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4. Abstract

This work presents current technical innovations and enhancements on
a radical anion photodetachment photoelectron spectrometer, with the
goal to facilitate an easy experimental method for the location of dark
states in organic molecules. Therefore, a high-resolution electrostatic
electron spectrometer was constructed and further refined. As the elec-
tron spectrometer is the central part of the system, special care was
taken to ensure a maximum possible resolution, while still maintain-
ing a long-term manageable setup. Additionally the inlet system was
upgraded with a high-temperature nozzle system to allow thermal va-
porisation up to 590 K. To prove the benefits of such a system, dark
states of different biologically and technically relevant molecules were
analyzed. Much of the resulting data has been included in several peer-

reviewed publications or will be published shortly.

Die vorliegende Arbeit berichtet iiber die aktuellen Neuerungen und
Verbesserungen an einem Radikalanionen Photodetachment Photoelek-
tronen Spektrometer, mit dem Ziel, eine Methode zur einfachen, experi-
mentellen Untersuchung von dunklen Zusténden in organischen Molekiile
zu ermoglichen. Besonderer Wert wurde hierbei auf die Konstruktion
eines hochauflésenden elektrostatischen/feld-freien Elektronenspektrom-
eters gelegt, das als zentrales Herzstiick des Systems mit seiner spek-
tralen Auflésung tiber das Gelingen oder Nichtgelingen der Experimente
entscheidet. Des Weiteren wurde ein Hochtemperaturdiisensystem en-
twickelt, das nun die thermische Verdampfung bei bis zu 590 K erméglicht.
Um den Nutzen solcher Experimente darzustellen, wurden Dunkelzu-
stande mehrerer biologisch und technisch relevanter Molekiile vermessen,

deren Ergebnisse in diversen Veroffentlichungen wiederzufinden sind.






5. Introduction

Photophysics and photochemistry are important research fields which
deal with the photostability of chemical substances, their colors and
their optical addressability in industrial applications. A deeper analysis
of photochemistry shows that, besides the optically bright states, opti-
cally non-visible states exist which, however, can strongly contribute to
photophysical and photochemical processes in organic molecules. These
states are commonly known as ‘forbidden states’. Only a small number
of substances of daily life show effects like fluorescence. This admittedly
means that most of the molecules absorb light through bright states, but
loose the resulting electronic excitation by dark, non-radiative mecha-
nisms. Therefore, the notion of ‘forbidden states’, which denotes a
non-reachable state, seems to be improperly chosen so this work will
try to propagate the term ‘dark states’ for these special electronic tran-
sitions. Since, in general, it is assumed that about 50 % of the electronic
states in an molecule are dark and mostly unknown, the analysis of the
molecule’s relaxation mechanisms is usually difficult. As a minimum
requirement for reasonable assumptions, the energetic order and rel-
ative electronic positions of the electronic states need to be known.
Classical optical spectroscopy often fails to obtain values for these spe-
cial states as the transition moments for allmost all dark states in or-
ganic molecules are vanishingly small. Additional problems often arise
through the fact that many experiments are being performed in crystals
or solution at low temperatures. As enviromental effects can broaden
the spectra and shift the resulting peaks these experiments are often
inaccurate.

The main goal of this work is to use anion photodetachment photoelec-

tron spectroscopy to have direct access to dark states, such as triplet,
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* charge separated and symmetry forbidden states. The main ad-

nmw
vantages of radical anion photodetachment photoelectron spectroscopy
are, that transitions from the anion should all have similar probabilities
and that the anions can be mass-selected before the actual spectroscopy,
so exactly one species is analyzed.

The technical enhancements presented in this work include an updated
high temperature design of the inlet system and a new high resolution
electron spectrometer to be able to measure even tightly spaced elec-
tronic transitions. With these improvements dark state spectroscopy
was performed on a number of molecules ranging from simple hydro-
carbons like aromatic polyenes and azulene, to heterosubstituted bi-
ological and technical systems like p-benzoquinone, xanthone and its
derivatives. As the actual spectra show, it is now possible to perform
direct spectroscopy of dark states and the new, improved radical anion

photdetachment photoelectron spectrometer is fully functional.



6. Theoretical fundamentals and basic

considerations

6.1. Dark state spectroscopy

As mentioned in the introduction, in many organic chromophores, the
energetics and role of dark states in photophysics and photochemistry
are often discussed controversially in optical spectroscopy. Dark states
are molecular electronic states which have a small transition moment
in classical, optical spectroscopy of neutral molecules (IR and UV /Vis,
for a comparison see chapter 8.2). Starting in Sp, this leads to low
intensities in direct absorption spectra and small peaks that are often
barely distinguishable from background noise; sometimes if the signal-
to-noise-ratio (SNR) is not high enough this even makes these special

states completely invisible. Examples of dark states are:

e Triplet states, where two half-occupied electronic levels are pop-

ulated by unpaired electrons with parallel spins

e n7* states, where the transition takes place between a local non-

binding n orbital and a delocalized anti-binding 7* orbital

e Charge-transfer (CT) states, where an electron is transferred from
one molecule to another, forming a charge separated state with
distinct positive and negative charges on different parts of the
resulting molecular cluster. Also intramolecular CT states are

possible
e Symmetry forbidden singlet states, and

e Finally, excited states with double excitations in the MO scheme
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Nevertheless, many of these electronic transitions are important in-
termediate states in photochemical and photophysical processes. The
energetics of the participating molecules are mostly unknown, so many
photophysical or chemically reactive pathways are not quantitatively
understood. Dark states, such as triplet states, often play an impor-
tant role in destructive mechanisms, and should therefore be analyzed
in detail. For intermolecular chemistry, many of these mechanisms need
special energy storing states with long life-times, to allow diffusion con-
trolled processes and collisional reactions before deactivation. To un-
derstand the deactivation processes competing with chemical reactions
the Jablonski diagram (Fig. 6.1) is used. In the Jablonski scheme dif-

A S,
S, m——
s | T
g, ISC
* ——
hv | F —T
P
Sy

Ground state

Figure 6.1.: Jablonski diagram. hr = photoexcitation, F = fluores-
cence, IC = internal conversion, ISC = intersystem cross-
ing, P = phosphorescence

ferent molecular electronic states (S to So, Sp,, T1 and Ts) are shown.
Their corresponding vibrational levels are depicted in light gray colors.
Once a molecule has absorbed energy (‘h’) in the from of light, shown
as a blue arrow for the Sy — S5 transition, a number of different routes

back to the neutral ground state are possible. If the system relaxes



radiation-less, the energy conserving process is either called internal
conversion (yellow arrow, ‘IC’) or in case of a spin change, intersystem
crossing (purple arrow, ‘ISC’). By collision with other molecules the
excited vibronic states can now relax into their vibronic ground levels
(orange curves). Internal conversion and collisional relaxation from the
So normally lead to the lowest excited singlet state S;. In the singlet
pathway, if a photon emission occurs between two states of the same
spin multiplicity (green arrow ‘F’, S; — Sp) the emitted radiation is
termed fluorescence. Long lifetimes of certain singlet states, in this
example the S;, often favor intersystem crossing processes to triplet
states (here: Tp). From the resulting T; state it is now possible to
return to the ground state by radiative phosphorescence processes (red
arrow, ‘P’). Typically, the probability for the radiation-less inter-system
crossing process is by many magnitudes smaller and the resulting life-
time accordingly longer than the competing processes, which effectively
makes the T state a perfect candidate for energy storage. Lifetimes of

different photophysical processes are shown in table 6.1. The Jablonski

Comparison of lifetimes

Relaxation type Lifetime Radiation
Fluorescence 1078 to 10710 seconds  Short duration, red-shifted
Phosphorescence 10~ % seconds to hours Short duration, red-shifted
IC S, — Sy <1012 seconds none

IC S1 — So 107Y to 10712 seconds none

Table 6.1.: Lifetimes of different relaxation processes.

scheme, despite being a helpful tool to understand photophysical reac-
tions in many molecules, does not cover all possible energetic pathways.

For different effects advanced theories have to be considered, including:

e Conical intersections; two potential energy surfaces of the same

spin and spatial symmetry intersect in an energetically degener-
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ated point, creating a ‘molecular funnel’ where excited states can
easily be non-radiatively de-excitated (for an introduction see ref.
[BAE06])

e El-Sayed’s rule; states that the intersystem crossing rates (a low
yield photophysical process involving an isoenergetic radiation-
less transition between two electronic states of different multiplic-
ities) can significantly be enhanced by involvement of a change in

molecular orbital type during the radiation-less transition [F1563]

[LOW66, ELS68]

e Intermolecular processes: charge-transfer states, Dexter’s elec-
tron transfer [PEPX53] and Forster’s mechanism for resonant non-
radiative energy transfer (FRET)FOP48]

e Environmental effects; shifts in energetic order and position of the
electronic states induced by solvation effects of the surrounding

molecules

6.1.1. A short history of dark state spectroscopy

The first mentioning of dark state spectroscopy dates way back to the

late 1800s when Sir James Dewar discovered the existence of phospho-

DEWS80, DEW88a, DEWS&8b]

rescencel as the first step towards dark state

spectroscopy. It was was not up until 1935, about 50 years later, when

A. Jablonski tried a first interpretation of these findingsAB3%]. In 1943

p[TER43, TERA44] [LEW44, LEW45]

Tereni , Lewis and Kasha gave the first ex-

haustive explanation for phosphorescence as a metastable radiative de-
cay of T states to the Sy ground state.

In these days, experiments were often performed on molecules in solid
phase or matrices at very low temperatures. A prominently used ma-

SHP63a, SHP63b]

trix was the so called Shpol’skii matrix! As excitonic
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and solvation effects of the resulting liquid phase clusters and crys-
tals heavily influence their electronic transitions, other methods had to
be investigated for reliable result. By 1972 the first gas phase phos-
phorescence spectra of naphthalene and pyrene were recorded by van
Leeuwen et al.["BE72] - Prior attempts of measurement had failed due
to fast radiation-less relaxation processes competing with the long-lived
phosphorescence (0.1 to 10 sec.[FOW66]),

In 1976 Lineberger et al. investigated the T state of NH with photode-

[ENGT6] * One year later

tachment photoelectron studies on NH™ anions
Smalley et al. introduced the merits of jet-cooled molecular beams in
photoelectron studies>MA77] which were then used by Klots and Comp-
ton to produce gas phase anions and clusters by combining jet-cooled
molecules and electron attachment!®FC771. In 1983 Kruit and Read
presented the first magnetic bottle photoelectron spectrometerKRUS3]
were the detection efficiency of the emitted electron was raised from
about 0.03 % to nearly 50 % by introduction of a special magnetic
mirror. Eight years after Lineberger, Braumann and his co-workers
(1984) showed that it was also possible to measure higher, excited elec-
tronic statesPRZ84 of neutral molecules. For this he utilized photode-
tachment spectroscopy where the photodetachment threshold steps for
each neutral state are recorded to give a full spectrum of the electronic
states. This setup had the drawback of highly complex measurement
equipment where lasers had to be scanned over the range of several
electron volts, leading to a high amount of work for the operating sci-
entist. In the meantime Kuppermann et al. had investigated triplet
states of ‘polyatomic molecules by low-energy, variable-angle electron
impact’ VP! spectroscopy (electron energy loss spectroscopy, EELS).
In this work a large number small (aromatic) molecules, mostly conju-

gated polyenes, benzenes, five-membered heterocycles, azo-compounds
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and different substituted derivatives, were in the focus of investigation.
Originally developed by Miiller-Dethlefs and SchlagMUE84a, MUES4b]
Neumark et al. applied zero kinetic energy electron (ZEKE) spec-
troscopy to anions in 1989189 for structural analysis. High resolution
(1.5 up to 0.2 meV) anion ZEKE spectra of FeCy and other metal clus-
ters were recorded by Drechsler et al. in 1994[PRE9] 6 investigate spin
orbit energy levels. Later photodetachment photoelectron studies of jet-

[SCHIT] were conducted

cooled anthracene and anthracene-water dimers
by Schiedt and Weinkauf. Around the same time Parker et al. devel-
oped the velocity-map imaging (VMI) method!®PP97) were the three-
dimensional sphere of the ejected electrons is transformed into a two-
dimensional image on a spatially resolving microchannel detector. This
method was based on the works of Chandler and Saeed[MFL93, HEC95]
and relies on the lateral energy of the different kinetic electrons. Further
improvements were then accomplished by Neumark et al. with the slow

0ST04]

electron velocity-map imaging (SEVI)[ method. Recent studies

on higher benzene analogs and clusters were conducted by Tschurl et

TSCO06a, TSCO6b, TSCO7]

al.l Table 6.2 gives a short summary about the

different dark state spectroscopy studies since the first mentioning of
phosphorescence by Dewar in 1880.

6.2. Electronic transitions: Selection rules

As previously addressed dark states are often difficult to energetically
locate and assign. Some of the main reasons for small transition mo-

ments in photoexcitation are:
e The one-photon-one-electron principle (OPOE)

e Prohibition of spin inversion by photoexcitation
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Short history of dark state spectroscopy

Dewar

Jablonski

Sklar

Lewis, Lipkin, Magel
Terenin

Lewis, Kasha
Lewis, Calvin
Shpol’skii
Compton, Christophorou
van Voorst et al.
Lineberger et al.
Kuppermann et al.
Kruit, Read
Brauman et al.
Neumark et al.
Drechsler et al.
Schiedt, Weinkauf
Parker et al.
Neumark et al.
Tschurl et al.
Siegert

Vogeler

Phosphorescence

Metastable decay of electronic states
First interpretation as triplet states

Triplet triplet absorption

Analog.: Spin-forbidden absorptions, atoms
Phosphorescence as Ty — Sp transition
Phosphorescence/ESR for triplet states
Invention of the Shpol’skii matrix

Electron collision absorption method
Phosphorescence in the gas phase

PD-PES on NH

EELS on aromatic molecules

Magnetic bottle PES

Photodetachment spectroscopy

ZEKE spectroscopy on anions
High-resolution anion ZEKE spectroscopy
PD-PES on aromatic molecules

Velocity-map imaging

Slow electron velocity-map imaging

Higher benzene analogs and clusters
PD-PES: polythiophenes & CT states
PD-PES: n7* states & polyenes (this work)

1880
1935
1937
1941

1943 /44
1944
1945
1963
1968
1972
1976
1979
1982
1984
1989
1994
1997
1997
2004

2006/07
2010
2011

Table 6.2.: Updated history of dark state spectroscopy based on
[LOW66, MCG69, STE10].

e Small or vanishing electronic wavefunction overlap

e Electric-dipole-forbidden symmetry (Laporte’s symmetry selec-

tion rules)

6.2.1. The one-photon-one-electron principle

First postulated by Cederbaum et al. in 1977[CFP77 and later confirmed

by others in neutral Hel photoionization experiments®L484) this prin-

ciple states that one photon can only interact with one electron. Only

states which can be reached by excitation of a single electron are visi-

ble in one photon experiments. Figure 6.2 shows that if one electronic

state, in this example the Ss, consists of a linear combination of two

or more different electron configurations the transition probability may
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be reduced due to the one-electron-one-photon principle. Here, in con-
figuration b), only one electron has to be moved to reach the left So,
whereas ¢) depicts a molecular orbital scheme which shows that the
other configuration of the Sy can only be reached by excitation of two

electrons. Note: This one-photon-one-electron selection rule is one of

S2 S2
> Lumo Direct resonant
= excnatlon
[7] or
=
5 HOMO -
-+ b) c)
Neutral Neutral Neutral
molecule molecule molecule

(OPOE allowed) (OPOE forbidden)

Figure 6.2.: Doubly excited Ss states in the MO scheme. a) Ground and
b), ¢) excited state configurations. Only state b) is reach-
able by direct photoexcitation as state state c) differs by
two electron positions, which is not allowed by the OPOE
selection rule.

the few restrictions, which also applies to the method used in this work.

6.2.2. Prohibition of spin inversion by photons

In electronic transitions the transition dipole operator describes the
interaction of the electric wave of the light with the molecule. In con-
trast, the electronic spin is a magnetic property. In this context singlet
state (s = 0) describes an electronic state where all electron spins are
compensated, whereas in triplet states (s = i%) two electron spins are
aligned in parallel. When exciting an electron with a photon from state
1 to state 2 the integral over the wavefunctions and the dipole opera-

tor is obviously not zero. This requirement can be expressed with the
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formula:

+o0 2

P =l il el =| [ wingrdr (6.1)
)

Where P is the probability amplitude, i is the transition dipole opera-
tor and respectively 3 & @1 are the overall wavefunctions for the final
and the initial state. In this concept a magnetic transition is not in-
cluded. The coupling between singlet and triplet states is weak and only
induced by the spin-orbit operator. Figure 6.3 shows how Equation 6.1
transforms into the molecular orbital state scheme. A laser pulse (hv)
excites one electron into a higher molecular state. If the overall spin S
(sum of all spins s) is not allowed to change, the molecule stays either in
the singlet or triplet configuration (Fig. 6.3). Photoinduced transitions
from the Sy to a triplet state (shown here: T;) are therefore not possible
without a spin change. As spin functions are orthogonal, a transition
between different spin functions would lead to a transition moment of

zero, i.e., this transition would have a low intensity. In molecules with

v
So 81 T1
> LUMO Direct resonant _1_
D) ﬂ excitation
[0} —_— or
=
5 HOMO —1-
- a) ) c)
Neutral Neutral Neutral
molecule molecule molecule

(bright state) (dark state)

Figure 6.3.: Transitions to the singlet and triplet states, S; and T; in
a MO scheme. Singlet-singlet transition are electric dipole
allowed, singlet-triplet transitions are electric dipole forbid-
den due to prohibition of spin inversion.
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heavy atoms (high number of electrons present), the L — S coupling
turns into a j — j coupling and the S-T transitions gain intensity with
increasing atomic size (e.g., in Iy, CH3I). Other, additional pathways
to population of triplet states are possible; the most prominent being
the non-radiative inter-system crossing (ISC) process. From an excited
singlet state ISC isoenergeticaly converts population from the singlet
to the triplet configuration by spin flipping. The resulting vibrationally

excited triplet state then relaxes back into its vibrational ground state.

6.2.3. Small wavefunction overlap

As noted above the transition moment is given by M = (3 || ¢1).
Since the operator fi does not shift wavefunctions, @3 and ¢; must
have at least some spatial overlap. For n7* transitions an electron is
transferred from an localized n orbital to a delocalized 7* orbital. Often,
only a small spatial overlap exists between these two orbitals especially
if perpendicularly oriented. Therefore, the n7* transitions are weak
in classic optical spectra. This also applies to charge-transfer (CT)
states (intra- as well as intermolecular), where an electron is transferred
between two molecules or one localized 7 system to another within the
same molecule. In intermolecular CT transition the problem of non-
or only minimally overlapping wavefunctions is even worse than in nw
excitations. The participating wavefunctions are not only separated by
mere two or three C-C bonds (about 150 pm each) but by the free space
between the involved molecules. Therefore even if the transition is spin
and symmetry allowed the resulting transition probability is rather low

due to the lack of wavefunction overlap.
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6.2.4. Electric-dipole-forbidden transitions (Laporte symmetry
selection rules)

The Laporte rule, named after Otto LaportelAP25]

, states that only
those electronic transition are allowed where the symmetry or asymme-
try in respect of an symmetry center is not conserved. This means that,
if the initial state has a g (gerade) symmetry the final state has to be
u (ungerade) and if the initial state has an u (ungerade) symmetry the
final state has to be of g symmetry (In short: in a transition 7 has a u
symmetry and (¢} |11 ;) should always be of g (gerade) symmetry to
be allowed). States denominated as g/u are asymmetric/symmetric in
respect of their center of symmetry. If all atoms are inverted across the
molecule’s inversion center, the relevant molecular property, here the
electronic wavefunction, would either look exactly the same (g sym-
metry) or not (u symmetry). Special effects, like Renner-Herzberg-
Teller couplings!MER33: REN34] “capn soften these rules (also see: Jahn-
Teller effectTFL37) " If an asymmetric vibration deforms the involved
molecules they are no longer perfectly symmetric. Since the electrons
follow the nuclei the electronic wavefunction becomes an asymmetric
contribution, which allows it to couple to a nearby allowed state of this
symmetry. As Laportes rule only applies to molecules with a inversion
center the imposed rules no longer effects the transition probability.
The intensity given by the Renner-Herzberg-Teller couplings, however,

are small in comparison to allowed transitions.

6.3. Mass spectrometry

In most spectroscopic methods it is inevitable that only a single type
of molecules is present in the analyzed sample volume. For example,

carotenes are well known to form aggregates even in small concentra-
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tions. As no way of chemical discrimination is known, a physical se-
lection has to be conducted. In gas phase experiments, with their nat-
urally low molecule density, often fragmentation occurs during vapor-
isation and clustering or dissociation after electron attachment forms
new species. Therefore, for some spectroscopic methods, mass selection
has to be performed prior to spectroscopy to obtain a direct correla-
tion between molecular species and the optical spectrum and effectively
eliminate overlapping subspectra. This also gives the opportunity to in-
vestigate stepwise complexation with an increasing number of solvent
molecules to understand solvation or delocalization effects in detail.
Many different developments were made since the early 1900s, when
the first mass analyzers were invented. Table 6.3 gives a short overview

about the different types of mass selection methods. This work mainly

Method Remarks

Magnetic sector field mass analyzer Scanning system, low transmission, bulky
Time-of-flight mass spectrometer High transmission, low resolution, low cost
Electrostatic mass gating low-/high-pass possible, needs 2nd mass gate
Quadrupole mass filter Scanning technique, very-low transmission
Quadrupole ion trap See quadrup., Add. long measurement cycles
Fourier-transform ion cyclotron spec. Very expensive system, high resolution
Orbitrap Expensive electronics & mechanical system

Table 6.3.: Different types of mass selectors

relies on time-of-flight mass spectrometry (TOF-MS) in combination

with mass gating for mass separation.

6.3.1. Time-of-flight mass separation

The process of mass selection is performed by isolation of different mass-
to-charge ratios in the mass spectrometer. Each mass selection method
therefore has its advantages and disadvantages. For anion PD-PES,

one advantage is the possibility of mass separation before the actual
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spectroscopy. A TOF-MS system was chosen because of its:

e High transmission of about 50 percent, so that spectra can be

obtained despite a very low number of anions
e Theoretically unlimited mass range

e Simple non-scanning system: detection of a full mass spectrum

for each measurement cycle

e No high frequency (RF) electronic or magnetic fields disturbs the

electron spectrometer
e Compatibility with pulsed sample injection and laser systems
e Low cost in comparison to other types of mass analyzers

e Easily scalable system: cheap ion reflectors and mass gates for

higher mass resolution

The ideal starting condition for a time-of-flight mass spectrometer is
an ion cloud where the different masses start in one point with zero
velocities. This directly translates into identical kinetic energies after
acceleration in the ion source. For a given set of masses m;, their

velocities can then be written as:

2F

m;

E=mp? s v= (6.2)

Where E is the kinetic Energy, m the mass and v is the velocity of the molecules

If multiple charged ions are possible it is necessary to consider that:

E = zeU (6.3)
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Where E is the kinetic Energy, z the charge number, e the charge and U the potential

difference of the accelerating electrostatic field.

Combination and transformation of equation 6.2 and 6.3 then leads to

equation 6.4 for the velocity of the ions in the field-free flight path.

v:,/E:,/%eU (6.4)
m; m;

Rewriting the velocity as fractions of distance per time unit directly

shows that time-of-flight MS only measures a mass-to-charge ratio:

m; 2U 2
ze 2

(6.5)

m

7t = mass-to-charge ratio, U = acceleration potential, x = distance and t = time step.

Note that in equ. 6.3.1 the amount of time during acceleration is not
considered. So if the charge numbers z of the analyzed molecules are

known, it is possible to calculate their respective masses. As for our

m;
ze

ionization method z is always = —1, can be represented as m;. As all

Mi have
ze

to be callibrated against known masses. To predict the ion’s arrival

spectrometers have to be calibrated on first use, the resulting

times equation 6.3.1 needs further refinement. Equation 6.6 addition-

ally compensates for the acceleration field in the ion sourceBOT00,

sz'd m;
t=4|——+1L 6.6
zeEfie1d + 2zeU (6.6)

m = mass of particle, z = charge number, e = electronic charge, Ff;c;q = electrostatic
field applied in source, d = length of accelerating path, L = length of field-free region

and U = accelerating potential
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The first term of equation 6.6 handles the problem of starting posi-
tions (different d;) in the ion source. The second one describes the
field-free drift region of the mass spectrometer. The principle of mass
spectrometry dates back to the works of J.J. Thomson in the late
1800s[THO97, THO13] ' Degpite numerous works in 1913-1940s where dif-
ferent approaches were applied (Research by Arthur J. DempsterPFM!8]
resulting in the 1935s discovery of 23°U), the first proposal for a fully
functional time-of-flight mass spectrometer was made by Stephens in
19461STE46] - Later revisions by Wiley et al. incorporated a first-order
(i
Further correction of the starting position’s effects were achieved by the

= 0)[WILSS] correction for different starting positions of the ions.

development of the ion reflector by Marmyrin et al.MAM73] - Weinkauf
et al. then upgraded Wiley’s ion source layout with two accelera-
tion fields and highly optimized spacing between the three plates in
1989[WEIS9, BOE92] ¢4 gchieve a second-order corrected temporal focus.
To calculate the required distances and potentials equations 6.7 through
6.9MWEISI can be used.

Distance between ionization site and attracting plate:

c—2b c— 2\ *?
a:2(c+b) (c( 30 ) +b> (6.7)

a = distance between ionization site and second plate, b = distance between second and

third plate, ¢ = distance between third plate and spatial focus

Potential at the second plate:

2c+2b
Up2 = Utot ( >

3¢

Up2 = potential at the second plate, Usor = total acceleration potential
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Potential at the first plate (repeller):

(6.9)

2c+2b x c¢c—2b
3c a 3c

Urep = Utot ( + — %
U,ep = potential at the repeller plate, Uso¢ = total acceleration potential

The addition of two more acceleration plates providing the ion cloud
with another spatial focus for further improvement of transmission
efficiency. For resolution enhancement different other methods were

gIMAMT3]

developed: the already mentioned reflectron TOF-M , veloc-

MUGST]

ity compressio , impulse-field focussingBRO%1] and post-source

pulse focussingK™89 To refine temporal, spatial and energetic focus-

ing in this work a variable impulse-field ion source was used[VOG09, SIE10]

6.4. Electron spectroscopy

In this work electron removal with laser radiation is used to perform
spectroscopy of dark states by starting in the radical anion. This pro-

cess of electron removal is called photodetachment.

6.4.1. Electron detachment

Photodetachment describes the effect of removing electrons from anions
through photoinduced excitation of the molecules over the detachment
threshold. This process is similar to photoionization of neutral gases
and surfaces and obeys the same rules except the threshold behaviour.
To understand the basics of photodetachment, the photoelectric effect,
as discovered in metal surfaces, has to be referred to. First hypoth-
esized by Planck in the year 1900 (quantization of light["“A0) the
Hallwachs-effect (H. Hertz, W. Hallwachs 1886/87) serves as the basis
of photodetachment spectroscopy. Until quantum-physically explained
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by Einstein in 1905FN%] (Nobel prize in physics 1921), it was unclear
whether the ejection of electrons only depended on the wavelength of
the incident light or also on its intensity. The new assumption was, that
light consisted of discrete energy packets (termed ‘photons’) with their
£). Photons

energy (hv) governed by the radiation’s wavelength (A = £
striking matter would then cause the ejection of electrons in one-to-
one processes. For metal surfaces, the relation between the energy of
the ejected electrons and the energy of the incident photons can be
expressed as:

Epin.e- <hv—® (6.10)

Where E, ; _— is the kinetic energy of the emitted electrons, hv is the wavelength and

P is the work function of the metal surface

Note that due to the band character of the electronic states in metals,
with increasing energies also electrons from lower electronic states are
ionized so that a part of the photon’s energy remains in the atoms.
The work function ® can be presented as the minimum binding energy

AEycutralion Of the electron in the surface. This concept was later

transferred to molecules by D.W. Turner!TVR7 " For molecular systems,
equation 6.10 can be rewritten as/ATK97):
Ekin,e_ = hv — AEneutral,ion (611)

In 1934, Tjalling Koopmans found that during the process of ionization
the electronic structure of molecules does not change, so that the energy
to remove an electron from a specified atomic or molecular orbital is
always constant. This energy was termed one-electron energy ¢,.. He

further stated that the corresponding ionization energy (IE) is directly
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equivalent to the negated value of the one-electron energyK0034, ATK97],

IE = —¢,; (6.12)

This method allows determination of ¢, ; and additionally cation excited
states. If an anion is subjected to photoionisation (termed: ‘photode-
tachment’), the energetic difference between the anion and the neutral
ground state is called electron affinity (EA = - €,;). Since electrons can
also be removed from deeper orbitals, photoelectron spectroscopy also
gives information on the excited states of the ions. In radical anions

this is a valuable addition to the obtained data.

6.4.2. Photodetachment photoelectron spectroscopy

With the text book knowledge of the photoeffect and Koopmans’ the-
orem the principle of PD-PES can be explained. The kinetic energy of

the emitted electrons is given by equation 6.11:
Eyin.e- = hv — Ep, (6.13)

E = kinetic energy, h = Plancks constant, v = light waves frequency, Eg. =

kin,e—

electron binding energy

With the classical physics definition of kinetic energy Fy;, = %mv2 the
electron’s kinetic energy can be expressed as a function of the electrons

mass and velocity:

1
Ekin = imevg =hv — EBe (614)

m. = mass of the electron, v. = velocity of the electron , hv = energy of the photon,

Epe = electron binding energy
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The equation can then be solved for Eg., so that the velocity can now be
translated into the binding energy of the electron in the moleculeFN92],
In radical anion photo detachment photo electron spectroscopy a laser
pulse detaches electrons from open-shell anions. Neutrals are thereby
formed and the resulting kinetic energy of the electrons is measured by
time-of-flight energy spectrometry. Equation 6.15 describes this in an

abstract manner.
A(’Uo)_ + hV - N(Un) + el;inetic (615>

A(vg)” = anion in vibronic ground state, N(v,) = neutral in any reachable vibronic

state, e, ; . = emitted electron
inetic

The equation also shows that it is possible to reach many final vibronic
states so electronic, vibrational and rotational information should be
contained in the resulting data. Figure 6.4 explains this process in an

electronic state scheme. The molecules are ionized into radical anions

hoton

Internal energy

Molecular coordinate

Figure 6.4.: Electron detachment and electron affinity in PD-PES. Only
Dy — Sy transitions are shown in the electronic state
scheme.

by attachment of an electron from the neutral ground state (shown as
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green arrow). Only one electron is unpaired so the overall spin is :I:%
which leaves the molecule in a doublet Dy configuration. The molecule
is subsequently excited by laser radiation, indicated as blue arrow, with
a wavelength directly proportional to its energy Eppoton. If at any point
the laser wavelength exceeds the detachment threshold an electron is
emitted (turquoise arrows & e~). The resulting electron’s kinetic energy

can then be expressed through a modified version of equation 6.14:
Ekin,electron = EPhoton - ESgﬂu (616)

Ejin,electron = kinectic energy of the electron, Eppoton = photon energy, Es, =

energetic position of the Sp state in its vibrational quantum state v;

By rewriting the equation in terms of Eg, ,, the difference between the
anion and the neutral ground state can be calculated. In its ground
state, the anion always has an overall spin of :t% (doublet configu-
ration). From here the ejected electron takes a spin of :l:% from the
molecule (As = :l:%) Therefore, it is possible to reach either singlet
(s=0) or triplet (s==1) states from the doublet Dy. Note that the num-
ber of reachable states is only limited by the maximum photon energy
of the excitation laser. The equation to calculate these other, higher
states is a simple expansion of equation 6.16. For example, the T state

can be calculated by:
ET1 - EPhoton —FEA - Ekin,electron (617)

E7, = energetic position of the T state in respect of the neutral ground state, Epnoton

= photon energy, EA = electron affinity, Exin cicctron = kinetic energy of the electron

Figure 6.5 displays the first three observable transitions to electronic
states (Sg, T1, S1) in PD-PES. As all these states only differ from the
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hoton

Internal energy

\ Anion
N

Molecular coordinate

Figure 6.5.: Tllustration of the processes in PD-PE spectroscopy (elec-
tronic state scheme). Detachment process only displayed
schematically (Franck-Condon transition).

anion ground state by a spin of As = i% they should all be reachable
with the same probability if no other effects emerge. The main feature of
this method is that virtually all transitions are allowed as the process of
photo detachment merely resembles a fully dipole-allowed single photon

ionization event in neutral spectroscopy.

6.4.3. Anion excited states

In some obvious cases the vibrational peaks and intensities of PD-
PE spectra do not fully correlate with the expected anion-to-neutral
Franck-Condon integral. As an example, figure 6.6 shows ground state

So spectra of trans-stilbene (SB). The spectrum displays two superim-
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trans-Stilbene

Electron intensity [arb. units]

7/ 1064 nm

T T T
0,0 0,5 1,0 15 20
Energy with respect to the anion ground state [eV]

Figure 6.6.: PD-PE Spectra of trans-stilbene recorded with 1064 nm
(solid line) and 532 nm (dotted line)!VS'l. Resonant ex-
cited anion states cause a modulation of the Franck-Condon
factors to higher vibrations of the Sy when detaching with
532 nm.

posed PD-PE spectra, recorded with detachment wavelength of 1064
nm (solid line) and 532 nm (dotted line). Theoretical calculations pre-
dict very low shifts in geometry between the anion and the neutral
ground state. Therefore, it has to be expected that only one strong
0 — 0 origin appears, followed by just a few vibrational peaks. The
spectrum measured with a detachment wavelength of 1064 nm exactly
confirms this assumption, whereas in contrast to this the dotted line
spectrum (532 nm detachment wavelength) exhibits strong additional
spectral features. As no other transitions should be visible in this en-
ergy range the observed transitions must definitely belong to vibration
of the Sy ground state. This is also supported by the same spacing
between the first/second peaks (also displayed at 1064 nm) and the
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third/fourth peak (only visible at 532 nm). Literature on absorption

A \ /
/.
/Anion
N excited
5 ] state
o -e
C
(0]
gl s\ /
Q
S —
Anion

Molecular coordinate

Figure 6.7.: Schematic diagram of transitions to anion excited states
and subsequent autodetachment processes.

spectral TAKT4 states that SB anions posses a strong absorption band
at 500 nm, very close to the detachment wavelength of 532 nm used
here. Therefore, it is possible to excite this anion state with high prob-
ability. Because, as in this case, anion excited states often lie above
the detachment threshold, electrons can be emitted spontaneously by
autodetachment. Figure 6.7 shows these anionic resonances and the re-
sulting autodetachment in the electronic state diagram. In consequence
to this process the Franck-Condon factors from the anion ground state
to neutral ground state transition do not apply as the probability of th
alternate detachment process is only governed by the excited anion to
neutral Franck-Condon factors. Hence it is obvious from the dramatic
effects in figure 6.7 (532 nm excitation wavelength), that resonant ex-

citations have a much higher cross-section than continuum transitions
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and have to be avoided to gain exact relative intensities of the vibra-

tional peaks (see chapter 7.2.2).
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7. Experimental setup

The experimental setup consists of the self-made mass and electron
spectrometers, two modified, commercial ND:YAG-Lasers and and spe-
cially designed data acquisition and processing system. The following

chapter will mainly focus on the spectrometer and its modifications.

7.1. Overview: The anion photo detachment photo
electron spectrometer

The spectrometer used in this work is depicted in figure 7.1. It can
roughly be divided into three sections: The inlet system in vacuum
chamber I, the mass spectrometer from chamber II to chamber IV and
the two electron spectrometers in chamber V and VI. The vacuum sys-
tem itself will not be covered in detail in this text as it would only
distract the reader from the matters at hand. In short, it consist of six
differentially pumped vacuum chambers, which are connected through
a skimmer between chamber I and II and small openings (as pressure
barriers) between chambers II/IIT and ITIT/TV. To facilitate rapid sample
changing and technical modifications in one of the first four chambers
an additional high vacuum electro-pneumatic valve was installed be-
tween the mass and electron spectrometer. To avoid oil contamination,

all stages are pumped either by turbomolecular or cryo pumps.

7.1.1. Inlet systems

For injection of the sample molecules in the spectrometer a thermal
vaporisation source with jet-cooling, after electron attachment in a su-
personic expansion, was chosen. The main inlet system consists of a

highly modified heated pulse-nozzle (General Valve Series 9), which in-
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Figure 7.1.: Schematic diagram of the apparatus with inlet chamber (T),
linear ToF mass spectrometer (II-IV) and both magnetic
bottle (V) and electrostatic (IV) PD-PE spectrometer .

jects neutral molecules into the vacuum chamber. The sample molecules
are stored in an small compartment in the nozzle head. This allows the
use of both solid and liquid samples. Additionally it opens up the pos-
sibility to degas the sample prior to heating. The heating is done by
an electrical coil which is directly coupled to the nozzle head. Special
care had to be taken to ensure a magnetic and electric field-free heat-
ing coil. Therefore, electrically insolated and bifilar-wound core heating

elements were used.
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High temperature nozzle modifications

To measure samples with high sublimation temperatures special modi-
fication to the nozzle system had to be made. The original system con-
sisted of a solenoid, a ferrite-core plunger and a short Vespel® poppet
which were directly placed into the nozzle head. All joints were sealed
by fluoroelastomer (FKM) gaskets. The energized solenoid pulled the
plunger upwards and the attached poppet released the nozzle head’s
orifice. Then, two springs moved plunger and poppet back into the

starting position.

_—~Electromagnet

Vespel insulator Plunger

. High-temp.

Heating coll gaskets
Ceramic

sample
reservoir

Vespel-
tipped poppet

Figure 7.2.: Modified high-temperature nozzle. Simplified version with-
out springs.

However, standard General Valve pulse-nozzles are only capable of with-
standing temperatures of about 475 to 500 K. As the solenoid is espe-
cially vulnerable to higher temperatures an additional Vespel® spacer
had to be inserted between the nozzle head and the coil’s bobbin. For

this the poppet also had to be extended by a factor of two. This led
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to a problematic situation with sporadic pulse dropouts of the noz-
zle, caused by softening of the long plastic poppet at about 553 K. To
counter this shortcoming a new two-part poppet was designed. Its main
body consists of aluminum, which is temperature-stable as well as light.
The only drawback is that leak-free dynamic metal-to-metal sealings be-
tween the poppet and the nozzles pin-hole are difficult to produce. To
act as an elastic sealant the tip of the aluminum poppet was hollowed-
out and a small Vespel® peg was inserted into the resulting bore. To
counter the effects of sample decomposition and temperature induced
reactions in the nozzle, all metallic surfaces in contact with the sample
were replaced with non-catalytic materials. Therefore, a ceramic inlay
was inserted into the nozzles head.

Additional, all o-ring sealed joints were sealed by custom designed per-
fluoroelastomer (FFKM) gaskets. These modifications now allow tem-
peratures up to about 590 K and were successfully applied in the study
of sexithiophene by Siegert et al.[STE10, SVI1b]

7.1.2. Anion formation

This work uses radical anions formed by electron attachment for the
spectroscopy of closed shell neutrals. In nearly all electrostatic mass
spectrometers, ionization of the (gaseous) sample molecules is the first
step. As this work focuses on the spectroscopy of anions, negative
charged sample particles have to be produced. One of the easiest ways
to generate anions would be electrospray ionization (ESI). In ESI, sam-
ple molecule solutions are simultaneously gasified and ionized due to
an high electrostatic field. Anions are formed by abstraction of acidic
protons; therefore, most of the anions are deprotonated closed-shell
molecules. Recent experiments by Fu et al. showed that in special

cases also open shell radical anions, albeit in very small quantities,
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could be produced! ¥V As PD-PE spectroscopy heavily relies on high
radical anion counts, electrospray ionization is not well suited for such
experiments. To ensure high amounts of open-shell anions, direct elec-
tron attachment to neutral molecules in the gas phase is used. It is
obvious that this process is only possible if the sample has a positive
electron affinity, so electrons can be attached with a gain in energy.
Also, as the attachment cross-section is inversely proportional to the

electrons energyKLA92]

, only low energy electrons can be attached to
the neutral sample molecules. Therefore, high energy electrons from an
electron gun cannot be used directly. To create low energy electrons,
a primary high energy electron beam is crossed with the carrier gas
molecules (No!BRUST at 1.6 MPa). These low-energetic electrons can
then attach to the neutral sample molecules in the carrier gas. Typ-
ically, only a small numbers of sample molecule should be present in
the carrier gas to prevent high fragmentation counts. Since in the first
step of the electron attachment process the energy is conserved, the an-
ions are formed in very high vibronic states or via anion excited states.
The electron affinity, i.e., the electron binding energy, is converted into
internal vibrational energy. From there the resulting vibronic excess
energy in the anion (excited) state has to be cooled down subsequently
to reach the anion ground state. As electron attachment is still a rather
inefficient process, many high-energetic electrons have to be produced
to ensure a high density of low-energetic electrons. Standard electron
guns, albeit highly improved over the years, cannot satisfy this need
at heavy carrier gas pulses and the resulting operating chamber pres-
sures. Therefore, a pulsed high pressure, high yield micro channel plate

(MCP) electron gun was incorporated into the design[SCHI9P]

Figure
7.3 displays a schematic illustration of the different parts of the electron

source.
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Figure 7.3.: UV laser-seeded micro-channel plate electron gun as source
for primary electrons. Amplified electron current is emitted
to the right. Carrier gas is ionized to create low energy sec-
ondary electrons for electron attachment. Maximum pulsed
current of 5 mA over a duration of 200 ns was achieved. A
primary source of electrons before amplification a BaO rod
was included in the electron gun.

First, a laser pulse (266 nm, 20 ns pulselength) creates the first few
electrons from a bariumoxide (BaO) covered surface. Bariumoxide was
chosen for its low work function, vacuum fitness and high availabil-
ity. From here the electrons are accelerated onto a microchannel plate
stack to amplify the electron current. The whole electron multiplier
unit consist of a stack of 5 microchannel plates (For information on
MCP electron multipliers see section 7.1.4). These plates were cut with
a laser to fit into the small housing of the electron gun and to ensure a
good spatial overlap between the individual multiplication stages. The
last plates was cut from a high gain, high current type MCP to max-
imize electron output. Each plate achieves a multiplication factor of
about 103; therefore, theoretically, one primary seed photon generates
an overall output of 10'® electrons. Additional deflection and focusing

units allow the accelerated (about 1 to 1.5 keV) electron beam to be
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precisely aligned to the nozzle head and into the molecular beam.

7.1.3. Mass selection

The actual mass selection is performed in an modified Wiley-McLaren
time-of-flight mass spectrometer. The anions are therefore injected into
the anion source through a skimmer between first two chambers. In
1955, Wiley and McLaren["%9] discussed the errors in flight time in
a linear time-of-flight mass spectrometer. Ions of the same mass often
suffer from different arrival times at the detector, due to different ion
formation times, spatial distribution in the ion source and their ini-
tial kinetic energy. To compensate a pulsed two-grid ion source was
incorporated in the design, so later formed ions could catch up with
the earlier ones and spatial distribution would be reduced. This first
order correction negates all errors emerging from different starting po-

[WEI89]

sitions. To achieve higher order corrections special dimensions

of the ion source were needed. As different kinetic energies of one mass

would broaden the electron spectra, ion source pulse focusing!VOG09!

gBROSI] " was used. A

a special type of variable impulse field focusin
quadrupole bender then further improves mass selection by additional

mass gating.

7.1.4. lon detection

To be able to measure mass spectra, the exact arrival times of the
resulting mass selected ion cloud have to be measured. Hence, the
incoming ions have to be converted to a processable electrical signal. A
Faraday cup is an easy apparatus to detect absolute number charged
particles!PRO%6] - The particles are, therefore, accelerated and strike a
metal surface which can be discharged and measured through a high

impedance pathway. The main advantages of this method are its mass
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independence and the direct proportionality to the ion count given by

equation 7.1.

S (7.1)

% = Number of particles N per duration t, I = measured electrical current, e =

elementary charge 1.60 X 107¢C

As this system lacks sensitivity and temporal resolution it is often sub-
stituted with other methods like secondary emission electron multipliers
(SEM). In a SEM a single ion or electron is accelerated onto a coated
plate (secondary emissive materials) were multiple secondary electrons

[ALL39, ALLAT]  Aoqin these are accelerated onto the next

are emitted
plate of the SEM where the next electrons are released. Combining
many of these multiplication stages allows amplification of a single
electron up to 107 resulting electrons. The main problem with this
approach is, that extended and bulky plate arrays induce a high time
spread in electron flight paths and hence broadens the signal. To min-
imize this time spread, caused by the different pathways through the
detector, the path between the different multiplication plates has to be
minimized while maintaining a high number of multiplication stages.
Microchannel plates are especially designed for this task. They consist
of many small (~10um) parallel channels, which each resembling one
highly miniaturized secondary electron multiplier. Figure 7.4 shows a
lateral cut through the profile of a microchannel plate. With a de-
tector build from two of these microchannel plates, an additional high
impedance anode and a capacitor-decoupled 50 2 output, it is possible
to detect even single electrons while still maintaining sub-nanosecond

response times.
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Figure 7.4.: Lateral cut through the profile of a microchannel plate.
Electrons are displayed as red arrows.

7.2. The electron spectrometers

Photoelectron spectrometers are delicate machines because the flight
path of the light electron are easily disturbed by electric and magnetic
fields. Resolution (given in AE) and transmission are typically mutually
exclusive.

Many different types of electron spectrometers (field-free ToF, magnetic
bottle, ZEKE and SEVI) were developed throughout the last century.
As Siegert gave an exhaustive in his work[S™19) only the two types of
photodetachment photoelectron spectrometers used in this work, will

be covered here. These include the:

e Magnetic bottle spectrometer (low-resolution, high collection ef-

ficiency)
e Electrostatic time-of-flight spectrometer (high-resolution, low col-
lection efficiency)
— Field-free operation
— Electrostatic electron deceleration mode
The magnetic bottle spectrometer was constructed first and was later

upgraded with an electrostatic time-of-flight spectrometer to overcome

its resolution limitations. It is now primarily used for low resolution
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overview spectra of formerly unmeasured substances. Its main advan-
tage is the ability to quickly record spectra with different wavelengths
to recognize anion excited states. As anion excited often exhibit abnor-
mally modulated vibronic patterns and a high broadening of the peaks
only a low resolution is needed. To measure high resolution spectra
the field-free electrostatic time-of-flight spectrometer is used and, if the
electrons intensity permits, the maximum spectral resolution can be

achieved in the electron deceleration mode.

7.2.1. The magnetic bottle electron spectrometer

Field-free photodetachment photoelectron spectrometers typically suf-
fer from relatively small electron collection efficiencies as no efforts are
taken to increase the number of detected electrons other than ensuring
a perfect zero-field and collision-free spectrometer. For example, for a
one meter long drifting distance, the collection efficiency drops down to
about 5 x 1074, because only those electrons are detected which are in-
cidentally emitted into the direction of the flight path and towards the
detector. This often prolongs recording times for the spectra, making it
difficult to stabilize the parameters throughout the whole experiment.
As increased anion currents for compensation of low transmission would
result in space charge effects for ions and electrons, another solution
was chosen. Therefore, in this work a magnetic bottle electron spec-
trometer was used to simultaneously increase the collection efficiency
and decrease the recording time. The main idea of a magnetic bot-
tle is to guide all electrons with a spatial highly divergent magnetic
field towards the detector. The first implementation of such a design
was in 1983 by Kruit and Read™RUS3l  Although the initial experi-

CHES7]

ment was flawed it was later improved by Cheshnovsky! . To ease

the generation of the magnetic field Gantefor et al. used permanent
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magnets!GANSSa, GANSSb] jngtead of electromagnetic coils. Further im-
provement were carried out by Handschuh and Wang[HAN95, WAN99]
Recent developments by Cheshnovsky and co-workers(G™N based on
former worksMAR91a, MARIID, MARIA] iy h1gved the collection efficiency
to a near 4w collection sphere with up to 98 percent of the detached
electrons focused on the detector. Resolution improvements up to 15
meV for organic substances were achieved. For this the highly divergent
magnetic field was generated by a fast pulsed solenoid. The electrons
were detached between the solenoid and the flight tube. A short electric
pulse applied to the solenoid coils bobbin then decelerated all electrons
resulting in lower peak broadening due to initial velocity of the ions.

The magnetic bottle used in this work tried an alternate approach to

Figure 7.5.: Schematic view of the magnetic bottle principle taken from
Giniger et al.lG™NOU  Syuperposition of the ion velocity
+V,0n and the velocity vejectron Of the detached electron. ©
is the angle between the symmetry axis and the resulting
electron flight vector. In this setup the v;,, is coaxial with
the electron flight path and the magnetic field lines.

counter ion-induced broadening. As the ion velocity is directly pro-
portional to the peak width, a reduced speed should lead to higher

resolution if no other effects interfere. Accordingly a stopping unit (see
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figure 7.1 on page 32 for further information) was incorporated into a
permanent magnet designlGANS8a, GANSSD] - After the ions have drifted
into the stopping unitMAN9! g variable high voltage is applied to its
outer hull. The inside of the stopping unit is field-free so the ions are
subjected to an electrostatic force upon leaving. There, all ions are
decelerated before being detached. The maximum achieved electron
energy resolution for this setup was about 25 meV. Ideally the velocity
of the ions should be decreased to zero to further increase in resolution,
but since many ions are lost in the process this is not feasible. Because
it turned out that the recording of high resolution spectra is impossible
with the magnetic bottle, another field-free electron spectrometer (with
its low collection efficiency) was added to the setup.

When the resolution is of minor importance, e.g., for quick overview
spectra, the magnetic bottle is still used despite its low resolution of
about 25 meV. The interesting spectral ranges are then investigated in

more detail by the high resolution spectrometer.

7.2.2. The electrostatic time-of-flight photo electron spectrometer

For systematic assignment of the excited states in neutral molecules it
is necessary to distinguish between tightly spaced electronic states and
assign their respective vibronic levels. Especially for nm* transitions,
where the singlet-triplet splitting is often smaller than 5 meV it is nec-
essary to reach high electron resolutions. As magnetic bottles cannot
fulfill this prerequisite and velocity-map imaging system are costly and
require frequent calibrations an electrostatic electron spectrometer was
chosen for this task. Based on the combined theoretical background
described in chapter 6.3.1 and 6.4.2, a field-free time-of-flight electron
spectrometer operates similar to a time-of-flight mass spectrometer ex-

cept that the mass is constant and the energies are different. The
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ions are therefore struck by a laser pulse in a electrostatic and mag-
netic field-free region. The resulting electrons then drift into random
directions. The ions are still moving during photodetachment, so the

reference system for the electrons is moving too. Therefore all electron

distance
flight duration

into a fixed reference system by:

velocities (given by wvelocity = ) have to be transformed

Ve~ fiz = v2 + v? (7.2)

e~ ,mov ion

Vo pin = velocity of the electron in the fixed reference system, v, = velocity of

,mov

the electron in the moving reference system (measured with TOF), v;,,, = velocity of

the ions

Figure 7.6 shows the relation between ve— fiz, Ve~ mov and v;opn in a the

geometric translation based on the intercept theorem. This creates an

Vion V L
T o El— Detector PES
R

ve',mov

Figure 7.6.: Geometric correlation between the ion velocity v;,, and
the electron’s velocity in the fixed v.- f;, and moving
Ve~ mov System based on the intercept theorem. Taken from
[SCHOS].

intrinsic systematical shift in the electrons flight time, which can easily
be eliminated computationally.

To calculate the overall resolution error (broadening of the peaks, no
shifting!) all effects distorting the electrons velocity or flight distance
have to be included in the assessment. The three major effect influences

that apply here are:
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e Geometrical effects
e Timing effect
e Electrostatic and magnetic field effects

The whole energy deviation can be described by the following equation:

FACR) () () ()

AFE = energy resolution, EF = electron energy, other terms are energy errors: AE, =

path differences, AE; = laser pulse width and timing errors , AE, = uncertainty of the
laser wavelength and AFE, = error in the electrons speed, e.g., by stray fields (taken

from [SCH98])

AFE, includes all errors induced through path differences. Mainly two
sources of errors apply here. First the laser ion interaction volume: No
laser system has an infinitesimal small focus, so the starting position
is not confined to one point in space. Therefore, the distance between
the detachment site and the detector differs by one or two millimeters
for all electrons. The detector itself also has a certain dimension of
about 20 mm radius from the central electronic coupling point. So all
electrons not striking the detector at the same distance from the center
have a slightly longer flight path. Fortunately, path differences apply
with respect to the overall flight length which is by about three magni-
tudes larger, efficiently mitigating these errors.

The laser pulse width (AFE}, timing errors) of about 7-8 ns induces a
large error when measuring electrons with high kinetic energies. Thus,
electron excess energy has to be decreased by either selecting a longer
detachment wavelength with a dye laser or decelerating the kinetic elec-

trons with electrostatic field (see chapter 7.2.2 for further information).
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Another option, not implemented at the moment, would be to shorten
the laser pulses with additional Pockels-cells to reduce its influence on
the resolution. Timing errors triggered by all kinds of jitter or runaways
of timed delays, faulty cabling or ground loops should be avoidable by
careful selection and maintenance of the employed equipment. As mod-
ern seeded Nd:YAG laser as well as dye lasers provide good stability
and small linewidth deviations, the errors caused by the laser system
(AE)) are neglectable. All other uncertainties are mainly caused by er-
rors in the electron velocities, imposed by stray fields. Electrons might
be influenced on the flight path by residual electric and/or magnetic
fields so their initial energy and flight duration changes. One of the
more common causes for electrostatic fields are the inhomogeneities in
the surfaces of the spectrometer. Special care had to be taken to cre-
ate a field-free surface by covering the inner sections of the spectrom-
eter in thinly sprayed colloidal graphite layers. This ensures a fully
electrostatic homogeneous surface, free of different contact potentials.
Uniform coverage with the remaining water molecules was achieved by
constant heating of the graphite coated inner aluminum tube to about
372 K. Consequently, the attached heating coil was bifilar wound to
avoid electromagnetic effects. To shield the flight path from earth’s
magnetic field dual p-metal shielding was layered around the heated
aluminum tube core. This decreased the magnetic field in the flight
tube to about 300 nT[CH9] Detector and laser access were shielded
by dual meshes and light baffles. The resulting electron flight path of
817 mm now causes a transmission efficiency of about 10~*. This low
transmission usually prohibits any spatial or temporal laser adjustment
as a significant amount of signal per second is needed to allow a vali-
dation of the system’s parameters. To conquer this problem a movable

electron optics was developed to increase transmission efficiency.
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Movable electron optics

As mentioned before spatial and temporal adjustments play an impor-
tant role in measuring high resolution PD-PE spectra of anions. So
adjusting the anion molecular beam has to be done as precisely and re-
peatable as possible. This especially holds true for measurements with
extremely low anion counts and/or low photodetachment cross-sections.
Firing the laser at incorrect times, i.e., not into the most dense part
of the anion cloud, generates extreme high measurement durations. As
low electron intensities make the setup rather tedious if not impossible,
a new adjustment system had to be incorporated into the spectrome-
ter. To boost electron intensity a special electron acceleration optics
was installed into the electron flight tube, which forces all electron onto
the detector. Figure 7.7 shows a more detailed version of the field-free
anion photo electron spectrometer. The left side (labeled ‘a)’) of the
drawing shows the spectrometer in its high electron collection mode,
where a voltage is applied to the first plate of a three plate electron
acceleration optics. This resulting electrostatic field directs all emitted
electron from the detachment site to the electron detector. Only low
voltages are needed to accomplish significant changes in the anion flight
path and deflect all electron in a 90° angle to the detector. However,

/f /f
I I

| -e” ‘ | ‘ -e”

Figure 7.7.: Schematic diagram of the photodetachment site with and
without the movable electron optics.
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as any surfaces near the photodetachment site broaden the spectra, the
optics had to be made retractable to ensure a field-free environment
for the electrons during the measurements. This setup also allows to
counter one of the main problems in radical anion spectroscopy, the
anion excited states.

Since up to now only few electronic anion resonances have been mea-
sured, most of the excited state transitions, needed to understand PD-
PE spectra, cannot be found in literature. To counter the problem of
anionic excited states a different, non-resonant, excitation wavelength
should be used. It is often impractical to scan large wavelength inter-
vals with dye lasers due to small bandwidth of the dyes causing frequent
readjustments of the system. On the other hand optical parametric
oscillators (OPO) though being able to be easily scanned over large
intervals, often suffer from broad linewidths when used in high output
systems. Therefore, in this work, the different harmonic wavelengths
of a Nd:YAG laser were used to distinguish between normal and anion
excited state induced peaks. Due to the large photon energy spacing
of the available wavelegths, it was not always possible to use a wave-
length with a resulting low electron excess energy. As mentioned before
the excess energy of the electrons also determines the resolution of the
spectra. To mitigate broadening, the high kinetic energy of the elec-
trons has to be reduced, in other words the high speed electrons have
to be slowed down. The newly introduced electron optics satisfies this
need for a decelerating electrostatic field. For this, the electron optics
has to be moved to the position shown in figure 7.7 ‘a)’. The electrons
are detached between the first and the second plate, which are both
held at the same (positive) potential. This assures that the electrons
are ejected in a field-free region and their final energy does not depend

on their position in the electron optics. All electrons which leave the
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electron optics in direction of the detector are therefore decelerated by
the attractive field between the second and the third plate.

To show the results of this setup the spectra of xanthone are shown in
figure 7.8. The figure shows two superimposed PD-PE spectra. Both

—— 1064 nm
——532nm-1.2V

Electron intensity [arb. units]
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Figure 7.8.: PD-PE spectra of the Sy state of xanthone recorded with
1064 and 532 nm. Note the influence of an anion excited
state on the detachment Franck-Condon factor.

display the Sy ground state of xanthone. The black spectrum was
recorded with 1064 nm. It shows a strong influence of anion excited
states as the intensities of the peaks clearly do not comply with an-
ion ground state to neutral ground state Franck-Condon factors of the
active modes. The red spectrum, recorded with 532 nm, shows the
same vibrational pattern as the other one, but with plausible intensi-
ties according to the Franck-Condon principle. Also it is noteworthy
that through deceleration of the high energetic electrons it was possible

to achieve the same resolution as in the black spectrum. Therefore, it
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can be stated that this method is especially well suited to anticipate
anionic resonances while still maintaining high spectral resolution. In a
variation of this method, VUV-wavelengths (Fo laser/Hel) in combina-
tion with electron deceleration could be used, to completely eliminate

all anionic resonances.

7.2.3. Calibration of the PD-PE spectrometer

Beside its high resolution, ToF-PES does not need new calibration for

each recorded spectrum if a field-free flight path is realized. For an
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Figure 7.9.: PD-PES of the iodine atom anion. An EA of 3053
meVIHAN92, PELOY] waq determined with a resolution of 2.6
meV.

initial, one-time calibration of the field-free time-of-flight electron spec-
trometer, atomic iodine anions were used. Electronic transitions in
atoms should only display one single peak as no vibrations or rotations
exist. Therefore, the peakwidth of the resulting spectrum should solely

depend on the resolution of the spectrometer. The electron affinity was
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measured to be 3053 meV as shown in figure 7.9 with an overall res-
olution of 2.6 meV. The absolute position is in good agreement with
literature data measured by Hanstorp et al. in 1992 (3.059038-+0.000010
eVIHANIZD and Pelaez et al. in 2009 (3.0590463(38)40.00010 PEL09T),
Only one peak is visible due to large gap between lower (J = %) and

upper (J = 3, 7603.15 cm™!) spin-orbit component™™N62l,
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8. Results and discussion

To show the merits of radical anion photodetachment photoelectron
spectroscopy for dark states of organic molecules, two different classes
of organic systems were chosen: aromatic hydrocarbon polyenes and
heteroaromatic organic substances. This chapter will give detailed in-
formations about the findings and discuss their implication on photo-

physical and photochemical mechanisms.

8.1. Heteroaromatic nr* states

Heteroaromats are aromatic 7 systems where a part of the carbon ring
system is substituted with other heteroatoms in such a way that the
conjugation of the 7 system is preserved. Like benzene they are char-
acterized by 4n + 2 (n = number of atoms in the 7 system) cyclic
conjugated electrons in the 7w system. These heteroatoms often fea-
ture lone-pair electrons perpendicular to the 7 electron cloud. In the
1960s, El-Sayed and co-workers identified some special transition prop-
erties about these lone-pair n orbitals(®L863, LOW66, ELSGS] - B Saved’s
rule states that intersystem crossing rates (ISC: a low yield photophys-
ical process involving an isoenergetic radiation-less transition between
two electronic states of different multiplicities) can significantly be en-
hanced by involvement of a change in molecular orbital type during the

* state can inter-

radiation-less transition. For example, a singlet w7
convert population into a triplet nm* state, but not to a triplet wz*
state and vice versa. Therefore, in aromatic carbonyl compounds, the
ISC deactivation process can happen on the low nano- to picoseconds
timescale rivaling singlet relaxation pathways. Vibrational coupling to

out-of-plane modes potentiate this effectREN70: LIRT7] - Ag most nr*
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states only exhibit low transition probabilities and are easily shifted by

G[BARTS]

solvation effect , extensive studies are often problematic.

8.2. p-Benzoquinonel$V1l

For this work, p-benzoquinone (pBQ, see figure 8.1 for chemical struc-
ture) was chosen as a test molecule for first n7™ studies on smaller
(hetero-)substituted aromatic molecules (the herein shown findings are
reproduced from reference [SV11la], in an independent study Fu et al.
did an similar study on o-, m- and p-benzoquinone!¥ V!l however being

more focused on theoretical and structural calculations). This aro-

Ol

(@)

Figure 8.1.: Chemical structure of p-benzoquinone.

matic diketone often serves as motif found in natural systems. The
most prominent example is ubiquinone, or Coenzyme Q1g, which plays
an important role in both the electron transport chain (ETC)[ERN95]
as electron or proton transmitter, and in photosynthesis as final elec-
tron acceptorlVOE9! pBQ and its derivatives have been in the focus of

experimental[KOYm’ VEET73, THO79, ALL84, ITO95] and theoretical[WOO75]

[HA83, PAM99, WEBO1] gty dies since the early 1970s. Many of the former
works show that in the first electronic states of pBQ special photo-

physical properties occur:

e The first six electronic transitions are all forbidden!"VEBO by spin
selection rules. Moreover, in many transition two or more selec-

tion rules apply at the same time. A good example for this is the
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first excited triplet state T, where the transition is prohibited by
spin inversion (singlet — triplet), Laporte’s rule (14, — 13By,)
and also n — 7* selection rules. See chapter 6.2 on page 12 for

further information.

e The energetic order of the electronic states does not cohere to the
order of the orbitals in the MO scheme.

e The lone-pair state combinations ny and n_ on the oxygen atoms
are very close in energy, therefore singlet-triplet splitting between
the Sy, Sy and Ty, Ts states should be small. If also a third
predicted triplet state (postulated by [WOO75, HA83, WEBO01])
is additionally taken into account, the state density in this energy

range should be extremely high.

e Finally the stabilization of the surplus electron in radical anions
of p-benzoquinone. pBQ displays a rather high electron affinity
of about 1.86 eVISCH99, SVIlal " which cannot only be attributed
to the molecule’s 7 system and substituents. pBQ is capable of
efficiently capturing electrons with energies of about 2 ¢VICOO]

and by this creating long-term stable open-shell anions. In addi-

tion pBQ also shows signs of delayed autodetachment from anion
excited State[COO75’ MARS5, SCH99].

To be able to understand all implications with these special photo-
physical properties, the MO scheme of pBQ is compared to its asso-
ciated electronic state scheme. Part a) of figure 8.2 shows the MO
scheme of p-benzoquinone with its non-bonding lone-pair orbitals (n4
and nn_) situated below the bonding 7 orbitals (H = HOMO and
H—1= HOMO —1). Part b) shows the corresponding electronic state
scheme according to past studies on pBQ. The ordering mainly relies on

theoretical datalWOO75, HAS3, WEBOL] ¢ 1ost experimental works!ALL84]
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Figure 8.2.: MO a) and electronic state b) scheme of p-benzoquinone
as described in past experiments (for references see text).
1,2,3 and 4 denote the corresponding transitions in the MO
and electronic state scheme. The inversed order of the dif-
ferent transitions shows that in pBQ the electron config-
uration in the MO scheme does not reflect the final en-
ergetic configuration of the excited electronic states. Here
the transition between n_ — 7} _; 70 lies in the VIS area
whereas Tr—roao — Tiyao in the UV range.

do not fully account for the T3 and T4 states. In [WEBO1] a different or-
der for Ty, T, Sy an Sy was proposed. As this theoretical findings could
not be verified experimentally, this ordering of the lowest singlet and
triplet states is not used here. In this work also three additional singlet
states and a not further specified number of triplet states are predicted
to lie below the first optical accessible state(proposed: Sy) with 1By,
symmetry. 1,2,3 and 4 denote the corresponding transitions in the MO
and electronic state scheme. At first look each scheme for itself makes
sense, but once combined the discrepancy becomes directly visible. To
further explain this mismatch between the schemes in detail, one has
to focus on the energetic order of transitions 1 & 2 and 3 & 4. In figure

8.2 b) the length of the different vertical arrows shows that transitions
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1 and 2 are much lower in energy that transitions 3 and 4, whereas
in figure 8.2 a) transition 1 and 2 seem to be much higher in energy
than 3 and 4. Therefore it is clear that the MO scheme does only show
the molecular orbitals before excitation and by no means the resulting
energy differences depicted in the electronic state scheme. So the MO
scheme only displays a mere static picture of the molecular orbitals, not
accounting for energetic shifts and reordering of the molecular orbitals
in case of changes in population. In pBQ these shifts are caused by a
large quadrupole moment in the Sy ground state described by Schiedt
et al. in 1999[5CH9] When the negative charge is transferred from the
oxygen lone-pair n,_ orbital to the 7* orbital of the aromatic system,
this quadrupole moment is lost, due to charge equilibration. This ef-
fect is non-existent for 77* states as no coulombic stabilization occurs.
Interestingly, nearly all low-lying electronic states in p-benzoquinone
are dark states, induced by one or another selection rule. Therefore
in the neutral molecule the only way for these states to gain intensity
is by the vibronic Renner-Herzberg-Teller coupling to near transition-
allowed electronic states. In consequence, sophisticated methods have
to be employed to assign the electronic origins for those states. An
often applied method is the vibronic extrapolation of ‘false origins’.
The problem here is that in pBQ many different electronic states are
situated in a small energy range, so many vibrations overlap, making
it nearly impossible to assign them to the different electronic states.
Only the S; state could be investigated with reasonable certainty by
means of such an approach. As the Sy to So transition is electric-dipole
forbidden, but magnetic-dipole allowed the transition energy could ten-

[THO79]

tatively be assigned to 2.49 eV From there it was possible to

indirectly locate the S at 2,48 eV, about 54 cm ™! lower by vibrational

analysis[THOT9]
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To locate the lowest triplet states, solid phase crystal absorption and
dispersed phosphorescence at very low temperatures were utilized to
obtain a Sy to T; transition of 2.31 eVIKOY™0]  From there the Ty state
could be measured with a triplet-triplet absorption energy (T; —Ts) of
320 cm~'VEET] The problem with these values is that almost all solid
phase crystal data suffers from inherent shifts imposed by environmen-
tal effectsWEBOU  ospecially with strong quadrupole moments present
in pBQ (blue shift predicted). To be able to determine the n7* states
with higher certainty Allan, in 1984 applied electron energy loss spec-
troscopy (EELS) to this problem!**#4 Normally EELS is a perfectly
suited method for measuring forbidden neutral states, especially triplet
states. It is often even possible to directly distinguish between singlet
and triplet by varying primary electron energy and incident angle. How-
ever, in this case, it was not feasible to define whether the peaks were

*[WOOT5, HA83, WEBO1] t1an6itions. Therefore

caused by n7* or other 77
it was not possible to fully determine the origin of the transition in the
3 eV (peak maximum) range. The big problem with n7* states in EEL
spectroscopy here, was the low interaction cross-section of the compact
n orbitals with the primary electrons, leading to very weak spectral fea-
tures and intensities. This work now aims to clarify the different former
findings by others through measuring dipole-forbidden n7* states with
photo detachment photo electron spectroscopy!SV11al,

In figure 8.3 the gas phase PD-PE spectrum (left side trace) of p-
benzoquinone is compared to its corresponding liquid phase UV-VIS
spectrum (right side trace) in hexane. The PD-PE spectra were recorded
with 532 nm and 212,8 nm, to accommodate for the higher resolution
with different detachment energies. The break is indicated by the gray
marking at about 2.6 eV (anionic energy scale). It was possible to reach

an overall resolution of about 40 meV and an absolute accuracy of 30
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Figure 8.3.: PD-PE (left spectrum) and liquid phase UV-VIS in hexane
(right spectrum) spectra of p-benzoquinone. The PD-PES
were recorded with 532 nm and 212,8 nm; joints are indi-
cated by gray marking. To adapt UV-VIS to PD-PES data,
the UV spectrum was shifted by 1.86 eV (electron affinity
of pBQ). n* Ty at 2.38 eV (neutral energy) and higher
triplet and singlet states between 2.3 to 3.5 eV (neutral en-
ergy) are visible. Broad structure between 2.8 and 3.5 eV
with respect to the neutral ground state indicate another
forbidden state T'3 in this energy range.

meV. Both PD-PE spectra were measured with the magnetic bottle
electron spectrometer. To adapt UV-VIS to PD-PE data, the UV spec-
trum was shifted up by 1.86 eV (electron affinity of pBQ).

The first fully transition allowed state is the Sy (1! By, ), as indicated in
the UV spectrum, with an e of about 2x104FPER66]  The other visible
state, the S3 (1'Bs,) is symmetry forbidden (¢ — g) by Laportes rule
and therefore weak. Its intensity is mainly caused by vibronic Renner-
Herzberg-Teller coupling to the nearby Sy state. Note that the UV-VIS
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spectrum shows no evidence of either S; or So because of their low ab-
sorption coefficients of about 20[PFR66]  The PD-PE spectrum shown
in this work now displays its first state, the Sp (1'4,) ground state,
at 1.8 eV consistent with Schiedt et al.[SCH99] This value now defines
the shift for the neutral energy scale displayed on top of figure 8.3. For
ease of comparing PD-PE and former neutral data, energies in respect
of the neutral ground state will be used from here on.

The first neutral excited electronic state in the PD-PE spectrum is the
signal rise at 2.38 eV which correlates very well to the T state found
in low-temperature crystals (2.308 eV from [THO79]). The small red-
shift of the crystal data can be explained by environmental effects in
solid state experiments. Further analysis of the energy range between
2.3 eV and 3.5 eV shows that the interpretation of the displayed spec-
tral structures can be rather tedious. High electronic state density and
the resulting high vibrational overlap in combination with low resolu-
tion prohibit a fully qualified assertion about the order of the electronic
states. Nevertheless this findings show that PD-PE spectroscopy is a
well suited method for spectroscopy of transition forbidden n7* states.
To further improve the usefulness of the recorded data it would be im-
portant to greatly increase the resolution of the gathered spectra to
a sub-meV scale. A first step was taking by incorporating the addi-
tional field-free time-of-flight electron spectrometer in the setup. The
resolution of this spectrometer has been determined according to chap-
ter 7.2.3. Anyhow, as pBQ only exhibits a very low photodetachment
cross-section, the main problem of field-free electron spectrometers, the
low collection efficiency for the detached electrons, prohibits the appli-
cation of this method at the moment.

Since radical anions have a doublet ground state with a resulting overall

electron spin of :I:%7 singlet and triplet states should be accessible with
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same spectral intensities through the removal of a single electron/SV11P!,

As explained in chapter 6.2.1 one photon can only interact with one
electron, therefore each neutral electronic states should have a prede-
termined electronic configurations. This limitation is directly imposed
by the PD-PE method by positioning the surplus electron in the 7*
LUMO orbital. During photo detachment the ejected electron carries
its orbital symmetry, accordingly changing the orbital symmetry. Thus,
if no other symmetry selection rules interfere with PD-PE spectroscopy
(proven by the appearance of the Ty), there is no obvious reason that
either Ty, Sy or Sy should not be present in our spectra.

The spectrum also clearly shows that a much higher resolution is needed
to facilitate a well-defined conclusion on the order and position of the
lowest excited electronic states in p-benzoquinone. Up to now the the
problem of the large singlet-triplet splitting for the 77* transition was
totally implausible and is now resolved by the experimental finding of
the low-lying fifth triplet state.

8.3. Xanthone and its derivatives

Similar to oxygen substituted aromatic molecules (pBQ), the photo-
physics and photochemistry of 7 systems which include hetero atoms
are very complex, due to the high density of electronic excited states.
For further investigations on dark n7* states three structures were cho-

sen:
e Xanthone (XA)
e Thioxanthone (TX)

e Acridone (AC)
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Figure 8.4.: Chemical structures of Xanthone (XA), Thioxanthone
(TX) and Acridone (AC).
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Xanthone and its derivatives were selected for their important role
in biological systems and technical application. For example: iso-
propyl-thioxanthone is used as a photoinitiator in printing processes,
hycanthone and analogs, with its thioxanthone motif, are drugs used in
chemotherapyRC83] and acridone is the scaffold of some synthetic com-
pounds with various pharmacological applications(FU789 KELOY] " pogstly

antiviral.

8.3.1. Xanthone

In his Ph.D. thesis in 2010 Siegert!S™F10 presented first experiments on
photodetachment photoelectron spectroscopy to locate xanthone’s nm*
states. Therein, he suggested a certain order of the individual electronic
states. As stated in his work, the resolution of the formerly employed
PD-PE spectrometer was not fully sufficient, so only a tentative as-
signment could be given at that time. To further extend his works,
with better resolved spectra of xanthone, different measurements with
the electrostatic spectrometer, in its field-free and high resolution elec-
tron deceleration modes, were performed. Figure 8.5 displays the new
spectrum taken with detachment wavelengths of 532, 355 and 266 nm.
Again, the different subspectra are indicated by gray markings. Start-
ing with the first peak on the left side of the spectrum the Sy with a
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Figure 8.5.: PD-PE spectrum of xanthone. Recorded with detachment
wavelengths of 532, 355 and 266 nm. Sy and dense n7* /77
state region visible.

good resolved vibrational progression is clearly visible. The electron
affinity can therefore be determined at 0.705 eV, in good agreement
with former experiments and calculated data (0.69 eV). The dominant
vibration of 1690 cm~! can again be attributed to the C=0 stretch
vibration; calculated values of 1715 cm ™! and a proposed shortening of
the C=0 bond by about 3.4 percent after electron attachment support

this assignment[STE10, RAILID] ¢

the additionally visible low energetic vi-
bration will be covered later). Interestingly, in the next part of the
spectrum, from about 1.30 eV to 3.90 eV, neither vibrational peaks of
the Sy nor higher electronic state are visible. From the first fact, it can
be stated that for the overall geometric shift in xanthone, among the
neutral and the anion ground state, only minute changes are present.

The unusual broad gap (3.2 eV) in between the Sy and the higher elec-
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tronic states also shows that extended m system not always correlate
with low lying excited electronic states (for comparison see chapter 8.4,
e.g., trans-stilbene with a gap of 2.18 eV). This directly conflicts with
the prevalent opinion that n orbitals are spatially and energetically iso-
lated from the bonding 7 and anti-bonding 7* orbitals. In fact, these
orbitals are obviously influenced (blue shifted positions) by the elec-
trostatic fields of the n electrons and their electron correlation effects.
This conflict with the molecular orbitals based view, again reveals the
flaws of molecular orbital diagrams, as previously mentioned in chapter
8.2. On account of the high state density in the 3.90 to 4.00 eV range,

705 meV 3950 meV .
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I
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Figure 8.6.: PD-PE spectrum of xanthone with resolution enhancement
through electrostatic electron deceleration. Recorded with
detachment wavelengths of 532 and 266 nm. Vibrational
excitations of the higher excited states are clearly visible.
Peaks assigned with the help of theoretical datalRATIP],

where the excited electronic states are located, higher resolution spectra

*

of the n7™* state region were taken. Additionally the lower frequency
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vibrations in the Sy ground state were further analyzed. Again, both
spectra were recorded with 532 and 266 nm but the electron velocity
was reduced through the special electron optics, illustrated in chapter
7.2.2. Due to space constraints, figure 8.6 only depicts the most in-
teresting parts of the resulting spectra from 0.55 to 1.00 eV and 3.75
to 4.15 eV. The Sy now shows an additional vibrational peak with 470
cm~! spacing. On the right side of the spectrum an upscaled version
of the excited states transition range is shown. In contrast to the the
former low resolution spectrum three distinct peaks are visible. State
order and assignments are based on theoretical data, therefore, the first
peak at 3.915 eV is attributed to the n7* T; (134,). A vibrational
feature with small intensity is also detectable within 160 cm ™~ spacing.
The second, large rise (3.95 eV, vibrational peak at 80 cm™!) in this
region is assigned to the 7m* Ty (13A;). The next transition, at 3.99
eV, presumably the nm* S; (1'As,), displays a broader structure with
no resolved vibrations. Tentatively, this is not only attributed to vibra-
tions of the Ty state but also to a possible, up to now unknown, higher
triplet state. As no other spectral or theoretical evidence was found for
this speculative triplet state, no further assignment was performed.

The position of the optically dark n7* states (T; and Sp) just below
the bright n7* states therefore facilitates the observed high ISC rates
(0.97) in xanthonelS€A80] " Ag Siegert stated, n7* and 7n* should differ

SIEL0] 49 the detachment of the n

in terms of their spectral sharpness!
orbital electron to the continuum should offer near diagonal Franck-
Condon factors. Clear distinction between both states should then
be possible: n7m* states would be sharp and wn* states broad. As
both n7* T; and 77* Ty peaks are remarkably clear in appearance,
the recorded spectrum does not support this assumption (for diagonal

Franck-Condon factors) if assignments and state orders based on theo-
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retical values are considered accurate. For comparison of the different

AE(So)!! AEL@HD Gas Crystals(?] Liqu. This
phasel®] phasel®! work

Excited-state data of xanthone in eV with respect to the Sy

Sy nm* 11 Ay 3.44 3.08 3.34 3.43 3.35, 3.43  3.29
Sy ¥ 21 Ay 3.88 3.62 3.64, 3.81 3.65, 3.65 ?
Ty na* 13 A4, 3.26 3.12 3.20, 3.20 3.31 3.31,3.21 3.21
Ty wr* 134, 3.32 2.98 3.13, 3.15 3.24
Ts wr* 23 A4 3.58 3.43 ?
Ty mr* 138, 3.66 3.55 ?

Table 8.1.: Calculated (DFT/MRCI), literature and this work’s experimental data
of xanthone in eV. (4] calculated vertical data in vacuo[RAHlb], (t]
calculated adiabatic datal®AT1P][e] jet-cooled induced & dispersed

emission(BAB91, OHS03] " [d] optically detected magnetic resonance in
crystal[CHAT6] [e] emission spectra in 3-methylpentane (77 K)[POW?I]
[CAV96]

and hexane

calculated and experimental values of the excited states of xanthone,
the compiled data is shown in table 8.1. Energies are given with re-
spect to the neutral ground state. This work’s experimental data was
aligned with literature values by subtraction of the electron affinity.
AE(Sy) and AE,4;, are calculated values for vertical transition energies
in vacuo at Sy equilibrium geometry and adiabatic transitions®AM1b],

Literature gas phaseBAB91, OHS03]

[CHAT6)

, optical detected magnetic resonance
in crystals and cold liquid phase experiments in 3-methylpentane
and hexanelPOW7L, CAVI6] are given as reference data. Direct compari-
son of the PD-PE results with the calculated values show a good agree-
ment within the error margins of the calculations and the experiment.
As gas phase spectroscopy seems to be most accurate method, jet-cooled
literature spectra of the Ty and Sq [BAB9L, OHS03] gtates are used to sup-
port the assignment. Surprisingly, crystal and liquid phase experiments,
while often yielding shifted T'; and T positions, also roughly agree with

this work’s measurements. The higher electronic states (Sg, T3, T4),
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k[SIElO7 RAIllb]’ could not be

recently mentioned by Siegert in his wor
reproduced even in the new higher resolution spectra. In conclusion,
despite their well-separated lower excited electronic states and consis-
tence with theoretical and literature data, the spectra only allow ten-
tative assignment of the higher n7* and 77* states. Most importantly
an additional electronic state, presumably the Ty could be located near
the T¢’s position.

In a recent experimental study, Gilch and co-workers postulated an in-
version of the first nm* and 77* states in polar solventsMFI00l  With
the location of the tightly spaced T; and Ty this seems to be a rather
plausible matter. As the order and solvent dependent inversions of the

* and ¥

nmw states are of utmost importance for ISC processes (Sca-
iano, 1980[SCA80]) the herein presented findings are a valuable addition

to the former studies.

8.3.2. Thioxanthone

Similar to experiments on xanthone, many studies predict an inter-

* and 7wr*

change of the lowest triplet and singlet, nw states in liquid
solutions of thioxanthonelF®R%6) Ty clarify the state order and pro-
vide additional information, gas phase photodetachment photoelectron
spectra were taken. Figure 8.7 depicts this spectrum in a condensed
form, where only the interesting parts of the spectrum are shown. The
spectrum was taken with detachment wavelengths of 532 and 266 nm.
Although it was also recorded in the high resolution, electrostatic elec-
tron deceleration mode, no high resolution could be achieved. As the
electron/ion intensities and photodetachment conditions were nearly
the same as for the measurement of xanthone, this is probably caused
by a molecular feature, e.g., low energy vibrations. Therefore, only wr*

T, and n7* T3 could be assigned.



66 8. Results and discussion

830 meV
1

”Av.b =320cm ~4160 meV)
— voh
o 4960 meV 3930 meV! |l
c | ! ‘Mﬂ
= w 3750 mev| if'
£ \ o
< ?
2 : [ Mﬂ” S
2 | 1100 meV [ ™
e ¥ ¥
E u ( 2
5 ‘ | |
5 S | }Tw
<@ | # W,,M /}
w J\' ww VSN,

T A T
500 1000 1500 3000 3500 4000 4500

Energy with respect to the anion ground state [meV]

Figure 8.7.: PD-PE spectrum of thioxanthone with resolution enhance-
ment through electrostatic electron deceleration. Recorded
with detachment wavelengths of 532 and 266 nm.

The electron affinity is relatively well defined at 0.83 eV, with a small
vibrational feature of 320 cm™! spacing still visible in the right shoul-
der of the leftmost peak. This fits qualitatively to the calculated value
of 0.75 eVIRAIIIDL - Degpite the low resolution in the higher electronic
states, another, higher vibrational progression can also be seen in the
Sp with peaks at 0.96 and 1.10 eV (AE,; = 1080 cm ~1). As in the
high resolution spectrum of xanthone, the medium range of the spec-
trum was omitted as no spectral features were present. At 3.75 eV
the T; and at 3.93 eV the Ty is observed. For neither of these states,
higher vibrational states could be resolved. The dashed line at about
4.16 eV indicates a possible upper maximum for the n7* S; but due to
the broad structure, no assignment was performed. Table 8.2 shows a

list of the observed transitions, calculated and literature data. For easy
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comparison, all values are given in respect of the neutral ground state.

Surprisingly, despite the low resolution of the spectrum, the calculated

AE(SU)[“] AE%M Liqu. phase[“] Crystals[d] This work

Excited-state data of thioxanthone in eV with respect to the Sy

S1 no* 11 Ay 3.37 3.00 3.29 <3.33
Sy ¥ 2V A4 3.44 3.34 3.43 3.10

Ty nn* 13 A4 2.96 2.81 2.76 2.92
Ty nr* 13 Ay 3.20 2.88 3.07 3.10
T3 wr* 234, 3.49 3.34

Ty wr* 13 B, 3.52 3.45

Table 8.2.: Calculated (DFT/MRCI), literature and this work’s experimen-
tal data of thioxanthone in eV. [@ calculated vertical data in

vacuoRAIL0] 8] calculated adiabatic datalRAIN1a] [e] Jiquid phase data
in Cyclohexane[BURgl], [ ODMR and phosphorescence data in neat
crystals[SUG81]

triplet energies agree well with the measured ones. On the other hand,
when comparing to literature data, especially the crystal values seem
to be the most accurate. The T was located slightly above the litera-
ture value of 2.76 eV with an error of 0.16 eV; the Ty, despite being a
hard-to-locate n7* transition, even with only an error of 0.03 eV.

To be able to give a clear and scientifically sound interpretation of the
recorded spectra further experimental and theoretical studies will be

needed to fully assign the visible peaks in the spectrum.

8.3.3. Acridone

For acridone, the PD-PE spectrum was surprisingly clear in spite of its
unstable anion beam and easy degradation of the sample due to thermal
decomposition in the nozzle. In figure 8.8 three distinct electronic states
are visible. Again, the leftmost peak is attributed to the anion to
neutral ground state (Sp) transition and defines the electron affinity.

The Sy is, therefore, located at 0.56 eV (in respect of the anion ground
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Figure 8.8.: PD-PE spectrum of acridone recorded with detachment
wavelengths of 532 and 266 nm.

1

state) with a clear vibrational feature at 1520 cm~' spacing. This

progression may be caused by the C=0 stretch vibration at 1655 cm ™!
(theoretical calculation)®AT11P]
of EA(cqrey = 0.46 meVIRAIIE] - the measured electron affinity is in

relatively good agreement. Similar to the high resolution xanthone

. In comparison to the calculated value

and thioxanthone spectra the middle part of the spectrum was omitted
as no spectral information, beside a baseline, could be obtained from
this part. The next visible electronic state is the T; at 3.39 eV. It is
astonishingly sharp and well separated from the Ts. In contrast to this
the Ts at about 3.85 €V is rather broad so only a maximum energy for
its origin is given. It should be noted that, although table 8.3 seems to
convey a semblance of an unexplored scientific field, many experiments
were performed on substituted acridones. As acridone derivatives were

not in the focus of this work, their results will not be covered here.
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AE(Sg)!! Gas. phasel’] This work
Excited-state data of acridone in eV with respect to the S
S1 nw* 3.46 ?

So wr* 3.50 3.38 ?
Ty ¥ 2.94 2.83
Ty nr* 3.30 <3.29
T3 nr* 3.58

Ty wr* 3.58

Table 8.3.: Calculated (DFT/MRCI), literature and this work’s experimental data

of acridone in eV. [9] calculated vertical data in vacuo®A110] [b] gas

phase fluorescence excitationM!T00]

When compared, both measured values are in good agreement with
the calculated datalRATHb, MITO0] - Therefore, an assignment of T; and
Ty seems plausible. For the S; and Sy states no peaks are observed
which could be mainly caused by the low signal-to-noise ratio and the
earlier mentioned unstable anion signal. Additionally, one of the main
differences from the spectra of xanthone and thioxanthone, no broad
high intensity electron signal was observed in the range between 3.50
and 4.5 eV. As only a tentative proposition of an additional forbidden
electronic state was given for xanthone/thioxanthone, so far no further

explanation for the missing spectral features exists.

8.4. Carotene analogs(V5!!l

As reviewed in many textbooks, long aromatic polyenes (the so called
carotenes) often play an important role in biological systems. Their
huge 7 systems display low-lying electronic states and therefore shift
the respective absorptions into the visible range of the electromagnetic
spectrum. From there the energy is stored in long lived molecular
states by radiation-less interconversion to dark electronic states. For

example, in photosynthesis light is transformed into chemical energy,
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which is then used to transform carbon dioxide into organic compounds
(most prominently oxygen and different sugars). The radiation is ab-
sorbed by antenna chlorophyll complexes in the thylakoid membranes
of the chloroplasts. The light-harvesting complexes (LHC) aids the
absorption of light by channeling photon energy into the reactive cen-
ter chlorophyll (also known as special pair), where a charge separation
is created which leads to an electronic current. These light harvest-
ing complexes consist of chlorophyll (porphyrin derivatives), carotenes

NELO5] ' Dye to carotenes’ transition

and oxacarotenes (xanthophylls)!
forbidden S; and short-lived S, state, their role and functionality is
still not fully understood. It is assumed that they act as a triplet
quencher due to their presumably low-lying T states. In addition they
are known to eliminate radicals and other reactive species. To under-
stand their electronic state energetics, dark states of short carotene
analogs were investigated. To mimic some of these special complexes,
the «,w-diphenylpolyenes trans-stilbene (SB), all-trans-1,4-diphenyl-
1,3-butadiene (DPB) and all-trans-1,6-diphenyl-1,3,5-hexatriene (DPH)

[vs11]

were chosen See Figure 8.9 for their respective chemical struc-

tures. The herein presented and reproduced findings were also covered

1V811] Al presented spectra were recorded with

in a publication in 201
the magnetic bottle spectrometer.

In longer polyenes the S; (2'4,) state’s wave function is dominated by
a special doubly excited electron configuration were the HOMO is fully
depopulated (two holes) and the two respective electrons reside both
in the LUMO (H™2, L?). The first single excited configuration (H™!,
LT1) is then the Sy (1B,).

As a specialty in SB, DPB and DPH the energetic order of the transition-
forbidden 2' A, and the fully allowed ' B, interchange with increasing

ALLS89]

chainlength! Earlier gas phase studies located the 2' A, above
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Figure 8.9.: Chemical structures of the «a,w-diphenylpolyenes trans-
stilbene (SB), all-trans-1,4-diphenyl-1,3-butadiene (DPB)
and all-trans-1,6-diphenyl-1,3,5-hexatriene (DPH).

the S; (1'B,) at 3.997 eV in SB[SYAS2, AMISS, MAJS] iy DPB (.033 eV
below the 1'B,, (3.706 eV)SHESS, HEISS] 31 finally in DPH about 0.420
eV below the 1' B, (3.615 eVKOH34]) " SB  as the smallest of the three
investigated polyenes, displays a remarkable photoinduced cis-trans iso-

merization via excited singlet states[SAL94 MOLI7, SAL9S, SAL00, GAGO2]

[QUEO3, MIZ09, WEILO0] ' For the longer polyenes, DPB and DHP, cis-trans
isomerizations also exist but with much lower efficiencies!**8. To dis-
cuss intensities and electronic selection for radical anion PD-PES, the
electronic states of DPH, including their leading molecular orbital con-
figurations, are shown in Figure 8.10. Some electronic states (e.g., So,
T; and the 1' B, S3) are dominated by a single electron configuration.
For the Ty and 21Ag S; states the wavefunction consists of a linear
combination of different single and multiple excited electronic configu-
rations. The OPOE rule states that one photon only interacts with one
electron (see page 13 for explanation). So simultaneous photoexcitation

and photodetachment processes are very unlikely. Therefore, the tran-
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Figure 8.10.: Electronic state scheme of DPH including the leading

molecular orbital configurations!VS'!). Note the contri-

bution of doubly excited states, which cannot be reached
by one photon one electron excitations.

sition intensities in PD-PES should mainly be governed by the sum of
the squared contributions of single-hole configurations (SCSHC). Cal-
culated SCSHC values for SB, DPB and DPH are given in Table 8.4.
For example for the Ty state of DPH, the left configuration (SCSHC
of 0.42 (H-1)"!) mainly influences the PD-PES intensity, as only this
configuration can be reached by removal of one electron from the anion.
The right configuration would require electron removal and simultane-
ous excitation (LUMO+1)*! which is not possible due to the OPOE

selection rule.
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8.4.1. Results

To be able to give a comprehensive description of the measured data
this section will cover some of the theoretical results first and then ex-
amine and discuss the individual spectra in separate subsections.

Literature data shows no evidence of single cis or mixed cis and trans

conformers in gas phase experimentsSYA82, AMIS3, HEIS3, SHES3, KOH84]

[MAJS4] - Therefore, it is also plausible to assume all-trans configurations
for the DPB and DPH measurements presented in this work. Exper-
imental electron affinities were determined for SB, DPB and DPH by
using the upper left edge of the Dy to Sp (anion to neutral ground
state) transition. Measured EA values are presented in Table 8.5 and
compared to theoretical data (DFT, B3LYP). As anticipated the elec-
tron affinities develop proportionally to the respective molecules length
and size of the 7 system. The calculated adiabatic EAs are in remark-
ably good accordance to the experimental values. The differences are
about 50 meV in SB (exp.: 0.39 eV, calc.: 0.34 eV), 20 meV in DPB
(exp.: 0.67 €V, calc.: 0.69 eV) and 80 meV in DPH (exp.: 0.89 eV,
calc.: 0.97 eV). As figure 8.11 shows, the calculated values, despite be-
ing in an overall agreement with the measured ones, display a steeper
rise in respect of the molecules size. This indicates that for longer 7
systems the calculations are increasingly inaccurate. Overestimating
the electron affinities, is a trend also found in a-oligothiophene chains

SVIIb] - Normally, quantum

of monomer units ranging from two to six!
chemical calculations would underestimate the effects of electron corre-
lation and should therefore also underestimate the stability of the anion
with respect to the neutral molecules simply because the anion has one
additional electron in contrast to the neutral molecule. Thus, the re-
sulting calculated EAs are expected to be to low in comparison to the

experimentally determined values. As this effect is neither understood
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in crystals, 4.2 K[IKES5, IKE9] = [dlf,orescence in He jet[SHES3]

[(lorthorhombic DPB crystals[TEK94], [fTfluorescence in He jet [KOH84]
[9]one-photon absorption in EPA matrix, 77 KFAN78] - [Mlmenoclinic

CI MRMP)[MIZOQ], [b]jet—cooled gas phase[SYASQ], [C]phosphorescence
DPH crystals[WEIQQ]7 [{lorthorhombic DPH crystals[WElgz].

DPB, DPH in eV from [VS11]. [#Vertical values at S geometry (CAS-

Table 8.4.: Experimental, calculated (DFT/MRCI) and literature data of SB,
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SB DPB DPH

EAcqic 0.34 0.69 0.97
EAcep 0.39 0.67 0.89

Table 8.5.: Experimental and calculated (DFT, B3LYP) electron affini-
ties of SB, DPB, DPH in electron volts!VS11],
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Figure 8.11.: Comparison of the different experimental and calculated
electron affinities vs the molecule size.

nor corrected by additional calculatory parameters, this clearly shows
the need for reliable experimental methods to give valuable compari-
son spectra for calibration and directly justifies the effort for complex

methods like PD-PE spectroscopy.

Stilbene

The PD-PE spectrum of SB (fig.: 8.12 composed from three spectra
recorded with wavelengths of 1064, 355 and 266 nm to optimize the
PE resolution for each part of the spectrum with a resulting overall

resolution of 30 meV. The clean baseline before the Sy onset reveals
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Figure 8.12.: PD-PE spectrum of SB composed of three spectralVS!

recorded with wavelength of 1064, 355 and 266 nm to op-
timize the PE resolution for each part of the spectrum.
Displayed are the Sy, T1 and T, states. Ty location is
based on theor. calculations. The steep rise to the right
of the spectrum is assigned to a overlapping of different
electronic states. The dotted line denotes the position of
the 1'B,, from gas phase literature.

no existence of hot-band contribution to the spectrum. Therefore it is
assumed that the molecules are sufficiently cooled upon expansion and
subsequently after electron attachment. The neutral Sy ground state is
situated at about 0.39 meV over the anion ground state. A vibrational
feature of 1450 cm™! is clearly resolved in the first electronic state.
2.19 eV above, the first triplet state Ty can be located with a vibration
spacing of 1210 cm~!. This value agrees well with calculated (2.01 eV)
and slightly red-shifted literature date from crystal experiments (2.128
e VIIKESS, IKE94]). Calculated values predicted the T to lie adiabatically
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at 3.56 eV, well below the Sy state at about 3.83 eVISYA82l Therefore
the rise in signal at 3.60 eV is attributed to the T state. SCSHC val-
ues of Sp = 0.86, Ty = 0.85 and Ty = 0.38 support this assignment by
comparison with the received intensities in the spectrum. A somewhat
smaller vibrational spacing of 940 cm™! also hints towards an assign-
ment to the Ty. The literature data position of the S; is marked by a
dotted line in the spectrum and situates the S; right below the broad
rise of the overlapping higher electronic states. Computed data (3.72
eV) also states this range as a proper location of the S;. In the spectrum
a peak is visible at this position but unfortunately not intense enough
to justify a clear assignment. According to calculations the strong rise
at 4.15 eV is based on overlapping electronic states composed of higher
Sy vibrations, So, T3 and Tjy.

1,4-diphenylbutadiene

Subspectra for DPB were recorded with wavelengths 1064, 355, 266
and 212.7 nm. The resulting combined spectrum is shown in figure
8.13. Isolated Sy and T, peaks are clearly visible. Similar to SB, each
peak displays vibrational information, although of smaller spacing in
So (1370 cm™!) and larger spacing in T; (1290 cm™1!). Interestingly
the intensities of the vibrational progression in T; does not conform
to normal Franck-Condon induced vibrational patterns. This is mainly
attributed to anionic resonances as explained in subsection 7.2.2. The
position of the T; (1.82) is in good agreement with solid-state crystal
literature (1.788 eV)[TFK and calculated adiabatic values(1.68 eV).
In contrast to SB the Ty transition at 3.26 eV is clearly distinguishable
from other higher electronic states. Its assignment is based on former
gas phase S; datalSTF®3l and comparison of the theoretical Ts (3.11
eV) and S; (3.39 V) state energies. Additional justification is gained
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Figure 8.13.: PD-PE spectrum of DPBVSM composed of four spec-
tra recorded with wavelength of 1064, 355, 266 and 212.7
nm. Modulation of the T state is caused by anionic reso-
nances. Ty location can now clearly be distinguished from
the overlapping electronic states to the right. The dot-
ted line denotes the position of the 1'B,, from gas phase
literature.

by observation of the predicted intensity ratio of 2:1 between the Ty
(SCSHC = 0.83) and Ty (SCSHC = 0.42) states. A small (but slightly
larger than in SB) vibrational spacing of 970 cm~! is observed. At
about 3.60 eV a distinct peak of similar intensity arises, which is ten-
tatively attributed to the 21Ag S; and 1'B, S, states, as both states
should overlap (AE = 267 cm™)SHES3] at about 3.67 eV in the spec-
trum. SCSHC values corroborate this statement as in DPB the bright
So (SCSHC = 0.90) should heavily interfere with the only barely visible
S1 (SCSHC = 0.19). Again, the rest of the spectrum is dominated by

a broad, intense transition of overlapping higher electronic states.
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1,6-diphenylhexatriene

For DPH the PD-PE subspectra were recorded with wavelengths of
1064, 355, 266 and 212.7 nm. The first thing to note is the small unre-

Energy with respect to the neutral ground state [eV]
1,0 -05 00 05 10 15 20 25 30 35 40 45

1410 cm’ 970 cm'!

Electron intensity [arb. units]

T T T T T T T T T T T T
05 00 05 10 15 20 25 30 35 40 45 50 55
Energy with respect to the anion ground state [eV]

Figure 8.14.: PD-PE spectrum of DPHIVS!Y composed of four spectra
recorded with wavelength of 1064, 355, 266 and 212.7 nm.
Modulations of the T; & Ty states are caused by anionic
resonances. The predicted 2' 4, (S;) state is not clearly
visible. The dotted line denotes the position of the 11 B,
(S2) from gas phase literature.

solved structure before the Sy state (marked by e) which is mainly at-
tributed to a thermally induced pericyclic reaction’s product. Different
possible types of products are discussed in reference [ALL89]. T state
energy was determined to be 1.54 eV, in good accordance to solid-state
crystal of monoclinic (1.499 ¢V) and orthorhombic (1.526 ¢V) elemen-
tary cellstWVPI92l A theoretical adiabatic value was calculated with 1.40

eV. Again, anion excited states modulate the Franck-Condon factors of
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the different vibrational peaks (1410 cm~! spacing), leading to a broad
spectral structure. The Ty (2.94 eV) is clearly offset from the higher
electronic states. Assignment was performed with the help of theoreti-
cal calculations (2.71 eV). Again the intensities are in good agreement
with the calculated SCSHC values (T; = 0.81, Ty = 0.42). All trends
in both vibrational coutures are conforming with findings in SB and
DPB except for the very small change between the DPB and DPH Ts
vibrational spacing (both 970 cm ™!, resolution limited).

SCSHC calculations predict very weak 2' A, S; state intensities (SC-
SHC = 0.18), which therefore cannot be detected in the PD-PE spec-
trum. Calculations estimate a location at about 2.88 eV, which are
backed up by two-photon absorption experiments in EPA (solvent con-
sisting of mixed ether, pentane and alcohol) at 77 K (3.12 eV)[FANTS]
and gas phase data (3.19 eV)[KOH84 " Gas phase literature on the 1'B,,
S, is marked with a dotted line at 3.62 eVIKOHS4  Theoretical calcu-
lations and other solid state experiments located this state at 3.07 and
3.22 eV (in EPA, 77 K)IFANS] In this work’s spectrum no evidence can
be found due to laser-background induced limitations. Again, the rest
of the spectrum is dominated by a broad, intense transition of overlap-
ping higher electronic states (T3, T4, S3, S4) within an energy range of
0.38 eV.

8.4.2. Discussion

Similar to former findings in oligothiophenes!SV1'P! the T, state is sit-
uated below the S;. In addition to the classical relaxation from S;
to Ty this provides another possible ISC pathway to the T, state.
As the S1-T; energy difference is large, the ISC rates for this ener-
getic channel are rather low!ENG70] - Therefore the S;-T5 relaxation be-

comes the dominant ISC pathway. However, as «,w-diphenylpolyenes
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do not possess heavy heteroatoms, ISC rates are by a number of mag-

nitudes smallerBEN76, GRO79, SALO0] s[SV11b] R

than in oligothiophene e-
cent findings by Marian and co-workersKUE] indicate another possible
aspect. In DPH the spin-orbit coupling (SOC) between the symmetry-
forbidden (planar conformation) 13Ag T, and 1'B,, S, states increases
drastically with torsional deformations on the central bond. Addition-
ally, along this reactive axis, the corresponding potential energy surfaces
intersect. When compared to the 13Ag Ty and 21Ag S; states, the
spin-orbit coupling of the latter states is rather small, caused mainly
by their similar electron configuration (see figure 8.10 for reference).
Combining both facts allows to speculate on a potential relaxation
pathway via excited triplet states in DPH. In the first step energy
from an optical excited molecule in the 1'B, S, is transferred to the
long-livedI'TOST, ITO0T) 91 4 'S, state. From there the S; and Sy states
can now efficiently convert population by electronic state coupling and
thermal re-population as found by Hilinski et al.M9]  Marian and
co-workers predict that instead of the low yield 21Ag S, to 1B, T
ISC process, ISC to the 134, Ty state mainly occurs from the higher
13Ag S,. From there it is now possible to relax into the 13B, T; by
internal conversion and subsequent vibrational relaxation into its vi-
brational ground state™VEM Once the T} is populated, isomerization
processes via the triplet pathway are possible. In some special solvents
the yields of this mechanism can even compete with the classical singlet

SALOO] - Ag an explana-

isomerization channel as shown by Saltiel et al.l
tion, Marian and co-workers state the flat 13B, T; potential surface
along the torsional coordinate thus predicting a very high isomeriza-
tion probability in T; on population.

For the other a;,w-diphenylpolyenes SB and DPB, ISC is negligibly small

and therefore of minor importance.
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8.5. Azulene

Azulene, an aromatic hydrocarbon composed of a five- and a seven-
membered ring, is well known for its unique light emission proper-

ties. Early experimental studies in glassy EPA by Beer and Longuet-

Figure 8.15.: Chemical structure of azulene.

Higgins in 1955 showed a peculiar fluorescence pattern with a supposed

large separation (about 1.80 eV) of the two lowest electronic singlet

[BEES55]

states . One year later Viswanath and Kasha conducted similar

experiments and assigned the anomalous fluorescence to the So —Sy

[VIS56]

transition , with azulene being the first observed molecule to vio-

late Kasha’s rule®4559] In none of the studies phosphorescence from
the lowest triplet state could be detected. Nevertheless, Kasha and
co-workers gave a tentative explanation for the missing S; —Sg fluores-
cence by the prediction of ‘an excited triplet’ [...] ‘at nearly the same

VIS56]

energy as the S; level’l This hypothesis was deemed to be rather

unlikely by them, due to the interpretation ‘that [all] light absorbed

in the visible absorption band would be converted completely to lowest

[VIS56] - Nevertheless, as the experiments on xan-

[SCAS0]

triplet state excitation
thone earlier showed, ISC rates up to 0.97 have been observed
and therefore, the triplet state relaxation dynamics seemed to be a pos-
sible scenario. To confirm the location of the presumably photophysi-
cally important T; state, photodetachment photoelectron experiments

were conducted during this work.
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Figure 8.15 shows the PD-PE spectrum of azulene recorded with de-
tachment wavelengths of 1064, 532, 355 and 266 nm. The joints of each
subspectrum are displayed by grey markings. The different electronic

Energy with respect to the neutral ground state
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Figure 8.16.: PD-PE spectrum of azulene. The PD-PES were recorded
with 1064, 532, 355 and 266 nm; joints are indicated by
gray marking. Literature position!SU%87] of the S state
marked by dashed line.

states are labeled with their respective transition energy with respect
to the anion ground state. For easy comparison with the literature and
calculated values, the measured electron affinity was subtracted and an
additional scale, in respect of the neutral ground state, added on top
of the spectrum. The position of the literature gas phase value for the
S; statel5U%87 is indicated by a dashed line. The leftmost electronic
states is the Sg at 0.79 eV (with respect to the anion ground state
Dy), with a vibrational progression at about 610 cm~! spacing. This
is good agreement with the literature value of EA = 0.79+0.0080 eV
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by Schiedt et al.[SCHO0 At 2.46 eV the first excited electronic state is
visible (vibrational features: 460 cm™!). An additional peak at about
1.94 eV, formerly measured by Knott et al.'"NO98! in a similar experi-
ment and later mentioned by Boesl et al.[BOE9%lin a review article, could
not be reproduced. In comparison with the calculations and the liter-
ature data (for references see below), it is therefore expected that two
states, namely T and Sy, should reside in this region (around 2.46 ¢V)
of the spectrum. The next two peaks, at 3.27 and 3.63 eV, feature a
broad structure, which seems to be caused by an unresolved vibrational
structure. They are attributed to the Ts and T3 states. The last visible
peak is the (fluorescent) Sy at 4.27 eV, which is only barely visible due
to the rising one-photon background in this spectral range. Table 8.5
gives an overview over the different experimental and theoretical™MAR11]

values in comparison to literature data. Many previous studies, which

AE(SO)[G] Gas phase[b] Crystals[c] Liqu. phase[d] This work

Excited-state data of azulene in eV with respect to the Sy

Sy 2.19 1.7718UZ87] (1.77)
So 3.56SEM09] 3.32[V1856] 3.48
T, 2.01 1.72[KLES3] 1.69[HERT5] 1.67
T, 2.46 2.48
Ty 2.75 2.84

Table 8.6.: Calculated, literature and this work’s experimental data of azulene
in eV. [ calculated vertical data in vacuo™ARI (¥l jet-cooled,
gas phase spectroscopy[SUZW’ SEMOQ], [e] crystal data in EPA at
77 KIVIS56] and phenazine at 30 KKLES3] [d] jiquid phase flash
photolysis[HER75]

tried to locate the lowest electronic state states, used many different
methods. Therefore, from the many citations, crystal data and the
more accurate jet-cooled gas phase spectroscopy values were chosen for
comparison. As a first noteworthy fact it can clearly be seen that the
literature S; value (1.77 eVISUZ87]) does not fully agree with to the first
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rise in the spectrum at 1.67. The often cited T; state energy, located
at 1.30 eV by RentzepisFFN could not be reproduced. Already in
1975, Herkstroeter published doubts about this location™ER75] . There-
fore, the formerly stated possibilities of S; being the first excited state
or an extremely low triplet state were dismissed. As the intensities
of the peaks (now assigned to the S;) do not follow the exponential
Franck-Condon progression of the alleged origin, the peak at 1.67 eV
was assigned to the Ty state. This is in surprisingly good agreement
with data obtained in phenazine crystals at 30 KIKFE83] and liquid phase
flash photolysis™*R7] Normally, liquid and solid phase tend to differ
from gas phase experiments due to environmental effects. To be abso-
lutely sure about the position and to rule out all possible anion excited
state effects in this works spectrum, the measurements will be repeated
with additional, different wavelengths currently not available.

Calculated values for T; and S; at 2.01 and 2.19 eV (each with in-
versed dipole direction)[MARH] are positioned slightly to high but at
least support the electronic order. The offset in the calculations can
easily be explained by the fact that only vertical and no adiabatic val-
ues are given, which shifts the position to higher energies in cases of
geometrical differences. Nevertheless, the newly found Ty and T3 (2.48
and 2.84 eV) positions are in good agreement with the calculated val-
ues of 2.46 and 2.75 eVIMARM The S, first mentioned by Kasha and
co-workers (3.32 eVIVIS56]) and recently remeasured with ‘rotationally
resolved ultrahigh-resolution laser spectroscopy’ (3,56 eV[SEMogl) could

also be located with high probability in near the literature values.
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9. Conclusion and outlook

The goal of this work was to perform optical spectroscopy of photophys-
ically and photochemically important electronic states, such as triplet,
nm* and electric dipole forbidden states. In the course of this work,
many of this so-called ‘forbidden transition’ were located and assigned.
As the name ‘forbidden states’ may imply an absolutely impossible
transition, it was found early that for many of these states it is never-
theless possible to excite them. For their extremely low intensities in
classical optical spectroscopy, this work now suggests to use the term
‘dark states’ for these special electronic states.

The main focus of the experimental work was based on the technical
advancement of the spectrometer and the upgrading of the old low-
resolution magnetic bottle system with a combined electrostatic and
field-free time-of-flight electron spectrometer. Therefore, three major
improvements had to be made: the incorporation of the new spectrom-
eter system, the possibility to perform temporal and spatial adjustment
and last but not least the implementation of the high-resolution elec-
tron deceleration setup. For both of the two latter improvements the
development of the movable electron optics was the key to success. It
is therefore now possible to quickly select between high-transmission
or high-resolution, resulting in three distinct modes of operation of the

photodetachment photoelectron spectrometer:

e Low-resolution (AE of 25 to 40 meV), high-transmission magnetic
bottle PS-PES; for overview spectra, to quickly locate interesting

regions for electronic transitions and identify anion excited states

e Medium-resolution (AE of 10 meV), selectable transmission field-
free PES; for easy adjustment of the mass spectrometer and the

laser system
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e High-resolution (AE of 2.6 meV), low transmission electrostatic
PES; decelerated electrons allow the use of nearly arbitrary wave-
lengths, to avoid anion excited and autodetachment states, while

still maintaining the high resolution of low energetic electrons

Additionally, for better sample preparation and higher masses the inlet
system with its nozzle was upgraded. With the high-temperature ce-
ramic inlays to avoid sample decomposition and the thermal insulation
from the rest of the system it is now possible to achieve vaporisation
temperatures up to 590 K.

Despite the high complexity of the spectrometer an the various diffi-
culties in its construction, several different biologically and photophys-
ically interesting sample molecules were analyzed. While the first at-
tempts on p-benzochinone mainly yielded a validation of the method’s

fitness for measuring nm* statesg[SV1lal

, PD-PE spectra of xanthone al-
ready showed nearly perfect information on the location of the first
triplets T7 and T5. For the xanthone analogs thioxanthone and acridone
promising data towards T was also found. Electron affinities for all
molecules were obtained and could be proven by comparison with cal-
culated valuesRAT11b, SVila]

For a number of aromatic hydrocarbons the lowest electronic states,
including the anion-to-neutral transition, could also be located. In the
a,w-diphenylpolyenes a possible explanation for the Ty and its non-

VS11]

involvement in the ISC processes could be given! In particular

the energetic position of Ty below the S; in azulene could be proven, a
presumption already made, but never proven, by Kasha in 1956!V1S56],
Still, some problems remain with the current setup. For a huge number
of molecules the resolution is now fair enough to be able to discrimi-
nate the different electronic in the spectra. However, for some special

cases where the spacings between the peak are too small (see chapter
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8.2) additional resolution enhancement is required. In the later course
of this work it was found that the main problem now is a coulombic
repulsion of the electron’s space charge in the anion cloud. To solve this
problem, it will be necessary to reduce either the anion count or the
anion cloud’s density. As lower anion counts would massively prolong
recording times, a collinear laser access will be incorporated for im-
provement of the resolution. For further enhancement, a new commer-
cially available 500 ps pulse length laser system, based on the current
setup, will also be adapted for photodetachment. On the other hand,
experiments on acridone and 1,8-diphenyloctatetraene (not shown in
this work) revealed the need for a new system for thermally unstable
and non-volatile samples. Especially for 1,8-diphenyloctatetraene only
a cyclization’s product could be observed. Therefore, a new laser des-
orption vaporization source is being developed at the moment.

As a concluding remark it can be stated that photoelectron photode-
tachment spectroscopy is a well-suited method to obtain important in-
formation about electronic excited states. This information helps to
elucidate new pathways in photophysical and photochemical processes

of many chemical substances.
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