roughly the
same than that for the first two peaks in 77. This is a strong indication that in both cases
the second peak is a vibronic band of the respective electronic state. Since the second
peak in S; is, however, broad, it could be that around 3375meV" (see Y) there is another
weak electronic origin transition close-by. Indeed, in the theoretical work of Chen-Hanson
Ting [Tin67] a triplet state of lies around 3500 meV. This agreement supports
that the y-marked region after the Si-state could be the onset of the T-state.

In table 4.10 the values derived from the PD-PE spectra are compared to literature values.
In conclusion, the PD-PE measurement on radical anions in the gas phase provided

Table 4.10: Electronic state energies of 9,10-DPA: Comparison of literature values
with values of this work (data without citation). All values are given in meV'

electronic state | configuration (ratio) literature experimental

theory \ experimental | AEg, \ AFEp,

So/eA (Ay) - 750

Ty (By,) - 1720%1750° 1770° 1779 | 2529

Sy (B 32624 3249 | 3999
T2(BSQ) - - -
Sa(Bau) .

% [XSD*21] TDDFT

> [Tin67] Pariser Parr method

¢ [CKDS83| laser flash photolysis

4 [TON47] UV absorption spectroscopy

the previously unknown [EA] as well as the direct observation of the transitions to 77 and
S1. The energy values for the electronic origins found in the PD-PE spectra show good
agreement with the solution (.S7) and solid state (7}) values of previous work. Further weak
peaks found in the PD-PE spectra may be assigned to transitions to other excited electronic
states of if this assignment would be supported by theoretical calculations.
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4.6.8 2,06-Diphenylanthracene

Another molecule which fits into the series of the anthracene-derivatives investigated in
this work is 2,6-diphenylanthracene (abbreviated. Its chemical structure is shown
in Figure [4.30] Note that the distance of the hydrogen atoms No. 1 in anthracene and
No 2 in the right phenyl ring and equivalent the hydrogen atoms No. 3 in anthracene and
No. 6, in the right phenyl ring have a relatively large distance in comparison to the corre-
sponding distances in 9,10-diphenylanthracene. The equivalent H-H distances also exist
at the left phenyl ring. As a result, in the H-H repulsion is smaller and the phenyl
rings can be more planar than in 9,10-diphenylanthracene, but they are still rotated out
of the plane. For the later discussion the question is whether the phenyl torsion shows up
in the PD-PE spectra.
was for the first time synthesised and then characterised by UV-Vis spectroscopy
by Clar et al. [Cla61]. Later, an alternative synthesis was found by Hu et al. [LDWT15|
who investigated as a thin film on a silicon wafer. The main potential applications
of lie obviously in the field of organic semiconductors [LZD™15|,[LDW™15] and
[OLED!s.[FLW17| The two cited publications provide the only experimental data on the
electronic properties of26Dpal This means that especially so far no gas phase data exist.
In Figure the spectrum of is presented. For a optimised electron

Figure 4.30: Chemical structure and atomic numbering of 2,6-diphenylanthracen (IU-
PAC).

energy resolution the overview spectrum is composed of sections of two spectra recorded
with 532 nm and 266 nm as detachment wavelengths. As usual the first onset at 884 mel/
represents the transition from the Dy ground state of the radical anion to the origin of
the Sy state of the neutral molecule. This value is the first [EA] value of 26Dpal in the gas
phase.

For the transition to Sy a high-energetic vibrational progression is observed. After three

broad peaks the spectrum becomes quickly dense and unresolved (see range of 1250 meV'

152 6-Diphenylanthracene
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2,6 Diphenylanthracene  Energy with respect to the neutral ground state [meV]
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Figure 4.31: PD-PE overview spectrum 2,6-diphenylanthracen. The overview spec-
trum is composed of sections of two spectra recorded with 532 nm and 266 nm.

to 2000 meV (lower scale)). In addition, if comparing carefully the peak widths, it can be
observed that the first peak of the transition to Sy is broader than that of the first peak
of the transition to 77. The arising question is, what causes the excitation of vibrations
and what causes the broad peak width in Sy?

In a first reaction, in analogy to other molecular spectra above, one could argue that
the detachment wavelength of 532 nm accidentally excites a vibrational state of an elec-
tronically excited state of the anion. As a result, auto-detachment from this anion state
occurs, which then leads to FC factors which are given by the accidentally hit vibration
of the anion excited state and the Sy state of the neutral molecule. If this explanation
would be true, this case is not interesting for us and does not provide valuable molecular
information.

A second alternative possibility for an explanation is, that the peak widths and the intensi-
ties of the vibrational structures in Sy are a result of the undisturbed anion-to-neutral FC
factors. Indeed — similar to the longer p-polyphenyl molecules — also in strong ge-
ometry changes may occur: By PD-PES investigations on p-terphenyl, p-tetraphenyl and
p-quinquephenyl Koniezcny [?] could provide good evidences that in the neutral ground

state the phenyl rings are stronger twisted against each other than in the anion ground
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state. Interestingly, in the anion and the excited electronic states of the p-polyphenyls
this out-of-plane twist angle is smaller.

The same or a similar geometry change effect in the torsional coordinate of the phenyl
rings is also possible in 26Dpal In addition, the corresponding hindered phenyl rotation
(classified as a vibration) is assumed to be so low-energetic that it should be not resolved
by PD-PE spectra.

First this discussion will ne interrupted in order to identify the excited electronic states
in the PD-PE spectrum. Afterwards an investigation of the transitions from the anion to
the electronic states in regard to this geometry effect take place.

Remarkable is the first peak of the T)-state (onset at 1800 meVl  (upper scale)) which
has the highest observed intensity in the spectrum. Typically this is a result of a good
transition moment for the PDlprocess to this state, meaning that the participating orbital
transitions can be performed by a single electron excitations (compare 2.3.1, one photon-
one electron-rule).

Regarding the literature, only values for solvent and thin-film UV-Vis experiments are
available. The Sy-to-S; energy value in a thin film is 2799 meV [LDWT15| and in ethanol
3002 meV |Cla61]. The interpretation of a red-shift when going from solution to a thin
film, in which the molecules have direct contact, is difficult. In ideal molecular pack-
ings (7 stacking without displacement) H and J aggregates have been postulated [FK54].
In the fist type the transition moments (these are vectors) are side by side and aligned
parallel or antiparallel. In the J aggregates the transition dipoles (vectors) are behind
each other and also parallel or antiparallel. In H aggregates the transition-allowed vector
combination (same direction) is blue shifted against the forbidden antiparallel combina-
tion and in J aggregates the allowed component (parallel vectors) it is red-shifted against
the other forbidden component. Hence in these two special orientations blue-shift and
red-shift can be observed. If the orientation of neighbouring molecules does not fit in the
two ideal cases, the splitting of both components and their transition intensities can go
through intermediate cases. In addition in a crystal theoretically also both combinations
of the transition vectors can be observed. In the case of in solid state a red-shift

is observed, which favours that in thin films the neighbouring molecules form J aggregates.

Back to the gas phase: concerning going from solution to gas phase, a possible trend
would be a further blue-shift. Therefore, due to this expectation it is assumable that
the noisy peak at 3212 meV is the gas phase the transition to S; and not the small step
at 3000 meVwhich lies before the noisy peak. If this assignment is true, the small step
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before the S transition (at 3000 meV') should be the T5 state. This electronic state order
would be then very similar to that of the anthracene core, where the anion-to-T5, transition
lies also close-below the transition to S; [Paul?]. Since shows bright fluorescence
in solid state [LDWT™15] it can be assumed that — as observed in the thin film exper-
iment [LDW™15|- by excitonic coupling the excitonic transition allowed S; component
shifts below the T5 state. Note that the excitonic coupling between states in neighbouring
molecules increases with the transition moment for the transition from Sj state to the
relevant state. Since the transition moment is large for singlet states and very small for
triplet states, this means that due to the excitonic coupling singlet states shift strongly
whereas triplet states do practically not shift. Further investigations on the lifetime or
the configuration of the involved states could reveal the properties and the identity of the
peak at 3000 meV .

Now coming back to the peak widths. The peak width of the first peak in the Sj state is
broader than the peak width of the first peak in the 77 state. This effect is small, but no-
table and significant, especially since the electron energy resolution should be much better
experimentally for the ground state PD-PE spectrum than for the T} state. The reasons
for this are the different electron energies due to the two different wavelengths used: The
energies of the electrons which stem from a Sy population are more low-energetic than the
energies of the electrons which stem from a 7T} population. Hence, it can be assumed that
this width effect in Sy is due to the envelope structure of the many excited low-energetic
levels of the torsional vibration of the phenyl rings. In this argumentation a broader peak
would mean that it consists of more quantum states of the torsional vibration motion and
means more difference in the torsional geometries between the anion ground and the cor-
responding neutral state. Unfortunately the spectral regions of the transitions to the 75
and the S; states are so noisy, that no informations about the torsional coordinates can be
derived. It seems, however, that the geometry differences between the anion and the neu-
tral states in the torsional coordinate are rather similar, in contrast to the p-polyphenyls,
where the S; state was almost planar[Paul7].

All electronic state energies including literature data are collected in Table 4.11 below.
In conclusion, for for the first time the [EAl 77 and S;-state energies have been
measured in the gas phase. It seems that also the position of the 75 state is in gas phase
below the S state. It also seems that the phenyl torsion angle is different in the anion,
the neutral ground and the excited states. If the PD-PE spectrum is — as assumed —
dominated by anion-to-neutral FC factors the anion and the 77 state have the best struc-

tural agreement in the torsional coordinate. It seems that the greatest geometry change

183



4 Results and Discussion

Table 4.11: Overview of the electronic state data of 2,6-DPA. The values without
citation stem from this work. All values are given in meV

electronic state | configuration (ratio) literature experimental
theory ‘ experimental | AEg, ‘ AFEp,
So/eA - ~ | 884
Ty - - 1800 | 2684
Sh 300922799° | 3212 | 4096
15 - - -
Sy -

# [Cla61] UV-Vis in ethanol
b [LDW*15] UV-Vis of thin film on silica

according to the structures in the PD-PE spectrum takes place between the anion and the
T5 state.

A geometry shift in the low-energetic torsion vibration could also lead to a small error in
the determination of the EA, since the maximum of the first spectral structure then does
not correspond to the anion-to-S; origin transition: The true EA would then be at the
onset. This is the reason that above the onset value of 884 meV was taken. The transition
energies are less affected by this geometry shift, since all origin transitions are shifted in
the same direction (to lower energies) and the differences do presumably not change very
much.

Unfortunately it was not possible to produce enough dimers to investigate the excitonic
coupling in such complexes. Such an experiment would have been enormously interesting
because this subject was up to now never investigated in mass-selected compounds of a

defined size and never from the radical anion.
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4.6.9 9-Phenylanthracen

In the list of anthracene analogues, 9-phenylanthracene (abbreviated I@ED is the next
molecule which has been investigated by PD-PE spectroscopy. The chemical structure
and the atomic numbering of is shown in Figure . It has similar properties
like the other substituted anthracene compounds, such as for example the phenyl group
which is expected to be slightly twisted out-of-plane. In the following the molecular se-
ries 9-phenylanthracene, 9-(1-naphtyl)-anthracene and 99-bianthracene is investigated, a
molecular series in which the substituted unit increases in size. With the size of the sub-
stituted unit increases the steric repulsion to the anthracene core. This should increase
the twist angle between the two units. The out-of-plane twist angle and the effect of the
substituted unit on the anthracene 7 system is one of the targets investigated in detail in
the following.
[OPal has be used as a building block, in organic thin-film applications for example as a
semiconductor intermediate [Vor20]. In other experiments it serves as an electron donor
in optical active materials such as fluorophors [IKY16].
In addition, in the most recent work, is used as a guest system for supramolecular
photocatalysis, to generate triplet anthracene compounds for [4,2] cyclo-addition reactions
[UOK™20).

Already 1976 QPal was of spectroscopic interest, as its 7} triplet state can be populated

Figure 4.32: 9-phenylanthracene: Chemical structure and atomic numbering (IU-
PAC).

via a double-excitation methods [KKKT76| in solution. Other data on [QPal regarding the
excited states rely on spectroscopy in thin films, in crystals and in solutions ([IKY16],
INS13], [KKK76], [UOK™20]). This means that the energy values obtained in this work

can only be compared to condensed phase data.

169_Phenylanthracene
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The spectrum of @Pal is presented in Figure [£.33] In contrast to many spectra
shown previously, it was recorded only with the detachment wavelength 266 nm. The rea-
son for this is that the other available wavelengths (1064 nm, 532 nm and 355 nm) with
high intensity excite anion-excited states, which then leads to very broad and ugly PD-PE
spectra. In the spectrum recorded with 266 nm, the intensity of the Sy state is rather low
in comparison to the origin peaks of the other electronic states, which might partly be
due to the fact that the electron energy resolution in this absolute electron energy range
(about 4 eV electron energy) is rather low and the peaks are therefore broad.

The onset of the Sy-state lies at 576 meV/, representing the [EAl of @Pal The lowest triplet

Energy with respect to the neutral ground state [meV]
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Figure 4.33: PD-PE spectrum of 9-phenylanthracen, recorded with the detachment
wavelength 266 nm.

state T3 is observed at 1852 meV. Compared to the liquid phase value of 1785 meV
IKKKT6| it is blue shifted. This seems to be reasonable as a red-shift is typical when
going from the gas to the aqueous phase. In the T; range between 1800 and 2500 meV
(upper energy scale), a high-energetic vibrational progression up to two or even three
quanta is visible, as well as an unresolved background-like activity most likely due to an
autodetachment state.

The Si-peak at 3384 meV has the highest intensity in the spectrum and shows — in con-

tradiction to the Ti-state vibrations — a lower-energetic vibrational progression. Possibly
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this low-energetic vibration (value?) is the frequency of the torsional phenyl vibration.
The assignment of the T, state or other higher triplet states is difficult due to missing
theoretical data. The small peak below S is, however, not due to a hot band transition,
and therefore a new electronic origin. In these past experiments with anthracene and
anthracene derivatives, one could see a certain trend that the T)-state lies just below the
Si-state [Paul7|[Vogl2][VKMW15]. So on this basis the structure in front of S} is assigned
to the transition to the Ts-state.

At the very end of the energy scale, another sharp and high peak is present. Its nature
stays unclear, due to the lack of theoretical data. It could be a transition to a singlet or
triplet state. It could be unfortunately also caused by extremely low-energetic background
electrons.

If one compares the PD-PE spectrum of with the spectrum of anthracene [Paulf|,

Table 4.12: Overview over the electronic state data of 9PA. The values without cita-
tion stem from this work. All values are given in meV

electronic state | configuration literature experimental
theory ‘ experimental AFg, ‘ AFEp,
So/eA - - 576
T - 17854 1852 | 2428
S1 3220* | 32282 3130 3090°| 3384 | 3960
T2 - - -
Sy R

* [IKY16] theory B3LYP/UV-VIS in cyclohexane
b [NS13] UV-VIS in water/acetonitrile

¢ [UOK™20] UV-VIS in dichlormethane
4KKK76] double excitation in ethanol

the shifts of the corresponding peaks in @Pal versus anthracene are minuscule. This sit-
uation leads to the assumption, that the m-system of BPal is exclusively centred in the
anthracene-structure and does not extend into the phenyl unit.

The phenyl unit can only participate as a unit which can accept some surplus electron
charge and by this slightly increase the EA (EAunihracene = 530 meV) In conclusion,
the additional phenyl-group has nearly no effect on the energetic positions of the excited
electronic states. This could be explained by a localisation of the anionic charge on the

anthracene structure.
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4.6.10 9-(1-Naphtyl)-Anthracene

The chemical structure of 9-(1-naphtyl)-anthracene, abbreviated DQINaAxn["| is shown in
Figure[#.34 In comparison to the 9-phenyl-anthracene treated above, in the sub-
stituted naphtyl is now twice as large than the phenyl unit. As a consequence in
there occurs a strong repulsion between the hydrogen atom in position 8 of the anthracene
core and the hydrogen atom in position 8 of the naphtyl unit. This H-H repulsion in
is expected to force the naphtyl group to twist out of plane by rotation around
the C9-C1 axis, much more as this is the case for 9-phenyl-anthracene. Note, that in the
latter molecule the shortest H-H distance between the anthracene core an the phenyl unit
is considerably larger (see Figure .

As already mentioned before, many [PAHPs have optical properties for applications in
OLEDI"s or other semiconducting devices. as well as other anthracene derivatives
like 9-(2-naphtyl)-anthracene can be used for triplet up-conversion as shown in blue emit-
ting [OLEDIs [MZZ"15], [LSY"13].

Due to its very weak fluorescence the detection of the Si-state origin of was first
not found in a gas phase experiment [FKB57], only on later in ethanol solution by absorp-
tion spectroscopy [VBZ58].

The most interesting question arising for [@1NaAn| is how the twist angle between the
anthracene core and the naphtyl side group influences the coupling between the two =
systems. The strength of this interaction should especially affect the EA value, but pos-
sibly also the energetics of the excited electronic states. This and the similarity of the
structure of @INaAn| with other substituted anthracene species raised the interest to in-
vestigate it with the method. The PD-PE spectrum of @INaAn| recorded with a
detachment wavelength of 266 nm is presented in Figure Due to the fact that the
PD-PE spectrum is not composed of sections of different spectra recorded with different
wavelengths, the electron energy resolution is low for the transition from the anion ground
state to the Sy state (first peak on the left hand side) and increases to the right (compare
the peak widths in Figure . The lower energy region of the spectrum around the
transition to the S state resembles in parts to the situation in the PD-PE spectrum of
9-phenyl-anthracene in section 4.2.9. Only some small differences exist: i) In Figure m
the origin transition and a vibration of the Sy state are somewhat better resolved and ii)
there is less contribution of auto-detachment signal in the spectrum of than in
the PD-PE spectrum of 9-phenyl-anthracene (see Figure .

The anion-to-S, origin transition lies within the accuracy of the energy calibration and with

179_(1-Naphtyl)-anthracene
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Figure 4.34: Chemical structure and atomic numbering of 9-(1-naphtyl)-anthracene
(TUPAC).

the assumption that the FC factors allow the transition to the Sy origin, at 652 + 10 meV
(lower scale) and defines the EA value of OQ1NaAnl

The peak at 1852 meV (upper scale) is the transition to the Tij-state. It is remark-
ably intense and followed by a vibronic transition, presumably a C-C- breathing mode
(2 2000 em~ 1), which seems to be the same vibration than observed in the transition to
the Sy state. In the region of the T} state there seems to be also some auto-detachment
signal modulating the baseline. According to the literature up to now the gas phase energy
of the T} state was unknown.

The transition to the Sy state at 3376 meV (upper scale) is very sharp and very intense.
Its small width is a result of the very good resolution of the TOF spectrometer in this
corresponding low-energy electron range. Due to this excellent resolution a vibronic tran-
sition about 50 meV above the S; origin is resolved, which might be the C9-C1 stretch
vibration between the anthracene and the naphtyl group.

Right behind the Sj-state also a vibration with 250 meV (= 2000cm™') is observed,
presumably the same than in Sy and 7. Looking very close at the origin peak of the S}
also a shoulder is observed (give value) which could be due to the torsion motion between
the two units.

The available literature data on the S; state energy all rely on measurements in liquid
phases, so a direct comparison of these data to the gas phase values of this work is difficult.
The Sy positions measured by UV-VIS spectroscopy in ethanol (3204 meV') [VBZ58| and
in chloroform by fluorescence emission spectroscopy (3024 meV') [XLST13| are red-shifted

against the value of this work (3376 meV/), as is expected for such types of molecules.
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Figure 4.35: PD-PE spectrum of 1-(9-naphtyl)-anthracene recorded with 266nm

Right in front of the S; state, around 3100 meV (upper scale) several small peaks appear,
which look like noise or hot-band transitions. Since hot-bands do obviously not contribute
to the spectrum (see the zero line in front of the transition to the Sy state) and the fact
that in anthracene the T, state lies just below Sy, also in these small peaks can
be assigned to the transition to the T5 state. The fact that this transition is very small
in intensity has an analogy to the intensity of the 75 transition in anthracene, where only
one of the two configurations of T, can be addressed by photo-detachment from the anion
ground state configuration.The assignment of the peak at the end of the scale, is so far
impossible and would need additional theoretical data.

In Table 4.13 the data of as determined in this work are compared to literature
data. As a first comment concerning the consequences resulting from the PD-PE spec-
trum it can stated that the naphtyl group does not notably participate at the 7 system
of anthracene, which suggests that the torsion angle of the two units against each other
is large and that the FC intensities indicate that this torsion is not much involved in the

photoexcitations from the anion to the neutral excited states.
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Table 4.13: Overview over the electronic state data of 1-(9-naphtyl)-anthracene. The
values without citation stem from this work. All values are given in meV

electronic state | configuration literature experimental
theory ‘ experimental | AEg, ‘ AEp,
So/eA - - 652
Ty - - 1852 | 2504
Sh 320433024° | 3376 | 4028
T - - -
S -

* [VBZ58] UV-VIS
b [XLST13| fluorescence emission
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4.6.11 9-9'-Bianthracen

The chemical structure of 9-9"-bianthracene, abbreviated @9Bal'¥] is shown in Figure [4.36]
Due to the fact that the hydrogen atoms at the positions 8 and 8" as well as 1 and 1’
repel each other, the structure of @9Bal is such that the two anthracene units are rotated
against each other along the Co-Cg/ axis into a nearly perpendicular relative-position. This

implicates that the two 7 systems are mostly decoupled and more or less independent.
Similar to other [PAHls presented in this work, also is used in [OLED!I’s and in

Figure 4.36: Chemical structure and atomic numbering of the 9-9’-bianthracene
molecule (IUPAC).

organic semiconductor devices. It is a cost-efficient intermediate for the synthesis of blue
emitting [OLEDI's as shown by Li and co-workers [LGL™19).

The fact that anthracene has a relative high EA (530 £ 5 meV) [Paul?],[SW97| and a
relative low [[E] 7.41 eV [Sch77] led to the assumption that a low-lying intra-molecular
charge transfer (CT)) state below the S; state may exist. This theoretically predicted CT
state was not observed in the gas phase[KZ86|. The reason for this might have been, that
in comparison to the geometry of the S; state in the CT state the anthracene-anthracene
distance should be compressed by the attraction of the two opposite charges. As a result,
even if the origin of the CT state would be energetically below the S; state, it cannot
be populated directly by photoexcitation from Sy or by a radiation-less process from the
origin of the S;. The reason for the latter is that the geometry difference between the two
states results in a high barrier between them (see Figure [£.37)).

Just recently, Lee and co-workers observed the charge transfer by time-resolved fluores-
cence detection in however, only in polar solvents [LLCJ19]. They could identify
the SBCT)®tband at about 480 mm (2583 meV above S;). The reason that in polar

189 9’_Bianthracene
Ysymmetry breaking charge transfer
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excited states

energy

Y

inter A-A distance

Figure 4.37: Schematic electronic state in 9-9 ’-bianthracene: Note the intersection
between possible CT states and the excited state. The CT state can be adressed while
exciting into higher electronic states.

solvents the CT state can be populated from the S; state and not in the gas phase is,
that the CT state is stabilized by the solvent and pushed downwards so that the barrier
between S; and the CT state is considerably lower or even vanishes. Additionally, the
group of Zhao |[ZCH™18| later observed a charge-transfer-induced [E@ to the T state,
which also depends on the solvent used. The explanation for this lies in the fact that
in the charge-separated situation the two unpaired electrons are i) well-separated and ii)
can have a parallel or anti-parallel spin. Due to the unpaired orbitals are disjunct and
the unsaturated electrons are far apart this results in the consequence that the singlet-
triplet splitting is very small and the singlet C'T state and the triplet CT state are nearly
isoenergetic[VIKMWI5| .This is expected to enhance the ISC between the singlet CT and

20 inter system crossing
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the triplet CT. The latter state then can relax by fast IC to the T} state.

It seems that the nearly orthogonal alignment of the two anthracene units promotes the
CT and this special [SChmechanism [ZSCT21]. In the same work a T}-T),-absorption could
be observed at around 433 nm (2863 meV') which also seemed to have a charge transfer
characteristics.

Due to this CT state and the CT-induced dynamics, @9Bal is an especially interesting
molecule for spectroscopists. By the investigation of radical anions with PD-PE
spectroscopy it is possible to be able to directly access the CT state by photodetachment,

because of the following reasons:

e i) The geometry of the anion of [@9Bal might be compressed in comparison to that of
the neutral ground state Sy. By this, the anion geometry might be close in geometry
to the CT state allowing probably non-vanishing FC factors to the origin transition
of the CT state.

e ii) The detachment process from the anion to the neutral CT state is fully
allowed because it is just the ionisation of the neutral anthracene unit in the presence

of the second anthracene as an anion.

The hope that i) the geometry of the anion might be contracted is not so easily understand-
able: It is based on the expectation that in the anion ground state of a bi-chromophoric
molecule a charge resonance effect may be present. Such charge resonance effects are
well-known for radical cations [ON92] but their existence is still under discussion for neg-
atively charged dimer complexes and nearly unknown for bi-chromophoric molecules such
as [09Bal

The typical pattern which allows the recognition of a charge resonance effect is the split-
ting between the bonding and the anti-bonding CR states. This splitting can be directly
observed by optical excitation in the near IR wavelength range (0.5 - 1.0eV). Indeed an IR
absorption in the radical anion of the bi-anthracene derivative 1,4,1°,4 " -anthracenophane
has been found in solution, which could be interpreted as a transition between the two
CR states [SIT2]. Since in this molecule the two anthracene units are coupled by two
C-C- bridges, and hence much weaker than in [99Bal it can be expected that such an CR
absorption should also exists in [@9Bal It might be shifted to higher energies due to the
strong coupling between the two anthracene units and the isolation in the gas phase. On
the basis of these unique effects in and because of i) and ii) above there is a special
interest in obtaining [PDUPESkspectra of 09Bal In Figure the composed overview
spectrum of [99Bal is shown. It consists of three sections of different PD-PE spec-

tra, which have been recorded with the detachment wavelengths 1064 nm, 355 nm and

194



4.6 Poly-Aromatic Hydro-Carbons (PAH’s)

266 nm. Figure shows the complete spectrum recorded with 355 nm (upper trace,

_ Energy with respect to the neutral ground state [meV]
Bianthracene 509 ¢ 500 1000 1500 2000 2500 3000 3500 4000

T
CT

~N
w -
@2
c _ S,
5
_d S
—
S,
>
=
2
@ So
o
£

A A
T T T T T T T T T T T T T T T

—— -
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Energy with respect to the anion ground state [meV]

Figure 4.38: PD-PE overview spectrum of 9-9 -bianthracene.The spectrum is com-
posed of sections of the spectra recorded with 1064 nm, 355 nm and 266 nm. Please
note the transition behind the 77 state, which we attribute to the intra-molecular
charge transfer state CT. For further explanations see text

green) and the complete spectrum recorded with 266 nm (lower trace, blue) over the full
energy range. In the latter spectrum it becomes evident that the excitation with 355 nm
obviously excites an excited state in the anion or even several anion excited states. At
this point it is important to point out, that autodetachment via anion excited states i)
still follows the law of energy conservation and ii) the neutral molecule has to remain in
an electronic state in a vibrational excitation which really exists in the neutral molecule.
Hence although the FC factors can be manipulated by the autodetachment process the AD

peak positions in the PD-PE spectrum represent vibronic states of the neutral molecule.

In Figure in the lower trace the peak shape and the peak positions (compare
to anthracene [PaulT7|) agree with the normal expectation one would have for a PD-PE
spectrum of This means that the detachment wavelength of 266 nmis obviously
non-resonant with anion excited states in [09Bal

To make the following discussion easier for the reader, forestalling the outcome of the
assignments is necessary. You can assign the on-going structure directly behind the Sy

state to inter-anthracene vibrations in Sy and the spectral structure CT above the 17 state
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Figure 4.39: PD-PE spectra of 9-9"-bianthracene recorded with 355 nm (upper trace,
green) and 266 nm (lower trace, blue). Note the change in intensity and the appear-
ance/disappearance of the CT structure. For further explanations see text.

as the transition from the anion to the intra-molecular charge transfer (CT) triplet and
singlet states of the in total neutral @9Bal molecule.

First proceeding as usual. The transition to the Sy state is observed at 728 meV (this
defines the EA of 09Bal). The best accuracy of the Sy position and the EA value is achieved
with the detachment wavelength of 1064 nm (energy value taken at half height of the left
side of the first peak).

In the spectrum recorded with 355 nmthe region from 800-1800 meV is filled with a strong
signal (see Figure which should correspond to vibrations of the Sy state. There can

be two reasons for this:

e i) the anion ground state is a charge resonance state and is geometry-shifted to the
So state and/or

e ii) the detachment wavelength resonantly excites a vibrational excited auto-detachment
state of the anion which has FC overlap to high-energetic vibrational states of the
Sy state.

Concerning the first point i) already a positive statement was made above. Concerning ii)
the question is, what is the nature of this vibrational excited auto-detachment state of the

anion. Below each vibronic level of the CT state, there should be an anionic dipole-bound

196



4.6 Poly-Aromatic Hydro-Carbons (PAH’s)

state. A detachment from such a dipole-bound state which corresponds to a vibronic
state of one of the CT states is expected to have a preference to decay to the neutral CT
state, but neither to the 77 state (as observed) nor to the Sy state. This means that the
involvement of dipole-bound anion excited states resonantly excite with 355 nm but not
with 266 nm agree with the presence and absence of the CT state in the corresponding
spectra in Figure [1.39] An other explanation for the broad structure in Sy, but not in
T could be that the inner wing of the anti-bonding CR resonance state can reach up to
355 nm. If this anion upper CR state would be excited neither the 77 state nor the CR
states can be populated by the loss of the electron from the upper 7* charge resonance
state.

In conclusion, it is possible that the situation in the[99Balanion and in the neutral molecule
is rather complicated due to the two CR states and the two CT states.

In the following, it is continued with the spectrum recorded with 266 nm because it seems
to be almost free of auto-detachment effects.

The very intense T}-state origin lies at 1864 meV followed by a vibronic transition of about
250 meV, presumably a vibration in the ring system.

The Si-state is observed at 3344 meV/, which is in good agreement to the gas phase value
of Zewail et al. (3321 meV) [KZ86]. Behind the S; origin a small vibronic transition is
observed at a distance of 50 meV .

Similar to other spectra of molecules with an anthracene core presented in this work, right
in front of the Si-state at directly at the rise lies again a minuscule peak. This could
be the only weakly-allowed triplet-state T,. However, further evidences like theoretical
calculations are lacking to support this tentative assignment.

In the 355 nm spectrum, right after the first triplet-state, a very intense and relatively
sharp peak appears. Since it is only present in the 355 nmspectrum a resonant excitation
to an anion excited state followed by auto-detachment has to be present.

The question is, what is the nature of this anion excited state and what is the nature of
the final state in the neutral molecule. Since the resonant excitation of neutral anthracene
lies accidentally close to 355 nm (361.08 nm ~ 3.4339 eV, [LFSZ84]), it is reasonable to
assume that the detachment wavelength 355 nm resonantly excites the neutral anthracene
unit of the two units in and that then the excited anion undergoes auto-detachment
to the CT state at 2408 meV by loosing the electron of the excited neutral anthracene
unit. This resonant excitation of the neutral part of @9Bal is obviously so strong that it
can compete with the detachment process of the anionic part of [99Bal This leads to the

conclusion that the peak at 2408 meV can be assigned to the two intramolecular CT triplet
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and singlet states. The PD-PE value of 2408 meV is in relative good agreement with the
value found in polar solvent (2583 meV')|ZSCT21] if one considers that fluorescence can
only come from the upper singlet CT component and that in both experiments — solvent
and gas phase — geometry changes and FC factors may contribute to a difference between
the observed signal rise and the position of the adiabatic onset. All obtained data, as well

as literature data can be seen in table 4.14.

Table 4.14: Overview over the electronic state data of 99BA. The values without
citation stem from this work. All values are given in meV’

electronic state | configuration (ratio) literature experimental
theory ‘ experimental | AFg, ‘ AFEDp,
So/eA - 728
Ty - - 1864 | 2592
cT - 2583% 2408 | 3136
Sh 332123187¢3171¢| 3344 | 4072
TQ - - -

2 1ZSCT21| CT fluorescence in polar solvent
b [KZ86] super sonic jet, time resolved fluoresence
¢ |ZSCT21] uv-vis in acetonitrile/dichlormethane
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4.6.12 Comparison of the anthracene derivatives

The high number of the investigated anthracene derivatives allows a comparison of their
excited state energies and their electron affinities. As already found before in the works
of Konieczny|Paul7| and Vosskotter [Steld] there can be certain tendencies when the size
or the substitution of conjugated molecules is changed. These tendencies are observed
in PD-PE spectra as changes or/and changes of the electronic state positions in the
compounds. For example Zhao and co-workers [ZSCT21| mentioned, a local excited state
in @9Bal The question is, whether the S; state in @9Bal is really local? The following
comparison of the spectra of @9Bal and other anthracene derivatives adds further evidence
of this local excitation. Figure shows all acquired spectra (composed) of the an-
thracene derivatives and figure .41 graphically displays the excited state values for a

better overview.

Electron Affinities

Coming from pure anthracene with a of 530 meV |[Paul7|,the electron affinity varies
within a range of 300 meV, indicating that the addition of any phenyl group increases the
[EA] of the system, therefore enhancing the local charge stabilizing effect. This is not sur-
prising as generally a phenyl group is considered inductively withdrawing and resonance
donating.

has the lowest electron affinity of 576 mel in the investigated series indicating a

electron density withdrawing effect as well as a resonance donating via the phenyl group.

So if another phenyl-group is added, resulting in 26Dpal or [910Dpal respectively results in
a higher electron affinity, 884 meV and 750 meV. This indicates that an addition of a

second phenyl-group has a much higher impact on the system as just one, if compared
to the difference from anthracene to QPal ( AEAl= 46 meV'), from anthracene to
(AEA] = 220 meV) and from anthracene to (AEA] = 354 meV). Regarding the
differences with respect to the anthracene molecule, the effect on the is not linear.
Additional a positioning of the phenyl-groups in a way that increase the spatial size in one
axis (like in has a bigger impact on the [EAl Nevertheless the effect seems to be
the biggest in the diphenyl-derivates, as they inherit the highest and second highest [EA]
in this series.

Regarding an addition of a naphtyl-group as for @1NaAnl the increase is higher as
with just a phenyl-group AEAl= 122 meV'.

The effect of adding an anthracenyl-group to an anthracene has an even bigger effect as
AEAl = 198 meV resulting in an of 728 meV. This value affirms the perpendicu-
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lar structure of the [@9Balmolecule, as the [EAl of B9Bal is not simply doubling related to
the anthracene molecule, indicating a weak but existing coupling between the anthracene
sub-systems. In conclusion, only regarding the investigated species revolving around an-

thracene, 3 major effects can be observed:

e Adding groups with a (-I)/(+M)-effect generally increases the [EA]
e The increase is not linear.

e The positioning is crucial in the resulting effect.

Triplet 77-states

As in this work, several before unknown gas phase values for the triplet states could be
observed, also a comparison in the deviations regarding the excited states is interesting.
Remarkable are the miniscule shifts in the position of the Tj-state, as the differences
between them, as well with respect to the anthracene molecule are nearly 0 meVl/ a first
sight, the triplet state all over all derivates is nearly the same (comparing the red lines
indicating the anthracene values ). This is a quite unexpected behaviour, as it could
be assumed that adding functional groups with inductive effects should also alter the
symmetry and structure of the corresponding molecular orbitals resulting in deviations.
This issue corroborates among other things the claim of Zhaol|ZSC*21], is firstly
locally excited within the anthracene systems. Now it can also be claimed that regarding
the lowest triplet states of anthracene analogues, the major configuration of the Tj-state
is determined by the anthracene-subsystem.

However, also the vibrational progression seems to be the same all over the investigated
molecules, with the exception of (compare section 4.2.11) and [9I0Dpa] were obviously
affected by [ADlstates as the vibrational progression is modulated. For an overview refer
to and

Singlet S;-states

The comparison of the S;-states displays a slightly different effect. The shifts of the S;-
states are slightly higher than the shifts of the triplets. However, it stands out that within
the group of and [@Pal the singlet value shifts just around 40 meV. So regard-
ing this series, it also seems that the anthracene MO’s are dominating the configuration
of the singlet states. Furthermore the red-shifts of and are counspicuous,
as they are further shifted to the red in comparison to the other three systems. The po-

sition of their singlet Si-value is nearly identical, which leads to the assumption that the

200



4.6 Poly-Aromatic Hydro-Carbons (PAH’s)

positioning of the phenyl groups barely has any effect on the singlet-energy. These shifts
can be observed in [1.40] and .41

Overall it seems, that the anthracene subsystem dominates the configurations for the
singlet and triplet states regarding their respective energies. All this evidence affirms the
claims of a locally excitation of the anthracene subsystem, even in other molecules than
as reported by [ZSCT21|. For a better understanding and interpreting interrelation-

ships, more data is needed, experimental and theoretical as well.
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Figure 4.40: Photo-electron spectra of anthracene derivates. Note the position of the excited states. The charge seems to be
localised on the anthracene system. Further explanation see text.
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4.7 Complex compounds

4.7.1 Copper phtalocyanine

Metalloporphyrines in general, had been studied intensively, not only due to their resem-
blance to biological active molecules, but also to their applications as semiconductors,
especially mﬁﬂ(comp. . One exemplary usage in biochemistry is to inhibit cer-
tain enzymes |[Rotll]. The manifold usages in semiconductor applications include high
charge mobility in thin films as Dimitrakopoulos and co-workers could display[DPK™99].
So the electronic properties of are crucial, for the application as conducting mate-
rial. However, vapour spectroscopy had been difficult to perform on molecules in this size,
as temperatures around 400° C' are needed for vaporizing, resulting in experimental chal-
lenges. Nevertheless, a spectrum could be obtained, but regarding the electron
configuration in the ground state a straightforward interpretation is confounded.

To establish a possible interpretation, the spectroscopical history of is crucial.

Figure 4.42: Chemical structure and atomic numbering of the copper(II) phtalocya-
nine molecule (IUPAC).

Beginning in the mid 60’s, Steinfeld et Al. [EEGS66] were the first group to obtain ab-
sorption/emission spectra of metallo-porphyrine vapors. They observed no fluorescence
just absorption at 15240 cm™! (1889 meV) indicating a radiation less decay of the S-
state. Shortly after in 1970 Schechtman was able to the record absorption spectra of thin
films, whereas he could identify this absorption band (q-band, Sy — Si-transition)
at roughly the same energy (1.8 eV') and the soret-band (Sy — Ss-transition,3700 meV)
as well as other higher energetic transitions beyond the soret-band|SS70]. Both groups
agreed in the point, that the additional electron from the copper metal, is responsible for

the absence of a fluorescence, Steinfeld et Al proposed a intersystem crossing as a possible

2 copper(11)-phtalocyanine
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channel for a radiation less decay. Much later, Liao and Scheiner [LS01] did a theoretical
study (DFT) of the metallo-porphyrins, with interesting results. The electron configura-
tion in shows that the there exists a SOMOP?(by,) between the HOMOl(a;,) and
LUMOI2e,), indicating that the possible configurations of the ground state is a doublet,
because of the The nature of the ground state being a open shelled state, could
be determined by ESR early on [CASG9), as well as by XANES performed by |[CCBT04].
This starting situation means, that a electron attachment to leads either to singlet
or a triplet state, both configuration that would hinder a direct observation of the forbid-
den state via anion{PDUPES| This raises the question, why the obtained spectrum seems
to appear like a typical spectrum. Interestingly, Liao and Scheiner claims that
a one electron oxidation process in always occurs out of the and not out
of the although lying 500 meV above. From this point on, one can speculate that
the SOMOL which can be associated to the copper-atom, possibly does not contribute to
the configurations responsible for (some of) the excited states. This would possibly lead
to a local excitation on which only the porphyrine contributes. The SOMO state then
could be seen as a "spectating state", not interfering with the MO’s participating in the
excitation. This leads to the conclusion that the here recorded spectrum, in fact displays a
PD-PES spectrum featuring the excited states of the molecule as intended by the method.
However[UFNT07| could detect plasmon-enhanced up conversion fluorescence of
thin films on gold surfaces, showing a internal energy transfer via the 7Tj-triplet state
resulting in an upconversion to a higher singlet state and resulting in a S;-fluorescence
which could not be detected by other means. Their obtained values (although its difficult
to directly compare solid state spectroscopy with the gas phase) are in accordance with
the here obtained spectrum.

With this in mind, interpretation of the [PDHPESkspectrum can be performed as above.
So the first peak (compare figure marks the [EA] of [Cu-Phl with a very high value
of 2166 meV if compared to the smaller investigated systems before. Of course this is an
effect of the sheer size of the complex. The peak at 1083 meV then can be interpreted
as the Ti-state,with some vibrational progression up to the area of 1200 meV. The X-
marked peak, seem to not be a vibration of the triplet state, and could possible be another
triplet-state (e.g. the Ty-state ), but due to a lack of data, this can not be affirmed. The
broad structure at 1870 meV marks the positon of the Si-state, in good accordance to
[SS70] (1,8eV) and [EEGS66] (1889 meV'). Also the data gained by [UENT07| (1700 meV')

seems in accordance to the gas phas value here, as a redshift can be assumed transitioning

22semi occupied molecular orbital
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from vapour to solids. A further interpretation of the area after the Si-transition can not
be established due to the increase of the baseline and the noise ration. Note that the
theoretical values derive from the literature (experimental values) and therefore from the
obtained values here. Compare Table 4.15 with all obtained data from literature and the

data from literature sources.
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Figure 4.43: Photo electron spectrum of Pigment Blue-15. Used wavelength 266 nm
and 213 nm composed at 1000 meV and 4600 meV

Table 4.15: Overview of the electronic states of Cu-Ph. The non cited values are out
of this work. All values are indicated in meV

electronic state | configuration (ratio) literature experimental
theory \ experimental | AFg, \ AFEp,
So/eA - 2166
T - - 1100* 1083 | 3249
Sh 1460 | 1700218001889 1870 | 4035
X - - - 1676 | 3844
Sy -

2 JUFN™07| plasmon enhanced upconversion on Au-substrate, electron tunneling microscopy
b [LS01] density functional theory

¢ [SS70] absorption uv-vis thin film

4 [EEGS66] absorption uv-vis vapour
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5.1 Conclusions and Outlook

Radical anion-photo-detachment-spectroscopy wields the capability to contribute data on
electronic structure of organic compounds which are otherwise inaccessible. The spec-
troscopy of forbidden states, such as triplets, can complement other studies and be in-
sightful for the research of excited states in general.

So the major focus of this work had been to gather further, previously unknown, data on
[PAHPs, complex compounds and heterocyclic compounds. In general these are not accessi-
ble by the means of classic spectroscopical methods. Also the superior aim of a systematic
understanding of the interaction of structure and electronic states was tried to be served.

In an attempt to meet the objectives mentioned above, this work contains

e The[PDlspectra of four heterocyclic compounds (BFT, Bl and [DBE]) and their

comparison.

e The PDspectra of ten PAHTs (pyrene, benzantracene, [Ball [DBAJ] G-Ad PT0Dpa,
26Dpal OPal O1NaAnl 09Bal) and their comparison.

e The [PDlspectrum of and a possible interpretation.

In order to improve especially the time needed to obtain a radical-anion PDHPES] instru-
mental advancements were the key. These advancements could be achieved through the
supervision of several theses which took place under the supervision of the author.

Including the bachelor theses by
e Marco Schmitt: first idea and setup for the needle discharge setup
e Laurin Henson: attempt to feed an electron gun via needle discharge

e Franziska Wichmann: improvement of the first needle setup (first pulsed setup) and

first obtained interpretable mass-spectra

'Dibenz|a,h]anthracene
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e Jan Meissner: attempting desorption via the needle discharge setup
and also the master theses by

e Nikita Schiitzek: redesign of the needle setup to the mounted-setup

e Jan Meissner: first obtained PES spectra in a master thesis resulting in a pub-
lication [MKMW21]

The last mentioned thesis marked a milestone in the handling of the[PDHPESsetup. Before
the instrumental improvements, it was time consuming and difficult to obtain a spectrum
(it took around days to a week just for the mass spectra to be obtained). The massively
increased numbers in produced anion species often just took around 30 minutes to get a
mass signal, prerequisite a positve [EAl

In conclusion the usage of the mounted-discharge setup was the key to obtaining more

spectra than before and can be seen as the core advancement in this work.

Spectroscopical advances

As just mentioned the savings in time made it possible to investigate more molecular
systems thab ever before in a set time. With the intention of generating comparable data-
sets of molecules could be obtained. Yet, is has to be said that a successful interpretation of
[PDHPESHspectra is only possible to be interpreted by affirmation of other spectroscopical
methods or theoretical investigation.

Nevertheless regarding the investigated heterocyclic compounds, the following could be

observed:

° and are forming dipole bound states instead of anion radicals, due to their
dipole moment, but the spectroscopy of these species opened up a pathway for a

regio-selective dehydrogenation.
e For [[Qonel a possible Th-state was observed and the [EA] could be determined.
e The first lowest triplet states for as well as its could be obtained.

e The direct comparison showed a systematic energy drop of the excited states from

DBE to [Qonel

The biggest group of the investigated molecules had been the [PAHl's revolving around the
anthracene sub system. So many spectra could be obtained in order to see overarching

interrelationships. So concluding the acene, antracene-like derivates,
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This

The [PDHPES| of pyrene could be obtained as a benchmark measurement, gaining

affirmation for the method itself.

The [EA]l of benzanthracene, as well as a hint on the positon of other triplet states.
The T,,T5 and Ss-state for

The [EA] T} and 75 state of DBAL

The spectra of G=Ad in accordance to literature to fulfil the series of acenes
(started with 3-Ad and 4-Ad]).

A comparison of the acene like molecules, showing that further data is needed for a

systematic approach.

The [EA] of and the direct measurement of its 7}-state.

The [EA] of 26Dpa) and its triplet 7} state, as well as the first vapour Si-value.
the first vapour values for the and T of @QPal

the first vapour values for the and T of Q1NaAnl

charge transfer state of [@9Bal as well as the triplet state and [EAl

a comparison of the anthracene derivates, indicating that the anthracene sub-system

determines the excited states

amount of data acquired made comparisons possible in this dimension. For a first

investigation on trends in molecular structure and the position of excited states.

Furthermore, upgrades in the inlet system in chamber 1 enabled the investigation of sub-
stances with a high sublimation temperature. By that the molecule could be
investigated by [PDHPES] for the first time. Its [EAl could be obtained, as well as possible

values for the S, T} and a hint on further excited states below the known g-band.

The raw amount of newly gained information on excited states and [EAls indicate that

the instrumental changes strongly improved the setup and made several new discoveries

accessible.
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Outlook

Summarizing the insights resulting from the conclusion of this work, several future im-
provements are conceivable. On one side, further instrumental developments are possible,
on the other side further investigation of the molecular series here would also benefit future
studies.

The enhancement of the experimental setup, has several approaches. So it is considerable,
to further adjust the inlet-system to enable an access to bigger, possibly biological rele-
vant molecule systems. A possible idea to achieve this claim could be the fusion of the
mounted discharge valve without relying on the thermal sublimation of the sample. This
could be done e.g. by means of desorption, but would also require intense investigation.

As mentioned before (comp. 4.2.5), certain other measures would be beneficial:

e A fully tunable pico-second laser, for circumventing e.g. anion-exited states, and an

overall better resolution of the respective peaks.
e Recreating the experiment with a higher repetition rate (e.g 20Hz).
e Upgrading the vacuum pumps, installing cryo-pumps.
¢ Additional detectors, possibly in a spherical orientation.

Also, an extended measurement-time could improve the signal noise-ratio, or as the last
item suggest a more area-wide detection of electrons would accomplish the same. However,
there are still ways to further improve the experiment.

The accomplishments by this work, mainly the easier execution of the experiment it-
self opened up possibilities to amass further spectroscopical data. As mentioned before
in chapter 4.1, a systematic research on the regio-selective dehydrogenation of halogen-
substituted heterocyclic compounds could also lead to interesting results. The series of
anthracene derivate could be expanded in order to see overarching patterns in the re-
spective excited states, but also other molecule systems like acenes or indoles could be
investigated systematically. The sucessful measurement on copper(IT)pthalocyanine could
be complemented with other metalloporphyrins, on a way to bigger systems with biological

relevance.
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