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3. Prüfer: Jun. Prof. Dr. Ann-Christin Pöppler
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The following abbreviations are used.

AB ammonia borane (NH3BH3)

AE appearance energy

AI allyl iodide

B. braunii. Botryococcus braunii

BC boron carbide

BD breakdown diagram

BDE bond dissociation energy

BO Born-Oppenheimer
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CCD charged coupled device
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CW continous wave
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Abstract

Die vorliegende Arbeit lässt sich in zwei Unterkategorien gliedern. Sie be-
fasst sich zum einen mit der isomerenselektiven Identifikation von hochreak-
tiven anorganischen Verbindungen. Zum anderen werden Ratenkonstanten
für die Reaktionen verschiedener Kohlenwasserstoffradikale mit Sauerstoff
ermittelt. Beide Bereiche sind durch die Frage der Energiespeicherung und
-gewinnung in der Zukunft unmittelbar miteinander verbunden. Während
bisher fossile Energieträger einen überdurchschnittlichen Anteil an der En-
ergieerzeugung haben, sollen schon bald regenerative Quellen den Großteil
ausmachen. Mittels Photovoltaik oder vergleichbarer Methoden ist es schon
möglich einen Teil des akuten Energiebedarfs zu decken, allerdings sind
mögliche Energiespeicher momentan noch zu ineffizient. Wasserstoff wird
deshalb als vielversprechender Kandidat für Energieträger der Zukunft ange-
sehen. Jedoch benötigt reiner Wasserstoff große Energiemengen um kom-
primiert zu werden und noch größere um ihn zu verflüssigen, weshalb andere
Speicherformen notwendig geworden sind. Diese Wasserstoffspeichermate-
rialien sind noch nicht ausgereift, da es beim Abspalten von Wasserstoff oft
zu Zersetzungsprozessen kommt.
Andere Methoden um vor allem flüssige Energieträger zu Gewinnen sind
spezielle Mikroalgen, die große Mengen Öl produzieren können. Ähnliche
Kohlenwasserstoffe benutzt man heutzutage bereits als Treibstoff für Au-
tos, jedoch haben die aus Algen gewonnenen Verbindungen einen anderen
chemischen Aufbau, wodurch neue Verbrennungsmodelle entwickelt werden
müssen. Ratenkonstanten von Modellverbindungen stellen hierfür oft das
Rückgrat dar, deren Kenntnis unverzichtbar ist.
Die Herausforderung reaktive Moleküle zu untersuchen, liegt oft darin sie
in einer inerten Atmosphäre erzeugen zu müssen. Nur unter diesen Bedin-
gungen hat ihre Reaktivität kaum Möglichkeiten sich zu entfalten. Hierzu
wurden stabile Vorläufermoleküle in die Gasphase überführt und in einer
verdünnten Umgebung möglichst selektiv in die gewünschte Radikalspezies
überführt. Es konnte dafür auf drei verschiedene Methoden zurückgegrif-
fen werden. Der Vorläufer wurde entweder thermisch gespalten, durch
Lichtabsorption dissoziiert oder durch andere Radikale mittels Abstrak-
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tionsreaktionen erzeugt. Jede dieser Methoden bietet Vor- und Nachteile je
nachdem welche experimentelle Observable im Speziellen untersucht wer-
den soll und wie der Vorläufer beschaffen ist. Sowohl die isomereselektive
Identifikation als auch die Bestimmung der Ratenkonstanten wurde mittels
Schwellenphotoelektronenspektroskopie durchgeführt. Mit Hilfe eines Pho-
toelektron/Photoion Koinzidenz (PEPICO) Aufbaus konnten massenselek-
tive Signale detektiert werden. Diese Methode benötigt eine Lichtquelle, die
eine hohe Repetitionsrate aufweist und im VUV-Bereich komplett spektral
durchstimmbar ist. Diese Voraussetzungen sind an Synchrotron-Strahlungs-
quellen verfügbar, weshalb die Experimente in dieser Arbeit an den ent-
sprechenden Strahllinien an der SwissLightSource oder am Synchrotron
SOLEIL durchgeführt wurden. Zur Unterstützung der experimentellen
Daten wurden durch quantenchemische Rechnungen und Simulationen
durchgeführt, aus denen eine klare isomerenselektive Zuordnung des jew-
eiligen Signals erfolgt. Die gesuchten Ratenkonstanten konnten mittels
geeigneter Programme aus den Kinetikdaten extrahiert werden, wobei auch
die Ratenkonstanten der Seitenreaktionen berücksichtigt wurden.
Die wichtigsten Erkenntnisse lassen sich wie folgt zusammenfassen:

� Die Ratenkonstante zwischen dem Allylradikal (C3H5) und Sauerstoff
konnte von 0.8 - 3 mbar bei Raumtemperatur ermittelt werden. Das
Radikal wurde hierfür auf zwei unterschiedlichen Wegen generiert,
einmal durch direkte Photolyse von Allyliodid und einmal indirekt
durch H-Abstraktion von Propen. Allyl konnte mittels Schwellenpho-
toelektronenspektroskopie eindeutig nachgewiesen werden. Zusätzlich
konnte in den Experimenten mit Propen ein neues Reaktionsprodukt
identifiziert werden. Die Druckabhängigkeit der Reaktion stimmte in
etwa mit der Literatur überein, wobei die Vergleichbarkeit aufgrund
eines anderen Badgases nur bedingt gegeben war.

� Im nächsten Schritt wurde versucht die isomerenselektive Kinetik
der Methylallylradikale zu untersuchen. Während sich 1- und 2-
Methylallyl unabhängig voneinander generieren lassen, besitzt 1-Me-
thylallyl (1-MA) zwei Stereoisomere E-1-Methylallyl (E-1MA) und
Z-1-Methylallyl (Z-1MA) die sofort isomerisieren. Mit Hilfe des CRF-
PEPICO Setups konnten Ratenkonstanten für 2-MA zwischen 1 und
3 mbar aufgenommen werden. Für 1-MA wurden Abklingkurven eben-
falls zwischen 1 und 3 mbar aber bei zwei verschiedenen Photonenen-
ergien aufgenommen, sodass die beiden Isomere anhand ihrer Io-
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nisierungsenergie getrennt werden konnten. Beide Isomere zeigten
ähnliche Ratenkonstanten im Rahmen der Fehlergrenzen. Die ver-
schiedenen Druckabhängigkeiten zwischen Allyl, 1-MA und 2-MA kon-
nten durch die größe der Moleküle, sowie deren Substitutionsmuster
gut erklärt werden.

� Mit Hilfe des Photolysereaktors konnten sowohl das IO Radikal als
auch Hypoiodige Säure (IOH) erzeugt und spektroskopiert werden.
Die relativistischen Effekte in IO führten dazu dass sich bisherige ex-
perimentelle Studien mit den theoretischen Vorhersagen widersprach-
en. Das Schwellenphotoelektronenspektrum von IO zeigte zwei nicht
komplett auflösbare Vibrationsprogressionen, die auf die zwei tiefsten
Triplettzuständen zurückzuführen sind. Die beiden Zustände sind
etwa 0.13 eV von einander getrennt und besitzen sehr ähnliche Vibra-
tionsfrequenzen im Kation. Für IOH stimmten die Ionisierungsen-
ergie und die Vibrationsfrequenzen im Kation mit denen von anderen
Studien gut überein.

� Es konnte das echte Biradikal Diboren HBBH beobachtet werden.
Seine Ionisierungsenergie wurde auf 9.08±0.015 eV bestimmt. Eine
Progression der B-B Streckschwingung im Kation konnte beobachtet
werden. Der kationische Grundzustand ist doppelt entartet, was
zum Auftreten von Seitenbanden aufgrund des Renner-Teller-Effektes
führt.

� Als weitere Borradikale konnten sowohl BH2, BF und BH detektiert
werden. Bei BH2 wurde die Ionisierungsenergie, aufgrund überein-
stimmender Simulationen, auf 8.12±0.02 eV bestimmt. Zudem wur-
den Banden der Biegeschwingung bis zu acht Niveaus über der Fun-
damentale registriert. BH wurde sowohl im Singulett als auch im
Triplett Zustand generiert. Die Ionisierungsenergie von 1BH konnte
zu 9.82 eV bestimmt werden, wohingegen 3BH einen Wert von 8.48 eV
besitzt. In beiden Fällen wurden nur eine schwache beziehungsweise
keine Vibrationsprogression beobachtet. Für das ebenfalls hergestellte
BF Molekül konnten Werte von 11.11±0.02 eV und 1690 cm−1 früherer
Messungen bestätigt werden.

� Es konnte ein hochaufgelöstes ms-TPES des Boran-Ammoniak-Kom-
plexes H3NBH3 aufgenommen werden. Die Ionisierungsenergie konn-
te mit Hilfe von Simulationen auf 9.25 eV korrigiert werden und der
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erste Wasserstoffverlust tritt bei einer Energie von 10.00 eV auf. Im-
inoboran HBNH konnte aus Pyrolyse von Borazin hergestellt wer-
den. Es besitzt eine Ionisierungsenergie von 11.31±0.02 eV und die
Frequenz der Streckschwingung im Kation wurde auf 1530 cm−1 be-
stimmt. Für den Vorläufer Borazin konnte eine Ionisierungsenergie
von 10.01±0.02 eV bestimmt werden, die mit bisherigen Werten gut
übereinstimmt.

� Die Pyrolyse von Trimethylboran B(Me)3 lieferte hauptsächlich
CH3BCH2 durch Methanverlust. Dessen Ionisierungsenergie liegt bei
8.55±0.03 eV und eine ausgeprägte antisymmetrische CBC Streck-
schwingung mit einer Frequenz von 1450 cm−1. Das ms-TPES lieferte
aber auch Anhaltspunkte für die Anwesenheit anderer Isomere mit
der Summenformel C2H5B. Außerdem konnte bei höheren Pyrolyse-
leistungen ein zweiter Abstraktionsweg identifiziert werden, der zur
Bildung von CH2BH führt. Das Isomer des Methylborylen CH3B
wurde mittels seiner Ionisierungsenergie von 9.37±0.03 eV und seiner
kationischen BC-Schwiung von 1300 cm−1 von ebendiesen eindeutig
unterschieden.

Keywords
Synchrotron Radiation, Kinetics, Spectroscopy, Photolysis, Radicals, Bi-
radicals.
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1. Introduction

Known for more than 50 years, climate change has become one of the major
threats to not only the environment, but to mankind itself and is one of
the defining challenges we face in the 21st century. [1] The proposed glob-
ally rising sea levels and temperatures will lead to loss of habitable land, [2]

prolong and enhance extreme weather events and trigger more and more
people to leave their homes. [3] Therefore, climate change is not restricted
to the polar ice caps or alpine glaciers but will impact the lives of bil-
lions of people directly or indirectly. Science and engineering have grasped
the severity of the situation and has dedicated serious efforts to combat
climate change at its root, namely CO2 emissions, by finding alternatives
for fossil fuels to generate energy. Today the majority of our consumed
energy still comes from non-renewable energy carriers like oil and natural
gas, although renewable energy has an increasing percentage in our energy
mix. [4] While wired objects like buildings and trains can be powered by
solar cells and wind energy without any additional efforts, freely movable
objects like cars, ships, and planes need to have an internal energy stor-
age to function properly. Almost exclusively the automobile industry has
decided that cars in the 21st century will be powered by electricity that is
stored in on-board batteries, moving away from the conventional combus-
tion engine. Yet, battery technology faces a serious challenge in increas-
ing the energy density to replicate previously known specifications. [5] Car
manufacturers have circumvented this issue by building bigger and heav-
ier devices needing large amounts of scarcely available resources. [6] Similar
concerns arise for hydrogen-powered systems in which fuel cells containing
platinum are required to generate power. [7] With large parts of the popu-
lation and media ascribing transformative and almost unlimited power to
the aforementioned technologies in the future, it feels like combustion pro-
cesses are obsolete sooner than later. However, the search for new energy
carriers could give combustion a second wind and also purge its name from
the unsustainable and polluting technology it is associated with today, to
being just another pillar of the energy sector. [8] Plant-based biofuels offer
a sustainable alternative to conventional fossil fuels and can be produced
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Figure 1.1.: Major crude oil produced by the microalgae B. braunii. [14]

from leftover biomass. [9] The term biofuel is loosely defined and describes
any compound that is synthesized using renewable methods and can be
used for energy generation, with the most prominent representatives being
bio-ethanol and long-chain esters used in bio-diesel. [10] Initially, biofuels
were produced from food crops like wheat, sugarcane, or soybeans and di-
rectly competing with food production itself, thus posing a threat to world
hunger especially in third world countries. [11] To maximize energy densities
and reduce land usage, extremely durable, fast-growing, high-energy crops
like switchgrass or Miscanthus have been investigated as potential feed-
stock. [12] In order to further commercialize this process upscaling is neces-
sary, again creating a competition with agriculturally viable land. Later,
the primary sources for biofuels were lignin, cellulose, and hemicellulose for
which feedstock from abandoned agricultural land and food waste could
be used, circumventing any competition with conventional food crops, but
limiting expansion possibilities. Nowadays, third generation biofuels are
produced by water-borne micro-algae, which eliminates any kind of com-
petition with land-grown material, due to minimal land usage and great
upscaling potential. [11] While there are drawbacks like low photosynthetic
efficiency, high cost of cultivation and post-processing, as well as mediocre
cell culture conditions, microalgeas represent a truely sustainable way to
create biofuels. [13] However, the obtained products have a completely dif-
ferent composition with higher oxygen and nitrogen contents compared to
fossil fuels that depends on the species of algae used for production. [14,15]

Ethanol contains oxygen, whereas algae-synthesized long,chain hydrocar-
bons as well as fatty acids, used for the production of bio-diesel, often show
branched substitution patterns and unsaturated chains, rendering previ-
ously established combustion models on saturated non-branched hydrocar-
bons outdated. [10] The major crude product of one of the most promising
algae strains (Botryococcus braunii) is illustrated in figure 1.1. [14,16]

Biofuels can also be used as a short-term energy storage to absorb spikes in

2
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Figure 1.2.: Gravimetric and volumetric energy densities of some selected
compounds. [18]

energy production from solar, wind and other environmentally dependent
sources. [17] Until now, the main buffer molecule was proposed to be hydro-
gen because of its enormous gravimetric and moderate volumetric energy
densities displayed in figure 1.2. [18] It can be produced everywhere using
the electrolysis of water and either burned to generate heat or be used in
fuel-cells for electricity. However, its neat storage and transport are diffi-
cult and consume a majority of its contained chemical energy rendering the
process extremely inefficient. [19] Several routes were explored that tried
to solve this problem ranging from liquification by cooling, over adsorp-
tion onto metals or metal-organic-frameworks, to chemical conversion that
stores hydrogen in form of a different compound. [20] While its accessibil-
ity is better using liquification or adsorption methods, the highest density

3
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is found by chemically converting it into small molecules like ammonia or
ammonia borane. Ammonia exhibits similar gravimetric energy density
as hydrogen but much more favorable storage conditions, with a boiling
point of −33.4°C and a condensation point of 9.90 atm. [18] This is similar
to propane (−42.1°C; 9.40 atm) for which infrastructure for transportation
and storage has already been developed and established. Just like hydro-
gen, it can be used directly in fuel-cells or burned, generating nitrogen and
water in both cases. Ammonia fuel-cells have only recently emerged as a
promising approach [21] and thus suffer from drawbacks like high platinum
consumption as well as ammonia crossover through the ion exchange mem-
brane, decreasing their efficiency. [22] In combustion, ammonia/air flames
are less stable than methane/air flames, exhibit worse flame characteristics
with higher ignition temperatures, and can create toxic NOX species. [23]

Currently, hydrocarbons are added to improve properties in ammonia com-
bustion, [24] which the available models can only describe insufficiently. Yet
ammonia-based technologies have already proven viable as well as cost ef-
fective in the near future and could soon be considered a vital component
in biofuel technologies. [22]

With that being said, even CO2 neutral combustion has some drawbacks,
mainly the emission of NOX and soot particles that lead to smog and pose
serious health risks to humans, animals and plants. [25–27] Soot particles can
be understood as aggregates of polycyclic aromatic hydrocarbons (PAHs)
that form when hydrocarbons are not completely consumed by oxygen dur-
ing combustion. [28] They are not only produced by combustion engines, sub-
stantial amounts of this particulate matter originate from wood or biomass
burning stoves for cooking and ovens for heating. [29] These sources will
continue to be used in Europe and throughout the western world but in
particular in developing countries. Reducing soot formation has been the
central point of combustion research in the last years and the accumulated
knowledge has been gathered in several models with the most prominent
being the hydrogen-abstraction acetylene addition (HACA) mechanism. [30]

Interest in these combustion models also comes from astrophysics, where
PAHs play crucial roles in the organic cycle of matter in the interstellar
medium (ISM). [31] In this environment, PAHs are believed to be formed
in the atmospheres of carbon-rich stars, where temperatures can reach
several thousand Kelvin. [32] Therefore, it has been argued that reaction
mechanisms responsible for interstellar PAH formation are similar to those
encountered in the combustion community, [33] but their exact interstellar
origin and structural characteristics remain largely unknown due to the
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lack of knowledge on possible formation routes. Estimations that up to
15% of all elemental cosmic carbon is locked-up in aromatic hydrocarbons
emphasize the importance of understanding their chemistry. [31] While these
models have come a long way, they still can only explain a fraction of the
soot formation process and experimental evidence is only available for the
first steps. [10] The newly emerging biofuels have the potential to exacerbate
this problem in the nearby future with new and more complex mixtures of
various compounds being used in combustion cycles. [8]

The foundation on which all combustion models are based, is the unambigu-
ous identification of intermediates, that form when molecules decompose at
high temperatures and pressures. [34] Under these conditions chemical bonds
in the molecule are homolytically broken, creating at least two reactive rad-
ical species with unpaired electrons that can neither be isolated in a flask,
nor probed using standard analytical techniques like gas-chromatography.
Their high reactivity requires low molecular densities that need to be main-
tained during analysis, while multiple isomeric decomposition products in
dozen of pathways lead to the convolution of signals in many spectroscopic
techniques. The minimum requirements for any analytical technique aiding
to elucidate these processes can only be met when:

� their sensitivity is high enough to detect trace amounts

� their resolution can distinguish between all available species

� various species can be detected simultaneously

� they are not restricted by selection rules and can be universally ap-
plied

Ionization techniques fulfill most of the listed points. They are sensitive, not
confined by any spectroscopic selection rules and can unravel a wide variety
of species simultaneously through their time-of-flight detection scheme. [35]

The main spectral fingerprint used for identification is the ionization en-
ergy (IE), which requires a completely tunable light source in the vacuum-
ultraviolet (VUV) region to measure. For many species, this is enough
to unequivocally prove their existence, though many larger molecules have
several isomers with close-lying IEs that require another analytical dimen-
sion for identification. [36] Since ionization processes do not only create a
molecular cation but also a corresponding electron, the latter can be used
to support or refute a specific assignment. Upon ionization, the molecular
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structure changes and bond lengths and angles get smaller or bigger de-
pending on the nature and shape of the orbital the electron is ejected from.
These changes are imprinted onto the electron that carries these informa-
tion in the form of kinetic energy with respect to the incident wavelength of
the light. This orbital specific information is unique for each isomer and of-
fers an additional detectable parameter, that can be used for identification.
The combination of mass spectrometry and photoelectron spectroscopy is
called photoelectron photoion coincidence (PEPICO) spectroscopy and has
been successfully used to identify compositions in flames, [37] heterogeneous
catalysis, [38,39] and kinetic experiments. [40–42] Ultimately it yields a multi-
dimensional data set consisting of mass to charge ratio (m/z), IE, and vi-
brational structure in the cation. [43] For the sake of completeness, it should
be mentioned that high-resolution mass spectrometry can be used to iden-
tify isobaric species through their minor elemental mass differences, but
this technique fails when isomers need to be distinguished.
In combustion and its related fields, it is not only important to identify
the occurring species and the major pathways in controlled environments,
but it is also necessary to rationalize their abundance under real conditions
by measuring radical reactivity. For combustion processes, the main re-
actant for the radicals is oxygen because of its biradical nature and large
presence in air. The reactivity of radicals can vary, depending on inter-
nal and external factors best explained using the most prominent example
of an extremely stabilized radical, triphenyl methyl. [44,45] The three bulky
phenyl groups prevent any reactant from reaching the central trivalent car-
bon atom carrying a majority of the radical spin density. This shielding
of the radical site does not stabilize the molecule by lowering its ther-
modynamic potential energy but rather increases the barriers it needs to
overcome to form any products and thus this method is referred to as ki-
netic stabilization. The phenyl groups also exhibit a second effect, that
decreases the amount of spin density on the central carbon and transfers
parts onto the substituents. This delocalization lowers the potential energy
of a molecule and its propensity to react with any secondary molecules;
it becomes thermodynamically stabilized. These two factors also govern
the reactivity of smaller radicals that occur in combustion but their effects
are much smaller, harder to estimate and, contrary to triphenyl methyl,
might be working in opposite directions. Rate constants are a useful tool
to classify and compare molecular reactivities. Their absolute value does
not only depend on the involved species but also on ambient conditions like
pressure and temperature. Although one would expect a straightforward
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relationship between these external factors and rate constants according to
the Arrhenius equation, their true dependence can only be explained us-
ing potential energy surfaces of all involved intermediates and transition
states.
Since radicals start reacting almost instantly, they need to be produced
even faster and in a non-continuous way, so that the whole reaction can
be observed. The two most frequently used methods for radical generation
are pyrolysis and photolysis. Pyrolysis uses high temperatures to effec-
tively break down a precursor molecule and generate the two fragments in
large quantities. [46] When two radical precursors are co-pyrolyzed it can
also form larger molecules, although only the most stable products are ob-
served. [47] However, in certain cases the uncontrolled process of pyrolysis
can lead to further reactions and prevent the selective generation of the
desired intermediate. Photolysis can deposit a controlled amount of energy
in a very specific mode of the precursor molecule, which is largely con-
sumed in the ensuing bond scission, generating products with very little
excess energy. The following reaction that forms the first stable interme-
diate can be monitored closely and subsequent steps can be excluded from
the analysis under the right conditions. However, the amount of radicals is
dependent on the absorption cross section of the precursor and thus lower
compared to pyrolysis, which presents an additional challenge for the pre-
cursor selection. Photolysis experiments are performed in a suitable reactor
in which all environmental parameters can be monitored and adjusted at
will, which is usually not possible for non-preperative pyrolysis. The pho-
tolysis laser allows to know when the reaction has been initiated, record the
whole decay by using a pulsed mode and offers a way to generate relatively
cold radicals. Most photolysis setups are limited to a few selective energies
they can use to induce a bond scission and thus have only a limited flex-
ibility with respect to the precursor absoprtion. Therefore, pyrolysis and
photolysis represent two complementary techniques, each with advantages
and drawbacks for certain experiments. To paint a more vivid picture of
the differences between pyrolysis and photolysis, they can be correlated
to commonly available tools. Pyrolysis represents the sledgehammer ap-
proach, while photolysis can be compared to a pair of tweezers. Both can
be applied to the same starting material, but one would use each to achieve
something else.
A third approach is the radical generation inside a chemical reactor. Here,
highly reactive atoms, usually hydrogen, oxygen, or halides, are mixed with
precursor molecules which leads to a chemical reaction. The atoms, unsat-
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isfied with their electronic situation, homolytically break element-hydrogen
bonds to saturate themselves, leaving the precursor with a radical site. The
thermodynamic driving force for such systems is usually the high thermo-
dynamic stability of the generated compounds like H2, H2O, HCl, or HF.
Depending on the molecular densities as well as the precursor molecule ab-
stractions can happen multiple times and this approach is ideally suited to
break down larger precursor molecules.
To better understand the upcoming data certain fundamental principles
that have been mentioned in this introduction need to be examined more
closely. Chapter 2 tries to bring the reader closer to the topics of syn-
chrotron radiation, threshold photoelectron (TPE) spectroscopy and reac-
tion kinetics. Afterward a quick overview of the unique properties of each
relevant setup in this thesis is given and its advantages discussed (chapter
3). The results of this thesis are presented in chapter 4, where in section
4.1 the kinetics of the investigated hydrocarbon radicals are presented. The
second part of this chapter (section 4.2) is dedicated to the spectroscopy of
boron based radicals and biradicals. The chapter is brought to a finish by
mentioning some miscellaneous projects.
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2. Fundamentals

2.1. Symmetry

2.1.1. Symmetry of Molecules

In medieval times symmetry was viewed as a triumph of mankind over the
chaos that is nature, which is best displayed at the Garden of Versailles.
To the viewer symmetry represents beauty, it is aesthetic and unique. In
chemistry one looks at a molecule in its ball and stick representation and
intuitively knows if it is highly symmetric, meaning it can be rotated and
mirrored in different ways to yield the same molecule or if those so called
symmetry elements are absent. Based on decades of research that have lead
to the nobel prize for Roald Hoffmann and Kenichi Fukui in 1982, science
has found a way to relate the ”beauty of molecules” to the electronic struc-
ture and thus to their chemical reactivity. [48,49] A major part of this thesis
deals with the electronic character of neutral molecules and the effects that
arise when one removes electrons from them. While these effects can hardly
be quantified using symmetry arguments they can be qualitatively under-
stood, which in most cases is good enough to predict them without having
to go through highly complex and time-consuming potential energy surface
(PES) calculations near conical intersections.
Every molecules symmetry can be classified depending on the number and
kind of symmetry operations R it contains. These operations form a math-
ematical entity known as a group, that has to follow a given set of rules: [50]

� The product of two elements AB is also an element of the group.

� Multiplication of two elements is associative A(BC) = (AB)C.

� There is a identity element E that does not change another element
according to AE = EA = A.

� There is an inverse to each element that transfers it back to the iden-
tity element according to AA−1 = A−1A = E.

9



Fundamentals Ph.D. Thesis

These boundaries not only limit the number of avilable symmetry elements
per group, they require certain elements to be present in them. For the
sake of simplicity every symmetry operation can be written in matrix form
D(R) given in equation 2.1, where ~x and ~x′ are the vectors of all involved
atoms before and after the operation has been carried out, respectively.

~x′ = D(R)~x (2.1)

If the coordinate system is carefully chosen, the matrices D(R) only con-
tain zeros and ones and all together form a representation Γ, with respect
to the chosen basis. Since there is an infinite number of coordinate systems
that all result in different matrices, the challenge is to define a new property
that is uniform for every basis. [50] The character of an operation γ(R) is
equal to the sum of all diagonal matrix elements, also called its trace, which
is independent of the coordinate system and suited to evaluate the found
representations. In some cases the identified representation is multidimen-
sional, meaning its character is greater than one. This is called a reducible
representation Γred when it can be dismantled into several lower dimen-
sional ones. According to equation 2.2 the matrix D(R) can be separated
into two independent matrices D′(R) and D′′(R).

D(R) =

[
D′(R) 0

0 D′′(R)

]
(2.2)

When the representation can no longer be cross-diagonalized it is termed
an irreducible representation Γirrep, which have been determined previously
for each point group, and are tabulated. Please note that there are groups
that contain multidimensional Γirrep, which require at least one threefold
rotational axis in the molecule. It is common to use the Mulliken terminol-
ogy for molecular point groups, where A and B are one-, E is a two- and T
is a three-dimensional representation. However, this can not be applied to
linear molecules which have an infinite rotational axis and use labels from
atomic spectroscopy. [50]

Breaking down reducible representations into irreducible ones follows equa-
tion 2.3, where g is the number of symmetry operations of a group and mi

determines how often Γirrepi is contained in Γred.

mi =
1

g

∑
R

γred(R)γi(R) (2.3)
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The symmetry of the molecule only gives hints at what the electronic struc-
ture coarsely looks like. Each molecule belonging to a group containing a
multidimensional Γirrep has at least one set of degenerate orbitals, but up
to this point it is unclear whether they are important for its reactivity. For
chemistry and most spectroscopic methods, the frontier orbitals govern the
properties and reactivity of a compound. [48]

Applying this principle to a single, or a set of orbitals, results in sym-
metry adapted molecular wavefunctions, which are used to construct the
molecular orbital (MO) diagram. The symmetry of any state in this MO
diagram is determined by multiplying the character of all orbitals with one
unpaired electron in them. Since the direct product of completely filled or-
bitals is always the totally symmetric representation, they do not need to be
taken into account. This is, strictly speaking, only true for one-dimensional
point groups. In case of multidimensional point groups the direct product
between two Γirrep can be a reducible one that contains more than one
Γirrep after it has been broken down using equation 2.3. This means there
are more electronic states for a single orbital occupation, some of which
may be degenerate. This is the basis to explain vibronic interactions using
symmetry arguments, and shows the difference between orbital and state
pictures. [50]

2.1.2. Jahn-Teller Distortions and Symmetry

The Jahn-Teller (JT) effect [51] is a fundamental principle for molecules and
states that: ”An orbitally degenerate electronic state of a nonlinear molecule
is unstable with respect to a distortion, which removes the degeneracy.” [50]

There are various forms of the JT effect with different origins and prereq-
uisites, yet all introduce a geometrical distortion q in the molecule. [52]

When a system is subjected to such a distortion, its electronic hamilto-
nian and corresponding energies can be expanded in a Taylor series using
perturbation theory, given in equations 2.4 and 2.5.

H = H0
i + (

∂H

∂q
)iq +

1

2
(
∂2H

∂q2
)iq

2 + ... (2.4)

Ei(q) = E0
i + q〈ψi|

∂H

∂q
|ψi〉+

q2

2
〈ψi|

∂2H

∂q2
|ψi〉+ q2

∑
j 6=i

〈ψi|∂H/∂q|ψj〉
E0
i − E0

j

+ ...

(2.5)
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The energy of the undistorted molecule is given with E0
i , while the next

terms represent first- (q1) and second-order (q2) solutions. By applying
symmetry arguments one can understand the molecular parameters re-
quired for a first-order JT effect without having to know what the wavefunc-
tions of the involved orbitals ψi and matrix elements exactly look like. In
case the two wavefunctions ψi are non-degenerate and of the same Γirrep,
their direct product belongs to the totally symmetric representation. In
addition the hamiltonian of a molecule depicted in equation 2.5 is always
totally symmetric, since symmetry operations must never affect the elec-
tronic structure. [52] Consequently, the distortion q that changes the molec-
ular shape has to be totally symmetric as well. Such distortions cannot
switch the point group of a molecule, thus JT effects cannot occur in sys-
tems that have no degenerate pair of orbitals.
If Γψi belongs to a multidimensional representation its direct product with
itself is a Γred that yields more than one Γirrep. With some exceptions,
the molecule is in a degenerate state and the distortion q can be of dif-
ferent symmetry without violating any symmetry arguments made before,
resulting in a nonzero value for the first-order term in equation 2.5. The
molecule becomes unstable with respect to its highly symmetric form along
a degenerate coordinate q, whose symmetry corresponds to a certain vibra-
tion that is called the JT active mode. This lowers the symmetry of the
molecule, lifting the degeneracy of the orbitals and stabilizes the system ac-
cording to figure 2.1. Since the basis of first-order JT effects is a degenerate
ground state, molecules must contain a rotational axis of three or greater,
which is a necessary condition but not a sufficient one. A distortion in the
neutral ground state can only occur in open shell species like radicals and
biradicals since they exhibit an electronic state that is different from the
totally symmetric one. The ground state symmetry of molecules that have
an odd number of electrons in a degenerate pair of orbitals transform after
the symmetry of the singly occupied orbital, and, if it is of E-character,

Figure 2.1.: Orbital changes from the undistorted (left) to the JT dis-
torted molecule (right).
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it is susceptible to a JT effect. Jahn and Tellers theories do not work on
molecules that belong to linear point groups. These molecules have different
symmetry properties compared to all other point groups and interactions
in them are described by the related Renner-Teller (RT) effect. [53,54]

The last two terms in equation 2.5 belong to a second-order JT effect that
consists of two components. The first of these two terms describes the nu-
clear motion of the undistorted molecule in electronic state |ψi〉, which can
be interpreted as a force constant that forces the nuclei back into the more
symmetric geometry. It is always totally symmetric, nonzero and positive,
meaning it reduces the stability of the distorted system. The third overall
term describes a mixing of two different electronic states, the ground state
ψi and an excited state ψj . This renders the sign of this term negative since
the value of Ei is always smaller than Ej and the stabilization is larger the
closer the excited state is to the ground state. However, the two states
can only interact under the symmetry conditions that the direct product
of their symmetry representations contains the symmetry of the JT active
mode. This second-order JT effect is more commonly termed pseudo-JT
(PJT) effect. [50]

In point groups with a four-fold rotational axis or multiples thereof, direct
products of two degenerate representations do not necessarily lead to a de-
generate ground state. This means that the first-order JT effect is absent in
these molecules, but second-order effects can still occur. The lowest excited
states in these molecules usually originate from different electronic occupa-
tions of two degenerate orbitals and thus, they are energetically close to the
ground state and can strongly interact with it. The symmetry condition
for two states to mix and cause a PJT distortion is, that the direct prodcut
of their representations must not contain the totally symmetric represen-
tation. In other point groups excited state mixing can be less effective and
the third term in equation 2.5 might become negligible compared to the
second, resulting in no PJT effect in these molecules.
It is important to understand the limitations of these symmetry-based ar-
guments, so that reasonable assessments that are valid within the approach
can be made. While symmetry can determine if a distortion occurs and
what symmetry it has, the magnitude can not be determined. The spectral
properties and how they change as a result of a distortion can also not be
predicted, since at no point a PES is calculated. [50] Therfore, symmetry
offers a first and easy estimate of the electronic situation in a molecule and
can help explain divergence between experimental spectra and lower-level
simulations.
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2.1.3. Potential Energy Surfaces and Jahn-Teller Distortions

In order to get a more thorough understanding what a JT distortion ac-
tually represents one has to look at the PES around them, as well as
the matrix elements that lead to the coupling between the two degen-
erate states. As depicted in the previous sections the nuclear motion
causes a change in the electronic situation of a molecule. The corre-
sponding couplings elements are vibronic, i.e. non-adiabatic, meaning, the
commonly used Born-Oppenheimer approximation that allows the sepa-
ration of nuclear and electron motions, is no longer applicable. In a di-
abatic picture, often used to illustrate these situations, the two states
cross each other, creating a conical intersection (CI) based on symme-
try arguments alone. [52] A complete mathematical description of JT CIs
would exceed the limits of the thesis, but the interaction integrals and
results give an excellent overview of the molecular dynamics near them.

Figure 2.2.: Cuts through the 3D PES along the JT active mode for:
a) a highly distorted first-order JT effect b) a slightly dis-
torted first-order JT effect c) first- and second-order JT ef-
fect d) only second-order JT effect. Adapted with permission
from Ref. [52]

14



Ph.D. Thesis 2.1.3. Potential Energy Surfaces and Jahn-Teller Distortions

For a more detailed description the interested reader is referred to the lit-
erature. [52,54–56]

Similar to equation 2.5 an analytical expression for a PES depending on a
vibrational coordinate can be found by expanding it into a Taylor series.
This results in two coupling elements g and k both depicted in equation 2.6
that determine the shape. [56]

k = (
∂E

∂Li
) g = (

∂2E

∂L2
i

) (2.6)

Both represent different orders of derivatives of the energy with respect to
the normal coordinate Li and are consequently referred to as linear and
quadratic coupling elements. Some cases for different values of g and k are
illustrated in figure 2.2.
In the trivial case of both g and k being zero, the undistorted potential of a
pair of degenerate electronic states can be approximated by one harmonic
oscillator.
When linear coupling is turned on the two degenerate states split up hor-
izontally along the JT active mode. This replaces the energetic minimum
of the PES at the undistorted geometry with a crossing seam. Depending
on the strength of the coupling the two wavefunctions can still interact and
be delocalized over the CI or be completely separated by it (see figure 2.2
a) and b) respectively). [56] This picture is often referred to as JT effect
and the corresponding PES are commonly found in the general chemistry
literature, yet it is only one part of a more complicated situation.
To better understand this phenomenon it is necessary to expand the two-
dimensional cuts through the PES depicted in figure 2.2 by another distor-
tion coordinate into a three-dimensional surface plot. The region around
a JT PES exhibiting linear coupling can be described using a ”sombrero”
potential. In the middle, the highest point of the PES, is the undistorted
geometry of the molecule. When the two states are largely separated, the
molecule can only be found there via tunneling effects. [56] The less sym-
metric molecule can ”rotate” around the center as illustrated in figure 2.3
for a molecule with a threefold rotational axis. This motion is referred to
as ”pseudo-rotation”, which can be misleading as the molecule does not ro-
tate around a molecular axis, but rather the electronic situation in a valence
bond picture rotates internally. In these cases the molecular wavefunction
is completely delocalized between all occurring species and there is no an-
gle dependency. An example for this case would be the cyclopentadienyl
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Figure 2.3.: Sombrero PES with linear and quadratic JT effects. The top
picture is a contour plot of the bottom 3D picture. A, B, and
C are the distorted intermediates, while D and D’ are the
respective transition states. E is the point of highest symme-
try, or the undistorted molecule. Adapted with permission
from Ref. [50]
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Figure 2.4.: Two-dimensional sombrero potential of the cyclopentadienyl
radical. The delocalized structure in the middle is the highest
point of the PES, while the distorted structures pseudo-rotate
around it. Taken with permission from Ref. [52]

radical, whose two-dimensional sombrero potential is given in figure 2.4. [56]

Quadratic coupling effects can further influence the PES, by introducing
bumps on the pseudo-rotation coordinate, even though these can be ne-
glected in most cases. When linear and quadratic coupling elements are
nonzero, one electronic state gets lowered compared to its corresponding
counterpart. This means that the wave function can be localized within
one preferred structure and leads to a static JT effect. [52] The lower ener-
getic distortion becomes an intermediate on the reaction coordinate around
the center while the higher energetic distortion can be described as a tran-
sition state. The probed molecular properties exclusively correspond to the
intermediate geometry as compared to an averaged situation in the linear
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only coupling. The number of intermediates and transition states of one
complete pseudo-rotation is equal to the principle rotational axis of the
molecule, and thus the PES has an angle-dependent component. Whether
the wavefunction is localized or delocalized depends on the energy differ-
ence between the two species and on the zero-point energy of the molecule.
In most cases, e.g. the benzene cation, the two species are energetically
almost equivalent and the probed properties correspond to the averaged
situation, when using a slow spectroscopic technique with respect to molec-
ular vibrations. Thus, although the benzene cation exhibits a linear and
quadratic JT effect, its photoelectron spectrum is equivalent to the undis-
torted molecule. [57]

In special cases the linear coupling element g can be zero but not the
quadratic coupling k. In this case the PES exhibits two different gradients
along two JT active modes but both have the same curvature, resulting
in a double cone structure with a minimum energy for both at the high-
est point of symmetry. At this point the two surfaces touch and form a
so called ”glancing” conical intersection that becomes prominent in the
Renner-Teller effect. When this coupling is strong a double well potential
forms, which is the case for molecules with a four-fold rotational axis and
is referred to as the PJT effect. [50,54,55]

2.1.4. Renner-Teller Effect

Jahn and Teller explicitly excluded linear molecules from their theorem,
since in those the linear coupling element g always vanishes through sym-
metry arguments. [51] However, for the special case of a linear molecule the
quadratic JT coupling can cause side bands in the spectrum that were first
described by Renner in 1937 on the CO2 cation. [53] In short, the RT ef-
fect describes the splitting of a degenerate electronic state along a bending
vibration in linear molecules. Again, a complete mathematical description
is not necessary in this thesis and can be found in much greater detail in
the literature, [54,55] but a qualitative understanding of the effect is advan-
tageous.
Linear molecules with N atoms exhibit a total amount of 3N-5 vibrations,
and some are doubly degenerate, meaning they have the same frequency but
different normal coordinates. These degenerate vibrations are of Π sym-
metry and ultimately lead to a splitting on the PES along their bending
coordinate, similar to the degenerate modes in the first-order JT case (vide
supra). For a splitting to occur the two Π vibrations need to be coupled to

18



Ph.D. Thesis 2.1.4. Renner-Teller Effect

the electron movement in the molecule, which can be best expressed with
the electron angular momentum along the z-axis of the molecule Λ. Thus,
molecules without any angular momentum (Λ = 0) cannot exhibit any cou-
pling between electron and vibrational degrees of freedom and no splitting
is observed, which limits the effect in neutral species to radicals or excited
states. In cases where |Λ| = 1, the electronic state of Π-symmetry is doubly
degenerate (Λ = ±1) with two components called D0 and D1. They have
the same number of vibrational modes, the same normal modes and the
same vibrational frequencies, yet the two exhibit different PES along the
same bending coordinate because of their vibronic couplings. [56]

Linear molecules that are positioned along the z-axis have two degenerate
bending vibrations, one in the xz- and one in the yz-plane. When vibronic
couplings are neglected, both D0 and D1 would have completely identical
PES along any of the two Π vibrations with the same vibrational frequen-
cies and normal modes. However, the appearance of these couplings lifts
the degeneracy of the two bending vibrations in one component because the
coupling between the Λ = +1 component and the xz-bending vibration is
different from its coupling with the yz-bending vibration. In other words,
the new vibronic wavefunction is now only an eigenfunction of the total
angular momentum projected onto the z-axis and no longer an eigenfunc-
tion for either the electron angular momentum or the vibrational angular
momentum. So changes in the electronic angular momentum have to be
compensated in the vibrational angular momentum. Since both vibrations
initially had the same frequency and the absolute value of |Λ| is the same,
both components split the vibrational frequency in the same amount but
because their sign of Λ is opposite it is done in reverse order, best seen
in table 2.1 for the ground state of HCCS. This results in two different
bending frequencies along one bending coordinate where the two electronic
states split up, albeit the geometry is not affected. [56]

It is worth noting that even though first-order JT effects are not present
in linear molecules, the molecule can still be unstable with respect to its
linear form due to PJT effects, even when only a weak RT effect is present.
A prime example of this would be the BH2 molecule, in which the bent
ground state originates from mixing of an excited state into the ground
state at linear geometry. [50] RT active molecules can be coarsely divided
into three distinct groups depending on their coupling effects. This is given
by three parameters, the strength of the RT splitting, the curvature of it,
and the influence of the PJT effect, whose exact definition can be found in
the literature. [54]
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In the easiest case of weak coupling, the two PES touch at the point of high-
est symmetry and form a ”glancing” conical intersection, which is also the
energetic minimum. This is also called the RT-only case since the molecule
is not subject to a PJT effect. It is not distorted away from linearity, but
the RT consideration is necessary to explain all experimentally observed
signals.
When PJT effects are present as well their interaction can modify the PES
and lead to a bent molecule. This leads to the conclusion that the RT effect
alone can never lead to instability in a linear molecule. [58–60]

There are two situations that are created by PJT interaction on RT-active
molecules. Either both PES are stabilized by the distortion or only one PES
is stabilized and the second one is not changed leading to a new equilibrium
geometry in both cases.

Table 2.1.: All vibrational modes of HCCS together with their correspond-
ing symmetry and geometrical description. Values taken from
Ref. [56]

D0 D1

ω/cm−1 Symmetry Vibration ω/cm−1 Symmetry Vibration

Non-degenerate modes

761 Σ+ Stretch 761 Σ+ Stretch

1993 Σ+ Stretch 1993 Σ+ Stretch

3619 Σ+ Stretch 3619 Σ+ Stretch

Degenerate modes

258 Π yz-bend 258 Π xz-bend

302 Π xz-bend 302 Π yz-bend

373 Π yz-bend 373 Π xz-bend

557 Π xz-bend 557 Π yz-bend
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2.2. Synchrotrons

2.2.1. Generation of Synchrotron Radiation

Lasers emit light by creating a population inversion that leads to an am-
plification by a dominant stimulated emission process. This inversion is
dependent on the wavelength of the emitted light and cannot be achieved
easily for extremely high photon energies. Synchrotrons as well as their
next generation counterparts, the free electron lasers (FEL) fill that gap
perfectly and are ideal tools to study phenomenons at higher photon ener-
gies. [61,62] Although properties of laser light can be modified easily, the light
from synchrotrons and FELs has become more versatile in its application,
since their first discovery in 1944. Latest advancements successfully created
defined ultrashort x-ray pulses at the European X-FEL, a time regime that
was previously only covered by lasers. [63]

Charged particles that pass a static magnetic field are subjected to a force
perpendicular to their propagation axis. The change in particle direction
causes it to loose energy in the form of photons. [64] This, later called syn-
chrotron radiation, was first theoretically predicted in 1898 by Lieard, [65]

and first observed at the General Electric Synchrotron in 1947. [66] Cal-
culations on electrons with relativistic velocities predicted a broad band
emission from the infrared (IR) to the x-ray regime due to the uncertainty
principle. [61] In order to accelerate electrons to relativistic speeds between
500 MeV and 20 GeV, three stages are used. First electrons get produced
from a hot cathode and accelerated to several keV using simple electrostatic
methods based on DC voltages. In the second stage a linear accelerator
(LINAC) is used that increases their energy to several hundred MeV using
so called cavities. In these a high frequency electromagnetic field oscillates.
This forces electrons together in bunches, because only at specific times
acceleration conditions are ideal. In short, particles ahead of the curve are
getting decelerated until they are in resonance with the electromagnetic
field and can be accelerated by it. The expensive cavities are rarely used
alone to bring the electrons to their final velocities, rather a booster syn-
chrotron is attached to the LINAC that forces the particles on a circular
motion by bending magnets. In between the magnets the electrons are
accelerated to their final energies by reusing the same cavities. Since the
strength of the bending magnets has to be adjusted to account for the in-
crease in energy of the electrons it has to increase synchronously, which was
eponymous for synchrotrons. [61] In the last step, the completely accelerated
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electrons are injected into a storage ring where their light can be used by
the different beamlines attached to it. The electrons, previously bundled
together by the LINAC, circle inside the storage ring in stable bunches,
and their energy losses by photon emissions can be compensated by cav-
ities. When the maximum number of bunches are used, the synchrotron
operates in TOP-UP mode, which is the most common operational mode.
The amount of particles inside the storage ring is proportional to the photon
flux arriving at the beamlines. For electrons this equals the ring current.
Another important aspect for this parameter is the kind of particle that
is used in the snychrotrons. While in principle all charged particles ex-
hibit synchrotron radiation, the radiation intensity PS favors electrons and
positrons according to equation 2.7. [61]

PS =
cq2E4

6πε0r2(mc2)4
(2.7)

The mass m is inverse proportional to PS by its fourth power, diminish-
ing the photon flux by thirteen orders of magnitude when using protons
compared to electrons. Under certain considerations it is advantageous to
use positrons, despite being more complicated to produce. Even under the
ultrahigh vacuum conditions of the storage ring, particles can collide with
residual atoms or molecules and can ionize them upon impact. The posi-
tively charged ion can attract other circulating electrons and throw them
off their ideal track. Under the right conditions the ions can have a long
residence time in the vicinity of the electrons, which leads to a decreased
beam lifetime. Positrons also create positively charged ions when they col-
lide with atoms, but their positive charge repels them, decreasing their
residence time near the bunches. [61]

2.2.2. Properties of Synchrotron Radiation

From the point of view of the electron, the photon emission can be char-
acterized by a Hertz dipole, meaning photons are emitted in all directions
except towards their acceleration. For the steady observer, emission occurs
in one direction with an opening angle of 2/γ according to the Lorentz-
transformation of the coordinate system. [61] γ represents the Lorentz-factor
and is defined according to equation 2.8 with the energy of the electron Ee,
its mass m0, the speed of light c and its relativistic velocity β = v/c.

γ = Ee/m0c
2 = 1/

√
1− β2 (2.8)
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Inside a storage ring electrons circulate in bunches that are several cen-
timeters long, and the emission inside a bending magnet can occur for up
to 100 ps for each bunch. The number of filled buckets inside the storage
ring determines the time between the pulses which is between 2 - 500 ns.
This repetition rate of up to several MHz creates a huge mismatch between
synchrotrons and commercially available short pulse laser systems, e.g. ti-
tanium:sapphire, that are usually limited up to 10 kHz with experimentally
usable pulse energies. [67] The light emitted by a bending magnet is linearly
polarized in the plane of the storage ring, while light emitted above and
beneath this plane is elliptically polarized. The spectral emission inside
the opening angle exhibits a vertical distribution with high energy photons
exhibiting a much narrower emission angle than lower energy photons. [61]

Bending magnets produce photons under a broad angle that can feed sev-
eral beamlines at once, albeit their photon flux is relatively low. By forcing
electrons on sinusoidal paths in the plane of the storage ring, they emit
more photons under a slightly altered angle. This can be achieved by using
insertion devices so called wigglers or undulators that are inserted into the
storage ring and consist of a number of permanent dipoles. Wigglers have
the same effect as several sequential bending magnets and lead to the ad-
dition of all photons created inside one device. The deflection parameter,
often referred to as K-parameter (equation 2.9), describes the electron dis-
placement and is linked to the strength of a wiggler as well as its opening
angle. [61]

K =
e

2πmec
· λu ·B0 = 0.943 · λu[cm] ·B0[T ] (2.9)

One wiggler period λu is between 10-30 cm long and the magnetic field
strength B0 is about 1.5 T. The modified opening angle δ of the emitted
light inside a wiggler is described by equation 2.10.

δ ≈ ±K/γ (2.10)

Wigglers usually have a K-parameter that is above 10, resulting in a broader
emission angle. The photon flux increases proportional to the number of
periods in a wiggler.
Undulators are conceptionally very similar to wigglers, but have a much
lower K-value. Inside an undulator the amplitude of the electrons never
exceeds the initial opening angle 1/γ, leading to a K-value of ≈ 1. The
period of an undulator is adjusted in a way that the initially created light
waves can constructively interfere with other light waves that are generated
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one period later. Since electrons and photons have slightly different speeds,
positive interference can only occur when the light emitted at the second
period has a wavelength λ that is equal to the path difference within one
undulator period. This means that undulators amplify light of a certain
wavelength, as well as its higher harmonics, with respect to the undulator
period while all other wavelengths are destroyed. The undulator periods
for x-ray beamlines have lengths of several centimeters and wavelengths
can be adjusted by moving the dipole magnets against each other. Another
advantage of undulators is their variable polarization. For this the mag-
nets have to be separated in two lengths along the electron propagation
direction. The two components can be moved against each other creating
a horizontal magnetic field, that can be altered in strength and in phase
with respect to the vertical field. [61] Overall the quasi-continuous light, the
broad spectrum as well as the variable polarization, offer a wide variety of
options for spectroscopists, which will become even more important in the
future.

2.3. Spectroscopic Techniques

2.3.1. Photoelectron Spectroscopy

The simplest ionization process of an atom or a molecule forms two par-
ticles, an electron and an ion. The minimum energy needed to eject the
electron from the molecule is called ionization energy (IE) and is usually
delivered by one or more photons. Any energy that exceeds the IE can
be partitioned between electron εe and the different degrees of freedom of
the ion Eion according to momentum conservation laws. Since the ion is
significantly heavier than an electron, the latter takes up almost all of this
surplus in the form of kinetic energy according to equation 2.11. [68]

εe + Eion = hν − IE (2.11)

This allows the investigation of the electronic structure of a molecule, as
electrons in different orbitals exhibit different binding energies, and the
ions can occupy different states. In regular photoelectron spectroscopy
high photon energies are used to eject electrons from different orbitals and
separate them by their kinetic energy. In one-photon processes this requires
monochromatic vacuum-ultraviolet (VUV) radiation historically provided
by helium discharge lamps. The resolution of photoelectron spectra is inti-
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mately linked to the amount of excess energy that the electron carries away.
In regular photoelectron spectroscopy high, non-resonant photon energies
are used, which requires hemispherical analyzers that decelerate electrons
and increase spectral resolutions. In small diatomic molecules the resolu-
tion is sufficiently high to not only resolve different electronic states but
also molecular vibrations. Their intensity depends on the nature of the
orbital the electron is ejected from. Ionization out of non-bonding orbitals
does not change the molecular structure between neutral and cation much,
leading to no or only marginal vibrational activity. The removal of electrons
from bonding as well as anti-bonding orbitals changes molecular geometry
parameters according to the shape of the orbital. The former usually leads
to bond elongation and angle widening, while the latter show opposite be-
haviour. These geometry changes upon ionization lead to the excitation of
a corresponding vibrational mode that can be seen in the spectrum.

2.3.2. Photoelectron Photoion Coincidence Spectroscopy

Photoelectron spectroscopy detects all electrons of a specific energy range,
which includes any impurities that are ionized as well. For molecules that
can be purified by other techniques and stored in flasks or gas bottles this
is not a huge drawback. For radicals and other highly reactive species
that need to be generated in situ from a stable precursor, the quality of
the spectrum depends on the selectivity of the conversion process. The
majority of radical generation methods are unselective by nature, as they
either use too much force to destroy a precursor or not enough so that
precursor and fragment signals are both detected. To exclude any un-
wanted products, different techniques have to be coupled together, to gain
additional dimensions for separation. Photoelectron photoion coincidence
(PEPICO) spectroscopy has a similar effect as the commonly used gas-
chromatography/mass spectrometry (GC/MS) but does not require the
separation of the gas mixture on a chromatography column first. Since most
reactive species would not survive the latter separation process, PEPICO is
an ideal tool for radical spectroscopy. [40] Upon ionization, electrons and ions
are accelerated onto opposing detectors using electrostatic lenses. Because
of their lower mass, electrons are detected almost instantly and provide the
start time for an internal clock. The much heavier ion is detected after its
time-of-flight (TOF) and triggering the stop signal. This single-start/single-
stop acquisition scheme gives a mass information in conjunction with a
complete characterization of the electron, resulting in mass selective photo-
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Figure 2.5.: True and false coincidences within a PEPICO experiment.
The false coincidences are randomly distributed while true
coincidences add up over time. Adapted with permission
from Ref. [35]

electron spectra. An electron/ion pair that arises from the same ionization
event is called a true coincidence, when both have different origins they con-
tribute to the false coincidences. The TOF of the ions is usually several mi-
croseconds, which limits ionization rates to approximately 105 s−1 in order
to suppress the false coincidence background as much as possible. Although
the signal increases linearly with time, and the Poisson distributed back-
ground only by its square root, measurements would require tremendous
amounts of time to achieve an acceptable signal/noise ratio. In order to
increase throughput, a multiple-start/multiple-stop (MS/MS) scheme has
been developed, as depicted in figure 2.5. [35] In MS/MS each electron and
each ion that is detected during a specified time frame, e.g. 50µs, is given a
time stamp with respect to a master clock, which are then cross correlated.
With four electrons and four ions in one detection window this would give
four true and up to 12 false coincidences, the latter all with a different TOF.
Although false coincidences are randomly distributed they ultimately scale
linearly with the ionization rate in this detection scheme, identical to the
signal. Simply adapting a MS/MS approach without changes does neither
improve the signal/noise, nor reduce measurement time. This challenge can
be overcome by adding an additional parameter.
By recording the ion impact coordinates on a position sensitive detector
surface, in combination with a timely changing electric field, the ions can
be deflected perpendicular to their flight axis. Hence, they change posi-
tion as a function of time and the deflection field at the moment of their

26



Ph.D. Thesis 2.3.3. Threshold Photoelectron Spectroscopy

creation can be determined by using the TOF from the cross correlation.
If the arrival position of the ion matches the deflection field arrangement
at the time of its creation the electron/ion pair is termed a true coinci-
dence and counted towards the signal. On the other hand, if the detected
ion position does not match the deflection position it is a false coincidence
and discarded. This method increases the dynamical range of PEPICO
experiments by at least two orders of magnitude. [35]

2.3.3. Threshold Photoelectron Spectroscopy

Conventional photoelectron spectroscopy is not suited to resolve low fre-
quency vibrations, molecular rotations and vibronic effects, because of the
error prone measurements of kinetic energies. Other methods had to be
developed that increase resolution powers significantly. Since monochro-
mators and spectrometers offer a higher accuracy to determine the incident
photon energy with respect to the analysis of electron kinetic energies by
a hemispherical analyzers, it was apparent to change the variable param-
eter. [69] Starting with Baer et al. [70,71] the goal was to reduce the kinetic
energy of the electron as much as possible while scanning the energy of
the light source. Threshold electrons are only generated when the photon
energy matches a molecular state in the cation, i.e. when the excitation
is resonant. In order to discriminate between threshold electrons and ki-
netic electrons new setups were invented that relied on a constant electric
abstraction field. This would guide electrons towards a pinhole and after-
wards to the detector. Electrons with kinetic energy exhibit a momentum
perpendicular to this field and cannot pass the pinhole, while threshold
electrons with hardly any momentum can. However, kinetic electrons that
are ejected directly towards the pinhole are also detected and inhomogeni-
ties in the electric field alter the electrons flight paths. [69] In principle, the
resolution would only be limited by the accuracy of the energy calibration
but including the unresolved issues no significant advantage was achieved.
At that time, the light to ionize molecules came mostly from dye-lasers and
a resonance enhanced multi-photon ionization (REMPI) scheme was ap-
plied, where an excited state was populated with one laser and another was
scanned to create threshold electrons. [69] The lasers operated in a pulsed
mode, which allowed the use for pulsed abstraction fields that offered an-
other way to discriminate between kinetic and threshold electrons. After
generation, the electrons were given some time to propagate in a field-free
environment before the abstraction field was applied. Kinetic electrons with
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a momentum perpendicular to the abstraction field would still not be able
to pass the pinhole and the ones ejected along the axis of the field would
either be detected before or after the true threshold electron signal. The
inclusion of the TOF for electrons lead to the prominent pulsed-field ion-
ization zero kinetic energy photoelectron spectroscopy (PFI-ZEKE) used
to this day to record rotational structures in cations. [72,73]

The advent of quasi-continuous synchrotron light sources allowed for a
higher throughput and reduced measurement time, but not by using pulsed
electron optics. The setup was reversed back to a continuous abstraction
field, albeit in a slightly modified way. Known from ZEKE, the generated
electrons spread uniformly in all directions, they create a Newton-sphere.
Assuming an infinitely small ionization volume, the whole Newton-sphere
can be recorded onto a position sensitive detector and electrons are sepa-
rated by their initial kinetic energy. This technique is called velocity-map-
imaging (VMI) and was pioneered by Eppink and Parker. [74] VMI setups do
not use grid electrodes that deflect any kinetic electrons but rather curved
electric fields, i.e. electrostatic lenses that focus the whole electron cloud
onto a two-dimensional detector. In reality the ionization volume is made
up of a finite interaction space between light- and molecular beam. In this
arrangement, two particles can have identical vectors and still arrive at
two different positions on the detector, depending on their exact point of
creation. The solution is to merge all particles along the extraction coor-
dinate, the Newton-sphere is pancaked. In this distribution two particles
with the same ejection vector may still be separated in two dimensions. By
taking advantage of the curved equipotential field lines, the particles within
the pancaked distribution feel different field strengths, depending on their
exact coordinates, leading to a focal point on the detector face that is only
dependent on the initial vector. Threshold electrons lack any kinetic energy
and hit the detector in the middle while kinetic electrons are detected in
circles around the center. Simultaneous detection of different kinetic ener-
gies leads to a ”matroshka-puppet” image, where multiple different circle
sizes are displayed all centered around the threshold signal. The total en-
ergy that can be displayed on the detector can be varied by using different
electric field strengths. VMI not only offered a way to increase throughput
but also combined high extraction fields with high resolutions, [75] two con-
ditions that were previously mutually exclusive. It is worth noting that the
resolving capabilities of VMI setups could not match those from ZEKE. Yet,
even the VMI arrangement suffered from ”hot” electrons, that are ejected
along the detector axis and accumulate together with the threshold signal.
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The advantage of VMI is that the whole Newton-sphere is detected and
thus a simple subtraction method was proposed by Sztaray and Baer. [76]

The center of the image represents a circle and contains threshold and
”hot” electrons. Its size depends on the desired resolution in the ensuing
spectrum, as well as the signal strength. Usually circle sizes of 38 meV
are chosen to resolve molecular vibrations without reducing the signal too
much. Directly adjacent to the center circle a ring area is analyzed, for
which the assumption is made that it contains only hot electrons. By sim-
ply subtracting the empirically weighted ring signal from the circle signal,
contributions of hot electrons can be reduced to a minimum.
The high detection frequencies in synchrotron based experiments require
different detectors than laser-based VMI experiments. The latter can use
a CCD camera in combination with a phosphor screen, which can handle
the low frequency of the pulsed setup. [77] For quasi-continuous experiments
detectors with almost no downtime have to be used, which enforces the use
of delay line anodes. These detectors consist of two perpendicular and
intertwined electrodes X and Y. The position of a particle is measured by
determining the difference in the arrival times of X1, X2, Y1, and Y2. These
detectors are accustomed to the high count rates and well suited for syn-
chrotron based setups.
For the sake of completion, it is also possible to record a threshold photo-
electron spectrum (TPES) by not measuring electrons at all. By scanning
the photon energy and measuring the photoion yield every new accessible
state in the cation results in an increase in photoions. The ensuing pho-
toion efficiency (PIE) curve exhibits the same structure as a TPES, but
with steps in the photoion yield and maxima for a TPES. In general the
two can even be converted into each other by integrating the TPES sig-
nal or by deriving the PIE curves, both with respect to the photon energy.
The stepwise structure renders variables measure by PIE curves much more
prone to errors, because the the exact location of one step is hard to deter-
mine. Most PIE curves use its first derivative, a TPES-like illustration, to
reduce errors, demonstrating the superiority of the TPES method. [78]

2.3.4. Slow Photoelectron Spectroscopy

The principle of VMI can be used to stretch the boundaries of regular
threshold photoelectron spectroscopy. By selecting only the threshold events
in the middle of the detector the continued expansion of the Newton-sphere
with increasing photon energy is not accounted for and this signal is thrown
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away. The so called slow photoelectrons can be just as useful for the spec-
trum when they are integrated correctly. One prerequisite before they can
be used is the reconstruction of the 3D-Newton sphere from its 2D projec-
tion. There are several algorithms available to perform such a task, with
the most widely used being pBasex developed by Garcia et al. and op-
timized by Röder. [79,80] Using such a method allows to plot the electron
kinetic energy with respect to the photon energy in a 2D photoionization
matrix, where each new state is depicted as a function of the photon energy
with constant slope according to equation 2.12.

Ekin(e−) = hν − IE (2.12)

This matrix can be subjected to several mathematical transformations such
as integration or rotation along either of the two axis. When integrating
over all kinetic energies of the electrons the result is a resonant photoelec-
tron spectrum, equivalent to a PIE curve, while integration up to a few
meV leads to a TPES. The matrix can be rotated counterclockwise by 45°,
which transforms the linearly increasing electron kinetic energies into ver-
tical lines for each state. When this matrix is integrated up to KEmax
higher photonenergies also contribute to one specific state. The ensuing
slow photoelectron spectrum (SPES) has a higher signal to noise ratio but
broader bands depending on the reconstruction quality. In general the
higher KEmax is, the broader the bands get, limiting its integration space
usually to around 50 meV for an acceptable signal/resolution trade-off. Fig-

Figure 2.6.: Photoionization matrix (PES matrix) for the HBBH
molecule. The matrix on the right has been rotated by 45°
counterclockwise.
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ure 2.6 shows an example of a normal (left) and rotated (right) PES matrix.
Each vibrational state is clearly visible with increasing electron KE and a
large broadening in each trace.
Autoionizing states spontaneously emit kinetic electrons and thus cannot
be detected by a TPES method. They do appear in the PES matrix as
circles, contrary to the diagonals for true vibrational states. They more
likely occur in small molecules at photon energies significantly above the
IE, in Franck-Condon gap regions. These regions are characterized by their
high ionization rate but tiny threshold electron signal.
Overall the SPE technique offers an intriguing way to expand knowledge
of photoionization processes, including a higher signal/noise and a more
detailed characterization.

2.3.5. Franck-Condon Factors

As discussed in section 2.1, the symmetry or more precisely the geome-
try of a molecule is tightly connected with the structure of its (threshold)
photoelectron spectrum. Within this thesis only a brief description of the
necessary elements is given. The interested reader is referred to the litera-
ture for a more detailed discussion. [81–85]

The key to calculating and simulating (threshold) photoelectron spectra,
which ultimately leads to a deeper understanding, is based on two ap-
proximations: the Born-Oppenheimer (BO) approximation and the Franck-
Condon (FC) principle. The former states that electron and nuclear wave-
functions can be separated. The hamiltonian of a two particles system,
an electron and a ”nucleus” given in equation 2.13 can be simplified to
equation 2.14.

Ĥ = − ~2

2mx

∂2

dx2
− ~2

2mR

∂2

dR2
+ V (x,R) (2.13)

Ĥel(x;R) = − ~2

2mx

∂2

dx2
+ V (x,R) (2.14)

The nuclear coordinates R influence the electronic wave function ψel(x;R)
only parametically, so the cores move in the potential that is determined
by the electrons.
The FC principle states that during a vibronic transition the geometry and
momentum of the nuclei do not change, since the nuclei are heavier and
move significantly slower than electrons. The transition occurs vertically,
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when using the nuclear displacement as the x-axis. While the electronic
excitation, or in the extreme case the ionization, does alter the equilibrium
structure of the molecule, the nuclei do initially not move parallel to the
electronic transition. In such a case the excitation can be depicted with
a vertical line. The most interesting parameter for photoelectron spectra
that needs to be calculated is the transition probability, which is equal to
the square of its transition dipole moment Rev.

Rev =

∫
ψ′ev ∗ µψ′′evdτev (2.15)

In equation 2.15 µ is the operator of the electrical dipole moment. ψ′ev and
ψ′′ev are the vibronic wavefunctions of the upper and lower state, respec-
tively. Using the BO approximation one can separate the electronic and
nuclear wavefunctions resulting in equation 2.16.

Rev =

∫ ∫
ψ′e ∗ ψ′v ∗ µψ′′eψ′′v dτedr (2.16)

Which leads to the expression for the electronic dipole moment:

Re =

∫
ψ′e ∗ µψ′′e · dτe (2.17)

Please note that the electronic dipole moment depicted in equation 2.17
is strictly speaking only valid for bound-bound transitions. For ionization
processes the wavefunction of the cation as well as the ejected electron
have to be considered. [86] The overall transitional dipole moment can be
expressed in terms of a nuclear and electronic part:

Rev = Re

∫
ψ′v ∗ ψ′′v dr (2.18)

The integral in equation 2.18 is termed the vibrational overlap integral and
its square represents the so called FC factors. When the geometries be-
tween the initial and the final state are very similar the wave function of
ground and excited state have a large overlap and thus the largest FC-factor
will be found at the 0-0 transition. If the geometries differ significantly the
FC-factors for the lower transitions are small and thus they cannot be seen
in the spectrum.
In polyatomic non-linear (linear) molecules the number of vibrations is
3N-6 (3N-5), so FC factors need to be calculated for each harmonic oscil-
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lator. However, through symmetry, specific selection rules can be invoked
that exclude some vibrations from occurring in photoelectron spectra. As
previously noted the intensity I of a transition is proportional to its elec-
tronic transition dipole moment Re.

I ∝
∫
ψ′eµψ

′′
e dq (2.19)

In case of non-degenerate systems the direct product of all involved vibronic
states ψ′e, ψ

′′
e and the transition dipole moment µ has to be equal to the

totally symmetric representation A.

Γ(ψ′e)⊗ Γ(µ)⊗ Γ(ψ′′e ) = A (2.20)

In the special case of degenerate systems allowed transitions only need to
contain the totally symmetric representation. The transition dipole mo-
ment is a three dimensional vector that can be separated into its three
components µx, µy and µz and at least the direct product of one of the
components needs to differ from zero for a transition to be allowed. In
closed shell molecules the vibronic ground state is equal to the totally sym-
metric representation, which simplifies equation 2.20 to:

Γ(ψ′e)⊗ Γ(µ) = A (2.21)

Along with changes in the vibronic state, changes can also occur on rota-
tional levels. Symmetry based selection rules for such rovibronic transitions
have been formulated by Signorell and Merkt, but will not be further elab-
orated in this thesis. [86]

2.4. Kinetics

2.4.1. Pseudo-First Order Reactions

Reactions can be influenced by many internal factors, like reactant con-
centrations, as well as external factors, like pressure and temperature. In
the simplest description the product formation rate of reaction (1) only
depends on the concentration of the involved species and starting materials
A and B are consumed with the rate k. [87]

A + B
k−−→ C (1)
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The change of the product concentration [C] over time can be described
using a differential equation 2.22.

d[C]

dt
= k[A][B] (2.22)

The sum of all exponents on the concentrations states the order of the
reaction, which would be two in the above case. The integration of equation
2.22 allows to determine the rate constant of reaction (1) when the starting
concentrations [A0] and the concentrations at time t, [A] are known.

1

[A]
− 1

[A0]
= k2t (2.23)

It is notable that equation 2.23 is only valid for equal starting concentrations
of [A] and [B] and even then the determination process is impeded since
absolute concentrations are hard to determine. Rate constants are easier
to determine using the pseudo-first-order approximation, which uses one
reactant is a large excess. This means that one concentration ([B]) can be
seen as constant and can be merged with the rate constant, which changes
equation 2.22 to 2.24.

d[C]

dt
= k′[A] (2.24)

The decay now follows first-order and after integration is described by equa-
tion 2.25.

[A] = [A0] · e−k
′t (2.25)

One has to note that in second-order decays the absolute concentrations
have to be subtracted from one another while in a first-order decay, only
relative concentrations at time zero and t are needed, which simplifies ex-
perimental setups. The second-order rate constants can be extracted using
a linear plot of the pseudo-first-order constants over different concentrations
of [B] according to equation 2.26.

k′ = k · [B] + kSide (2.26)

The slope of this pseudo-first-order plot gives the second order rate con-
stant, while the y-axis offset shows the neglected side reactions (kside) that
may also occur during the reaction. If these are accounted for in the reac-
tion mechanism the y-axis intercept should be zero. Yet, even when these
reactions are not quantified at all, the large excess of the reactant [B] ren-
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ders the probability of a reaction between any non-B molecules small and
limits their influence on the rate constant k′.

2.4.2. Reactions with Pre-Equilibirum

Next to internal factors, ambient factors like temperature and pressure also
play important roles in reaction kinetics.
The temperature dependence of a reaction is in most cases straightforward.
The earliest description has been provided by Arrhenius who found that
the rate constant of a reaction kn is dependent on the activation energy EA
and the temperature T . [88]

kn = A · e−
EA
RT (2.27)

Equation 2.27 also contains a preexponential factor A as well as the gas-
constant R. The former is dependent on the individual molecules and can
be determined as the y-intercept of the plot ln(k) versus 1

T
.

Within a single non-reversible reaction step the increase of T leads to an
increase of the rate constant kn. The only case when a temperature re-
duction exhibits the same phenomenon is when the activation energy EA
is negative, which is physically impossible. However, when reaction mech-
anisms become more complex negative temperature dependencies are not
uncommon. Considering the reaction mechanism (2) , where k1 and k−1

are both significantly greater than k2.

A + B
k1−−⇀↽−−−
k−1

I
k2−−→ P (2)

The reaction exhibits an equilibrium between the starting materials and the
intermediate I, which only slowly can be consumed to form the product P .
The concentration of I can be calculated using the equilibrium constant K.

K =
[I]

[A][B]
=

k1
k−1

(2.28)

The equation for the product formation over time can be determined accord-
ing to the reactions mechanism in (2) under the assumption that product
formation does not disturb the equilibrium between A, B and I.

d[P ]

dt
= k2[I] = k2K[A][B] (2.29)
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The product formation is a second-order reaction with an effective rate
constant of k.

k = k2K =
k2k1
k−1

(2.30)

The temperature dependence of these reactions can be introduced by the
Arrhenius equation 2.27 and together with 2.30 the activation energy is a
sequentially dependent.

k =
A2e

−EA2
RT A1e

− EA1
RT

A−1e−
EA−1

RT

=
A2A1

A−1
· e−

EA2+EA1−EA−1
RT (2.31)

The overall activation energy of reaction (2) consists of the sum of the three
individual reaction steps, which under the right circumstances can become
negative. One possible class of molecules for which negative temperature
dependencies have been found are reactions between resonance stabilized
radicals and oxygen. These reactions destroy the conjugation and will form
an energetically unfavorable intermediate I. When barriers to other sec-
ondary products P are high, the rate constant of the reverse reaction k−1

is not negligible and the system exhibits an equilibrium. The system will
predominantly react back to the starting materials upon increasing tem-
perature, but eventual the minor non-reversible reaction pathway to the
products P will have consumed all starting materials. [87]

2.4.3. Pressure Dependent Reactions

During the study of unimolecular dissociations such as the one shown in
reaction (3), it has become apparent that the order of the reaction and thus
the rate constant was pressure dependent. The same has been found to be
true for their reverse reactions such as radical recombinations (4). [89]

AB ( + M) −−→ A + B ( + M) (3)

A + B ( + M) −−→ AB ( + M) (4)

Lindemann first described this behavior, using a pre-equilibrium distribu-
tion given in reactions (5) to (7) for a unimolecular dissociation.

A + A
k1−−→ A∗ + A (5)

A∗ + A
k−1−−→ A + A (6)
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A∗
k2−−→ B + C (7)

Collisions between two A molecules create an excited A∗ species that has
enough energy to proceed via two possible routes. It can either get deacti-
vated upon collisional energy transfer, or can undergo reaction to form the
products B and C. Since (5) requires a certain energy to be present in the
product molecules contrary to reaction (6), k1 will always be smaller than
k−1. The rate of formation of the activated molecules A∗ and its dissoci-
ation into the product B can be expressed with differential equations 2.32
and 2.33, according to the reaction mechanism.

d[A∗]

dt
= k1[A]2 − k−1[A∗][A]− k2[A∗] (2.32)

d[B]

dt
= k2[A∗] (2.33)

Applying the steady state approximation, which states that the concen-
tration of an intermediate species, in this case A∗, does not change over
time, equation 2.32 is approximately zero and can be solved for [A∗] to give
equation 2.34.

[A∗] =
k1[A]2

k2 + k−1[A]
(2.34)

This expression substituted in equation 2.33 yields the rate of formation
for the product [B].

d[B]

dt
=

k2k1[A]2

k2 + k−1[A]
(2.35)

Equation 2.35 is the most general approach and easiest way to illustrate the
pressure dependency, since it allows the treatment of two extreme cases. At
high pressures where k−1[A] � k2 one can neglect k2 in the denominator
so that it becomes equation 2.36 with a first-order rate constant.

d[B]

dt
=
k2k1
k−1

[A] (2.36)

At low pressures where k−1[A]� k2 is the case the reaction follows second-
order, as in equation 2.37

d[B]

dt
= k1[A]2 (2.37)
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The reaction has two critical steps and whichever is the slowest determines
the overall rate as well as the reaction order of the whole process. In a
first step the molecule takes up the required activation energy, which is
initially distributed over the whole molecule. The accumulation into a crit-
ical mode, for dissociations this would be a critical vibrational mode, is the
rate determining step to overcome this pre-activated complex. Under these
conditions the rate constant can also be estimated by Rice-Ramsperger-
Kassel-Marcus (RRKM) theory. [90]

At low pressures the probability of a pre-activating collission is low, so that
once it occurs the reverse reaction (6) can not occur within the time frame
of the competing product formation channel (7). The collision probability
depicted by reaction (5) becomes the rate-determining step.
At high pressures collisions occur more frequently so that the deactivation
process of [A∗] becomes faster. The time the molecule needs to rearrange
the energy into the critcal mode becomes the rate determining step, which
in the reaction mechanism above is reaction (7).
The energy for the pre-activation can also come from collisions with other
gaseous species, like bath gas atoms or molecules that can not react them-
selves. Reaction (5) can thus be expanded to a more general version, where
the second A molecule is substituted by an inert collision partner M to
yield equation 2.38 from 2.35. [87]

d[B]

dt
=

k2k1[M ]2

k2 + k−1[M ]
[A] = k[A] (2.38)

All of the above listed equations are valid for molecular dissociations, but
can be easily transformed to describe association reactions like radical re-
combinations using the following reaction mechanism.

A + M
k1−−→ AM (8)

AM
k−1−−→ A + M (9)

AM + B
k2−−→ AB + M (10)

Equation 2.35 becomes:
d[AB]

dt
= k[A][B] (2.39)
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Containing the pseudo-second-order rate constant:

k = k1
( k2[M ]

k−1 + k2[M ]

)
(2.40)

In association reactions the high-pressure regime is governed by a second-
order rate constant, while at low pressures the rate constant is of third-
order. Similar to dissociations, first attempts to describe the pressure de-
pendency used a reduced form where a high- and low-pressure rate constant
can be found by considering the two extreme cases with respect to [M ] in
equation 2.40.

k0 = lim
[M ]→0

k = k2(k1/k−1)[M ] (2.41)

k∞ = lim
[M ]→∞

k = k1 (2.42)

Using the last two equations as basis for theoretical predictions means that
the rate constant k is split up between two extreme cases. The kinetics
at low pressures are exclusively governed by the bath-gas dependent k0,
which increases linearly with [M ] until the pressure is high enough so that
the pressure independent k∞ takes over. However, nature is rarely discon-
tinuous and thus the region in between the two extremes is called ”falloff”
as the rate constant k decreases steadily from k∞ to k0. In other words,
the influence of k0[M ] on k grows while the pressure is decreased and vice
versa. The point where the two extreme cases k0 and k∞ meet is called the
center of the falloff. As a general rule the smaller the molecule is the more
is k∞ shifted to higher pressures. The challenge for the accurate theoretical
description of the pressure dependency between the two regimes is, to find
an expression that fulfills the requirements of a continuous falloff. [89] Using
the definitions for k∞ and k0 from equations 2.41 and 2.42 one can rewrite
the rate constant expression 2.40.

k =
k0k∞
k0 + k∞

(2.43)

Or for an easier handling, in its doubly reduced representation by deviding
it by k∞:

k

k∞
=

k0/k∞
1 + k0/k∞

(2.44)

The predictions made by equation 2.43, or 2.44 are dependent on the choice
of k0 and k∞ but the experimental values are still consistently overesti-
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mated by theory. In order to account for this effect a ”broadening factor”
F (k0/k∞) has been introduced.

k

k∞
=

k0/k∞
1 + k0/k∞

F (k0/k∞) (2.45)

The broadening factor is in between 0 and 1 and changes with respect to the
pressure. It usually exhibits a minimum near the center of the falloff, which
is why Fcent is especially dependent on the values for k0 and k∞. There are
multiple explanations for broadening factors, such as the wide distribution
of energies that are occupied in the excited species AB∗, which influences
reactions (8) and (9). Further, single collisions do not provide enough en-
ergy to overcome the energy for reaction, but rather a whole sequence of
collisions is required. These collisions do not all lead to an activation of the
excited species, some might deactivate the molecule in a collision. [89]

It has to be noted that the understanding and modeling of pressure depen-
dent reactions has improved, but it is still far from complete.
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3. Experiment

Experiments presented in this thesis have been performed on two differ-
ent setups, the microwave discharge fluorine reactor setup installed at the
DESIRS beamline at synchrotron SOLEIL and the combustion-reactions-
followed by PEPICO (CRF-PEPICO) setup at the SwissLightSource (SLS).
The latter has two operational modes: A pyrolysis setup as well as a
continous-flow photolysis reactor setup. These beamlines and setups will
be described in this chapter.

3.1. Synchrotron SOLEIL

3.1.1. The DESIRS Beamline

The DESIRS (Dichroisme et Spectroscopie par Interaction avec le Rayon-
nement Synchrotron; dichroism and spectroscopy by the interaction with
synchrotron radiation) beamline is dedicated to high resolution VUV spec-
troscopy with two separate permanent endstations, a VUV-Fourier-Trans-
form spectrometer (FTS) and the PEPICO endstation SAPHIRS. [91] A
third exit is reserved for endstations brought to the beamline by external
users with special requirements and will be neglected in the upcoming de-
scription.
The storage ring at SOLEIL operates with electron energies of 2.75 GeV
and feeds the DESIRS beamline with photons over the whole VUV region
from 5 eV to 40 eV. Electrons inside the storage ring enter a 10.4 m long
undulator (OPHELIE2) that uses 14 magnetic periods with a length of
λ0 = 640 mm to amplify the photon flux and increase brilliance. Polariza-
tion of the synchrotron light can be changed to create linear, elliptic, and
circular polarizations at the point of photon/matter interaction using inde-
pendently variable vertical and horizontal magnetic fields created by three
different sets of air coils. This non-mechanical scheme minimized energy
losses and allows to adjust the three parameters, the horizontal magnetic
field B0x, the vertical magnetic field B0z and the longitudinal phase shift φ
independently. Compared to other VUV-beamlines, tunable polarizations
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Figure 3.1.: Schematic illustration of the PEPICO branch of the DESIRS
beamline. Adapted from ref. [91]
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offer the possibility to perform photoelectron circular dichroism experi-
ments on chiral molecules.
The schematic setup of all optical elements guiding the synchrotron light
into the endstation is depicted in figure 3.1. After the undulator, the light
is deflected horizontally by two mirrors to minimize heat stress on the up-
coming optical elements, since they absorb light above 60 eV. A tungsten
beam blocker is installed to take up high energy photons that are not yet
absorbed by the first mirror. The second mirror focuses the beam into
the middle of a gas-filter that is used to filter any higher harmonics that
are created in the undulator. The gases, usually noble gases or mixtures
thereof, can be varied to fit the energy range of the experiment. Afterwards,
the beam width and hight can be tailored by using a four-blade aperture
after which the light can be either inserted into the FTS apparatus or con-
tinue its way to the PEPICO endstation. To balance out any polarization
effects induced by the the first two mirrors, the beam is deflected again
using the same mirror setup. The beam is thus prefocused and can enter
the 6.65 m long normal incidence monochromator (NIM) through an en-
trance slit. To optimize grating illumination inside the NIM, the beam is
defocused vertically and slightly focused horizontally creating a thin line
on the 7.5 m distant grating. This mirror setup also ensures a wavelength
independent spot at the experimental focus points and maximizes the pho-
ton flux output of the NIM. The energy can be adjusted by rotation of the
grating, with several gratings being available, ranging from high-resolution
(2400 lines/mm, 4300 lines/mm) to high flux (200 lines/mm, 400 lines/mm),
according to the needs of the experiment. Resolution and flux can also be
traded for one another by using different entrance slit settings of the NIM.
After the light passes the exit slit, a mirror focuses the beam into the exper-
imental chamber of the SAPHIRS endstation. Experiments in this thesis
used the 200 lines/mm grating and in combinations with the entrance and
exit slits a spectral resolution of around 5 meV at the working energy range
was achieved. The gas filter was filled with 0.25 mbar Ar to cut off the
higher-order radiation from the undulator ensuring spectral purity.

3.1.2. The Fluorine Reactor Setup

A schematic picture of the microwave discharge fluorine reactor setup at
the SAPHIRS endstation of the DESIRS beamline is given in figure 3.2.
The setup consists of three chambers that are separated by Teflon skim-
mers with an internal diameter (i.d.) of 1 mm creating a pressure difference
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of at least three order of magnitude between each when in operation. In
the first chamber, the main quartz tube with a 24 mm i. d. and 65 cm in
length is positioned radially around the first skimmer opening while main-
taining a 1 cm distance to it. The precursor molecules can be introduced
into the tube by parallelly inserting a 6 mm i. d. and 190 cm long quartz
sliding reactor into the main tube, while fluorine atoms can be fed through
a side arm. The length difference between injector and main tube creates
the hydrogen abstraction reaction zone, which can be varied at all times
using an automatic 3D translational stage. Fluorine atoms are generated
via a microwave discharge running at 2450 MHz outside of the first cham-
ber from a diluted (≈ 5%) mixture of F2 in helium and introduced into the
main tube 50 cm in front of the reaction zone. The amount of fluorine can
be adjusted by a needle valve and the discharge efficiency measured by F2

detection is around 80%. Metered flows of gaseous samples are introduced
into the injector by mass flow controllers (MFCs), while liquid samples are
seeded in helium first to create a saturated vapor. The overall mass flow
consisting of sample and helium for dilution is 1000 sccm. The molecules
are adiabatically expanded through the first skimmer into a differentially
pumped second chamber and through a second skimmer into the experimen-
tal chamber. This double skimmer setup reduces the amount of thermally
excited molecules that are detected, thus increasing mass and kinetic en-
ergy resolutions. The pressure in the reaction chamber is regulated by a
600 m3/h rootspump (Edwards GX600N) and can be adjusted by changing
the overall flow coming from the MFCs. The second chamber is evacuated
by three turbomolecular pumps (300 l/s, Edwards nEXT300D) and by a
120 m3/h primary pump (Adixen ADP122), while the experimental cham-

Figure 3.2.: Schematic picture of the fluorine reactor setup that was used
in this thesis.
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ber is attached to two turbomolecular pumps (1000 l/s, Leybold TurboVac
1000) as well as a 28 m3/h primary pump (Adixen ADP28G). This results
in operating pressures of around 1 mbar, 10−4 mbar, and 10−8 mbar in the
first, second and third chamber, respectively. The created molecular beam
crosses the synchrotron light perpendicularly inside the double imaging
PEPICO spectrometer DELICIOUS III. [92] After ionization, electrons are
accelerated towards position sensitive velocity-map-imaging detectors and
ions are guided by a modified Wiley-McLaren time-of-flight mass spectrom-
eter (TOFMS). A continuous repeller voltage of 500 V corresponding to an
extraction field of 89 V/cm guides the charged particles onto the detectors.
Low electric fields are neceassary to be able to discriminate ions from a true
ionization event from those originating from dissociative photoionization.
It is worth noting that contrary to the electrons the ions are not velocity-
map-imaged. Instead any energy transferred to an ion during (dissociative)
photoionization creates a Newton-sphere, whose 3D momentum vectors can
immediately be read out without the need for reconstruction. However, this
requires translationally cold molecules in direction of the ion detector in or-
der to have a reasonable mass resolution. In principle this is ensured by
the double skimming setup, but upon significant kinetic energy uptake via
dissociative photoionization, the mass resolution will deteriorate quickly.
On cold molecules mass resolution at the half maximum is ∆m/m ≈ 1000
or ∆m/m ≈ 100 at 10% of the peak height. Electron resolution can be
less than 1 meV, [92] which is needed to resolve molecular rotations, but is
not required to record vibrationally resolved spectra. The DELICOUS III
spectrometer offers the possibility of different analysis procedures that also
impact the resolution of the obtained photoelectron spectrum. Standard
threshold photoelectron analysis offers the highest resolution capabilities,
albeit it needs a very large signal intensities to function properly. Slow
photoelectron spectra can increase signal/noise ratios many times over by
accounting for an expanding Newton-sphere with increasing photon energy,
but lead to a minor broadening in the spectrum.

3.2. SwissLightSource

3.2.1. The VUV-X04DB-Beamline

The prime goal for the X04DB beamline at the SwissLightSource is to study
chemical kinetics and thermochemical properties of molecules. For both of
these applications separate setups have been developed and installed at the
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same endstation. [93] A second endstation is currently being commissioned
that expands the use of the beamline to spectroscopy of clusters, but was
not used in this thesis and will be neglected.
A complete schematic drawing of the optical elements that guide the syn-
chrotron light to the endstation is depicted in figure 3.3. In the storage
ring of the SwissLightSource (SLS) electrons circulate with an energy of
2.4 GeV and a ring current of 400 mA. Synchrotron light is provided to the
VUV beamline via a bending magnet creating a horizontally diverging light
beam with an angle of 8 mrad. The unfiltered light covers the whole spectral
range of the synchrotron, but with unequal distribution. While emission
in the horizontal plane is independent of the photon energy, higher energy
photons in the X-ray region are almost exclusively emitted in the plane
of the storage ring. Lower energy VUV photons have a trajectory above
and below that plane, thus requiring a greater vertical acceptance angle
of the upcoming optical elements. Contrary to the DESIRS beamline, the
polarization of the light cannot be adjusted at will. The majority (75%)
of the light is linearly polarized in-plane of the storage ring, with a mi-
nority being elliptically polarized above and below the plane. The light
propagates through a pair of horizontal and vertical slits, which are used to
adjust the photon flux. Higher energy radiation (<150 eV) is absorbed by
a water-cooled copper rod in order to reduce heating stress on the optical
elements, which would otherwise lead to an unstable beam profile. The
blocker is placed in the center of the beam and cuts out everything within
±0.2 mrad, eliminating most of the x-ray photons while only 15% of VUV
photons are lost. [93] The power of the light is consequently reduced from
240 W to 53 W after the blocker. The first, internally cooled, mirror ab-
sorbes another 51.8 W and reflects the rest onto a grating that acts as a
dispersive element. The wavelength of the light can be adjusted by tilting
the grating according to equation 3.1, where m is the diffraction order, λ

Figure 3.3.: Schematic frawing of the optical elements at the VUV beam-
line. Adapted with permission from Ref. [93]
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the wavelength of the light, d the line spacing, φ the scan angle and Φ the
constant deviation angle.

mλ = 2d · cosΦ · sinφ (3.1)

Contrary to the DESIRS beamline, the light provided by the bending mag-
net is perfectly suited to be used in a monochromator setting without an
entrance and exit slit. The resolution and photon flux can be tuned by dif-
ferent gratings (150 lines/mm, 600 lines/mm, 1200 lines/mm), that can be
replaced without breaking vacuum. The measurements of this thesis have
been performed using the 150 lines/mm grating. A second mirror refocuses
the light inside the gas filter that is used to eliminate higher harmonics.
The grating eliminates around 80% of the second harmonic and 95% of
the third, but further suppression by a factor of 103-104 is needed. Higher
harmonics are absorbed by the gas filter via ionization of the containing
molecules or atoms, which limits the use of each substance to a specific
energetic range. The operational range of each material can be coarsely es-
timated by its ionization energy (IE). The IE represents the upper limit for
the usable energy of the synchrotron light, while the lower limit is at half
of its value (IE/2). Interesting regions for radical spectroscopy are usually
between 8 and 16 eV, which renders noble gases perfectly suited for gas fil-
ter applications. The efficiency is also dependent on the pressure inside the
gas filter as well as its length. A second option to filter out higher harmon-
ics is the use of an magnesium fluoride (MgF2) window. This material is
completely transparent up to 10 eV and quickly becomes opaque at 11 eV.
Since the most common and cheapest gas filter material is argon, which
has an IE of 15.75 eV, the MgF2 window is perfectly suited for low ionizing
molecules between 5.5 eV and 8 eV. The light is subsequently coupled into
the CRF-PEPICO endstation.

3.2.2. The CRF-PEPICO Endstation

The CRF-PEPICO endstation is the advancement of the double imaging
PEPICO apparatus that was previously described in detail. [94,95] Through
its dynamic design it can incorporate a number of different experiments
like laminar flames as well as catalytic, pyrolytic, and photolytic reactors.
Experiments within this thesis have only been performed using the last two
setups, which will be detailed in the next sections.
The apparatus consists of two chambers, a source chamber and an exper-
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imental chamber, that can either be separated by a skimmer or joined
together depending on the type of experiment. Vacuum in the source
chamber is provided by two turbomolecular pumps (1200 ls−1, Pfeiffer) and
one cryopump (5000 ls−1, Leybold). The experimental chamber is evacu-
ated by an extra turbomolecular pump (600 ls−1, Pfeiffer) or a cryopump
(1200 ls−1, Leybold) creating a total vacuum when not in operation of about
5× 10−8 mbar. The heart of the endstation is the double imaging PEPICO
spectrometer that is located in the experimental chamber and intersects the
synchrotron light beam. It consists of 26 independently controllable metal
plates, 12 on the electron side, 14 on the ion side, for a maximum degree
of flexibility on the shape of the electric lenses. The first two plates on
each side have been cut to make room for the photolysis reactor that can
be inserted for kinetic experiments. The electrons and ions created in the
ionization event are velocity-map-imaged onto position sensitive delay-line
detectors (Roentdeck DLD40). The PEPICO setup uses a multiple-start
multiple-stop detection scheme as well as an alternating deflection field to
reduce false coincidences. Within a TOF-MS, ions with the same mass have
to have identical TOF, independent of their point of creation and initial ki-
netic energy they take up during ionization. These two effects are called
space resolution and energy resolution and both are mutually exclusive to
achieve within one region. The CRF-PEPICO setup uses a low extraction
field with linear electric fields near the ionization volume, favoring space
resolution, and curved, high electric fields later, to compensate for spreads
in the kinetic energy. The strong and curved electric fields are also required
for ion VMI. The relative lengths of these two regions can be adjusted at
will without breaking vacuum, giving the setup two modes of operation;
imaging and space focusing. [40] For experiments within this thesis, VMI
conditions have been used for pyrolysis experiments to utilize the molecu-
lar beam, while photolysis experiments have been performed under space
focusing conditions.

3.2.2.1. The pyrolysis setup

The pyrolytic microreactor developed by Chen and co-workers has been
extensively used in the past and multiple, very detailed descriptions exist
in the literature. [94–97] Therefore, only a brief description is given here.
To operate the endstation with a pyrolytic reactor a home-built pyrolysis
source was attached to the source chamber perpendicular to the synchrotron
beam. The source consists of a long metal tube on which a nozzle is mounted
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that has a small hole at its tip. The nozzle can be filled with precursor
sample and by using different hole sizes from 100µm to 300µm the pressure
inside the nozzle and the amount of bimolecular reactions in the pyrolysis
reactor can be influenced. The nozzle is placed inside a copper block, which
is used to heat the sample by circulating water through it. A silicon-carbide
pyrolysis tube was mounted onto the copper block that could be resistively
heated to several hundred Kelvin using an external power supply. The
source was attached to an argon-backed MFC and a small flow of argon
(5 sccm) was introduced into the nozzle creating a continuous molecular
beam that passed a skimmer and crossed the synchrotron light. Highly
volatile liquids can be placed in between argon bottle and MFC to create
a sample/argon mixture of a few percent depending on the vapor pressure
of the sample. Solid samples with low volatility can be placed inside the
nozzle and heated to increase their vapor pressure.

3.2.3. The Photolysis Setup

The continous wave (CW) photolysis reactor setup is used to measure bi-
molecular rate constants as well as generate reactive intermediates that are
not accessible otherwise. For this purpose a 57 cm long, 1.27 cm outer di-
ameter (o.d.) quarz tube is used, which is coated using halocarbon wax to
reduce wall losses. The coating is applied by pouring a saturated solution
of the wax in acetone under constant rotation inside the reactor. After
evaporation of the acetone the walls exhibit a constant blur, signaling an
even coating. A schematic illustration of the photolysis setup is given in
figure 3.4. The reactor tube is inserted in between the ion optics described
in section 3.2.2 and the hole in its wall at the halfway point is placed in the
middle of the ion optics pointing towards the synchrotron light. The hole
size is a crucial parameter, that trades signal intensity for operable pres-
sure range. For standard measurements a 300µm hole is used. The exit of
the reactor is 21±4 mm away from the ionization region, which minimizes
the response time between laser trigger and signal detection. As photolysis
laser a 10 Hz Nd:YAG laser (Quantel, Q-smart 850) was used and operated
at either the second (532 nm), fourth (266 nm) or fifth (213 nm) harmonic,
with photon fluxes of 190 mJ/cm2, 150 mJ/cm2 or 30 mJ/cm2 respectively.
After the photolysis laser has been aligned, the back of the reactor is at-
tached to a pump and at the front a quartz mixing chamber is installed. It
has four 5 mm o.d. gas inlets perpendicular to the reactor and is covered
with a UV-transparent glass window, through which the laserlight can en-
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ter. The four gas-inlets can accomodate two different radical precursors,
one reactant and a inert dilution gas, which come from calibrated MFCs.
All joints are connected with Teflon tubing, to prevent precursor absorp-
tion inside the tubing, that alters its concentration over time. The pumping

Figure 3.4.: Schematic illustration of the slow-flow photolysis setup at the
VUV-beamline.
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speed of the reactor pump can be adjusted by a regulatory valve and to-
gether with the overall gas flow entering the reactor the pressure can be set.
When using a 300µm hole the pressure range is usually between 1-3 mbar
and limited by the pressure inside the experimental chamber, which must
not rise above 6×10−6 mbar. For photolysis experiments the two chambers
of the endstation are not separated by a skimmer to optimize pumping ef-
ficiency. By turning on the photolysis laser the light propagates down the
reactor dissociating precursor molecules that absorb laser photons along the
way. The high velocity of the generated radicals and low pressure inside
the reactor lead to an uniform radical distribution directly after photolysis.
The radicals generated right next to the hole can exit the tube, cross the
synchrotron light and get ionized within 2 ms, which is the response time of
the setup. Radicals that are closer to the mixing chamber have more time
to interact with the reactant molecules, decreasing the initial radical signal.
In principle rate constants can either be measured directly, using the for-
mation of the product or indirectly by measuring the decreasing intensity
of the radical signal. The first gives a rate constant that is unperturbed by
any secondary reactions, while in the second method background reactions
have to be accounted for. In both cases it is necessary to replace the pho-
tolyzed gas mixture inside the reactor in between laser pulses with a fresh
one, to minimize any secondary effects. With a 10 Hz photolysis system at
least half of the reactor volume, up to the pinhole, needs to be replaced
within 100 ms. Assuming laminar flow conditions, meaning no perturba-
tion by vortexes, this is dependent on the overall mass flow, temperature,
reactor pressure and its inner diameter. The flow velocity in between laser
pulses can be calculated using equation 3.2.

0.01 · (TotalF low[sccm]) · Temp[K]
298

· 1013.25mbar
pReactor [mbar]

· 1
60

π · (ReactorI.D.[cm]
2

)2
= Flow[

m

s
] (3.2)

Thus, at room temperature, 50 sccm total flow, 3 mbar reactor pressure
and an i.d. of 1.05 cm the gas travels 53.8 cm in between laser pulses, which
is enough to photolyze a fresh mixture for each laser shot. Without any
reactant the kinetic traces can exhibit a biexponential decay especially at
lower pressures and high flow speeds. The reason for this is a ”pump-out”
mechanism that replaces the photolyzed mixture with fresh gas before the
reaction has been completed. In order to maximize signal intensity it is
necessary to adapt the flow speed to the pressure so that radicals are de-
tected in an almost constant fashion. Since the TOF of the ions is fast with
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respect to the kinetics, every ion has a detection time-stamp with respect
to the laser trigger. By selecting a mass channel, these time-stamps can be
used to plot the kinetic trace, which can consequently be analyzed in detail.
In case the mass channel only contains one isomer, the photon energy for
ionization does not have any impact on the kinetic traces with the excep-
tion of overlapping dissociative ionization channels of the precursor. When
isomer selective rate constants need to be entangled, the photon energy
has to be set so that only the lower ionizing isomer is detected. The higher
ionizing isomer must be ionized at a photon energy where it exhibits a large
threshold signal, to be able to discriminate the threshold signal from the
background.
The photolysis setup can be expanded by a CW gas-phase UV/Vis setup
to measure the precursor concentrations constantly according to the Beer-
Lambert law. For this a separate light source (DH-2000-S-DUV-TTL,
OceanOptics) with two different light bulbs, a Tungsten-halide as well as
a deuterium lamp is used. The two lamps together cover a range between
210 nm and 2500 nm, ideal for hydrocarbon halide precursors that usu-
ally absorb between 300 and 200 nm. The outgoing light is coupled into
a 200µm light transmitting fiber (QP200-2-SR-BX, OceanOptics) which is
connected to a gas absorption cell (Wavelength References) with a path
length of 10 cm. The gaseous precursor flows through the absorption cell
where the light can interact with it. Afterwards the light enters another
fiber before being introduced into a UV/Vis spectrometer (Ocean HDX,
OceanOptics). The spectrometer can resolve light from 200 nm to 1100 nm
with a resolution of up to 0.61 nm (FWHM) and an integration time of
6 ms, which is well suited for real time measurements. The obtained optical
density can be used to calculate the concentration of the precursor, which
also requires its absorption cross section. For precursors where no absorp-
tion cross section in the gas phase is known it can be roughly estimated
using different concentrations of the precursor in liquid hexanes. Although
uncertainties in the concentration measurements increase the uncertainty
in the rate constant, the error is very small as long as pseudo-first-order
conditions are met.
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3.3. Quantum Chemical Calculations

Quantum chemical calculations were performed using the Gaussian 09 suite
of programs. [98] A brief summary of the utilized density functional theory
and complete basis set approaches (CBS-QB3) are presented in this section.

3.3.1. Density Functional Theory

Density functional theory is based on the theorem by Hohenberg and
Kohn. [99] It states that the ground state of an electronic system is com-
pletely defined by its electron density and the corresponding ground state
energy is only a functional thereof. The electron density of a system with N
electrons ρ(~r) is the sum of all squared Kohn-Sham orbitals φKSi according
to equation 3.3. [100]

ρ(~r) =

N∑
i=1

|φKSi |2 (3.3)

Briefly, Kohn-Sham orbitals represent eigenfunctions of the Kohn-Sham
(KS) equation 3.4, which gives comparable results as the Hartree-Fock (HF)
method. However, KS orbitals take correlation effects into account, which
are neglected in HF. [100,101]

[T̂e + V̂Ne + V̂ee + Êxc]φ
KS
i (~r1) = [h1 +

∫
ρ(~r2)

~r12
d~r2 + vxc(~r1)]φKSi (~r1)

= εiφ
KS
i (~r1)

(3.4)

In this T̂e is the operator of the electron kinetic energy, V̂Ne is the oper-
ator of the electron-core interaction, V̂ee is the operator of the coulomb-
interaction of the electrons and Êxc represents the operator for the ex-
change correlation interaction. The first two represent the single electron
hamiltonian h1, and the exchange-correlation potential vxc results from the
exchange-correlation energy according to equation 3.5. [101]

vxc(~r) =
δExc[ρ]

δρ(~r)
(3.5)

By exact determination of the exchange correlation energy Exc, the exact
energy of the whole system can be calculated. However, this is not possi-
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ble, so methods have to be found that approximate the functional of Exc,
which is often done by separating the exchange- and the correlation parts
(equation 3.6). [101]

Exc[ρ] = Ex[ρ] + Ec[ρ] (3.6)

Within the local density approximation it is assumed that the electron dis-
tribution can be approximated by a homogeneous electron-gas, which often
overestimates the bond energy. [102] Another approach, the generalized gra-
dient approximation (GGA), states that Exc is not only dependent on the
density, but also on its gradient. Expressions for the exchange term were
provided by Becke in 1988 (B88), [103] while the work of Lee, Yang and
Parr (LYP) [104] resulted in an expression for the correlation part. The
obtained BLYP density functional method was later expanded to include
HF exchange terms, which resulted in the ubiquitous B3LYP hybrid func-
tional. [105]

3.3.2. The CBS-QB3 Method

Composite methods combine results of multiple calculations with mini-
mal computational expense to approximate the results of time-consuming,
more complex methods. Among the composite methods are the Gaussian-n
methods [106] as well as the Complete Basis Set (CBS) methods, [107] which
provide accurate results for thermochemical data. For computations the
best result is achieved by an infinite basis set while simultaneously consid-
ering the correlation of all electrons. CBS methods try to converge on this
limit by using a basis set extrapolation. Contributions to the overall energy
of the system decrease with increasing order of perturbation theory, while
their computational expense increases drastically. CBS methods exploit
this issue, by reducing the basis set with each level of higher sophistication.
The CBS-QB3 method uses geometry and frequency calculations on
B3LYP/6-311G(2d,d,p) level as a basis and scales the zero point energy
by a factor of 0.99. In addition single point calculations are performed on
MP2/6-311+G (3d2f,2df,2p) level and corrected in second order by basis set
extrapolation. To account for higher order correlation effects, terms from
computations on MP4(SDQ)/6-31+G(d(f),p) and CCSD(T)/6-31+G(d’)
level are added as well. The calculated CBS-QB3 energy (equation 3.7)
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is corrected by an empirical term ∆Eemp and energy differences by spin
contaminations (∆Espin) are considered as well.

E(CBS −QB3) =EMP2 + ∆ECBS + ∆EZPE + ∆EMP4 + ∆ECCSD(T )

+ ∆Espin + ∆Eemp
(3.7)

Here, EMP2 represents the energy calculated on MP level, ∆EZPE is the
scaled zero point enegry, ∆ECBS originates from the extrapolation and
∆EMP4 is the energy difference between the MP4(SDQ)/6-31+G(d(f),p)
level and the MP2 calculation using the same basis set. ∆ECCSD(T ) results
from the analogous treatment of the MP4 and CCSD(T) calculations.
For the calculations of IEs the absolute CBS-QB3 energies at zero Kelvin
of the neutral and the cation have to be subtracted. Experimental and the-
oretical values agree generally well with each other, with the exceptions of
biradical systems. Since CBS-QB3 methods can only calculate the ground
state of a molecule or ion any excited states with the same spin multiplicity
that are visible in the spectrum cannot be calculated. It is also restricted
to elements up to the third period. When molecules of higher periods are
included, other methods and basis sets have to applied.
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4. Results

The following chapter is separated in two main sections, divided by boron
and non-boron containing compounds. In the first section, experiments in-
volving photolysis on the CRF-PEPICO setup at the SwissLightSource are
presented. First, the allyl radical and its methylated homologues and their
pressure dependent kinetics with oxygen are investigated. The second part
of the first chapter deals with the iodine monoxide radical and hypoiodous
acid and their threshold photoelectron spectroscopy.
The second chapter is dedicated to boron containing molecules. Highly reac-
tive boron compounds were investigated using the hydrogen abstraction of
diborane at the french national synchrotron facility SOLEIL. Subsequently,
the threshold photoelectron spectroscopy of borazine and trimethylborane
and their respective pyrolysis products is detailed. The chapter will be
concluded by a summary of various miscellaneous projects.
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4.1. Photolysis and Kinetics

4.1.1. Kinetics of the Allyl Radical with Oxygen

4.1.1.1. Motivation and Background

The allyl radical is the smallest representative of resonance stabilization and
therefore a model for many, more complex, compounds. [108] The ability to
delocalize an unpaired electron over its multiple carbon atoms is intimately
linked with its inherent stability relative to other non-stabilized congeners
like alkyl radicals. Relative to those, allylic radicals exhibit alternating re-
action pathways and an increased abundance in various environments, [109]

which is the main motivation to investigate them. In the gas-phase they
are detected in fuel-rich flames of different hydrocarbon precursors like
1-hexene, propyne, as well as allene and were found to play a crucial role
in the formation of benzene. [110] The reaction between different C3 radicals
like propargyl and allyl is considered to be key step in the creation of poly-
cyclic aromatic hydrocarbons (PAHs). [47,111–114] While the understanding
of larger PAHs and their exact formation is incomplete, it is widely accepted
that they represent molecular precursors of soot particles, a major concern
for human health in modern societies. [115,116] Since PAHs are also found
in carbon-rich stars [117] and other interstellar media [118] it can be deduced
that the allylic radicals have contributed in some form to their formation
in space. Allylic systems also play a role in the autoxidation of unsaturated
fatty acids and esters, a mechanism leading to rancidity of fats. [119]

In the lab allyl radicals are usually generated by pyrolysis and photolysis of
allyl halide precursors as well as in chemical reactors by H-atom abstraction
of propene. Because of its aforementioned model character the allyl radical
has been investigated by numerous spectroscopic methods, focusing on the
structure and unimolecular reactions. [120,121] In detail, measurements of the
ionization energy, [122] excited state lifetimes and couplings, [123] unimolecu-
lar reaction rates and reaction energetics [124,125] were performed. However,
to understand the implications of allyl in PAH formation in particular un-
der combustion conditions, bimolecular reaction rates have to be known.
At these elevated temperatures and pressures two main branches determine
their fate, the dimerization and the oxidation. The first leads to the for-
mation of PAHs and has to be suppressed as much as possible, while the
second ultimately produces carbon dioxide and water, the desired products
of a complete combustion. Therefore, rate constants of the allyl dimeriza-
tion were determined by multiple groups at various conditions. [126–129] On
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the other hand, reaction (11) has also been the focus of several experimental
and theoretical studies. [130–136]

a-C3H5 + O2
k11−−−⇀↽−−−
k−11

a-C3H5O2 ∆RH
0 = −75.6 kJ mol−1 (11)

With a reaction enthalpy at around 76 kJ mol−1 it is significantly less
exothermic than for similar alkyl radical systems. The latter range at
around 145 kJ mol−1. [133] The reason for this major difference is a loss
of resonance stabilization after O2 addition, resulting in a relatively un-
stable allyl peroxy radical. The reverse reaction of (11) exhibits only a
small barrier, while exit channels to secondary reaction products have to
go through energetically unfavorable transition states. [130] In fact the elim-
ination of HO2 from the allyl peroxy radical has an activation energy of
around 153 kJ mol−1 and isomerizations via H-shifts were calculated to
be 121 kJ mol−1 or 159 kJ mol−1 for the (1,4) and (2,4) H-shifts, respec-
tively. [130] With these high barriers the fate of the allyl peroxy radical is
mainly determined by the loss of O2, which becomes more important with
higher temperature. The actual rate constant for reaction (11) is therefore
decreasing when temperatures increase, resulting in no detectable product
formation above 573 K. [131]

Recently Rissanen et al. studied the allyl + O2 reaction over a wide pres-
sure and temperature range. [137] They photolyzed allyl bromide at 193 nm
and followed the allyl signal decay over time by photoionization mass-
spectrometry. At lower temperatures up to 298 K they measured the re-
spective rate constant of reaction (11) while between 320 K and 420 K they
determined the equilibrium constant. It is worth noting that they did not
observe a product signal from allyl peroxy, the presumed reaction product
in the experiments, but suggested that their ionization technique is not
mild enough. [137] Synchrotron based experiments offer a high photon flux
and tuneability, which is perfectly suited to expand the investigation of
reaction (11). They have previously been used to detect transient species
in trace concentrations and are able to detect molecules with isomer selec-
tivity based on their IE and vibrational fingerprint in the cation. [36,138–140]

Photoionization mass spectrometry (PIMS) coupled to a slow flow reactor
is regarded as the current gold standard for the study of chemical kinet-
ics. A similar experiment has already been used by Osborn, Taatjes and
coworkers, [141–143] who also investigated the allyl self reaction. [144]
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4.1.1.2. Experimental

Experiments were performed on the photolysis setup at the VUV-beamline
at the SLS described in section 3.2.3. Allyl radicals were generated di-
rectly by photolysis of allyl iodide and indirectly by H-atom abstraction
of propene. In scheme 4.1 (A) allyl iodide (AI) was excited using either
a 266 nm or 213 nm photon from the 4th or 5th harmonic of a Nd:YAG
laser with a photon flux of ≈150 mJ cm−1 and ≈30 mJ cm−1, respectively.
Both photons lead to an electronic transition into the σ* orbital of the
carbon-iodine bond, decreasing the bond order and cleaving it directly.
The H-atom abstraction was performed by generating chlorine atoms from
oxalyl chloride (COCl)2. After initiation by a 266 nm laser pulse one ox-
alyl chloride molecule ultimately forms two chlorine atoms and two inert
carbon monoxide molecules. The chlorine atoms can then abstract a hydro-
gen atom from propene, generating allyl radicals. Vapors of the precursors
and reactants were introduced into the reactor by calibrated MFCs. Their
amount was determined by a combination of the individual gas flows and
the respective vapor pressure of the precursor using the ideal gas law. For
AI the vapor pressure was assumed at 51 mbar, while for oxalyl chloride it
was 200 mbar. This resulted in total concentrations of 0.5% AI in scheme
4.1 (A) and 9% oxalyl chloride in scheme 4.1 (B) with 1% propene. At
these concentrations the decay of the allyl radical decay did not depend on
the precursor concentrations. The pressure in the reactor pR was limited
to a few mbar, based on the pressure in the ionization chamber, which had
to be kept below 7×10−7 mbar. The photon energy was calibrated on the
Ar 11s’-14s’ autoionization lines in first and second order of the monochro-
mator grating. Higher harmonics were filtered by a MgF2 window or rare
gas filters. The resulting ions and electrons were accelerated by a constant
125 V cm−1 extraction field in opposite directions onto position sensitive
detectors. For the ms-TPES the VUV-photon energy was scanned between
8.0-8.5 eV and threshold electrons were collected with a 5 meV stepsize.
The kinetic traces of allyl were obtained by plotting the signal of mass
channel 41 as a function of reaction time relative to the laser trigger signal.
The data were averaged for 13-90 minutes at a photon energy of 9.0 eV. The
traces were analyzed using the CHEMKIN-II package [145] and the SENKIN
routine. [146] For sensitivity analysis, the sensitivity coefficient σ(i, j, t) for
reaction i of species j at time t was normalized with respect to the maxi-
mum concentration cmax of the species j over the time history, resulting in
σ(i, j, t) = 1/cmax · (∂c(i, t)/∂ln ki). The time resolution of the experiment
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is determined by the time the molecules need to exit the flow tube and get
ionized by the synchrotron light. It was accounted for by convoluting the
concentration-time profiles with a Maxwell-Boltzmann function with 1 ms
FWHM. Rate constants were optimized by a least-squares fit routine, with
the rate constant value of reaction (11) being used a fit parameter.
Sources for errors can be summarized as follows. The gases were intro-
duced by calibrated MFCs, which are correct within ±1% for pure gases
like oxygen, argon and propene. Errors for saturated vapors like AI and
oxalyl chloride are estimated to be slightly higher. The allyl radical con-
centration was determined indirectly based on the conversion efficiency of
allyl iodide, which was accurate within up to 10%. These errors only have
a minor influence on the rate constant of reaction (11), since oxygen is al-
ways used in large excess. The 2σ errors of the linear fit are within a few
percent. External factors like reactor pressure and temperature provide
more important sources for errors. The reactor pressure pR was accurate
within ±0.1 mbar, which leads to an error of ±19% at 0.8 mbar and 3% at
3.0 mbar. The temperature inside the reactor was assumed to be 298 K,
which might be erroneous due to the energy deposited into the gas mixture
being not be equally distributed. It can therefore deviate from RT, which
causes reaction (11) to be slower since it exhibits a negative temperature
dependence. Through the combination of all error sources the determined
rate constants are estimated to be accurate within 25%.

4.1.1.3. Results

Starting with scheme 4.1 (A) allyl iodide was photolyzed at two different
wavelengths (I) 266 nm and (II) 213 nm. In a first step a kinetic trace of the
precursor was recorded to determine its depletion after every laser shot, as
depicted in figure 4.1. The photolysis laser cleaves the C-I-bond of a spe-
cific amount of precursor molecules and after some time the signal recovers
back to normal levels when new, unphotolyzed, gas flows through the reac-
tor. A photolysis efficiency in scheme A (II) was derived, which estimated
5% of the precursor being photolyzed each time. With the measured cross
sections of 16 Mb at 213 nm and 1.6 or 2.3 Mb at 266 nm for allyl iodide,
the conversion was determined to be 0.5% for A (I).
With the photolysis laser present the recorded coincidence time-of-flight
mass spectrum at 9.00 eV illustrated in figure 4.2 exhibits two main sig-
nals. At m/z 168 the precursor allyl iodide and at m/z 41 the allyl radical,
both are visible. With the IE of allyl iodide being 9.30 eV the precursor
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Scheme 4.1.: Generation of allyl radicals by (A) photolysis of allyl iodide
and (B) H-atom abstraction by chlorine atoms.

Figure 4.1.: Conversion efficiency of allyl iodide after excitation with
213 nm. The conversion of the precursor was determined to
be 5%. The laser shots occur every 100 ms.
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molecules can only get ionized by residual light of higher harmonic radia-
tion or if they are vibrationally excited. Secondary processes like DPI can
also contribute to the background signal of m/z 41 and have to be reduced
as much as possible. The AE of the allyl cation from allyl iodide is 9.80 eV,
which limits the background free detection to lower photon energies. Next
to the precursor and the generated radical, iodine atoms were detected at
photon energies of 10.50 eV and higher. Other secondary products, like
1,5-hexadiene and I2 were observed above 9.5 eV, but with very low signal
intensity, preventing the recording of a TPES. In the experiments where
O2 was added the direct reaction product, the allyl peroxy radical, could
not be detected. While it could be detected using UV/VIS and IR spec-
troscopy, [136,147] all studies that ionized the reaction mixture failed to find
any product signal. Calculations on the allyl peroxy cation reveal an IE of
8.89 eV with a triplet ground state exhibiting a drastically elongated C-O
bond. The calculated binding energy of the O2 fragment is only 60 meV
and the FC-factors for transitions into the triplet ground state are small,
because of the huge geometry change between neutral and cationic species.
These effects can be explained in two ways: Firstly, ionization occurs from

Figure 4.2.: Time-of-flight mass spectrum of allyl iodide photolysis at
266 nm recorded at 9.0 eV with the photolysis laser present.
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the HOMO-1, a bonding orbital with its highest density in between the
C-O bond, resulting in a reduced bond order in the cation and a loosely
bound O2 fragment. Secondly, the allyl cation exhibits a large resonance
stabilization, which explains the low binding energy. As a result detection
of the allyl peroxy radical by ionization is hardly possible. Other isomers
of C3H5O2 are presumably more stable but cannot be formed from allyl.
Although side products could only be detected in minor amounts, their re-
actions influence the decay of the allyl signal over time. As such, a typical
decay profile for allyl without oxygen is displayed in figure 4.3 a) as red
dots. These side reactions have to be quantified by recording kinetic traces
without oxygen first, which allows an accurate determination of the rate
constant for reaction (11). Table 4.1 presents the background reactions
used to model the decay of allyl radicals without oxygen. The rate con-
stants for reactions (12), (13), and (15) have already been established in
the literature. The dimerization of two allyl radicals to form 1,6-hexadiene
was investigated by Selby et al. between 1-6 Torr at RT. [144] The value was
therefore taken without any corrections, even though one should note the

Table 4.1.: Background reactions considered in the decay of the allyl
radical in scheme 4.1(A). All rate constants are given in
cm3mol−1s−1 unless noted otherwise.

Reaction No. Rate constant k Ref.

2 a-C3H5 −−→ C6H10 (12) 1.63 ×1013 Selby et al. [144]

a-C3H5+I −−→ C3H5I (13) 1.0 ×1014 Jenkin et al. [136]

a-C3H5 −−→ wall (14)
9 (a)(c)

This work
20 (b)(c)

I + I + M −−→ I2 + M (15) 2.96 ×1015(d) Baulch et al. [148]

(a) Scheme (I)
(b) Scheme (II)
(c) s−1

(d) cm6mol−2s−1
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Figure 4.3.: a) Model kinetic trace for the allyl radical signal. Symbols
represent experimental data points, and lines depict the nu-
merical simulation. The rise in the beginning was accounted
for by convolution with a response function. The sensitivity
analysis for an experiment with 5% oxygen is presented in b)
and illustrates the influence of the four most relevant reac-
tions on the allyl signal, indicating only a minor importance
of the background mechanism.

difference in the type of bath gas, which may influence the rate constant.
The reported value for reaction (13) is 9.6 ×1013 cm3mol−1s−1 by Jenkin
et al. with similar values being obtained by Selby et al. between allyl
and bromide atoms. [144] The used value of 1.0 ×1014 cm3mol−1s−1 is in
agreement with ref [136]. The dimerization of iodine atoms to I2 (reaction
(15)) was included due to its feedback effect on the recombination reaction
(13). While all of these reactions represent major channels, radical chem-
istry often involves multiple minor pathways, due to their mostly barrierless
nature. These reactions are summarized under the term wall losses origi-
nating from the main contribution by heterogeneous loss of the radicals in
collisions with the reactor walls. Minimizing these reactions is often done
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by coating the inside of a reactor, which makes it dependent on several
experimental parameters, like the ratio of wall surface area to gas volume,
i.e. inner reactor diameter and coating quality. Thus, during the fitting
routine the wall loss rate constant was used as a free fit-parameter which
was optimized to fit the decay, wheras the literature known background
reactions were not changed. In table 4.1 it can be seen that the rate for
the wall losses was small and the other reactions described the decay well.
However, for experiments with oxygen not only the forward reaction of (11)
is added to the mechanism but since it is an equilibrium the reverse reac-
tion (-11) can contribute to the allyl signal. Using thermodynamic data
from the literature [137] it can be estimated that the rate of (-11) is between
0.25 s−1 and 0.48 s−1 at 0.8 mbar and 3 mbar, respectively. At these small
rates the influence of (-11) can be neglected, in agreement with previous
studies. [130,131,136] As soon as oxygen is added the decay of the allyl radi-
cals gets faster, which indicates access to a new major reaction pathway as
seen in the black trace in figure 4.3 a) for 5% oxygen. At longer reaction
times the signal decays back to background level showing that allyl is com-
pletely consumed and secondary processes do not distort the allyl signal.
The influence of reactions (11)-(14) on the allyl radical decay can be quan-
tified by a sensitivity analysis, illustrated in figure 4.3 b). High numerical
sensitivity values relate to a great influence of the chosen rate constant on
the overall decay. As figure 4.3 a) already suggests, reaction (11) becomes
the dominant pathway that influences the allyl radical decay, with the side
reaction (12)-(14) becoming almost negligible. Possible deviations of the
background rate constants given in table 4.1 have only a minor influence
and the decay is determined by the chosen value for reaction (11).
The determination of bimolecular rate constants is usually done under
pseudo-first-order conditions, thus in an excess of O2. Changes in the con-
centration in the oxygen concentration over time can be neglected and it can
be seen as constant during the experiment, resulting in pseudo-first-order
rate constants like in equation 4.2a.

k2nd = k × [Allyl]× [O2] (4.1)

k1st = k′ × [Allyl] (4.2a)

with k′ = k × [O2] (4.2b)
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Figure 4.4.: Pseudo-first order plot of different allyl generation schemes
for bath gas pressures of 0.8, 2.0 and 3.0 mbar.

Using this approximation, the pseudo-first order rate constants can be ex-
tracted from the kinetic traces using a exponential fit according to equation
2.24. The second order rate constants represents the slope of a linear plot of
the pseudo-first order rate constants over different oxygen concentrations,
with a y-axis offset of zero, as depicted in figure 4.4. It can be seen, that the
pseudo-first-order rate constants are consistent with each other and show
a small positive pressure dependence, which will be discussed later. For a
reactor pressure pR of 0.8 mbar and 266 nm photolysis wavelength the rate
constant for reaction (11) is determined at 1.29±0.02×1011 cm³ mol−1 s−1.
It is worth noting that CHEMKIN-II offers a way to directly yield second-
order rate constants without having to determine the pseudo-first-order rate
constants first. When these directly determined second-order rate constants
are averaged the rate constant k11 would be 1.35±0.07×1011 cm3 mol−1

s−1, which is in perfect agreement within error limits. The values of the
determined second-order rate constants can be found in table 4.2.
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Table 4.2.: Determined second-order rate constants for reaction (11).

Precursor Pressure
/mbar

Rate constant k11
/cm−3 mol−1 s−1

C3H5I (266 nm) 0.8 1.35 ×1011

C3H5I (213 nm) 0.8 1.40 ×1011

2.0 1.54 ×1011

3.0 1.75 ×1011

C3H6 + (COCl)2 (266 nm) 1.0 1.43 ×1011

Allyl radicals can also be generated by H-atom abstraction according to
scheme 4.1 (B). As a common photolytic precursor for chlorine atoms in
kinetic experiments, the decomposition of oxalyl chloride has been inves-
tigated in great detail. Suits et al. found a two step mechanism after
excitation at 235 nm [149] and 193 nm. [150] In a first, fast step the C-C bond
breaks forming a chlorine atom, carbon monoxide and an excited COCl
fragment. The latter can then dissociate in a slower process to form the
second equivalents of chlorine and carbon monoxide.
The time scale on which the decomposition of COCl takes place depends on
the excess energy carried by each radical, the temperature and pressure. A
fourth parameter, the type of bath gas, influences the decay as well, though
its quantification is not straightforward. [151,152]

Data by Gosh et al. proves that the dissociation of the intermediately
formed COCl radical is dependent on the initially used photolysis wave-
length. [153] In their experiments they saw evidence for COCl when pho-
tolyzing oxalyl chloride at 351 nm and 248 nm but none at 193 nm. They
concluded that at higher photolysis energies the COCl fragment decays on
a vibrational time scale, while at lower energies COCl lives longer and has
the possibility to stabilize itself. Since their measurements provide a quan-
tum yield (Φ) of 2 for the Cl atoms, COCl ultimately decomposes to form
the second equivalents of Cl and CO. In line with these experiments Bak-
lanov and Krasnoperov determined a Cl Φ = 2 for (COCl)2 dissociation at
193 nm. [154] The rate constants for this dissociation show a positive pressure
and temperature dependence confirming that the lifetime of COCl is drasti-
cally reduced by increasing both parameters. Recently Huang et al. reinves-
tigated the chlorine formation and found a minor channel (Φ < 0.14) that
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produces chlorine molecules right after excitation of oxalyl chloride. [155]

The complex dissociation of oxalyl chloride and its influence on the kinetics
has been widely neglected up to now. Within this thesis , the reported
absorption cross section of 0.15 Mb at 270 nm by Gosh et al. was used. [153]

Based on the absorption cross-section the Cl atom yield is estimated to be
15 times lower than that of allyl iodide. The conversion efficiency of oxalyl
chloride to COCl, CO and Cl was therefore calculated to be 0.03% with
Φ = 1 and the subsequent thermal decomposition of COCl was taken into
account in a separate background reaction (17), with a rate constant taken
from Gosh et al. [153] The much more complex abstraction mechanism leads
to multiple peaks in the time-of-flight mass spectrum at 9.0 eV, that have
to be assigned to fully understand the kinetics inside of the reactor. Next
to the dominant mass peak at m/z 41, masses 63 and 65 are major species
at this photon energy. Both represent the COCl radical, 63 with 35Cl and
65 with 37Cl in a characteristic isotopic ratio of 3:1. Other, minor peaks,
such as m/z 130 (C2O2

37Cl2), 128 (C2O2
37Cl 35Cl), 126 (C2O2

35Cl2), and
42 (C3H6) are not expected at this photon energy as their respective IEs

Figure 4.5.: Mass spectrum at 9.0 eV for the mixture of propene and ox-
alylchloride with the laser at 266 nm present. The reactor
pressure pR was set at 1.0 mbar.
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are all above 9.5 eV. Similarly, m/z 36 can be attributed to H35Cl produced
in the hydrogen abstraction of propene and with an ionization energy of
12.79 eV. Their presence can be explained by residual white light scattered
by the gas filter as well as their high abundance in the reactor. Other direct
photolysis products like CO37Cl2 (m/z = 102), CO37Cl35Cl (m/z = 100),
CO35Cl2 (m/z = 98), C2O2

37Cl (m/z = 93), C2O2
35Cl (m/z = 91) are

also present in minor amounts. CO, Cl2 and Cl have not been detected
which is most likely due to their higher ionization energy and low abun-
dance.
In addition the major peak at m/z 68 can not be attributed to any di-
rect or indirect photolysis product. It exhibits no iostopic pattern and thus
must consist of carbon, hydrogen and oxygen, as no other elements without
major isotopes have been used in the experiment. It is therefore assigned
to a C4H4O species, but the exact isomer cannot be extracted from the
mass spectrum. Through the PEPICO setup and the possibility to record
ms-TPES this issue can be resolved. In the ms-TPES of mass 68 a first
peak at 8.41 eV representing the IE, can be seen as depicted in figure 4.6.

Figure 4.6.: ms-TPE spectrum of mass channel 68 between 8.00 and
8.50 eV. The simulation (red) and IE of 8.41 eV are in agree-
ment with 1,3-butadienal.
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With IEs being available for a number of C4H4O isomers, only the one for
1,3-butadienal fits well with the observed spectrum. [156] Furthermore, cal-
culations on CBS-QB3 level of theory yield an computed IE of 8.41 eV and
the FC-simulation fits well to the recorded spectrum. Its generation will be
discussed later. As shown in figure 4.5 the abstraction of hydrogen atoms
by chlorine works well. While the terminal methyl group is presumably the
preferred abstraction site, in principle the three hydrogens located at the
double bond can be cleaved off as well, forming two isomeric propylene rad-
icals. As such, it is crucial to identify the generated molecules at m/z = 41
in this scheme using an isomer selective method. The IEs of the propylene
radicals have been calculated to be 7.46 eV for the terminal and 7.65 eV for
the central radical. A comparison between the ms-TPE spectrum of scheme
(A) and (B) for the allyl mass channel is shown in figure 4.7, with the first
peak being visible at 8.13 eV representing the IE of the observed molecule.
Since no mass 41 signal was observed below this energy this channel can
be exclusively attributed to the allyl radical, based on comparisons to the
literature known IEad of allyl at 8.1309 eV. [122] A vibrational progression
with spacings of 55 meV is visible and is assigned to the CCC bending mode
ν+7 in the allyl cation. The multitude of identified species and the much
more complex allyl generation, in conjunction with the convoluted multi-
step photolysis of oxalyl chloride, requires several background reactions to
be considered in the scheme. Since allyl radicals are not instantly produced,
multiple reactions involving chlorine influence the generation indirectly, like
the decomposition of the transient COCl radical (17), the recombination
of chlorine atoms to Cl2 (18) or their reaction with unphotolyzed oxalyl
chloride.

Cl + (COCl)2 −−→ Cl2 + (CO)2Cl (23)

The precursor for allyl radicals is propene, an unsaturated hydrocarbon
on which chlorine atoms can also add to rather than cleave off a hydrogen
atom. The two competing channels (19) and (20) have been investigated by
Kaiser and Wallington, with regards to their pressure dependent branching
ratios over a pressure range of 0.4 mbar up to 933 mbar. [157] At 1 mbar the
allyl producing channel (20) is about four times faster than the addition
route, yet both pathways are sufficiently relevant under our experimental
conditions to be included in the reaction mechanism.
Allyl radicals can be consumed by dimerization (12), recombination with
chlorine atoms or by reaction with hydrogen chloride. Other than the re-
combination reactions with bromine and iodine atoms, the rate constant
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for the chlorine pathway is not yet known. To account for these unknown
allyl decomposition rates, they were integrated into a common loss reaction
(21). While it is possible to include these reactions into the wall losses, the
determined factor for the allyl iodide experiments originates almost exclu-
sively from heterogeneous radical loss and was used without any changes.
The above mentioned reactions are forming a background mechanism de-
picted in table 4.3, which was used to simulate the allyl concentration/time
profiles for the oxalyl chloride/propene mixtures without oxygen. Other
reactions like the formation of phosgene from COCl and Cl or the recom-
bination of COCl were neglected due to their low significance for the allyl
radicals. A typical kinetic trace is shown in figure 4.8 a), where dots rep-
resent experimental data points and lines are the result of the least square
fit-routine using the respective mechanism with or without oxygen. As pre-
viously mentioned, one major species according to the mass spectrum is
m/z = 68, which has been identified as 1,3-butadienal. The time trace of
the mass channel shows that it is produced after the laser photolyzes the
mixture inside the reactor as depicted in figure 4.9. It can be produced
starting from propene by reaction with COCl or COCl2, producing either

Figure 4.7.: ms-TPE spectrum of allyl using the photolysis of allyl iodide
(black) and H-abstraction from propene (red).
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hydrogen chloride and hydrogen atoms (24) or two equivalents of hydrogen
chloride (25).

C3H6 + COCl −−→ C4H4O + HCl + H (24)

C3H6 + COCl2 −−→ C4H4O + 2 HCl (25)

These reactions have several drawbacks and will mostly likely not happen
under the conditions of the experiment. Reaction (24) produces hydro-
gen atoms and thus it is forming thermodynamically unfavorable products

Table 4.3.: Background reactions considered in the decay of the allyl
radical in scheme 4.1(B). All rate constants are in units of
cm3mol−1s−1 unless noted otherwise.

Reaction No. Rate constant k Ref.

2 a-C3H5 −−→ C6H10 1.63 ×1013 Selby et
al. [144]

a-C3H5 −−→ wall (16) 20 (a) This work

COCl −−→ CO + Cl (17) 1600 (a)

Ghosh et
al. [153],

extrapolated
to 1 mbar

Cl + Cl + M −−→ Cl2 + M (18) 4.6 ×1015 (b) Baulch et
al. [148]

C3H6 + Cl −−→ C3H6Cl (19)
5.12 ×1012

Kaiser and
Walling-
ton [157]

C3H6 + Cl −−→ a-C3H5 + HCl (20) 2.23 ×1013
Kaiser and
Walling-
ton [157]

a-C3H5+M −−→ products+M (21) 1.3 ×109 This work

O2 + Cl + M −−→ ClO2 + M (22) 5.8 ×1014 (b) Atkinson et
al. [158]

(a) s−1

(b) cm6mol−2s−1
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Figure 4.8.: a) Experimental time profiles of the allyl signal with (black)
and without (red) oxygen using the H-atom abstraction of
propene by chlorine atoms. Dots represent experimental data
and solid lines are numerical simulations b) Sensitivity analy-
sis of the hydrogen abstraction of propene by chlorine atoms
with 5% oxygen added.

preventing their production in large quantities. One has to note that no
thermodynamic data are available for 1,3-butadienal. Reaction (25) uses
phosgene as starting material, which is only present in traces and can be
excluded as the origin for the m/z = 68 peak.
The most promising route is a radical-radical reaction between the allyl
radicals and the initially formed COCl. This reaction is almost barrierless
based on the radical nature of both reactants, forming 1,3-butadienal under
elimination of hydrogen chloride. Since the COCl molecule is vibrationally
excited after photolysis it needs to be present sufficiently long time to react
with the allyl radicals. With an estimated internal decomposition rate of
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Figure 4.9.: Concentration/Time profile of mass channel 68.

1600 s−1 it has enough time to react and produce 1,3-butadienal according
to reaction (26).

C3H5 + COCl −−→ C4H4O + HCl (26)

Even though reaction (26) is important to the background mechanism, its
rate constant is not known and can not be considered directly. Indirectly it
was accounted for by reaction (21) together with other relevant pathways.
The above mentioned suitable kinetic model (see table 4.3) was used with-
out correction in the experiments without oxygen, and the rate constant
of (11) was adjusted in the least-square fit. A typical concentration-time
profile is visible in figure 4.8 a), where dots represent the experimental data
points and lines are the simulation. The literature known reaction (27) was
also added, reflecting the fairly high oxygen concentrations in these exper-
iments and account for the negative feedback this pathway could have on
the chlorine concentration.

Cl + O2 −−→ ClO2 (27)
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Figure 4.8 b) shows the sensitivity of the allyl radicals over time in an
experiment with 5% oxygen present. Contrary to scheme 4.1 (A) various
reactions influence the allyl decay in the first few milliseconds. After about
2 ms the main decomposition pathway is through reaction (11), highlighting
it as the most important reaction at longer times. The rate constant for
this scheme was determined to be 1.43 ×1013 cm3mol−1s−1 at 0.8 mbar.
In order to test the validity of the oxalyl chloride photolysis, and the influ-
ence compared to standard reaction schemes the analysis has been altered
two more times. First by not separating the (COCl)2 decomposition in two
steps, and instead using a quantum yield of 2 for chlorine atoms. Secondly,
the chlorine concentration can be deduced from the signal intensity of the
allyl signal in the MS. Instead of assuming the conversion efficiency based
on the relative cross sections of allyl iodide and oxalyl chloride, the factor
to convert the MS counts in concentration from the allyl iodide experiments
was used without correction. This required to double the chlorine concen-
tration to simulate the kinetic traces. Both methods essentially yielded the
same rate constants of 1.40 and 1.44 ×1013 cm3mol−1s−1, respectively.

4.1.1.4. Discussion

The rate constants for reaction (11) were measured at four different reactor
pressures pR 0.8, 1.0, 2.0, and 3.0 mbar and the determined rate constants
are displayed in figure 4.10 and summarized in table 4.2. Even with us-
ing different generation schemes the rate constants are highly consistent,
although the preferred scheme should be the photolysis of allyl iodide at
213 nm as it is the simplest and least time consuming method. The hy-
drogen abstraction scheme is much more complex in its modeling of the
results and experimental setup, nonetheless it offers the possibility to ac-
cess radicals where no suitable direct precursor is available. The reaction of
allyl radicals with oxygen initially produces an activated complex between
the two reactants. In a next step this activated complex can either react
to the products through collisional activation by the bath gas or transfer
energy to the bath gas by collisions and reform the reactants. Reaction
(11) is therefore a pressure dependent association reaction, underlined by
the increasing second order rate constants displayed in figure 4.10.

a-C3H5 + O2 + (M) −−⇀↽−− a-C3H5O2 + (M) (28)
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Figure 4.10.: Pressure dependent second-order rate constants of reaction
(11) in the falloff region. The data are compared to the
literature values by Jenkin et al. [136] and Rissanen et al. [137]

(open symbols). The solid and dashed lines represent the
Troe fit of the falloff behavior, using the dotted lines for
high and low pressure limiting rate constants k∞ and k0.
Errors correspond to the 2σ standard error for the Rissanen
data, while the total estimated error is used for Jenkin et
al. and this study.

Lee and Bozelli, studied reaction (11) at density functional level of the-
ory as well as through CBSQ//B3LYP/6-31G(d,p) composite calculations
and found that the association with oxygen dominates the fate of the allyl
radicals at room temperature. [130] Further reactions of the peroxy radical
species like H-atom shifts and cyclizations have to surmount high barriers
of at least 59 kJ mol−1 with respect to the entrance level and are not acces-
sible at room temperature. With increasing temperature the peroxy radical
exhibits a propensity to dissociate back to the reactants, due to the rela-
tively loosely bound (84 kJ mol−1) oxygen fragment. The reverse reaction
of (11) becomes more important until an equilibrium is reached, which has
been observed by Walker et al. [135] as well as by Rissanen et al. [137]
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The latter have investigated the reaction of allyl and oxygen over a broad
temperature and pressure range and their room temperature data can be
found in figure 4.10 as open circles. At very high pressures a single data
point measured by Jenkin et al. is added in order to determine the rate
constant in the limiting case of infinite pressure. The solid line represents
the Troe-Fit by Rissanen et al. and their determined high-pressure rate
constant is consistent with the atmospheric value of Jenkin et al. It is visi-
ble that the rate constants by Rissanen et al. is about a factor of 2 - 3 slower
than the values determined in this study. In order to fit the rate constants
consistently, using the same broadening factor (Fc = 0.71) and k∞ value,
the k0 value for helium has to be multiplied by four. The broadening factor
has been derived from a large data set by Rissanen et al. and since Fc is
not dependent on the bath gas molecules taking the same value is in the
best interest to compare helium and argon. One reason for this behavior
could be the difference in the nature of bath gas. While the experiments
in this thesis used argon, Rissanen et al. have used helium, and simply
attributing the discrepancy of the studies to a higher collision efficiency
is tempting. One can estimate the influence of the bath gas through two
factors; the collision efficiency βc and the Lennard-Jones collision frequency
ZLJ as depicted in equation 4.3. An increase of the energy transfer rate
by a factor 2 - 3 [159–161] leads to in increase in the collision efficiency of
1.3 to 1.5 based on equation 4.4. The estimation of ZLJ can be done by
looking at the tabulated values for the Lennard-Jones collision diameter
σLJ and the Lennard-Jones well depth ε/kB , which results in a ratio of
ZLJ(Ar)/ZLJ(He) ≈ 0.7. Together with the value for βc the influence of
the bath gas on the rate constants can be quantified to be not more than
10 to 30%. These approximations also hold true if oxygen is added as
well as in the propene and oxalyl chloride case. Oxygen has a very similar
collision frequency ZLJ relative to argon, and the rate constants for the
propene experiments are consistent with the allyl iodide values, excluding
large differences in βc and ZLJ in these experiments.

k0(Ar)

k0(He)
=

βc(Ar)ZLJ(Ar)

βc(He)ZLJ(He)
(4.3)

βc/(1− β0.5
c ) ∝ 〈∆E〉 (4.4)

k0(Ar)

k0(He)
≈ 1.1− 1.3 (4.5)
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Thus, there have to be other sources of this systematic difference in the
studies, which most likely originate from unsolved experimental differences.
One of these factors could be the Maxwell-Boltzmann function used as an
instrument response function (IRF). Especially at high oxygen concentra-
tions where the decay of allyl is finished within the first few milliseconds this
function can become essential for the rate constants. Rissanen et al. neither
fitted their data using an IRF nor did they explicitly consider individual
background reactions and only summarized all available background reac-
tions to a simple pseudo-first-order wall loss reaction. These assumptions,
although commonly made, might not accurately reflect reality and there-
fore their analysis is less than ideal. However, the theoretical descriptions
of the falloff behavior is far from complete. In the end, there are several
differences in the parameters of the two studies that make it difficult to
give a final conclusion, whose data points are more robust.

4.1.1.5. Conclusion and Summary

The kinetics of the reaction between allyl radicals and oxygen has been stud-
ied at the newly developed CRF-PEPICO apparatus at the VUV-beamline
at the SLS. Allyl radicals were generated using two different generation
schemes at 266 nm and 213 nm respectively. In the first scheme, allyl iodide
was used as a precursor and in the second, a mixture of oxalyl chloride
and propene served as a source for allyl radicals. Detection was provided
by ionizing the radicals at a specific energy in a PEPICO scheme allow-
ing to record kinetic traces and ms-TPE spectra at the same time. The
concentration-time profiles were measured under pseudo-first order condi-
tions and numerical simulations provided the second order rate constants.
Photolyzing allyl iodide at 213 nm at 0.8 mbar resulted in a rate constant
of 1.35×1011 cm3mol−1s−1 and very similar values were obtained for the
other generation schemes. At higher pressures the rate constants showed a
slight increase, in agreement with previous measurements and theoretical
predictions. In the hydrogen-abstraction experiments, chlorine atoms cre-
ated from oxalyl chloride were used to generate allyl radicals from propene.
Although multiple abstraction sites are available, allyl was the only major
product according to ms-TPE spectra. Another peak in the mass spec-
trum, which is exclusively present in this scheme could be identified as
1,3-butadienal formed by the reaction of the transiently present COCl with
allyl radicals. Although modeling the kinetic traces is more complex us-
ing the hydrogen abstraction method, the obtained rate constants were
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consistent with the allyl iodide results. This prove-of-principle experiment
underlines the possibility to measure radicals which have no suitable direct
precursor, like the cyclopropyl radical which is known to isomerize upon
direct photolysis of its halide precursors. In all cases the product of re-
action (11) could not be detected. Unfavorable Franck-Condon factors, a
propensity to dissociatively ionize, and a low binding energy for the oxygen
fragment in the cation prevented the detection of the allyl peroxy radical.
Comparing the determined rate constant values to the literature a small
positive pressure dependence is found in both. However, the values in this
study are 2 - 3 times higher than previously measured. This can be partly
attributed to the difference in bath gas, but unresolved systematic differ-
ences, like the different treatment of side-reactions or the inclusion of an
IRF can not be excluded. The falloff can be best described with the Troe
parameters of k0 = 2.2×1018 cm6mol−2s−1, k∞ = 3.5 ×1011 cm3mol−1s−1,
and Fc = 0.71.

79



Results Ph.D. Thesis

4.1.2. Kinetics of the Methylallyl Radicals with Oxygen

4.1.2.1. Motivation and Background

The allyl radical received a considerable amount of attention over the last
decades, due to its model character for spin delocalization (see section
4.1.1.1). [108] Its congeners, the C4H7 radicals like 1-methylallyl (1-MA),
2-methylallyl (2-MA) and cyclobutyl, have been relatively unnoticed and
only recently attracted some interest. Based on their high structural analo-
gies to the allyl radical, the methylallyl isomers have been found in similar
environments. They are abundant in the interstellar medium [162] as well
as in the combustion processes of isobutene and anti-knock additives like
tert-butyl ethers. [163,164] Modern plant-based fuels can contain significant
amounts of unsaturated fatty esters and branched hydrocarbons, which are
prone to lose hydrogen atoms in α-position to the double bond forming
intermediates that can be described as alkylated allyl radicals. [165] 1-MA
and 2-MA can thus serve as suitable model compounds for the reactivity of
sustainable, next-generation biofuels. The known spectroscopic properties
for 1- and 2-MA are limited to excited state dynamics, [166] UV absorption
and unimolecular decompositions. [167] Recently the IEs of both were in-
vestigated by ms-TPE spectoscopy, a central piece of information for this
section. [168,169] The foundation to asess the reactivity of these radicals in
different environments are bimolecular rate constants. In particular for

Figure 4.11.: Methylallyl radicals and their valence structures.
a) 2-Methylallyl (2-MA) b) E-1-Methylallyl (E-1MA,
upper trace) and Z-1-Methylallyl (Z-1MA, lower trace).
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combustion processes the reaction between the 1- and 2-MA and oxygen is
highly relevant and has hardly been investigated up to now.

2-MA + O2 −−⇀↽−− C4H7O2 ∆RH
0 = −90 kJ mol−1 (29)

1-MA + O2 −−⇀↽−− C4H7O2 ∆RH
0 = −82.6± 5.3 kJ mol−1 (30)

The dimerization and dissociation rates for 2-MA have been reported at
high temperatures in shock tubes [170,171] as well as in low temperature liq-
uids, [172] but the rate constant of reaction (29) has only been estimated
through canonical state theory. [173] For 1-MA, reaction (30) was inves-
tigated by Knyazev and Slagle over a broad pressure and temperature
range. [174] They used crotyl bromide and generated 1-MA radicals through
photolysis at 248 nm and 193 nm and detected them by photoionization with
a bromide resonance lamp at 7.6-7.9 eV. They noted that 1-MA exhibits two
chemically non-equivalent reactivitiy sites, a terminal and a non-terminal
site, and attributed both an equal reactivity towards oxygen based on calcu-
lated spin density ratios of the two carbon atoms. However, the chemistry
of 1-MA is more complex, as it exhibits two diastereomeric forms termed
E-1MA and Z-1MA, depicted in figure 4.11, with a low barrier of isomer-
ization calculated to be between 60-67 kJ mol−1. [175] This prevents their
separated generation and analysis, as they can freely interconvert between
both forms. As such, methods that can distinguish signals from E-1MA
and Z-1MA have to be employed in order to gain fundamental insight into
their reactivity. Combining a PEPICO detection scheme with completely
tunable synchrotron radiation allows the separation of the diasteroemeric
forms by their IE and vibrational structure in the cation. [176] In the case
of rate constants, contributions of one isomer can be isolated by choosing
a photon energy below the IE of the respectively higher ionizing molecule.
In principle it is also possible to investigate the latter, by utilizing the TPE
signal to distinguish between both forms. In this scheme the photon en-
ergy from the synchrotron is chosen so that the higher ionizing isomer is
resonantly ionized. The kinetic trace can then be extracted by selecting
the threshold signal, and correcting it for statistical contributions of hot
electrons. Several natural requirements have to be met that facilitate the
measurement in this case. The ms-TPE signal of both isomers have to be
energetically separated so that it can be attributed to one form rather than
a mixture. Consequently, the higher ionizing molecule has to have at least
one transition with favorable Franck-Condon factors, through which the
signal to noise ratio can be increased.
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4.1.2.2. Experimental

Methylallyl radicals were generated by photolyzing the respective halide
precursors, 2-methylallyl iodide (2-MAI) or crotyl bromide (C4H7Br), us-
ing the 5th harmonic of a Nd:YAG laser at 213 nm. The chemicals were pur-
chased from Sigma-Aldrich and used without further purification.
2-MAI is available in a purity of >97%, while crotyl bromide is only tech-
nical grade (85%). The main impurity of the latter is 3-bromo-1-butene,
which also yields 1-MA radicals upon photolysis. The pure gases like helium
and oxygen were introduced into a mixing chamber by calibrated MFCs,
which are correct within ±1%. The precursor was seeded in helium by
flowing the gas through the respective liquid inside a glass sample con-
tainer, which increased the error of the MFC calibrated on helium, to 1.5%
based on the precursor enriched vapor. The final oxygen mole fraction was
therfore accurate within 2%. Since the vapor pressures of the substances
are not known, concentrations measurements were performed before the
precursor gas stream entered the reactor via a gas-phase UV/Vis absorp-
tion setup using the Beer-Lambert law (see 3.2.3). The cross section for
crotyl bromide (390 Lmol−1cm−1 at 230 nm) was taken from literature, [177]

while 2-MAI was determined in liquid hexane under the assumption that
the absorption in liquid hexane and the gas phase are identical. The latter
method obtained a cross section of 720 Lmol−1cm−1 at 270 nm. Overall the
uncertainty for the concentrations is less than 10% for the 1-MA experi-
ments but, most likely more for the 2-MA case. From the mixing chamber
the gases can flow freely into the reactor, where the photolysis takes place.
Radical concentrations in the reactor were estimated by the depletion of
the precursor signal after each laser shot, similar to the allyl experiments
(see figure 4.1). For 2-MAI a conversion of 5% was measured, while for
crotyl bromide 4% 1-MA radicals were detected. Note, that all the above
mentioned errors primarily influence the radical concentration, which un-
der pseudo-first order conditions has only a minor influence on the rate
constant. Increasing or decreasing radical concentrations by a factor of
two, influences the rate constant only by 3%. To minimize radical losses
inside the reactor, the tube was freshly coated with halocarbon wax prior
to the experiments. The overall gas flow was set high enough so that each
laser shot photolyzes a new precursor mixture to avoid radical accumula-
tion, while keeping the reactor pressure between 1.0-3.0±0.05 mbar. The
photolysis laser propagates down the reactor tube creating a uniform dis-
tribution of radicals within the time scale of the first radical detection. The
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mixture was sampled into the experimental chamber by a 300µm hole in
the wall of the reactor. The effusive molecular beam crossed the VUV light
at a distance of 21±4 mm and a constant abstraction field of 218 V cm−1

accelerated the charged particles in opposite directions onto position sensi-
tive detectors. For the ms-TPE measurements the photon energy between
7.3-8.0 eV and 7.7-8.6 eV for 2- and 1-MA respectively, with an energy res-
olution of 10 meV. Kinetic traces were obtained by plotting the coincidence
intensities of one mass channel with respect to the laser trigger signal. In
case of the 2-MA experiments laser shots were averaged for 120 minutes
and the photon energy was set to 8.5 eV. For 1-MA each kinetic trace was
obtained by integrating over 120-360 minutes and different ionization en-
ergies were chosen. At 1.0 mbar and 2.0 mbar photon energies of 7.54 eV
and 7.59 eV were chosen to record kinetic traces of E-1MA and Z-1MA
respectively. At 3.0 mbar a photon energy of 8.0 eV was chosen to unselec-
tively ionize the mixture of E- and Z-1MA. Wall losses were quantified by
recording kinetic traces without oxygen at the beginning and end of each
experiment. Different MA decays were obtained by varying the oxygen con-
centration over a range of one magnitude, while maintaining pseudo-first
order conditions. Kinetic traces were analyzed using the CHEMKIN-II
package [145] and the SENKIN routine, [146] as described in section 4.1.1.2.
The time resolution was accounted for by convoluting the kinetic traces
with a Maxwell-Boltzmann type instrument response function with a rise
time τ90−10 = 1.4 ms. For comparison, rate constants were also obtained
without the use of a convolution function, from monoexponential decays
and linear fit routines. This analysis obtained up to 27% slower rate con-
stants, since the fit began directly at the laser trigger.
The determined rate constants are correct within ±20% and error sources
are as follows:
Inaccuracies in the concentrations of the reactants (≈ ±2%) or radicals
(≈ ±10%) are common and cannot be avoided within the setup. Their
influence on the rate constant is however negligible (≈ ±3%) while work-
ing under pseudo-first-order conditions. Ambient parameters like pressure
and temperature influence the rate constant to a larger extent. The pres-
sure was accurate within 0.05 mbar which introduces an error of ±7% to
the rate constant. Due to the absence of any heating elements on the re-
actor room temperature was assumed for all reactions. However, energy
deposited into the molecules through the laser can influence their temper-
ature if equilibration is not achieved instantly within the time scale of the
experiment. Recent experiments of methylperoxy radicals using the same
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setup determined a radical temperature of 330±30 K, so slightly above room
temperature. [178] Deviations of up to 20 K resulted in errors of the rate con-
stant of up to 6%. It is worth noting that the reaction between methylallyl
radicals and oxygen has a negative temperature dependence, thus resulting
in smaller rate constants with increasing temperature.

4.1.2.3. Results

In figure 4.12 the different coincidence time-of-flight mass spectra for the
2-MA radical are shown. The two major peaks visible are at mass 182 and
55, representing the precursor 2-MAI and 2-MA respectively. At 8.90 eV
the precursor also shows first decay towards mass 55 by dissociative pho-
toionization. The difference spectrum 4.12 c) shows that radical generation
by photolysis dominates the mass channel 55 at this energy. In figure 4.12
a) and b) there is one smaller peak visible at mass 110 which can be at-

Figure 4.12.: Mass spectra recorded at 8.90 eV for the 2-MA experiments
with a) laser off, b) laser on, and c) the difference between
laser on and off.
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tributed to the dimerization product of 2-MA. Since it is present when the
laser is off it likely originates from decomposition of the precursor sample,
which was indicated by an observed color change of the sample. Dimeriza-
tion processes of two 2-MA radicals cannot be excluded but as the signal
vanishes in the difference spectrum c) they do certainly not constitute a
main reaction pathway. The mass 182 signal in figure 4.12 c) should be
negative, since some of the precursor will be photolyzed when the laser is
turned on. However, upon turning on the laser, a portion of the photons
are deflected by the walls of the reactor and hit the inside the experimental
chamber. At the used photon energy (213 nm) they can eject electrons from
the metal surfaces, which can be accelerated by the electron optics and lead
to a form of electron impact ionization of the gas mixture. This process cre-
ates a non-negligible background signal, which could be verified by closing
the synchrotron light shutter without any effect on the background signal.
So photolysis decomposes 5% of the precursor, which is convoluted with a
higher background signal from secondary ionization processes, leading to
a positive overall signal. In the experiments where oxygen was added the
peroxy radical forming as the reaction product could not be observed via
photoionization mass spectrometry. DFT calculations predict an ionization
energy of 8.69 eV with a triplet ground state for the cation. The cationic
structure exhibits a very long C-O bond (2.64 Å) with respect to the neutral
(1.45 Å), resulting in unfavorable Franck-Condon factors as well as a low
binding energy, similar to the allyl case. Hence, detection by photoioniza-
tion is impeded by a combination of this large geometry change and low
binding energies of the oxygen fragment between 75 - 85 kJ mol−1 in the
cation.
The recorded photoionization time-of-flight mass spectrum for the 1-MA
experiments is given in figure 4.13. Without the laser the precursor signals
at mass 134 and 136 are dominant at 9.50 eV. Smaller peaks at 54 and 55
can be attributed to the onset of dissociative photoionization cleaving off
HBr or Br, respectively. A small impurity occurring at mass 100 can not
be explained by fragmentation or bimolecular reaction inside the sample,
and is therefore attributed to an impurity originating from the experimen-
tal chamber. When the laser is turned on and photon energy is lowered
to 8.50 eV, a single peak is visible with its m/z = 55 corresponding to the
generated 1-MA radical. Neither the generated bromine atoms nor the pre-
cursor crotyl bromide get ionized at this photon energy and contributions
from dissociative photoionization to the 1-MA signal can be excluded.
The recorded ms-TPE spectra of the produced radicals can provide insights
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into the created isomers after photolysis of the precursors. The methylallyl
spectra were previously measured under pyrolysis conditions and will be
used to verify the identity of the isomers and compare the two generation
methods. [168]

The ms-TPE spectrum displayed in figure 4.14 between 7.70 eV and 8.60 eV
for 2-MA shows a generated species with an onset at 7.89 eV and a vibra-
tional progression of 440 cm−1. The first transition was assigned to the
ionization energy into the cationic X+ 1A1 ground state, which is in good
agreement with the calculated value of 7.94 eV by CBS-QB3 composite cal-
culations. The ms-TPES also agrees very well with previous experimental
investigations, which found an IE of 7.88 eV with a vibrational progres-
sion of 440 cm−1. [168] The vibrational peaks visible up to 8.05 eV could be
attributed to the totally symmetric CCC bending vibration ν+24 with a cal-
culated vibrational frequency of 452 cm−1. No other signals are observed up
to 8.60 eV, showing that only the 2-MA isomer contributed to the recorded

Figure 4.13.: Mass spectrum of the 1-MA experiments with a) the laser
off and b) the laser on. Bromine atoms can not be detected
due to their significantly higher ionization energy.
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kinetic traces. The FC-simulation shows a very good agreement with the
experimental data and the literature for the 2-MA radical. [168] The litera-
ture spectrum exhibits a pronounced hot band visible at 7.83 eV, which is
less intense in the spectrum presented here. The primary reason for this
are differences in radical generation, through which the radicals carry al-
ternating amounts of internal energy. In the literature pyrolysis was used
to generate 2-MA radicals at 450 °C, whereas in the photolysis reactor rad-
icals can equilibrate by collisions with the bath gas before being ionized.
Experimental factors, like differences in the setup or in the parameters, can
influence temperature of the molecules as well. In the pyrolysis experiments
the radicals have to pass a skimmer, which selects only coldest part of the
molecular beam, while they are directly introduced into the experimental
chamber from the photolysis reactor. This means that radicals produced
in photolysis are thermally less excited than radicals in pyrolysis. In both
cases cooling effects by supersonic beam expansion can be omitted in first
instance, due to the small pressure differences in the respective reactors

Figure 4.14.: Recorded ms-TPE spectrum of 2-MA between 7.70 eV and
8.6 eV. The radical was generated at 0.9 mbar through pho-
tolysis of 2-MAI at 213 nm. Every point was averaged for
390 s and the resolution is 10 meV.
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and chambers. The comparison between these experiments showcase, that
photolysis represents a softer approach to radical generation, with the pos-
sibility to limit secondary processes during the measurement.
The ms-TPES for 1-MA in figure 4.15 shows a more complex structure
with multiple signals, which have been analyzed before. [168] The first ma-
jor peak occurs at 7.48 eV and originates from E-1MA, agreeing with its
calculated ionization energy of 7.54 eV. Transitions into two different vibra-
tional modes of E-1MA can be seen, one being the CCC-bending mode ν+25
(280 cm−1, 35 meV) and the other the CC-stretching mode ν+24 (565 cm−1,
70 meV). The two peaks at 7.41 eV and 7.44 eV can be attributed to two hot
bands from the same vibrations ν+24 and ν+25 respectively. At higher energies
the second isomer Z-1MA is assigned to the peak at 7.59 eV in line with
its computed ionization energy at 7.65 eV. It exhibits a vibrational progres-
sion originating from the CCCC bending mode ν+23 (565 cm−1, 70 meV) and
the wagging mode of the terminal carbon atoms ν+21. Again a comparison
between the previously recorded 1-MA TPES under pyrolytic conditions

Figure 4.15.: The recorded ms-TPE spectrum of the 1-MA radical. Two
isomers with two different ionization energies contribute the
the experimental signal, the E-1MA starting at 7.48 eV and
the Z-isomer at 7.59 eV.
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reveals a better resolved and less broad spectrum in photolysis, mainly
due to the lower temperature (vide supra). The ms-TPES proves that
both conformers, E- and Z-1MA, are generated from a precursor, which
is predominantly in E-conformation. Under pyrolytic conditions the iso-
merization barrier can be overcome by the high temperatures necessary
to generate the radical, but photolysis ocurrs at room temperature. Pho-
todissociation studies by Lau et al. showed that after photo exciting crotyl
bromide at 234 nm the C-Br bond is cleaved and the hydrocarbon radi-
cal carries an internal energy between 29 kJ mol−1 and 126 kJ mol−1. [177]

This is not enough to surmount the barrier to isomers like 3-buten-1-yl
(>201 kJ mol−1), but sufficient to overcome the rotational barrier between
E- and Z-1MA calculated to lie between 60-67 kJ mol−1, resulting in a quick
equilibration of the two isomers. [175] Computations using RRKM theory es-
timate the equilibration time for the E/Z isomerization at 1 atm at about
0.1 ns, much faster than the 100 ns it takes the radicals to transfer energy
onto the bath gas through collisions. [175] Since in this study a photoly-
sis wavelength of 213 nm is used, the radicals should form with a higher
energy distribution, further facilitating the isomerization process. Predic-
tions of the overall ratio between Z- and E-isomers (RZ/E) at equilibrium
were shown to be critically dependent on several parameters like computa-
tional method, temperature, pressure, and average internal energy of the
radical. [175] At room temperature and 10.1 mbar, RZ/E was calculated to
be between 1 and 2. For simplicity equal amounts of E- and Z-1MA were
assumed directly after photolysis. According to the ms-TPES any contribu-
tions from the Z-isomer to the kinetic trace can be neglected below 7.55 eV
and the E-isomer can be monitored exclusively. Isolating the signal origi-
nating from the pure Z-isomer is more challenging, as both isomers show
overlapping transitions in the ms-TPES. Similar to the allyl experiments
in section 4.1.1 the respective peroxy radicals could not be detected, due
to their unfavorable Franck-Condon factors and low binding energies in the
cation. Thus, the kinetics of the methylallyl radicals were determined by
observing their respective radical decays over time.
Selected kinetic traces of the 2-MA radical are presented in figure 4.16 a).
The radical signal decays over time even with no oxygen present, which is
due to several side reactions the 2-MA radicals are invovled in. This back-
ground needs to be accounted for before the rate constant of reaction (29)
can be determined relieably. Hence, kinetic traces without oxygen were
recorded under the same conditions and analyzed using a reduced reaction
mechanism, which did not include reaction (29). The most important side
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Figure 4.16.: a) Typical decay of the 2-MA radical with (black) and with-
out (red) oxygen present. Dots represent experimental data
points and lines show the result of the numerical simulation.
b) Sensitivity analysis of the 2-MA radical with 1% oxygen
present. The reaction between 2-MA and O2 becomes the
most important one once oxygen is added.

reactions are summarized in table 4.4 and include dimerization between
2-MA, recombinations between methylallyl radicals and halide atoms as
well as formation of molecular iodine I2. First-order heterogenous wall
losses were included and the corresponding rate constant was treated as
an independent fit parameter and optimized to reproduce the observed de-
cay. As such the wall loss reaction also included any minor contributions
that are yet unaccounted or mismatched in the other rate constants from
extrapolation. In particular reactions of 2-MA with the precursor can be
treated this way since these exhibit a pseudo-first order behavior because
of the large excess of precursor molecules. All reactions together yielded
a consistent background mechanism, which was used without changes in
the oxygen measurements. Most rate constants in table 4.4 are not known
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under the conditions of the experiments. Therefore, they need to be extrap-
olated or derived from allyl radical reactions, with the iodine and bromine
atom dimerizations being the exceptions. The dimerization reaction of
the 2-MA radical was studied by shock tubes at much higher tempera-
tures and pressures. [170,171] A study performed at room temperature and
133 mbar total pressure [172] revealed a recombination rate constant for the
2-MA radical that is comparable to the allyl radical at pressures between
1.3-8.0 mbar. [144] Similarly, the values for the reactions between halide
atoms and methylallyl radicals were derived from allyl and used without
correction in the case of iodine and scaled by 0.8 in the case for bromine.
The latter was done to better fit the experimental traces at longer reaction
times. Figure 4.16 b) shows that the influence of reaction (34) on the decay
is negligible. An increase of the rate constant by a factor of three changed
the rate constant of reaction (29) only by 3%.
Consequently, different amounts of oxygen (0.25%-2.0%) were added to the

Table 4.4.: Background reactions considered in the decay of the methy-
lallyl radicals. All rate constants are in units of cm3mol−1s−1

unless noted otherwise.

Reaction No. Rate constant k Ref.

2 C4H7 −−→ C8H14 (31) 2.6×1013 Bayrakceken
et al. [172]

2-MA −−→ wall (32) 32(a) This work

1-MA −−→ wall (33) 15(a) This work

2-MA + I −−→ 2-MAI (34) 1.0×1014 Jenkin et
al. [136]

1-MA + Br −−→ 1-MABr (35) 8.0×1013
estimated,
Jenkin et

al. [136]

I + I + M −−→ I2 + M (36) 2.96×1015(b) Baulch et
al. [148]

Br + Br + M −−→ Br2 + M (37) 1.02×1015(b) Baulch et
al. [148]

(a) s−1

(b) cm6mol−2s−1
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mixture and the trace for x(O2)=1% is given as an example in figure 4.16
a) in black. The decay becomes visibly faster when oxygen is added, un-
derlining the dominance of reaction (29) in the system.
Oxygen can attack all methylallyl radicals at different, non-equal, reaction
sites. In the case of 2-MA there are two terminal and one central position,
which cannot be distinguished based on the decay of the radical signal.
The propensity of each site to react with oxygen can be evaluated by calcu-
lating the heats of reaction for the respective reaction. Reaction enthalpy
values (∆HR) at 298 K on CBS-QB3 level of theory displayed in scheme 4.2
show that the formation of the 2-MA peroxy species at the central site is
highly unfavorable and even endothermic compared to the terminal sites.
Previously, the heat of reaction for 2-MA + O2 has been calculated to be
-90 kJ mol−1 using the MP2 method, [173] a difference of≈10 kJ mol−1, which
can be explained by the different methods. The CBS-QB3 method gives
excellent results for the allyl system (bottom trace) with a calculated value
of -75.6 kJ mol−1 compared to an experimental value of -76.2 kJ mol−1. [131]

Therefore, it is assumed that the results for the MA systems also give very
good predictions.
The decay of the formed peroxy species back to the reactants could also
influence the decay of the radical species. The temperature dependent rate
constants of the reverse reaction (-29) have been calculated by Chen and
Bozzelli and resulted in values of 1.6×10−4s−1 (CBS/MP2) and 1.5×10−3s−1

(DFT/B3LYP) at 300 K. [173] Even the faster rate constant is tiny and its
influence on the decay of the radical signal can be neglected under these
conditions. Keeping the background rate constants, fit parameters, instru-
ment response functions and initial radical concentrations constant, allows
the concentration-time profiles to be fitted by optimizing the reaction rate
with oxygen. As displayed in figure 4.16 b) reaction (29) becomes dominant
once oxygen is added with only minor contributions from the wall losses to
the decay, which is expected in a pseudo-first order system.
The pseudo-first order plots can be seen in figure 4.17 for the 2-MA radical.
According to the equation k1st = k2nd× [O2] the second order rate constant
can be extracted as the slope of the pseudo-first order rate constants versus
the oxygen concentration. When the background reactions are accounted
for the slope has a y-intercept of zero, which is the case in figure 4.17. A
standard pseudo-first order evaluation of the data set using a single monoex-
ponential fit resulted in two different effects, a non-zero y-intercept and rate
constants for (29) that are up to 27% slower. The former can be explained
by unaccounted background reactions, while the latter is mainly caused by
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Scheme 4.2.: Possible reaction between methylallyl radicals and oxygen.
The reaction enthalpies were calculated at 298 K using the
CBS-QB3 method.
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the neglection of the IRF. Especially at high oxygen concentrations where
the 2-MA signal is back to background level within the first few millisec-
onds, the simple analysis yields systematically too low rate constants. A
monoexponential analysis including the IRF, agrees with the full kinetic
simulation within ±9% on average. This underlines the superiority of the
numerical simulation compared to other analysis procedures. However, the
different analysis also reveal a large influence of the IRF and its width,
which is why an additional error of ±5% has been included into the error
estimate discussed in section 4.1.2.2. The established rate constants from
figure 4.17 are displayed in table 4.5. As one can see there is no pressure
dependence of reaction (29) over the pressure range between 1 - 3 mbar.
Thus, it can be assumed that the reaction is already at or close to its high
pressure limiting rate constant k∞ with a value of 5.1×1011 cm3mol−1s−1.

The kinetics of the 1-MA radical were investigated at different photon ener-
gies. In order to observe the pure E-1MA signal the synchrotron light was
set at 7.54 eV, as to not ionize the other isomer Z-1MA. It was also tried

Figure 4.17.: Pseudo-first order plot of the 2-MA radical with oxygen be-
tween 1 - 3 mbar overall pressures. Within the experimental
error no pressure dependence is found.
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to obtain the isomer specific rate-constant of the higher ionizing Z-1MA
radical. The concentration/time profiles at 1 mbar at various oxygen con-
centrations are displayed in figure 4.18. The mixture was ionized directly
at the threshold of the Z-1MA at 7.59 eV and only the threshold signal
was used by subtracting ring and circle contributions as depicted in section
2.3.3. Although the trend of each trace is clearly visible, the signal/noise
ratio is poor and thus, the fits exhibit a huge standard error that ultimately

Figure 4.18.: Obtained concentration/time profiles for the Z-1MA iso-
mer using threshold analysis. The dots represent the data
points, while the solid lines are the least-square fits.

Table 4.5.: Pressure dependence of the second order rate constants for the
2-MA + O2 reaction at 298 K.

pressure / mbar k2nd / 1011 cm3mol−1s−1

1 5.2±1.0

2 5.1±1.0

3 5.1±1.0
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reflects on the validity of the obtained rate constant. In addition one has to
keep in mind that even though Z-1MA exhibits a big FC-factor at 7.59 eV,
the FC-factor of the lower ionizing E-1MA is not negligible, which intro-
duces further error sources. Therefore, the threshold analysis was neglected
on the 1-MA data.
Ultimately the complete signal at 7.59 eV was used, resulting in the deter-
mination of a rate constant for the mixture of E- and Z-1MA. A comparison
between the two analysis methods shows no significant difference in the ob-
tained pseudo-first order rate constants in both cases, but the reduction
of the error bars by using all ions in the mass channel proved to be an
advantage.
For the reactions of E-1MA without oxygen the concentration of the bromine
atoms will be twice as high, because half of the generated hydrocarbon rad-
icals will be present in the Z-form, which is not ionized. This has to be
considered in the analysis of the kinetic traces. A typical decay of the

Figure 4.19.: a) Typical decay of the E-1MA radical signal over time with
(black) and without (red) oxygen. b) Sensitivity analysis of
the 1-MA radical over time.
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1-MA signal is displayed in figure 4.19, where the initial rise of the radical
signal exhibits the time resolution of the setup. The background reactions
displayed in table 4.4 were derived from the allyl radical and the 2-MA
radical with the reaction between 1-MA and bromine being multiplied with
a factor of 0.8 to yield a better fit at longer reaction times. [136] The 1-MA
radicals should exhibit multiple dimerization rate constants depending on
the respective isomers (E/E), (E/Z), and (Z/Z) that are involved. These
have not yet been determined, and thus the value for the 2-MA radical
was used without any correction. The wall losses were optimized to fit
the experimental data resulting in a value that is about twice as high as
for 2-MA, due to the much higher uncertainties in the 1-MA case. After
the background mechanism has been established, oxygen (0.25%-1.5%) was
added to the mixture and the kinetic traces recorded. A typical decay curve
with oxygen can be seen in figure 4.19 a) and the corresponding sensitiv-
ity analysis is displayed in figure 4.19 b). After the addition of oxygen,
reaction (30) becomes the dominant decomposition pathway for E-1MA
radicals, confirming the pseudo-first order conditions. It is notable, that

Figure 4.20.: Pseudo-first order plot of the reaction of 1-MA + O2. The
two isomers show almost identical rate constants and a weak
positive pressure dependence is observed.
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the second most important reaction is the recombination with the bromine
atom, which can be rationalized by the higher concentration compared to
the 2-MA experiments. The decomposition of the peroxy species back to
the reactants was not considered based on similar assumptions as for the
allyl and 2-MA radicals.
1-MA has three non-equivalent reaction sites, one of which is prochiral,
resulting in a variety of formed reaction products displayed in scheme 4.2.
Only the resonantly stabilized molecules were considered in the case of 1-
MA, since the non-stabilized reaction products are assumed to be much
higher in energy, similarly to 2-MA. Previous studies reasoned that the
equal spin densities on the carbon atoms of the 1-MA radicals as well as
insignificant sterical effects observed on similar alkyl radicals should result
in similar rate constants for both sites. Stable neutral and cationic species
were found for all three isomeric products. The neutral species have recently
been detected by cavity ringdown IR spectroscopy, [179] but detection via
photoionization is not possible as discussed above. Their IEs were com-

Figure 4.21.: Pressure dependent second-order rate constants of the 1-MA
+ O2 reaction. Error bars correspond to the 2σ standard
error from the linear fit. The overall experimental error was
determined to be ±20%.
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puted all to be around 8.30 eV with an almost planar CCCC framework
in the cation. The pseudo-first order rate constants obtained by fitting
the concentration-time profiles are displayed in figure 4.20. In all cases a
linear dependence can be observed, with the each slope representing the
second order rate constant of the respective experiment. No significant iso-
mer dependency is found between the E- and E/Z-1MA experiments, with
the direct comparison between the two showing a large overlap at 1 and
2 mbar. Similarly to 2-MA, the kinetic traces were also analyzed without
accounting for the background mechanism, yielding consistent results.
The pressure dependence of the observed second order rate constants is
depicted in figure 4.21 and for better comparison with the literature val-
ues their 2σ error from the linear fit is displayed. Their respective values
are given in table 4.6 with an overall error estimated to be around ±20%.
The determined rate constants are very close to the ones found by Knyazev
and Slagle (blue squares). [174] They observed almost identical rate con-
stants at 5 and 10 mbar respectively and thus their obtained rate constant
of 8.06×1011 cm3 mol−1 s−1 corresponds to the high pressure limit.

Table 4.6.: Pressure dependence of the second order rate constants for
the 1-MA + O2 reaction at 298 K. At 3 mbar the radicals were
unselectively ionized.

pressure
/ mbar

k2nd (E) / 1011

cm3 mol−1 s−1
k2nd (E/Z) / 1011

cm3 mol−1 s−1
Ref. [174] / 1011

cm3 mol−1 s−1

1 3.6±0.7 3.4±0.7 -

1.25 - - 3.87±0.35

2 3.9±0.8 3.7±0.8 -

2.5 - 5.17 ±0.47

3 4.6±1.0 - -

4.95 - - 7.91 ±0.98

9.95 - - 8.06 ±1.31

4.1.2.4. Discussion

In order to put the presented results of the methylallyl radicals into a
broader context, a comparison with their respective parent molecule allyl is
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warranted. The reaction mechanism of the latter has been studied exten-
sively proceeding via a collisionally stabilized association intermediate. The
respective rate constants for the high and low pressure regime have been de-
termined to be k∞=3.5×1011 cm3 mol−1 s−1 and k0=2.2×1011 cm6 mol−2 s−1

(in Ar). Less is known about the methylallyl radicals, with only reaction
(30) being investigated experimentally by Knyazev and Slagle. [174] For the
2-MA radical only computational data for its reaction with oxygen (29)
and their respective secondary products exist up to now. [173] Based on the
strong similarity between the compared molecules it is very likely that the
reaction of the methylallyl radicals with oxygen forms a transiently stabi-
lized association complex according to reaction (38).

C4H7 + O2 −−⇀↽−− [C4H7OO]∗
M−−→ C4H7OO (38)

As can be seen in figure 4.21 the measured rate constants for 1-MA in this
study overlap with the literature within the respective error bars. Since
the rate constant at 10 mbar does not differ from the one at 5 mbar this
rate constant is attributed to the high pressure limit rate constant k∞.
The abrupt switch from falloff behavior starting at 5 mbar is uncommon
and might be explained by a systematic overestimation of the 5 mbar rate
constant. This would be in line with the values determined in this study
and the rather small but nonetheless measurable rate constant increase of
about 30% between 1 and 3 mbar.
On the other hand no experimental data are available for the 2-MA radi-
cal. Chen and Bozelli calculated k∞ values of reaction (29) using different
theoretical methods, and explored the potential energy surfaces of possible
secondary reaction products. Their predictions for the high pressure rate
constant for 2-MA depend strongly on the employed method and can be
given in the general form in equation 4.6. [173]

k∞/cm
3mol−1s−1 = A · Tn · e

−Ea
RT (4.6)

k∞/cm
3mol−1s−1 = 4.65 · 108 · T 1.19 · e

−2234 J
RT (4.7)

k∞/cm
3mol−1s−1 = 1.09 · 1010 · T 0.57 · e

−9585 J
RT (4.8)

Canonical transition state theory allows the calculation of the three pa-
rameters A, Tn and Ea, giving the k∞ values at different temperatures.
Using DFT methods the determined parameters can be seen in equation
4.7, while the CBS-q/MP2 gives results according to equation 4.8. At
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Table 4.7.: High pressure limiting rate constants (k∞) of three allylic rad-
icals with oxygen.

Allyl + O2 1-MA + O2 2-MA + O2

k∞ / cm3 mol−1 s−1 3.5×1011 [136] ≈8.1×1011 [174] 5.1×1011

room temperature the two values for k∞ are 1.60×1011 cm3 mol−1 s−1 and
5.89×109 cm3 mol−1 s−1 for equation 4.7 and 4.8, respectively. The first
value is in good agreement with the experimental findings, but the second
is two order of magnitude lower, underlining the divergence in theoretical
assesments and the importance of experimental studies. The barriers for
the 2-MA peroxy species to form secondary products are all above the en-
trance level, and as such too high to play any role at room temperature.
The only exception is an intramolecular H-shift that procedes via a sta-
bilized six-membered ring, with a barrier of 83 kJ mol−1 relative to the
stabilized peroxy species.
A similar picture can be drawn for both isomers in the 1-MA case. Cal-
culations by Dibble et al. [175] showed that both isomers can in principle
undergo various isomerization processes after they have reacted with oxy-
gen. The smallest barrier for Z-1MAOO is a 1,6 H-shift with a barrier of
87.4 kJ mol−1 while for E-1MAOO it is a 1,5 H-shift at 104.6 kJ mol−1. The
barriers to form these secondary products are insurmountable at room tem-
perature, but their contribution under combustion conditions may lead to
several reaction products. A very common reaction under these conditions
is a hydroperoxy HO2 loss, which has been found to be endothermic for
1-MA. Therefore, the loss of oxygen is the exclusive decomposition path-
way for 1-MAOO radicals under these experimental conditions.
The k∞ for the different molecules are listed in table 4.7. The smallest
value and largest pressure dependence is found for allyl. [137] The methy-
lallyl species both being a factor of two to three higher, with 2-MA ex-
hibiting no and 1-MA exhibiting only a small pressure dependence over
the same pressure region. A clear trend is visible for k∞ in the order of
allyl<2-MA<1-MA, which needs to be understood in more detail. Obvi-
ously, an explanation based on sterical effects cannot rationalize the ob-
served behavior and would even be counter intuitive.
It is well known, that the effect of pressure (and temperature) on the rate
constants of recombination reactions is governed by a complex interplay
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between collissional activation and deactivation steps and microcanonical
rate constants of each posssible reaction for the association complex. [180,181]

These complex interactions can be treated using a RRKM/ME approach,
but such calculations would be beyond the scope of this thesis when per-
formed in detail. For that reason an analogy with the more simple alkyl
radicals can be drawn. Miyoshi calculated systematic trends of the high-
and low-pressure limiting rate constants for alkyl radicals with varying
chain length and substitution patterns using the RRKM/ME approach. [182]

He intentionally left out reactions to secondary reaction products, creating
molecular size dependent ”hypothetical” falloff plots for alkyl radicals. The
neglected side reactions play crucial roles in alkyl radicals, but are not rel-
evant in alkenyl radicals. [183,184] In this way the identified trends should
be well transferable to the allylic systems discussed here, although one has
to note that the well depth of alkenyl peroxy radicals and their association
complexes are much more shallow than it is for their alkyl congeners.
The high pressure limiting rate constants depend almost exclusively on the
substitution pattern of the respective radical reaction site and are largely
independent from its chain length. In agreement with the experimental data
the k∞ values decrease from tertiary>secondary>primary. The reason for
this is a more attractive PES at shorter internuclear distances resulting
from a higher well-depth. In other words, the bond dissociation energy
(BDE) decreases from tertiary to primary alkylperoxy radicals. [182] This
observation is assumed to be transferable to alkenyl radicals, where their
reactivity can be explained by a superposition of all reactive centers due to
delocalization of the spin density. Since allyl and 2-MA have only primary
sites, they exhibits smaller k∞ values. Note that the central carbon atom
of 2-MA does not produce a stabilized peroxy radical and can be neglected.
On the other hand 1-MA has a primary as well as a secondary radical site
both available for reaction with oxygen, hence should have the highest HPL
rate constant in this series. In line with this qualitative treatment, using
the BDEs can help further distinguish between the reactivities. The BDEs
that are given in scheme 4.2 show the smallest one for allylperoxy with a
significant higher value at 2-MA. Interestingly for 1-MA the BDEs for the
secondary and primary sites give consistent values with this explaination.
In order to understand the falloff behavior of the radicals the low pressure
limiting (LPL) rate constants become important, which Miyoshi also ana-
lyzed. [182] For k0 the deciding factor is the amount of heavy atoms, which
correlates directly with the density of states for the peroxy radicals around
the threshold. This is independent of the substitution pattern and almost
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identical for same sized radicals. On this basis the k0 of the radicals dis-
cussed here can be arranged in the order 1-MA≈2-MA>Allyl. The k0 value
is directly proportional to the size of the radical and therefore the falloff
for allyl begins at higher pressures compared to the methylallyl radicals.
This is commonly found in unimolecular dissociations and recombination
reactions. Larger molecules reach their high pressure limit at overall lower
pressures, due to their higher density of states. [185] Moreover, the same k0
will cause the falloff to take place at higher pressures when k∞ increases, as
is the case going from 2- to 1-MA. Consequently the pressure dependency
in the falloff region should increase in the order from 2-MA<1-MA<Allyl,
again in qualitative agreement. However, one has to note that this be-
havior is only valid for low temperatures around 300 K and below, above
1000 K almost no dependency of k0 can be observed. [182] In the 2-MA case,
the already mentioned minor isomerization channel of the R-OO adduct to
a R’-OOH radical structure via a six-membered transition state, followed
by collisional stabilization of that product may contribute to the observed
pressure dependence as well.

4.1.2.5. Summary

The isomeric methylallyl radicals 1-methylallyl (1-MA) and 2-methylallyl
(2-MA) were generated using 213 nm laser photolysis of their halide pre-
cursors. Their rate constants with oxygen were measured in a slow flow
reactor at pressures between 1 - 3 mbar and room temperature. The rad-
icals were detected using synchrotron radiation at different energies using
a PEPICO spectrometer. This allowed the determination of the identity
of the generated species by recording ms-TPE spectra. The proposed re-
action products, the methylallyl peroxy radicals could not be detected by
photoionization due to their low stability in the cation, which causes dis-
sociative photoionization. The second-order rate constants of the 2-MA
oxidation reaction do not exhibit a pressure dependence in the investigated
region. This resulted in the determination of the high pressure limiting rate
constant k∞ for this reaction at 5.1×1011 cm3 mol−1 s−1.
For 1-MA the two stereoisomers E-1MA and Z-1MA were produced upon
photolysis, resulting in an isomer-selective rate constant for the lower ioniz-
ing E-1MA. Z-1MA was also observed according to ms-TPE spectra, but its
rate constant could only be determined in a convolution with E-1MA, yet
the rate constants are almost identical within the error limits. the 1-MA
rate constants exhibit a small positive pressure dependence, with values
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between (3.5±0.7)×1011 cm3 mol−1 s−1 and (4.6±0.9)×1011 cm3 mol−1 s−1

between 1 and 3 mbar. The difference in the pressure dependence between
1-MA and 2-MA can be rationalized by including their parent compound
allyl. The k∞ values depend mostly on the substitution pattern of the re-
active radical site, whereas the k0 values are influenced by the repsective
chain length. For larger molecules the high pressure limit is reached at
overall lower pressures as is the case for the methylallyl species compared
to allyl. The falloff starts earlier for 1-MA because two out of its three rad-
ical sites are secondary versus two primary ones for 2-MA. This is based on
the higher bond dissociation energies for higher substituted reaction sites,
presumeably due to more attractive bonding potentials. Therefore, the k∞
values grow in the order of kAllyl < k2−MA < k1−MA. The experiments
confirm the relationship between k∞, radical size and substitution pattern
for alkenyl radicals, which was previously predicted for alkyl radicals.
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4.1.3. Iodine Monoxide and Hypoiodous Acid

Other than for kinetic studies, laser photolysis coupled to the CRF-PEPICO
spectrometer can expand the avilable scope of spectroscopically investigate-
able molecules. In pyrolysis the high temperatures prevent the clean for-
mation of oxygen centered radicals, especially hydrocarbon peroxy radicals.
The latter exhibit rather small barriers for hydrogen elimination reactions
or other hydrogen shifts. In these cases photolysis is often used, which forms
radicals more cleanly. Especially the property of oxygen as a biradical ren-
ders its initial reaction barriers with other radicals very small. Through
laser initiated bimolecular reactions molecules can be built up, rather than
broken down as is common in conventional in pyrolysis. This scheme is
particularly suited for investigations of molecules involved in atmospheric
processes, where photons from sunlight influence the chemistry to a large
extent.

4.1.3.1. Motivation

Iodine is a ubiquitous element in nature commonly found in aquatic life
forms like algae from where significant portions can be emitted into the
atmosphere. [186,187] These organic and inorganic species can then get pho-
tolyzed by sunlight producing iodine atoms, which can undergo several
reactions. One of them is reaction (40) where IO is formed through the
interaction with ozone, as illustrated in figure 4.22.

I2 −−→ 2 I (39)

I + O3 −−→ IO + O2 (40)

I + OH −−→ HOI (41)

IO can act as a catalyst to reform iodine atoms through several channels,
refueling the destruction of ozone and leading to ultrafine iodine oxide par-
ticle (IOP) formation and aerosols. IOPs can act as cloud condensation
nuclei, altering cloud lifetimes and thus influencing the radiative flux of the
troposphere. [188] The two molecules that act as the starting point for this
chemistry have been identified to be IO and HOI, [189–195] both of which
have been studied using various spectroscopic techniques like UV/Vis, [196]

IR, [197,198] EPR, [199] microwave spectroscopy [200] as well as photoelectron
detachment. [201] However, thermodynamic properties as well as informa-
tion on the cations are still scarce. Recently photoionization time-of-flight
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Figure 4.22.: Fate of emitted iodine molecules in the atmosphere. Photo-
lysis by sunlight generates iodine atoms which can re-
act with ozone, revealing a rich chemistry of iodine oxide
species. Reprinted with permission from ref. [188]

mass spectrometry has been used to investigate the formation processes of
IOPs, [202,203] but using this method requires accurate ionization energies
of the respective species. Moreover, with increasing weight of the atoms,
relativistic effects become increasingly important making spectral assign-
ments more complex. A first photoionization study by Zhang et al. using
photoion efficiency (PIE) curves determined the ionization energy to be at
9.74±0.02 eV. [78] Another band arose at 9.86 eV, which has been attributed
to the vibrational overtone, but this assignment was questionable and did
not match other higher transitions that were observed. Hassanzadeh et al.
used high level relativistic computations to clarify the origin of the second
band, and found an intense spin-spin splitting in the X+ 3Σ− ground state
of IO+, leading to a splitting of the Ω=0 and Ω=±1 levels. [204] Similar
lower resolution PIE curves are available for HOI as well with an IE of
9.81±0.02 eV. [205]

In order to resolve the obvious discrepancies between experimental and the-
oretical data in IO+ and determine accurate ionization energies for IO and
HOI their respective threshold photoelectron spectra were recorded.
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4.1.3.2. Experimental

For the iodine atoms, molecular iodine was used as a precursor. Iodine has a
low vapor pressure of 35 Pa (0.35 mbar) and therefore the sample container
was directly attached to the reactor and the iodine flow was regulated using
a needle valve. The pressure inside the reactor was kept at 0.6 mbar at all
times. Ozone was generated in a commercially available ozone generator
(Fischer 502/10) by silent electric discharge of pure oxygen, creating a 5%
mixture of ozone in oxygen. The latter was introduced into the reactor
using a metered flow from a mass flow controller and the concentration
of ozone inside the reactor was around 7×1014 molecules cm−3. Ozone
only exhibits non-dissociative transitions at 532 nm and these have poor
oscillator strengths, while iodine shows good cross sections into directly
dissociative or pre-dissociative states. [206] This is why the 2nd harmonic of
the Nd:YAG laser described in section 3.2.3 at around 190 mJ cm−2 was
used to cleave the I-I bond without any major interference from oxygen
or ozone. Higher harmonic radiation from the synchrotron was suppressed
by a MgF2 window. Quantum chemical calculations on IO and HOI were
performed using the B3LYP density functional. For iodine the correlation
consistent polarized triple-ζ-PP basis set (aug-cc-pVTZ-PP) was employed.
This basis set includes a relativistic pseudopotential for the inner shell
electrons (1s-3d). For all other elements the aug-cc-pVTZ basis set was
utilized.

4.1.3.3. Results

The iodine atoms were generated by photolyzing iodine molecules by the
second harmonic of a Nd:YAG laser at 532 nm, creating two iodine atoms
in two different spin states as depicted in reaction (42): [194,207]

I2
532 nm−−−−→ I (2P3/2) + I (2P1/2) (42)

Collissions with the bath gas, containing mostly oxygen, quenches the iodine
atoms in the excited 2P1/2 state and through collissions with ozone they
can undergo reaction to form IO, according to reaction (43).

I (2P3/2) + O3 −−→ IO + O2 (43)

The formation of HOI could be explained by either the abstraction of a
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Figure 4.23.: Mass spectrum of the I2 + O3 mixture at 9.90 eV after pho-
tolysis at 532 nm. The peaks marked with asterisks are most
likely impurities.

hydrogen atom from water by IO or by reaction of OH radicals with iodine
atoms.

IO + H2O −−→ HOI + OH (44)

I + OH −−→ HOI (45)

Since reaction (44) is endothermic by 86 kJ mol−1 it can be ruled out as a
source for HOI and it is assumed that the sole origin is reaction (45), due
to residual water adsorbed onto the walls of the reactor.
The TOF-MS at 9.90 eV of the O2/O3/I2 mixture with the laser present can
be seen in figure 4.23. It shows three distinct peaks at mass 254, 144, 143.
The peaks marked with asteriks between 206 and 212 arise from previous
experiments performed in the chamber and can be exluded as impurities.
The dominant signal at m/z=254 can be attributed to the I2 molecule used
as precursor, while peaks at m/z=144 and 143 originate from HOI and
IO, respectively. Up to 10.6 eV no presence of other species has been de-
tected, including iodine atoms with an ionization energy of 10.43 eV. The
large excess of ozone inside the photolysis reactor converts them instantly
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to IO. While higher iodine oxide species have been detected at these photon
energies in other experiments, the reactions forming them are apparently
not fast enough to give rise to a detectable signal in the slow flow reactor.
Higher photon energies were inaccessible due to a MgF2 window that was
used to filter higher harmonics, which is completly opaque above 11 eV.
Figure 4.24 shows the recorded ms-TPES of the IO radical with several
distinct features. The IE can be attributed to the first peak visible at
9.71±0.02 eV representing the transition of the respective ground states
X+ 3Σ− ← X 2Π3/2. This is in good agreement with theoretical predic-

tions of 9.59 eV (Gaussian 2 procedure) [78] and 9.60 eV (CCSD(T) level
of theory) [204] as well as calculations using the B3LYP/aug-cc-pVTZ-PP
method yielding a value of 9.71 eV. [208] Compared to its lower homologue
BrO the IE is lower by about 0.75 eV. [209] The HOMO of IO is a singly

Figure 4.24.: Recorded ms-TPE spectrum of the IO radical. The ioniza-
tion energy was determined to be 9.71±0.02 eV and assigned
to the transition into the 3Σ−0 state. The spin-spin splitting
can be resolved and at 10.43 eV the band of the first singlet
state (a+ 1∆) can be seen. The red sticks represent the
calculated Franck-Condon factors from Ref. [204]
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occupied anti-bonding orbital from which an electron is ejected upon ion-
ization leading to a pronounced vibrational structure in the cation. The
computed bond length decreases from 1.868 Å [208,210] to 1.824 Å, [204] which
is in agreement with the ejection of an antibonding electron. The second
band is at 9.85 eV and represents the most intense transition, which has
previously been attributed to the first vibrational overtone in the X+ 3Σ−

state of IO+. [78] This vibrational energy (1130 cm−1) is in stark contrast
to the computed one (764 cm−1) and does not reproduce the third band
at 9.94 eV. Hassanzadeh et al. suggested a different assignment based on
their relativistic CCSD(T) calculations, which found a pronounced spin-
spin splitting in the X+ 3Σ− ground state. Spin-spin splitting describes
the interaction between the two spins of two separate electrons within one
molecule. It is especially pronounced in molecules, with heavy elements and
consequently large relativistic effects. Its mathematical description is the
same as for spin-orbit couplings and leads to several energetically different
components. [211] For a triplet state there are two possibilities. In the first
case the two electron angular momenta initially couple together to give an
overall spin angular momentum of zero. In the second case the spin angular
momentum becomes ±1. The different energies of the two states can be
best expressed using the total angular momentum Ω, similar to spin-orbit
coupling schemes. The energy of a state is now not only dependent on its
orbital- and spin angular momentum, but furthermore on the total angu-
lar momentum. In case of IO+ this leads to a single lower lying 3Σ−0 and
a doubly degenerate higher lying 3Σ−±1 component. [204] The second band
is therefore assigned to the fundamental transition X+ 3Σ−±1 ← X2Π3/2

and the energy difference between the two bands (0.14 eV, 1140 cm−1) in
the spectrum corresponds to the spin-spin splitting in the X+ 3Σ− state.
This value is also in good agreement with the theoretically predicted one of
900 cm−1, which is slightly dependent on the chosen computational method.
The other bands at 9.94 eV and 10.03 eV represent the first and second over-
tone of the 3Σ−±1 state and reveal a vibrational frequency of 730 cm−1. The
vibrational progression of the 3Σ−0 state are convoluted with the much more
intense transitions into the 3Σ−±1 state and can only be seen as shoulders in
the experimental spectrum. The individual Franck-Condon factors are de-
picted as red sticks which were convoluted by a Gaussian with the FWHM
of 25 meV (blue line) to generate the FC-simulation. The overall agreement
is perfect, although the intensities of the individual transitions do not match
exactly. This could originate from the assumption of a 1:2 statistical ratio
for the two spin components in the calculations and might not necessarily
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reflect reality. Another band at 10.43 eV is visible and is assigned to the
transition into the lowest singlet state a+ 1∆ ← X 2Π3/2 with no vibra-
tional progression being visible. This value agrees well with the computed
one at 10.45 eV but lacks the calculated intense FC factor. However, it is
in line with observations from the previous PIE measurements, where no
significant rise of the ion signal could be observed. The agreement between
the two experimental studies points to an overall lower ionization cross sec-
tion for the a+ 1∆ state. The absence of a vibrational progression can be
derived from the calculations, which show a very small geometry change
between the X 2Π3/2 and a+ 1∆ state. The low signal/noise ratio is based
on the diminishing transmission of the MgF2 window as it is already close
to the cutoff.
The ms-TPES of mass 144 is displayed in figure 4.25 and attributed to
the X+2A′′ ← X1A′ transition in the HOI molecule. The IE was deter-
mined to be 9.79±0.02 eV with a vibrational progression in intervals of
660 cm−1. These values agree well with experimental literature data by

Figure 4.25.: Recorded ms-TPE spectrum of the HOI molecule. The IE
was determined to be 9.79±0.02 eV with a vibrational pro-
gression originating from the I-O stretching mode with an
energy of 660 cm−1.

111



Results Ph.D. Thesis

Monks et al. [205] who found an IE of 9.81 eV and a vibrational progression
of 702 cm−1, but is somewhat higher than the 9.70 eV in the most recent
study by Wei et al. both using PIE curves. [203] DFT calculations using
the B3LYP/aug-cc-pVTZ-PP method yield an IE of 9.82 eV and an vibra-
tional frequency in the cation of 664 cm−1 , which are in perfect agreement
with the experimental results. The computations reveal a shortening of the
I-O bond length from 2.014 Å to 1.920 Å while the O-H bond and bond
angle both increases slightly from 0.966 Å to 0.980 Å, and from 105.1° to
111.0°, respectively. This is in line with the computations by Ma et al. who
found very similar parameters. [212] This behavior points to an occupied
antibonding orbital with its highest density between I and O from which
the electron gets ejected upon ionization. The FC-simulation based on the
B3LYP/aug-cc-pVTZ-PP calculations coincides well with the experimental
data. A small shoulder at 9.93 eV can be attributed to the ν+2 which corre-
sponds to the bending mode with an energy of 1070 cm−1. The small band
at 9.72 eV is attributed to the 30

1 hot band, which is also well depicted in
the FC-simulation.

4.1.3.4. Conclusion and Summary

IO and HOI are involved in the catalytic destruction of ozone especially
in the marine boundary layer. Their investigated spectroscopic proper-
ties are limited and information on the cations is even scarcer. Both have
been generated in a slow flow reactor by laser initiated reaction between
iodine atoms and ozone or OH radicals according to reactions (43) and
(41), respectively. The mass spectrum reveald the presence of IO, HOI and
the precursor I2, without any secondary products. The recorded ms-TPE
spectrum for mass 143, corresponding to IO, shows an ionization energy
of 9.71±0.02 eV and multiple distinct bands. While previous experimental
studies attributed all bands to the X+ 3Σ− ← X 2Π3/2 transition, theo-
retical data questioned this assignment. Relativistic calculations found a
significant spin-spin splitting due to the heavy iodine atom, breaking the
degeneracy of the Ω=0 and Ω=±1 sublevels, with a calculated energy dif-
ference of 900 cm−1. This could be confirmed by the ms-TPE spectrum
where an experimental energy difference for the two sublevels of 1130 cm−1

is found. The vibration in the cation is determined to be 730 cm−1, also
in good agreement with the calculated value of 764 cm−1. The vibrational
progression into the 3Σ−0 state overlaps with the much more intense 3Σ−±1

transitions. At higher photon energies a band at 10.43 eV reveals the first
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excited singlet state in IO+ origination from the a+ 1∆ ← X 2Π3/2 pro-
gression.
The HOI+ molecule has been investigated using PIE curves and an IE of
9.81 eV and a cationic vibration of 702 cm−1 was found. The ms-TPE data
in this study agree with the existing data with a determined IE of 9.79 eV
and a vibrational progression with spacing of 660 cm−1. Calculations on
B3LYP/aug-cc-pVTZ-PP level of theory revealed a shortening of the I-O
bond while the bond angle and O-H bond both increase. This points to an
occupied antibonding oribtal in the neutral species with its highest density
in between the iodine and oxygen atoms. Overall the data presented here
agree well with previous experimental and theoretical studies but offer a
much higher accuracy.
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4.2. Photoionization of Boron Compounds

4.2.1. Spectroscopy of a Boron-based Biradical

4.2.1.1. Motivation and Background

The research training school 2112 ”Molecular Biradicals” aimed to investi-
gate the properties of molecules containing more than one radical center.
These molecules are often equally challenging for theoreticians, spectro-
scopists and synthetic chemists. Organic biradicals like the prominent ben-
zyne (c-C6H4) represent crucial synthetic building blocks and have been
the center of attention of multiple studies concerning their spectroscopic
properties. [213,214] On the other hand their inorganic congeners have re-
ceived significantly less attention, rendering spectroscopic and thermody-
namic data on these compounds scarce. Boron compounds exhibit various
binding motifs ranging from multicentered bonds in boron clusters, [215] over
stabilized diborenes [216–218] and diborynes [219–223] with double and triple
bonds, to borylenes with a lone electron pair at the boron atom. [224–226] All
these species can be commonly found in chemical vapor deposition, produc-
tion of boron-containing films, [227] and the doping of semiconductors [228,229]

among other applications. [230] Non-stabilized diborenes R–B––B–R’ are
especially interesting, as their electronic properties can be changed by al-
tering the substituents on the two boron atoms relative to the diborene
parent compound H–B––B–H. Just recently it has been demonstrated
that biradicalic diborenes can be synthesized and isolated, [231] underlining
the necessity for fundamental spectroscopic data. So far HBBH has been
almost elusive and only two experimental studies can be found in the liter-
ature investigating its properties. Knight et al. generated HBBH through
dissociative photoionization of diborane B2H6 and trapped it in an neon
matrix at 4 K, where an EPR spectrum revealed a triplet ground state. [232]

The properties of HBBH in the infrared were asessed using the evaporation
of boron atoms in a H2 atmosphere, through which a vibrational frequency
of 2679.9 cm−1 for the antisymmetric stretch mode ν3 was found. [233] Sev-
eral theoretical studies supported the EPR measurements [234] and focused
on the unique electronic [235–238] and bonding properties [239] in the neutral
ground state of HBBH. However, information on the cation is neither avail-
able through experimental nor through computational studies.
Diborene is a linear molecule with a D∞h symmetry and a 3Σ−g ground

state. [234] The two highest orbitals are the degenerate πx and πy orbitals
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Figure 4.26.: MO diagram of diborene H–B––B–H ·

each occupied by one electron, creating a bond order of two between the
two boron atoms (see figure 4.26). All of these molecular properties cannot
be translated into a single Lewis structure without omitting at least one
crucial detail. Symbolizing the bond order of two by drawing HBBH with
a double bond does not accurately reflect the triplet ground state, while
a single bond with two radical centers at the borons fails to indicate the
correct bond order. Since both versions are at least some degree of false,
one can argue if Lewis structures should be used at all in this case. For the
sake of simplicity the double bond structure will be used from here onwards.

4.2.1.2. Results and Discussion

Experiments were carried out on the DESIRS undulator beamline at the
french national synchrotron facility SOLEIL using the double-imaging
PEPICO spectrometer DELICIOUS III. [92] The unselective abstraction of
hydrogen atoms from diborane through fluorine atoms generated diborene
according to reaction (46).

B2H6 + 4 F −−→ HBBH + 4 HF (46)

This process is thermodynamically driven by the high formation enthalpy
of HF (∆H0

f (298 K) = -272.775 kJ mol−1). [240,241] The fluorine atoms for
this process are generated in a microwave discharge of F2 (5% in He) and
mixed with the precursor (0.5% in Ar) at reduced pressures. The two reac-
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Figure 4.27.: Mass spectrum of the diborane, fluorine mixture with ac-
tivated microwave discharge. The spectrum has been inte-
grated from 8.50 eV to 11.40 eV.

tants were fed into the reaction chamber separately and mixed in a reaction
zone at a pressure of 0.7-1.0 mbar. The gas mixture was expanded through
two skimmers into the ionization chamber, where the molecules are ionized
by the synchrotron light. The photon energy was scanned with steps of
5 meV and slow photoelectron spectra were obtained by integrating over
all electron kinetic energies up to 50 meV. A similar approach has been
pioneered in the groups of Dyke and Ruscic and used to determine IEs of
BF, [242] B2H5

[243] , B2H4
[244] and others, [43,245,246] but its success has been

limited based on the unselective nature of the approach. PEPICO can help
to disentangle the signals of each species through its mass selective na-
ture, gathering background free, isomer selective information. [176] Figure
4.27 shows a myriad of species being generated simultaneously, which can
be coarsely segmented into three regions. The lower (m/z < 20) contains
borane species with a single boron atom, a middle (20 < m/z < 28) with
a mixture of B2HX molecules and a higher (m/z > 28) containing lower
borane clusters and BF derivatives. The dominant peak is at m/z = 31
and can be attributed to HBF, while the second most intense signal is at
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m/z = 24, corresponding to B2H2. The harsh abstraction conditions inside
the reactor can cleave the diborane and form molecules with a single boron
atom visible at m/z = 10 − 13, which can be identified as BH and BH2.
These molecules can subsequently react with the abundant fluorine atoms
to form BF, HBF generating the dominant signals in the higher region. The
lower and higher region of the mass spectrum will be discussed in section
4.2.2.
Other than regular TPE spectra, the DELICIOUS III endstation of the
DESIRS beamline offers the possibility to record two-dimensional pho-
toelectron matrices. In these the kinetic energy of the photoelectrons
(Ekin,e−) is plotted versus the photon energy of the synchrotron light.
Starting at the ionization threshold the Ekin,e− increases linearly according
to the equation Ekin,e− = hν − IE. Rotating the matrix counterclockwise

Figure 4.28.: ms-SPES of mass channel 24 (a) 23 (b) and 25 (c). The sig-
nal intensity in b) is approximately half of a) in line with the
natural abundance of the boron isotopes. No corresponding
signal can be found in c) underlining that a species with the
highest mass of 24 is observed.
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by 45° converts the diagonal slope of the signal into a vertical one, through
which the signal to noise ratio can be increased by integrating over the
Ekin,e− signal. [247,248] At higher Ekin,e− the signal diverges and the resolv-
ing power is significantly reduced. The trade-off between resolution and
signal/noise can be optimized creating slow photoelectron (SPE) spectra
with superior signal strength and comparable resolution to TPE spectra.
A more detailed description is found in section 2.3.4.
The ms-SPE spectrum between 8.90 and 9.70 eV of m/z = 24 is displayed
in figure 4.28 a) together with the signal in the mass channels 23 (b) and
25 (c). Several features point to an observed species with its highest mass
in the m/z=24 channel. Other, heavier congeners like B2H4 and B2H3

can be excluded since mass 25 does not exhibit any corresponding signals.

Considering the natural abundance of boron isotopes (
11B
10B

= 4
1
) the signal

Figure 4.29.: Experimental SPES of mass channel 24 (a) together with
the FC-simulations of HBBH (b) and BBH2 (c). The simu-
lation for HBBH fits the experimental spectrum very well,
while no transitions for BBH2 are found in the experimental
spectrum.
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at m/z=23 should be approximately half as intense as in 24, which is the
case. B2H2 can have two different stable isomers, HBBH and BBH2, with
a third hydrogen bridging structure being identified as a transition state,
by quantum chemical calculations. The computed IEs using the CBS-QB3
method are 9.02 eV (HBBH) and 8.97 eV (BBH2) showing that both are
very close and a precise distinction is only possible by comparing the vi-
brational progressions. However, several small features in the experimental
spectra point to the dominant presence of diborene rather than BBH2. The
intensities in the mass spectrum for masses 24, 23 and 22 shows a typical
boron isotopic pattern (16:8:1) contrary to masses 25, 26 and 27 which are
of approximately equal intensity. The abstraction process seems to stop
at the B2H2 stage and neither B2H nor BB could be created in significant

Figure 4.30.: ms-SPE spectrum of HBBH (upper trace) and the corre-
sponding FC-simulation based on the CAS-MRCI computa-
tions (lower trace). The vibrational progressions arise from
the excited B-B stretch mode in the X+ 2Π ← X 3Σ−g
transition. The simulation has been shifted by 0.195 eV to
match the experiment.
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amounts. This is in agreement with the calculated B-H bond strength in
HBBH (555 kJ mol−1), which is approximately equal to HF (559 kJ mol−1)
rendering the abstraction process close to thermoneutral at this stage. For
BBH2 the abstraction process should continue, since it is 107 kJ mol−1 less
stable than HBBH. The Franck-Condon simulations based on the CBS-QB3
calculations in comparison to the experimental spectrum are given in figure
4.29. In addition to the indications given by the mass spectrum, the HBBH
simulation fits the experimental data significantly better, although it misses
some small features. In cooperation with the group of Prof. Roland Mitric
high-level complete active space multi reference configuration interaction
(CAS-MRCI) were performed for HBBH yielding a perfect agreement with
the experimental spectrum, depicted in figure 4.30.
According to the data in figure 4.30 HBBH has in IE of 9.08±0.015 eV with
major vibrational peaks occurring in intervals of 1100 cm−1. Upon ioniza-
tion an electron is ejected from a bonding π orbital located between the two
boron atoms. As a result the B-B bond length increases and the symmetric

Figure 4.31.: Schematic illustration of the ionization process in HBBH.
The cationic ground state is a doubly degenerate 2Π state,
in which the degeneracy can be lifted by exciting a bending
motion. The different curvatures result in different zero-
point energies and FC-factors.
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stretching mode is excited in the HBBH cation. The latter has a doubly
degenerate 2Π ground state, in which a Renner-Teller splitting aggravates
a straightforward analysis. The CAS-MRCI calculations showed that both
components, referred to as D0 and D1, have their lowest energy at linear
geometry for which the two are technically degenerate. However, at this
geometry the D1 state has a higher zero-point energy (4801 cm−1) than
D0 (4518 cm−1) ensuing in a second progression shifted by about 300 cm−1

(35 meV) to higher energies. The degeneracy of the two components is
lifted by exciting a bending-motion, but the energetic minimum for the
molecule remains linear. A visual representation of this behavior is given
in figure 4.31, where D0 and D1 have different curvatures, resulting in differ-
ent zero-point energies and FC-factors. The experimental ms-SPES cannot
completely resolve the two progressions, but a defined shoulder is seen at
the higher energy side of the bands. No significant hot band can be identi-
fied, indicating that the molecule is close to room temperature. The energy
of the highly exothermic abstraction process is efficiently transferred to the
vibrations of the HF molecules. While the CBS-QB3 method predicts the
IE well within the standard error of computations, the CAS-MRCI calcu-
lations predict an IE of 8.865 eV, more than 0.2 eV below the experimental
value. The bond length RBB for the X 3Σ−g and X+ 2Π ground states were
calculated to be 1.514 Å, and 1.606 Å comparable to other B=B systems.
The most important parameters are summarized in table 4.8.

Table 4.8.: Important parameters for diborene HBBH.

X 3Σ−g X+ 2Π (D0) X+ 2Π (D1) experiment

RBB/Å
1.514(a) 1.606(a) 1.606(a)

1.506(b) 1.604(b)

ν1/eV
0.156(a) 0.137(a) 0.137(a)

0.14
0.157(b) 0.136(b)

ZPE/eV
0.576(a) 0.560(a) 0.595(a)

0.532(b) 0.531(b)

IE/eV
8.865(a)

9.08±0.015
9.019(b)

(a) CAS-MRCI
(b) CBS-QB3
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4.2.1.3. Summary and conclusion

The parent diborene compound HBBH was generated through hydrogen
abstraction by fluorine atoms from diborane B2H6. Atomic fluorine was
generated in a microwave discharge of F2 and mixed with diborane. The
molecules were lead by a pressure gradient into the experimental chamber
where they crossed the synchrotron light. The time-of-flight mass spectrum
revealed the rich chemistry inside the fluorine reactor. The most dominant
peak in the B2HX region was B2H2, which has been identified as HBBH
by mass selected slow photoelectron spectroscopy. The IE was determined
at 9.08±0.015 eV and the vibrational progression of 1100 cm−1 has been
attributed to the symmetric stretching vibration in the cation. A second
vibrational progression that is shifted by 35 meV with equal spacings is
visible as shoulders on the most intense bands. The CAS-MRCI calculations
proved a weak Renner-Teller effect in the cation, that splits the 2Π ground
state along a bending coordinate.
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4.2.2. Slow Photoelectron Spectroscopy of BH2, BH and BF

4.2.2.1. Motivation and Background

The presence of mass peaks in the lower and higher region of the mass
spectrum in figure 4.27 was intriguing and lead to their investigation in a
second set of experiments. Similar conditions were used to the previous
experiments, but they were optimized for the BH2, BH and BF signals by
increasing the fluorine concentration. BH2 is a textbook case for molecu-
lar orbital theory, in particular in conjunction with other elements of the
second period, forming the famous Walsh-diagrams. [249] It exhibits a sin-
gle unpaired electron which governs the structure depending on the level
of excitation. The neutral ground state (X2A1) is bent (C2v) with a bond
angle of 129°, while the first excited state (a2Πu) exhibits a linear geometry
(D∞h) and slightly shorter B-H bonds. [250–252] With only seven electrons
BH2 is very interesting for high level computations, thus studies on poten-
tial energy surfaces, rovibronic constants and estimations of the bent-to-
linear barriers are available in abundance. [251–255] Its spectroscopic proper-
ties were first assessed in the visible and IR by Herzberg and Johns, who
identified transitions of the vibronic bending mode between 11 500 cm−1

and 15 400 cm−1, [256] which were later corrected by computational meth-
ods. [252,253] Despite its model character, investigations of the IE of BH2 are
scarce and there is a significant mismatch between predictions by the cal-
culations and experimental evidence. [257–259] First reports by Fehlner and
Koski produced BH2 by pyrolysis of diborane and found an IE of 9.8±0.2 eV
using electron-impact mass spectrometry. [257] However, two other studies
failed to reproduce the generation of BH2 in the thermolysis of diborane,
citing thermodynamic and kinetic reasons, but one indirectly estimated an
IE of 9.37 eV based on dissociation barriers. [258] In stark contrast to the
experimental values, theoretical approaches predicted an IE of 9.18 eV with
a bent geometry in the neutral and a linear structure in the cation. [259] Up
to now, the huge difference in experimental and calculated values persist
and no vibrational spectra for BH+

2 have been reported.
The two diatomic borylenes BH and BF have been of greater interest in
the recent past. [242,260–278] BH exhibits a singlet ground state 1Σ+ and a
stretching vibration of 2366.73 cm−1. [250] Its first excited singlet state was
determined by Fernando and Bernath to be 2.861 eV (23 073.97 cm−1) above
ground state level, featuring a reduced vibrational energy of
2251.46 cm−1. [268] The potential energy surfaces of the triplet states were
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investigated by highly resolved emission spectroscopy, where an energy dif-
ference between the two lowest states a3Π ← b3Σ− was determined to be
3.355 eV (27 059.3 cm−1) together with an elongated B-H bond of 0.03 Å
in the b-state. [266] The same group also estimated the singlet-triplet gap
∆EST at 10410±300 cm−1 (1.29 eV) based on extrapolation of potential
energy surfaces, that were derived from experimental data. Yet up to
now no direct experimental values are available. The IE was measured
via highly accurate Rydberg extrapolation at 9.81033 eV (79120.3 cm−1)
by Grant and co-workers along with a vibrational energy in the cation of
2526.58 cm−1. [263]

BF is isoelectronic to CO and thus similar electronic properties are ex-
pected, however apart from the first excited states (A1Π, a3Π) as well as
the ground state (X1Σ+) all other states have Rydberg character. [261,262]

Due to the higher electronegativity difference in BF, its HOMO-LUMO gap
and thus ∆EST is smaller than in CO (47 677 cm−1) and was measured to be
29 105 cm−1. [272] Investigations of the BF cation were performed by Caton
and Douglas as well as by Dyke et al. who determined IEs of
11.115±0.004 eV [277] and 11.12±0.01 eV, [242] respectively. The vibrational
frequency in the cation show greater divergence at 1680 cm−1 [277] and
1765 cm−1. [242] Similar to CO, the bond length in BF becomes shorter
upon ionization, although the HOMO is of bonding character. This effect
has been well described for CO, especially in the context of π-backbonding
in carbonyl complexes. [279] It is a result of electrostatic effects that increase
the covalent bonding character in CO, and identical arguments have been
made for BF. Theoretical predictions include accurate PES and spectro-
scopic constants for BF and BF+ using high-level methods like multirefer-
ence variational and single reference coupled cluster approaches. [262]

4.2.2.2. Results and Discussion

The mass spectrum displayed in figure 4.32 has been integrated over three
different energetic intervals. In the lowest (7.5 - 9.0 eV) the dominant peak
is at m/z=31 and 30 corresponding to H11BF and H10BF respectively.
Several smaller peaks between masses 10 and 13 can be assigned to boron
atoms, BH and BH2. It is again worth noting that multiple species can be
contained within one mass channel due to the two abundant boron isotopes
10B and 11B. In the intermediate region (9.0 - 11.0 eV) the main peaks occur
in the B2HX section which was discussed in detail in the previous section
4.2.1. In between 11.0 and 11.2 eV the relation of peaks 30 and 31 change

124



Ph.D. Thesis 4.2.2. Slow Photoelectron Spectroscopy of BH2, BH and BF

Figure 4.32.: Mass spectrum of the mixture created in the hydrogen ab-
straction of B2H6 by fluorine atoms. The spectra have been
separated into three different energy regions.

to equal intensity, pointing to BF starting to get ionized, in line with the
previously determined IE.
The ms-SPE spectrum of mass 13 is depicted in figure 4.33 a) together
with two variants of the FC-simulation. The ionization sets in at 8.24 eV
and numerous peaks up to 9.50 eV are observed in steps of 970 cm−1. Ac-
cording to MO-theory the neutral ground state of BH2 is bent with a sin-
gle unpaired electron in a non-bonding p-orbital of A1 symmetry. Upon
ionization the electron from the SOMO is removed and BH+

2 becomes lin-
ear with two paired electrons in its valence orbitals resulting in a singlet
(X+ 1Σ+

g ) state. The most important geometry parameter that changes
during the ionization process is thus the bonding angle, and the observed
progression can be consequently assigned to the bending mode 2n0 . The
latter was determined to be 985 cm−1 in the neutral and 1012 cm−1 in the
cation in conjunction with a shortening of the B-H bond length by 0.013 Å,
although the removed electron originates from a non-bonding orbital. The
most important parameters are summarized in table 4.9. Calculations on
CBS-QB3 and G4 level of theory predict IEs of 8.21 and 8.28 eV in line with
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Figure 4.33.: SPES of 11BH2 together with its FC-simulations. The sim-
ulation was shifted by 0.09 eV to fit the experiment. The
IE is determined to be 8.12 eV. The pronounced vibrational
activity is dominated by the BH2 bending vibration ν+2 .

the observed onset in the spectrum at 8.24 eV. However, when the geometry
change is large, FC-factors are tiny at first and increase with transitions
into higher vibrational levels, leading to a misinterpretation of the IE based
on the onset in the spectrum. Since both simulations exhibit this behavior,
the first peak in the spectrum is aligned with the second in the simulation
resulting in a IE of 8.12±0.02 eV for BH2 with the error estimated based on
the FWHM of the other bands. Small shoulders on the lower energy side of
the main bands can be observed at ∼0.75 eV above the IE, marked with red
dotted lines. These can be assigned to the combination band of bending
and an excited symmetric stretching mode (11

02n0 ), through which the vibra-
tional frequency of the stretching mode can be estimated at ν+1 =2680 cm−1

similar to the calculated value of 2664 cm−1. Some additional small and not
completely resolved features are marked with arrows and appear between
0.26 eV and 0.50 eV above the origin. They have no corresponding peak
in the FC-simulation and have been tentatively assigned to a series of se-
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Table 4.9.: Important experimental and computational parameters for
11BH2, 11BH, and 11BF .

Experiment Theory (CBS-QB3), this work

Spec. E. State IE/eV ν/cm−1 IE/eV ν/cm−1 r/Å ^
11BH2 X2A1 8.12 2509(a) 8.21 2573 1.188 129°

974(a) 985

- 2739
11BH+

2 X1Σ+
g - 2680 2664 1.175 180°

970 1012

- 1012

2953
11BH X1Σ+ 9.82 2367(b) 9.84 2331 1.237

a3Π 8.48 2625(c) 8.42 2605 1.193
11BH+ X2Σ+ - 2370 2531 1.205
11BF X1Σ+ 11.11 1410 11.19 1381 1.267
11BF X2Σ+ - 1690 1668 1.216
(a) Ref. [251]
(b) Ref. [268]
(c) Ref. [266]

quence bands representing the combination of asymmetric stretch (ν+3 ) and
bending mode (2n0 31

1). In order to effectively populate the 31 level either
temperatures of several thousand kelvin or a non-boltzmann distribution
would be needed. In the upcoming paragraphs several pieces of evidence
for the latter will be presented, which underline this assignment. This de-
viation from a boltzmann distribution can not be modeled using commonly
available FC-simulation programs, and hence was neglected. The over-
all agreement of the simulations is perfect, with a small mismatch in the
harmonically simulated progression contrary to experimental anharmonic
spectrum at higher energies. With an unequal number of vibrational modes
in the neutral and cation due to the bent to linear transition, simulating the
spectrum is a general challenge. The two approaches used in this thesis are
presented in figure 4.33, where a slightly distorted cationic BH2 molecule
with a bending angle of 179° is used (blue) or one vibrational mode in the
linear BH2 cation was deleted (red). Both produce comparable results by
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adjusting the number of vibrational modes in neutral and cation, albeit the
latter method is more prone to errors, since two degenerate bending modes
exist in the linear molecule. While deleting one component results in a
perfect match for the experimental spectrum, the same treatment for the
second component results in a totally different simulation as displayed in
figure 4.34. Which component needs to be deleted cannot be determined a
priori. Nearly all programs that calculate FC-factors use dushinsky rota-
tions [280] or a variant thereof, where the normal modes of ground (Q′′) and
excited state (Q′) are correlated by equation 4.9:

Q′ = JQ′′ +K (4.9)

The geometry change is accounted for by K, while mixing between the
modes of the ground and excited state is introduced by the parameter J .
Q′′ and Q′ represent two column matrices with dimensions of (3N-6) and
(3N-5) for neutral and cation respectively, and ultimately equation 4.9 does
not work anymore when both have different dimensions. It is worth noting

Figure 4.34.: Different FC-simulations for BH2. a) With slightly distorted
cation (179°) b) with component 1 of the degenerate bending
mode c) with component 2 of the degenerate bending mode.
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that the energies for the two cationic versions of BH2 used to simulate are
almost identical with differences in energy of 0.3 meV and bond lengths of
0.0004 Å. Other than the two options presented here, a meticulous analysis
of the bent-to-linear transition can be carried out by accounting for the
correlations between vibrational angular momentum in the linear geometry
and the rotations in the bent state. [281,282] This would require highly ex-
pensive calculations, which are not necessary given the excellent agreement
of the two other methods.
The ms-SPES of mass channel 12 between 9.50 and 10.70 eV is given in
figure 4.35. It originates from 11BH and the most intense band is visi-
ble at 9.82±0.02 eV, which is assigned to the X+ 2Σ+ ← X 1Σ+ transi-
tion. The previously determined experimental value of 9.81033 eV for BH
was measured by Rydberg extrapolation and is in perfect agreement. [263]

In addition, two more bands at +2370 cm−1 and +4500 cm−1 relative to
the origin are visible and have been attributed to the BH-stretching mode
based on previous reports (2526.58 cm−1) [263] as well as CBS-QB3 calcu-
lations (2530 cm−1). The corresponding FC-simulation underestimates the

Figure 4.35.: ms-SPE spectrum of the X+ 2Σ+ ← X 1Σ+ transition in
11BH. The IE was determined at 9.82±0.02 eV with a vi-
brational progression of ≈2350 cm−1.
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intensity of the vibrational progression, which could be caused by an under-
estimation of the geometry change between neutral and cationic species. At
lower photon energies another band becomes visible in the same mass chan-
nel, which is displayed in figure 4.36. In this energy region several features
of 10BH2 marked with asterisks can be seen but the peak at 8.48±0.02 eV
has no corresponding signal in mass channel 13 in figure 4.33. There-
fore, it must originate from a 11BH species and is consequently assigned to
the transition from the neutral excited state to the cationic ground state
X+ 2Σ+ ← a3Π. This is in very good agreement with the calculated value
of 8.43 eV. Observing the aforementioned transitions in one experiment al-
lows to determine the singlet-triplet gap ∆EST for BH at 1.34±0.03 eV
(10 808±200 cm−1). Using the more accurate IE by Grant et al. [263] this
value is corrected to 1.33±0.02 eV (10 730±160 cm−1). This is the first
direct measurement of ∆EST within one experiment, although several cal-
culated or indirect measurements of ∆EST exist in the literature. Brazier
estimated ∆EST = 1.29 eV (10 410±300 cm−1) by extrapolating potential

Figure 4.36.: ms-SPE spectrum of the X+ 2Σ+ ← a3Π transition in
11BH. Through the IE of the a3Π state the singlet-triplet
gap can be calculated at 1.34±0.03 eV using the experimen-
tal data of this study.
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energy curves from experimentally observed vibrational frequencies. [266] In
addition Miliordos et al. used high level multi-reference configuration in-
teraction leading to a computed ∆EST value of 1.31 eV (10 588 cm−1). [238]

While some vibrational activity is observed when BH is ionized from the
ground state, neither the simulation nor the experimental spectrum show
any progression for theX+ 2Σ+ ← a3Π transition. The structure in the first
triplet state (a3Π) coincides almost completely with the cationic ground
state including differences of only 0.012 Å in the B-H bond length (RBH)
and 74 cm−1 in the vibrational frequency. Contrary to that, the ionization
from the X 1Σ+ ground state in BH leads to disparities of 0.032 Å in RBH

and 200 cm−1 between the neutral and the cationic species. The presence
of the triplet state is a prime example of the unique conditions within the
abstraction region. Although most of the energy released in the process is
stored in the HF vibration, multiple, highly exothermic steps lead to the
accumulation of a significant portion of energy in the generated molecules.
The low pressure (∼ 1 mbar) reduces the number of collisions with the bath
gas, which is due to the stored excess energy that cannot be transferred and
converted. In order to detect triplet BH its lifetime has to be long enough
to be generated and cross the synchrotron light in the more than 100 cm
distant experimental chamber. Taking this into account and assuming sim-
ilar conditions compared to the SLS photolysis setup, which has a time
resolution of ∼ 1 ms for 2.1 cm, the lower limit of the lifetime is estimated
to be in the range of tens of milliseconds. The double-skimming of the gen-
erated molecular beam, to select the coldest species seems to only affect the
rotational temperature, with neither vibrational nor electronic excitations
being sufficiently suppressed. Another explanation for this phenomenon
could be the much higher efficiency in collision quenching for translational
and rotational degrees of freedom. Previous measurements on the NH2

radical show a significantly higher rotational cooling at the SOLEIL end-
station, than at the SLS pyrolysis setup, with temperatures of 170 K and
300 K respectively. [283]

The ms-SPE spectrum of mass 30 (figure 4.37) originates from 11BF, with
the first band at 11.11±0.02 eV determined to be the IE and represent-
ing the X+ 2Σ+ ← X1Σ+ transition. This is in line with previous mea-
surements, who measured 11.115±0.004 eV [273] and 11.12±0.1 eV. [242] Fur-
ther major peaks are visible with spacings of 1690 cm−1 in agreement
with the experimental findings of 1765 cm−1 by Dyke et al. and corre-
spond to the BF+ stretch mode. The Franck-Condon simulation based on
CBS-QB3 calculations reproduces the experimental spectrum well and pre-
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Figure 4.37.: ms-SPE spectrum of the BF molecule. The IE was mea-
sured at 11.11±0.02 eV, with a vibrational progression in
the cation of 1690 cm−1. Sequence bands can be seen up to
v′′ = 3 especially pronounced on the fundamental.

dicts a cationic vibrational frequency of 1668 cm−1. Other, higher level
methods, like MRCI and RCCSD(T), find slightly higher wavenumbers at
1700 cm−1 and 1699 cm−1, respectively. Especially on the higher energy
side of the first overtone transition several smaller bands can be identified,
that have been assigned to sequence band transitions from the respective vi-
brationally excited ground state. They are small yet clearly distinguishable
from the background and an energetic distance of 280 cm−1 can be mea-
sured. This value represents the difference in the vibrational energy of the
neutral and the cation and thus a vibrational wavenumber of 1410 cm−1

can be derived, consistent with the ωe = 1402.02 cm−1 found by Zhang
et al. [267] The presence of these sequence bands up to v′′ = 3 proves the
lack of vibrational cooling in the fluorine reactor and supports the non-
boltzmann distribution seen in the species discussed previously. Due to the
high vibrational excitation significant hot band activity should occur in the
respective SPES. Unfortunately the appearance of the 10

1 band is calculated
to be outside of the investigated energy region, while transitions from the
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higher excited neutral vibrations overlap with the broad and more intense
origin band.
The ms-SPES of HBF was also recorded, but shows no defined structure.
It is displayed in figure A.4 in the appendix.

4.2.2.3. Conclusion and Summary

Next to HBBH the hydrogen abstraction from diborane produced BH,
BH2 and BF. All molecules were investigated using photoionization by
synchrotron light in a i2PEPICO scheme resulting in mass selected slow
photoelectron spectra. The abstraction was performed by fluorine atoms
produced in a microwave discharge and continuously driven by the high en-
thalpy of formation of the generated HF. The IE of BH2 was extrapolated
to 8.12±0.02 eV and up to 9 bands originating from the bending vibration
with spacings of 970 cm−1 are visible in the spectrum. The origin transi-
tion has a negligible FC-factor and as such it is not observed. The first
visible peak arises at 8.24±0.02 eV and belongs to the fundamental tran-
sition 21

0. At higher energies the progression changes and a combination
band, consisting of bending and symmetric stretch (ν+1 ) vibration becomes
visible. These features provide a tentative assignment of ν+1 at 2680 cm−1.
A combination of the asymmetric stretch (ν+3 ) and the bending mode is
tentatively assigned to the shoulders in the bending mode progression at
2130 cm−1, 3090 cm−1 and 4060 cm−1 above the origin. The existence of
certain bands provides insight into the unique conditions in the abstraction
region and the whole setup leading to vibrationally excited species. The
most striking example of this is the BH radical. Its IE was determined to
be 9.82 eV induced by the X+ 2Σ+ ← X 1Σ+ transition, while another
band appeared at 8.48 eV assigned to an ionization process from the ex-
cited triplet state a3Π. A vibrational activity with spacings of 2350 cm−1

was observed form ionization out of the X 1Σ+ state, but not for the a3Π,
as the latter has almost the same geometry as the cation. The existence
of singlet and triplet states in one experiment allows the determination of
the singlet-triplet gap ∆EST at 1.33±0.02 eV using the highly accurate IE
measured with Rydberg extrapolation.
BF shows an IE of 11.11±0.02 eV and a vibrational progression of 1690 cm−1

in agreement with previous measurements. Due to the unique conditions
inside the reactor sequence bands appear that offer the possibility to derive
the vibrational frequency in the neutral at 1410 cm−1.
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All investigated molecules exhibit a non-boltzmann distribution and demon-
strate that no efficient cooling can be achieved for vibrational and electronic
excitations. This could be either due to the effusive molecular beam or more
efficient translational and rotational cooling.
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4.2.3. Threshold PES of NH3BH3, Borazine and HBNH

4.2.3.1. Motivation and Background

As described in the introduction of this thesis, hydrogen is investigated as
one of the key energy carriers for the transition away from detrimental fossil
fuels. [284–288] It exhibits an enormous gravimetric-, but a very low volumet-
ric energy density, even when compressed at high pressures or liquefied. [18]

Thus, several different materials have been designed to temporarily store
and later release hydrogen when its contained chemical energy is needed.
One of the most promising approaches is its chemical conversion and stor-
age in form of ammonia borane H3NBH3 (AB). [284,288,289] Although the
B-N unit is isoelectronic to C-C, these molecules exhibit a much higher
polarity [290–293] and two sets of hydrogens, protic and hydridic, within the
molecule. [294–297] As such, their properties and reactivity are vastly dif-
ferent compared to their hydrocarbon congeners. AB is a solid with a
melting point between 97 – 119°C, more than 280°C higher than its related
hydrocarbon ethane. [298–302] It is worth noting that the melting point is
dependent on the heating rate, although such large melting range cannot
be explained by this parameter alone and can be caused by different sample
quality or experimental conditions. AB has a very high relative hydrogen
content (19.6 wt%), and releases H2 by thermolysis just over 120°C in a
stepwise mechanism, forming H2BNH2, HBNH and BN. [301,303] The first
two species could be identified by IR spectroscopy by co-pyrolysis as well as
arc discharge of ammonia and diborane mixtures. [303,304] For a continuous
usage, this process has to be reversible and consequently reactions must be
well defined and thermoneutral. However, both amminoborane (H2BNH2)
and imminoborane (HBNH) are highly reactive and readily polymerize to
polyaminoboranes, [301] which can further decompose under elimination of
more hydrogen gas to form borazine and other products. [298–300,305,306] Bo-
razine in particular damages fuel cells and cannot be regenerated once pro-
duced, hence significant effort has been dedicated to avoid its formation in
hydrogen storage systems. Nonetheless, borazine is a very attractive precur-
sor for other material applications like in electroluminescent devices or the
production of BN nanostructures. [307,308] In those fields the aforementioned
differences between BN and CC subunits are exploited to help facilitate ma-
terial modifications and create alternative designs, like BN-nanotubes, with
superior properties like higher electron mobilities. [307] Recently it has been
shown that imminoborane can interact with BN nanotubes, expanding their
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network by breaking B=N double bonds. [309,310] Yet, the remarkable inter-
est in ammonia boranes and their derivatives is in stark contrast to the
number of spectroscopic studies available for most of these species.
Although AB has been intensively investigated in the solid state, [311–323]

gas-phase studies are scarce. Nearly all authors reported problems with tiny
signals due to the extremely low vapor pressure and decomposition while
trying to heat the samples. [324,325] The first gas phase study of AB was
performed in 1970 by Lloyd and Lynaugh, who investigated its photoion-
ization using regular photoelectron spectroscopy. [324] They found a vertical
IE of 10.33±0.04 eV but noted that their spectrum is of poor quality as a
result of partial degradation. Later they expanded their initial findings by
measuring the adiabatic IE at 9.44±0.02 eV. [326] More than ten years later
two microwave studies determined the B-N bond length, dipole moment,
rotational barrier and zero-point structures in AB, [327,328] which were later
expanded by the quadrupole splitting. [329] The first IR spectrum in the
gas-phase was recorded by Sams et al. in 2012, who achieved rotational
resolution (>0.0035 cm−1) using a 68 m effective path length IR cell. [325]

Until then the only relatable spectrum was available from a matrix isola-
tion study, [330] that incorrectly assigned a band at 968 cm−1 to the N-11B
stretch mode, which was corrected to 603 cm−1 by Sams et al. combined
spectroscopic and computational effort. [325,331] This proved that the N-B
stretch reacts highly sensitive to the environment that AB is embedded in,
and underlined the need for gas-phase studies on isolated molecules.
Imminoborane is the direct product when two moles of hydrogen are re-
leased by AB. It is highly reactive, isoelectronic to acetylene and has re-
mained almost elusive so far. First computational studies rendered HBNH
to be linear (C∞v) with a B-N bond length of 1.223 Å similar to a C-C
triple bond (1.200 Å). [332,333] It was first produced by photolysis of AB in
an Ar-matrix using a hydrogen discharge lamp and subsequently identified
by IR spectroscopy. [334] Kawashima et al. managed to generate HBNH in
an arc discharge of a diborane/ammonia mixture and probe it using IR
spectroscopy as well. [304] The first successful gas-phase synthesis of HBNH
was achieved by Zhang et al., who used a cross beam experiment containing
boron atoms and ammonia to detect HBNH using mass spectrometry. [335]

They supported their experimental finding by quantum chemical calcula-
tions, that identified HBNH2 as one possible intermediate, which can release
one hydrogen atom. HBNH can also be seen as a structural variation of the
diborene molecule, modifying its biradical character by substitution. Di-
borene was recently investigated by slow photoelectron spectroscopy (see
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section 4.2.1). This work offers fundamental insight into the differences
between diborenes and imminoboranes. [336]

Borazine can be viewed as the cyclic trimer of imminoborane, forming as
a side product in the dehydrogenation of AB. Its neutral ground state in
the gas phase is planar leading to a D3h symmetry, and therefore it is often
referred to as the inorganic benzene, although that title is disputed. [337]

Its isoelectronic properties suggest highly delocalized π-electrons and a
similar, albeit lower, aromaticity to regular benzene resulting in a simi-
lar reactivity, [338] but spectroscopic observations based on nuclear inde-
pendent chemical shift (NICS) values point to no aromatic character. [339]

Even though borazine was first synthesized by Stock and Pohland almost
one century ago, [340] its vibrational modes were only recently completely
identified using inelastic neutron scattering. [341] The borazine cation was
experimentally investigated multiple times resulting in two different IEs
of 10.01±0.01 eV [342] and 9.88±0.02 eV, [343] but vibrations in the cation
could only be tentatively assigned. Later it was recognized that the cationic
ground state exhibits a Jahn-Teller splitting, similar to benzene, rendering
its complete characterization difficult. Kato et al. used ab initio methods
to calculate the geometries and energies of the distorted borazine cation
in a C2v geometry. [344] The reduced symmetry leads to a splitting in the
two lowest cationic states. The X+ 2E′′ splits up into 2A2 and 2B1 and
the A+ 2E′ into 2A1 and 2B2. The IEs for every state were calculated to
be 8.51 eV (2B1), 8.92 eV (2A2), 10.28 eV (2A1) and 10.81 eV (2B2) clearly
underestimating the previous experimental results by up to 1.3 eV.
This brief overview of the available literature shows how important and
fundamental these molecules are, yet their spectroscopic characterization
in the gas-phase is incomplete at best. The following chapter elucidates the
properties of NH3BH3, borazine and HBNH in the gas phase using mass
selected threshold photoelectron spectroscopy.

4.2.3.2. Results and Discussion

The most tedious part before investigating the photoionization of AB is
getting it into the gas-phase, which has been recognized by several authors
in the past. For this reason the experiments were performed on the py-
rolsis setup at the SLS, which is briefly described in section 3.2.2.1 and in
detail elsewhere. [94,95] A few grams AB sample (ABCR, 99%) were placed
inside a sample container with a 200µm opening and mounted onto the
pyrolysis source. The sample container was heated to 75°C at which point
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the vapor pressure was high enough to seed the molecular beam with AB.
Higher temperatures up to 95°C were used as well but the signal did not
increase, which is probably due to decomposition of AB. The mass spec-
trum of ammonia borane at 9.90 eV is displayed in figure 4.38 a). The
dominant peak is at m/z = 58 which is attributed to acetone, used before
to clean the sample container. Four smaller peaks appear at mass 45, 40,
31 and 30. The first two were identified as impurities originating from the
chamber but no detailed characterization was performed, while the second
two can be assigned to the 11B and 10B isotopes of AB, respectively. In
figure 4.38 b) the synchrotron light was set to 10.50 eV. A new strong peak
without isotopic pattern at m/z = 17 becomes visible, originating from am-
monia (IE: 10.07 eV [345]) most likely forming as a decomposition product
of AB that has been observed by others as well. [325] Although ammonia

Figure 4.38.: Mass spectrum of ammonia borane (AB) at a) 9.90 eV and
b) 10.50 eV. A hydrogen loss by dissociative photoionization
is visible at 10.50 eV.
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is a constant impurity inside the experimental chamber, ion imaging con-
firms the assignment as a decomposition product. The impurities above
mass 40 remain negligible with an additional signal at mass 43 created by
a methyl loss of acetone through dissociative photoionization (DPI). The
molecule dissociates into two fragments after ionization producing a neu-
tral, higher ionizing, and a charged, lower ionizing, species. At this photon
energy mass 30 is the dominant peak in the spectrum, with masses 29
and 31 both being small, indicating the onset of a hydrogen atom loss by
DPI at some point between 9.90 eV and 10.50 eV. The ms-TPE spectrum
of AB is shown in figure 4.39 together with its FC-simulation. On the
lower energy side the first two visible bands occur in the mass 30 channel
at 9.26 eV and 9.55 eV and do not have any counterpart in the mass 31
channel. The isotopic pattern of boron rules out any contributions from
AB and they have thus been linked to impurities in the chamber. At the

Figure 4.39.: Recorded ms-TPES of ammonia borane between 9.20 eV
and 10.60 eV. The two peaks in the mass 30 channel marked
with asterisks correspond to nitric oxide. The IE has been
set to 9.25 eV in accordance with the vibrational progression
of the FC-simulation.
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end of the experiments mass spectra of the empty chamber at different
ionization energies were recorded that showed a small signal at mass 30
starting to appear between 9.00 eV and 9.50 eV without the presence of
mass 31. Molecules like formaldehyde and ethane can be excluded since
their IEs are both above 10.50 eV, [346,347] while several CNH4 species ex-
hibit IEs significantly lower than 9.00 eV. [348,349] Nitric oxide has an IE of
9.26 eV [350] (74 721 cm−1) and fits perfectly with the observations from the
empty chamber measurements and the ms-TPE bands in mass 30. By man-
ually selecting the molecular beam in the ion image, chamber background
can be excluded from the analysis and consequently the bands disappear.
However, since the overall signal intensity is small and both spectra largely
coincide with each other, it was decided to use all detected coincidences in
the ms-TPE spectrum. For mass 31 a first small rise can be seen at 9.47 eV
with no clear vibrational structure up to 9.66 eV, afterwards broad bands
appear in regular intervals of 1100 cm−1 up to 9.92 eV. At this photon en-
ergy the mass 31 signal decreases sharply to zero, while simultaneously the
signal of mass 30 increases, underlining the hydrogen atom loss observed
in the mass spectrum. The observed spectrum in mass 30 does therefore
not originate from a BNH5 species but rather represents the extended TPE
spectrum of AB. Several more bands are visible, initially continuing in in-
tervals of 1100 cm−1, but getting increasingly broad and undefined at higher
energies up to 10.60 eV. Similar to Lloyd and Lynaugh [326] it is tempting
to attribute these bands to a single vibrational mode in the cation and
determine the onset at 9.47 eV as the IE, yet ionization processes can be
complex as seen in section 4.2.2. In order to get a more detailed insight
into the spectrum, quantum chemical calculations on the CBS-QB3 level of
theory have been performed. For simplicity, hydrogens at the boron atom
will be numbered H1 - H3, while hydrogens attached to nitrogen will be
H4 - H6 as depicted in figure 4.40. AB in its ground state exhibits a

Figure 4.40.: Ammonia borane as described in this thesis. The boron
hydrogens are numbered H1 - H3, while the hydrogens at
the nitrogen are H4 - H6.
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C3v symmetry with staggered hydrogen atoms in line with previous high
level computations, [325,331] although it exhibits a low rotational barrier of
8.66 kJ mol−1 around the B-N bond. [328] The B-H bond distances are all
equal to 1.208 Å, whereas the N-H bond lengths are shorter at 1.017 Å.
All HBH and HNH bond angles are identical and values of 113.67° as well
as 107.81° have been determined respectively, pointing to a slightly larger
pyramidalization for the NH3 moiety compared to BH3. The B-N bond is
the longest in the molecule at 1.663 Å even longer than the C-C bond in
its isoelectronic congener ethane (1.531 Å). Upon ionization the main ge-
ometry change occurs at the BH3 group, where two bond angles increase to
119.81° each and the third decreases to 55.71°, bringing hydrogens H1 and
H2 in close proximity to one another. The bond length of the latter two
increases to 1.271 Å, while hydrogen atom H3 is now bonded stronger to
the boron with a distance of 1.173 Å. At the NH3 subunit almost no change
is observed with only small increases in the bond length and angle, however
the distance between the two subunits, the B-N bond length, decreases by

Table 4.10.: Molecular parameters of AB, calculated using the CBS-QB3
method, and comparison to experimental values of ref. [328]

determined by gas-phase microwave spectroscopy.

Parameter Neutral Experiment Cation

d(B-N) 1.663 Å 1.6722 Å 1.555 Å

d(B-H1) 1.208 Å 1.2102 Å 1.271 Å

d(B-H2) 1.208 Å 1.2102 Å 1.271 Å

d(B-H3) 1.208 Å 1.2102 Å 1.173 Å

d(N-H4) 1.017 Å 1.0136 Å 1.024 Å

d(N-H5) 1.017 Å 1.0136 Å 1.027 Å

d(N-H6) 1.017 Å 1.0136 Å 1.027 Å

^(H1BH2) 113.67° 113.93° 119.87°

^(H2BH3) 113.67° 113.93° 55.94°

^(H3BH1) 113.67° 113.93° 119.85°

^(H4NH5) 107.81° 109.09° 107.20°

^(H5NH6) 107.81° 109.09° 105.67°

^(H6NH1) 107.81° 109.09° 107.20°
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Figure 4.41.: Calculated frontier orbitals of NH3BH3. HOMO (left) and
HOMO-1 (right).

more than 0.1 Å to 1.558 Å. The symmetry in the cation is reduced to the
CS point group. All important parameters are listed in table 4.10. To
better understand the source of these geometrical changes the frontier or-
bitals have to be considered and analogies to the isoelectronic ethane have
to be drawn. At first glance the orbitals of AB and ethane should be anal-
ogous to each other, with the only change being introduced by the different
electronegativities of boron and nitrogen. [351] The two highest occupied
molecular orbitals (HOMO) are displayed in figure 4.41. They have πx and
πy character and represent bonding orbitals between the central atoms (B,
N) and their respectively attached hydrogen atoms. HOMO and HOMO-1
have two nodal planes, one orthogonal to the symmetry plane (πx) or in the
symmetry plane (πy) and one intersecting the boron-nitrogen bond. The
latter renders both orbitals antibonding with respect to the B-N bond, in
line with the predicted bond shortening in the cation. A third orbital, the
HOMO-2 representing the bonding orbital between boron and nitrogen, is
roughly 2.6 eV below the HOMO. It is clearly visible that the BH3 moiety
has an overwhelming contribution in the two HOMOs directly explaining
the major geometry changes on the BH3 site but almost none at the NH3.
Both HOMOs are completely degenerate in ethane and AB but have differ-
ent symmetry characters, eg for ethane and e for AB, due to the different
point groups the molecules belong to. The MOs in the neutral only give
hints which parameters are affected when an electron is removed from that
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orbital, they do not guarantee that the transition is intense in the ensuing
TPE spectrum. For this the overlap of the nuclear wave functions of neu-
tral and cation have to be compared, resulting in Franck-Condon factors
that are dependent on the geometry of individual electronic states acces-
sible in the cation. Since there are no detailed theoretical studies in the
cationic potential energy surface of AB, and it is beyond the scope of this
experimental work to perform such highly sensitive calculations, the com-
plete ionization mechanism will be discussed on ethane. Although ethane
is one of the simplest hydrocarbons its cationic energy surface has only re-
cently been fully characterized in experiments and by theory. [347,352] The
ionization can originate from three orbitals, the two degenerate C-H bind-
ing HOMOs of eg symmetry or the C-C binding a1g orbital around 0.6 eV
below the first two. [347] The former is a prime example of a first-order JT
effect, while for the latter no change in the molecular point group should
occur. Due to the close energetic proximity in ethane the excited 2A1g

state couples efficiently to the 2Eg ground state, which results in a pseudo-
Jahn-Teller (PJT) distortion. This leads to two slightly different equilib-
rium geometries with a ”diborane-like” (DB) C2h and a ”long-bond” (LB)
D3d structure for the 2Eg and 2A1g state respectively (see figure 4.42). [352]

The energy difference between the two has been calculated to be around
250 cm−1 (3 kJ mol−1), [353]. EPR experiments in low temperature matri-

Figure 4.42.: Calculated geometries of the diborane-like (left) and long-
bond structure (right) in the ethane cation. The bond
lengths and angles were taken from ref. [352]
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ces showed that the two structures both can exhibit pseudorotation on a
sombrero PES. [354,355] The pseudorotation is completely frozen when mea-
suring at around 4 K, which is suggested by a triplet signal in the EPR
spectrum, where the spin density is located at the two longer C-H bonds of
the DB structure. At 77 K the internal energy of the molecule is enough to
overcome the barrier between DB and LB structure. This low barrier for
DB↔LB interconversion has been confirmed by computational studies and
is suggested to be between 1.2 and 6.7 kJ mol−1. [353] Under these conditions
the EPR spectrum shows a true septet signal, not a convolution between
septet and triplet, which necessitates the fast interconversion between all
DB and LB structures. The spin density is also equivalent to the charge in
C2H+

6 , which is completely delocalized at these temperatures. Interestingly,
high resolution zero-kinetic-energy (ZEKE) photoelectron spectroscopy re-
vealed no significant pseudorotation between the DB C2H6 molecules on
experimental time scales (<100 ps). [347] Unfortunately, the latter study did
not provide any details on the temperature of the molecules. By combin-
ing these results it was proposed, that each DB structure has access to its
corresponding and higher lying LB structure. This allows interconversion
between the structures since the LB structures have smaller barriers. [353,356]

The final PES can be best described by a two-fold sombrero potential with
each layer having three intermediates and the highest symmetry structure
located in the middle. Such highly dynamical and intertwined situations
cannot be simulated using conventional density functional theory and even
highly sophisticated methods reach their limits in this particular case. [352]

The expected behavior of AB differs from ethane in some key aspects.
Through the orbital energies, in particular the in comparison to ethane
much lower HOMO-2, one can estimate that the PJT effect in AB is sig-
nificantly less pronounced, shifting the corresponding 2A1g state upwards
in energy. Therefore, the two-fold sombrero PES is significantly simplified.
The barriers for the pseudorotation in the DB ethane cation originate from
large geometry changes that need to be overcome, which is similar if not
higher in AB. Especially the borane moiety, where large geometry changes
upon ionization occur, should exhibit large pseudorotational barriers. This
means that without the chance to access a LB state and with high barri-
ers for pseudorotation, the AB cation is trapped in one specific energetic
minimum. This facilitates the calculation of the cationic ground state and
leads to a coinciding FC-simulation.
In order to match the experimental spectrum the IE has to be set to 9.25 eV.
This value has to be handled with caution due to the complex electronic
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situation in AB, but is in agreement with the calculated values of 9.29 eV
(G4) and 9.31 eV (CBS-QB3) as well as computational values in the liter-
ature (9.29 eV). [357] The first transitions have tiny FC-factors and can not
be seen in the experimental spectrum, with the first recognizable feature at
9.37 eV being tentatively assigned to ν+10, the BH3 bending vibration. The
character description of some selected vibrations in the NH3BH3 cation is
given in table 4.11. It is tempting to attribute the majority of the peaks to
single vibrations or combinational modes in the cation, yet the stick spec-
trum shows that these bands do not originate from one single dominant
transition. They rather represent a combination of different transitions,
whose origins do not follow any regular pattern. A similar structure can be
found in the photoelectron spectrum of ethane, [358] where a regular peak
structure of 1170 cm−1 was initially attributed to the symmetric C-H de-
formation mode. High level computations by Lee et al. provided detailed
insight into the ionization process and did not assign this structure to a
single vibration, rather it is a result of a convoluted cationic potential en-
ergy surface with numerous strong vibronic interactions. [352] Exemplary
for all other bands visible in the ms-TPES the most important transitions
between 10.00 eV and 10.25 eV are listed in table 4.12, where a FC-factor
of one has been arbitrarily assigned to the origin transition. The main
vibration that is involved in most transitions is ν11 that can be described
as a bending mode with major displacements at the boron site. By looking
at the contributions of these bands it becomes clear that there is hardly
any accumulation of quanta in one vibration when going to higher energies

Table 4.11.: Selected vibrations for the NH3BH3 cation together with
their respective wavenumber ν̃ and character. Please note,
that the modes are sorted based on their wavenumber start-
ing with the highest value.

mode number wavenumber ν̃ /cm−1 character

ν+3 3389 NH3 sym. stretch

ν+5 2229 BH2 sym. stretch

ν+6 2010 BH2 asym. stretch

ν+10 1023 BH3 bending

ν+11 1211 BH3 bending
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and hence the visible pattern cannot be assigned to a single vibrational
mode. The selected energy region in table 4.12 shows combinational bands
of ν11 with ν3, ν5, ν6 and ν10, with a trend of including higher energetic vi-
brations when the energy increases while lower energetic bands show more
contributions from lower energy vibrations. Because of the uncertanties
and the complexity of the situation more detailed assignments in the AB
spectrum would be ambiguous and require much higher resolution, thus the
spectrum will not be further discussed. However, its good resolution, the
intriguing peak pattern and challenging electronic situation in the cation
are an excellent foundation on which high level theoretical investigations
can build upon.
The recorded ms-TPES offers the possibility to determine the appearance
energy (AE) of the hydrogen loss in AB. Molecules that interact with light
absorb a specific amount of energy. When the initial process, e.g. the
ionization, only consumes a portion of that, the surplus is distributed in
the molecule. If accumulated in a specific vibrational mode it can lead to
a dissociation. The AE is defined as the threshold at which dissociation
of a molecule sets in. It is an important parameter, which can be used
to determine the respective bond strength of a molecule or its formation

Table 4.12.: Most important FC-factors relative to the origin and the as-
signed vibrations for AB between 10.00 eV and 10.25 eV. Vi-
brational levels are given following the scheme NνX , with
X representing the vibrational mode and N the number of
quanta.

Transition energy Assigned cationic vibrational level FC-factor

10.03 eV 2ν11 1ν6 1ν5 118

10.05 eV 1ν11 1ν10 1ν6 1v5 117

10.06 eV 2ν11 2ν5 113

10.08 eV 1ν11 1ν10 2ν5 109

10.15 eV 1ν11 2ν6 1ν5 81

10.18 eV 1ν11 1ν6 2ν5 160

10.20 eV 2ν11 1ν5 1ν3 119

10.21 eV 1ν10 1ν6 2ν5 78

10.22 eV 1ν11 1ν10 1ν5 1ν3 108
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enthalpy ∆Hf . To determine the AE, the fractional abundances of the par-
ent molecule and the ionic fragment are plotted against the photon energy.
Since different kinds of hydrogens exist in the molecule, it is important to
determine which hydrogen bond is the weakest in the cation. While there
are two sets of hydrogens in the neutral, protic (H4−6) and hydridic (H1−3),
the cation exhibits four different hydrogens, two on each side. Scanning all
B-H and N-H coordinates in AB+ shows that the hydrogens at the nitro-
gen exhibit dissociation barriers of 2.5 eV (H4) and 5 eV (H5,6), while two
hydrogens at the boron (H1,2) need approximately 1 eV to initiate frag-
mentation. The third hydrogen (H3) has a calculated dissociation barrier
of 0.8 eV, which is in good agreement with the previously determined IE of
9.25 eV as well as the visible breakdown near 10 eV. It is worth noting that
the literature gives values of 3.33 eV and 2.66 eV for the hydrogen loss bar-
rier at the nitrogen and 0.67 eV for the easiest loss at the boron. This is in
qualitative agreement with the values given in this thesis and discrepancies
can be traced back to differences in the computational method (MP2/6-
311++G(d,p) vs. CBS-QB3). [359]

Figure 4.43.: Modeled breakdown diagram for the hydrogen loss of AB
between 9.70 eV and 10.25 eV. The AE0K has been deter-
mined to 9.96 eV.
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Reaction (47) shows the hydrogen loss channel at the boron site, which is
expected since the lone pair at the nitrogen can donate electron density to
better stabilize the resulting cation.

H3NBH3
hν−−→ H3NBH2

+ + H + e− (47)

A hydrogen loss at the nitrogen would lead to a BH3NH+
2 structure that has

been found to be a transition state on the cationic PES, which isomerizes
to the boryl structure without any barrier. [357] The corresponding break-
down diagram (BD) is depicted from 9.70 eV to 10.25 eV in figure 4.43. It
was recorded with steps of 10 meV and integrated over 670 s each. It has
been corrected for the two boron isotopes by eliminating all contributions
from any 10B species using the statistical abundances. Mass spectra at the
dissociation threshold were symmetric, hence no kinetic shift of the AE is
expected in the modeling using statistical rate theory. For the fit to have
satisfactory agreement with the experimental data the temperature of the
molecules has to be set to 220 K. The AE0K , where the parent molecule is
completely dissociated to the daughter has been determined to be 9.96 eV.
Therefore, the cationic bond dissociation energy for a hydrogen loss at the
boron site of NH3BH3 is 0.71 eV when using the just determined IE and
AE. Note that no reverse barrier was computed for reaction (47).
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Borazine
Borazine was synthesized using protocols available in the literature [360,361]

and characterized by 1H-, 11B-NMR, Raman and gas-phase IR-spectroscopy.
At room temperature it is a liquid with a very high vapor pressure (113 mbar
at 273 K [360]) readily available for gas-phase studies. It was introduced into
the endstation through an effusive inlet to investigate its photoionization
without any cooling effects from molecular beam expansion. Figure 4.44
shows the mass spectra recorded at different photon energies between 10 and
14 eV in 2 eV steps. Borazine exhibits a clear isotopic pattern with masses
between m/z = 81 and m/z = 78, coming from 11B3N3H6 and 10B3N3H6,
respectively. The relative intensities of the peaks can be deduced from the
natural abundance of the two boron isotopes and were calculated to be
1.00/0.75/0.18/0.02 for masses 81 to 78 respectively. The theoretical inten-
sities match the pattern at 10 eV but change afterwards with the dominant
signal shifting to mass 80. This is a strong indication for a hydrogen loss

Figure 4.44.: Mass spectra of borazine at different photon energies be-
tween 10.00 eV and 14.00 eV.
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by DPI, as previously found in AB. In principle other DPI channels can
exist and have been observed previously using electron ionization at 70 eV,
however they have not been found below hν=14 eV in this thesis. Next to
the borazine signals, other mass peaks can be found, specifically at masses
18, 32 and 58, representing water, oxygen and acetone, respectively, which
are all present as impurities in the chamber.
The ms-TPE spectrum of mass 81, the most intense borazine peak, can be
found in figure 4.45. The first peak is visible at 10.01±0.02 eV with two
more peaks in intervals of roughly 750 cm−1. At higher energies the spec-
trum is mostly unstructured and decreases until 10.92 eV before showing
another broad unstructured band at 11.34 eV, after which the signal declines
to zero. It is worth noting that between the IE and 11.60 eV the spectrum
never reaches the initial background levels. This indicates a convoluted
PES with multiple low intensity transitions that cannot be resolved. Based
on the ms-TPE spectrum the adiabatic IE of borazine was determined to be
10.01±0.02 eV. This is in perfect agreement with the results by Frost et al.
of 10.01±0.01 eV [342] as well as the calculated IE of 10.03 eV (CBS-QB3),
whereas the value of 9.88±0.02 eV found by Lloyd and Lynaugh is some-

Figure 4.45.: ms-TPES of borazine. Only the most intense mass 81 was
selected.
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what lower. [343] The corresponding FC-simulation on CBS-QB3 level of
theory shows an unsatisfactory agreement between experiment and theory
for which a JT-distortion in the cationic ground state could be responsible.
The sharp decline at 11.5 eV is identical to AB and shows the H-atom loss
by DPI, from which a preliminary AE of 11.6±0.1 eV can be deduced. The
complete breakdown diagram is illustrated in figure 4.46. There are two
possible sites where a hydrogen can be lost, since two kind of hydrogens,
hydridic and protic, exist in the molecule. Calculations showed that in the
cation, hydrogens bound to a boron have a bond strength of 174 kJ mol−1

(1.80 eV), while the protic hydrogens bound to the nitrogens have a bond
strength of 417 kJ mol−1 (4.32 eV), rendering a hydrogen loss on the boron
atom more likely, as has been suggested by the literature. [344] In a quali-
tative way, a hydrogen loss leaves the boron atom with a positive charge
that can be better stabilized by the adjacent nitrogens than the other way
around. A complete analysis of this process using statistical rate theory is
currently being performed by Marius Gerlach.
Upon closer inspection the spectrum of borazine offers a much more nu-
anced picture, as depicted in figure 4.47. Since the two visible peaks at

Figure 4.46.: Breakdown diagram recorded for the hydrogen loss of bo-
razine between 11.20 and 12.00 eV.
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10.11 eV and 10.20 eV are almost equidistant with respect to the origin,
one can initially assume that they originate from the same vibration in the
cation. However, the second band at 10.11 eV is asymmetric with a clear
shoulder on the lower energy side and the previously identified third peak
at 10.20 eV can be separated into two bands that are hardly resolved in
the spectrum. In addition one finds several more, less intense bands that
are clearly discernible from the background signal at higher energies, which
have been marked with arrows up to 10.50 eV.
The FC-simulation given in figure 4.47 has been modified by multiplying the
FC-factor of the origin transition by four. The simulation now agrees some-
what better, although its vibrational structure seems to be blue-shifted with
respect to the experiment. A similar underestimation of the origin transi-
tion in the simulation was observed in the TPE spectra of adamantane and
benzene. [362,363] In the former, the authors attributed this behavior to au-
toionization effects. They can be identified by looking at the PIE curve of

Figure 4.47.: ms-TPE spectrum of borazine between 9.80 and 10.80 eV.
The corresponding FC-simulation has been modified by
multiplying the origin transition by four.
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mass 81, where the origin should exhibit a peak instead of a constant rise,
if autoionizing states are present in borazine. However, this is not the case
and consequently the mismatch between simulation and experiment cannot
be explained by autoionization. A much more plausible explanation is the
JT effect in the borazine cation, which is not considered in the CBS-QB3
calculations.
The previously recognized convoluted PES is, however, reasonably well re-
produced in the simulation, which can be seen by the stick spectrum. Yet,
due to the neglected JT effect, the assignment of the vibrational structure
in the ms-TPE spectrum of borazine based on the FC-simulation has to be
handled with caution. Thus, it is difficult to precisely attribute any band
to one specific transition. The simulation suggests a clear peak at 10.06 eV,
which would correspond to a ring twisting mode ν+25, but it is integrated
into the second peak, which causes the asymmetry in the peak structure.
The broadening is further amplified by several other intense vibrations, be-
fore the highest intensity is reached at +840 cm−1. The third peak also
consists of several overlapping transitions and afterwards the remaining
peaks are only slightly above background levels. The spectrum requires a
much higher resolution to identify these bands, which cannot be achieved
with the utilized setup at the SLS. Reducing circle- and ringsize only lead
to a minor improvement in spectral resolution. However, even with a well
resolved spectrum assignments might be difficult to verify, especially with
a FC-simulation on CBS-QB3 level.
At this point, a comparison with the organic counterpart of borazine, ben-
zene, is warranted. The latter has been investigated in much greater detail
and differences between the two spectra provide insights into the individ-
ual electronic structure of the molecules. For benzene numerous experi-
mental studies using photoelectron, [363–366] EPR [367,368] and fluorescence
spectroscopy [369,370] have focused on its cationic ground state equilibrium
structure. In addition several theoretical approaches have been pursued
to characterize the benzene cation completely. [371–373] Its lowest ground
state geometry has been found to be of D2h symmetry by high-resolution
ZEKE-PFI experiments [57] in which two opposing C-C bonds either trun-
cate or elongate. Both distorted benzene species exhibit only tiny barriers
for interconversion, that proceeds via a pseudorotation on a sombrero-type
PES, best illustrated in ref. [373] Thus, it was concluded that the structure
is too fleeting and it should be treated as a symmetric species but without
electronic degeneracies. [373] This observation has been supported by theory,
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where the distortion away from the D6h geometry stabilizes the cation by
0.18 eV but the barrier of pseudorotation is only 3 meV. [57]

The JT effect in the borazine cation was investigated by Kato et al., who
determined that the equilibrium structure for the ground state belongs to
the C2v point group, where one NH subunit is distorted out of the ring. [344]

The E” and E’ states consequently split up into two sublevels 2B1 and 2A2

as well as 2A1 and 2B2, respectively. Their energy difference with respect
to the D3h structure were calculated to be 0.42 eV for the X+ 2E” and
0.48 eV for the A+ 2E’ set, although the splitting between the A and B
states is very small with 0.03 eV and 0.02 eV, respectively. This also leads
to a pseudorotation in the cationic ground state with a barrier lower than
its zero-point energy, which therefore cannot be suppressed. As a result the
three different C2v structures are converted into each other on a vibrational
time scale and so the borazine cation behaves like its highly symmetric D3h

structure. [57] In other words, the borazine and benzene cations have ground
state wavefunctions that cannot be accurately described using a standard
DFT approach, like CBS-QB3. It is worth noting that the calculated IEs

Table 4.13.: Selected vibrational modes in the borazine and benzene
cation. For borazine all frequencies have been calculated us-
ing the CBS-QB3 method. Character assignments and vibra-
tional frequencies for benzene have been taken from ref. [364]

The vibrations were numbered in sequential fashion starting
at the highest to the lowest wavenumber ν̃.

Benzene+ Borazine+

Mode ν̃ /cm−1 Character ν̃ /cm−1 Character

ν1 3191 C-H symm. (a1g) 3584 N-H stretch

ν3 3168 C-H as. stretch (e2g) 3516 N-H as. stretch

ν6 1610 C-C (e2g) 1440 H-B-N-H bend

ν13 1178 H twist (e2g) 1043 (B-H) twist

ν19 995 ring-breathing (a1g) 872 ring-
deformation

ν20 - - 824 ring-breathing

ν25 607 ring-twist (e2g) 503 ring-twist
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for these transitions by Kato et al. differ significantly from experimental
measurements and hence their splitting values could also exhibit large error
bars.
The photoelectron spectrum of benzene has been simulated by Eiding et
al. who used a multimode approach, that considers linear JT-coupling
for totally symmetric and degenerate modes of E2g symmetry all of which
are listed in table 4.13. [364] They recognized that multimode JT problems
are hard to analyze due to strong mode-mixing effects. By expanding a
single-mode JT calculation into a two-mode JT problem, the intensities
of individually computed bands can decrease due to mixing between the
modes. The results are several partially resolved peaks and simulations get
more convoluted the more degenerate modes are used for the multi-mode
JT description. Eiding et al. used three degenerate (ν6, ν13, ν25) and one
totally symmetric (ν19) mode to describe the vibrational progression in the
benzene cation ground state. Later, Baltzer et al. recorded a well resolved
photoelectron spectrum of benzene, and only identified two different vibra-

Figure 4.48.: Recorded photoelectron spectrum of benzene by Baltzer et
al. and their vibrational assignments. [365] Note that the
mode numbers have been altered with respect to the original
paper to be consistent with the description in table 4.13.
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tional modes ν19 and ν25 and combinations thereof (see figure 4.48). They
found, that up to 0.3 eV above the origin, bands are clearly separated, while
the vibrational structure gets more and more convoluted beyond that value,
which is in perfect agreement with the established multi-mode approach.
The photoelectron spectra of benzene and borazine are compared in figure
4.49. They have been modified so that the origin transitions overlap but the
corresponding x-axis cover the same absolute range, as to not distort the
vibrational structure. The y-axis has been scaled, so that the background
level for each spectrum is at zero and the intensities of the origin transitions
match each other. For the sake of simplicity, the spectra will be divided
into two sections: A lower energetic part, up to 0.3 eV above the respective
origin and a higher energetic section starting at this value. In the latter no
clear structure can be found in either molecule, pointing towards various
low intensity transitions in both. Yet, while in benzene the signal is close

Figure 4.49.: Direct comparison between the photoelectron spectrum of
borazine (black) and benzene (red). The bottom x-axis be-
longs to benzene, while the top one corresponds to borazine.
Note that both spectra have been recorded using different
methods (HeI vs. TPES).
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to the background level, the borazine signal is at about half the intensity
of the origin band. Hence, it is reasonable to assume that in this region
borazine exhibits significantly more transitions of various different modes,
possibly due to its lower symmetry. However, it could also be that the ori-
gin transition in borazine is less pronounced with respect to benzene, which
could also explain the relative differences. This would mean that benzene
undergoes a smaller geometry change upon ionization than borazine.
In the lower energy region benzene exhibits distinct bands, whereas bo-
razine already shows asymmetric and overlapping peaks, which could be
due to resolution differences between the two spectra. Baltzer et al. give
a resolution of 4 meV (FWHM), while for borazine a resolution of 20 meV
(FWHM) is achieved. These experimental factors certainly play a role, but
citing them alone would be too narrow considering the complex situation
of the molecules. Another possible cause for the broad borazine spectrum
is the presence of other intense transitions. It has been assumed that such
transitions exist in the higher energetic section based on the high signal
intensity, and so their occurrence right above the origin is reasonable.
With that being said, overall the two spectra coincide very well on a qualita-
tive level, but the vibrational structure of borazine seems to be red-shifted
with respect to benzene. Some selected modes in benzene and borazine
are juxtaposed in table 4.13. It can be seen, that the vibrational modes in
borazine have lower frequencies, when the central ring atoms are involved.
According to Baltzer et al. these are the most important vibrations to
describe the ground state structure in cationic benzene. The lower fre-
quency causes vibrations to be less separated and consequently the peaks
will overlap more in the case of borazine. Yet, the exact origin of the dis-
crepancy between the benzene and borazine photoelectron spectra cannot
be identified at this point. The numerous plausible explanations and the
high complexity of the electronic situation in the cation underline the need
for a correct theoretical description in borazine, which includes the vibronic
effects like in the well-established multi-mode JT approach. Hence, even
though the simulation based on CBS-QB3 level is somewhat decent, assign-
ments should not be made based on it, due to its failure to consider the JT
effect.
It is also interesting to compare borazine to another, more similar molecule,
s-triazine, which both belong to the same point group (D3h), and possess
less aromatic character than benzene. Ionization of triazine occurs from a
non-bonding lone pair at one of the nitrogens, which represents a degener-
ate pair of orbitals of e’-symmetry. [374] The cationic ground state distorts
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away from the D3h symmetry towards a C2v geometry and is stabilized by
0.47 eV with respect to the conical intersection [374] (benzene 0.18 eV, [375]

borazine 0.42 eV [344]). Like benzene and borazine, s-triazine exhibits a
pseudo-rotation with a barrier of ≈10 meV, well below its zero-point-energy
resulting in a similar dynamic in both cases. It would be an ideal target
for comparison, to investigate the influence of JT-stabilization and point
group dependence in the neutral on the performance of the FC-simulation,
but unfortunately there are only low resolution photoelectron spectra of
s-triazine to this date. [376]

One of the most interesting aspects during this project is the evaluation of
FC-simulation performance based on DFT calculations in molecules with
one or even multiple vibronic effects. This is best illustrated by looking at
the FC-simulations of borazine based on the optimized structures of differ-
ent computational methods depicted in figure 4.50. While CBS-QB3, MP2
and CCSD agree qualitatively with each other, G4 predicts a different on-
set and structure, demonstrating the high susceptibility to errors in the

Figure 4.50.: FC-simulations of borazine using different computational
methods.
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calculations. In all cases the simulation does not accurately reproduce the
experimental spectrum although the spacing up to 10.50 eV is somewhat
best represented in the CBS-QB3 calculation. The CCSD and MP2 calcu-
lations are very similar to each other, but somehow fail to reproduce the
complex PES.
In order to analyze transitions into excited cationic states the ms-TPE sig-
nal has to be integrated over all masses of borazine and borazine-H. The
illustrated spectrum in figure 4.51 shows no intense peaks in the region
above 11.5 eV, although some smaller bands at 12.8 eV and 13.7 eV can be
seen. The spectrum has been multiplied by two from 12.50 eV onward to
account for a change in integration time (1:2) during the measurement. To
identify the source of all bands, the electronic situation in the neutral and
the cation needs to be considered. The neutral borazine molecule exhibits a
D3h symmetry and possesses two sets of doubly degenerate HOMOs, one of
π symmetry and one of σ symmetry, that are 1.7 eV apart. The HOMO and
HOMO-1 have π character and transform as an E” representation, while
HOMO-2 and HOMO-3 have σ character and transform as an E’ repre-

Figure 4.51.: ms-TPES of borazine integrated over masses 78 - 81.
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Table 4.14.: Important experimental and computational parameters for
borazine and benzene.

Experiment Theory

Species E. State Rel. Energy/eV Rel. Energy/eV Ref.

Borazine X 1A′1 0 0

Borazine+ X+ 2E” 10.01(a) 10.03(d) this work

10.01(a) 9.8(e) [342]

9.88(a) - [343]

A+ 2E’ 11.34(c) - this work

11.42(b) 10.4(e) [342]

11.42(b) - [343]

B+ 2A2” 12.81(c) - this work

12.82(b) 14.0(e) [342]

12.83(b) - [343]

C+ 2A1’ 13.69(a) this work

13.98(b) 14.8(e) [342]

13.84(b) - [343]

Benzene X 1A1g 0 0

Benzene+ X+ 2E1g 9.243(a) 9.12(f) [365]

8.99(f) [372]

A+ 2E2g 11.488(a) 12.09(f) [365]

12.03(f) [372]

B+ 2A2u 12.3(b) 12.37(f) [365]

12.12(f) [372]

C+ 2E1u 14.0(b) 14.39(f) [365]

14.31(f) [372]

(a) adiabatic value
(b) vertical value
(c) peak of the band
(d) CBS-QB3
(e) INDO
(f) OVGF (outer valence Green’s function)
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sentation. Below these two sets of doubly degenerate orbitals lies a non-
degenerate π-orbital of a2” symmetry. Under the assumption of Koopmans
theorem, the first three excited states would correspond to the symmetry
of the orbital from which ionization takes place namely e”, e’ and a2”. Yet,
as previously noted, ionization from completely filled degenerate orbitals
causes adiabatic couplings between the cationic states and JT splittings.
However, in zeroth order these effects can be neglected in the description
of the excited states. Therefore, the first three states can be describes as
X+ 2E”, A+ 2E’ and B+ 2A2”, which is in agreement with the assignment
from a combined experimental and theoretical study by Frost et al. One
more peak can be seen starting at 13.69 eV, exhibiting a pronounced vibra-
tional activity, which was also observed by others. Calculations by various
authors independently suggest that this state originates from the ionization
from an a1’ symmetric orbital. An energy of 13.83 eV has been calculated
by Ortitz using partial third-order quasiparticle theory, [377] matching the
experimental finding within 0.1 eV. Before the calculations were performed,
experimental studies assigned the peak to different symmetries. Frost et al.
attributed it to an E’ symmetry, [342] while Lloyd and Lynaugh referred to
it as A1’. [343] The vibrational structure with a spacing of 950 cm−1 is sig-
nificantly lower than the values of 1900 cm−1 and 2100 cm−1, which have
been found by other experimental studies. [342,343] Due to its A1’ character
it is not subject to a JT distortion and the visible spacings might represent
a ring-deformation mode, where one N-H subunit is distorted out of the
ring. Using the CBS-QB3 calculations such a vibration has a frequency of
958 cm−1 in the cation.
The excited states of borazine can also be compared to its organic counter-
part benzene, for which the excited state dynamics in the cation have been
recently elucidated by femtosecond-resolved pump-probe experiments. A
series of conical intersections determine the deactivation process from the
fifth excited state on a vibrational time scale. [378] These strong vibronic
interactions are caused by JT effects, which have been found in several ex-
cited states in a theoretical evaluation of the benzene cation PES. [372,373]

Other non-adiabatic couplings, like mixing of excited states into lower ly-
ing ones lead to equally significant interactions that contribute to a highly
convoluted PES with multiple electronic states mixing at the equilibrium
geometry of the benzene cation. Döscher et al. explained this highly convo-
luted electronic situation by computations using a linear vibronic coupling
approach. [372] In this approach diabatic wave functions are chosen and the
off-diagonal electronic matrix elements, that induce couplings between two
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states are expanded into a Taylor series, proving that the complete charac-
terization of such a PES is non-trivial. The state description for borazine
given by the calculations predict a similar behavior, yet the much higher
JT splitting in borazine might slow down the deactivation process. A sum-
mary of the ionization energies for borazine and benzene as well as the
description of their cationic states is found in table 4.14.

162



Ph.D. Thesis 4.2.3. Threshold PES of NH3BH3, Borazine and HBNH

HBNH
Borazine was pyrolyzed using the setup described in section 3.2.2.1. To
identify the pyrolysis products several mass spectra have been recorded at
various photon energies and pyrolysis powers. Figure 4.52 shows mass spec-
tra at 11.50 eV and three different pyrolysis powers between 0 and 60 W.
The signal of borazine constantly decreases towards higher pyrolysis pow-
ers but remains the most intense peak even at 60 W, rendering it extremely
stable with respect to rapid thermal decomposition. The peak at mass
17, which has been identified as ammonia by its ms-TPES, already appears
without
pyrolysis and increases significantly at higher pyrolysis powers. Masses
26 and 27 start to appear at 30 W and constantly increase up to 60 W.
Their intensities resemble the typical boron isotopic pattern and can be
assigned to iminoborane HBNH. In principle DPI processes can convolute

Figure 4.52.: Mass spectra of borazine at different pyrolysis powers up to
60 W.
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the investigation of pyrolysis products when the precursor is not completely
destroyed, but since no DPI channels have been found that produce HBNH
up to 14 eV, left over borazine does not affect its investigation. Iminob-
orane is a linear molecule with C∞v symmetry, a 1Σ+ ground state and
a BN bond order of 3. Its electronic configuration in the ground state is
...(3σ)2(4σ)2(5σ)2(1π)4 with the two HOMOs being a degenerate pair of
orthogonal BN-bonding π-orbitals with a higher contribution at the nitro-
gen. [332] The electronic situation is therefore similar to HBBH for which
the MOs have been displayed in figure 4.26. The ms-TPES of HBNH was
recorded at 60 W pyrolysis power between 11.10 eV and 12.00 eV in steps
of 5 meV, which is illustrated in figure 4.53 for masses 26 and 27 to in-
clude both boron isotopes. Both ms-TPES show a relative intensity of 4:1
and largely coincide with each other, proving that they originate from a
single boron containing species. In the mass 26 channel two peaks visible
at 11.40 eV and 11.62 eV do not have a corresponding counterpart in mass
channel 27. They have been attributed to residual acetylene inside the

Figure 4.53.: ms-TPES of HBNH between 11.10 eV and 12.00 eV. Both
mass channels show coinciding peaks, with acetylene peaks
at 11.40 eV being visible in the m/z = 26 channel as well.
The spectrum was simulated at 1000 K.
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chamber. The peaks are in perfect agreement with TPES measurements
available in the literature, which found an IE of 11.400±0.005 eV and a
vibrational progression of 1811 cm−1 (224.6 meV). [379] Using the spectrum
illustrated in figure 4.53, the IE, vibrational progression as well as possi-
ble vibronic interactions will be analyzed and compared to the simulated
spectrum based on CBS-QB3 calculations. The ms-TPES of HBNH shows
four intense bands in regular intervals with the peak of the first band at
11.31±0.02 eV, which has been assigned as the IE. This is in perfect agree-
ment with the calculated value of 11.31 eV and originates from the ejection
of an electron in one of the HOMOs in a X+ 2Π ← X1Σ transition. The
equidistant band structure can be explained by a pronounced vibrational
progression in the cation with a spacing of 1550 cm−1 up to the second
overtone. The removal of an electron from the BN-binding HOMOs re-
duces the bond order and the distance between the two atoms increases,
resulting in a vibrational activity of the symmetric BN stretch mode (ν+3 )
in the cation. This is confirmed by computations where a B-N bond length
of 1.234 Å is found for the X1Σ state and 1.307 Å for the X+ 2Π state. Ac-
cordingly, the energy of the B-N-stretch mode is lowered from 1780 cm−1 to
1533 cm−1 in the neutral and cationic ground states, respectively, which is
almost identical to the experimentally determined value. The most impor-
tant parameters of HBNH are summarized in table 4.15. The FC-simulation
largely coincides with the experimental spectrum. Towards higher energies
the harmonic simulation is increasingly blue-shifted with respect to the

Table 4.15.: Molecular parameters of HBNH, calculated using the CBS-
QB3 method, and comparison to experimental values. The
vibrational frequencies have been scaled by 0.96. [380]

Parameter Neutral Cation Experiment

d(B-N) 1.234 Å 1.307 Å -

d(B-H) 1.167 Å 1.169 Å -

d(N-H) 0.990 Å 1.016 Å -

^(HBN) 180° 180° -

^(BNH) 180° 180° -

ν3 1780 cm−1 1533 cm−1 1530 cm−1

IE 11.31 eV - 11.31±0.02 eV
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spectrum due to the anharmonicity of the potential well. The intensities in
the experimental spectrum constantly decline, while the simulation predicts
the fundamental transition to be the most intense, therefore overestimating
the B-N bond length in the cation. Small shoulders on the lower energy
side of the bands are especially prominent on the third and fourth band,
where they have been marked by arrows, but are also present at the funda-
mental and origin transitions. In all cases they represent combinations of
ν+3 with sequence band transitions of the form 71

13n0 and 41
13n0 , to illustrate

the two most intense. In the simulation they exhibit oscillator strengths of
39% and 33% of the respective higher lying main 3n0 transition. By com-
paring the simulation and the experimental spectrum, one can see, that the
broadening of the peaks is well represented by the simulation. However, the
intensity of the sequence bands is somewhat underestimated, especially in
the last two bands pointing either towards a greater thermal excitation in
the experiment or an underestimation of the FC-factor by the simulation.
Similar side bands arise at the higher energy side of all bands, which could
have two different origins. Since HBNH has completely filled degenerate
HOMOs with π symmetry, its situation is similar to borazine, where a JT
effect leads to a distortion in the cationic ground state towards a C2v ge-
ometry. Although Jahn and Teller explicitly excluded linear point groups
from their first-order theorem, vibronic couplings between the degenerate
bending vibrations and an electronic state in HBNH can still occur, similar
to diborene. [336] This interaction is called the Renner-Teller effect and can
only lead to a splitting in states where the electronic angular momentum is
non-zero, so for |Λ| ≥ 1. The electronic ground state of the HBNH cation
is a X+ 2Π state that can lead to the appearance of side bands, but does
not necessarily distort the cation. A weak Renner-Teller interaction still
results in a linear equilibrium geometry but with two electronically degen-
erate components at the potential minimum, called D0 and D1 for simplic-
ity. The two potential energy surfaces touch each other in linear geometry
and split up along a bending vibration, through which different zero-point
energies and vibrational levels arise. Analogous to diborene the intense
transitions can originate from transitions into the energetically lower D0

state while the small side bands come from transitions into the D1 state.
The energy difference between D0 and D1 was determined to be 35 meV in
diborene [336] and 70 meV for iminoborane, hence significantly smaller than
the calculated JT splitting in borazine. The complete absence of this effect
in iminoborane is impossible, but it could be convoluted with other vibra-
tional transitions as indicated by the FC-simulation on CBS-QB3 level at
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≈11.39 eV and ≈11.58 eV. The simulation can only reproduce transitions
into the X+ 2Π state without any vibronic interactions so the bands may
also represent a different vibrational transition. However, the electronic
situation between HBNH and HBBH is almost identical and in the latter
high level calculations unambiguously identified a Renner-Teller effect in
the cation. Therefore, the assignment of the bands to a weak Renner-Teller
splitting is completely justified and more plausible than to the very weak
vibrational transitions suggested in the FC-simulation.
The results of iminoborane can be compared to two other linear congeners
for which literature data are available - acetylene and diborene. All three
species are parent compounds of their respective class and exhibit an iden-
tical orbital structure with a degenerate pair of π-HOMOs. By comparing
them one can link their molecular properties to situations where B-B, B-N,
or C-C subunits are interchanged in larger molecules.
Diborene has two fewer electrons than iminoborane and acetylene result-
ing in a reduced bonding character between the two central atoms. This is
demonstrated best in its determined cationic vibrational energy of
1056 cm−1, more than 400 cm−1 and 700 cm−1 below iminoborane and
acetylene, respectively. The absolute values are listed in table 4.16, and
one can see that the B-N stretch frequency in iminoborane is at the halfway
point between the B-B and C-C modes, visualizing the influence of the po-

Table 4.16.: Molecular parameters of HBBH, HBNH, and HCCH calcu-
lated using the CBS-QB3 method. The molecules are given
in the form HXYH, where X and Y are placeholders for the
respective heavy atoms (B, N, C). The vibrational frequen-
cies have been scaled by 0.96. [380]

Parameter HBBH HBNH HCCH HBBH+ HBNH+ HCCH+

d(X-Y)/Å 1.506 1.234 1.198 1.604 1.307 1.246

d(X-H)/Å 1.172 1.167 1.106 1.169 1.169 1.080

d(Y-H)/Å 1.172 0.990 1.106 1.169 1.016 1.080

^(HXY) 180° 180° 180° 180° 180° 180°

^(XYH) 180° 180° 180° 180° 180° 180°

ν3 /cm−1 1212 1780 1986 1056 1533 1813

IE/eV 9.08 11.31 11.44 - - -

167



Results Ph.D. Thesis

larity on the bond strength. While diborene and acetylene do not have any
dipole moment, the electronegativity difference between boron and nitrogen
in iminoborane leads to a weakened triple bond character. Please note that
these values are derived from the cations, yet a similar trend can be calcu-
lated for the neutral species, also seen in table 4.16. The computed cationic
bond lengths of the respective heavy atoms further confirm this trend, as
they increase in the order from acetylene<iminoborane<diborene. This in-
fluence of the polarity has been previously recognized by Paetzold and oth-
ers [381,382] with respect to the reactivity of iminoboranes and linked to their
inherent instability and propensity to oligomerize compared to alkynes. The
discussion between hydrocarbons and their isoelectronic inorganic counter-
parts with respect to their IEs is difficult, since it represents the relative
energy of neutral and cationic ground states, two factors that are not neces-
sarily dependent and may vary in different amounts in each molecule. The
overall very low IE of diborene HBBH can be understood by its open shell
character, which results in a higher HOMO energy than the closed shell,
singlet species HBNH and HCCH. One can tentatively attribute the lower
IE of HBNH compared to HCCH to its higher polarity (vide infra).
It is also possible to discuss the direct relationship between BN and CC in
a broader context by comparing the IEs of the HxBNHx species to their re-
spective hydrocarbon counterparts. This is illustrated in figure 4.54, where
the differences in IEs between the corresponding BN and CC species have
been plotted against the number of hydrogen atoms. Please note, that
red values have been calculated on CBS-QB3 level while black values are
experimentally derived. The deviation between the experimental and com-
putational values for X=3 and X=1 in figure 4.54 is -0.09 eV and -0.04 eV,
respectively and thus can be neglected. It can be seen that with the excep-
tion of AB and ethane all other BN and CC compounds have approximately
the same IE. Excluding the AB/ethane couple a clear trend is visible that
starts at H2BNH2. The ∆IE(BN-CC) is lowered by about 0.2 eV for each
two hydrogens cleaved off. This trend can be explained in two ways, by
a destabilization of the BN neutral species relative to the CC compound
with each added π-bond, and by a stabilization of the corresponding BN
cations. Recalling the significantly reduced frequency of the BN-stretch
mode in HBNH compared to HCCH, which can be related to a reduced
orbital overlap between B and N due to differences in their electronegativi-
ties, it is reasonable to assume that BN species get less stabilized with each
π-bond. This effect can be further amplified by an electrostatic interaction
in the BN cations, which increases the bonding character, therefore stabi-
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lizing them. In BN compounds the charge is mostly located at the boron
atom, which can be stabilized by the adjacent nitrogen atom, whereas in
CC compounds the charge is completely delocalized, without any electron
donating capabilities. Similar electrostatic arguments have been made to
explain the increased bonding character of the carbonyl substituent in dif-
ferent transition metal carbonyl complexes as well as for the BF and BF+

species. [262,279]

The exception to the rule is AB. Matus et al. tried to rationalize its sig-
nificantly lower IE compared to ethane in a qualitative way based on com-
putational results. [357] They took the IE of ammonia (10.07 eV [345]) as a
standard reference and claimed that the BH3 subunit stabilizes the ammo-
nia cation, while for H2BNH2 the BH2 substituent stabilizes the neutral by
forming a strong π-bond. For ethane they suggested that the interaction of
a methyl radical and methyl cation is less stabilizing ultimately resulting
in a higher IE than in AB. Both of these effects can explain the differing
behavior of the AB/ethane couple on a qualitative level.

Figure 4.54.: Difference in IE between corresponding BN and CC com-
pounds in the form HxBNHx. The red values have been
calculated on CBS-QB3 level while the black resulted from
experimental studies.
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4.2.3.3. Summary

The cationic structures of ammonia borane, borazine, and imminoborane
were investigated by mass selected threshold photoelectron spectroscopy.
Ammonia borane exhibits a very low vapor pressure and therefore was
placed inside a sample container and heated to 75°C while the evaporated
molecules were taken up in an argon stream. A first featureless rise in
the ms-TPES is found between 9.47 eV and 9.66 eV, after which peaks ap-
pear in a regular spacings of 1150 cm−1. The regular pattern suggests a
vibrational progression in the cation, but the cationic situation is more
complex, which can be deduced from the isoelectronic ethane. The latter
exhibits a similar progression, but mostly due to several vibronic effects
like JT- and PJT-splittings that mixes its cationic PES with several states
and lead to a geometric distortion in the ground state. The initial tran-
sitions in the ms-TPES have negligible FC-factors and no signal can be
observed, however the IE of 9.25 eV could be determined by shifting the
FC-simulation. This is in agreement with the calculated values of 9.29 eV
(G4) and 9.31 eV (CBS-QB3). Yet, the DFT calculations do not consider
the complex cationic structure in AB and consequently the simulation may
not be accurately represent reality. At higher photon energies AB shows
DPI by losing a hydrogen atom, the appearance energy was determined to
be 9.96 eV.
The ms-TPES of borazine shows a first peak at 10.01±0.02 eV with a com-
plicated vibrational activity. The origin transition is systematically under-
estimated in the FC-simulation, which is most likely due to autoionization
effects. The JT distorted cationic ground state exhibits a low barrier for
pseudorotation, which means that the calculated equilibrium geometry be-
longing to the C2v point group is too fleeting and the borzaine cation can
be treated as its highly symmetric structure. A similar feature has been
observed for its organic counterpart benzene, although the frequencies of
the corresponding vibrational modes are lower in borazine than in benzene.
The distorted cationic structure leads to out-of-plane normal modes, which
are most likely the reason for the convoluted cationic PES and the compli-
cated vibrational activity in the cationic ground state. At higher photon
energies three excited state can be observed, two broad bands with max-
ima at 11.35 eV and 12.79 eV and a well resolved third starting at 13.70 eV
with two vibrational bands exhibiting spacings of 950 cm−1. In between
11.5 eV and 12.0 eV a hydrogen loss is observed in borazine, that was cal-
culated to occur on the boron atom because of the significantly lower B-H
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bond strength. A preliminary AE for this channel has been determined at
11.6±0.1 eV.
Borazine was used as a pyrolysis precursor to generate the highly reactive
iminoborane, that is proposed to form during dehydrogenation of ammonia
borane. At temperatures well above 1000 K borazine decomposes to am-
monia and HBNH both of which were identified by ms-TPES. The IE of
the latter has been determined to be 11.31±0.02 eV and it exhibits several
pronounced vibrational bands in intervals of 1530 cm−1. Since the cation
is linear, it does not exhibit any JT or PJT effects, but vibronic coupling
can occur in the form of a Renner-Teller splitting, similar to diborene or its
organic congener acetylene. The latter effect causes side bands in the spec-
trum that were identified 70 meV above the respective vibrational bands,
pointing to two components of doublet states with different zero-point en-
ergies. When the observed vibrational energies of diborene, acetylene, and
iminoborane are compared, one can see not only a difference based on the
bond order of the respective molecule but also due to the polarity of the
bonds. Comparing the corresponding organic and inorganic compounds,
i.e. ethane and ammonia borane, ethene and aminoborane as well as acety-
lene and iminoborane, with respect to their IE, declining differences can
be found when the amount of hydrogens is lowered. The AB/ethane cou-
ple does not follow this trend. This observation has been attributed to a
stronger stabilization in the AB cation with respect to the ethane cation.
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4.2.4. Threshold PES of BMe3 and its Pyrolysis Products

4.2.4.1. Motivation

Boron carbide (BC) exhibits remarkable properties like a high melting
point, low density, extreme hardness, and small band gaps rendering it
a potent candidate in material applications that range from bullet proof
vests to high temperature semiconductors. [383] It is often applied as a coat-
ing by chemical vapor deposition (CVD), [384,385] in which a stable precursor
molecule is decomposed by heating or in a plasma to form atoms that can
create a thin film. [386] Trimethylborane (TMB) has been investigated with
respect to BC CVD applications and although decomposition under plasma
conditions has been proven to be effective, [387] it was not used in thermal
processes due to unfavorable B/C ratios. [385] The reason was suggested to
be the over-reactive character of the intermediates, that also render their
observation extremely demanding. [386] Thus, the gas-phase chemistry of
TMB has only been poorly understood and mostly investigated by com-
putations or deduced from the final deposition products. [386,388] Imam et
al. examined TMB decomposition under CVD conditions in different bath
gases using a combined experimental and theoretical approach. [388] Their
computations found high initial barriers to any secondary reaction products
that are in agreement with previous calculations on B-C bond dissociation
energies. [389] At lower temperatures a concerted loss of methane via an α-H
elimination has the smallest barrier, forming H3C–B––CH2. This is thought
to be a dead end for decomposition when argon is used as bath gas, but
a parallel pathway with a higher barrier exists that produces H3C–BH2

and H2C––BH via the sequential loss of ethene and molecular hydrogen.
These transient boron-carbon species have already been generated in co-
deposition experiments of boron atoms with both ethane and methane and
characterized by matrix isolation IR spectroscopy. [390,391] It has to be noted
that these assignments have been made based on convoluted spectra, due to
the unselective nature of the approach. In line with these results, Schleyer
et al. predicted that the most stable BCH3 species is CH2BH, which is
102 kJ mol−1 more stable than methylborylene. However, they also find
high rearrangement barriers of 105 kJ mol−1 in BCH3 and conclude that,
under the right conditions, it should be observable. [392] The thermal decom-
position of a similar congener, trimethylbismuth, was recently investigated,
where multiple sequential methyl losses lead to the observation of the bi-
radicalic methyl bismuthinidene. [393] The complete lack of experimental
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knowledge on the gas-phase chemistry of trimethylborane and the proper-
ties of its predicted intermediates prompted us to investigate its thermal
decomposition.

4.2.4.2. Results and Discussion

The recorded mass spectra at different photon energies and pyrolysis pow-
ers are displayed in figure 4.55. Without pyrolysis, the precursor starts
to get ionized at around 10.00 eV, where no other signals are present (top
left trace). It exhibits a typical boron iostopic pattern but a small peak
at mass 57 can be identified due to the 13C isotopes. At 10.50 eV TMB
shows DPI, fragmenting to form a neutral methyl radical and a dimethyl-
boryl cation (bottom left trace). The main pyrolysis products are observed
between masses 39 - 41, which is in line with either a methyl or methane
loss from TMB. Their IE is well below that of TMB and so a background
free detection of the pyrolysis process is possible when the synchrotron en-

Figure 4.55.: Mass spectra of trimethylborane (TMB) at different photon
energies and pyrolysis powers.
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ergy is reduced to 8.50 eV (top right trace). While at 8.00 eV only trace
amounts of products were detected at any pyrolysis power, the mass spec-
trum at 8.50 eV shows two main signals at masses 40 and 39 in a typical
boron isotopic ratio of 4:1. These masses indicate that the main pyrolysis
product at 40 W is CH2BCH3 that is formed via an α-H elimination of
methane as proposed by theory. [388] In order to detect other possible prod-
ucts the photon energy is increased to 9.50 eV (bottom right trace), where
another small peak at mass 26 can be identified, which can be attributed
to a BCH3 species. At this photon energy and high pyrolysis powers TMB
can be ionized, and immediately decomposes via DPI to a dimethylboryl
cation. These two competing processes are juxtaposed in the two bot-
tom traces of figure 4.55 and schematically illustrated in figure 4.56. The
methane loss by pyrolysis and methyl loss by DPI overlap in mass channel
40 due to the boron isotopes 10B and 11B, and, almost negligible, in mass
channel 41 due to the carbon isotopes 12C and 13C. Using their natural
abundances one can estimate the contributions that each species has in one
mass channel, by comparing their intensities in the mass spectrum. The
unperturbed distribution of masses 41 and 40 is displayed in the bottom
left trace of figure 4.55, where a typical 4:1 pattern resulting from DPI can
be seen. The picture gets more complex when the pyrolysis is turned on
as illustrated in the bottom right trace. Since mass 39 can only originate
from one species, C2H10

5 B, its intensity can be multiplied by 4 to determine
the contribution of its 11B isotope. Similarly, the contributions of C2H10

6 B
can be determined by dividing the mass signal of its 11B isotope in mass
channel 41. Since the mass 39 signal and mass 41 signal are about equally
high one can estimate that the pyrolysis products are about 16 times more
abundant in mass 40 than the DPI products. However, one has to note that
this distribution is only valid for photon energies of 9.50 eV and a pyrolysis
power of 40 W. At lower photon energies DPI should contribute less, while
at higher energies DPI may at some point become dominant.
Intrigued by the rich chemistry that was indicated in the mass spectra, we
investigated the temperature dependency of the TMB pyrolysis. There-
fore, figure 4.57 shows TMB decomposition at different pyrolysis powers
at 10.50 eV. First thermolysis products were already observed at 10 W py-
rolysis power including a peak at mass 15, which started to appear in be-
tween 9.50 eV and 10.00 eV. It exhibited no significant isotopic pattern,
is a product of the pyrolysis, and was identified as methyl radical by ms-
TPES. Its source is ambiguous, as it can originate either from a methylated
boron species or from methane that is cleaved off in the first step from
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TMB. Methane itself could not be observed because of its much higher IE
(12.61 eV [394]) and the use of a MgF2 window that becomes opaque above
11 eV. Yet, a pyrolysis power of 10 W is significantly below the expected
temperature for methane decomposition and thus it has to originate from
other channels. It is possible, that TMB can decompose in two subsequent
steps within the pyrolysis, first towards methyl and dimethylboryl radicals
and the latter release a hydrogen atom in a second step. Theoretical stud-
ies predict the B-C bond dissociation enthalpy in TMB at 434.7 kJ/mol
(298 K), [395] while the concerted loss of methane has a activation energy of
288.6 kJ/mol (673 K). [388] Therefore, it is more likely that impurities like
acetone are responsible for the methyl radicals. Acetone was used prior to
the experiment to clean the pyrolysis source and was identified by ms-TPES.
Starting at 30 W mass 28 becomes visible that increases up to 50 W and
can be assigned to ethene based on its IE (10.5138±0.0006 eV [396]). These
conditions revealed the presence of another species with a boron isotope
pattern at mass 26, which was already seen in figure 4.55. The simultane-
ous rise of the ethene signal and CH3B suggests that it is formed directly
from TMB. For this process to occur, TMB also has to lose H2, which is
unlikely to happen in a concerted mechanism. Imam et al. proposed a
sequential mechanism, first by elimination of ethene to form a CH3BH2

intermediate, and secondly the loss of molecular hydrogen to form a CH3B
isomer. According to the mass spectra this mechanism seems likely, al-
though the presence of CH3BH2 should result in an isotope peak at mass
27, which is not visible. This means that the mass 28 signal is exclusively
from ethene. Our own calculations predict an IE of 11.11 eV for CH3BH2,
which is above the transmission window for MgF2 and thus it could not be
detected within this experiment. Another possibility for ethene formation
is the loss of molecular hydrogen from ethane. The latter can be produced

Figure 4.56.: The two competing channels for TMB decomposition, that
lead to peaks between 39 - 41. The DPI channel has to be
suppressed as much as possible to reduce background noise.

175



Results Ph.D. Thesis

Figure 4.57.: Mass spectra of trimethylborane (TMB) at 10.50 eV with
different pyrolysis powers. Please note that the y-axis is
interrupted for better visibility of the small peaks.

from a dimerization of two methyl radicals and has an IE of 11.4902 eV [347]

so it cannot be detected within this experiment either.
The ms-TPES of TMB is presented in figure 4.58 has been recorded from
9.50 eV to 10.60 eV in steps of 5 meV and integrated over 60 s. The first
onset in mass 56 is visible at 9.84 eV and rises without any structural fea-
tures up to 10.32 eV. At that point DPI towards the dimethyl boryl cation
visibly sets in, giving rise to the mass 41 curve and at 10.60 eV the ms-
TPE signal of TMB is completely at zero. The broad and structureless
spectrum is characteristic of a large geometry change in the cation. Ioniza-
tion from the E’ symmetric HOMO, representing the B-C σ-bonds, leads
to a JT-splitting and a symmetry reduction from the neutral D3h to the
cationic CS . Due to this vibronic effect, standard DFT calculations do
not accurately describe the ionization process. In conjunction with this,
the large geometry change upon ionization leads to small FC-factors fur-
ther aggravating any simulation efforts. Another effect that may lead to
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Figure 4.58.: ms-TPE spectrum of TMB between 9.50 and 10.60 eV
recorded with steps of 5 meV and integrated over 60 s.

the broadening in the spectrum might be due to rotational activity of the
methyl groups. Similar effects have been observed in the ms-TPES of R-
C5-R’ species with different degrees of methylation. While H-C5-H has
clear and distinct peaks, the ms-TPE signal gets increasingly broad when
the hydrogens are substituted by methyl groups. The IE was determined
in previous studies using photoelectron spectroscopy and PIE curves yield-
ing a value of 10.01±0.01 eV, [397] slightly higher than the results presented
here, although electron impact studies found an IE of 8.8 eV. [397] Through
the ms-TPE data in this study the IE of TMB can be further refined to the
first discernible signal at 9.84±0.05 eV. The breakdown diagram of TMB
can be found in figure A.5 in the appendix. It is well resolved and shows
a clear breakdown towards the dimethylboryl cation. However, due to the
cutoff of MgF2 it could only be recorded up to 10.60 eV, which is slightly
below the desired value to unambiguously identify the AE. An earlier study
by Law et al. determined the AE0K(B(CH3)3 → B(CH3)2) at 10.3±0.2 eV
using electron impact ionization. [398]

The ms-TPES of mass 40 presented in figure 4.59 shows multiple distinct
peaks in a regular pattern. Between 8.20 eV and 8.50 eV there is a broad and
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unstructured rise after which the signal increases sharply to the first peak.
The featureless first part of the spectrum is caused by the high tempera-
tures in the pyrolysis tube and inefficient cooling during the expansion into
the vacuum leading to the appearance of several hot bands. Alternatively it
could be caused by the appearance of another unstructured electronic state
or other C2H5B isomers that might contribute. While Imam et al. predict
a methane loss towards CH3BCH2, other isomers might still be formed due
to the high temperatures in the pyrolysis. There are five different C2H5B
isomers and their relative stabilities as well as IEs are given in figure 4.60.
The relative stability of these molecules agrees with previously theoretical
investigations, [399] which found the most stable isomer to be vinylborane
(CH2CHBH2), and CH3BCH2 slightly higher in energy. However, the IE
of vinylborane (10.18 eV) is too high to be detected in the investigated re-
gion. Two other isomers, ethyl borylene (CH3CH2B) and CH3CHBH, are
around 185 kJ/mol and 69 kJ/mol higher in energy than CH3BCH2, respec-
tively, but their IEs (8.66 eV, 8.70 eV) are just slightly above the latter and
their contribution cannot be excluded at this point. The illustrated FC-

Figure 4.59.: ms-TPE spectrum mass 40 at 40 W pyrolysis power. The
IE and vibrational progression agree well with CH2BCH3.
The corresponding FC-simulation was performed at 1000 K.
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simulations were modeled using a temperature of 1000 K, and even at this
value the hot bands are significantly underestimated. Higher temperatures
are not expected during pyrolysis at 40 W. The first peak at 8.55±0.03 eV
was attributed to the IE of CH3BCH2, which agrees well with the calculated
value of 8.55 eV. Another peak can be identified at 8.73 eV (+1450 cm−1)
that can have different origins. It can either be assigned to a vibrational
mode (ν+5 ) of CH3BCH2 representing the antisymmetric CBC stretch mode,
or to the IE of CH3CHBH, which is off by just 0.03 eV with respect to the
calculated value. The high signal background above 8.80 eV indicates that
either a second unstructured state becomes accessible, the signal is convo-
luted with secondary processes like DPI, or that other isomers are present.
While the first can be proven using time-dependent calculations on the ex-
cited states of all present isomers, the second and third options seem much
more plausible. The FC-simulations agree well with the spectrum but even
together do not correctly reproduce the signal intensities in the spectrum at
higher photon energies. Therefore, the high background levels are partially
attributed to other isomers that are formed in the pyrolysis as well as to a
rise in DPI when going to higher photon energies.
The mass spectrum at 10.50 eV reveals another small signal at mass 26,
the ms-TPES of which is depicted in figure 4.61. Since it exhibits a typical
boron isotopic pattern it can be attributed to a BCH3 species, of which two
stable isomers exist, methylborylene BCH3 and methyleneborane CH2BH.
The latter was calculated to be 102 kJ mol−1 more stable but both have
predicted IEs that are in close proximity to one another at 8.93 eV (BCH3)
and 9.35 eV (CH2BH). The third isomer CHBH2 was identified as a tran-
sition state on the PES. [392] The calculated geometries of the two stable
isomers BCH3 and CH2BH are listed in table 4.17. Methylborylene be-

Figure 4.60.: Different C2H5B isomers with their relative stability (0 K)
and IE. The values were calculated using the CBS-QB3
method.
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longs to the C3v point group and exhibits a singlet state in the neutral.
The C-H bonds are all equal and have a bond length of 1.099 Å, as well as

Figure 4.61.: ms-TPE spectrum mass 26 at 40 W pyrolysis power. The
IE and vibrational progression coincide with CH2BH. The
corresponding FC-simulation was performed at 1000 K.

Table 4.17.: Molecular parameters of CH3B and CH2BH in their neutral
and cationic ground states. The parameters have been cal-
culated using the CBS-QB3 method.

Parameter CH3B CH3B+ CH2BH CH2BH+

d(B-C)/Å 1.548 1.781 1.374 1.451

d(C-H)/Å 1.099 1.105 1.087 1.092

d(B-H)/Å - - 1.170 1.170

^(HCH) 108.45° 110.08° 114.85° 115.78°

IE/eV 8.93 - 9.35 -
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the same HCH bond angle at 108.45°. The B-C bond is longer at 1.548 Å
and is significantly elongated to 1.781 Å upon ionization, while the CH3

moiety hardly changes. Methyleneborane exhibits C2v symmetry and is
completely planar in its neutral and cationic ground states. The former
is a singlet with a B-C bond length of 1.374 Å and a B-H bond length of
1.170 Å. The CH2 unit has bond lengths of 1.09 Å for both C-H bonds and
a bond angle of 114.85°. In the respective cationic structure only the B-C
bond length is altered to 1.451 Å. The HCH bond angle increases slightly to
115.78 Å, while the C-H bonds are also slightly elongated to 1.092 Å. The
B-H bond length stays the same, which indicates ionization from an orbital
without any contribution at the B-H bond.
The ms-TPES shows that below 9.00 eV no signal is present, excluding the
existence of the lower ionizing isomer methylborylene. The first band ap-
pears at 9.20 eV and can be attributed to a hot band of the CH2 bending
mode in the CH2BH molecule. Similar to CH3BCH2 the FC-simulation
agrees well with the spectrum but underestimates the hot band intensity
even at 1000 K. Since there is no DPI process that leads to mass 26, this in-
dicates a general underestimation of hot bands in the simulations. The first
major peak is at 9.37±0.03 eV was identified as the IE of CH2BH, which is
in agreement with the computed value of 9.35 eV. Calculations predict that
upon ionization the B-C bond is elongated by almost 0.1 Å from 1.374 Å to
1.451 Å while all other parameters hardly change suggesting a strong ac-
tivity of the B-C stretch mode ν+5 . This vibration corresponds to another
band that is shifted by 1300 cm−1 from the origin, albeit there are several
side bands in the spectrum their origin cannot be determined unambigu-
ously, due to the high temperature and low signal intensity.
The corresponding nitrogen compound methanimine (CH2NH) exhibits con-
trasting effects in the cation, where an increased C-N-H bending angle and
thus vibrational activity of the HNC bending mode ν+1 is found. [400] The
lone pair at the nitrogen represents the HOMO and results in two isomeric
forms, which have a low barrier for isomerization in the cation. The HOMO
in methyleneborane is located mainly between the B-C bond and the lone
pair is missing, explaining the differences in the respective electronic struc-
tures and ms-TPES.
The presence of both CH3BCH2 as well as CH2BH provides first direct ex-
perimental proof for the calculated decomposition pathway for TMB. From
the relative signal intensities in the mass spectra it can be deduced that
the major decomposition occurs towards CH3BCH2. A smaller portion of
TMB molecules can overcome the 93.1 kJ mol−1 greater barrier towards
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the CH2BH decomposition pathway. The latter cleaves off ethene in a first
step forming the stable intermediate CH3BH2. Its mass signal could not
be detected during the experiments, which can be explained by its calcu-
lated IE of 11.11 eV. Hence, it cannot be observed using a MgF2 window.
However, the decomposition of TMB seems to be more complex than pre-
vious experimental and theoretical studies suggest. The ms-TPES of mass
40 demonstrates that other isomers than CH3BCH2 play a crucial role in
the decomposition. It indicates that at least two more species, ethyl bo-
rylene (CH3CH2B) and CH3CHBH, may be formed at some point. The
exact formation pathways of the two energetically higher isomers are cur-
rently subject to theoretical calculations. Previous computational studies
found that all C2H5B isomers are more stable than their separate com-
ponents BH and C2H4. [399] For ethyl borylene a preliminary mechanism
can be proposed that includes other pyrolysis products of TMB. In a first
step the cleaved off ethene can undergo hydroboration with the intermedi-
ately formed methylborane CH3BH2 producing ethylmethyl borane. The
latter is isomeric to the precursor TMB and has a calculated IE of 9.88 eV.
The ms-TPE data are available for energies up to 10.00 eV, however the
FC-simulation predicts very small FC-factors near the origin so unambigu-
ous detection was not possible. Through a terminal methane loss of ethyl-
methyl borane the borylene can be formed. The proposed mechanism de-
picted in figure 4.62 is not yet supported by theoretical calculations and
other pathways might exist. The absence of atomic boron during thermol-
ysis indicates that mainly species with boron, carbon, and hydrogen are
formed, rendering TMB an unsuitable source for boron atoms in thermic
CVD applications. This has been first recognized by Lewis et al. [386] and
recently it was suggested that the main film forming species below 900°C
is CH3BCH2, which was deduced from the B/C ratio of 0.5 in CVD prod-
ucts. [388] When temperatures were raised to 1000°C the B/C ratio increased
to 1.5 accounting for the increased significance of the second pathway gen-

Figure 4.62.: Proposed mechanism of the ethyl borylene formation.
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erating CH3BH2 and CH2BH as well as additional surface chemistry elim-
inating hydrocarbon species from the films. This hypothesis can be par-
tially confirmed when the signal of mass 28 is followed in mass spectra
at different pyrolysis temperatures (figure 4.57), where ethene elimination
becomes increasingly important above 30 W. Interestingly, the ethene sig-
nal does not scale with the CH2BH signal visible at mass 26, suggesting
that either the intermediately formed CH3BH2 has access to other reaction
pathways or that CH2BH is an intermediately formed species that can react
further. Reactions like the elimination of either methyl or methane from
CH3BH2 would be plausible, but the direct products BH2 and BH have IEs
of 9.21 eV and 9.82 eV, respectively and were not detected. The elimination
of dihydrogen from CH2BH would either form CBH or HCB for which the
calculated IEs are 10.59 eV and 10.32 eV respectively, around the threshold
of the highest used photon energy (10.50 eV). Since no mass 24 signal was
detected, the elimination of dihydrogen from the CH2 site of CH2BH is the
most plausible reaction mechanism and agrees with the decreased intensity
of mass 26 in the mass spectrum at 60 W. Further decomposition is un-
likely to occur at these temperatures, since the direct reaction product BH
should have been detected otherwise. However, the increased ethene signal
intensities could also be derived from a more abundant ethane signal, which
is formed from the dimerization of methyl radicals. A final conclusion can
only be drawn when higher photon energies are investigated as well.
The decomposition of TMB is in stark contrast to other M(CH3)3 com-
pounds with elements of higher periods like bismuth or phosphorous. The
much weaker C-Bi bond yields exclusively bismuth-centered radicals and
biradicals upon thermolysis, while its methylene type structure CH2BiH is
higher in energy and no hydrogen rearrangement or methane elimination
have been observed. This behavior is not valid for elements of the third
period, although their methyl structures exhibit significant kinetic stabiliza-
tion by high isomerization barriers like 225 kJ mol−1 for methyl phosphini-
dine. [401] Thone et al. proposed that the first step in the decomposition
for trimethylamine pyrolysis in deuterium gas is the loss of a methyl group
but noted that their dimethylamino signal was below the error limit. [402]

They also found CH3NCH2, which was isolated as the trimer triazine and
characterized by1H-NMR, thus being one of the major products. Its source
was suggested to be a hydrogen loss from the dimethylamine radical but
due to its high signal intensity and the comparability with TMB, it is more
likely to originate directly from trimethylamine. When two carbons are
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cleaved off of trimethylamine the only observable product is methanimine
CH2NH analogous to its boron congener.

4.2.4.3. Summary

The pyrolysis of the CVD precursor TMB was investigated using mass se-
lected threshold photoelectron spectroscopy. TMB itself exhibits a broad
and unstructured TPE spectrum due to a pronounced Jahn-Teller splitting
in the cation that reduces the initial D3d symmetry to CS in the cation. The
large geometry change upon ionization and the rotational activity of the
methyl groups impede FC-simulation efforts. Dissociative photoionization
causes TMB to fragment into a neutral methyl radical and a dimethylboryl
cation with no other channels being observed until 10.60 eV. Pyrolysis at low
temperatures reveals the presence of methyl radicals, indicating either mi-
nor channel for methyl abstraction in TMB or secondary pyrolysis channels
due to impurities. Through theoretical studies the former can be excluded
due to much higher activation barriers. The main decomposition channel
is the loss of methane to form C2H5B species. The ms-TPES reveals a first
band at a photon energy of 8.55±0.03 eV coinciding with the CH3BCH2

molecule. The spectrum is rather broad, which could be either due to DPI,
rotational broadening of the methyl substituents or other C2H5B isomers.
Calculations reveal that two other C2H5B isomers can be ionized in the
same energy region: ethylborylene, CH3CH2B, with an IE of 8.66 eV and
CH3CHBH with an IE of 8.70 eV. Both are less stable than CH3BCH2, but
might form via different routes. At higher pyrolysis temperatures a second
pathway becomes visible that cleaves off ethene and molecular hydrogen in
a sequential mechanism. The intermediately formed CH3BH2 could not be
detected as its calculated IE of 11.11 eV is above the transparent window
of MgF2, but the latter can create a BCH3 species that was identified as
CH2BH by its ms-TPES. Its IE of 9.37±0.03 eV is in perfect agreement
with the calculated value of 9.35 eV and another band that can be assigned
to the B-C stretch mode is shifted by 1300 cm−1. The identification of these
intermediates confirms the previously proposed decomposition mechanism
based on calculations and reveals that the decomposition of TMB in argon
is unlikely to be limited to the identified intermediates and pathways at
these temperatures.
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4.3. Other Projects

Other projects that did not lead to a publication or did not work as origi-
nally intended will be described in the next sections.

4.3.1. Kinetics of the Cyclopropyl Radical

Since the kinetic investigation of the allyl radical with oxygen constituted a
proof of principle for the newly established CRF-PEPICO setup, generation
of the isomeric cyclopropyl radical was the next step. Because of its ring
strain it is thermodynamically unstable and has a propensity to isomerize to
the allyl radical when generated with high excess energies, rendering mild
formation approaches the only viable source. Figure 4.63 shows several di-
rect photolytic precursor that were evaluated for their ability to generate
cyclopropyl radicals without isomerization, yielding mixed results. Arnold
et al. investigated the direct photolysis of cylpropyl iodide at 266 nm and
279.7 nm using a VMI coupled REMPI scheme, imaging the resulting iodine
atoms as well as the electrons. [403] They found that in gas- and solution-
phase the allyl radical is the only detectable product from photoexcited
cyclopropyl iodide and provide computational evidence of a ring opening
mechanism via a double-surface crossing mechanism. Dicyclopropylketone
(DCPK) was investigated as another possible photolytic precursor by Clegg
et al., who also found a direct isomerization upon photolytic bond cleav-
age at 193 nm. [404] Engel and Bodager used diazocyclopropane and irra-
diated the molecule at 254 nm in a hydrocarbon bath gas and detected
cyclopropane in a broad mixture of products using gas chromatography
from which they deduced the existence of cyclopropyl radicals. [405] Bicy-

Figure 4.63.: Selected precursors for direct generation of cyclopropyl rad-
icals that were already investigated prior to this study.
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clopropyl was used as a precursor in an IR multi-photon dissociation study
to reveal the ring opening to a 1,3-biradical species. [406] The most selec-
tive direct photolytic precursor for cyclopropyl radicals was determined to
be bis(cyclopropylformyl) peroxide, which was irradiated at 308 nm in so-
lutions of several hydrocarbons and trapping reagents to yield exclusively
cyclopropyl radicals. [407,408] Dyke et al. used the hydrogen abstraction from
cyclopropane by fluorine atoms to provide the first photoelectron spectrum
of the cyclopropyl radical, in which they assigned an ionization energy of
8.18±0.02 eV and found spacings of 1000 cm−1. [409] Similarly DeSain et
al. investigated the HO2 and OH production after the reaction of cyclo-
propyl radicals, which they generated by hydrogen abstraction using chlo-
rine atoms, with oxygen and deduced several rate constants from this but
did not characterize the radical itself. [410] Overall the hydrogen abstraction
route using chlorine and fluorine atoms provides high radical yields and
excellent selectivity, needed for kinetic experiments according to the litera-
ture. Nonetheless, direct photolysis precursors are more desireable because
of the less convoluted background reactions, which are difficult to deter-
mine and are hardly literature known.

Figure 4.64.: Mass spectrum of bis(cyclopropylformyl) peroxide at
10.15 eV without the photolysis laser.
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Within this work two different approaches, one direct and one indirect, have
been used to generate cyclopropyl radicals. The direct approach used the
bis(cyclopropylformyl) peroxide because of its high reported selectivity, [408]

which was synthesized according to literature procedures [411,412] and pho-
tolyzed at 213 nm. The mass spectrum without the photolysis laser is pre-
sented in figure 4.64 and shows the precursor at mass 170 proving that its
vapor pressure is high enough to get into the gas-phase. The mass peak
at m/z = 86 is due to cyclopropylcarboxylic acid, which was used to syn-
thesize the precursor. The peak at m/z = 69 is due to cyclopropylformyl
most likely a product of DPI from either the precursor or the correspond-
ing carboxylic acid. When the laser is turned on using a wavelength of
213 nm, no mass 41 signal can be identified rendering the precursor un-
suitable for the generation of cyclopropyl radicals under these conditions.
The second scheme has been based on the approach described by DeSain
et al. where chlorine atoms were used to abstract hydrogen atoms from
cyclopropane. [410] This reaction is only slightly exothermic and results in
a quasi non-excited cyclopropyl radical that cannot undergo isomerization.
As source for the chlorine atoms the photolysis of oxyalyl chloride has been

Figure 4.65.: Mass spectrum of cyclopropane and oxalyl chloride at
11.30 eV without the laser present.
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used similar to the hydrogen abstraction from propene to create allyl radi-
cals. The background reactions of oxalyl chloride photolysis could be well
described in the allyl experiments and a mass spectrum of its mixture with
cyclopropane is shown in figure 4.65. However, after turning on the laser
at 213 nm no significant signal of m/z 41 could be observed. Scattered
light by the laser created surface electrons inside the experimental cham-
ber, which were accelerated by the ion optics and ended up ionizing bath
gas argon atoms in an electron impact like ionization procedure. This led
to significant noise peaking at around m/z 40 making it hard to detect
small amounts of 41. A rough (∆E = 0.015 eV) TPES scan displayed in
figure 4.66, revealed a very small signal at m/z 41, however its signature is
very similar to the allyl radical. Therefore, it can be assumed that some of
the cyclopropyl radicals isomerize to allyl radical under our experimental
conditions.

Figure 4.66.: ms-TPES of mass 41 using the hydrogen abstraction scheme
from cyclopropane. The generated radical could be identi-
fied as allyl.
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4.3.2. Generation of a Stabilized Diborene

Substitution of the hydrogens on the parent diborene HBBH is an intrigu-
ing way to change the electronic situation of diborenes. Contrary to the
parent diborene other precursors have to be found and other generation
schemes applied to produce these species in the gas-phase and probe them
spectroscopically. A promising candidate is the bicyclic boron species that
was first synthesized by Pospiech et al. in 2012 with the specific intention
to liberate the dimethylamino substituted diborene under elimination of
anthracene. [413] For this study the compound was synthesized in the group
of Prof. Holger Braunschweig by Alexander Okorn and measured using the
pyrolysis setup at the VUV-beamline of the SLS. The compound is air- and
moisture sensitive and was placed in 20 mg portions into the nozzle while
under argon atmosphere using a glovebag. The source was attached to the
endstation and momentarily evacuated to limit decomposition through con-
tact with air. Although its molar mass is quite high, heating the precursor
to 95°C increases the vapor pressure enough to yield a good signal as dis-
played in figure 4.67.
Even without pyrolysis a strong signal at mass 178 can be identified as

Figure 4.67.: Mass spectrum of the bicyclic boron precursor at 8.00 eV
and no pyrolysis.
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residual anthracene, with an IE of 7.415±0.010 eV, most likely formed as a
byproduct of the synthesis or as a decomposition product with air. Next
to the anthracene signal figure 4.67 shows a strong mass peak at 288 at
8.00 eV, which can be assigned to the bicyclic boron precursor. When the
pyrolysis is turned on, the precursor signal intensity is lowered, while strong
peaks at mass 110 and 45 are formed as displayed in figure 4.68. The latter
does not exhibit an isotopic pattern and can be assigned to dimethylamine
(IE 8.20 eV). The peak at 110 is in perfect agreement with the mass for the
doubly substituted dimethylamino diborene and exhibits a strong isotopic
pattern that matches the expected diborene structure. Its intensity is equal
for 15 and 18 W pyrolysis power but diminishes significantly above 20 W
although the precursor signal does not completely vanish. The IE of the
corresponding diborene was calculated to be only 5.80 eV, however no signal
could be detected at around 6 eV. Another signal at mass 273 also increases
in intensity when pyrolysis is turned on that can be attributed to a methyl
loss from the precursor showing another possible decomposition channel.

Figure 4.68.: Mass spectrum of the bicyclic boron precursor at 8.00 eV
and different pyrolysis powers.
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The precursor cannot be destroyed completely at these temperatures, and
no signal can be observed near the calculated IE of the diborene. Thus, the
precursor does not seem to liberate the diborene in the pyrolysis. The mass
110 signal is rather formed by DPI, which is in line with its decreased inten-
sity at higher pyrolysis powers and the relative intensities of the precursor
and mass 110 in electron impact studies. However, this channel does not
exist up to 10.50 eV when pyrolysis is turned off. During thermolysis the
relatively weak C-N bond can be broken before anthracene is cleaved off,
destroying the diborene structure in the process, which is proven at pyrol-
ysis powers of 30 W where a broad mass peak around mass 230 is observed
that could correspond to a variety of methyl or alkyl amine losses from the
precursor. The B-C bond towards the anthracene seems to be relatively
stable an is thus unsuitable to cleave off the proposed diborene compound.
In principle this scheme could be successful when the dimethylamino groups
and anthracene can be substituted by other functional groups and the ring
strain and resulting aromaticity could be increased by incorporating smaller
rings like benzene into the molecule.
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4.3.3. Photolysis of Borane Carbonyl

Boranes have a unique electronic situation with less valence electrons than
orbitals for bonding. This inherent electron deficiency leads to an unstable
borane molecule BH3, which can stabilize itself by dimerization to diborane
B2H6, with two three-center-two-electron bonds. The kinetics and ther-
modynamics of this dimerization are largely unkown and have only been
partially derived from measurements using PIE curves. [414,415] Finding a
precursor that selectively generates BH3 through photolysis can open up
an experimental pathway to determine the kinetics of its dimerization and
help to elucidate other crucial thermodynamic parameters like dimerization
energies. Borane carbonyl (BH3CO) has been identified to liberate borane
and inert carbon monoxide molecules upon photolysis at 193 nm. [416–419]

However, it is gaseous and metastable at room temperature making it
hard to handle and store for longer periods. It was first synthesized by
Burg and Schlesinger in 1937 by co-condensation of diborane and carbon
monoxide, [420] an unpractical, highly toxic and dangerous way for regular
synthetic chemists. Parry et al. developed an easier method for storing

Figure 4.69.: Mass spectrum of borane carbonyl at 12.00 eV without pho-
tolyis laser.
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and handling BH3CO by converting it to a carboxide salt (BH3CO2−
2 ),

which releases borane carbonyl upon treatment with concentrated phos-
phoric acid. [421] Their method still involved the tedious synthesis of borane
carbonyl, which could be avoided by Schubinger et al. in 2001. [422] They
used the loosely bound borane-tetrahydrofurane complex as starting mate-
rial, through which they bubbled carbon monoxide to generate BH3CO as
an intermediate that can be separated by cold trap destillation because of
its much lower boiling point. Subsequent introduction of borane carbonyl
to a cooled ethanolic potassium hydroxide solution generates the carboxide
salt that can be isolated as a colorless solid. Figure 4.69 shows the mass
spectrum of BH3CO at 12.00 eV well above the calculated IE of 10.58 eV
using the CBS-QB3 method. Two minor peaks at masses 32 and 44 can
be assigned to oxygen and CO2 respectively occurring as impurities in-
side the chamber. The major peak is located in the mass 42 channel that
corresponds to borane carbonyl, while three more peaks between 41 and
39 can be attributed to a combination of hydrogen loss by DPI and the
10B isotopes of the respective species. The precursor was characterized
by ms-TPE spectroscopy in combination with quantum chemical calcula-
tions on CBS-QB3 level of theory as illustrated in figure 4.70. Borane

Figure 4.70.: ms-TPES of borane carbonyl between 10.5 eV and 12.75 eV.
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carbonyl exhibits a C3v symmetry and its orbital structure is thus very
similar to ammonia borane. The two HOMOs represent a doubly degen-
erate pair of πx and πy orbitals with e-character and major contributions
at the boron, from which ionization to the electronic ground state of the
cation occurs. This results in a Jahn-Teller effect through which the low-
est state splits up and causes a broadening in the spectrum that was first
recognized by Lloyd and Lynaugh. [324] As previously mentioned this ef-
fect cannot be accurately described by single-reference quantum chemical
calculations, which is why the FC-simulation does not fit the experimen-
tal spectrum very well. Between 11.75 eV and 12.00 eV a sharp decrease
in the mass 42 signal can be seen that corresponds to a hydrogen loss
by DPI. The mass 41 signal peaks at around 12.00 eV before decreasing
while the signal in mass channel 40 becomes the most dominant indicating
another hydrogen loss channel. The corresponding breakdown diagram is
displayed in figure 4.71 and has been corrected for the respective 10B iso-
topes. Upon photolysis at 213 nm the signals do not change and no borane
mass peak could be identified. Rice et al. describe the absorption spec-
trum of BH3CO containing a first peak at 55 800 cm−1 (≈ 179nm) with

Figure 4.71.: Breakdown diagram of borane carbonyl between 10.50 eV
and 12.75 eV.
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a second, more intense, transition peaking at 63 800 cm−1 (≈ 157nm). [416]

Therefore, it is likely that the cross section at 213 nm is too small to gen-
erate borane in sufficient amounts.
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4.3.4. Pyrolysis of Bi(NMe2)3

Reactive bismuth species have been proven to exist as part of catalytic
processes, and only recently the first free bismuthinidine BiMe has been
spectroscopically characterized. [393] By using IEs and AEs the Bi-C bond
strength could be revised and selective bond breaking in BiMe3 can start
only slightly above room temperature. In order to expand the scheme to
other substituents tris(dimethylamino)bismuth (Bi(NMe2)3) has been in-
vestigated as a possible pyrolysis precursor for similar bismuth radicals and
biradicals. The compound itself is air, moisture, light and temperature
sensitive and is thus very difficult to handle in the non-inert atmosphere
necessary to get it into the sample container of the pyrolysis setup and the
endstation. After 300 mg of the compound were placed inside the container,

Figure 4.72.: Mass spectra of Bi(NMe2)3 at different pyrolysis tempera-
tures.
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the source was attached to the endstation and evacuated. Without heating
the vapor pressure of the compound is too low and therefore it was heated
to 40°C at which the signal sharply increased. The mass spectrum of the
compound at 8.00 eV without pyrolysis is shown in the upper trace in figure
4.72 and exhibits three distinct peaks. The precursor mass is 341, corre-
sponding to the highest peak, whereas the two others can be explained by
the loss of one and two dimethylamino groups through DPI, respectively.
Even at very low pyrolysis powers the precursor signal drops in intensity
and the other two signals gain intensity relatively to it illustrated in the
middle trace of figure 4.72. Several lower mass peaks can be identified
either as dimethylamine or its dimer tetramethylhydrazine indicating an
abstraction in the pyrolysis tube and a high bimolecular reactivity in the
molecular beam. The latter originates from the sharp gas-phase transition
and the uncontrollable vaporization mechanism the precursor exhibits, ren-
dering a more diluted gas-phase one further challenge of this compound.
At these pyrolysis temperatures the precursor signal does not get destroyed
completely and the apparent DPI channels forming the respective radicals
and biradicals prevent the analysis with a partially decomposed precursor.
Increasing the pyrolysis power destroys the precursor completely but no

Figure 4.73.: ms-TPES of Bi(NMe2)3 and its dimethylamino loss channel.
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signal from either radical or biradical can be detected, instead at 9 W two
other signals start to appear that can be attributed to Bi atoms and Bi2
molecules. This proves that a selective and sequential abstraction mech-
anism similar to BiMe3 is not possible with its dimethylamino congener.
The reason for this are either secondary processes like coatings inside the
pyrolysis tube, which have been observed for some iron complexes or the
extremely weak Bi-N bond so that all three bonds are cleaved almost si-
multaneously. The precursor could be characterized by ms-TPES which is
shown in figure 4.73 and the corresponding breakdown diagram is depicted
in figure 4.74. Its IE was calculated to be 6.71 eV, which is slightly below
the first observable rise in the spectrum at around 6.95 eV. The spectrum
itself is broad without any prominent features and the signal starts to de-
cline between 7.20 and 7.30 eV representing the onset of DPI, which is only
slightly above the IE and can be explained by a shallow potential well of the
precursor cation and the low binding energy of the dimethylamino groups
to the central atom.

Figure 4.74.: Breakdown diagram of the dimethylamino loss channel in
Bi(NMe2)3.
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4.3.5. Hydrogen Abstraction by Xenon Difluoride

Fluorine atoms are an excellent initiators for hydrogen abstraction reac-
tions. However, their generation is not straightforward and usually re-
quires the handling of a microwave generated plasma. [423] In addition these
setups require a large amount of substance, limiting their application to
either commercially available precursors or easily scaleable synthesis proce-
dures. A softer and more selective approach is their photolytic generation
using a suitable and stable precursor molecule. Usually fluorine exhibits
strong bond dissociation energies with almost all elements, which prevents
their use as easily cleaveable precursors. This strong oxidizing capability of
fluorine has been exploited to generate noble gas compounds that are only
stable with fluorine substituents. These molecules have low bond energies
and are excellent precursors for fluorine atoms, especially xenon difluoride
XeF2, containing a total bond energy of 265 kJ mol−1. While the first fluo-
rine in XeF2 is bound with 252 kJ mol−1, the second exhibits only a bond
energy of 13 kJ mol−1, and is quasi non-bonding. [424] Thermally XeF2 it is
stable up to several hundred kelvin, but the fluorine atoms can be selectively
cleaved off by exciting a dissociative state with a UV photon. [425] Using this

Figure 4.75.: Allyl radical TPES generated by the abstraction of hydro-
gen atoms from propene.
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scheme, the first fluorine atom is directly cleaved off, creating the excimer
XeF, which is often used as a source in excimer laser systems. [424] Since it
is only stable in the excited state, it decomposes rapidly, ultimately gener-
ating two fluorine atoms and one inert xenon atom per absorbed photon.
XeF2 has a good vapor pressure (5 mbar [424,426]) and a decent photolysis
cross section in the UV (2.56±25×10−19 cm2 at 206 nm [427]), rendering it an
ideal precursor for photolytic gas-phase experiments. For chemical kinetics
this approach has been pioneered by Fittschen and co-workers. [428–430]

For a first proof of principle experiment XeF2 was used in the abstraction
of hydrogen atoms from propene, similar to the already established chlorine
route. For this XeF2, propene and argon were introduced into the photol-
ysis reactor described in section 3.2.3. As a photolysis wavelength the 5th

harmonic of a 10 Hz Nd:YAG laser at 213 nm was used and the products
characterized by ms-TPE spectroscopy.
The corresponding ms-TPES of the abstraction mass channel 41 is dis-
played in figure 4.75. It shows a first strong peak at 8.13 eV which is
the IE of the allyl radical, providing evidence for a working abstraction
route. The high formation enthalpy of HF could also lead to the creation of
the isomeric propenyl radicals, where a hydrogen is abstracted directly at
the carbon-carbon double bond. These species are much higher in energy
than allyl and have calculated IEs of 7.65 eV (CH3 –C• ––CH2) and 7.46 eV
(CH3 –CH––C•H) with a singlet ground state in the cation. Both molecules
exhibit a linear CCC framework in the cation, so geometry change is rather
large compared to the bent neutrals. The absent mass signal below 8.13 eV
proves that the propenyl radicals are not generated in large amounts during
the abstraction process.
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This thesis highlights the importance of isomer-selective approaches for the
complete analysis of chemical processes. The method of choice is photoelec-
tron/photoion coincidence (PEPICO) spectroscopy, which allows simulta-
neous detection of electrons and ions coming from a single ionization event.
Ionization techniques are sensitive and can record a number of species si-
multaneously, rendering them ideal tools to probe single steps in molecular
transformations. Coupling these setups to completely tunable, high flux,
synchrotron radiation allows one to analyze complex mixtures with isomer
selectivity based on ionization energies and vibrational structure in the
cation, without any prior separation steps. To make full use of this, thresh-
old photoelectron spectra have to be recorded. Up to now, only very few
setups exist that can be used to gather these data, although their impact
and applicability is growing steadily in a number of different fields. Within
the realm of closed-shell species an easier and more widely used method
is gas-chromatography, but most open shell species would not survive the
separation process. Since radicals cannot be stored under ambient con-
ditions, they have to be created by selectively converting stable precursor
molecules. Depending on the radical generation method different properties
can be investigated ranging from thermodynamic data, over concentrations
in high temperature environments, to chemical kinetics.
The main focus of the first part of this thesis is the determination of bi-
molecular rate constants. Isomeric hydrocarbon radicals were generated by
a high intense UV light pulses and their kinetics with oxygen was measured.
The conditions were chosen so that the oxygen concentration can be seen as
constant throughout the experiment, i.e. so called pseudo-first-order condi-
tions. The pressure dependence of different isomers in the falloff region was
compared to theoretical models, and their reactivity could be explained.
The second part deals with boron containing compounds in various elec-
tronic situations. The corresponding precursors were successfully synthe-
sized, according to literature procedures or could be commercially bought.
They were subjected to fluorine atoms in chemical reactors or destroyed
pyrolytically at high temperatures. Most investigated species exhibited vi-
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bronic effects that could be elucidated using high level computations.
The key findings of this thesis can be summarized as follows:

� The allyl radical was successfully generated using direct and indirect
photolytic schemes and its pressure dependent rate constants with
oxygen were investigated. Precursors were allyl iodide or propene,
which was subjected to chlorine atoms that could abstract the ter-
minal hydrogen at the methyl site. The rate constants exhibited sys-
tematically lower rate constants compared to the literature, which
was partly explained by experimental differences.

� The methylallyl radicals 1-methylallyl (1-MA) and 2-methylallyl
(2-MA) were generated from their corresponding halide precursors.
Their isomer selective rate constants with oxygen were measured at
different pressures. The high pressure limiting rate constants in-
creases with molecular size, and radical substitution site, which is
in line with the experimental observations.

� The radical IO has been generated by bimolecular reaction between
ozone and iodine atoms. Its IE of 9.71±0.02 eV fits well to the pre-
vious experimental measurements, although its vibrational structure
differs significantly. The relativistic effects in IO+ lead to a spin-
spin splitting that creates two close lying triplet states, which are
split by ≈0.13 eV. The vibrational progressions could be identified at
810 cm−1 and 730 cm−1 for the lower and higher state respectively,
which is in agreement with theoretical predictions.

� The hydrogen abstraction of diborane (B2H6) created a number of re-
active boron species, which were identified by the related slow-photo-
electron spectroscopy technique. Among the identified molecules were
BH, BH2, HBBH, and BF. The highly exothermic abstraction process
created BH in the ground and first excited triplet state and through
the two IEs at 9.82±0.02 eV and 8.48±0.02 eV a Singlet-Triplet gap
of 1.34±0.03 eV was measured.
The intense vibrational progression of the bending mode in BH2

(955 cm−1) made it possible to determine its IE at 8.12±0.02 eV, al-
though no transition can be seen at this energy due to small Franck-
Condon factors.
HBBH, a prime example of a biradical, was identified and an IE of
9.08±0.015 eV with a vibrational progression of 1100 cm−1 from the
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symmetric stretching mode. It is a linear molecule with a Π ground
state in the cation that exhibits a Renner-Teller effect.
BF was identified as a side product inside the fluorine reactor and
its IE has been measured at 11.11±0.02 eV in perfect agreement with
previous experimental data. Large discrepancies exist in the vibra-
tional frequency in the cation, where a wavenumber of 1690 cm−1 was
measured to improve previous values.

� The nitrogen-boron pair (NB) is isoelectronic to the CC unit, which
has created a lot of interest in a variety of different fields. NH3BH3

has been investigated as a potential hydrogen storage system, but
very few gas-phase studies exist to date. Its IE was determined to be
9.25 eV which is very close to the computed one, and a Jahn-Teller
effect has been recognized in the cation.
Borazine is the inorganic analogue of benzene, however its characteri-
zation is far less complete than its hydrocarbon congener. The IE has
been determined at 10.01±0.02 eV with a pronounced and convoluted
vibrational activity in the cation, that is different from benzene itself.
The parent iminoborane HBNH was generated by pyrolysis of bo-
razine and exhibits an IE of 11.31±0.02 eV and a vibrational fre-
quency in the cation of 1550 cm−1 originating from the symmetric
stretching mode. A Renner-Teller effect has been identified in the
spectrum similar to HBBH.

� The pyrolysis of trimethyl borane (TMB) resulted in a temperature
dependent decomposition in two parallel pathways. At lower temper-
atures the loss of methane dominates, that leads to CH3BCH2 with an
IE of 8.55±0.03 eV. Other C2H5B isomers cannot be excluded in the
formation as well. At higher temperatures ethene is cleaved off from
TMB. This creates CH3BH2 with a computed IE of 11.11 eV and can
further decompose by splitting off hydrogen to create a CH3B species.
From the two isomers CH3B and CH2BH the latter could be identi-
fied by its IE (9.37±0.03 eV) and vibrational structure in the cation
(1300 cm−1).
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A.1. Synthesis

The following chapter describes the synthetic procedures used to synthe-
size some precursor molecules. All chemical were bought either at the
Chemikalienausgabe der Fakultät für Chemie und Pharamzie der Univer-
sität Würzburg or from commercial vendors like Sigmal Aldrich or ABCR
and used without further purification.
Unless otherwise noted, the following conditions apply. Each reaction was
performed using standard Schlenk techniques or glovebox techniques under
argon. Glassware was heated under vacuum conditions prior to use. Sol-
vents used for reactions (ethanol, tetraglyme) were dried, deoxygenated,
and argon saturated using the freeze-pump-thaw method. 1H, 11B and
11B{1H} NMR were recorded at 296 K on a Bruker Advance 400 (oper-
ating at 400.1 MHz for 1H and 100.6 MHz for 11B). All chemical shifts
(δ) were referenced to solvent peaks via residual solvent peaks acetone-d6

(1H, 2.05 ppm) and D2O (1H, 4.79 ppm). Coupling constants (J) are given
in Hertz. Peak multiplicities are given with the following abbreviations:
s = singlet, d = doublet, t = triplet, q = quartet.
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A.1.1. Synthesis of K2BH3COO

Figure A.1.: Experimental setup for the synthesis of K2BH3COO.

A three-necked round bottom flask equipped with a reflux condenser and
gas inlet was charged with 30 mL BH3·THF. The gas inlet was attached to
a CO bottle with a pressure regulator and needle valve. The reflux con-
denser was cooled to -50°C and the CO bottle opened so that each second
one bubble was produced. The gas stream was held constant for 120 min
and afterwards slightly increased (30 min). At all times the temperature of
the reflux condenser was between -30 and -50°C. The gas passed two cold
traps held at -50°C and was inserted in a ethanolic potassium hydroxide
solution (2.8 g KOH; 200 mL ethanol). There was no difference between
dried ethanol and commercially available ethanol (96%). After 2.5 h the
CO stream was stopped and the ethanolic solution heated to reflux for 1 h.

205



Appendix Ph.D. Thesis

The BH3COO2− salt precipitated during reflux. It was collected using a
frit and washed with cold ethanol and diethyl ether. It was characterized
by 1H, 11B, and 11B{1H}. Please note that the corresponding sodium salt
is easily soluble in ethanol and does not precipitate. [421] A major factor
for the success of the reaction is the quality of the commercially bought
BH3·THF. Some batches are unsuited for this reaction, and no product
formation was observed.
1H NMR (400.1 MHz, D2O, δ [ppm]): 0.79 (q, 1:1:1:1, 1J(1H-11B)=80 Hz).
11B NMR (100.4 MHz, D2O, δ [ppm]): 32.09 (q).
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A.1.2. Synthesis of BH3CO

Figure A.2.: Experimental setup used to liberate BH3CO from
K2BH3COO.

10 mL concentrated phosphoric acid were filled in a 100 mL schlenk tube
and frozen using liquid N2. 1 g of K2BH3COO was placed on top of the
frozen acid and the tube attached to a bridge that lead to a nitrogen cooled
empty flask. The system was evacuated and the melting phosphoric acid
reacted with the K2BH3COO generating BH3CO and water. The much
more volatile BH3CO gas was trapped in the liquid nitrogen cooled flask,
which could be used for later experiments and characterized by gas-phase
IR. [431]
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A.1.3. Synthesis of Borazine

Figure A.3.: Setup used for the synthesis of borazine. The product was
isolated at -78°C in the cold traps.

Borazine was synthesized according to reaction (48) and protocols are avail-
able from the literature. [360,361]

3 (NH4)2SO4 + 6 NaBH4 −−−−−−−→
tetraglyme

2 B3N3H6 + 3 Na2SO4 + 18 H2 (48)

A 2 L three necked round bottom flask was equipped with a thermometer
and fractionating coloumn. The exit of the coloumn was attached to a T-
piece where one end lead to a pressure gauge and the other to a cold trap. A
second cold trap was installed before the system was attached to the man-
ifold. The round bottom flask was charged with 350 mL tetraglyme and
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a blended mixture of (NH4)2SO4 (30.7 g) and NaBH4 (82.3 g) was added.
Upon addition, gas evolution started from the suspension. It was carefully
heated to 40-50°C under constant stirring and subsequently to 80°C until
hydrogen evolution subsided. The reaction mixture was extracted under a
dynamical vacuum between 6-20 mbar for one hour and in addition 20 min
at 135°C and full vacuum. The raw product could be isolated from the cold
traps.
The raw product was a colourless suspension and according to 1H and 11B
was contaminated with another boron compound. Multiple purification
steps by recondensation did not yield any improvement in product quality,
however photoionization mass spectra indicated that the impurity did not
have a high vapor pressure. The tetraglyme could be reused up to three
times until the solid side products made stirring the mixture impossible.
Borazine was characterized by IR, Raman, photoionization mass spectrom-
etry, 1H and 11B-NMR spectroscopy.
1H NMR (400.1 MHz, acetone-d6, δ [ppm]): 5.38 (t, 3H,), 4.38 (q, 3H).
11B NMR (100.4 MHz, acetone-d6, δ [ppm]): 30.57 (d).
11B{1H} NMR (100.4 MHz, acetone-d6, δ [ppm]): 30.57 (s).
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A.2. Spectra

Figure A.4.: ms-SPES of HBF between 7.50 and 8.90 eV.
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Figure A.5.: Breakdown diagram of trimethylborane between 10.00 and
10.65 eV. Data were recorded up to 10.60 eV due to the MgF2

cutoff.
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Figure A.6.: 1H and 11B NMR of K2BH3COO.
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Figure A.7.: Gas-phase IR spectrum of BH3CO.
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Figure A.8.: 1H (top), 11B (middle) and 11B{1H} (bottom) NMR of bo-
razine.
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de Expertise in dem Feld hat sich öfters in, im Nachhinein, komischen
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geschehen übrigens. Für mich unvergessen ist die Zeit mit dir auf den Kon-
ferenzen, bei denen du trotz wenig Schlaf meistens trotzdem in den mor-
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habt mich in meiner Zeit in der Fachschaft und im JCF in vielen organ-
isatorischen Bereichen unterstützt und habt die ein oder andere Veranstal-
tung erst ermöglicht.
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strahlungsquellen - Eine Einführung, Vol. 2., B. G. Teubner,
Stuttgart, 1996.

[63] H. J. Kirkwood, R. Letrun, T. Tanikawa, J. Liu, M. Nakatsutsumi,
M. Emons, T. Jezynski, G. Palmer, M. Lederer, R. Bean, J. Buck,
S. D. D. Cafisio, R. Graceffa, J. Grünert, S. Göde, H. Höppner,
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feld, K. Hämeri, L. Pirjola, M. Kumala, S. G. Jennings, T. Hoffmann,
Nature 2002, 417, 632–636.

233



Bibliography Ph.D. Thesis

[196] R. A. Durie, D. A. Ramsay, Can. J. Phys. 1958, 36, 35–53.

[197] I. Barnes, K. Becker, J. Starcke, Chem. Phys. Lett. 1992, 196, 578–
582.

[198] N. Walker, D. E. Tevault, R. R. Smardzewski, J. Chem. Phys. 1978,
69, 564–568.

[199] J. Brown, C. Byfleet, B. Howard, D. Russell, Mol. Phys. 1972, 23,
457–468.

[200] S. Saito, J. Mol. Spectrosc. 1973, 48, 530–535.

[201] M. K. Gilles, M. L. Polak, W. C. Lineberger, J. Chem. Phys. 1992,
96, 8012–8020.
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S. Schmidt, R. Hall-Wilton, H. Högberg, J. Birch, R. Tonner, H. Ped-
ersen, J. Phys. Chem. C 2017, 121, 26465–26471.

[389] P. R. Rablen, J. F. Hartwig, J. Am. Chem. Soc. 1996, 118, 4648–
4653.

[390] P. Hassanzadeh, Y. Hannachi, L. Andrews, J. Phys. Chem. 1993, 97,
6418–6424.

[391] L. Andrews, D. V. Lanzisera, P. Hassanzadeh, Y. Hannachi, J. Phys.
Chem. A 1998, 102, 3259–3267.

[392] P. v. R. Schleyer, B. T. Luke, J. A. Pople, Organometallics 1987, 6,
1997–2000.

[393] D. P. Mukhopadhyay, D. Schleier, S. Wirsing, J. Ramler, D. Kaiser,
E. Reusch, P. Hemberger, T. Preitschopf, I. Krummenacher, B. En-
gels, I. Fischer, C. Lichtenberg, Chem. Sci. 2020, 11, 7562–7568.

246



Ph.D. Thesis Bibliography

[394] J. Berkowitz, J. P. Greene, H. Cho, B. Ruscić, J. Chem. Phys. 1987,
86, 674–676.

[395] P. R. Rablen, J. F. Hartwig, J. Am. Chem. Soc. 1996, 118, 4648–
4653.

[396] B. A. Williams, T. A. Cool, J. Chem. Phys. 1991, 94, 6358–6366.

[397] M. K. Murphy, J. L. Beauchamp, J. Am. Chem. Soc. 1976, 98, 1433–
1440.

[398] R. W. Law, J. L. Margrave, J. Chem. Phys. 1956, 25, 1086–1087.

[399] N. Galland, Y. Hannachi, D. V. Lanzisera, L. Andrews, Chem. Phys.
2000, 255, 205–215.

[400] F. Holzmeier, M. Lang, K. Hader, P. Hemberger, I. Fischer, J. Chem.
Phys. 2013, 138, 214310.

[401] S. J. Kim, T. P. Hamilton, H. F. Schaefer, J. Phys. Chem. 1993, 97,
1872–1877.

[402] A. Thon, D. Saulys, S. A. Safvi, D. F. Games, T. F. Kuech, J. Elec-
trochem. Soc. 1997, 144, 1127–1130.

[403] P. A. Arnold, B. R. Cosofret, S. M. Dylewski, P. L. Houston, B. K.
Carpenter, J. Phys. Chem. A 2001, 105, 1693–1701.

[404] S. M. Clegg, B. F. Parsons, S. J. Klippenstein, D. L. Osborn, J. Chem.
Phys. 2003, 119, 7222–7236.

[405] P. S. Engel, G. A. Bodager, J. Org. Chem. 1988, 53, 4748–4758.

[406] W. E. Farneth, M. W. Thomsen, J. Am. Chem. Soc. 1983, 105,
1843–1848.

[407] J. D. Nieto, O. S. Herrera, S. I. Lane, E. V. Oexler, Int. J. Chem.
Kinet. 1993, 25, 63–66.

[408] L. J. Johnston, J. C. Scaiano, K. U. Ingold, J. Am. Chem. Soc. 1984,
106, 4877–4881.

[409] J. Dyke, A. Ellis, N. Jonathan, A. Morris, J. Chem. Soc., Faraday
Trans. 2 1985, 81, 1573–1586.

247



Bibliography Ph.D. Thesis

[410] J. D. DeSain, S. J. Klippenstein, C. A. Taatjes, M. D. Hurley, T. J.
Wallington, J. Phys. Chem. A 2003, 107, 1992–2002.

[411] Y. Li, Y. Han, H. Xiong, N. Zhu, B. Qian, C. Ye, E. A. B. Kantchev,
H. Bao, Org. Lett. 2016, 18, 392–395.

[412] L. A. Singer, N. P. Kong, J. Am. Chem. Soc. 1966, 88, 5213–5219.

[413] S. Pospiech, S. Brough, M. Bolte, H.-W. Lerner, H. F. Bettinger,
M. Wagner, Chem. Commun. 2012, 48, 5886–5888.
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