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1. Prüfer: ..................................................
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Chapter 1

Introduction

Reactive species like radicals, biradicals, and carbenes are important groups of

molecules present in numerous areas of chemistry. Students are usually introduced

to this field during their undergraduate studies by several well known representa-

tives. Basic concepts of the electronic structures of these molecules are illustrated

by important examples like the hydroxyl radical or triplet oxygen. Rare cases of

very stable radicals are also presented in the form of the simple nitric oxide radical

or commercially available organic compounds like (2,2,6,6-tetramethylpiperidin-1-

yl)oxyl (TEMPO). Apart from that, reactive species are omnipresent in many re-

action mechanisms in organic and inorganic chemistry, where they often represent

key short-lived intermediates in synthesis.

Radicals are particularly important in the field of polymer chemistry. Here,

radicals are produced by various methods like photolysis, thermal decompositions,

or most often radical initiators.[1] The radicals then undergo radical chain polymer-

ization, which enables the growth of long polymer chains until termination.[2] The

compounds produced with this technique are essential for modern life, produced

on a gigaton scale every year. They include common materials like polyethylene

(PE), polypropylene (PP), and polyvinyl chloride (PVC).[3] Hence, a profound un-

derstanding of the underlying radical chemistry is essential for optimizing these

processes, as this market is highly competitive and lowering production costs can

provide a significant advantage.

Other areas, in which radicals are prominent, are biological systems and medicine.

Here, the term free radicals is usually connected to reactive oxygen species (ROS),

which can be harmful to living organisms. Those can damage various important bi-

ological systems like proteins, lipids, or DNA and are supposedly directly linked to

human diseases like cancer, Parkinson’s disease, and Alzheimer’s disease.[4–6] Thus,

the human body has adapted to those ROS with various defense mechanisms like

1



CHAPTER 1. INTRODUCTION

antioxidants and enzymes to reduce oxidative stress.[7] Nevertheless, radicals are

also essential for the proper function of organisms. Here, they play an important

role in cell maturation,[8] defense against diseases,[9,10] and signal processing.[11–14]

These species are open-shell molecules, where electrons singly occupy one or

more orbitals. They themselves are usually thermodynamically stable but exhibit

a high reactivity towards bimolecular reactions. This is based on the low to absent

reaction barrier these species show, which leads to a high reaction probability upon

collision with another reaction partner. Consequently, radicals, biradicals, and

carbenes are very difficult to study under normal conditions as their lifetime in

chemical reactions is usually only a fraction of a second.

Over the last decades, several techniques have been developed to avoid these

problems. They allow to generate and study reactive species in more detail. These

include matrix isolation,[15,16] flame studies,[17,18] shock tubes[19,20], and molecular

beams.[21,22] All these methodologies utilize the principle of isolation to separate

the reactive species from potential reaction partners. This is then usually coupled

with spectroscopic or spectrometric detection methods for analysis.

Figure 1.1: Evolution of the world’s energy con-

sumption by source since 1800. The majority is

still coming from non-renewable energy sources

like coal, oil, or gas.[23]

In the current thesis, hy-

drocarbon radicals, biradicals,

and their reaction products

were studied utilizing molecu-

lar beam techniques and struc-

ture-sensitive IR/UV double

resonance spectroscopy. These

reactive species and the poly-

cyclic aromatic hydrocarbons

they produce are of high impor-

tance in areas where they either

occur in high concentration or

are stable under the respective

environmental conditions; most

notably, in the fields of combus-

tion, atmospheric and interstellar chemistry.

The importance of hydrocarbon radicals and PAHs in combustion processes

is evident. Despite a push in the development and implementation of emission-free

energy sources over the last two decades, renewable energy sources like wind, solar,

and hydropower only make up less than 5% of the global energy production (c.f.

Fig. 1.1). The vast majority of energy generated still relies on the combustion of

fossil fuels, mainly coal, gas, and oil.
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CHAPTER 1. INTRODUCTION

Figure 1.2: Molecular growth

from small molecules to PAHs

and particular matter.[24]

The negative implications of such an en-

ergy composition on the environment are widely

known, especially regarding climate change.

These problems are further enhanced considering

the growth in global energy consumption. The

world’s need for energy, especially electricity, has

risen annually since the mid-’60s, only somewhat

stabilizing for first-world areas. The increase in

energy consumption in up-and-coming industrial

countries, however, is enormous. The Asia Pacific

region, especially, more than doubled its annual

energy consumption since the 2000’s to over 70000

TWh; this is more than North America and Eu-

rope combined. Considering that most of this en-

ergy is produced in oil, gas, and coal power plants,

it is evident that a fundamental understanding of

the basic chemical and physical processes of the

combustion of fossil fuels is more important than

ever.[23,25,26]

The combustion of hydrocarbons can be highly

complex. The simple notion that hydrocarbons

burn in an oxygen environment to water and car-

bon dioxide, which is often already taught in

school, is more than idealistic. In reality, com-

bustion is often incomplete. This depends on

the molecular structure of the fuel, the availabil-

ity of oxygen, and important physical variables

like temperature and pressure.[27,28] This leads to

many side reactions and the production of unde-

sired secondary combustion products. These in-

clude toxic species like carbon monoxide or PAHs

and soot, which are mutagens linked to cardiopul-

monary disease and lung cancer.[29–35] Especially the latter ones gained more atten-

tion in recent years with the introduction of stricter monitoring and labor protection

limits for particulate matter in the European Union.[36,37]
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CHAPTER 1. INTRODUCTION

PAHs and, consequently, soot are generally formed from small hydrocarbon

radicals. Such are produced in the combustion of hydrocarbons under fuel-rich

conditions via oxidation with oxygen or thermal fragmentation.[38] The concentra-

tion of these radicals is usually high enough to then form heavier molecules in

radical-radical reactions. This is especially the case in combustion engines, where

high pressures are utilized to initiate the combustion process. Since the initial rad-

icals are very small, consecutive growth reactions are required to form larger PAHs

(c.f. Fig. 1.2). Here, the formation of the first aromatic ring, usually benzene, is

considered the first important step in PAH growth. The first attempt to develop

a coherent theory resulted in the hydrogen-abstraction/ C2H2-addition mechanism

(HACA).[39,40] Within the HACA mechanism, benzene is formed by the two-fold

addition of acetylene to the ethynyl radical, forming phenyl upon final cyclization.

This mechanism was particularly sound, as high concentrations of acetylene are

very common in hot flames. Although the HACA mechanism can generally explain

further PAH growth, e.g., to naphthalene or phenanthrene, it was rapidly noticed

that this mechanism is too slow to explain the extensive formation of PAHs in

combustion processes.[41–43] Thus, further mechanisms were suggested to expand

the theory of PAH formation like phenyl addition/cyclization (PAC),[44,45] methyl

addition/cyclization (MAC),[46] 1,4-cycloaddition/fragmentation (1,4-CAF)[47], and

many more.[43,48–53] This exemplifies that the formations of PAHs in hot flames are

highly complicated due to the complex nature of these systems and the large num-

ber of species present. This not only makes studies on this topic very difficult but is

also a challenge for computational simulations.[54–56] In general, up to this day, the

theory of PAH formation is still not complete and fully understood.[57] Therefore,

it is highly advised to simplify and break down specific radical reactions to bet-

ter understand important underlying partial reactions. Once the PAHs grow large

enough (>300 amu) in size, the transition from molecular size to three-dimensional

particles occurs through the aforementioned mechanisms. Here, the PAHs start co-

agulating to form primary soot particles. These then increase their size via surface

growth to soot particles of various dimensions and shapes.[38]

PAHs are not only a problem in the direct vicinity where they are produced.

Ultimately, most PAHs will be dumped into the atmosphere where they are dis-

tributed. Hence, a profound understanding of PAHs and their role in atmospheric

chemistry is highly desirable. Sources of atmospheric PAHs include anthropogenic

emissions from residential combustion, transportation, metal production, and oth-

ers. But also natural origins like volcanic activities, wildfires, and evaporation from

the earth’s surface contribute to the total PAH concentration in the atmosphere.[58]

The global PAH emissions reached their height in the ’90s and are fortunately on
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CHAPTER 1. INTRODUCTION

a decline due to more stringent emission regulations. Nowadays, the annual emis-

sions of the 16 most important PAHs (according to the Environmental Protection

Agency[58]) are around 500 kT, where newly industrialized countries like China,

India, and Brazil are the major contributors.[59]

Figure 1.3: List of 16 im-

portant PAH pollutants

acc. to the Environmen-

tal Protection Agency.[60]

The main interest in atmospheric PAHs is based on

the aforementioned health risks. Here, especially sec-

ondary reaction products of PAHs in the atmosphere are

of particular concern. PAHs can form derivatives by the

reaction with reactive atmospheric gases like OH, O2,

or NO3. The most common of these species belong to

the group of nitrated (NPAHs), oxygenated (OPAHs),

and hydroxylated (OHPAHs) PAHs and might pose ad-

ditional hazards.[61–67] Although PAHs and their deriva-

tives concentrations can be very localized to some areas,

these species can disperse globally depending on the pop-

ulation and industrial activity. Particularly, an accumu-

lation at the polar regions through long-range transport

has been observed.[58,68,69]

Removal of these species mainly occurs via wet or

dry deposition as well as photochemical degradation.[68]

The predominant mechanism for PAHs is dry deposi-

tion, where particles in the air adsorb the molecules.

These are then directly deposited on the earth’s sur-

face or washed out from the atmosphere by precipitation.

However, the PAH derivatives often possess a higher po-

larity and hydrophilic properties which allows for wet

deposition. Here, the species are directly dissolved in

clouds into raindrops and consequently removed from

the atmosphere by wash- or rain-out.[58,65,68,70,71]

The third field where small hydrocarbon radicals and

PAHs play an important role is in interstellar chem-

istry. When most people think about space, they usu-

ally picture a vast emptiness, maybe with a planet and

a star here in there. Although this notion is not en-

tirely incorrect, the interstellar medium (ISM) is much

more diverse in reality. Large accumulations of molecu-

lar matter are located in the ISM in the form of clouds

and nebulae. The composition of these structures range
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CHAPTER 1. INTRODUCTION

from simple, mostly bimolecular, molecules in diffuse clouds and dark nebulae to

large complex molecules in dark clouds.[72] The physical environment in these clouds

can vary greatly in terms of temperature and particle density which directly influ-

ences the chemical processes in these structures and the utilized detection methods.

Figure 1.4: The mid-IR emis-

sion of the Orion nebula as cap-

tured by the Spitzer Space Tele-

scope. The cloud is illuminated

by young stars formed within

this region of space.[73]

In general, the ISM is one of the few envi-

ronments in which radicals are actually relatively

stable. The low particle densities (compared to

terrestrial conditions) deprive radicals of potential

reaction partners resulting in radical lifetimes on a

much larger timescale. Furthermore, radicals are

steadily produced in the ISM from their neutral

species by cosmic radiation. Hence, it is plausible

that radicals represent a considerable amount of

the molecules in interstellar clouds. In fact, the

first two molecules ever detected in the ISM were

radicals: methylidyne CH and cyanogen CN, and

their respective ions.[72,74,75] These were identified

in the late ’30s by optical absorption studies, pre-

ceding the development of radio astronomy over

the following decades. But not only the mere

presence of radicals in the ISM is very interest-

ing; they supposedly play an important role in the

formation of larger molecules. Many new species

have been identified within the last 70 years due to

progress in telescope technology. This brings up

the question of how these molecules are formed.

The physical environmental conditions in the

ISM are not particularly beneficial for chemical

reactions. In dark clouds, for example, which are

clusters of particularly complex molecules, parti-

cle densities of 104-107 per cm3 are observed, and

temperatures often range between 20-150 K.[72]

Here, the temperature is the main critical parameter. Under such cool conditions,

chemical reactions have to be exothermic and basically activation energy free.[72]

This concludes that only certain kinds of chemical reactions are possible, i.e., ion,

radical, and surface catalyzed reactions. Hence, the formation of many species in

the ISM might be based on radical reactions.
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The presence of many heavier molecules in the ISM has been discussed over

the years, especially concerning the diffuse interstellar bands (DIBs). Up to this

day, the origins of the DIBs are not well understood, but larger carbon species

like aliphatic chains and PAHs are often discussed as major sources.[76–79] This was

originally based on their high photodissociation resistance in the ISM, the high

carbon abundance in interstellar clouds, and their strong electronic transitions in

the visible and near-infrared range.[80] The first unambiguous identification of a PAH

carrier in the DIBs, however, was only achieved recently. Maier et al. measured the

gas-phase absorption of C60
+ under suitable laboratory conditions and were able

to assign it to the DIBs at 9632 Å and 9577 Å.[81] This illustrates how valuable

experimental comparative data is in the identification of molecules in the ISM.

Most indications of PAHs in the ISM nowadays originate from infrared data.[82]

Since the Infrared Space Observatory and the Spitzer Space Observatory instal-

lation, large data sets of IR emission spectra became available. Especially, the

emission in the mid-IR region is plentiful and corresponds to a variety of CH and

CC modes. It has been suggested that these emitters contain roughly around

50 C atoms, as these species must have a low enough heat capacity for efficient

mid-IR emission after UV absorption.[83] Consequently, PAHs represent excellent

candidates for the origin of many of these mid-IR emission features.[84,85] The data

further indicates that PAHs are omnipresent in the ISM, and high concentrations up

to 10−7, in relation to hydrogen, are suggested.[83] The knowledge of the presence of

PAHs in the ISM has extensive consequences. It is assumed that they play a major

role in the photoelectric heating of gases, UV screening, and ionization processes.[86]

This means that PAHs might be profoundly responsible for specific environmental

conditions important for many chemical and physical phenomena in the ISM. Fur-

thermore, PAH features are particularly pronounced in regions of young stars and

are thus presumed to be indicators of star formation in the universe.[83]

The following thesis covers several hydrocarbon radicals and biradicals, as well

as their high-temperature reaction products. These species are studied utilizing

combined mass spectrometric and infrared spectroscopic methods. In Chapter 2,

necessary basic principles will be presented, including theoretical basics, experi-

mental basics, and the utilized experimental setups. The following chapter features

the results and discussions of the IR/UV experiments on ortho-benzyne (Section

3.1), benzyl (Section 3.2), xylyl (Section 3.3), xylylene (Section 3.4), and fulvenal-

lenyl (Section 3.5). Finally, the major conclusions of this thesis are summarized in

Chapter 4.
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CHAPTER 1. INTRODUCTION
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Chapter 2

Basic Principles

2.1 Molecular Beam Techniques

Radicals and biradicals usually exhibit a high reactivity towards intermolecular

reactions, although they are thermodynamically stable. Consequently, it is difficult

to study these species under normal conditions and requires experiments to be

performed in isolation. A good way to achieve this is to utilize molecular beam

techniques. Here, the reactive molecules can be isolated within a molecular beam,

which can be combined with many different analyzing methods. Furthermore, the

unique properties of supersonic jets are beneficial for spectroscopic applications as

they can greatly improve the quality of spectroscopic measurements.

2.1.1 Properties of Molecular Beams

Figure 2.1 illustrates the basic principle of molecular beam generation. Consider

an ensemble of molecules within a reservoir with a small hole leading to a low-

pressure source chamber. The velocity of such an ensemble will be represented by

a Maxwell-Boltzmann distribution at a given temperature.[87,88] If the pressure in

the reservoir is high enough, molecules will expand into the vacuum of the source

chamber via supersonic expansion. During this process, the molecules leaving the

reservoir collide with each other, exchanging energy. This leads to a transfer of

internal vibrational and rotational energy into the longitudinal velocity of the par-

ticles; the molecules cool down drastically. This process endures as long as the

particle density is high enough and stops once no more collisions are possible, the

molecules are isolated and reach their terminal velocity vt:
[89]

vt =

√
2kb(T0 − T1)

mmol

γ

γ − 1
,with T0 >> T1 (2.1)
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2.1 Molecular Beam Techniques Properties of Molecular Beams

Equation 2.1 can be derived from classical thermodynamics for an ideal gas,

with the initial T0 and final T1 temperatures, the molecular mass mmol and the

specific heat ratio γ. It nicely illustrates the connection between the translational

temperature cooling and the terminal velocity.[89] Finally, the central part of the jet

is selected by a skimmer[90–92] to remove particles with an appreciable transversal

velocity component. The molecular beam entering the detection chamber now solely

consists of cold molecules moving in the z-direction.
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Figure 2.1: Cooling effect occurring in molecular beams via adiabatic expansion.

The resulting jet properties can provide notable advantages in spectroscopic

applications. The low temperature of the molecules can result in high-resolution

spectra, as the population of excited vibrational and rotational states is significantly

lowered.[88,93–95] The high directionality along the z-axis can furthermore minimize

the effect of Doppler broadening.[96,97] Also, low temperatures might allow studying

systems, which otherwise would not be accessible at elevated temperatures, like

weakly bound or van der Waals complexes.[98–101]

In this thesis, the samples were seeded in a noble gas (He or Ar). This allows

higher pressures in the reservoir and increases the number of collisions during ex-

pansion, both improving cooling. Furthermore, if the carrier gas is added in excess,

it dilutes the sample significantly (improving isolating properties) and allows for

higher terminal velocities.[87] Furthermore, a solenoid valve was employed to gen-

erate a pulsed molecular beam. This provides additional cooling as the pressure
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2.1 Molecular Beam Techniques Time of Flight Mass Spectrometry

gradient increases and reduces the gas load on the source chamber.[89] The valves

can also be equipped with a variety of different nozzles which can heavily influence

the beam characteristics[102,103] and the terminal translational temperature parallel

to the trajectory according to Eq. 2.2:[88]

T
||
1 ∝ T0 × (P0d)

−6 γ−1
γ+2 (2.2)

With these techniques, translational and rotational temperatures in the sub 10

K region can be achieved.[104] For the experiments conducted in this thesis, these

temperatures were estimated to be in the region between 50 - 150 K.

If an experiment requires additional cooling, molecular beam techniques can

be extended utilizing novel cooling solutions like Stark-[105,106], Zeeman-[107,108] or

optical-[109,110] decelerators.[111] With these methods, temperatures in the low mK

regime can be achieved. Furthermore, other isolation techniques in the liquid (He-

nanodroplets)[112,113] and solid phase[114] (matrix-isolation) are also available and

are often coupled with molecular beam sources.

2.1.2 Time of Flight Mass Spectrometry

Time of flight mass spectrometry (TOF-MS) is a detection method to determine the

mass of ions in gas phase applications. Nowadays, it provides high mass resolution

of a nearly unlimited mass range. Due to its high flexibility, it can be combined

with various ionization methods (MALDI,[115] ESI,[116] PI,[117] etc.) to study many

systems from atoms[118] to biomolecules.[119] These spectrometers can be set up

in several configurations depending on the application.[120,121] In this thesis, an

orthogonal reflectron TOF-MS setup was utilized for the main part of the IR/UV

experiments. A schematic of such is displayed in Fig. 2.2.

A molecular beam enters the detection chamber of the spectrometer, and the

neutral molecules are ionized via photoionization by an external laser. This ioniza-

tion takes place within the ion optics of the spectrometer. Here, an electromagnetic

field is applied at two electrostatic plates (repeller/extractor), which accelerates ions

into the orthogonal flight tube. A third plate downstream (ground) and additional

shielding within the flight tube provide a field-free environment afterwards, the

ions are reflected at the end of the flight tube by an ion reflector. This deceler-

ation compensates for the energy spread of ions with the same mass and extends

the drift path length, both enhancing mass resolution.[122,123] Finally, the ions are

focused on a microchannel plate (MCP) detector to record the ion flight time. TOF-

spectrometers are operated under vacuum, usually in the range between 10−5-10−8

mbar, and thus multiple flanges are available for turbomolecular pumps, pressure

11



2.1 Molecular Beam Techniques Time of Flight Mass Spectrometry
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Figure 2.2: Schematic of the reflectron time of flight mass spectrometer as utilized
for the IR/UV-IDS experiments in the FELIX Laboratory. The molecular trajectory
is depicted as the blue line.

gauges, electrical feedthroughs, windows, etc.

For such a setup, the ion mass m can be obtained from the ion drift flight time

tdrift according to:[121]

tdrift ≈ 1.4xdrift

√
m

2ezU
(2.3)

or

m ≈
(
2ezUt2drift
1.4x2

drift

)
(2.4)

with the drift length xdrift, elementary charge e, ion charge number z, and the

voltage of the acceleration field U .
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In practice, the drift time tdrift is not well defined, as the start of the drift

can not be accurately determined. If so, the masses are identified using two-point

calibration with two known masses m1

tdrift,1
and m2

tdrift,2
.

2.1.3 Molecular Beam Source

The precursor molecules for flash pyrolysis are seeded within a noble gas utilizing

a molecular beam source according to Fig. 2.3. The noble gas is connected at 1

to a 6 mm stainless steel tube 2 (Swagelok). For additional stiffness and easier

handling, the tube is welded inside a bigger stainless steel tube 3 of similar length.

The tube is guided through a KF-160 flange 6 to attach the source to a vacuum

chamber. This assembly is secured by a feed-through nut with an o-ring seal, press-

fitting the tube to the flange and providing an air-tight connection. An additional

rail 5 on the vacuum side of the source provides additional stability and prevents

the source from undesired movement. The central tube is then connected to the

sample container 7 (stainless steel T-filter, SS-4TF-LE Swagelok). Here, precursor

molecules are picked up by the noble gas and seeded within the molecular beam.

Finally, a pulsed molecular jet is produced by a solenoid valve (Parker, Series 9 ).

The precursor can either be placed directly into the bottom part of the sample

container or be placed in an open glass vial with a sample holder. Both approaches

work well, but a direct insertion of a compound provides a larger surface area,

whereas placing the precursor into a vial significantly facilitates the cleaning of the

sample container. For samples that require additional heating (up to 200°C) to

improve the gas phase concentration, a heating wire can be attached to the sample

container. The wire is embedded into a steel collar d for easy handling and can be

attached to the lower part of the sample container. The sample temperature can

then be monitored with a type K thermocouple (Testa Sensor GmbH ) mounted on

the top of the main body c.

For all parts on the vacuum side that require electric wiring, several vacuum

feed-throughs are distributed on the flange. Here, all wires are soldered on the

vacuum side of the feed-throughs and are then connected to outside devices via

BNC connectors. This is usually required for the flash pyrolysis unit (DC power

supply), sample heater (DC power supply), thermocouple (temperature monitor),

and solenoid valve (pulse driver). Note that heat-resistant cable sheathing should

be utilized for wires which are in close proximity to heated elements.

Since the source consists of several detachable parts, the air-tightness should be

checked before installing the source in a vacuum chamber. Hereby, high pressure is

applied to the gas inlet, and all crucial connections are covered with soapy water.

Potential leaks can then be easily identified by bubble formation, and the connec-
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Figure 2.3: Schematic of a molecular beam source, which was utilized to produce
a pulsed molecular beam for all experiments in this thesis.

tions can be retightened until the bubbling stops. It is also advisable to check

all electric connections by measuring the electrical resistance between the outside

feed-throughs and the respective devices.

A big advantage of this design is its high flexibility as all major connections are

industry standard sized and o-ring sealed. This allows a source to be attached to

a variety of vacuum chambers and devices. Usually, only the distance between the

source and skimmer has to be adjusted. This can easily be achieved by altering the

mounting position of the tube with respect to the flange via nut 4.
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2.1.4 Generation of Reactive Species

A crucial step in researching highly reactive species like radicals is the initial gen-

eration of the molecules. The vast majority of these are not stable under normal

ambient conditions and have to be produced from a suitable precursor. Several

methods for this have been developed over the last decades.

Electrical discharges have been utilized to generate reactive species in the

field of atmospheric-[124,125] and astrochemistry.[126–128] It is based on the creation

of a cold plasma to decompose a precursor into smaller fragments. Experimen-

tally, this is accomplished by a high voltage and a ground electrode separated by

a non-conductive spacer within a vacuum environment. A precursor, often seeded

in a noble gas jet, is guided through those electrodes, and an electrical discharge

is triggered. This fragmentation process is rather harsh and non-selective, lead-

ing to a variety of different products. Like other generation methods, it can be

combined with many molecular beam techniques, e.g., pulsed beams, for efficient

cooling.[129] Due to many decomposition products in discharge sources, a structure-

sensitive detection method is highly desirable, as solely mass spectrometry-based

methods might not be able to identify all species. In this regard, electrical dis-

charge has recently been successfully combined with IR/UV ion dip spectroscopy

allowing for precise identification of molecular beam composition by mass-selected

IR spectroscopy.[130]

Alternatively, reactive species can be generated with a chemical reactor. Here,

fluorine abstraction represents the most utilized method.[131–133] Fluorine atoms

are capable of abstracting a variety of atoms from molecules to produce radi-

cals.[134] However, this methodology is mainly applied to hydrogen-containing sys-

tems, as the formation of HF is highly efficient and energetically driven (De(HF ) =

593 kJ mol−1).[135] If the precursor is small and contains only a single hydrogen

or all hydrogen atoms are equivalent, the radical generation can be quite specific.

For most hydrocarbon precursors, which contain many different hydrogen atoms,

however, a large number of different species are generated from the reaction with

multiple fluorine atoms. In this case, a structure-sensitive detection method is es-

sential.[136] A disadvantage of chemical reactors is that they are usually utilized in

effusive beam experiments and can not benefit from the advantages of a supersonic

jet.

Probably the most selective and widely used method to produce radicals is pho-

tolysis. Here, the reactive species is generated by photo-excitation of a suitable

precursor into a dissociative electronic state. The subsequent dissociation results

in the formation of the radical and the counter fragment.[137] Photolysis can be
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combined with a variety of molecular beam techniques, especially pulsed jets. The

laser excitation is performed directly after the nozzle of the molecular beam source

or in an attached quartz tube.[137] The (potentially) small excess energy transferred

during photolysis, combined with supersonic cooling, allows for the generation of

particularly cold molecules compared to other methods. Furthermore, many pre-

cursors are available for photolysis, as many bromides and iodides show dissociative

states at common wavelength like 266 nm (Nd:YAG 4th harmonic) or 193 nm (ArF

excimer).[138–140] However, the usually low conversion coefficient can be challeng-

ing for some experiments to produce sufficient radical density in the gas phase,

compared to other methods.

In this thesis, pyrolysis was used to generate the reactive species. This method

is based on the thermal decomposition of a suitable precursor. A molecule with

an appropriate leaving group entering a heated reactor is homolytically split to

create radicals. Due to the high conversion efficiency, a high radical density can be

achieved. This methodology has first been utilized in effusive beam experiments at

low vapor pressures. However, the high molecule concentration in such a setup pro-

motes undesired radical-radical recombination and secondary reaction products.[137]

Pyrolysis was tremendously improved by the introduction of flash pyrolysis. The

pyrolysis could now be combined with pulsed molecular beam sources at high pres-

sure. This lessens the dwell time within the pyrolysis tube to less than 100 μs to

reduce the aforementioned unwanted processes and makes cooling via supersonic

expansion possible.[141] The vast pool of suitable pyrolysis precursors enables the

generation of many reactive species, some not available with other methods. In gen-

eral, the high flexibility of pyrolysis sources led to their implementation into many

experiments with various detection methods, e.g., millimeter-wave spectroscopy[142],

electronic UV spectroscopy[143,144], matrix-isolation[145], femtosecond time-resolved

photoionization[146], and many more.

2.1.4.1 Flash Pyrolysis Unit

The flash pyrolysis unit employed in this thesis is constructed following the design

of Kohn and Chen,[147] often referred to as Chen Nozzle. It consists of a silicon

carbide (SiC) tube and two identical stainless steel electrodes. Applying a current

to the electrodes heats the SiC tube in the heating region to temperatures between

600 - 1800 K. Molecules are then pyrolyzed upon injection into the SiC tube from

a solenoid valve.

The SiC tube (Saint Gobain Keramik, Hexoloy Se) has a length between 20-

40 mm with an inner diameter of 1 mm. It is connected to the nozzle of a solenoid

valve (general valve, parker) via a ceramic tube mount (MACOR) attached to the
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Figure 2.4: Exploded view drawing of a flash pyrolysis unit.

faceplate of the valve. The tube is held in place by insertion into the central borehole

of the tube mount and secured via press-fit with a screw. The tube mount also serves

as a thermal insulator resisting temperatures up to 1000 K.[87] The electrodes are

then attached downstream. The last electrode is usually placed flush with the end

of the SiC tube. An electrode consists of an upper/lower main electrode body, a

SiC wedge, and an electrode front plate. The SiC wedge is placed into the cavity

of the main body and press-fit into place by the front plate with two screws. The

electrode is then attached to the SiC tube by assembling the upper and lower part

with two vertical mounting screws. This also determines the mounting pressure and

should be performed carefully to prevent damaging the tube. The inner diameter of

the SiC wedges matches the outer circumference of the SiC tube, ensuring contact

between the SiC tube and the electrode. This furthermore prevents cracking of the

SiC tube from thermal expansion of the electrode during operation. The electrodes

are connected to a DC power supply using two power connectors (metal washers)

jammed between the electrode and a vertical mounting screw. Typically, a power

between 0 - 80 W is applied for heating. It can be increased above this threshold for

a certain period of time, but the risk of tube burn out is then increased as well. The

placement of the upstream electrode defines the heating region of the pyrolysis unit.

Typical heating lengths are in the range between 5-10 mm. Here, shorter heating

lengths efficiently produce decomposition products from the precursor. However, if

secondary reaction products of the reactive species are of interest, longer heating
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regions can promote bimolecular reactions. The SiC tube can then additionally

serve as a chemical flow reactor. For trouble-free operation of the flash pyrolysis,

the resistance between the electrodes has to be adjusted properly, usually in the

range between 30-100 Ω. This can be achieved by varying the distance between the

electrodes or by removing parts of the outer graphite layer of the SiC tube with

sandpaper.

A big advantage of this design is its simplicity and low manufacturing cost.

This allows to stock multiple spare parts for fast repair or even have multiple flash

pyrolysis units on hand to completely swap the flash pyrolysis during an experiment

if it malfunctions.

2.1.4.2 Selection of Pyrolysis Precursors

For the controlled generation of specific reactive species, a proper selection of suit-

able precursors is as important as the experimental setup. The pool of potential

precursors for flash pyrolysis is large and a few examples are displayed in Fig. 2.5.

In general, pyrolysis precursors should have the following properties:

• good leaving group

• high vapor pressure

• thermal stability

Pyrolysis is based on homolytically breaking the weakest bond in a molecule. For

this to happen, a weakest bond has to exist, and thus a good leaving group is critical.

In general, the easier it is to cleave a precursor, the better, because the pyrolysis can

be operated at lower temperatures which prevents undesired secondary reactions

and decomposition. A simple approach is to employ halides, e.g., bromides or

iodides. The carbon-halide bond is the weakest in a molecule for many hydrocarbon

compounds and hence serves as a predetermined breaking point for pyrolysis. In

this case, selecting the proper precursor is rather simple, as the halide is located

directly next to the radical center to produce. A further practical advantage of

these precursors is the wide commercial availability of halide compounds, as they

are common reactants in chemical synthesis. Other precursors often employed

include nitrites, azo or highly-strained compounds. These are often very efficient in

producing reactive species at low temperatures. Especially, highly-strained dimers

(cf. Fig. 2.6 II) have been proven to provide high gas-phase concentrations without

the formation of additional fragments.[148]

In some cases, the influence of the leaving group on the experiment has to be

considered as well. For example, consider the generation of methylcyclopentadienyl
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Figure 2.5: Overview of some good examples for pyrolysis precursors: a) in-
denyl bromide,[149]b) azo-tert-butane,[150]c) i-butyl nitrite,[150]d) diazopropyne,[151]

e) [2.2]paracyclophane,[148],f) benzocyclobutenedione.[152]

19



2.1 Molecular Beam Techniques Generation of Reactive Species

208 amu

Br

Br

104 amu 104 amu

79 amu 79 / 81 amu

ΔT

158 / 160 amu

I

II

ΔT

Figure 2.6: Examples of two potential problematic pyrolysis precursors. I) De-
composition of 5-bromo-1-methyl-1,3-cyclopentadiene to methylcyclopentadienyl
and bromine. II) Decomposition of [2.2]metaparacyclophane to meta- and para-
xylylene.

from its respective bromide precursor in Fig. 2.6 I. The mass of the radical and the

bromine both have the same mass of 79 amu. If the experiment is based on mass

spectrometry and both species can be ionized, this might pose a problem. Addition-

ally, consider the pyrolysis product of [2.2]metaparacyclophane in Fig. 2.6 II. Here,

two isomers are produced which can not be distinguished with non-selective detec-

tion methods, and might lead to false conclusions regarding isomerization. Thus,

the potential influence of a leaving group should always be thoroughly considered.

Besides the pyrolysis characteristics, the physical properties of the precursor

are also very important, especially the vapor pressure and thermal stability. Many

gas-phase experiments require a certain molecule density for proper detection. This

can be achieved if the vapor pressure of the precursor is sufficient to seed a con-

siderable amount of molecules into the carrier gas. This, however, is often not the

case. Accordingly, it is common practice to heat up the precursor to increase gas

phase concentration. In this regard, sample temperatures up to 200 °C are not

uncommon. In cases like this, the precursor must be thermally stable to at least

the heating temperature. Otherwise, decomposition of the precursor might inhibit

proper measurements or even lead to false results. Furthermore, since halides are

often employed as precursors in pyrolysis experiments, the formation of potentially

corrosive substances should also be considered. HCl and HBr are often produced as
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secondary pyrolysis products, which can degrade metallic parts and tubing material.

If that is the case, regular service of susceptible components is highly advised.
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2.2 Ionization Schemes

The detection of neutral species with mass spectroscopic methods requires ion-

ization of the molecules for detection. Nowadays, many ionization methods are

available for different applications, e.g., EI, ESI, MALDI, FAB, etc. In this the-

sis, single-photon ionization (SPI) and resonance-enhanced multi-photon ionization

(REMPI) were utilized. Both methods are purely laser-based and adaptable to a

variety of different experiments. Furthermore, SPI and REMPI are rather mild

ionization techniques that prevent undesired fragmentation and allow for a precise

determination of the energy delivered during ionization.[153] In the following section,

the basic principles of those photoionization methods will be discussed briefly.

2.2.1 Single Photon Ionization and VUV Generation

AB

AB*

AB+

A+B

A+B*

A+B+

IP

en
er

gy

bond length

Figure 2.7: Ionization process

of a molecule AB with a single

photon.

Ionization of a molecule with one photon is referred

to as single-photon ionization (SPI). Here, a pho-

ton with enough energy to overcome the ionization

potential (IP) of a molecule AB is absorbed, result-

ing in the removal of an electron and ionization of

the molecule to AB+. This process is schemati-

cally displayed in Fig. 2.7. The number of ions

produced with this technique depends on the SPI

cross section σSPI , the laser intensity I, and the

number of the neutral species N0:
[154]

Nion = σSPI(λ)IN0 (2.5)

A big advantage of SPI is that the ioniza-

tion mainly depends on the ionization cross sec-

tion σSPI and the IP of the molecules. Potential

wavelength-dependent absorption cross sections of

excited states are irrelevant. Hence, this ioniza-

tion scheme can be applied to molecular beams,

which consist of a large variety of different molec-

ular species as long as the photon energy exceeds

the IP of the molecules. Furthermore, ionization

cross sections for molecules with related character-

istics and weights are often similar. For example,

PAH like indene, naphthalene, phenanthrene, etc.,
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exhibit σSPI (10.5 eV) within an order of magnitude between 10 and 100 Mb.[155–163]

This allows not only to identify molecules via their mass but also to get a rough

estimation of the relative abundance of each species via their respective signal in-

tensity.

Ionization via SPI is usually performed with high-energy photons in the VUV re-

gion. Typical high-quality light sources for this spectral range include synchrotrons

and FELs. However, these are usually only available at larger research facilities. In

this thesis, VUV radiation of 10.5 eV was produced by frequency-tripling in a noble

gas cell, as regular energy conversion of laser radiation with nonlinear optical crys-

tals is not possible for < 190 nm. This photon energy is widely applicable as most

organic and hydrocarbon molecules have ionization energies below 10 eV.[153,164]

The process for a Xe cell utilized in this thesis is depicted in Fig. 2.8.
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to experiment
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Figure 2.8: Schematic of the VUV generation utilizing a Xe gas cell and radiation
produced by a ns Nd:YAG laser setup. The 355 nm beam path is depicted in blue
and the tripled 118 nm radiation in purple.

A Nd:YAG laser produces radiation of 1064 nm, which is subsequently converted

to 532 nm by second harmonic generation (SHG) and then to 355 nm by sum-

frequency generation (SFG). The laser beam (≈ 18 mJ) is then focused into a Xe

filled gas cell (p ≈ 17 torr) where 118 nm (10.5 eV) light is produced by four-

wave-mixing. Finally, the VUV radiation is focused in the ionization region of the

experiment.
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Frequency-Tripling is a third-order non-linear process that requires high inten-

sities for appreciable results. The intensity of third harmonic generation for a

Gaussian beam is:[154]

I3v ≈ N2|χ(3)|2I(v)3F (bΔk) (2.6)

with the confocal parameter b and the beam waist ω0

b = 2πvc−1ω2
0 (2.7)

and wave vector difference Δk

Δk = k3v − 3k3v = 2πvc−1(n3v − nv) (2.8)

Equation 2.6 shows that the intensity of the third harmonic I3v depends on

the number of density N , the third-order electric susceptibility χ(3), the intensity

of the incident laser radiation I(v) and the geometrical phase-matching condition

F (bΔk).

The phase matching is a critical parameter for the up-conversion to work. Con-

sidering Eq. 2.7 and 2.8, this is mainly dependent on the difference of the wave

vectors k3v and kv. Under normal circumstances, the mismatch of Δk has to be

zero so that destructive interference is minimized over the interaction length (see

Fig. 2.9). This is true if the refractive index of the tripling medium n(v) is identical

for v and 3v.[165]

k(v)e1

k(3v)e4

k(v)e2 k(v)e3

k(3v)e4

k(v)e1 k(v)e2 k(v)e3

a b

Figure 2.9: Wave vector phase matching condition for four-wave-mixing. a describes
the regular case and b is valid for strong fields.
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However, for high photon densities like in this thesis, the situation changes for

applications that require focusing. Intense focusing induces a phase-slip between

the incident and produced radiation, and changes the direction of the unit vector

e slightly (see Fig. 2.9, b).[165,166] Here, the wave vector momentum

k3ve4 = kve1 + kve2 + kve3 (2.9)

as well as the energy E(3v) = 3E(v) have to be conserved. Consequently, k(3v) <

3k(v) has to be fulfilled, which is the case for Δk < 0. A negative Δk can be

achieved in media that have a negative dispersion with n(3v) < n(v).[165] This is

why VUV third-harmonic generation is often performed in noble gases, which have

regions of negative dispersion on the high energy side of resonances with suitable

energies and are furthermore easy to handle. Many refractive indices for noble

gases have been compiled in the literature over the years.[167–170] Xe, for the 118 nm

generation, for example, is negatively dispersive in the range from 117.2 - 119.0 nm

corresponding to the 5d3P1 transition.[154,171]

The conversion efficiency in such noble gas cells is usually very small due to the

low value of the third-order susceptibility.[154] Hence, according to Eq. 2.5, N and

F (bk) must be carefully optimized for sufficient THG. The obvious solution to this

is to raise the noble gas pressure in the cell to increase N .[165] However, this is only

applicable up to a certain pressure, as the negative dispersion is pressure dependant.

In some cases, where higher conversion efficiencies are required, an additional gas

with positive dispersion can be added to the cell to artificially increase N and the

intensity of the third harmonic generation.
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2.2.2 Multi-Photon Ionization

Neutral molecules can also be ionized with more than one photon. This method is

referred to as multi-photon ionization (MPI). This methodology can be divided into

non-resonance multi-photon ionization (NRMPI) and resonance-enhanced multi-

photon ionization (REMPI), as depicted in Fig. 2.10.[172]

AB

AB*

AB+

A+B

A+B*

A+B+

IP

en
er

gy

bond length

Figure 2.10: Examples of

different resonance enhanced

ionization schemes: [1+1]-

REMPI (left), [2+1’]-REMPI

(center), and NRMPI (right).

In a non-resonance ionization, the molecule is

excited to a virtual state with one or multiple pho-

tons and then immediately ionized. In the case

of REMPI, a neutral molecule is excited to a real

electronic excited state by one or multiple photons.

This excited molecule can then be ionized within

the lifetime of the excited state by one or more ad-

ditional photons. Here, the signals produced by

REMPI are usually far superior to the ones pro-

duced by NRMPI due to the resonance enhance-

ment and the larger transition dipole moments of

the excited states.[150,173] Note that for very short

laser pulses (fs and below), this advantage becomes

negligible.[174] The number of ions Nion generated

via a REMPI process can be approximately de-

scribed by Eq. 2.10:[175–177]

Nion ≈ 1

2
σ1(λ)σ2(λ)I

2N0 (2.10)

With the absorption cross sections from the

ground σ1 and excited state σ2, the laser intensity

I and the number of density of neutral molecules

N0. REMPI also produces larger signals than SPI

because absorption cross sections are usually signif-

icantly larger than ionization cross sections (com-

pare Eq. 2.5 and Eq. 2.10).

To classify the large amount of possible REMPI

schemes, naming follows a certain terminology, e.g.

[1+1], [2+1’], [2+2], etc. Here, the first number

indicates the number of photons required for excitation into an electronic state.

The second number then specifies the number of photons used for ionization. The

addition of a prime ’ indicates that a photon of a different wavelength is used in

the respective process.
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2.2 Ionization Schemes Dissociative Photoionization

The ionization utilized in this thesis for all IR/UV experiments follows a [1+1]-

REMPI scheme. This was mainly chosen for the good signal intensity and the

capability to detect trace species.[178] Although REMPI usually is a very selective

ionization method, as the photon energy has to match the excited state of the

respective molecules, it can be applied to the simultaneous detection of most PAHs.

The majority of polycyclic aromatic hydrocarbons have chromophores with broad

absorption bands in the range of 230-300 nm.[179] Nanosecond dye lasers can easily

provide this radiation as excited state lifetimes for PAHs are typically on a ns

scale.[179,180] Additionally, most PAHs have an IE below 9 eV, making a [1+1]-

REMPI scheme within the absorption spectrum viable.[180] For example, an [1+1]

ionization from frequency-doubled Coumarin 153 fits within the absorption range

and provides 9.36 eV at 265 nm for ionization.

2.2.3 Dissociative Photoionization

AB

AB*

AB+

A+B

A+B*

A+B+

IP

We

en
er

gy

bond length

Figure 2.11: Dissociative pho-

toionization of a molecule AB in-

duced by a SPI.

In the experimental section of this thesis, the

term dissociative photoionization (DPI) appears

on several occasions. It describes the process

of photoionization induced fragmentation of a

molecule AB into a neutral fragment A, an ion

B+ and an electron. DPI occurs when the en-

ergy delivered by the ionization photon exceeds

the dissociation barrier in the ionic state of a

molecule. Thus, DPI is often observed in SPI

experiments with VUV photons, where the ion-

ization excess energy can be significant, but can

also occur with MPI schemes if enough energy

is transferred.

For a correct interpretation of experimen-

tal data, it is important to identify fragments

produced by DPI. Here, a method purely based

on mass spectrometry is usually insufficient as

DPI fragments will just show up as additional

mass signals. In the case of IR/UV ion dip spec-

troscopy, the inherent structural sensitivity can

be utilized to identify masses produced by DPI.

Since fragmentation occurs after ionization, the

DPI product B+ will appear at the mass of the

fragment but will show the gas phase IR spec-
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2.2 Ionization Schemes Dissociative Photoionization

trum of the parent molecule AB. Consequently, in IR/UV ion dip experiments,

it can be clearly distinguished if a mass originates from DPI or is a real reaction

product of the reactive species formed in pyrolysis.
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2.3 IR/UV Spectroscopy

IR/UV spectroscopy is a general term that includes a variety of different double res-

onant action spectroscopic methods utilizing IR and UV radiation. It is commonly

based on inducing a population change within an ensemble of molecules via intense

IR excitation, which will consequently be probed utilizing UV ionization. Many

techniques have been developed over the years to apply this kind of spectroscopy

to many scientific studies, e.g., IR/VUV spectroscopy,[181] IR/UV fluorescence de-

pletion spectroscopy,[182] or vibrationally assisted VUV ionization.[183,184]

In this thesis, IR/UV ion dip spectroscopy (IR/UV-IDS) was employed. It pro-

vides mass-selected IR spectra of molecules that are seeded in a free jet. This

method can be used to study a large variety of molecular systems like small hy-

drocarbon radicals,[185] biomolecules,[186,187] or weakly-bond clusters due to its high

flexibility.[188,189] For the studies presented in the experimental section of this thesis,

IR/UV-IDS was utilized to study the vibrational structure of reactive hydrocarbon

species produced by flash pyrolysis as well as identifying potential reaction products

and getting a better insight into the dynamics of their formation.

2.3.1 Principles of IR/UV Ion Dip Spectroscopy

The fundamental principle of IR/UV-IDS is depicted in Fig. 2.12. An ensemble of

molecules AB produced by flash pyrolysis is in its electronic and vibrational ground

state after expansion. A UV laser adjusted to an excited state AB* ionizes a number

of molecules via [1+1]-REMPI, and the ions are detected by TOF-MS. This will

result in a stable mass signal depending on the number of ionized molecules. Now,

if the molecules are excited with IR light of suitable energy corresponding to a

vibrational transition, before the ionization step, the initial vibronic population

will decrease. Consequently, the UV ionization will probe fewer species from v = 0,

which will result in a decreased mass signal because fewer molecules will be ionized.

This decrease is called dip and appears at all vibrational transitions over the IR

scan range. Scanning the IR laser over the fingerprint region from 500-1800 cm−1

then allows for unambiguous identification of species via their respective fingerprint

IR spectrum. The number of vibrationally excited molecules Nvib mainly depends

on the IR absorption cross section σir(λ) and the IR photon fluence Φ:

Nvib = N0e
−σir(λ)Φ (2.11)
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Figure 2.12: Illustration of the principle of IR/UV-IDS. Excitation schemes and
populated states are depicted at the top, whereas the resulting ion signals and
spectra are depicted in the center and bottom, respectively.
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2.3 IR/UV Spectroscopy IR/UV Data Analysis Software

The depletion signal from IR/UV-IDS can sometimes exceed 50% because the

system does not have to follow a Maxwell-Boltzmann distribution. The ground

and vibrationally excited state is technically not an isolated two-state system. The

vibrationally excited species can transfer energy to other vibrational modes via

intramolecular vibrational energy redistribution (IVR), absorb additional IR pho-

tons, or undergo IR-induced fragmentation. All of this can lead to a depopulation

of the vibrational excited state and cause a population inversion for the ground

state, producing depletion signals over 50%.[154,190]

A big advantage of this technique is that all species visible in the mass spectrum

are measured simultaneously.

2.3.2 IR/UV Data Analysis Software

The raw data of the IR/UV-IDS experiments contain mass, IR wavenumber, and

signal intensity information. This information was originally measured using the

proprietary measurement software at the FELIX laboratory and is saved in a 3-

dimensional HDF5 file format. For easier handling, the data were dumped into a

Figure 2.13: Vibrational spectra in the fingerprint region received for multiple
masses in an IR/UV-IDS experiment.

2-dimensional text format with the HDF5 tool library. Then the data was further

formatted, calibrated for wavelength/laser power and compiled, with the programs

ReadOut HDF5Dump.vi, IRUV Tool v10.vi, FELIX correction 6th o 2015 09 26.vi
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and IRUV Average.vi provided by Dr. Philipp Constantinidis.[154] Subsequently,

general data processing was performed using the OriginPro suite.

The raw data include the signal of the traces with IR+UV intensity IIR+UV and

only UV intensity IUV . The ion dip spectrum can then be calculated by Eq. 2.12

IIR/UV (ν̃) = log

(
IUV (ν̃)

IIR+UV (ν̃)

)
(2.12)

which provides the IR spectrum for each mass observed in the experiments. This

spectrum is further corrected for potential deviations in laser power and wavelength

calibration. The calibration data, measured several times between measurements,

is fitted with a second/third order polynomial for the wavelength calibration and a

sixth-order polynomial for the power calibration. The final IR spectra of the species

are then generated by averaging multiple scans of the same species to improve the

quality. For better identification, the spectra are further smoothed using digital

Savitzky-Golay filtering.

The vibrational DFT calculations for identification of the species were per-

formed using the Gaussian09 suite of programs.[191] The molecule geometries were

created in GaussVIEW 5.0 and the calculation were conducted on the cluster of

the Leibnitz-Rechenzentrum der Bayerischen Akademie der Wissenschaften. The

essential IR spectra were then evaluated and convolved using either GaussVIEW

5.0 or Chemcraft. Afterward, the calculated IR spectra were scaled if necessary.

2.4 Experimental Setup for IR/UV Ion Dip Spec-

troscopy

The experimental setup for all IR/UV-IDS experiments conducted at the FELIX

laboratory is depicted in Fig. 2.14.

The molecular beam source, as described in Section 2.1.3, is mounted to the

source chamber of the TOF-MS. Here, an ISO-160-KF flange adapter is used, as

the original mounting port of the source chamber is incompatible with a 160-KF

flange. The vertical and horizontal position of the beam source can be adjusted

via screws on the adapter for alignment of the molecular beam with respect to the

source chamber and the skimmer. For seeding, a PVC tube is attached to the source

and connected to the in-house gas distribution system. This provides a noble gas

flow (He or Ar) in the range between 0.6 - 3.0 bar absolute. Several turbomolecular

pumps evacuate the entire apparatus, and pressure gauges monitor the pressure

at relevant positions. The produced free jet is expanded into the vacuum of the

source chamber at around 10−4-10−6 mbar and subsequently skimmed entering the
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Figure 2.14: Complete schematic overview of the experimental setup utilized in
the IR/UV-IDS experiments at the FELIX Laboratory, including molecular beam
source, TOF-MS apparatus, and beam paths.

ionization region of the main chamber (10−6-10−7 mbar). Here the molecular beam

is crossed by UV and IR radiation to conduct the IR/UV-IDS experiment. Finally,

the produced ions are detected via TOF-MS (Jordan).
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Figure 2.15: Time dependency

between IR and UV radiation.

The UV radiation is provided by a Nd:YAG

pumped ns dye laser. Typical laser dyes employed

to study hydrocarbon radicals and PAHs pro-

duce frequency-doubled light in the range between

240-300 nm and include dyes like Coumarines,

Pyridines, and Rhodamines. The scannable IR

radiation for the fingerprint region is provided by

the free-electron laser FELIX, as described in Sec-

tion 2.5. The dye laser is usually operated at 20

or 10 Hz and FELIX at 10 or 5 Hz. This means

that the irradiation of the samples alternate be-

tween IR+UV and UV, which minimizes the effect

of potential changes in the characteristics of the
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molecular beam or the lasers. For measurements in the fingerprint region, the FEL

is scanned from ca. 500-1800 cm−1. Here, a step width between 2.0-2.5 cm−1 has

proven to be a good trade-off between resolution and measuring time. For each

IR wavelength, the signal is averaged over 20-50 mass spectra to account for small

fluctuations. All timings are controlled by a delay generator (DG645, Stanford

Research Systems). The master-trigger t0 is provided by FELIX II, and all other

timings are adjusted with respect to t0. The temporal overlap between IR and UV

is chosen in a way that their maximum signal intensity overlap, as depicted in Fig.

2.15.

top view
Detection Chamber

Molecular Beam

UV Laser

IR FEL

IR FEL

perpendicular

opposite

Ionization 
  Region

Figure 2.16: Depiction of the two

beam path configurations utilized

in this thesis.

In earlier experiments, the IR light propar-

gated perpendicular to the molecular beam

and opposite to the UV light (see Fig. 2.16).

Although this geometry works fine, it can

sometimes be challenging to overlap both

lasers with the molecular beam and can only

be done during beam time when the FEL is

running. In later experiments, the setup was

changed so the IR radiation enters the detec-

tion chamber opposite the molecular beam tra-

jectory. This approach allows aligning the IR

path with a HeNe service laser without the

FEL running. Thus, the laser can be aligned

optically through the skimmer, which guaran-

tees a full overlap of the IR radiation with the

molecular beam. Consequently, the UV laser can readily be aligned via the TOF

mass signal. Only small optimization of the IR alignment must be performed during

a beam shift to optimize the depletion signal.
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2.5 Free Electron Lasers and FELIX

Free Electron Lasers (FEL) are a class of light sources that produce coherent high

brilliance radiation. These devices can be operated in various configurations pro-

ducing light around a narrow spectral bandwidth from the microwave to the X-ray

regime. The light is generated by a beam of relativistic electrons injected into

an undulator and forced on a sinusoidal trajectory by an external magnetic field.

Hereby, the radiation is produced by electrons emitting bremsstrahlung in a small

cone along the trajectory. Thus electrons serve in FELs as both the pump- and

lasing-medium. The fundamental principle of FEL radiation was discovered by

John Madey[192] in 1971, and the first FEL in the infrared region was constructed

during the ´70s at Stanford University.[193–195] The increased interest in these high-

power light sources, especially for the x-ray regime, led to the construction of several

FELs in the last two decades.[196] For example, for the European Union, multiple

FEL facilities collaborate in the FELs of Europe project, including IR-FELs like

CLIO[197], FELBE[198], FELIX[199], and TARLA[200], as well as X-ray FELs like

FERMI[201], FLASH[202], European X-FEL[203], MAX IV FEL[204], SwizzFEL[205],

and PolFEL.[206] Beamtime at these facilities faces increasing demand as appli-

cation numbers are growing annually. The FEL radiation is employed in a wide

variety of different scientific areas in basic research. Still, FELs recently also started

finding their way into different fields like medicine[207] and military applications.[208]

As mentioned above, FELs can be operated in various configurations, depending

on the required characteristics of the radiation. For simplification, they can usually

be classified into two groups: low-gain and high-gain FELs. Low-gain FELs utilize

mirrors to produce undulator radiation within an optical resonator. The lack of

highly reflective materials for shorter-wavelength light, however, prohibits the same

approach, e.g., for X-ray FELs. Thus, the light amplification has to be achieved in

a single undulator pass cycle, which requires a longer undulator length and comes

with additional technical challenges.[195] In the following section, the fundamental

operating principles of a low-gain compton FEL will be discussed briefly. These

include FELIX, which was utilized in all IR/UV experiments in this thesis. For a

more in-depth treatment of the physical and engineering fundamentals, refer to the

cited literature.
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2.5.1 Basic Operating Principles of Low-Gain Compton FELs

Figure 2.17 shows a minimal working layout of a low-gain FEL. These are often

referred to as FEL oscillators, and the term low-gain comes from the fact that the

radiation field is only amplified by a few percent per electron injection.

The initial electron beam is produced by an electron gun, usually a thermionic

triode. The beam is subsequently shortened by an rf buncher before being in-

jected into a linear accelerator (LINAC). Here the electrons are accelerated to the

desired energies. Usually, traveling-wave radio-frequency LINACs are employed,

which provide constant acceleration of the electrons and preserve beam character-

istics. Finally, the electron beam is guided through an undulator to generate the

radiation.[209]

Figure 2.17: Basic illustration of a low-gain FEL with electron beam generation
and undulator.

The undulator is the central piece of every FEL. It consists of two rows of

permanent magnets, which generate a magnetic field between the two rows. The

distance between two magnets with the same polarity within a row is defined as

the undulator period λu. An undulator can be characterized using the undulator

parameter K given in Eq. 2.13:

K =
eB0λu

2πmec
= 0.934B0λu (2.13)

The undulator period is a constant parameter for any given undulator. The

magnetic field B0 can be modified by changing the distance between the two magnet

rows to alter K.[209] When the electron beam enters the undulator, they are forced on
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a perpendicular sinusoidal trajectory by the magnet field. Here, the electrons start

to produce spontaneous emission. This radiation is initially very weak and is not

coherent as the size of the electron bunches is bigger than the emission wavelength.

The electrons emit the radiation at a maximum angle of Θmax according to Eq.

2.14:[195]

Θmax ≈
[
dx

dz

]
max

=
K

βγ
≈ K

γ
(2.14)

with the Lorentz Factor γ:

γ =
1√

1− (v
c
)2

≥ 1 (2.15)

Fulfillment of Θmax ≤ 1
γ
is important to allow the emitted radiation to spatially

overlap for constructive interference. This condition is fulfilled for undulators as

K ≤ 1. Furthermore, a small angle results in radiation with a small spectral band-

width centered around a resonance wavelength. This is an important advantage of

FELs as the majority of the energy is converted into nearly monochromatic light,

as opposite to wigglers (K>>1) or traditional bending magnets, which produce a

more continuous spectrum.[195]

The radiation produced by spontaneous emission and later the stimulated emis-

sion are both Doppler shifted by a factor of ≈ γ2 and have to fulfil the resonance

condition given in Eq. 2.16:

nλl =
λu(1 +K2)

2γ2
(2.16)

The radiation produced so far by spontaneous emission is weak and not coherent.

To produce strong and coherent laser radiation, a coherency dependency between

the electrons has to be established. This procedure is called microbunching. Here,

the electron bunches are sub-divided into several small microbunches, separated

by one wavelength λl. This is accomplished by modulating the electron velocity

through energy exchange with the electric field of the light within the resonator.

The energy transfer is efficient when the electric field vector Ex of the light and the

transverse electron velocity component vx point in the same direction. This can

easily be described for multiple configurations by considering the ponderomotive

phase φ0, reflecting the relative phase conditions between the light and electron

trajectory at t=0 (see Fig. 2.18).[195] Case a and b show the situation when energy

is exchanged between an electron and the radiation. The electron can either be

slowed down (a, Ψ0 = 0) by energy transfer to the light or accelerated vice versa

(b, Ψ0 = −π). This change in longitudinal electron velocity along the undulator
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Figure 2.18: Important phase conditions between electron beam (blue) and light
wave (red) in FEL light generation.
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will change the electron density distribution over several undulator periods and

form microbunches (see Fig. 2.19, left).

These microbunches are separated by λl and emit light approximately like a

single particle. This effect increases the light intensity drastically and also estab-

lishes the necessary coherency for the FEL radiation. Additionally, for proper FEL

operation, a certain phase correlation must be maintained for large parts of the

undulator so that the light can be amplified. Otherwise, the radiation would dump

energy back into the electron beam, which is obviously not desirable. As seen be-

fore, energy transfer from an electron to a light wave is achieved at Ψ0 = 0 (see

Fig. 2.18, a). It can easily be achieved at the beginning of the undulator (t=0) by

choosing proper phase conditions. However, the longitudinal velocity of the light

(vl,z ≈ c) and the electrons (ve,z < c) are different, resulting in an inherent time

dependency of the ponderomotive phase Ψ. To maintain the necessary phase for

light amplification, the light wave has to slip by λl

2
per half electron period π during

the propagation through the undulator as displayed in Fig. 2.18, d.[210] This slip-

page is only allowed for a certain wavelength, but luckily these have already been

considered in the resonance conditions in Eq. 2.16.[195]

lo
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light emission from
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electron microbunches 
separated by  l

Figure 2.19: Principle of microbunching and coherent light generation. Adapted
from Ref.[211]

Microbunching and effective energy transfer represent the fundamental gain-

mechanism in low-gain FELs. Once these conditions are met, the intensity I of

the generated radiation scales drastically with the number of injected electrons

N e; approximately I ∝ N2
e compared to the intensity of the spontaneous emission

Isp ∝ Ne.
[196] Besides the high brilliance, the FEL radiation also has a narrow

linewidth. The spectral bandwidth can be derived from the wave train produced

by an electron moving through an undulator with N u periods. The electric field of

the radiation develops according to Eq. 2.17 during the time T =
Nuλl

c
:[195]
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El(t) =

{
E0e

−iωlt , if −T/2 ≤ t ≤ T/2

0 , else
(2.17)

The lineshape can then be obtained by Fourier transformation of the electric

field according to Eq. 2.18:

A(ω) =

∫ ∞

−∞
El(t)e

−iωtdt = E0

∫ T/2

−T/2

e−i(ωl−ω)tdt = 2E0
sin((ωl − ω)T/2)

ωl − ω
(2.18)

The lineshape can then be plotted with the intensity I:

I(ω) ∝ |A(ω)|2 ∝ (
sinξ

ξ
)2 (2.19)

with

ξ =
(ωl − ω)T

2
= πNu

ωl − ω

ωl

(2.20)

Figure 2.20 shows that the radiation is centered around its resonance frequency

ωl with a short FWHM of

Δω ≈ ωl

Nu

(2.21)

t   / r  

I(
) /

 I(
r)

Figure 2.20: Depiction of a 10-fold wave train on the left and the resulting lineshape
on the right.

For a more comprehensive treatment on FEL theory, the book Ultraviolet and

Soft X-Ray Free-Electron Lasers by Peter Schmüser et al.[195] is recommended, as it

lays out all necessary physical and mathematical fundamentals of FEL operation.
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2.5.2 The Free Electron Laser FELIX

All IR/UV experiments in this thesis have been conducted utilizing the Free Elec-

tron Laser for Infrared eXperiments (FELIX) as a high power IR source in the

mid-IR region. The FEL is located at the FELIX Laboratory of the Radboud Uni-

versity in Nijmegen, the Netherlands. FELIX features two undulators FELIX-1

and FELIX-2 which produce IR radiation in the range of 30-150 μm and 3-45 μm,

respectively.

Table 2.1: Overview of the Beam Characteristics of the two Undulators FELIX-1
and FELIX-2.

Experimental Parameters
Parameter Value Unit
Spectral Range 30 - 150 μm
(FELIX-1) 333 - 66 cm−1

Spectral Range 3 - 45 μm
(FELIX-2) 3333 - 222 cm−1

Repetition Rate (Micropulse) 20, 50 or 1000 MHz
Energy (Micropulse) < 40 μJ
Repetition Rate (Macropulse) < 10 Hz
Energy (Macropulse) < 200 mJ
Spectral Bandwidth 0.4 - 5.0 %
Polarization > 95% linear

Micropulses are generated at a repetition rate of 25, 50, or 1000 MHz with up

to 40 μJ of pulse energy. At 1 GHz, this translates to a macropulse energy of up

to 200 mJ and a repetition rate of up to 10 Hz. The spectral bandwidth of these

macropulses depends on the photon energy produced and is typically in the range

of 0.4-5.0 % of the central wavelength. The resulting radiation is linear polarised

(> 95 %) with respect to the undulator orientation. Finally, the light is transported

to the end-user stations via an evacuated mirror-based light guidance system. Note

that for samples sensitive to high power IR radiation, the light can be attenuated

by several dB. This can prevent oversaturation effects such as line broadening and

IR-induced molecular dissociation.

For the experiments in this thesis, FELIX was operated at either 5 Hz (10

Hz UV excitation) or 10 Hz (20 Hz UV excitation). Furthermore, FELIX-2 was

employed to generate IR radiation for the scans in the fingerprint region from

ca. 500-1800 cm−1. Although the undulator is more than capable of covering the

necessary spectral range (3-45 μm / 3333-222 cm−1), it is not possible to perform
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Figure 2.21: Illustration of all light sources in the FELIX Laboratory Vault including
FLARE (green), FELICE (pink) and FELIX (blue).[212]

the fingerprint scan in a single measurement, as the undulator parameters have to

be adjusted in between. Thus, the fingerprint region was usually split into two

equal parts, and the whole range was scanned in two measurements. To account

for drifts and inconsistencies in wavelength calibrations as well as fluctuations in

output power, calibration scans of the IR radiations were performed in between

measurements to correct the experimental data.
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2.5.3 Technical Details FELIX

A simplified sketch of FELIX is shown in Fig. 2.22. An injector consisting of a

1 GHz thermic triode electron gun, a 1 GHz prebuncher, and a 4 GHz buncher

produces a pulsed electron beam of ≈ 4 MeV. Two traveling-wave radio linear

accelerators (LINAC) accelerate the electrons up to 25 MeV (for FELIX-1) or 45

MeV (for FELIX-2) before the beam is directed to the respective undulator.

Injector LINAC LINAC
4 MeV 25 MeV 45 MeV

Undulator
FELIX 1

Undulator
FELIX 2

Figure 2.22: Schematic of FELIX-1 and FELIX-2 with their respective LINACs
and undulators.

Both undulators are identical in construction and include 38 field periods of

samarium-cobalt permanent magnets of 65 mm length. The spacing between the

two magnet rows can be modified to adjust the center wavelength of the produced

radiation. The undulators are located in a cavity between two gold-plated cop-

per mirrors, forming a resonator of 6 m in length. To prevent absorption of the

IR radiation by atmospheric gases and water vapor, the complete optical path is

evacuated, and spaces between machines are bridged by optical beam tubes. In

operation, a small part of the radiation in the cavity is coupled out via a hole in

the downstream mirror and transported to the end user stations.[209]
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3.1 Ortho-Benzyne

3.1 Ortho-Benzyne

3.1.1 Introduction

Ortho-benzyne is a particularly interesting molecule because of its uncommon elec-

tronic structure. Using simple valence bond nomenclature, it can be represented in

three forms as illustrated in Fig. 3.1: Cumulene, biradical, and Kekulé.

Kekulé Form

Cumulene Form Biradical Form

Figure 3.1: Three ways to describe the electronic structure of the ortho-benzyne:
Cumulene, biradical, and Kekulé.

The cumulene form has been identified in the liquid phase utilizing molecu-

lar containers and NMR spectroscopy.[213] This is especially intriguing as ortho-

benzyne has been discussed as an important reactive intermediate in the field of

nucleophilic aromatic substitution.[87,214,215] Isolated, however, experiments show

that o-C6H4 displays mainly aryne character in low-temperature environments or

the gas-phase. The IR spectrum was measured in several matrix isolation stud-

ies[216–219] since the early ’70s, and its gas-phase structure was determined utilizing

microwave spectroscopy.[220,221] Since o-C6H4 can also be considered a biradicaloid,

the energy difference between singlet and triplet is of particular interest. Zhang and

Chen[222] measured the gap by utilizing photoelectron spectroscopy and Wenthold

et al.[223] employed UV spectroscopy.[224]

Besides the interest in the characteristics of ortho-benzyne itself, o-C6H4 has

been considered an important molecule in PAH formation. Although it is not stable
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3.1 Ortho-Benzyne Introduction

under ambient conditions, studies suggest that it can be formed via unimolecular

decomposition from benzene and the phenyl radical.[225,226] Such a reaction could

be induced, for example, by cosmic radiation in the interstellar medium, where

the benzene precursor has already been identified in the protoplanetary nebula

CRL 618.[227] However, a study by Widicus Weaver and coworkers was not able to

identify ortho-benzyne in the Ku-, K- or Q-band of CRL 618.[228] This leads to the

conclusion that either other spectroscopic methods have to be applied to identify

o-C6H4 in the ISM or the potential formation of ortho-benzyne in clouds like CRL

618 has to be reconsidered.[228]

Figure 3.2: Picture of the Westbrook

Nebula CRL 618 taken by the Wide Field

Camera 3 of the Hubble Space Telescope.

Graphic published in the public domain

by NASA and ESA.

However, taking a look at other

high-temperature environments, ortho-

benzyne might play a very important

role in the formation of PAHs in the

combustion of fuels. Here it is espe-

cially important to understand the un-

derlying mechanisms in the growth of

these molecules, as these PAHs and

the resulting soot are emitted in the

surroundings of humans and are con-

sidered to be carcinogenic. Although

modern gasoline manufacturers have

strict limits for the benzene content

in their blends, these fuels may still

contain up to 1% benzene. Further-

more, substances introduced to replace

the harmful benzene like xylene and

other methylated benzene derivatives

may also decompose to phenyl and con-

sequently ortho-benzyne during com-

bustion. Moreover, Zhang and coworkers showed in crossed molecular beam exper-

iments that ortho-benzyne could be formed in a bimolecular reaction between the

ethynyl radical (C2H) and vinylacetylene (C4H4), both species commonly present

in hot flame experiments.[224]
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Figure 3.3: TOC graphic of the ortho-

benzyne publication Self-Reaction of

ortho-Benzyne at High Temperatures In-

vestigated by Infrared and Photoelectron

Spectroscopy as published in J. Phys.

Chem. A. Adapted with permission from

Ref.[229]

To better understand the involve-

ment of ortho-benzyne in the growth

of PAHs, IR/UV ion dip experiments

were conducted to identify the formed

reaction products via their infrared

spectrum. This methodology allowed

to identify the self-reaction products

of ortho-benzyne up to mass 228 by

comparing their gas-phase IR spectra

to vibrational calculations. The re-

sults of this study are complemented

with photoelectron spectroscopy exper-

iments by Engelbert Reusch to iden-

tify smaller reaction products. Most

of the following information is taken

from the published article in the

Journal of Physical Chemistry A.[229]
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3.1.2 Experimental Parameters

Ortho-benzyne 2 was generated in a pyrolysis SiC flow reactor from benzocyclobu-

tendione 1. The precursor was heated to approximately 132 °C to improve vapor

pressure and seeded in 1.4 bar Argon. A pulsed molecular beam (20 Hz) was pro-

duced by a solenoid valve and 1 was cleaved in the resistively heated microreactor

before entering the source chamber of a TOF-mass spectrometer via adiabatic ex-

pansion.

O

O

ΔT

-  2 CO

1 2
m/z = 132 m/z = 76

Figure 3.4: The thermal decomposition of benzocyclobutendione produces ortho-
benzyne via the elimination of carbon monoxide.

Table 3.1: Overview of the Experimen-

tal Parameters of the ortho-Benzyne

IR/UV Experiments.

Experimental Parameters

Parameter Value

Precursor C8H8O2

UV Wavelength 265 nm

UV Energy 1 mJ

UV Delay 200 ns

Ionization Scheme [1+1]-REMPI

UV Repetition Rate 20 Hz

IR Scan Range 550 - 1750 cm−1

IR Step Width 2.5 cm−1

IR Repetition Rate 10 Hz

Seeding Gas Argon

Seeding Pressure 1.4 bar

Here, the cold inner part of the

molecular beam is skimmed, entering

the main chamber and ionization re-

gion. For the double resonant experi-

ment, UV and IR beam were spatially

overlapped in the ionization region of

the ion optic. The produced ions are

detected using time-of-flight mass spec-

trometry. Time-wise, the FEL-IR was

fired 200 ns before the UV laser, which

was optimized to maximize the deple-

tion signal.

The 265 nm UV radiation was pro-

duced by a frequency-doubled Nd:YAG

pumped dye laser with approx. 1 mJ

of output power at a 20 Hz repetition

rate. The ionization followed a [1+1]-

REMPI scheme, which is suitable to de-
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3.1 Ortho-Benzyne Results and Discussion

tect a large variety of different PAHs. A free-electron laser provided the IR radiation

at the FELIX Laboratory (Free Electron Laser for Infrared eXperiments, Nijmegen,

the Netherlands). The FEL was scanned over the fingerprint region from 550-1750

cm−1 at a repetition rate of 10 Hz and step width of 2.5 cm−1. The resulting ion

dip spectra were corrected for IR laser power, averaged, and finally smoothed using

Savitzky-Golay filtering. For identification, the mass-selected IR spectra were com-

pared to vibrational DFT calculations at a B3LYP/6-311G** level of theory. Due

to the harmonic nature of those calculations, the harmonic energies were scaled by a

factor of 0.967 (m/z= 128 with 0.976) to account for an anharmonic correction, and

the resulting stick spectra were convolved with a Lorentzian (FWHM = 8 cm−1)

for a better comparison with the experimental data.

3.1.3 Results and Discussion

3.1.3.1 Mass Spectra of the Decomposition of Benzocyclobutendione

The relative beam composition of the pyrolysis of 1 is depicted in the upper trace

of Fig. 3.5 in a 118 nm SPI mass spectrum. It shows a complete conversion of the

precursor (m/z = 132) and the formation of lighter and heavier reaction products.

The major decomposition product appears at m/z = 76 (C6H4), which is con-

sistent with the formation of ortho-benzyne in the experiment. Further peaks at

lower masses can be observed at m/z = 39 (C3H3), m/z = 50 (C4H2) and m/z = 67

(C5H7). These may result from further thermal decomposition during pyrolysis,

DPI processes during photoionization, or fragmentation caused by strong IR ex-

citation. Intermediate masses show peaks at m/z = 104 (C8H8) and m/z = 122

(C9H14). Masses that lie in between the precursor and the target molecule are often

meta-stable intermediates in the precursor decomposition reaction. However, a for-

mation via molecular growth from smaller reactive species or decomposition from

heavier reaction products has to be considered as well. These heavier molecules can

be seen in the MS at m/z = 148 (C11H16), m/z = 152 (C12H8) and m/z = 176/177

(C13H20). They are usually formed in the microreactor during pyrolysis, and mass

152 represents the dimerization product of ortho-benzyne, which at the same time

constitutes the second strongest peak in the MS.

A [1+1]-REMPI mass spectrum is depicted in the lower trace of Fig 3.5. Com-

paring it to the 118 nm SPI spectrum, additional masses are visible as molecules

with a suitable UV-chromophore (e.g., many PAHs) are efficiently ionized in a [1+1]

process and can be detected in a lower concentration. Two intense bands domi-

nate the spectrum at m/z = 152 (C12H8) and m/z = 228 (C18H12), both probably

resulting from direct ortho-benzyne self reactions. Other signals represent typical
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3.1 Ortho-Benzyne Results and Discussion

Figure 3.5: Mass spectra of pyrolytically cleaved benzocyclobutendione measured
by 118 nm SPI (top trace) and 265 nm [1+1]-REMPI (bottom trace) in the range
from 0 to 250 amu.

PAH masses often observed in high-temperature experiments like m/z = 126/128

(C10H6/C10H8), m/z = 166/168 (C13H10/C13H12) and m/z = 178 (C14H10). Masses

200/202 and 224/226 are dissociative photoionization products of mass 228, and

their IR spectra are presented in the Appendix (Fig. A.5).

3.1.3.2 Mass 128: Naphthalene

The lightest molecule in the experiment, which can be identified by IR/UV ion

dip spectroscopy, is mass 128 (C10H8). The gas-phase IR spectrum of this mass

is depicted in Fig. 3.6 in comparison to vibrational calculations of naphthalene.

Both spectra match very well, and hence the carrier of mass 128 can be identified

as naphthalene. Naphthalene displays only a single strong vibrational mode at 781

cm−1 in the region from 550 - 1750 cm−1 due to its high D2h symmetry. It is

commonly observed in high-temperature environments, and it can be formed via
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3.1 Ortho-Benzyne Results and Discussion

various reactions. In our case, we mainly attribute its formation to a condensation

reaction Eq. 3.1 between ortho-benzyne and benzene. C6H4 is purposefully gener-

ated in the pyrolysis. Although a mass of 78 is not easily visible in the SPI mass

spectrum, benzene was identified in the molecular beam via MS-TPES as well.[229]

Figure 3.6: The IR/UV spectrum of m/z=128 (solid line) from the decomposi-
tion of benzocyclobutendione in comparison with vibrational DFT calculations of
naphthalene (dotted line). Adapted with permission from Ref.[229]

o− C6H4 + C6H6 −→ C10H8 + C2H2, ΔRH(0 K) = − 163 kJ mol−1 (3.1)

This pathway was thoroughly investigated theoretically by Comandini and Brezin-

sky[230]. The authors showed that in Eq. 3.1 the reactants initially form a benzobi-

cyclo[2,2,2]octatriene (see Fig. 3.7) intermediate in a 1,4-cycloaddition (radical/π
bond insertion) reaction. The barrier for this first reaction was calculated to be

relatively low with 28 kJ mol−1, which is readily available within a pyrolysis re-

actor. The subsequent dissociation to naphthalene and acetylene is furthermore

energetically preferred compared to its back-reaction by 56 kJ mol−1. The study
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H

H

3

4
5 6

2

TS 1

TS 2

28 kJ/mol

246 kJ/mol

28 kJ/mol

163 kJ/mol

Figure 3.7: Energetics of the formation of naphthalene from ortho-benzyne and
benzene. The reaction proceeds via a benzobicyclo[2,2,2]octatriene intermediate.
Graphic adapted from Ref.[230]

also revealed a particularly high-temperature dependency of the rate constants for

the decomposition reaction of the intermediate. This might explain why the in-

termediate can not accumulate significantly to be identified in the experiments at

high temperatures, which would appear at m/z = 134.

3.1.3.3 Mass 152: 2-Ethynylnaphthalene and Biphenylene

Mass 152 corresponds to a hydrocarbon molecule with C12H8 composition and also

resembles the direct dimerization product of ortho-benzyne. Reasonable carriers

for this peak are 2-ethynylnaphthalene and biphenylene, both typical PAHs formed

in hot flames. Their calculated IR spectra compared with the experimental IR/UV

data are depicted in Fig. 3.8 (right). Here, the carrier can easily be identified as 2-

ethynylnaphthalene by its very pronounced structure from 600-1000 cm−1, which is

very well represented in the experimental and theoretical spectrum. The vibrations

in this region mainly resemble ring modes, which are particularly characteristic for

2-ethynylnaphthalene due to its low symmetry. Small deviations in signal intensity

result from harmonic approximations in the calculations, as they do not account for
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anharmonicity and the influence of overtones or combination bands. In fact, the vi-

brational mode at 1211 cm−1 is a combination band/overtone of the C C H

bending mode and can serve as a distinct probe for similar compounds with free

terminal ethynyl side chains.[231–233] Its formation can be explained by a HACA

type growth reaction of naphthalene and acetylene (see Eq. 3.2).

C10H8 + C2H2 −→ C12H8 + H2 (3.2)

Figure 3.8: Left: MS-TPES by Engelbert Reusch of m/z=152 in comparison to
simulations of biphenylene (blue) and 2-ethynylnaphthalene (red). Right: IR/UV
spectrum of m/z=152 in comparison with 2-ethynylnaphthalene (dashed line) and
biphenylene (dotted line). Adapted with permission from Ref.[229]

Interestingly, previous studies, e.g., by Friedrichs et al.,[234] suggest biphenylene

to be the dimerization product of ortho-benzyne and hence the carrier of mass

152.[235] Indeed, biphenylene was identified in the experiment of Engelbert Reusch

by its TPES and IE (see Fig. 3.8, left) in the joint study.[229] Here, the TPE

and IR/UV results are complementary. The TPES shows only the presence of

biphenylene when comparing the experimental data (black line) to Franck-Condon

simulations (blue line). 2-ethynylnaphthalene could not be clearly observed, which

would exhibit a signal at around 8.1 eV, indicated by the simulations in red. We

attribute this discrepancy to the quality of the TPE spectrum on the one hand and,

on the other, that biphenylene is a weak absorber at 265 nm, which was utilized in

the IR/UV experiments. This also concludes that biphenylene is probably formed

in higher concentrations as it was still detectable in the TPES, although the sig-

nal/noise ratio was low. The IR/UV experiment was then able to identify smaller

amounts of 2-ethynylnaphthalene due to its resonance enhancement and selectivity.
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3.1.3.4 Mass 166: Fluorene

The carrier of mass 166 is identified as fluorene 10 and its IR/UV spectrum is

depicted in Fig. 3.9. Fluorene is the most stable isomer with C13H10 composition

and is a common combustion product due to its high stability. The formation,

however, is not trivial starting from ortho-benzyne. Fluorene has an odd number

of carbon atoms and would also require an odd-numbered reaction partner in a

condensation. Suggested growth pathways are displayed in Fig. 3.10.

Figure 3.9: The IR/UV spectrum of m/z=166 (solid line) from the decomposition of
benzocyclobutendione in comparison with vibrational DFT calculations of fluorene
(dotted line). Adapted with permission from Ref.[229]

All formation pathways involve the formation of phenyl 8 as a key component.

8 forms fluorene in condensation with benzyl via a diphenylmethane intermediate

followed by cyclization to 10. Although multiple reactants necessary for the for-

mation of phenyl are present in the current study (3, 6 and 7 have been identified

by TPES), the key intermediates 8 and 9 were not observed. Note that 8 and 9

have been identified in the IR/UV experiments on the benzyl radical (see Section

3.1) under very comparable conditions and should therefore definitely be identifi-
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Figure 3.10: Three suggested reaction pathways for the formation of fluorene. For
all reactants the formation of benzyl 8 is the first step, which further associates
with phenyl to form diphenylmethane and finally fluorene.

able if formed. This concludes that fluorene might not be formed via this growth

mechanism in the molecular beam. Considering the identification of biphenylene as

the dimerization product of ortho-benzyne, other pathways arise according to Fig.

3.11.

The formation of fluorene could be attributed to the involvement of methyl

radicals as odd-numbered C1-units, which have also been identified by TPES in

the experiment. They could either take part in the dimerization of 2 for a direct

formation of fluorene or be inserted into biphenylene afterward. Both pathways are

not trivial: For path 1 (solid arrow), the formation is ascribed to a simultaneous

insertion of methyl during isomerization. Here, intermediate transition states can

be described as biradicals, representing potential activated species for CH3 addition,

followed by cyclization to form 10. The question is whether the formed biradical

state exhibits a sufficiently long lifetime that CH3 addition can occur. Moreover,

pathway 1 would also be a 3 body reaction, making it additionally difficult in gas-

phase experiments. Path 2 (dashed arrow) is very similar, but here 11 is formed
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Figure 3.11: Alternative formation pathways for fluorene via biphenylene.

in a first step, and CH3 is added in an insertion reaction afterward. The transition

state would look identical to pathway 1 if the C-C bond was cleaved before CH3

insertion. It is, however, questionable if biphenylene would undergo such a reaction

due to its stability. Note that both proposed reaction pathways are speculative and

only based on identifying all necessary reactants in the experiment. For a proper

evaluation, elaborate quantum chemical calculations are necessary to see if these

pathways are energetically accessible and chemically meaningful.
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3.1.3.5 Mass 178: Phenanthrene and Anthracene

The gas-phase IR spectrum of mass 178 displays a low signal/noise ratio but ex-

hibits three distinct features in the low energy region at 723 cm−1, 796 cm−1,

and 864 cm−1. These modes can be assigned to three ring wagging vibrations of

phenanthrene, as is displayed in Fig. 3.12. Especially, the first two signals match

the DFT calculations very well in energy and intensity. The third peak at 864

cm−1 is broadened and higher in signal intensity considering the signal strength

predicted in the calculations of phenanthrene. For this reason, anthracene has also

to be considered as a potential contributor. Due to its higher symmetry, anthracene

has only two strong vibrations in this region. The strongest peak is energetically

very similar to the corresponding vibration in phenanthrene and can consequently

not be utilized to identify anthracene in an environment where phenanthrene is

present. The second peak at around 866 cm−1 is also energetically very close to a

phenanthrene vibration, but the relative signal intensity of the anthracene mode is

distinctively stronger. Hence, we interpret the signal intensity of the third peak at

864 cm−1 as an indicator for the presence of anthracene. The formation of phenan-

threne and anthracene in an ortho-benzyne environment has recently been studied

by theory.[47] The authors showed that the formation of both species via a diradi-

cal cycloaddition/fragmentation reaction is energetically viable, very similar to the

mechanism described before in the formation of naphthalene. As shown by the

authors, the calculated potential energy surface is not trivial and involves several

biradical intermediates. Both reactions are described in Eq. 3.3 and 3.4:

o− C6H4 + C10H8 −→ C14H10,p + C2H2, ΔRH(0 K) = −170 kJ mol−1 (3.3)

o− C6H4 + C10H8 −→ C14H10,a + C2H2, ΔRH(0 K) = −150 kJ mol−1 (3.4)

Both reactants for these reactions are present in the experiment as ortho-

benzyne is specifically generated in the pyrolysis, and naphthalene was already

identified. Moreover, both pathways represent a source of acetylene in the exper-

iment, which was also identified by TPES. The reactions are highly exothermic

with - 170 kJ mol−1 (phenanthrene, 3.3) and - 150 kJ mol−1 (anthracene, 3.4)

respectively. Phenanthrene hereby is the more stable C14H8 isomer by about 20

kJ mol−1 compared to anthracene. The reaction pathway for Eq. 3.4, however, in-

volves a maximum energy barrier which is 15 kJ mol−1 lower compared to the one in

the formation of phenanthrene. We therefore attribute the main contribution of the

m/z = 178 IR/UV spectrum to phenanthrene and acknowledge a potential influence
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Figure 3.12: The IR/UV spectrum of m/z=178 (solid line) from the decomposi-
tion of benzocyclobutendione in comparison with vibrational DFT calculations of
phenanthrene (dashed line) and anthracene (dotted line). Adapted with permission
from Ref.[229]

of anthracene in lower concentrations. Note that the reactions in Eq. 3.3 and 3.4

are not the only possible ways to form phenanthrene and anthracene in hot flames.

Other PAH growth mechanisms can also form these isomers in high-temperature

environments and would also be a potential contributor to their formation in our

experiments. Especially HACA type reactions should receive additional considera-

tion where C14H8 is formed via the consecutive addition of two acetylene units to

naphthalene.
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3.1.3.6 Mass 228: Triphenylene

The heaviest species observable in the experiment is mass 228. Its IR/UV spectrum

is depicted in Fig. 3.13. A hydrocarbon molecule of this mass corresponds to a

chemical composition of C18H12 and could represent a trimerization product of

ortho-benzyne. Comparing the spectrum to vibrational calculation, the carrier can

be identified as triphenylene.

Figure 3.13: The IR/UV spectrum of m/z=228 (solid line) from the decomposi-
tion of benzocyclobutendione in comparison with vibrational DFT calculations of
triphenylene (dotted line). Adapted with permission from Ref.[229]

The IR spectrum is dominated by the strong in-plane C-H wagging vibration at

731 cm−1 but less intense in-plane rocking modes at 1420 cm−1 and 1483 cm−1 are as

well clearly observable in the experimental spectrum. Triphenylene is a well-known

reaction product of ortho-benzyne in the liquid phase and can also be expected to

be formed in the gas-phase.[236] In combustion chemistry, it has been suggested to be

a viable PAH product of PAC-type reactions, but only a weak signal has previously

been recorded in phenyl radical experiments.[45,155] Comandini and coworkers again

suggest the formation via a diradical 1,4-cycloaddition/fragmentation reaction, sim-
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ilar to the formation of naphthalene and phenanthrene. Here, ortho-benzyne con-

densates with phenanthrene to form triphenylene and acetylene according to Eq.

3.5.

o−C6H4 + C14H10,p −→ C18H12,a + C2H2, ΔRH(0 K) = −161 kJ mol−1 (3.5)

2 3
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6

TS 1a

TS 2a
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TS 2b

105 kJ/mol

41 kJ/mol

75 kJ/mol
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H
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Figure 3.14: Energies, intermediates and transition states of the formation of triph-
enylene and benzo[a]anthracene.[47]

Again, this reaction constitutes another source of acetylene and is exothermic

by -161 kJ mol−1. The reaction pathway (blue trajectory) involves a maximum

reaction barrier of 105 kJ mol−1 and involves bicyclic intermediates as depicted

in Fig. 3.14. Another possible product of this reaction is the benzo[a]anthracene

isomer. The overall energetics of this reaction are very similar with -157 kJ mol−1,

but all reaction barriers are considerably lower compared to the blue pathway.

Interestingly, the experimental IR spectrum shows no indication of 15 which has a

characteristic vibrational mode at around 880 cm−1. This leads to the conclusion

that 15 is not formed under the applied experimental conditions, and 14 is the sole

carrier of mass 228 according to Eq. 3.5.
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3.1.4 Summary

The reaction products of the ortho-benzyne self-reaction were investigated by IR/UV

ion dip spectroscopy and augmented with TPES data by Engelbert Reusch. This

project is a pristine example of how different spectroscopic methods combined can

help gather extensive information about a specific system. A total overview of all

identified reaction products is depicted in Fig. 3.15.

The IR experiments allowed the identification of several PAH products due to

their efficient ionization at 265 nm. Naphthalene, fluorene, 2-ethynylnaphthalene,

phenanthrene, and triphenylene were identified as carriers of distinct signals in the

mass spectrum. This suggests that ortho-benzyne is an efficient precursor to form

various common PAHs up to four aromatic rings in high-temperature environments.

Suggested formation pathways for the respective molecules were discussed in the

previous section.

In particular the results on naphthalene, phenanthrene, and triphenylene are

very interesting, because they support recent findings, that these species can be

formed via diradical 1,4-cycloaddition/fragmentation (1,4-CAF) pathways in an

ortho-benzyne rich environment.[47] This Diels-Alder like mechanism seems not only

to be a very efficient way to form PAHs in general, but also produces acetylene which

can subsequently be available for further HACA-type reactions like the formation

of 2-ethynylnaphthalene.

The identification of molecules with smaller ionization cross sections like methyl,

acetylene, diacetylene, and benzene by TPES contributed immensely to the evalua-

tion of all pathways. Particularly the identification of biphenylene as an additional

carrier of mass 152, which was not present in the IR experiments, shows the ad-

vantage of combining different spectroscopic methods to analyze gas-phase reaction

products.
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Figure 3.15: Overview of all identified reaction products of the ortho-benzyne ex-
periments with suggested reaction pathways. Species identified via IR/UV spec-
troscopy are labeled red, whereas species identified in the TPES experiments are
labeled blue.
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3.2 The Benzyl Radical

3.2.1 Introduction

The importance of resonance-stabilized radicals (RSR) in the formation of PAHs in

hot flames and combustion processes has been discussed in the literature for a long

time. Due to their high stability, these molecules can form and accumulate in high-

temperature environments and can subsequently be available for further reactions.

The prime example of a hydrocarbon RSR with a π-electron system is the benzyl

radical C7H7.
[237] It is of high importance in combustion research, as it is strongly

linked to toluene, which is a common component of modern fuels due to its high

energy density and anti-knocking properties.[238,239] In hot flames, growth reactions

based on radical mechanisms are widespread. Hence, a corresponding radical to a

fuel component, in the present case the benzyl radical and toluene, can be regarded

as an activated species.

Figure 3.16: Dimerization of the benzyl

radical title cover as a hot topic arti-

cle published in Chemistry A European

Journal. Adapted with permission from

Ref.[240]

Accordingly, there is a strong connec-

tion between benzyl and toluene re-

search in literature.

The benzyl radical itself has been

investigated thoroughly in the past

decades. In this regard, pyrolyt-

ically generated radicals and their

decomposition products have been

studied by time-resolved UV spec-

troscopy[241,242], threshold photoelec-

tron spectroscopy[243,244], IR/UV spec-

troscopy[245], and photofragment spec-

troscopy.[246,247] In this study, it was

chosen to selectively generate benzyl

radicals by pyrolysis of a suitable ni-

trite precursor instead of generating the

radicals from toluene. This allows for a

relatively neat generation of benzyl rad-

icals in the molecular beam and avoids

the formation of other reactive species

from high-temperature toluene decom-

position. Thus, it is possible to in-

vestigate the reaction products mainly

formed from the benzyl radicals them-
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3.2 The Benzyl Radical Introduction

selves. Former studies on the self-reaction products of benzyl with structural sen-

sitivity are rather scarce and are usually discussed within toluene studies. The

importance of understanding the PAH growth of benzyl becomes evident by look-

ing at the mesomeric structure of benzyl, illustrated in Fig. 3.17. The radical

Figure 3.17: The three mesomeric stabilized structures of benzyl radicals:
Benzylic-, ortho- and para- position.

center can be located in benzylic, ortho, and para position. Although the benzylic

position is generally regarded as the most stable one, condensation reaction from

ortho- and para- attacks may not be neglected. Structural identification of the

reaction products may lead to a better understanding of the gas-phase reaction

dynamics of benzyl radicals and reveal the importance of benzyl in PAH formation.

Furthermore, due to the role of benzyl as an archetype RSH, it might be possible to

transfer these findings to similar RSH systems to predict their role in the formation

of PAHs in high-temperature environments. Therefore, IR/UV double resonance

spectroscopy was employed to identify the self-reaction products of benzyl radicals

in a molecular beam via their gas-phase IR spectra. Note that the findings in the

following section are published in Ref.[240] and large parts of the content are taken

from this publication.
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3.2.2 Experimental Parameters

Benzyl radicals were pyrolytically generated from 2-phenylethyl nitrite in a resis-

tively heated SiC flow reactor, with a length of 38 mm and an inner diameter of 1

mm. The precursor was heated to 85-95 °C to improve vapor pressure and increase

molecule concentration in the seeding gas.

m/z = 91m/z = 151

O O
N

+ +NO CH2O
ΔT

Figure 3.18: Thermal decomposition of the 2-phenylethyl nitrite precursor to gen-
erate benzyl radicals. Additional reaction products are formaldehyde and nitric
oxide. Adapted with permission from Ref.[240]

Experimental parameters (e.g. backing gas, backing pressure, pyrolysis temper-

ature, etc.) were optimized utilizing SPI-MS in regard to benzyl radical generation

and the formation of heavier reaction products.

Table 3.2: Overview of the Experimen-

tal Parameters of the IR/UV Benzyl

Experiments.
Experimental Parameters

Parameter Value

Precursor C8H9NO2

UV Wavelength 265 nm

UV Energy 0.65 mJ

UV Delay 200 ns

Ionization Scheme [1+1]-REMPI

UV Repetition Rate 20 Hz

IR Scan Range 550 - 1750 cm−1

IR Step Width 2.5 cm−1

IR Repetition Rate 10 Hz

Seeding Gas Argon

Seeding Pressure 1.4 bar

The IR/UV experiments have been

conducted at the FEL beamline of

the FELIX laboratory. Hereby, the

precursor was seeded in 1.4 bar ar-

gon and cleaved at a pyrolysis tem-

perature of approximately 1100 °C.
After expanding the molecular

beam through a pulsed solenoid

valve into the pre-chamber of a

TOF-MS spectrometer, the beam

was skimmed, entering the ioniza-

tion region. For the double reso-

nant experiment, a UV-wavelength

of 265 nm with 0.65 mJ of output

power at 20 Hz (Nd:YAG pumped

ns-dye laser, frequency-doubled 530

nm, Coumarin 153) was employed

for a [1+1]-REMPI scheme. The beams were spatially overlapped, and the IR

beam was scanned over the fingerprint region from 550 - 1750 cm−1, with a repeti-

tion rate of 10 Hz, output power up to 100 mJ, and step width of 2.5 cm−1. Finally,
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3.2 The Benzyl Radical Experimental Parameters

the ion signals were detected using TOF-MS, and the IR/UV spectra were received

after data analyses according to Chapter 2.3 and compared to computed vibra-

tional spectra on a B3LYP/6-311G(p,d) (DFT, harmonic, scaling factor: 0.975,

Lorentzian convolution, FWHM = 8 cm−1) level of theory.
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3.2.3 Results and Discussion

3.2.3.1 Mass Spectra of the Thermal Decomposition of 2-Phenylethyl

Nitrite

The 118 nm SPI mass spectrum of 2-phenylethyl nitrite is depicted in the upper

trace of Fig. 3.19. It provides an approximate insight into the relative composition

of the pyrolysis products present in the molecular beam. The MS indicates a com-

plete conversion of the precursor (m/z = 151) into predominantly benzyl radicals

at mass peak m/z = 91. The peaks to lower masses (m/z = 30, 65, 78) show

side products of the precursor decomposition at m/z = 30 (NO2 and CH2O) and

other unimolecular decomposition products like cyclopentadienyl (m/z = 65) and

benzene (m/z = 78) resulting from high-temperature decomposition or DPI.

Figure 3.19: Mass spectra of the thermal decomposition of the phenylethyl nitrite
precursor. top: single-photon ionization at 118 nm; bottom: [1+1]REMPI at 265
nm. Adapted with permission from Ref.[240]
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The main reaction product of the generated benzyl radicals is observed at mass

peak m/z = 182, which corresponds to the dimer with a composition of C14H12. The

other two visible peaks at m/z = 106 and m/z = 122 correlate to phenyl ethanol

(an educt of the precursor synthesis) and benzaldehyde (a possible pyrolysis de-

composition product of phenyl ethanol). These are impurities of the used precursor

and are not considered in the following discussion.

The [1+1]-REMPI mass spectrum at 265 nm is shown in the lower trace of Fig.

3.19. Due to the strong absorption cross-sections for PAHs in this energy region,

additional masses can be observed compared to the SPI spectrum. These appear

at higher masses and hence correlate to additional benzyl reaction products. Peak

m/z = 168 relates to the addition of a phenyl unit (m/z = 77) to benzyl (m/z = 91)

to form a species with C13H13 composition, which apparently undergoes H2-loss to

form a species with m/z = 166.

A similar process can be observed for the heaviest masses in the experiment. The

dimerization product of two benzyl radicals shows a peak at m/z = 182 to form a

molecule with C14H12 composition. The masses at 180 and 178 suggest a consecutive

abstraction of H2 from the dimer to form these obviously stable molecules in the

molecular beam. Note that m/z = 106 is not visible in the REMPI spectrum,

probably due to it being benzaldehyde, which can not be ionized with two 265 nm

photons (IE = 9.36 eV).[248] Mass 104 was identified as styrene and will not be

further discussed in the following section. It is probably being generated from side

products and is not involved in the self-reaction of benzyl in this experiment.

3.2.3.2 Masses 166 and 168: Fluorene and Diphenylmethane

The predominant peak in the 265 nm REMPI spectrum of the decomposition of

2 is mass 168 and constitutes a molecule with C13H12 composition. It correlates

to an addition of a phenyl unit (m/z = 77) to benzyl (m/z = 91), and its IR/UV

spectrum (solid line) is shown in the upper trace of Fig. 3.20. The vibrational

spectrum is dominated by two strong bands in the 650 - 800 cm−1 region and

three smaller bands to higher energies between 1400 - 1650 cm−1. For the energies

between these regions, a meaningful assignment of signals is challenging due to

small signal intensities.

Comparing the IR spectrum to calculated vibrational spectra of suitable candi-

dates, the peak at m/z = 168 can clearly be identified as diphenylmethane, as all

significant experimental peaks are present in the DFT calculations. The appear-

ance of a mass with this molecular weight is not surprising, as it has been observed

in similar experiments of toluene pyrolysis.[249] Here, the authors attribute the for-

mation to a reaction between benzene (m/z = 78) and benzyl (m/z = 91). Looking
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3.2 The Benzyl Radical Results and Discussion

Figure 3.20: top: IR/UV spectrum of mass 168 (solid line) in comparison with
DFT calculations of diphenylmethane (dotted line); bottom: IR/UV spectrum of
the 166 (solid line) in comparison with DFT calculations of fluorene (dotted line).
Adapted with permission from Ref.[240]

at the SPI-MS (see Fig. 3.19) of the current study, a mass corresponding to ben-

zene can be observed as a peak at m/z = 78. Consequently, phenyl radicals should

also be present in the high-temperature flow reactor. Still, they can possibly not

be observed in the mass spectrum due to their high reactivity and, therefore, low

concentration. Hence, we attribute the formation of diphenylmethane to the direct

reaction product of benzyl with phenyl according to Fig. 3.21 (first reaction).
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m/z = 166m/z = 168

2H

Cyclization

m/z = 91

Figure 3.21: Association of benzyl and phenyl radicals to form diphenylmethane
with subsequent cyclization to fluorene.

The next mass in the MS appears 2 amu lower to diphenylmethane at m/z = 166.

This resembles an H2-loss from diphenylmethane and hence suggests a strong con-

nection in the formation between those two species. Figure 3.20 (bottom trace)

shows the experimental IR/UV spectrum of mass 166 compared to the calculated

vibrations of fluorene. Both spectra exhibit a major signal at 732 cm−1, which is

the B1 out-of-plane vibration of the fluorene framework. Moreover, the less intense

vibrations in the 1400 - 1500 cm−1 region are in good agreement with the calculated

values.

Therefore, mass 166 can be readily identified as fluorene, and no contributions

of other possible carriers are visible. Due to the previous observation, the formation

of fluorene can easily be explained by H2 elimination and ring-closing of diphenyl-

methane (see Fig. 3.21).[249] Fluorene has been previously discussed as the carrier

of mass 166 in flame experiments. Here, the authors propose a classical HACA

mechanism to account for the formation of fluorene in their experiments based on

the observation of high acetylene concentrations and key intermediates.[248] Such a

step-wise formation would undergo gradual addition of acetylene units to a frame-

work starting from benzyl according to C7H7→C9H8→C11H8→C13H10. On the other

hand, these stable intermediates are not observed and hence the formation of fluo-

rene can be attributed to the antecedent reaction between benzyl and phenyl.[44,249]
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3.2.3.3 Masses 182, 180 and 178: Phenanthrene, 9,10-Dihydrophenan-

threne, and Bibenzyl

The heaviest molecules observed in the study show peaks at mass 182, 180, and 178.

Again, the spacing by 2 amu suggests a strong connection in the formation of these

three species. The heaviest mass of the pyrolysis is the benzyl dimerization product

at m/z = 182. Although it only shows a medium peak in the REMPI spectrum,

it is indeed the only PAH product with a large enough gas-phase concentration

to be identified in the SPI-MS in Fig. 3.19 (top trace). Its IR/UV spectrum is

depicted in the top trace of Fig. 3.22. Comparing it to quantum chemical calcu-

lations reveals the carrier of m/z = 182 to be bibenzyl (1,2-diphenylethane), as all

major vibrational modes are present in the experimental and calculated spectrum.

Note that two rotational isomers exist for 3; anti and gauche. Previous studies

pointed out that the energy difference between those two rotamers is insignificantly

small.[250] Comparing the experimental IR spectrum to those rotamers indicates

that both isomers are present in the experiment. Due to the different symmetry

of the rotational isomers (C2h for anti and C2 for gauche), their IR spectra differ

and can consequently be identified by their respective unique vibrations. The mode

at 1334 cm−1 is an inimitable characteristic of the gauche isomer, and the relative

intensities of the three vibrations at 1445 cm−1,1488 cm−1 and 1593 cm−1 are in

good agreement with the anti rotamer. Moreover, the relative intensities of the

two dominating bands between 700 cm−1 and 800 cm−1 suggest a contribution of

both isomers. Considering earlier studies, which suggest a relative composition of

70% gauche and 30% anti, we confirm that such a mixture would adequately rep-

resent the IR spectrum measured in our study.[251] Bibenzyl is also the reasonable

dimerization product from a chemist’s perspective. It represents the condensa-

tion product from the most stable form of benzyl radicals, where the radical is

in a benzylic position. This dimerization is barrierless and exothermic by 283.2

kJ mol−1.[252] Low pressure but high temperature dependency is predicted for this

reaction; at low temperatures, the dimerization is the dominant reaction, whereas

the significance of the back reaction increases at higher temperatures.[248,253–260]

Nevertheless, due to the mesomeric stabilization of these radicals, products re-

sulting from ortho- and para-attacks should also be considered, and a comparison

for those is shown in Fig. A.1 - A.4 in the Appendix. However, comparing these cal-

culations to the experimental data suggests no contribution to the IR/UV spectrum.

Merely 2-benzyltoluene exhibits vibrational modes at roughly the same energies of

the measured spectrum but can be discarded because of the wrong intensities of

the peaks. Hence, bibenzyl is identified as the sole carrier of mass 182.
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Figure 3.22: IR/UV spectra of masses 182, 180 and 178 after the decomposition
of phenylethyl nitrite. top: IR/UV spectrum of mass 182 (solid line) in compari-
son with DFT calculations of the two rotamers of bibenzyl (dotted line); center:
IR/UV spectrum of mass 180 (solid line) in comparison with DFT calculations of
9,10-dihydrophenanthrene (dotted line); bottom: IR/UV spectrum of mass 178
(solid line) in comparison with DFT calculations of phenanthrene (dotted line).
Adapted with permission from Ref.[240]
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The next two masses appear 2 amu and 4 amu below bibenzyl at m/z = 180

and m/z = 178, indicating formation via sequential H2-loss starting from bibenzyl.

The IR/UV spectrum of mass 180 is depicted in the center trace of Fig. 3.22. Its

carrier can be identified as 9,10-dihydrophenanthrene. The experimental spectrum

matches the computed vibrations well, displaying a dominant out-of-plane vibra-

tional mode at 734 cm−1 and two further peaks in the higher energy region between

1400 - 1500 cm−1. The IR spectrum of mass 178, on the other hand, is shown in

the lower trace of Fig. 3.22. This spectrum’s signal/noise ratio is apparently lower

compared to other masses, but due to characteristic low energy bands, especially

the two out-of-plane vibrations at 724 cm−1 and 797 cm−1, the mass can be iden-

tified as phenanthrene. The observation of all three masses is in agreement with

similar studies on toluene combustion. Here, phenanthrene has been identified ei-

ther by mole fraction analysis or IE measurements.[248,261] In a toluene pyrolysis

study by Shukla et al., the authors observed the formation of 5 and attributed it

to consecutive H2-loss from 3 as well.[249] In general, three reaction pathways are

possible for the formation of phenanthrene at high temperatures (see Fig. 3.23).

Pathway I and II represent the formation via a growth mechanism. Pathway I

shows a HACA type reaction, in which acetylene is added to biphenyl, followed by

cyclization and H2-loss. Pathway II displays a rather special condensation between

indene and cyclopentadienyl, both common products of many flame experiments.

However, both reaction pathways (I and II) can be discarded in our study, as except

for a small signal at m/z = 65 (for cyclopentadienyl), none of the necessary reactants

were observed in the present study, and no acetylene was added to the experiment.

Pathway IIIa and IIIb (see Fig. 3.23, bottom) show the formation of phenanthrene

from bibenzyl via two consecutive H2-losses. Reaction IIIa hereby proceeds via ini-

tial H2-loss and aromatization to form stilbene, followed by another H2-loss and cy-

clization to phenanthrene. On the other hand, pathway IIIb displays the opposite

sequence. Bibenzyl undergoes first a cyclization to 9-10-dihydrophenanthrene be-

fore aromatization takes place to form phenanthrene. The m/z = 180 intermediate

has been detected in previous studies and was usually identified as E-stilbene, gen-

erally due to chemical intuition and simple calculations.[249] However, in the present

study, the carrier of mass 180 is clearly identified as 9,10-dihydrophenanthrene, and

no influence of E-stilbene on the IR spectrum can be observed. Note that stilbene

should, in principle, be detectable at the employed UV energies and would show

two distinct vibrational modes in the 600 - 800 cm−1 region. Consequently, the

present study suggests the formation of phenanthrene via pathway IIIb. Recent

CBS-QB3 calculations by Sinha and Raj support this result, which questioned the

importance of stilbene in the formation of phenanthrene at high temperatures.[252]
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Figure 3.23: Three possible formation pathways for phenanthrene starting from (I)
biphenyl, (II) indene and cyclopentadienyl or (III) bibenzyl.

The authors suggest that the formation of phenanthrene via IIIb is preferred above

1200 K. They show that the formation of 9,10-dihydrophenanthrene from bibenzyl

is almost isoenergetic with an activation barrier of 70.1 kJ mol−1. On the other

hand, the formation of stilbene (IIIa) requires an activation energy of 168.8 kJ

mol−1 and the reaction is overall endothermic by 90.2 kJ mol−1.
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3.2.4 Summary

The present study on the dimerization of benzyl radicals at high temperatures

revealed several condensation products, which were identified by IR/UV ion dip

spectroscopy in a molecular beam. The carriers of the mass signals were identified

as fluorene (m/z = 166), diphenylmethane (m/z = 168), phenanthrene (m/z = 178),

9,10-dihydrophenanthrene (m/z = 180), and bibenzyl (m/z = 182) by comparison of

the mass-selected gas-phase IR spectra with vibrational calculations. An overview

of the observed reaction products and the proposed reaction pathways are displayed

in Fig. 3.24.

m/z = 91

Cyclization
- H2

Aromatization
- H2

+

+

benzyl radical
2

m/z = 182
bibenzyl

3

m/z = 180
9,10-dihydrophenanthrene

4

m/z = 178
phenanthrene

5

m/z = 168
diphenylmethane

6

m/z = 166
fluorene

7

Cyclization
- H2

Figure 3.24: Overview of the identified mass carriers of the benzyl experiments with
suggested reaction pathways.

The experiment suggests that diphenylmethane and bibenzyl are direct con-

densation products of benzyl radicals. Fluorene is formed via the addition of a

phenyl unit, and phenanthrene being the final dimerization product. Both PAHs

show subsequent H2-loss to form other stable PAHs in a high-temperature environ-

ment. In this regard, diphenylmethane undergoes cyclization and H2-loss to form

fluorene, which is commonly found in various high-temperature and flame studies.

On the other hand, bibenzyl shows the formation of phenanthrene by an initial

cyclization/H2-loss reaction to 9-10-dihydrophenanthrene and subsequent aroma-

tization/H2-loss to phenanthrene. Thereby, this study challenges the commonly

assumed involvement of stilbene in the formation of phenanthrene and confirms

recent theoretical predictions for the formation of phenanthrene from bibenzyl via

the 9,10-dihydrophenanthrene pathway.
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3.3 Ortho-, Meta- and Para-Xylyl Radicals

3.3.1 Introduction

Xylyl radicals are a group of resonance stabilized hydrocarbons with C8H9 compo-

sition. They exist in three different isomeric forms: ortho, meta, and para; which

are depicted in Fig. 3.25. The interest in these molecules is closely related to the

research on benzyl radicals, as presented in Chapter 3.2, and extends the molecular

framework by an additional methyl unit. Xylyl radicals play an important role in

combustion chemistry as they represent the major decomposition product of xylene.

ortho

meta para

Figure 3.25: The three isomeric forms of

xylyl radicals; ortho, meta, and para.

Xylenes are additives in modern

gasoline blends, similar to toluene, and

have replaced other harmful boosting

agents in recent years.[262–264] These ad-

ditives are important to improve com-

bustion performance with their high

energy density and anti-knock prop-

erties.[265] The primary decomposition

of these precursors in high-temperature

environments is H-abstraction at a

methyl group.[224,266,267] This leads to

the production of RSHs, which can ac-

cumulate in hot flames due to their

high stability and low reactivity to-

wards oxygen. Since these radicals

have been considered a potential source

for the formation of harmful PAHs,

the scientific interest in these additives

has been significant for years.[249,252] They were studied utilizing various spec-

troscopic methods such as IR/UV[245], UV-Vis[268,269], photofragment[247], high-

resolution photoelectron[243,270,271], laser-induced fluorescence[272] and femtosecond

time-resolved spectroscopy.[273]

Studies on the three isomers of xylyl are scarce, but the research is getting

more momentum in recent years. The excited states and torsional parameters have

been studied by emission spectroscopy.[274–280] The ionization energies have been

quantified by photoelectron-photoion coincidence spectroscopy[281,282] and higher-

lying electronic states have been studied by multiphoton ionization.[283,284] Research

on the excited state dynamics has been conducted utilizing velocity map imaging[284]

and femtosecond time-resolved spectroscopy.[273]
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Figure 3.26: TOC image of the article

The Gas-Phase Infrared Spectra of Xylyl

Radicals as published in J. Phys. Chem.

Adapted with permission from Ref.[285]

The question remains whether xy-

lyl radicals can be selectively gener-

ated in the gas-phase. In the follow-

ing study, we employed IR/UV ion dip

spectroscopy to answer this question.

This methodology enables the mass-

selected measurement of gas-phase IR

spectra. Accordingly, it is possible to

identify whether xylyl radicals are se-

lectively produced from suitable precur-

sors and stable in a high-temperature

environment or are susceptible to fur-

ther decomposition/isomerization. Fur-

thermore, these measurements would

allow recording the gas-phase vibra-

tional spectrum of these radicals for the

first time. Note that most findings in

the following section are published in

Ref.[285] and are taken from this pub-

lication.

3.3.2 Experimental Parameters

All three xylyl isomers were produced by flash pyrolysis of the respective nitrite

precursor according to Fig. 3.27. The nitrites were synthesized from (methyl-

phenyl)ethyl alcohols according to literature.[284] The products were purified by

distillation under reduced pressure and stored in a dark freezer. Prior to use, the

precursors were distilled again to remove alcohols that accumulate in the product

over time.

The precursors were placed in a heatable sample container and heated to 95-

110 °C to improve vapor pressure. They were seeded in 1.5 bar He, and a pulsed

molecular jet was produced by a solenoid valve operating at 20 Hz. Afterward, the

jet was guided through a resistively heated SiC micro-reactor (approx. 1000 K)

in order to cleave the precursor and consequently expanded into the pre-chamber

of a differentially pumped vacuum apparatus. The molecular jet with the pyrol-

ysis products is skimmed, entering the ionization region of a TOF-MS. Here, the

molecular beam is crossed by IR and UV radiation, and the resulting ions were

accelerated towards an MCP array for detection.
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Figure 3.27: Thermal decomposition of the (methylphenyl)ethyl nitrite precursor
to the respective xylyl radical. Secondary reaction products are formaldehyde and
nitric oxide. Adapted with permission from Ref.[285]

Table 3.3: Overview of the Experimen-

tal Parameters of the Xylyl IR/UV Ex-

periments.
Experimental Parameters

Parameter Value

Precursor C8H8NO2

UV Wavelength(o) 311.35 nm

UV Wavelength(m) 310.08 nm

UV Wavelength(p) 309.73 nm

UV Energy 1.5 mJ

UV Delay 200 ns

Ionization Scheme [1+1]-REMPI

IR Scan Range 550 - 1700 cm−1

IR Step Width 2.0 cm−1

UV Repetition Rate 20 Hz

IR Repetition Rate 10 Hz

Seeding Gas Helium

Seeding Pressure 1.5 bar

A frequency-doubled Nd:YAG

pumped dye laser was utilized as

a UV source. For ionization via

a [1+1]-REMPI process, rhodamine

101 was employed to produce radi-

ation in the range of 309-312 nm

after frequency doubling. The UV

laser was set to a repetition rate of

20 Hz and delivered pulses with ap-

prox. 1.5 mJ per pulse. The UV

wavelength was optimized with re-

gards to xylyl ionization efficiency

in preliminary experiments and set

to 311.35 nm (ortho), 310.08 nm

(meta), and 309.73 nm (para), re-

spectively. The free-electron laser

FELIX was utilized to produce

the IR radiation for the double-

resonance experiment. It creates IR

light up to 100 mJ per macropulse at 10 Hz and the wavelength can be modified

to scan the fingerprint region from 550 to 1700 cm−1. The scan step width was

set to 2 cm−1 and the line width of the IR radiation can be estimated to be 0.5%

of the set wavenumber for the used parameters. The UV pulse was delayed by

200 ns with regards to the IR radiation to optimize the temporal overlap between

IR excitation and ionization. After data acquisition and analysis, the spectra were

compared to ab initio calculations on a B3LYP/6-311++G** level of theory as
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implemented in the Gaussian 09 suite. The vibrational frequencies were calculated

with an anharmonic correction which was necessary for an accurate description of

the xylyl radicals. Finally, the calculated spectra were convolved with a gaussian

function (FWHM = 8 cm−1) for better comparison with the experimental spectra.

3.3.3 Results and Discussion

3.3.3.1 Mass Spectra of the Thermal Decomposition of the Xylyl Pre-

cursors

A selection of [1+1]-REMPI mass spectra for the three xylyl precursors is depicted

in Fig. 3.28. They were recorded at their respective optimized ionization wave-

length around 310 nm, and masses in the range from 0 to 240 amu are displayed.

As expected, all three mass spectra show very similar mass signals. The absence

of a signal at m/z = 165 suggests a complete conversion of the precursors after

pyrolysis. The spectra show an efficient generation of xylyl radicals, as all three

spectra are dominated by strong mass peaks at m/z = 105. Furthermore, various

lower masses are visible in all spectra, including a signal at m/z = 77 and a satellite

at m/z = 103. These lighter masses are produced by DPI of m/z = 105 as most

show the same IR spectrum as the predominant signal. All spectra also share a

signal peak at m/z = 208. This represents the radical-radical dimerization product

of mass 105 after H2-loss. Finally, various signals can be observed between mass

105 and 208. Again, these signals can be explained by DPI of mass 208, as most

share the same IR spectrum. Note that for some of the very small signals, the ion

dip signal was insufficient to provide a meaningful IR spectrum for identification.
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Figure 3.28: [1+1]-REMPI mass spectra of the xylyl precursors. top: Py-
rolysis of 2-(2-methylphenyl)ethyl nitrite at 311.35 nm; center: Pyrolysis
of 2-(3-methylphenyl)ethyl nitrite at 310.08 nm; bottom: Pyrolysis of 2-(4-
methylphenyl)ethyl nitrite at 309.73 nm. Adapted with permission from Ref.[285]
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3.3.3.2 IR Spectra of the three Xylyl Radicals

The mass-selected (m/z = 105) IR spectra of the three xylyl radical precursors are

depicted in Fig. 3.29. The experimental spectra (solid line) are compared to anhar-

monic DFT calculation (dotted line) and were normalized for better comparison.

Some low-intensity combination bands with torsional contribution were ignored as

they were expected not to be accurately calculated at the chosen level of theory.

Note that this did not change the overall contour of the calculated spectra. A

complete list with all identified vibrational modes is shown in Table 3.4.

3.3.3.3 The IR Spectrum of the ortho-Xylyl Radical

The IR/UV spectrum of mass 105 after decomposition of 2-(2-methylphenyl)ethyl

nitrite is shown in the top trace of Fig. 3.29. Comparing the experimental spectrum

to DFT calculations, the carrier can clearly be identified as the ortho-xylyl radical.

The spectrum shows four distinct signals, two in the lower and two in the higher

energy region. The two fundamental wagging modes of ortho-xylyl appear at 689

cm−1 and 758 cm−1 and agree well with the calculated energies at 703 cm−1 (351)

and 768 cm−1 (321). These two wagging vibrations are characteristic for all xylyl

radicals but differ in energy and intensity slightly for the respective isomer. In

this case, the energy spacing and relative intensity between the two signals are

well described by theory and allows for a clear identification of the carrier. At

higher energies, a peak around 1453 cm−1 and 1566 cm−1 can be observed. The

first signal is broadened as it is composed of several fundamentals (121, 131, 141,

151), overtones (342) and combination bands (321351, 341351), which overlap in the

experimental data. The smaller peak at 1566 cm−1, however, displays a sharper

contour and can be assigned to the 101 deformation mode calculated at 1564 cm−1.

The middle section of the experimental spectrum between 800 cm−1 and 1400 cm−1

shows no distinct features. This agrees with computations as only very low-intensity

vibrations were calculated in this region.

Besides these identified vibrational signals, the data does not exhibit any other

meaningful features. This concludes that ortho-xylyl is the sole carrier of mass 105,

and no other molecules with the same mass are present. Furthermore, it shows

that ortho-xylyl is stable when isolated in a noble gas and would consequently be

available for other types of spectroscopic experiments.
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Figure 3.29: IR/UV spectra of the three xylyl radical traces (solid line) in compar-
ison to vibrational calculations (dotted line). top: IR/UV from the decomposition
of 2-(2-methylphenyl)ethyl nitrite in comparison to ortho-xylyl; center: IR/UV
from the decomposition of 2-(3-methylphenyl)ethyl nitrite in comparison to meta-
xylyl; bottom: IR/UV from the decomposition of 2-(4-methylphenyl)ethyl nitrite
in comparison to para-xylyl. Adapted with permission from Ref.[285]
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Note that the spectrum seems to rise to both ends of the measured range, sug-

gesting the presence of additional signals. This, however, is due to inconsistencies

of the FEL at the edges of the scannable range and is amplified in the processing

of the raw data. These have been observed before and hence should be considered

artifacts.

3.3.3.4 The IR Spectrum of the meta-Xylyl Radical

The mass-selected IR spectrum of the meta-xylyl precursor 2-(3-methylphenyl)ethyl

nitrite is displayed in the center trace of Fig. 3.29. Again, the spectrum displays

two distinct wagging vibrations in the lower energy region at 665 cm −1 and 768

cm−1 which are in good agreement with the calculations at 673 cm−1 (351) and

766 cm−1 (321). In addition, theory predicts two small vibrational modes in this

region; another wagging mode at 719 cm−1 (341) and a CH2/CH3 twist at 859 cm−1

(311). Although the predicted intensity is quite small, both signals can clearly be

observed in the experimental spectrum at 719 cm−1 and 869 cm−1. These small

vibrations are unique to the meta isomer in the group of xylyl radicals and are

absent in the IR spectrum of the other xylyl isomers. The middle part of the

spectrum is featureless, and the calculations only predict signals with insignificant

intensity. The upper energy region, however, shows five peaks above 1350 cm−1.

The first three signals appear at 1385 cm−1, 1423 cm−1, and 1463 cm−1, which

partially overlap above a broad base. The other two peaks are well separated at

1562 cm−1 and 1647 cm−1. Calculations predict these signals to be composed of

several fundamental, overtones and combination bands, which are listed in more

detail in Table 3.4. Overall the calculated spectrum matches the experimental data

very well, and thus the carrier of mass 105 can unambiguously be identified as

meta-xylyl. Again, no contribution of other possible carriers can be observed in the

spectrum, suggesting a neat generation of meta-xylyl in the pyrolysis.

3.3.3.5 The IR Spectrum of the para-Xylyl Radical

The lower trace in Fig. 3.29 shows the IR/UV spectrum of m/z = 105 after decom-

position of 2-(4-methylphenyl)ethyl nitrite. The calculated spectrum shows two

characteristic low energy bands for para-xylyl. The first consists of the modes 351
(688 cm−1) and 341 (698 cm−1), which overlap to a single band in the calculated

spectrum. This matches the experimental data well with a peak at 685 cm−1 and

a small shoulder to higher energies. The second peak is a wagging mode calculated

at 800 cm−1 (311) and is also in good agreement with the measured peak at 810

cm−1. Theory again only predicts low-intensity modes in the central section of the
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fingerprint region. This time, however, a peak at 1121 cm−1 is clearly identifiable

in this region due to a better signal/noise ratio in the measurement. It can be

assigned to the 231 in-plane bending mode calculated at 1135 cm−1. The calcu-

lated spectrum also suggests several other modes from 950 cm−1 - 1100cm−1 with

similar intensities. However, it was not possible to resolve these vibrations in the

experiment, and the data only show severe broadening in this area. In the higher

energy region above 1400 cm−1 four distinct signals can be identified at 1405 cm−1,

1436 cm−1, 1483 cm−1 and 1568 cm−1. The first one at 1405 cm−1 corresponds to

the two overtones 342 and 352 and the 341351 combination band. The calculated

spectrum underestimates this signal noticeably by 31 cm−1, showing a peak at 1374

cm−1. The next signals, however, are well represented in the calculations in spacing

and relative intensity. The mode at 1436 cm−1 is comprised of two fundamentals

at 1450 cm−1(141) and 1451 cm−1(151). The 121 deformation mode appears in

the experiment at 1568 cm−1. Para-xylyl also exhibits a C=C aromatic stretching

mode (101) of medium intensity in this region. It can be observed at 1568 cm−1

and is well separated. Finally, the attentive observer might observe a small shoul-

der to higher energies at 1618 cm−1. In consideration of the calculated vibrations,

this peak can be assigned to a combination band (311321) calculated at 1609 cm−1.

As for the other two isomers, the carrier of mass 105 of pyrolytically cleaved 2-(4-

methylphenyl)ethyl nitrite can be unambiguously identified as the respective xylyl

isomer, para-xylyl.
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Table 3.4: Identified Vibrational Bands of the three Xylyl Radical Isomers in Com-
parison with Calculated Energies. Energies given in cm−1.

Experimental Parameters
Isomer Energy Transition

ortho 689 351(703, ωCH2,CH3,ring)
758 321(768, ωCH2,ring)
1453 151(1450, δCH3

), 141(1453, δIP), 131(1477, βCH2,CH3
),

121(1485, βCH2,CH3
), 342(1441), 321351(1459),

341351(1417)
1566 101(1564, sCCring)

meta 665 351(673, ωCH2,ring)
719 341(716, ωCH2,ring)
768 321(766, ωCH2,ring)
869 311(859, τ)
1385 341351(1385)
1423 342(1417), 151(1443, δCH3

)
1463 121(1471, βCH2,CH3

), 131(1459, βCH2,CH3
)

1562 101(1561, sCCring), 311341(1575)
1647 311321(1635)

para 685 351(688, ωCH2
), 341(698, ωCH2,CH3

)
810 311(800, ωring)
1121 231(1135, βring)
1405 352(1370), 342(1384), 341351(1374)
1436 141(1450, δCH3

), 151(1451)
1483 121(1483, δ)
1568 101(1565, sCCring)
1618 311321(1609)

Vibrational descriptors were applied where suitable following: s = stretch,
β = in plane bend, δ = deformation, ω = wagging, τ = twist
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3.3.3.6 Xylyl Dimers

The experiments on the three xylyl radicals also revealed a mass signal at m/z = 208

in the mass spectra of all three precursors, as displayed in Fig. 3.28. It corresponds

to the dimerization product of two xylyl radicals accompanied by loss of H2. The

IR/UV spectrum of mass 208 for the meta and para experiments are shown in Fig.

3.30 and Fig. 3.31.
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IR/UV m/z = 208 m-Xylyl-Precursor
calc. m-Xylyl Dimer

Figure 3.30: The IR/UV signal of the meta-xylyl dimerization product at mass
208 (solid line) in comparison to vibrational DFT calculations of (E)-1,2-bis(3-
methylphenyl)ethene (dotted line). Adapted with permission from Ref.[285]

The respective spectrum for the ortho experiments had a too low signal/noise ra-

tio for identification. The data in comparison with calculations revealed the dimer-

ization product to be stilbene derivatives, (E)-1,2-bis(3-methylphenyl)ethene and

(E)-1,2-bis(4-methylphenyl)ethene, respectively. This is very interesting consider-

ing the findings from previous benzyl experiments (see Section 3.2.3.3), which is a

very similar system. The xylyl dimers are most likely formed under radical-radical

addition and subsequent H2-loss to form the stilbene double bond. In contrast,

the benzyl dimerization and following reactions showed a preference for cycliza-
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tion after initial addition to forming 9,10-dihydrophenanthrene and phenanthrene.

This observation might be due to inefficient ionization of phenanthrene derivatives

around 310 nm. But note further that no stilbene derivatives have been observed in

the benzyl experiments under similar conditions. Consequently, it can be assumed

that due to increased steric interaction, cyclization is hindered in the dimerization

of xylyl radicals, which might explain the difference in dimerization characteristics

compared to benzyl.
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IR/UV m/z = 208 p-Xylyl-Precursor
calc. p-Xylyl Dimer

Figure 3.31: The IR/UV signal of the para-xylyl dimerization product at mass
208 (solid line) in comparison to vibrational DFT calculations of (E)-1,2-bis(4-
methylphenyl)ethene (dotted line). Adapted with permission from Ref.[285]
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3.3.3.7 Xylyl Radical Isomerization

An important topic when it comes to xylyl radicals is the question if they isomerize

in a high-temperature environment like a heated micro-reactor. The isomerization

of different C8H9 isomers has been studied theoretically, and the three xylyl radicals

can be regarded as isoenergetic, as the difference in the heat of formation is less

than 1 kJ mol−1.[282] Meta-xylyl is supposed to be most susceptible to isomerization.

It is the least stable isomer, and the activation energy to isomerize to ortho- or

para-xylyl was calculated to be +292 kJ mol−1 and +289 kJ mol−1, respectively.

Hemberger et al. showed in a photoionization study that para-xylylene is formed

in the pyrolysis of meta-xylyl bromide, demonstrating an accessible isomerization

pathway from meta- to para-xylyl.[282]

Furthermore, isomerization of xylyl involving methyltropyl has been reported

by Reilly and coworkers.[286] Recent experiments, however, showed that ortho- and

para-xylyl H-abstraction is favored in contrast to isomerization, which leads to the

formation of para-xylylene and benzocyclobutene, respectively.[284]

In the present study, no isomerization products were observed. This shows that

a neat sample of a specific xylyl radical can be produced utilizing nitrite precursors

under mild pyrolysis conditions, which avoids unwanted isomerization processes.

The occurrence of isomerization products in other studies might originate in the use

of precursors which exhibit higher leaving group binding energies, e.g., halogenides.

These require higher pyrolysis temperatures for bond cleavage, which might make

several isomerization pathways energetically accessible. The same concept applies

to other generation methods, which inherently deploy a lot of thermal energy into

the experiment, like molecular discharge sources.

This suggests that the reactor temperature is the crucial experimental parameter

for xylyl radical isomerization and must be minimized when a clean radical sample

is required for the experiment.
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3.3.4 Summary

This study on the three isomers of xylyl radicals allowed for the first measurement of

their fingerprint IR spectrum in an isolated gas-phase environment. The molecular

structures and vibrational modes of the isomers are very similar. A comparison of

the vibrational data revealed that all isomers could be unambiguously differentiated

by their strong low energy modes. Therefore the identification of xylyl radicals is

accessible via IR spectroscopy. This is a useful finding as identification via purely

ionization-based methods is possibly hindered by the similarity of the d3 ← d0

transition between all three isomers.

Previous studies suggest that isomerization has to be considered as a follow-up

reaction when xylyl radicals are formed, especially for the less stable meta isomer.

In the present study, however, it was shown that these radicals could be neatly

generated under the utilized experimental parameters from their respective nitrite

precursors by flash-pyrolysis. This allows for the specific generation of certain iso-

mers for future experiments without the necessity of coupled structural sensitivity.

All structural identification was carried out with the help of DFT calculations

on a B3LYP/6-311++G** level of theory as implemented in gaussian09. Here,

it turned out that taking anharmonicity into account was not only beneficial but

necessary for a correct simulation of the vibrational spectra. The lower energy

modes of the xylyl isomers are energetically very similar in their position and require

a precise theoretical description to differentiate between the isomers. Furthermore,

the inclusion of overtones and combination bands from the anharmonic calculations

allowed for an accurate prediction of the higher energy vibrational landscape for all

isomers.

Finally, the only other masses identified besides the xylyl radicals were dimer-

ization products originating from radical-radical association. Here, the dimers were

identified as stilbene isomers, (E)-1,2-bis(3-methyl-phenyl)ethene and (E)-1,2-bis(4-

methylphenyl)ethene, as it would be expected from a neat generation of the respec-

tive xylyl radicals. Other masses observable in the mass spectra were consequently

all a result of dissociative photoionization from either the xylyl radicals themselves

or their dimerization products.
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3.4 Ortho-, Meta- and Para-Xylylene

3.4.1 Introduction

Xylylenes are a group of resonance stabilized hydrocarbons that exhibit distinct

biradical character.[287,288] Although molecular hydrocarbon biradicals have been

studied for years, much of this research is limited to theoretical work as experi-

ments are difficult to perform. Due to the unstable nature of the vast majority

of these molecules, experiments must be performed in isolation. The biradicals

themselves have to be generated in a mild and selective manner. Consequently,

gas-phase molecular beam and matrix isolation techniques combined with spec-

troscopic detection have been proven useful to investigate these systems in recent

years.

ortho

meta para

Figure 3.32: The three xylylene isomers:

Ortho, meta and para.

Moreover, xylylenes represent an

additional decomposition product (cf.

Fig. 3.33) in the high-temperature re-

action of xylene.[289,290] As mentioned

in Chapter 3.3, xylene is an impor-

tant anti-knock agent in gasoline blends

that decompose to xylyl radicals dur-

ing combustion. If another hydrogen

is abstracted, xylylenes can be formed,

which can contribute to the formation

of PAHs and soot.

C8H8 is the composition of the xy-

lylene molecules, and they appear in

ortho-, meta-, and para-constitution as

depicted in Fig. 3.32. Meta-xylylene

is usually depicted in non-Kekulé form

because it represents a true biradical.

Ortho- and para-xylylene exhibit a lesser biradical character due to mesomeric sta-

bilization and are usually depicted in a Kekulé structure. The drastic difference in

biradical character combined with their simple structure makes them outstanding

benchmark molecules for molecular biradicals.

Recent spectroscopic studies include matrix-isolation experiments,[291–293] thres-

hold-photoelectron spectroscopy[281,282,294] and femtosecond time-resolved photo-

electron spectroscopy.[87,295] These gave new information about their structural

properties, thermochemistry, excited state dynamics, and high-temperature reac-

tivity. For techniques that lack structural sensitivity, it is important to confirm the
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formation of the desired species for a specific generation method, e.g., pyrolysis.

This is especially important because it has been suggested that xylylenes exhibit a

high probability to isomerize.

- H - H

Xylene Xylyl Xylylene
m/z = 106 m/z = 105 m/z = 104

ΔT ΔT

Figure 3.33: Thermal decomposition of xylene to xylyl and xylylene via sequential
hydrogen elimination.

Hence, in the current study, IR/UV ion dip spectroscopy was employed to con-

firm the generation of pyrolytically generated xylylenes in a molecular beam envi-

ronment and observe potential secondary reaction products. Identification is carried

out by comparison of the mass-selected IR spectra with DFT calculations. Most of

these results have been published in Ref.[148]
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3.4.2 Experimental Parameters

The xylylene isomers were pyrolytically generated in a resistively heated SiC micro-

reactor. The precursors employed were 3-isochromanone (ortho-xylylene), 1,3-

bisbromomethylbenzene (meta-xylylene) and [2.2]paracyclophane (para-xylylene).

The samples were placed in a sample container within a molecular beam source and

heated to 80°C, 110°C, or 170°C to increase gas-phase concentration. After seeding

the precursors in a noble gas (He/Ar), a solenoid valve is employed to create the

pulsed free jet.

Subsequently, the beam is guided through the pyrolysis unit and expanded into

a deferentially pumped vacuum apparatus. The cold central cone of the jet is

skimmed, entering the ionization region of a time-of-flight spectrometer, where the

beam is crossed by the incident IR and UV radiation.
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Figure 3.34: Overview of the thermal decomposition of all three xylylene precur-
sors. top: Decomposition of 3-isochromanone to ortho-xylylene; center: Decom-
position of 1,3-bisbromomethylbenzene to meta-xylylene; bottom: Decomposition
of [2.2]paracyclophane to para-xylylene.
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A dye laser pumped by a pulsed Nd:YAG (20 Hz) produced frequency-doubled

UV radiation at 265 nm and 266 nm. The molecules were ionized following a [1+1]-

REMPI scheme with an average laser power between 0.75 - 1.00 mJ. A free-electron

laser (FELIX) provided scannable IR radiation in the fingerprint region between

550-1750 cm−1.

Table 3.5: Overview of the Experimen-

tal Parameters of the Xylylene IR/UV

Experiments.
Experimental Parameters

Parameter Value

Precursor (ortho) C9H8O2

Precursor (meta) C8H8Br2
Precursor (para) C16H16

UV Wavelength(ortho) 266 nm

UV Wavelength(meta) 266 nm

UV Wavelength(para) 265 nm

UV Energy 0.75-1.00 mJ

UV Delay 200 ns

Ionization Scheme [1+1]-REMPI

UV Repetition Rate 20 Hz

IR Scan Range 550 - 1750 cm−1

IR Step Width 2.0 / 2.5 cm−1

IR Repetition Rate 10 Hz

Seeding Gas (ortho/meta) Helium

Seeding Gas (para) Argon

Seeding Pressure (ortho/meta) 1.5 bar

Seeding Pressure (para) 1.4 bar

The FEL was operated at 10

Hz with a scan step width

of 2.0 cm−1 or 2.5 cm−1, re-

spectively. Furthermore, a

delay between IR and UV

of 200 ns was set to op-

timize the depletion signal.

The experimental TOF-MS

data were corrected for vari-

ations in laser power, aver-

aged over multiple measure-

ments, and finally smoothed

using digital filtering.

For identification, the

resulting mass-selected IR

spectra were compared to

vibrational calculations at a

B3LYP/6-311++G** level

of theory as implemented

in the Gaussian09 suite.[191]

Calculations for the xyly-

lene molecules were aug-

mented with anharmonic

corrections to provide a sufficient representation of the vibrational modes. This

was not necessary for other species, and hence these were calculated in the har-

monic approximation. Note that anharmonic effects on the mid-IR region of PAHs

have recently been investigated in detail by Rijs and coworkers.[296]
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3.4.3 Results and Discussion

3.4.3.1 The Mass Spectra of the Xylylene Precursors

Figure 3.35: Mass spectra of the xylylene ex-

periments. top: Thermal decomposition of 3-

isochromanone; center: Thermal decomposition

of 1,3-bisbromomethylbenzene; bottom: Ther-

mal decomposition of [2.2]paracyclophane.

The conversion of 4 (3-iso-

chromanone), 5 (1,3-bisbromo-

methylbenzene) and 6 ([2.2]para-

cyclophane) to the respective

xylylene radicals were observed

via the [1+1]-REMPI mass

spectra at 265 nm and 266 nm,

as depicted in Fig. 3.35. The

spectra were further normal-

ized for better visual compar-

ison.

Here, all precursors show

a good conversion to carriers

with m/z = 104, which are the

dominant signal peaks in the

mass spectra. No signal at the

masses of the respective pre-

cursors can be observed, which

indicates a full thermal con-

version. The MS also shows

peaks with lower masses and

small intensities. These sig-

nals below 100 amu are proba-

bly mainly caused by dissocia-

tive photoionization and are no

additional decomposition prod-

ucts of the precursor.
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3.4.3.2 IR/UV of Mass 104 from the Decomposition of 3-Isochroman-

one

The IR/UV spectrum of 4 at mass 104 is depicted in Fig. 3.36. The spectrum ex-

hibits a very good signal/noise ratio in the fingerprint region from 550-1750 cm−1.

Major vibrational modes are observed at 717 cm−1, 783 cm−1, 1197 cm−1 and 1455

cm−1.

Figure 3.36: The IR/UV spectrum of mass 104 (solid line) from the decomposition
of 3-isochromanone in comparison with vibrational calculations of benzocyclobutene
(dotted line) and para-xylylene (dashed line).

Comparing the experimental spectrum to anharmonic vibrational calculations

of ortho-xylylene (dashed line) shows no conformance. On the other hand, the

experimental data matches the harmonic vibrational spectrum of benzocyclobutene
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(dotted line) very well. All major modes are well represented in the simulation and

experiment. Only small variations in signal intensity are observed, especially for

the two strong modes in the lower energy region, which can easily be explained by

inefficiencies in the harmonic approximation. Consequently, the carrier of mass 104

can clearly be identified as benzocyclobutene, and no indication of 1 is present in

the experimental data.

Figure 3.37: Equilibrium between para-xylylene and benzocyclobutene. The for-
ward reaction A is energetically favoured.

This is not entirely surprising as the equilibrium between 1 and benzocyclobutene

(cf. Fig. 3.37) has been a well-understood isomerization in organic synthesis for

decades. In this regard, benzocyclobutene has been proven to be a very useful pre-

cursor to generate ortho-xylylene via B in solution upon thermal activation. The

reverse isomerization A exhibits in the gas-phase a low reaction barrier of 0.17 eV

and is exothermic by 0.48 eV.[284] These energies are readily available in a pyrolysis

experiment like this, and thus this reaction could be accessible.
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3.4.3.3 IR/UV of Mass 104 from the Decomposition of 1,3-Bisbromo-

ethylbenzene

Figure 3.38 shows the IR/UV spectrum of m/z = 104. The experimental spectrum

(solid line) is dominated by three strong bands in the lower energy region at 705

cm−1, 780 cm−1, and 910 cm−1. Further bands to higher wavenumbers are also

clearly distinguishable but exhibit a lower signal/noise ratio and partially overlap.

The simulated vibrational spectrum of meta-xylylene (dashed line) does not match

the experimental data, as major vibrational modes at 464 cm−1, 763 cm−1, 1254

cm−1, and 1576 cm−1 are not observed. However, the results match the calculated

spectrum of styrene (dotted line). All major bands below 1200 cm−1 are clearly

identifiable in the experiments, and also, the vibrational landscape in the higher

energy region is in good agreement between experiment and theory.

Figure 3.38: The IR/UV spectrum of mass 104 (solid line) from the decomposition
of 1,3-bisbromoethylbenzene in comparison with vibrational calculations of styrene
(dotted line) and meta-xylylene (dashed line).
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Styrene is the most stable isomer with C8H8 constitution. It has been observed pre-

viously as a decomposition product of xylenes and xylyl radicals.[297] The formation

has been discussed by a series of ring-closing/ring-expansion reactions involving

ortho- or para-xylylene intermediates.

For meta-xylylene, this isomerization was recently studied theoretically by Reil-

ley and coworkers.[286] They calculated the enthalpy of reaction to be highly exother-

mic by -183.7 kJ mol−1, and the energetics of the reaction is displayed in Fig. 3.39.

The initial step is the recombination reaction of 2 with a hydrogen radical to form

meta-xylyl radical (I). Note that free hydrogen radicals are usually considered suffi-

ciently available in a pyrolytically heated micro-reactor. The formation of I comes

with an excess heat of 367.4 kJ mol−1 and the high temperatures during pyrolysis

dump enough energy in the system to easily overcome all further reaction barriers

(ΔmaxH(0 K, TSIII − I) = 344.8 kJ mol−1) to styrene. After the formation of I,

the reaction proceeds via ring-expansion to form the methyltropyl radical (V). V is

a rather stable radical due to its aromatic stabilization and is supposed to play an

important role in the decomposition of toluene. Furthermore, Reilley et al. suggest

V to be a common intermediate in reaction pathways of ortho- and para-xylylene,

which might allow for direct isomerization between the three xylylene or xylyl iso-

mers via a similar pathway. This, however, was not observed in the current study.

Finally, styrene is formed from V after activation to the α-radical, ring-contraction

to form the styrene molecular frame and consequently rearomatization by the elim-

ination of hydrogen. Note that other reaction mechanisms for this isomerization

have been suggested in the literature, which often include initial isomerization to

other xylyl or xylylene isomers.[298,299]
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Figure 3.39: Energies and intermediates in the isomerization between meta-xylylene
and styrene. Values given in kJ mol−1. Figure partly adapted from Ref.[286]
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3.4.3.4 IR/UV of Mass 104 from the Decomposition of [2.2]Paracyclo-

phane

The results of the decomposition of 6 are displayed in Fig. 3.40. It shows the mass-

selected (m/z = 104) IR/UV spectrum at the top (solid line) and the computed IR

spectrum of para-xylylene at the bottom (dotted line). Due to its high symmetry,

para-xylylene shows a quite simple IR spectrum dominated by two deformation

modes at 445 cm−1 and 864 cm−1, as well as a strong C=C bending mode at 1583

cm−1.

Figure 3.40: The IR/UV spectrum of mass 104 (solid line) from the decomposition
of 3-isochromanone in comparison with vibrational calculations of para-xylylene
(dotted line).

Although the experimental spectrum is quite noisy, smaller modes at 1128 cm−1

and 1443 cm−1 can be identified with the help of the DFT simulation. Overall the

experimental spectrum is in excellent agreement with the computed vibrational

103



3.4 Ortho-, Meta- and Para-Xylylene Results and Discussion

modes and also matches the IR-spectrum of 3 previously recorded in a rare-gas

matrix by Marquardt and coworkers.[291,292] Hence, the carrier of mass 104 can un-

ambiguously be identified as para-xylylene. Here, 6 has proven to be an excellent

precursor to produce 3 in a pyrolysis reactor, as no other isomers could be iden-

tified in the experimental data. Although not strictly necessary for 3, the DFT

calculations were performed with an anharmonic correction to be consistent with

the computed spectra of the other isomers. This, however, did improve the quality

of the predicted vibrational modes in terms of energetic position and relative signal

intensities.
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3.4.3.5 Troubleshooting ortho- and meta-Xylylene

After analyzing the IR/UV data from the decomposition of 4 and 5, the question

arises why it was not possible to identify ortho- and meta-xylylene in the current

study, especially because they have been observed in gas-phase experiments pre-

viously.[282,294] This probably boils down to two problems: (a) selecting suitable

precursors for pyrolysis and (b) problems with the UV excitation of the respective

excited states.

Hemberger et al. for example, used in their photoionization study 1,3-bis(iodo-

methyl)benzene to pyrolytically generate meta-xylylene.[294] In contrast to the bis-

bromo compound employed in the current study, the iodine-carbon bond exhibits

considerably lower bonding energy which can be cleaved at lower temperatures.

Consequently, the pyrolysis reactor can be run at lower temperatures which might

reduce undesired isomerization products. 1,3-bis(iodomethyl)benzene was also con-

sidered for the study, but the compound’s low vapor pressure was insufficient for a

pulsed molecular beam experiment and resulted in very low signal intensity.

ΔT

[2.2]metacyclophane

2 x

ΔT

[2.2]orthocyclophane

2 x

1

2

Figure 3.41: Alternative cyclophane precursors for the pyrolytic generation of ortho-
and meta-xylylene.

To find a better precursor, it might be beneficial to consider the experiments on

para-xylylene. [2.2]paracyclophane turned out to be an excellent precursor to gen-

erate 3, as it is basically the dimer of the desired species. The same approach

could be applied to generate the other isomers. [2.2]metacyclophane and [2.2]or-
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thocyclophane are the analogous compounds (see Fig. 3.41). Although usually not

commercially available, various synthetic routes for both compounds can be found

in the literature.[300–303]

On the other hand, the UV ionization of the xylylenes might be another critical

factor in detecting those species. In this regard, Mitric and coworkers recently

calculated vertical excitation energies and oscillator strengths for relevant molecules

in this study (cf. Table 3.6).[148] Experimentally for para-xylylene, a broad UV

absorption band from 4.2 to 4.7 eV has been observed for the bright ππ* state.[281]

This transition to a 1B2u features a strong oscillator strength of ≈ 1. In comparison

to the computed vertical excitation energy of 4.91 eV (cf. Table 3.6) a redshift by

0.36 eV (TDDFT/B3LYP/6-311++ G**) is expected. Consequently, 3 is efficiently

excited at 265 nm (4.68 eV) in the experiment.

For 1, a bright (f ≈ 0.15) ππ* transition into an 1B state is predicted at 3.87 eV.

Also, considering a red-shift correction, this transition lies well below the employed

laser wavelength of 266 nm (4.66 eV) and can be considered off-resonant. Other

allowed transitions with matching energies were calculated in the range from 5.13 -

5.50 eV. However, these ππ* and Rydberg-states have considerably lower oscillator

strength with f ≈ 0.001 and f ≈ 0.003, respectively. On the other hand, the observed

isomerization product benzocyclobutene has a bright ππ* transition at 4.97 eV.

Again, considering a slight red-shift to the computed data, this transition matches

the utilized UV excitation. Additionally, the BCB transition to the ππ* possesses

an oscillator strength of ≈ 0.017, which is nearly an order of magnitude higher than

the comparable transitions for 1.

The CCSD computations predict several allowed ππ* and Rydberg transitions

for 2 in the range from 3.59-5.21 eV. Experimentally, UV absorption bands from 4.3-

4.5 eV (weak) and 5.2-5.6 eV have been reported.[293] The brightest transition into

an 1A1 state was computed at 4.97 eV with f ≈ 0.013 and can be attributed to the

lower energy band. For styrene, two ππ* absorption bands have been observed from

4.3-4.5 eV (weak) and 4.87-5.58 eV (strong).[304–306] The later transition matches

the applied UV wavelength substantially better than the transition in 2. Thus, it

can be assumed that the spectral conditions favor a resonant excitation of styrene

in contrast to 2. This, combined with a stronger oscillator strength (f ≈ 0.370 vs.

f ≈ 0.127), is a sensible explanation for the biased detection of the isomerization

product.
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Table 3.6: Spectral Parameters of Relevant Species in the Xylylene Experiments.
Vertical Excitation Energies ΔHvert and Oscillator Strength f Computed Using
EOM-CCSD with aug-cc-pVDZ. Data Compiled by Mitric et al. and taken from
Ref.[148]

Spectral Parameters
ΔHvert[eV] f Symmetry Character

p-Xylylene (3) 3.72 0.000 1A1g ππ*
4.91 0.968 1B2u ππ*
5.15 0.000 1B1g ππ*
5.31 0.002 1B1u Ry-3s

o-Xylylene (1) 3.87 0.153 1B ππ*
5.13 0.001 1A Ry-3s
5.31 0.003 1B ππ*
5.50 0.003 1A Ry-3pz

Benzocyclobutene 4.97 0.017 1A1 ππ*
(BCB) 6.08 0.008 1B1 Ry-3s

m-Xylylene (2) 3.59 0.001 3A1 ππ*
3.92 0.001 3B2 ππ*
4.44 0.002 3A1 ππ*
4.72 0.000 3B1 Ry-3s
4.79 0.001 3B2 ππ*
4.86 0.009 3A2 Ry-3pz

4.97 0.127 3A1 ππ*
5.21 0.000 3B1 Ry-3pz

Styrene 4.79 0.007 (1A´) ππ*
5.50 0.370 (1A´) ππ*
5.92 0.011 (1A´) Ry-3s
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3.4.4 Summary

In this study, the precursors 4, 5 and 6 were employed to generate the three iso-

mers of xylylene in a resistively heated micro-reactor. The products were detected

via IR/UV ion dip spectroscopy, and their gas-phase IR spectrum was recorded in

the fingerprint region from 550-1750 cm−1. Identification of the species was con-

ducted with the help of vibrational DFT calculations on a B3LYP/6-311++G**

level of theory, and anharmonic corrections were applied to the modes of the xyly-

lene species. The data suggests a neat generation of para-xylylene from 6 under the

utilized experimental conditions. 3 was detected at 265 nm and no other isomers

contributed to the vibrational spectrum of mass 104.
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ΔT

ΔT

ΔT

1

2

3

4

5

6

- CO2

- Br2
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Benzocyclobutene
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Figure 3.42: Experimental results of the xylylene IR/UV study. Products in brack-
ets were not identified, but might be produced as intermediates. top: Decom-
position of 3-isochromanone to benzocyclobutene; center: Decomposition of 1,3-
bisbromoethylbenzene to styrene; bottom: Decomposition of [2.2]paracyclophane
to para-xylylene.
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On the other hand, meta- and ortho-xylylene could not be detected from the

decomposition of their respective precursors. Here, isomerization products of the

xylylenes were identified as the carrier of m/z = 104. For the meta-xylylene pre-

cursor 5 the formation of styrene was observed, and benzocyclobutene was the

pyrolysis product of precursor 4 (cf. Fig. 3.42). The lack of identification of 1 and

2 was elaborated on in the troubleshooting section of this chapter. It can be mainly

attributed to (a) partial isomerization of the xylylenes due to high pyrolysis tem-

peratures and (b) a preference in the UV excitation of the isomerization products

at 266 nm.
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3.5 The Pyrolysis of Phthalide: Fulvenallenyl Rad-

icals

3.5.1 Introduction

Fulvenallene and its activated form, the fulvenallenyl radical, have been considered

important intermediates in combustion processes. Especially, the formation of many

PAHs is suggested to be based on chemistry involving these two species.

Fulvenallene was reported as a product in multiple high-temperature reactions.

In particular, the identification of C7H6 in the dissociation of toluene[248,266] and

benzyl[244,246] implies its importance in the chemistry of high-temperature environ-

ments. Hence, numerous theoretical studies have been conducted on this topic, and,

these days, fulvenallene is considered the most stable species on the C7H6 energy

surface.[307–312] Especially, the formation of certain PAHs might be based on fulve-

nallene and its dissociation products.[313,314] Fulvenallene has been investigated in

crossed molecular beams utilizing mass spectrometry[315] and its gas-phase vibra-

tional spectrum in the fingerprint region was obtained by Angell as well as Goulay

and coworkers.[316,317] Its ionization energy of IEad = 8.22 eV was determined in

photoionization experiments.[317,318]

The dissociation of fulvenallene is of particular interest, as it produces active

species which can undergo further reactions. Theoretical studies suggest that the

fulvenallenyl radical could be the major decomposition product of C7H6.
[309,314]

Due to its high degree of delocalization and stability, it is considered relatively

long-lived and can consequently contribute to further PAH growth via self reaction

mechanisms.[314,318] Said radical is, similar to fulvenallene, to be considered the

most stable isomer with C7H5 constitution.
[319] The UV-induced photodissociation

of fulvenallene between 245 - 255 nm was studied by Giegerich and Fischer utiliz-

ing velocity-map-imaging.[320] The authors showed that the major reaction channel

involves H-loss and the formation of fulvenallenyl. This result is confirmed further

by Neumark and coworkers, which found the fulvenallenyl radical as the sole dis-

sociation product of fulvenallene at 248 and 193 nm.[321] Experimental studies on

the fulvenallenyl radical itself are relatively scarce. The photodissociation dynam-

ics at 248 and 193 nm were studied by Neumark et al. and showed two channels

involving the loss of acetylene or propargyl, respectively.[321] The electronic spec-

trum of the radical was investigated via anion deposition in a neon matrix. The

A2B1 ← X2B1 transition was identified at 401 nm, and several vibrational bands

were observed.[322] The adiabatic ionization energy IEad = 8.19 eV was determined

by synchrotron threshold photoionization experiments.[323] Recently, the IR spec-
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trum of fulvenallene pyrolysis products seeded in He droplets has been reported by

Douberly et al. for the 3280 - 3340 cm−1 region.[318]

In the following study, C7H6 and C7H5 were pyrolytically generated via the

flash pyrolysis of phthalide. The carriers of the molecular beam were then studied

using IR/UV double resonance spectroscopy and identified via their IR spectra in

comparison with vibrational DFT calculations. The study aimed to measure the

fingerprint gas-phase IR spectrum of the fulvenallenyl radical and identify larger

PAH products formed during pyrolysis.

3.5.2 Experimental Parameters

Table 3.7: Overview of the Experimen-

tal Parameters of the Phthalide IR/UV

Experiments.
Experimental Parameters

Parameter Value

Precursor C8H6O2

UV Wavelength 255 nm

UV Energy 0.8 mJ

UV Delay 200 ns

Ionization Scheme [1+1]-REMPI

UV Repetition Rate 20 Hz

IR Scan Range 550 - 1800 cm−1

IR Step Width 2 cm−1

IR Repetition Rate 10 Hz

Seeding Gas Argon

Seeding Pressure 1.5 bar

A phthalide precursor was placed in

a molecular beam source and heated

to 186 °C. Phthalide has previously

been shown to produce C7H6 and

C7H5 (cf. Fig. 3.43) in a heated

chemical flow reactor.[317] The pre-

cursor was seeded in 1.5 bar Ar, and

the contents were pyrolyzed at 45 W.

A solenoid valve generated a pulsed

molecular beam which is expanded

into the main chamber of a differ-

entially pumped vacuum apparatus.

The beam was skimmed upon enter-

ing the detection chamber of a TOF-

MS, where the free jet was crossed by

IR and UV radiation. The UV radi-

ation was provided by a frequency-

doubled dye laser producing 255 nm light with an average power of 16 mW at

20 Hz. This ionization follows a [1+1]-REMPI scheme. The IR radiation for the

double resonance experiment is generated by a free-electron laser (FELIX). This

light source provided scannable IR radiation in the range between 550-1800 cm−1

with a step width of 2 cm−1 and a repetition rate of 10 Hz. The UV radiation

was delayed by 200 ns to optimize depletion. After data acquisition, the spectra

were corrected for laser power and the wavelength was calibrated. All spectra in

the following study were measured in a single scan and not averaged over multiple

measurements. This resulted in a low signal/noise ratio for some mass channels

and required heavy digital smoothing.
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Figure 3.43: The thermal decomposition of phthalide at high temperatures. Af-
ter the elimination of CO2 and rearrangements fulvenallene and subsequently the
fulvenallenyl radical are produced. Adapted from Ref.[323]

The carriers of the respective masses were finally identified via their IR spectra

in comparison with anharmonic DFT calculations at a B3LYP/6-311++G** level

of theory.

3.5.3 Results and Discussion

3.5.3.1 Mass Spectrum of the Phthalide Precursor

The mass spectrum of the phthalide precursor after pyrolysis is depicted in Fig.

3.44. It was recorded utilizing a [1+1]-REMPI process at 255 nm and a pyrolysis

power of 60 W. The spectrum shows a complete conversion of the precursor as a

m/z = 134 signal is absent. Mass signals corresponding to the primary products

fulvenallenyl (C7H5) and fulvenallene (C7H6) are visible at mass 89 and 90 with low

to medium signal intensity. A couple of smaller decomposition and DPI products

can be observed at lower masses, with mass 78 being the most dominant signal.

Furthermore, the spectrum shows various mass signals at higher masses, ranging

from low to very strong intensities. The majority of these represent characteristic

masses of common PAH products and suggest efficient PAH growth in this exper-

imental environment. Note that the quality of the IR/UV spectra of mass 78 and

90 was insufficient for unambiguous identification and their traces are shown in the

Appendix A.7.

3.5.3.2 Mass 89: The Fulvenallenyl Radical

The IR/UV spectrum of m/z = 89 is depicted in Fig. 3.45 (solid line). It shows

several distinct vibrational bands in the fingerprint region, which are heavily broad-

ened. As no experimental IR spectrum of fulvenallenyl is available for the finger-

print region, the data is compared to vibrational DFT calculations (dotted line).
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Figure 3.44: Mass spectra of pyrolytically cleaved phthalide measured by 255 nm
[1+1]-REMPI at 60 W.

The first vibrational band (1) is located at 611 cm−1. It matches the calculated

signal at 633 cm−1 well and displays transitions into three vibrational modes. The

lowest energy vibration is an out-of-plane C-H bending mode of the ethynyl moiety

calculated at 589 cm−1, which is visible as a pronounced shoulder on the left side

of the transition band. The major peak is formed by a symmetric out-of-plane ring

C-H bending mode at 627 cm−1 and the in-plane C-H ethynyl bending mode at

641 cm−1, both forming the combined signal peak at 633 cm−1. The next signal

can be observed at 730 cm−1 (2). It corresponds to a single out-of-plane ring C-H

bending mode calculated at 740 cm−1. A small peak on the right flank of the signal

seems to be due to noise, as no additional vibrational transitions are calculated in

this region. In the range from 830 - 960 cm−1, the spectrum shows a broad signal

(3) of rather low intensity and signal/noise ratio. Here, DFT predicts two modes

of low intensity and matching energies: An anti-symmetric out-of-plane ring C-H

114



3.5 The Pyrolysis of Phthalide: Fulvenallenyl Radicals Results and Discussion

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

si
gn

al

wavenumber / cm-1

IR/UV m/z = 89
calc. fulvenallenyl
fundamental
combination
overtone

1 2

3 4

5
6

7
8

Figure 3.45: IR/UV spectrum of mass 89 (solid line) after thermal decomposition
of phthalide. Eight distinct vibrational bands can be identified in the fingerprint
region from 550-1750 cm−1. The experimental data are compared to anharmonic
DFT calculations of the fulvenallenyl radical (dotted line) for identification.

bending mode at 878 cm−1 and a ring CC stretch vibration at 946 cm−1. The next

signal (4) can be observed at 1008 cm−1. Although the band shows a relatively

sharp peak, it corresponds to three distinct vibrational transitions according to

the calculations. The overtone of an anti-symmetric ring C-H stretching mode at

1025 cm−1, an anti-symmetric in-plane ring C-H bending mode at 1046 cm−1 and

the combination band of the just mentioned stretching mode with an ethynyl CC

stretching vibration at 1054 cm−1. All three combined form a band at 1042 cm−1,

which overestimates the experimental data by 34 cm−1. Over the next couple of

hundred wavenumbers, the experimental spectrum shows a single broad IR band

(5) from 1030-1320 cm−1. The resolution of this band is insufficient for a detailed

assignment. Still, the DFT calculations predict several fundamental bands, over-
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tones, and combination bands in this area, which seem to form a single signal in

the experimental spectrum. 6 at 1393 cm−1 is the band with the highest signal

intensity in the spectrum. It is formed by two close-lying ring stretching modes at

1375 cm−1 and 1378 cm−1, which combine to a signal at 1376 cm−1, slightly under-

estimating the experimental data. The last two vibrational bands in the spectrum

at 1551 cm−1 (7) and 1655 cm−1 (8) originate from individual combination bands

at 1535 cm−1 and 1666 cm−1, respectively. Overall, the experimental spectrum is

in good agreement with the vibrational calculations, and the carrier of m/z = 89

can be unambiguously identified as the fulvenallenyl radical. Note that the rising

signal at the high energy end of the spectrum is probably not a real signal, as the

calculations predict no matching vibration.

Table 3.8: Identified Vibrational Bands of the Fulvenallenyl Radical in Comparison
with Calculated Energies. Energies given in cm−1.

Experimental Parameters
Band Energy Transition

1 611 241(589, δethynyl,CH,oop), 221(627, ωring,CH),
211(641, δethynyl,CH,ip)

2 730 191(740, ωring,CH)
3 830 - 940 181(878, τ ring,CH), 151(946, sCC,ring)
4 1008 272(1025), 131(1046, δCH,ring,ip)), 271251(1054),
5 1030 - 1320 121(1099, ), 271231(641), 242(1169), 232(1224), 212(1270),

101(1285)
6 1393 81(1375, sCC,ring), 91(1378, sCC,ring)
7 1551 271141(1535)
8 1665 231141(1666)

Vibrational descriptors were applied where suitable, following:
s = stretch, ip = in− plane, oop = out− of − plane,
δ = deformation, ω = wagging, τ = twist
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3.5.3.3 Masses 91, 92 & 104: Benzyl, Toluene and Styrene

Toluene and the benzyl radical are species often identified as carriers of mass 91

and 92 in combustion experiments. In this study, these masses are also observed,

and their respective IR/UV spectrum is shown in Fig. 3.46. The IR spectrum of

mass 91 (top trace) can be readily identified as benzyl by the two very characteristic

out-of-plane wagging modes at 672 cm−1 and 752 cm−1. The calculated spectrum

overestimates these bands only slightly by approx. 20 cm−1. Above 800 cm−1,

the radical exhibits various small vibrational signals, which appear to be more

pronounced in the experimental data than the simulated spectrum. Note that the

gas-phase IR/UV spectrum of the benzyl radical has previously been measured

by Meijer et al. with similar methodology.[245] Likewise, comparing the IR/UV

spectrum of m/z = 92 with the calculated spectrum of toluene, the carrier can be

identified. All vibrational bands are accounted for in the experimental data and

the calculations for toluene. The slight overestimation in calculated wavenumbers

is hereby consistent with the benzyl spectrum above.

The origin of benzyl and toluene in the experiment can not be unambiguously

assigned. On the one hand, these species could be formed in the decomposition of

the phthalide precursor according to Fig. 3.47. After initial detachment of CO2, the

radical and toluene are accessible via consecutive addition of hydrogen. Hence, they

are either side products or intermediates in the formation of fulvenallenyl. Both

toluene and benzyl have previously been discussed to produce C7H6 at suitable

conditions.[248,310,319,324]

On the other hand, C7H7 and C7H8 could be produced via molecule growth from

small reactive carbon species. For example, the addition of propargyl (C3H3) to C4

hydrocarbons might be sufficient to produce C7Hx and are common open-chain

decomposition products in many flame studies. Unfortunately, the methodology of

the present study is not capable of identifying these small chain molecules for a more

accurate assessment of potential growth reactions. Hence, both decomposition from

the precursor and formation from small hydrocarbon molecules should be considered

for the formation of benzyl and toluene.

The third molecule observed here is displayed in the lower trace of Fig. 3.46.

The IR/UV spectrum of mass 104 shows very characteristic signals in the lower

energy part of the fingerprint region. The molecule can be readily identified as

styrene by three strong bands at 698 cm−1 (ωring,CH), 774 cm−1 (ωring,CH), and

910 cm−1 (δethynyl,CH2,ip). Interestingly, the DFT calculations underestimate the

vibrational energies noticeably. However, comparing the measured energies of these

three bands with other experimental gas-phase spectra of styrene (NIST)[325] shows

excellent agreement.
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Figure 3.46: Identified benzylic products of the decomposition of phthalide. The
respective experimental IR/UV spectra (solid line) are depicted in comparison with
DFT simulations (dotted line) in the fingerprint region from 550-1750 cm−1. top:
IR/UV spectrum of mass 91 in comparison to the benzyl radical; center: IR/UV
spectrum of mass 92 in comparison to toluene; bottom: IR/UV spectrum of mass
104 in comparison to styrene.
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Figure 3.47: Direct formation of the benzyl radical and toluene after elimination of
CO2 from phthalide and consecutive association with hydrogen.

3.5.3.4 Masses 116 & 154: The IR/UV Spectrum of Indene and Biphenyl

The IR/UV spectrum of m/z = 116 is depicted in the upper trace (solid line)

of Fig. 3.48. Although the intensity of the mass signal is only medium at best,

the spectrum exhibits a good signal/noise ratio, and a large number of vibrational

bands can be assigned to the simulated spectrum (dotted line) of indene. The

carrier of the mass can be readily identified by five characteristic bands in the

fingerprint region. Low energy C-H deformation bands are visible at 720 cm−1 and

765 cm−1, in which the first is comprised of two distinct modes which overlap in

the experimental spectrum. CC stretching vibrations are observed at 940 cm−1

and 1459 cm−1, as well as the CH2 scissoring mode at 1396 cm−1. Overall, the

experimental and calculated energies match very well, and further smaller signals

could also be assigned.

There are several possible reaction pathways to how indene can be formed in

high-temperature environments. In this case, the formation via the addition reac-

tion of C7H7 + C2H2, as suggested by Lindstedt et al.[326] and Colket et al.,[327] as

well as the addition of acetylene to fulvenallene C7H6 + C2H2,
[328] are most likely,

as benzyl has already been identified as a carrier of mass 91 in the experiment and

high concentrations of fulvenallene can be assumed. A scheme of these reactions

is depicted in Fig. 3.49. After the initial addition of acetylene in a to benzyl,

a 2-propenylbenzene radical could be formed. Afterward, this radical further un-

dergoes cyclization and re-aromatization to form indene. In b, the association of

fulvenallene and acetylene results in an activated C9H8 species, which subsequently

forms indene via several rearrangements and ring-expansion, similar to the rear-

rangement between fulvene and benzene.[328,329] Hereby, b is exothermic by over

100 kcal mol−1 and only requires a relatively small activation energy of 27 kcal

mol−1.[328] In general, a is considered the more important formation pathway for

indene, as the activation energy (12-13 kcal mol−1) is significantly lower, and hence
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Figure 3.48: The gas-phase infrared spectra of the phthalide decomposition prod-
ucts with m/z=116 and m/z=154. The respective experimental IR/UV spectra
(solid line) are depicted in comparison with DFT simulations (dotted line) in the
fingerprint region from 550-1750 cm−1. top: IR/UV spectrum of mass 116 in
comparison to indene; bottom: IR/UV spectrum of mass 154 in comparison to
biphenyl.
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the rate constants are much higher.[330–333] However, da Silva. et al. showed that at

elevated temperatures, the fulvenallene + acetylene pathway gains importance and

might play an important role in combustion environments, where the concentration

of fulvenallene is especially high.[328]

C2H2

- H

C7H7 C9H9 c-C9H9 C9H8

C C2H2

C7H6 C9H8 C9H8

a

b

C9H8

Figure 3.49: Two suggested formation pathways of indene starting from C7Hx

species. a formation via the association of benzyl and acetylene and b via the
association of fulvenallene with acetylene. Educts were either identified in the ex-
periment or assumed present in high concentrations.

The carrier of mass 154 can be identified as biphenyl, as the vibrational finger-

print spectrum (solid line, Fig. 3.48, lower trace) is in good agreement with calcu-

lations (dotted line). Especially three C-H wagging modes at 614 cm−1, 697 cm−1

and 741 cm−1 in the lower energy region, as well as two in-plane C-H deformation

modes (1427 cm−1 and 1480 cm−1) and a C=C stretch vibration at 1596 cm−1,

are characteristic markers for the biphenyl molecule. The overestimation of the

vibrational energies is consistent with other calculations in the experiment.
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C+
H shift

C7H5 c-C5H5 C12H10 C12H10 C12H10

Figure 3.50: Suggested formation pathway of biphenyl in fulvenallene rich environ-
ments. The initial allenic intermediate is produced via radical-radical addition of
fulvenallenyl and cyclopentadienyl. Subsequent, ring-expansion to six-membered
rings then produces the biphenyl product.

Da Silva et al. suggest a compelling formation pathway for biphenyl (cf. Fig.

3.50) in a fulvenallenyl rich environment.[314] Here, fulvenallenyl reacts with cy-

clopentadienyl to form a molecule with C12H10 constitution. The initial allenic

addition product undergoes further rearrangement and ring expansion to finally

form the biphenyl product. Note that although C5H5 is not identified in this study,

it is often discussed as an additional decomposition product of fulvenallene or ben-

zyl.[246,311,312,324] The ionization conditions in the current study are probably not

suitable for detecting the cyclopentadienyl radical but should be considered present

in the experiment.
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3.5.3.5 Masses 166 & 168: Non-fused PAH Products Fluorene and

Diphenylmethane

The IR/UV spectra of mass 166 (top trace) and 168 (bottom trace) are depicted

in Fig. 3.51 in comparison to calculations (dotted line).
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Figure 3.51: The IR/UV spectrum of fluorene and diphenylmethane as identified
in the phthalide pyrolysis experiment. The respective experimental IR/UV spectra
(solid line) are depicted in comparison with DFT simulations (dotted line) in the
fingerprint region from 550-1750 cm−1. top: IR/UV spectrum of m/z=166 in
comparison to fluorene and bottom: IR/UV spectrum of m/z=168 in comparison
to diphenylmethane.

The carrier of m/z = 168 can be identified as the common PAH carrier diphenyl-

methane. Multiple deformation and wagging modes in the sub-1000 cm−1 region

form four signals at 618 cm−1, 702 cm−1, 751 cm−1 and 820 cm−1. The last band is

considerably underestimated by the calculation, which predicts several low-intensity
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vibrational modes, including an overtone of a low energy ring motion. The under-

estimation of this specific signal is possibly the reason for the low signal intensity of

the band at 834 cm−1 in the simulated spectrum. In the central region 1000 cm−1

- 1400 cm−1 of the fingerprint range, the signal/noise ratio is insufficient for un-

ambiguous assignment to the calculated low-intensity bands. DFT predicts many

different vibrational modes at higher energies which form a combined spectrum

as seen in the simulation. These vibrations include CC stretching, CH2 scissor-

ing, CH deformation modes, and some combination bands as well as overtones. A

large number of vibrations might be the reason why the experimental spectrum in

this region is heavily broadened, and signals are difficult to unambiguously assign.

Overall the experimental data show signals at 1443 cm−1, 1487 cm−1, 1569 cm−1

and 1603 cm−1, which is in good agreement with the calculations.

+
- H

c-C5H5 C8H8 C13H12

C13H12 C13H10

+

c-C5H5 C8H6

+ H

- 2 H

Figure 3.52: Suggested formation of diphenylmethane from the association of cy-
clopentadienyl and styrene or cyclopentadienyl and phenylacetylene. Further elim-
ination of hydrogen then yields fluorene.

The formation of diphenylmethane might be easily explained by the association

of C7H7+C6H5. However, another potential formation pathway for C13H12 in a

fulvenallene/fulvenallenyl rich environment is depicted in Fig. 3.52, analogous to

the formation of biphenyl suggested by da Silva and coworkers.[314] Here, styrene

grows via the addition of cyclopentadienyl, which should be readily available as an

additional decomposition product.[246,311,312,324] The initial adduct is formed under

H-loss and subsequently undergoes ring-expansion of the cyclopentadiene ring to

produce the diphenylmethane product. Similarly, the reaction could also start from

phenylacetylene instead of styrene via an analogical pathway.
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Diphenylmethane is also likely to produce fluorene (see Fig. 3.52), which is

identified as the carrier of mass 166. The corresponding spectrum is depicted in

the upper trace of Fig. 3.51. The spectrum is dominated by a large CH wagging

band at 736 cm−1. To higher energies, a broadened signal with three distinct peaks

at 1406 cm−1, 1447 cm−1 and 1476 cm−1 is visible corresponding to several defor-

mation modes in this region. The middle area shows several resolved vibrational

signals, which can be attributed to low-intensity vibrations in this region. The

spectrum exhibits good resolution and matches the DFT calculation well, although

a small overestimation in the simulation is visible, which slightly increases with

rising energies.
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3.5.3.6 Masses 128, 142, 178 & 192: Fused PAH Products

The decomposition of phthalide has shown to produce fused PAH products based

on naphthalene and phenanthrene. The corresponding IR/UV spectra of these

molecules are displayed in Fig. 3.53 a - d.

The lightest of these species is observed at m/z = 128 and can be identified

as naphthalene. The dominant characteristic wagging signal at 779 cm−1 is pre-

dicted well in signal intensity and energy by the calculation. Further signals to

higher energies are also visible due to a good signal/noise ratio, but the peaks only

exhibit small signal intensities, as the simulation also predicts. The formation of

naphthalene can be explained by a typical HACA-like C6H6+C4H2 mechanism or

the association of benzyl with C3H3. Da Silva et al., however, suggest an additional

formation pathway involving fulvenallenyl and a fulvallene intermediate, according

to Fig. 3.54 a.[314] Additionally, naphthalene as a dimerization product of c-C5H5

should also be considered (Fig. 3.54, b), according to the reaction pathway pro-

posed by Melius and coworkers.[334] Both pathways have in common that naphtha-

lene is formed via consecutive ring-expansion from two fused five-membered rings.

Note that a and b only show key intermediates, and the proper reaction pathway

includes more crucial steps.[334]

Strongly related to naphthalene is the carrier of mass 142, which is depicted

in Fig. 3.53 b. The spectrum is very noisy and exhibits only one distinct broad

signal at 792 cm−1. This is in good agreement with two wagging vibrations of

1-methylnaphthalene, which seem to overlap in the experimental spectrum. Al-

though the calculations (dotted line) predict several other vibrational bands at

higher energies, the quality of the upper energy region is insufficient for proper as-

signment. The experimental data is also compared to the vibrational calculations

of 2-methylnaphthalene. At first, the additional wagging vibrations of this isomer,

calculated at 738 cm−1 and 812 cm−1, are more separated and might explain the

heavy broadening of the experimental band, as well as a potential signal peak at

730 cm−1. However, it also predicts a strong signal in the upper energy region

from two in-plane deformation bands, which is absent in the experimental spec-

trum. Hence, the carrier is identified as 1-methylnaphthalene and an influence of

the other isomer can not be clearly confirmed.

Mass 178 shows three distinct signals in the lower part of the fingerprint spec-

trum at 729 cm−1, 803 cm−1, and 860 cm−1. These in-plane C-H deformation bands

are characteristic for phenanthrene, which can be identified in comparison with the

calculation in c of Fig. 3.53. The IR bands are well predicted in energy and rel-

ative intensity. Further, smaller signals at higher energies can also be assigned to

the simulation. In contrast to naphthalene, the calculation overestimates the ex-
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Figure 3.53: The IR/UV spectrum of fused PAH species produced by phthalide.
The respective experimental IR/UV spectra (solid line) are depicted in comparison
with DFT simulations (dotted line) in the fingerprint region from 550-1750 cm−1. a:
IR/UV spectrum of m/z=128 in comparison to naphthalene; b: IR/UV spectrum
of m/z=142 in comparison to 1- and 2-methylnaphthalene; c: IR/UV spectrum of
m/z=178 in comparison to phenanthrene and d: IR/UV spectrum of m/z=192 in
comparison to 2-methylphenanthrene.
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Figure 3.54: Two possible formation pathways for naphthalene. a Formation via
the addition of propargyl to fulvenallenyl and b naphthalene as the product of
cyclopentadienyl dimerization.

perimental wavenumbers slightly. Note that anthracene should not be excluded as

a partial carrier of mass 178. Although it only has two characteristic vibrational

modes in the lower energy region, these are energetically very close to the bands

of phenanthrene and exhibit a similar relative signal intensity. Hence, anthracene

could not be identifiable in a phenanthrene dominated spectrum.

Phenanthrene is a common product in many combustion studies. Its formation

can be described via usual HACA- and PAC-like mechanisms. Similar to the for-

mation of naphthalene, however, da Silva et al. provide an alternative formation

pathway for phenanthrene in a C7H5 rich environment, according to Fig. 3.55.[314]

The dimerization product of two fulvenallenyl radicals cyclizes to form a multi-

cyclic biradical, which subsequently undergoes consecutive ring expansions to form

phenanthrene.[314]

Finally, the IR spectrum of the heaviest product is displayed in the bottom

trace of Fig. 3.53. Similar to mass 128 and 142, it is most likely produced by

methylated phenanthrene. Overall, the spectrum is quite noisy, but three vibra-

tional bands, similar to phenanthrene, can be observed at 740 cm−1, 810 cm−1, and

874 cm−1. Whereas, the second shows a pronounced double peak. Of the four pos-

sible methylphenanthrene isomers, the 2-isomer (dotted line) fits the experimental

data the best. It correctly predicts the three vibrational bands in the region be-
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Figure 3.55: Suggested formation of phenanthrene under fulvenallenyl rich condi-
tions. The dimerization if C7H5 yields a multi-cyclic biradical intermediate after
ring-closing and undergoes consecutive ring-expansion to the observed C14H10 prod-
uct.

tween 700 - 900 cm−1 and also a relatively strong vibrational signal in the higher

energy region, which might be the origin of a signal at 1446 cm−1. However, due

to the quality of the experimental spectrum, potential influences of other isomers

should also be considered.
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3.5.3.7 Masses 102, 126, 140, 152 & 176: Reaction Products with Ter-

minal Ethynyl Chains

The decomposition of phthalide produced several ethynyl compounds. PAHs with

terminal ethynyl side-chains are common high-temperature reaction products ob-

served during combustion or in flame studies.[232] A typical marker of this class of

molecules is a particularly strong overtone/combination band around 1200 cm−1.

The species identified in this study are depicted in Fig. 3.56 a-e. In general,

the calculated DFT spectra (dotted lines) overestimate the wavenumbers of most

experimental bands considerably. Nonetheless, the carriers of mass 102 (a), 128

(b) and 152 (d) can be identified as phenylacetylene, 1,3-diethynylbenzene and

2-ethynylnaphthalene, respectively. The observed bands and assignments of these

species are shown in Tab. 3.9.

Mass 140 is depicted in c of Fig. 3.56 and corresponds to a carrier with C11H8

constitution. The mass and strong band at 1203 cm−1 suggest one of the ethynylin-

dene isomers to be the carrier of this signal. In fact, 4-ethynylindene (dotted line)

displays the best agreement between the experimental data and the calculations.

However, the differences in the lower energy region and the severe broadening of

the band around 779 cm−1 might indicate additional isomers, in particular, 1- and

2-ethynylindene. The calculated IR spectra of these two species (see Appendix) also

show vibrational bands, which could be in accordance with the observed signals.

Moreover, da Silva et al. suggest a formation pathway for these two isomers, which

is strongly related to fulvenallenyl rich environments, according to Fig. 3.57.[313]

Here, the corresponding radicals are formed in a HACA-like addition of diacetylene

to fulvenallenyl. The reaction for both isomers is exothermic by approx. 100 kcal

mol−1 and would consequently form the closed-shell species by radical hydrogena-

tion. Overall, 4-ethynylindene still provides the best match with the experimental

data, but 1- and 2-ethynylindene should certainly be considered as well.

The heaviest species of Fig. 3.56 is depicted in the bottom trace e. This

mass only showed a small signal in the REMPI mass spectrum, and the IR/UV

spectrum is pretty noisy, especially in the upper energy region. The band above

1200 cm−1, again, indicates ethynyl side-chains. This, combined with the mass

and the strong signals in the lower energy region, suggests a diethynylnaphthalene

carrier for mass 176. Due to many different isomers and the poor quality of the

spectrum, a precise identification is not possible. An overview of DFT calculations

for different potential candidates is displayed in Appendix A.6, but no simulated

spectrum provides a good match for the experimental data.
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Figure 3.56: All pyrolysis products of phthalide with ethynyl side-chains. The re-
spective experimental IR/UV spectra (solid line) are depicted in comparison with
DFT simulations (dotted line) in the fingerprint region from 550-1750 cm−1. a:
IR/UV spectrum of m/z=102 in comparison to phenylacetylene; b: IR/UV spec-
trum of m/z=128 in comparison to 1,3-diethynylbenzene; c: IR/UV spectrum of
m/z=140 in comparison to 4-ethynylindene; d: IR/UV spectrum of m/z=152 in
comparison to 2-ethynylnaphthalene and e: IR/UV spectrum of m/z=176.
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Table 3.9: Identified Vibrational Bands of Phenylacetylene, 1,3-Diethynylbenzene,
and 2-Ethynylnaphthalene in Comparison with Calculated Energies in [cm−1].

Experimental Parameters
Mass Energy Transition

102 615 281(638, δethynyl,CH,oop)
648 271(676, δethynyl,CH,ip)
694 261(716, ωring,CH)
759 251(776, ωring,CH)
902 221(926, δring,CH,oop)
1217 282(1276)
1288 272(1342)
1488 101(1488, δring,CH,ip)

128 621 301(653, δethynyl,CH,oop,sym)
643 281(676, δethynyl,CH,ip,anti sym), 271(676, δethynyl,CH,ip,sym),

261(677, ωring,CH)
756 241(800, ωring,CH)
1224 301291(1301)
1262 281271(1343)
1436 111(1476, δring,CH,ip))
1480 101(1565, sCC,ring), 91(1591, sCC,ring)

152 614 411(643, δethynyl,CH,oop)
644 391(676, δethynyl,CH,ipδring), 381(678, δethynyl,CH,ip), 531431(689)
739 371(747, ωring,CH)
811 341(822, δring,CH,oop)
852 331(866, δring,CH,oop)
885 311(899, δring,CH,oop)
953 291(956, δring,C,ip)
1015 261(1023, sCC,ring))
1211 412(1296), δring,CH,ip))
1290 382(1348)
1498 131(1535, sCC,ring)
1593 111(1637, sCC,ring)

Vibrational descriptors were applied where suitable, following:
s = stretch, ip = in− plane, oop = out− of − plane,
δ = deformation, ω = wagging, τ = twist
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Figure 3.57: Two suggested formation pathways a and b for the C11H7 radical
isomers, where the ethynyl moiety is attached to the five-membered ring in indene.

3.5.4 Summary

The pyrolysis of phthalide has shown to produce a large number of decomposi-

tion and secondary reaction products, which were analyzed utilizing IR/UV spec-

troscopy. The carrier of mass 89 was unambiguously identified as the fulvenallenyl

radical (C7H5), and the first gas-phase infrared spectrum in the fingerprint region

from 550 - 1750 cm−1 was recorded. C7H5, as well as other decomposition prod-

ucts like fulvenallene (C7H6), cyclopentadienyl (C5H5), benzyl (C7H7) and benzene

(C6H6), seem to be involved in the growth of numerous heavier species. Note that

neither cyclopentadienyl, benzene, nor fulvenallene was directly identified in the

present study by their IR/UV spectrum, probably due to unsuitable photon ener-

gies. All observed and suggested products are depicted in Fig. 3.58. The molecules

which were clearly identified by their respective IR spectrum are displayed in solid

boxes. Products that are assumed to be present in the experiment but could not be

identified by the utilized methodology or where the IR spectrum was not meaningful

enough for an isomeric assignment are displayed in dotted boxes.
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Figure 3.58: Overview of all reaction products of the phthalide pyrolysis. A selec-
tion of suggested reactions pathways are depicted and products which were unam-
biguously identified are displayed in solid boxes. Products which are implied or the
specific isomer could not be identified are displayed in dotted boxes.
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Many of these products have multiple reaction pathways of formation, including

standard HACA- or PAC-like mechanisms. In Fig. 3.58, however, reaction path-

ways are preferably displayed which involve identifiable species in the experiment

or molecules assumed to be present in considerable concentrations.

Overall, the experiment shows the formation of many typical PAHs like indene

(C9H8), naphthalene (C10H8), phenanthrene (C14H10), fluorene (C13H10), biphenyl

(C12H10) or diphenylmethane (C13H12). Several of those are formed in a non-HACA

like fashion, where the addition product of cyclopentadienyl or fulvenallenyl under-

goes ring expansion to form six-membered species.

The identification of the ethynyl compounds phenylacetylene (C8H6), diethynyl-

benzene (C10H6), ethynylnaphthalene (C12H8), diethynylnaphthalene (C14H10) and

ethynylindene (C11H8) suggest a considerable amount of HACA-like addition reac-

tions of acetylene, which is most likely formed in the decomposition of fulvenallene,

phenyl or benzyl.

Taking all this into account, phthalide demonstrated to produce sufficient amounts

of the fulvenallenyl radical to acquire its gas-phase fingerprint IR spectrum and be

an outstanding precursor for a variety of different hydrocarbons, especially PAHs,

where some are produced in non-HACA and PAC like manners.
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Chapter 4

Summary

Reactive hydrocarbon species are important in a multitude of different scientific

areas. In this thesis, the vibrational spectra of hydrocarbon radicals, biradicals and

their reaction product have been studied in a gas-phase environment. The specific

molecules investigated here, are of particular importance in the field of combustion-

and astrochemistry. They were produced from suitable precursors in a pyrolytically

heated micro-reactor and subsequently seeded in an appropriate carrier gas. As

methodology, IR/UV ion dip spectroscopy has been utilized, which delivers mass-

selected gas-phase IR spectra of all ionizable species detectable in the molecular

beam. These, with the help of DFT calculations, allow for determination of the

fingerprint IR spectra, identification of mass carriers and formulation of potential

reaction mechanisms. All studies have been conducted in collaboration with the

group of Prof. Dr. Anouk. M. Rjis and the necessary potent IR radiation has been

provided by the free-electron laser FELIX. Thus, the IR/UV measurements have

been executed at the FELIX Laboratory of the Radboud University in Nijmegen.

The first study presented in this thesis is the investigation of ortho-benzyne in

Chapter 3.1. This molecule is of particular interest due to its uncommon electronic

structure and its role in high-temperature reactions. Although, the infrared spec-

trum of o-C6H4 was not accessible, a number of reaction products were identified via

their fingerprint spectra. Masses in the range from 78 - 228 were assigned to their

respective carrier. The identified species include typical PAHs like naphthalene,

phenanthrene, up to triphenylene. The identified masses further suggest a PAH

growth heavily influenced by diradical 1,4-cycloaddition followed by fragmentation,

as well as by classical HACA- and PAC-like mechanisms. These results were aug-

mented by threshold photoionization measurements from Engelbert Reusch, who

identified lighter reaction products, which have insufficient IR absorption or un-

suitable ionization characteristics to be identified in the IR/UV experiment. An
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interesting observation is the identification of m/z = 152. This carrier has been

assigned differently by the IR and TPES experiments. Whereas the IR spectrum

clearly identifies the species as 2-ethynylnaphthalene, the TPES evidently is in great

agreement with biphenylene. This is a good example how different experimental

methodologies can benefit from each other to gain a deeper insight into the actual

science of a particular system.

Probably, the prime example for an aromatically resonance stabilized radical

is benzyl. This radical is of high importance for many combustion studies, as it

represents the primary high-temperature decomposition product of toluene. The

goal of the study was the identification of the benzyl self reaction products and

the results are discussed in Section 3.2. The radical was pyrolytically produced by

its respective nitrite precursor. The mass spectrum showed that the benzyl self

reaction formed two products with C11 and three with C14 constitution. All mass

peaks were evenly spaced by two mass units, respectively, which suggests a close

relation in formation. Indeed, the C11 products were identified as diphenylmethane

and fluorene, which are simply connected via cyclization. The heaviest product

was identified as phenanthrene, which is formed via the cyclization of bibenzyl

to 9,10-dihydrophenanthrene and subsequent elimination of hydrogen. This result

was quiet interesting as the intermediate of this reaction was often assumed to be

stilbene, which was not observed in the study. Hence, the reaction seems to undergo

cyclization first before phenanthrene is finally formed via hydrogen elimination.

Expanding the molecular frame of benzyl by an additional methyl group leads

to the xylyl radicals and its decomposition product the xylylenes. Also impor-

tant in combustion research, xylyl radicals represent the preferred decomposition

products of xylene, a frequently used anti-knock agent in modern gasoline blends.

After further hydrogen elimination the xylyl radicals can then form their respective

xylylenes. The results of the xylyl experiments are discussed in Section 3.3. Here

the gas-phase vibrational spectrum in the fingerprint region for all three isomers

has been recorded for the first time in isolation. Although, all isomers have a very

similar structure and symmetry, and consequently similar vibrational bands, the

resolution of the experimental data was exceedingly sufficient for a clear assign-

ment. Additionally, the dimerization products of meta- and para-xylyl could also

be identified.

A similar approach was taken to determine the fingerprint spectra for the xy-

lylenes. Here, only para-xylylene could be unambiguously identified as the carrier

of mass 104. For both ortho- and meta-xylylene precursors, only isomerization

products were observed as the carriers of mass 104; benzocyclobutene and styrene,

respectively. A possible explanation is elaborated upon in the troubleshooting Sec-
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tion 3.4.3.5.

In the final experimental section a study on the decomposition of phthalide is

presented. The objective of this experiment was mainly focused around the forma-

tion of C7 species, particularly the fulvenallenyl radical C7H5. In fact, the first ex-

perimental fingerprint spectrum of isolated C7H5 in the gas-phase was measured and

is displayed in Fig. 3.45. Furthermore, the experiment demonstrates that the py-

rolysis products of phthalide are excellent soot precursors, as many heavier reaction

products have been identified. These include typical PAH species like naphthalene

and phenanthrene as well as their methylated isomers. A large number of molecules

with terminal ethynyl moieties indicate a strong influence of HACA growth in the

experimental environment. However, many formation pathways of products have

been discussed, which are formed involving experiment specific species, like C5H5

and C7H5, and often include expansion steps from 5- to 6-membered rings.
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Chapter 5

Zusammenfassung

Reaktive Kohlenwasserstoffe spielen eine wichtige Rolle in vielen wissenschaftlichen

Bereichen. In der vorliegenden Dissertation wurden die schwingungsspektrosko-

pischen Eigenschaften von Kohlenwasserstoffradikalen, Biradikalen und ihren Reak-

tionsprodukten in der Gasphase untersucht. Die Spezies, die in den Studien dieser

Arbeit untersucht wurden, spielen eine besondere Rolle im Bereich der Verbrennungs-

und Astrochemie. Sie wurden aus geeigneten Vorläufern pyrolytisch in einem be-

heizten Mikroreaktor hergestellt und anschließend mit einem passenden Trägergas

in die Gasphase überführt. Als spektroskopische Methode wurde IR/UV Ionen-Dip

Spektroskopie verwendet. Diese liefert massenselektive Schwingungsspektren von

allen in einem Molekularstrahl ionisierbaren und detektierbaren Spezies. Dies er-

laubt es, mit Hilfe von DFT Rechnungen die Schwingungsspektren der isolierten

Moleküle zu messen, diese zu identifizieren und auch Rückschlüsse auf die Reak-

tionsmechanismen zu ziehen. Alle Experimente dieser Thesis wurden in Zusam-

menarbeit mit der Gruppe von Prof. Dr. Anouk M. Rijs durchgeführt. Hierbei

wurde als hochbrillante IR-Quelle der Freie-Elektronenlaser FELIX der Radboud

University in Nijmegen verwendet.

Die erste Studie in Kapitel 3.1 beschäftigte sich mit Untersuchungen des ortho-

Benzins. Dieses Molekül ist von besonderer Bedeutung aufgrund seiner unge-

wöhnlichen elektronischen Struktur und seiner Rolle bei Hochtemperaturreaktio-

nen. Obwohl das IR Spektrum des o-C6H4 nicht ermittelt werden konnte, war

es möglich einige Reaktionsprodukte anhand ihrer Schwingungsspektren zu identi-

fizieren. Massensignale im Bereich von 78 - 228 amu wurden hierbei ihren jeweiligen

Molekülen zugeordnet. Hierzu zählen typische PAHs wie Naphthalen, Phenanthren,

bis zu Triphenylen. Die identifizierten Spezies legten des Weiteren nahe, dass das

PAH Wachstum zum größten Teil durch diradikalische 1,4-Cycloaddition mit an-

schließender Fragmentierung, sowie HACA und PAC Mechanismen dominiert sein
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dürfte. Diese Ergebnisse wurden mit Photoionisationsstudien von Engelbert Reusch

vervollständigt, welcher weitere leichtere Reaktionsprodukte identifizieren konnte,

die eine unzureichende IR Absorption oder ungeeignete Ionisationseigenschaften

aufweisen. Eine besonders interessante Erkenntnis stellt die Identifizierung von

Masse 152 dar. Der Träger dieser Masse wurde durch die IR und TPES Experimente

unterschiedlich zugeordnet. Hierbei wurde die Masse durch die Schwingungsspek-

tren der IR/UV Experimente als 2-Ethinylnaphthalen identifiziert. Die TPES Spek-

tren jedoch zeigten eine große Übereinstimmung der experimentellen Daten mit

Biphenylen. Somit war diese Studie ein hervorragendes Beispiel dafür, wie unter-

schiedliche Methoden sich gegenseitig ergänzen können, um einen besseren Einblick

in ein bestimmtes System zu erhalten.

Benzyl ist womöglich das beste Musterbeispiel für ein aromatisch resonanzsta-

bilisiertes Radikal. Dieses ist von großer Bedeutung in vielen Verbrennungsstudien,

da es das primäre hochtemperatur Zerfallsprodukt von Toluol darstellt. Das Ziel

dieser Studie war die Identifizierung der Benzyl Selbstreaktionsprodukte und ihre

Ergebnisse wurden in Kapitel 3.2 präsentiert. Das Radikal wurde pyrolytisch aus

dem jeweiligen Nitritvorläufer hergestellt. Das Massenspektrum zeigte, dass zwei

Produkte mit C11 und drei Produkte mit C14 Zusammensetzung entstanden. Alle

Massensignale waren gleichmäßig mit einem Abstand von zwei Masseneinheiten

verteilt, was eine enge Beziehung der Spezies im Hinblick auf ihre Bildung nahe

legt. So wurden die zwei C11 Spezies als Diphenylmethan und Fluoren identifiziert,

welche über Zyklisierung miteinander in Verbindung stehen. Das schwerste Pro-

dukt im Experiment konnte als Phenanthren identifiziert werden, welches durch die

Zyklisierung von Bibenzyl zu 9,10-Dihydrophenantren und anschließender Wasser-

stoffeliminierung entsteht. Diese Erkenntnis war von besonderer Relevanz, da bisher

oft davon ausgegangen wurde, dass das Zwischenprodukt dieser Reaktion Stilben

sein müsste; was allerdings in dieser Studie nicht beobachtet wurde. Folglich scheint

der erste Schritt dieser Reaktion eine Zyklisierung zu sein und die Wasserstoffelim-

inierung findet erst im zweiten Schritt statt, wobei Phenanthren gebildet wird.

Wenn Benzyl um eine zusätzliche Methyl-Einheit erweitert wird, erhält man

die Gruppe der Xylylradikale und ihrer Zerfallsprodukte, den Xylylenen. Diese

Moleküle sind ebenfalls von besonderem Interesse in der Verbrennungsforschung,

da Xylylradikale das primäre Hochtemperaturprodukt der Wasserstoffeliminierung

von Xylolen sind. Xylyole werden häufig in Kraftstoffen als Anti-Klopfmittel einge-

setzt und stellen häufig einen großen Anteil dieser dar. Eine weitere Eliminierung

von Wasserstoff liefert anschließend die jeweiligen Xylylene. Die Ergebnisse dieser

Experimente wurden in Kapitel 3.3 diskutiert. Hierbei wurde das Gasphasen-IR-

Fingerprintspektrum aller Xylyl-Isomere in Isolation zum ersten mal ermittelt. Ob-
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wohl alle Isomere eine sehr ähnliche Struktur und Symmetrie aufweisen und die

resultieren Schwingungsmoden ebenfalls sehr ähnlich sind, war die Auflösung der

experimentellen Daten ausreichend für eine eindeutige Zuordnung. Zusätzlich wur-

den ebenfalls die Dimerisierungsprodukte von meta- und para-Xylyl beobachtet und

identifiziert.

Eine ähnliche Herangehensweise wurde angewandt, um die Schwingungsspek-

tren der Xylylene zu bestimmen. Hierbei konnte jedoch nur das IR-Spektrum von

para-Xylylen als Träger der Masse 104 bei der Pyrolyse des jeweiligen Vorläufers

eindeutig identifiziert werden. Für beide Vorläufer der ortho- und meta-Xylylen Ex-

perimente konnten lediglich Isomerisierungsprodukte als Träger von m/z = 104 fest-

gestellt werden: Benzocyclobuten und Stilben. Mögliche Gründe für diese Ergeb-

nisse wurden in Kapitel 3.4.3.5 erläutert.

Im letzten Teil wurden die Arbeiten zur Zersetzung von Phthalid präsentiert.

Das Ziel dieser Studie war die Erzeugung und Charakterisierung von C7 Spezies,

insbesondere das Fulvenallenyl Radikal C7H5. Hierbei konnte das erste Gasphasen-

Fingerprint-IR-Spektrum von isoliertem C7H5 ermittelt werden, welches in Fig.

3.45 zu sehen ist. Des Weiteren zeigte die Studie, dass Phthalid ein hervorragen-

der Rußvorläufer ist, da eine große Anzahl weiterer Reaktionsprodukte identifiziert

werden konnte. Diese beinhalten typische PAHs wie Naphthalen und Phenanthren,

sowie ihre methylierten Isomere. Eine große Vielzahl von Molekülen mit terminalen

Ethinylseitenketten deuten auf einen großen Einfluss von HACA ähnlichem PAH

Wachstum hin. Hierbei wurden insbesondere Reaktionsmechanismen diskutiert,

welche experimentspezifische Reaktionsprodukte, wie C5H5 und C7H5, beinhalten

und oft Ringexpansionen von 5- zu 6-gliedrigen Ringen aufweisen.
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Zu aller erst möchte ich mich bei meinem Doktorvater Prof. Dr. Ingo Fischer

für die hervorragende Betreuung über die letzten Jahre bedanken. Danke für das

tolle Projekt, dem ich mich widmen durfte, dafür dass du immer ein offenes Ohr

hattest und dafür, dass du mir die Freiheiten eingeräumt hast, dass ich mich auch
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lichen Wohl sorgten.

Vielen Dank an Marco Flock für den ganzen Unsinn, den wir über die Jahre
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Meinen zahlreichen Kooperationspartnern besonders Dr. Benjamin Hupp, Prof.

Dr. Andreas Steffen, Jaqueline Ramler, Prof. Dr. Crispin Lichtenberg und Dr.

Klaus Eckstein danke ich für die tolle und stets unkomplizierte Zusammenarbeit.

Ein besonderer Dank gilt auch den zahlreichen Mitarbeitern aus denWerkstätten

des IPTC und FELIX Laboratory, die mit ihren fachlichen Kompetenzen die ganzen

Experimente und Studien erst möglich gemacht haben.
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