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Abstract

Interstellar chemistry has been a growing field over the last several decades. There is
particular interest on the nature and reactivity of interstellar molecules; most notably that of
polycyclic aromatic hydrocarbons (PAHs). My thesis focused on the kinetics of
unimolecular dissociation of small PAH and PAH-like molecules under interstellar
conditions. PAHs (naphthalene (NAP), anthracene (ANT) and pyrene (PYR)), some
dihydro- equivalents (1,2-dihydronapthalene (DHN) and 9,10-dihydrophenanthrene (DHP))
and a few other small aromatic organic molecules (indene (IND), ethynylbenzene (EB),
propynylbenzene (PB) and benzocyclobutene (BCB)) were studied using imaging photo-
electron photo-ion coincidence spectroscopy (iIPEPICO) and electron impact mass
spectrometry (MS); both mass analyzed ion kinetic energy spectrometry (MIKES) and
collision induced dissociation (CID). Experiments were performed at different ionization
energies to produce breakdown diagrams for the various fragments. These diagrams are
then fit using RRKM theory to determine the zero Kelvin activation energy (Eo) and the

entropy of activation (A*S); these results are then compared and discussed.

All these molecules were compared in order to try and find any overlying trends which
could be applied to their role in the interstellar medium (ISM). It was determined that H
loss was the dominant fragmentation channel, as it was the only dissociation channel
common to the majority of molecules studied. It was also seen that organic fragment loss
(C2Hz, CH3z and Cs4H»2) was only observed in smaller molecules which indicates that PAHs
are not likely a source of these molecules. The small fragment molecules gave insight into

the stability of closed ring structures, such as PAHs, through the comparison of the
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dissociation of closed and open structures. The dihydro-PAHs, selected as a probe to
investigate the proposed catalytic role of PAHs in the formation of molecular hydrogen,
yielded very interesting results. It was seen that these molecules would readily undergo
isomerisation prior to dissociation. This added an unexpected level of difficulty to the
calculations but quickly demonstrated how the presence of additional hydrogen atoms could
greatly disrupt the dissociations, as it was not the simple process of removing them as it was

originally believed.

The overall trend observed was that it is the structure, not the size, which has the
dominating effect on the dissociation. lons of similar structure behaved similarly, regardless
of a change in mass; isomers, however, had radically different behaviours which can only be
attributed to their differing molecular conformations. This observation could aid in the
understanding of larger PAHs, those which are believed to exist in the ISM, and what role

they may play in the chemistry of the universe.
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1 Introduction

1.1 Objective

The goal of this thesis was to study the unimolecular dissociation of numerous
polycyclic aromatic hydrocarbons (PAHs) and related species under conditions similar to
those found in the interstellar medium (ISM). Using computational modelling, statistical
rate theory and a combination of mass spectrometry techniques (MIKES, CID, MI-CID and
iPEPICO, to be defined below) the unimolecular dissociation of three PAHs (naphthalene,
anthracene and pyrene), two PAH derivatives (1,2-dihydronaphthalene and 9,10-
dihydrophenanthrene) and four possible PAH fragments (indene, propynylbenzene,
benzocyclobutene and ethynylbenzene) were studied and their OK activation energies (Eo)
and entropies of activation (A*S) were measured for all primary and consecutive dissociation
channels in the hope that these numbers will aid in the improvement of current PAH models

used in the attempt to understand their role in the ISM.

1.2 The Interstellar Medium

Interstellar chemistry has been an ongoing, interdisciplinary study since the first
interstellar molecules were discovered between 1937-1941." Since then, more and more
complex molecules have been observed as well as a plethora of small molecules. Over two
hundred small molecules, all containing less than 10 atoms, have been positively identified
in the ISM with many of the more complex species being postulated.? The most complex

inorganic molecules which have been discovered are various forms of carbon clusters and
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hydrocarbons; to date, diamond, amorphous carbon and graphene type structures have been
theorized; meanwhile the group which has garnered the most attention is that of fullerenes.?
Fullerenes have been the focus of both interstellar and laboratory studies for several
decades, but renewed interest has occurred since their positive identification in the ISM in
2010.* Of the molecules which have been discovered, the vast majority are organic in

> The most

nature; many of which are hydrocarbons that may contain oxygen or nitrogen.
complex of the organic molecules which are proposed to be present, and are the subject of
this thesis, is that of PAHs. ® While there is still a debate over the specific PAHs present,
the general consensus is that the vast majority of them must be large, compact examples in

order to survive the conditions in the ISM. These molecules will be discussed in more detail

in the following section.

Before a discussion about interstellar chemistry can proceed, it is necessary to
discuss how the ISM differs from terrestrial conditions. For this comparison, Figure 1
shows the variance in temperature and pressure with increasing altitude in the atmosphere. ’
As there is no firm boundary separating the atmosphere from the ISM, as you travel further

from the surface the pressures and temperatures will approach those in the ISM.



/ 110

00001 4 -
THERMOSPHERE s
0.001 4 90
001 —MESOPAUSE —NOCTILUCENT CLOUDS |80
) T
E 0.1 - )
Q é
e MESOSPHER Lo S
2 =
3 L x>
] 3
Q bsgp
L —STRATOPAUSE—~ @ |
"\Pe OZONE [~0
1€ REGION i

/
POLAR STRATOSPHERE

STRAOSPHERIC OZONE MAXIMUM
CLOUDS

S TaES [P
1004 CUMUL ONIMBUS. CIRRUS
B ]
~—TROROPAUSE—¢ Mt Everest | 4o
£ <~
TROPOSPHERE» IS -
0y, S A
1,000 ! 0
-100 -80 60 40 -20 0 20 (<)
l'l 1 'A A ll = A' Jr l,‘,'A’J 'J
120 H | 40 0 ‘4 8 '

Figure 1: Chart relating atmospheric temperature and pressure with increasing height above
sea level.’

If the atmosphere is considered up to stratopause, where the ozone layer ends, then the
pressure ranges from 1000 — 1 mbar and temperatures range from 298 — 238 K based on
average temperatures at each altitude. By comparison, the conditions of the ISM are
extreme; with particle densities ranging between 10 and 10° cm™ (translating to pressures
between 107! and 10 mbar) while the temperatures range from only 10 — 150 K.* The ISM
is far from homogeneous, so each region can be considered separately. The least dense
regions are the diffuse atomic regions which are defined by a very low H» ratio (as
compared to other forms of H) of less than 0.1. This is an indication that the majority of
elements are in atomic form. These are the hottest regions and are exposed to the most
radiation; while H atoms remain neutral, any species with an ionization energy (IE) lower

than that will exist as ions, such as C*.* The next level would be the diffuse and dense
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molecular clouds. It is believed that dense clouds evolve from the diffuse.” These clouds
are where molecules begin to play a role, though their concentrations are orders of
magnitude lower than that of H>.!° The denser the clouds the less radiation can penetrate
them which gives a spectrum of chemical processes which can occur depending on the
density. The last region to be discussed is the photospheres of old stars. These areas consist
of large, dense cloud, known as envelopes, which possess a wide range of molecular species.
These areas are believed to be the best source of synthetic reactions. Photospheres of stars
have vast temperature ranges (10-10* K) where higher temperatures will increase reaction
rates, but they also possess high UV radiation. While PAH molecules are stable enough to
withstand the radiation, most molecular species are not. Therefore while there is a lot of
matter surrounding these stars, it is believed to be composed of mostly atomic species.!® As
will be shown in the following section, diffuse molecular clouds are the environment most
likely to contain our molecules of interest, PAHs, and thus it is these conditions that will be

simulated in the laboratory experiments.

Another factor to the environment of the interstellar medium is that of radiation. If
radiation is only described as electromagnetic radiation, then it is a safe assumption that all
the electromagnetic spectrum is present in the various ISM environments to a greater or

lesser degree based on the photoemission of stars.!!

Depending on the temperature of the
star, it will emit different wavelengths of radiation; the hotter the star the higher energy
radiation it emits.'”> Depending on the local environment, different wavelengths and
amounts of radiation will be available; this was alluded to when describing diffuse clouds.

Hydrogen and helium atoms, due to their overwhelming presence in the ISM, have an

overall effect on the available radiation regardless of the local environment; they will absorb



any emitted radiation greater than 13.6 eV, up to approximately 100 eV.!*> The absorption
typically occurs directly outside the photosphere of stars, which precludes the presence of
wavelengths greater than 13.6 eV anywhere in the ISM. Another form of ‘radiation” which
has an effect on the chemistry of the ISM is that of cosmic rays. While cosmic rays are not
technically radiation, they do have a similar effect on the molecules in the ISM. Cosmic
rays are defined as high energy atomic nuclei travelling at ultrarelativistic speeds. These
particles can cause the ionization of any atom in their path and the ejected electrons are of
such a high energy that they too will cause secondary ionization; the energy range of these

particles are measured in GeV."?

Observation of interstellar molecules presents a unique challenge simply due to their
environment as well as ours. The majority of these species are observed by spectroscopy,
both emission and absorption, over all the electromagnetic spectrum. The oldest method of
detection, as it can be conducted from the surface of the earth, is microwave spectroscopy.
The first diatomics detected in the late 1930s were observed by microwave spectroscopy,
and dozens more were discovered by the 1960s.'* This technique is still widely used for the
observation of interstellar molecules with more than 150 species discovered in the last 50

years via this method.'”

Vibrational spectra of the ISM have been studied extensively for the last several
decades. The primary cause for this is the uniform presence of specific strong absorption
features found throughout the ISM in different local environments known as the diffuse

interstellar bands (DIB), two representative spectra are shown in Figure 2.
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Figure 2: Two representative examples of the vibrational spectra found in the ISM.
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While the presence of the DIBs make using IR spectroscopy for molecular identification
difficult, this method has been used extensively to learn more about the ISM; based on the
presence and concentration of known molecules, such as CO.!” The DIBs themselves have
been the focus of intense research since their discovery; the primary goal being to positively
identify the specie or species responsible for them.!® They will be discussed further in the

next section.

The last spectroscopic method that will be presented is that of electronic

spectroscopy.  Figure 3 shows the UV spectrum measured by the Far Ultraviolet



Spectroscopic Explorer; it can be seen that the UV region of the electromagnetic spectrum
has many features present in the ISM. Most of the signal is due to H», but there are still

some unidentified features to investigate.'’
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Figure 3: UV spectrum showing interstellar absorption lines obtained by NASA. The
calculated spectrum of H» is overlaid to show the identity of the majority of the signals
though there are some still unidentified (1048 A).!°

In order to be able to identify the species which are responsible for all the unknown features
in the ISM, it is necessary to first record their spectra in the laboratory setting for
comparison.?’ This is where much of the focus is right now, measuring spectra in laboratory

conditions approaching those of the ISM.?!2

Now that molecules have been identified, a lot of research is focused on the
chemistry of the ISM; the players are known so now it is time to find out what game they are

playing. Due to the plethora of ionization sources in the ISM, and the low pressures which
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give the ionized species sufficiently long lifetimes, ion-molecule reactions are of particular
importance. With the absence of any substantial reaction barrier, these reactions can occur
quickly even at the low temperatures found in the ISM.?*? The rate of ion-molecule
reactions is completely independent of temperature, the average rate constant being about
10-100 times greater than for neutral reactions.>> The majority of these studies have been
laboratory studies using instruments designed to simulate the ISM to the best of our
abilities.”>2® Where laboratory studies are not possible, computational chemistry has been

employed.?’

1.3 Polycyclic Aromatic Hydrocarbons in the ISM

The DIBs, also sometimes referred to as the unidentified interstellar bands, are a group
of approximately 400 absorption features ranging from the near UV to the near IR.?® The
features, seen in Figure 2 of section 1.2, have been observed in a wide range of interstellar
locations, over a hundred different spectra have been measured, dependant on sightlines
between the spectrometer and an appropriate star to act as a light source.?’ While the DIBs
were discovered back in 1922, their cause is still unknown; it has been determined they are
due to molecular emissions, as opposed to atomic, due to their broad nature.?’ Since 1985,
the most popular theory for the species responsible for this mystery is that of neutral and
ionized PAHs.® The primary reason for this assignment is based on promising laboratory
studies which hint at peak matching between a combination of different PAHs and the

DIBs.>® The current belief is that PAH molecules are excited by UV radiation, which causes



rapid heating of the molecule followed by IR emission (among other relaxation methods).>!
While PAHs haven’t been positively identified in the ISM, they have been studied
extensively in the lab using comparable methods to those used in the ISM, spectroscopy

ranging from UV to IR under a range of conditions such as matrix isolation,*** mass

34-35

spectrometry, and computational simulated spectra.®

Based on the belief that PAHs are the source of the DIBs, this group of molecules
constitutes one of the largest groups of molecules in the ISM, accounting for anywhere from
5% up to 20% of interstellar carbon.’’** PAHs make up a large group of molecules therefore
many theories have arisen to attempt to narrow in on a smaller subset of molecules. Some
research points at only larger, condensed PAHs (> Cso) being present due to their stability.**-
*l However, there is research which may indicate the presence of naphthalene and

anthracene molecules, in addition to the larger species.?® *?

The PAHs are predominantly
pericondensed (carbon atoms shared between more than two rings) due to their superior
stability and improved electron delocalization as compared to catacondensed molecules
(linear ring arrangement).*! Initially, there was also some uncertainty over the charge state
of the PAHs, due in part to the limited data collected on charged PAHs. The current
consensus is that a mixture of neutral and charged (both cationic and anionic) PAHs must be

present as there are features found in the DIBs which coincide with both groups.***
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Figure 4: Spectra showing the intensity differences between neutral (dashed line)
cationic (dash dot line) and anionic (solid line) PAHs in the wavelength region of the
DIBs.*

This indicates that there is still a lot of research to be done to hone in on a specific subset of
“interstellar PAHs” but due to the nature of the DIBs, this will be difficult to achieve as

many combinations of PAHs can result in similar spectra.*’

If PAHs are present in the ISM in such large quantities, the next question must be how
they are formed. Of all the molecules which have been positively identified to date, PAHs
are more complex than all of them with the exception of fullerenes.”> One method put
forward is their formation around carbon-rich stars which have all the necessary ingredients
for PAH formation; high gas density, fast collision rate and aliphatic hydrocarbons to
react.*® The PAHs would then be ejected into the ISM at large, which is a very slow
process, the absence of large PAH populations around young stars supports this theory.*’
While this is the current theory, there have been many possibilities put forward in the last 30
years. One such theory is if PAHs were synthesized in the diffuse or dense molecular clouds
via ion-molecule reactions between propyne and similar hydrocarbon units, or with the

addition of acetylene molecules.*® These techniques are all bottom up methods, where the
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PAHs are built by small fragments; top down method has also been considered, such as

collisions between carbonaceous grains.*

The final question to ask is, now that we have an idea of how PAHs may be formed
and in what quantities, why do we study them? Aside from finally determining the source of
the DIBs, and identifying more interstellar species, PAHs may serve an important role in the
chemistry of the ISM. One theory suggests that PAHs are a source of photoelectric heating.
Photoelectric heating consists of the absorbance of UV radiation by species (PAHs, dust
grains etc) and the kinetic energy of ejected electrons heating the surrounding gases. Heating
is achieved by the increase in translational energy of the surrounding molecules thus
increasing their thermal motion. Depending on the charge state of the PAHs (neutral or
positively charged) they will have either a constructive or destructive effect on the heating
efficiency; either way their presence has a major role in the process.’® Another proposal
suggests that PAHs might play a role as a catalyst for the formation of Hz. Hb> is the most
abundant of interstellar molecules, and its concentration defines the difference between
atomic and molecular clouds. Gas phase formation of H» is very inefficient and thus there
has been extensive research in attempting to determine alternate routes to its synthesis.>!

One method is H atom adsorption on the PAH cations via the following reactions,
PAH'" + H 2 [PAH + H] (1.2)
[PAH"+H] + H 2 PAH" + H> (1.3)

or similar process where a dehydrogenated PAH cation gets hydrogenated and then a second
H atom dehydrogenates the PAH' again and forms H,.>> Due to H atoms being the

dominant species in the ISM, these reactions are fast and pressure isn’t a consideration. The
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study of reactions such as these gives an example of another reason to study PAHs, and the
purpose of this thesis, modelling interstellar PAHs. In order to determine the validity of
these reactions, and to simulate any dynamics of PAHs in interstellar environments,
computational models play a vital role as they are the best way to investigate the extreme
conditions presented in section 1.1. The rates and energetic of formation of each of the

species in equations 1.1 and 1.2 are needed to test the theory.

Figure 5: Mechanism used to model H> formation with all applicable rate constants
labeled.>?

All the rate constants, and the thermodynamic variables affiliated with them, outlined in
Figure 5, need to be determined before the model can be used. Much research, like that
presented here, has been focused on providing as much of this information as possible to
improve and expand upon the data available for these and many other models concerned

with the role of PAHs in the ISM.

1.4  The Use of Prototype Systems

While the exact identity of the PAHs present in the ISM has been up for some debate,
it seems to be agreed that large PAHs (>Cso) are likely present.?® *-4! A large number of the

12



laboratory studies are focused on the smaller examples, whose presence in the ISM is not as
certain.”>>* The use of the smaller PAHs as a prototype system for the larger molecules
seems to be an accepted practice in the field of astrochemistry, especially in investigating
the energetics. >>>’ There are many reasons for this but the two main ones are quite simple,
availability and ease of use. For energetics experiments, such as mass analysed kinetic
energy spectrometry (MIKES) and photoelectron photoion coincidence spectroscopy
(PEPICO) samples must be pure.’® 5" This means that the samples which can be studied
must be available for purchase with a high degree of purity. In most cases, as the number of
carbon atoms increase in PAHs, the number of isomers also increases.®' An exception to this
would be molecules such as ovalene (C32Hi4) which due to its low H content it is unique.®?
This makes getting a pure sample much more difficult and expensive as costly separation
methods would be required.®*** Small PAHs have no such limitations and are readily
available. The next limitation is again a size effect, vapour pressure. As PAHs increase in
mass, their vapour pressure decreases.®>  The experimental setups discussed above both
rely on passive sample introduction, which in turn relies on the vapour pressure. Small
PAHs do not suffer from this problem as many of them sublimate readily at room
temperature. As will be seen in the body of this thesis, the energetic results for the smaller
PAHs yield more reliable results which makes them not only easier to work with but more

valuable for learning of the possible energetic profile of PAHs of all sizes.
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2. Experimental Methods

2.1. Modified reverse geometry three sector instrument

All the mass spectrometry (MSMS) experiments conducted at the University of Ottawa,
with the exception of the APCI-CID experiments conducted with anthracene, were

performed on a modified VG-ZAB mass spectrometer, sketched in Figure 6.
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Figure 6: Schematic representation of modified VG-ZAB instrument.

Each component will be described individually and its purpose in each of the various
experiments will be explained. In brief, the ions are generated via electron ionization (EI)
and accelerated towards the magnetic sector when the ions are separated by mass. Once the

desired ions are selected, they pass through the second field free region (2FFR) where,
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depending on the experiment, a neutral gas may be introduced to induce fragmentation.
From here, the ions and fragments are either detected or selected in the first electrostatic
analyzer (ESA) based on their kinetic energy. In the case of Tandem MS experiments, the
ion selected in ESA1 will travel through the third field free region (3FFR) where it is
collided with a neutral target gas to induce further fragmentation. The fragments are then

detected based on their kinetic energy in ESA2.

The first component of the VG-ZAB is the ion source. The neutral molecules are
introduced in one of two ways depending on their physical state at room temperature. The
majority were solid samples and thus were introduced using a heated solid probe. The
sample could be heated slightly to encourage sublimation if necessary. In the case of liquid
samples, such as DHN, a liquid inlet was used as a means to introduce the molecules to the

source. A schematic representation of the ion source is provided in Figure 7.
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Figure 7: Schematic representation of electron impact ion source.
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Electrons were ejected from the metal filament through thermal emission from a wire
filament. The resulting electron beam possesses approximately 80 eV of energy. This
energy is close to the accepted peak efficiency of 70 eV.! The electron beam is directed
through the molecular cloud due to the attraction towards the electron trap. The molecules

are ionized via the following reaction,

M+e DM™+2¢ 2.1)

The radical cations are then accelerated out of the source housing at a speed corresponding
to the energy difference between the housing and the grounded plate immediately outside,
the energies used are either 6, 7 or 8 kV depending on the timescale desired for the

experiment.

After the ions are formed, they travel briefly through a field free region before being
entering the magnetic sector where the ion of choice is selected based on its momentum
using the magnetic field. Figure 8 shows how selection is achieved based on a test case

where there is a mixture of three different ions.
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Figure 8: Diagram of magnetic sector showing mass selection.

21



The magnetic sector consists of two, parallel, curved electromagnets with a gap between
them where the ions will travel. The electromagnets create a magnetic field between them
which can separate the ions based on their momentum; the momentum of the ions and the

magnetic field are related according to the formula,
my = rBze (2.2)

where mv is the momentum of the ion, 7 is the radius of curvature of the magnetic sector, B
is the magnetic field, z is the charge of the ion, and e is the elementary charge.! The radius
is a fixed value which means that the only variable that can be controlled is the magnetic
field. If the momentum of the desired ion is known, it is possible to fix the magnetic field so
that only the selected ion can successfully traverse the curved trajectory. The velocity of

the ion is related to the acceleration voltage (V) by,
zeV =Y mv? (2.3)

The mass to charge ratio (m/z) of the selected ion can be obtained by combining equations

(2.2) and (2.3),

- ()

The selected ions are now allowed to travel through 2FFR. This region, as well as
3FFR, is equipped with collisions cells which consist of 2-3 cm steel boxes with slits cut
into both end plates to allow the ion beam to travel though. The collision cells can be filled

with a neutral gas, monitored via an ion gauge, to perform collision experiments.
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The next two components of the sector instrument to be discussed are the
electrostatic analyzers, ESA1 and ESA2. The ESA sectors consist of two curved metal

plates with a consistent gap between them.
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Figure 9: Graphical representation of electrostatic analyzer

Each plate is held at a different potential, thus an electric field is induced across this gap to

separate the ions based on their kinetic energy. Separation is achieved using the following

equation,

%mv2 = zeV = %ZeEr (2.5)

where E represents the electric field. This equation can be rearranged in order to define the

ion based on its m/z,

m eEr

~ - oz (2.6)

The electric field can either be fixed, to have the ESA act as a mass selector, or scanned to

behave as a mass filter.
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The final component of the sector instrument is the detector. The VG-ZAB

instrument uses a photomultiplier detector, depicted in Figure 10.
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Figure 10: Schematic of photomultiplier detector

The ions collide with the conversion dynode, which in turn releases an electron. This
electron collides with a scintillator, which converts that electron into a photon. The photon
travels into a photomultiplier where the signal is amplified by using several dynodes. As the
ESA is scanned, the different ions will be selected so and the detector measures the intensity

of the ion count.

2.1.1. Mass-analyzed Ion Kinetic Energy Spectrometry

All experiments performed on the VG-ZAB start out identically. The ions are
created in the source and are accelerated to 6, 7 or 8 kV, depending on what time scale is
desired for the experiment. The ionization process is quite hard, thus many fragments are
made alongside the precursor ion, and so the magnetic sector is needed to filter out only the
desired ion. Once the ion of choice has been mass selected, it travels into the 2FFR. This is

the point where the experiments branch off. MIKES experiments rely on the spontaneous
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dissociation of metastable ions, those which possesses sufficient internal energy to

dissociate within the dissociation region without any assistance (i.e. no collisions).>

Metastable ions

Stable ions (K, < 10%) |

Population —>

Unstable ions (kg > 10°)

Internal energy —

Figure 11: Graphical representation of how metastable ions compare to stable and
unstable ions.’

As can be seen in Figure 11, there is a very small window of internal energies which meet
this criteria and the majority of the ion population is in the “stable ion” region.> For this
reason, very little of the metastable ions are ever generated so the signal is quite low
compared to the stable ions. During a MIKES experiment, the metastable ions dissociate in
the 2FFR and their fragments, along with the remaining precursor ions, are detected by
scanning ESA1. The experiment is then repeated using a different acceleration voltage so

that the branching ratios for the various fragments can be compared.

2.1.2. Collision Induced Dissociation

As stated in the previous section, the ions are generated and mass selected in the
magnetic sector in exactly the same way as for a MIKES experiment. In this case, the
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acceleration voltage used is only 8 kV to get the best fragmentation yield. Other than that,
the main difference between the two methods is that in a CID experiment, a neutral collision
gas 1s introduced in the collision cell in the 2FFR. The collision gas, in this work helium
was the only gas used, induces further fragmentation than spontaneous dissociation alone.
When the mass selected ion collides with the helium atom, the collision causes an increase
in the internal energy of the ion, which may cause dissociation if the energy is sufficiently
high. This process is more efficient than metastable ion decomposition because,
statistically, there is a greater chance of inducing dissociation as there are far more stable
ions than metastable ones.® For this reason, not only are the dissociation channels found for
metastable ions more populated, but new channels can also be accessed. Once the ions have
been fragmented, the fragments and remaining precursor ion can again be detected by
scanning ESA1. CID is used primarily as a method for the determination of the structure of

the precursor ion.

2.1.3. Metastable Ion Collision Induced Dissociation

MI-CID is a combination of the two previous techniques, MIKES and CID. Again,
the ions are generated and selected in the magnetic sector in the same way as the previous
two experiments. Like with CID, only 8kV was used as an acceleration voltage to maximize
the amount of metastable ions. The 2FFR remains free of collision gas to allow for
metastable ion dissociation. Instead of scanning ESA1 to detect all the fragments, it is held
fixed to select one of the fragment ions. This ion is permitted through to the 3FFR. Here,
helium is added to one of the collision cells to induce further dissociation. For detection of

the fragments and remaining precursor ion, ESA2 can be scanned to detect them based on
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their kinetic energy. This process allows for the determination of the structure of the
metastably-generated fragments. This process is helpful in determining if there is a
difference in the structure of these ions with those produced using more energetic means, to
determine if there is any rearrangement which occurs. A limitation to this method is that,
since few metastable ions are present, there is very little ion flux which reaches the 3FFR, as
not all the ions will produce a specific fragment; only the most intense fragments can be

selected for these experiments.

2.2. Imaging Photoelectron Photoion Coincidence Spectroscopy

All the iPEPICO experiments were conducted at the Swiss Light Source (SLS) (Villigen,

Switzerland). The experimental setup is shown in Figure 12.
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Figure 12: schematic representation of iPEPICO apparatus.
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The iPEPICO apparatus consists of three main components which will be discussed: the
ionization and acceleration region, the electron flight tube and detector and the time-of-flight

(TOF) mass spectrometer.

The iPEPICO experiment relies on knowing the internal energy of the ion (Eion)

within a very small margin. This is accomplished from the following formula,
hv = IEudia + Eion + KE (27)

where hv is the ionizing photon energy, /Eaq4iq 1s the adiabatic ionization energy and KE is

the kinetic energy of the electron.

If a sample is sufficiently volatile, as was the case with all samples discussed here,
they are introduced to the source chamber via a room temperature effusion source; from here
they are bled into the ionization area (within the acceleration region) through a Smm
opening or, if there is need to reduce the pressure, a skimmer cone. Once the sample is
introduced, synchrotron radiation is used for photoionization. Vacuum ultraviolet (VUV)
radiation, wavelengths between 10-200 nm, was collimated and passed through one of two
silicon gratings, depending on the energy range needed; 600 mm™ line density is used to
access 5 — 15 eV and 1200 mm™' to access 15 — 30 eV energies.* The light is passed through
a gas filter, 10 mbar of either a 75:25 mixture of N2: Ar or pure No, to filter out harmonics
above 15.759 eV and 21.565 eV respectively.’ The photon energy resolution is on the order
of 10* (ImeV at 10 eV photon energy) which is precise enough for the calculation of Ejo.
Once the sample is ionized, the electron is extracted towards the imaging target while the

1ons travel into the TOF.
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In this type of experiment, the only way to know the kinetic energy of the ejected
electron is if it is a threshold electron, thus having no (or as close to it as possible) kinetic
energy. When an ion is generated, both the ion and the electron are accelerated in opposing
directions (40— 80 V cm ™! field strength).’> In the case of the electron, it is both position and
time stamped. Threshold electrons collide with the center of the target while the majority of
the energetic electrons, referred to as hot electrons, will collide outside the center spot. An
example of how the target looks after an experiment is shown in Figure 12. As there will be
some hot electrons which coincidentally have the correct trajectory to strike the center of the
target, a ring just outside of the center spot is subtracted from the center signal. The imaging
detector consists of microchannel plates (MCPs). MCPs function by multiplying the
electron signal as it travels down the channel. The two MCPs in this detector are in a
chevron configuration with an 8° angel between the two plates. This allows for further

signal magnification as illustrated in Figure 13.
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Figure 13: Illustration of signal enhancement in chevron MCP.¢
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Each MCP consists of an array of electron multipliers, each electron produces a secondary
electron at every collision with the sides of the channel; this cascade is repeated numerous

times. The advantage to a chevron configuration is that when the electrons leave the first
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MCP and enter then next, there is a bit of diffusion and multiple channels on the second
plate receive electrons to increase the signal further. This does cause a small reduction in
the image resolution but the result is simply the need to sample a larger center spot for the
threshold electrons. Now that the electron has been detected, and its position known, the

signal from the MCP acts as the start time for the TOF flight time for the ions.

Time of flight is one of the simpler mass analyzers. They work on the understanding
that fragments with the same energy but different masses will have different velocities.

Using the physics relationship the velocity can be expressed as,

v= [ (2.8)

The iPEPICO apparatus accelerates the fragments within an electric field, thus their kinetic
energies are the same. As they drift down the field free drift tube, which is 550 mm in
length, the smaller ions will drift faster than heavier fragments thus as they travel there will
be a time separation. As each fragment arrives at the detector, another MCP, their arrival
time is recorded which acts as the ‘stop’ signal. The time delay between the arrival of the
electron at the imaging target and the detection of the fragment gives the flight time for the
fragment. Only fragments which are the product of ions made with threshold electrons,
fragments measured in coincidence with the threshold electrons, are analyzed; the remaining

signals are discarded.
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2.2.1. iPEPICO experimental setup

As stated, in an iPEPICO experiment, ions are generated via photoionization with
VUV light generated by synchrotron radiation. The ejected electron will be directed back
towards the electron target where it will be time and positioned stamped. This signal is the
‘start’ for the TOF detector. The ions, either precursor or fragments depending on the
photon energy used for ionization, will travel through the TOF MS where they will be
detected upon their arrival; this is the ‘stop’ signal so that each time can be measured. This
experiment is repeated many times at a range of photon energies to generate unimolecular
breakdown diagrams which will be fit using RRKM theory. It should be noted that by the
very nature of the experiment, there is a low ion flux which necessitates a longer acquisition

time at each energy in order to gather enough intensity to get good signal to noise.

2.3. Computational Methods

2.3.1. Density Functional Theory

Density functional theory (DFT) is a computational method for the calculation of
molecular structures and energies based, not on the wavefunction, but on the electron
density of the molecule.” This allows for more rapid calculations, compared to the more
expensive ab initio methods, while giving results which are comparable to them. Regardless
of the molecule size, DFT calculations only need to consider three variables p(x, y, z) while
the more labour intensive methods focus on the wavefunction and thus have to solve the

Schrddinger equation, rapidly becoming more difficult as the molecule gets larger.®
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As stated, one of the pieces of information that one can learn from DFT calculations
is that of molecular structure. Due to the experimental conditions of the work presented
here, we can consider the simplest situation of an isolated molecule without having to factor
in thermal or solvent effects. Structure determination is achieved based on a gradient search;
the energy is calculated from an initial guess and then the geometry undergoes minute
adjustments and the process is repeated. The end result is that an optimized structure is
determined within an energy minimum; depending on how close the first guess is to the final
structure it can either be a local or global minimum of the potential energy surface (PES).’
The minimum energy structures are the stable geometries. Another molecular geometry of
interest is that of the transition state of a reaction. The transition state is defined as the

structure associated with a saddle point of the PES.
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Figure 14: Representative potential energy surface with the location of reactant,
transition state and product indicated.!’
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where a saddle point is defined as a stationary point, where the first derivative is zero, and
its partial second derivatives give both positive and negative results (2" derivative > 0
indicates minimum while 2™ derivative < 0 indicates a maximum).!' For a transition state,
the saddle point must be a maximum along only one path, that of the reaction coordinate,
while it is a minimum in all other directions. Now that the optimize geometries have been

defined, the energy corresponding to them must be determined.

While it is easy to visualize a molecule sitting in a minimum on the surface, like a
marble falling into a divot, this is not an accurate representation as the atoms in a molecule
are constantly vibrating; the minimum energy of this vibration is known as the molecule’s
zero point energy (ZPE).” This minimum energy is added to the optimized energy (the
electronic energy) in order to get the real minimum energy which is used for calculating the

reaction energies, such as dissociation energy (AE) and ionization potential (IP).

Vibrational frequencies are calculated based on the normal modes of the molecule,
where all the atoms of the same type move symmetrically with the same amplitude. The
number of frequencies is determined based on the degrees of freedom of the molecule with

the translational and rotational degrees removed,

3N — 6 (non-linear) (2.9a)

3N -5 (linear) (2.9b)

where N represents the number of atoms in the molecule. The calculated frequencies are
typically higher in frequency than experimental therefore they need to be scaled based on an
empirically determined scaling value.!?> The vibrational frequencies calculated can also be

useful for confirmation of transition states. The critical frequency, that which leads the
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molecule to products, will have an imaginary frequency due to the lack of restorative forces
on the vibration.” This is the easiest way to confirm that the structure is that of the transition
state, if it has more than one imaginary frequency then it is a maximum or an nth order

saddle point.

The final values extracted from the DFT calculations were that of the rotational
constants. These three values correspond to the three primary moments of inertia, and their

energies are determined by solving the rigid rotor Schrédinger equation.

2.3.2. Rice-Ramsperger—Kassel-Marcus (RRKM) theory

All the reactions that are being discussed in this thesis are unimolecular dissociation

reactions of the type,

k
A*—>A* > P (2.10)

where A* is an excited molecule, k is the rate constant for the dissociation, A* is the
transition state (TS) of A and P are the dissociation products.!> With DFT it is possible to
calculate the optimized and transition state structures, which can now be related to the
experimental results. One method which has been used extensively for this purpose is

RRKM theory, which calculates the rate of reactions based on calculated structures.

As stated in the introduction, the conditions in the ISM are such that all molecular
and ionic species are in the gas phase at low pressures.'* This makes calculating rate
constants based on temperature, k(7), impractical. RRKM calculates rate constants based on
energy, k(E), which was found to be a more versatile methods for calculation rate constants

for most chemical systems, especially in the gas phase.!> RRKM theory is unique in that it
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includes transition state theory (TST), which makes the assumption that once the reaction

reaches the transition state, or dividing surface, it will always continue to products.!® To

calculate k(E), the typical formula used is as follows,!”!8

oN*(E—Ey)

k(E) == %

2.11)

In this equation, o represents the degeneracy of the reaction (how many equivalent paths
lead to the same product), / is Plank’s constant, p(E) is the density of rotational-vibrational
(ro-vib) states of the precursor ion at an internal energy E and N*(E-Ey) is the sum of internal
ro-vib states of the transition state at an internal energy of (E-Eg) with Ey being the 0 K
activation energy. It is possible to calculate N*(E-Ey) and p(E) based on the DFT calculated
structures for the precursor, the vibrational frequencies and rotational constants, by using the

Beyer and Swinehart direct count algorithm. '
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3. Procedures

3.1. Experimental Methods
All molecules (NAP, ANT, PYR, DHN, DHP, EB, PB, BCB and IND) were obtained
from Sigma-Aldrich (Sigma-Aldrich, Oakville, Canada) and used without further
purification. The sample was introduced into the modified VG ZAB mass spectrometer via
either a direct insertion probe for solid samples or a liquid inlet in the case of liquid samples.

It was introduced into the iPEPICO apparatus after pumping to remove air.

3.1.1. MIKES, CID and MI-CID experiments

All mass-analyzed ion kinetic energy spectrometry (MIKES), collision induced
dissociation (CID) and metastable ion collision induced dissociation (MI-CID) experiments
were performed on a modified VG-ZAB three sector instrument.! The geometry consists of
a magnetic sector, followed by two electrostatic analyzers (BEE geometry) (VG Analytical,
Manchester, UK.) The molecule was introduced to the source resulting in a pressure reading
of ~1x10* mbar which is detected by an ion gauge positioned above the source diffusion
pump. Radical cations were generated via electron ionization in the source of the
instrument. The ions were then accelerated towards the magnetic sector using acceleration
voltages ranging from 6-8 kV depending on the experiment being performed. The ion of
interest would be mass selected in the magnetic sector. In the case of a MIKES experiment,
the mass selected ion is allowed to travel through the second field free region towards the
first electrostatic analyzer (ESA).> If the ion has sufficient energy to dissociate (i.e., is
metastable), its fragment ions will be detected along with the remaining parent ions

according to their kinetic energies. For CID experiments, helium collision gas was
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introduced into the collision cell in the second field-free region of the instrument to a
pressure that resulted in 10% reduction of the precursor ion beam (single collision
conditions). For MI-CID experiments, one of the metastably-generated ions is selected in
the first ESA, and then undergoes CID in the third field-free region. Spectra were recorded
using ZABCAT program which was developed by Mommers Technologies (Ottawa,

Canada). *

3.1.2. iPEPICO

All iPEPICO experiments were performed on the VUV beamline at the Swiss Light
Source (Paul Scherrer Institut, Villigan, Switzerland). The experimental setup and a detailed

6 Briefly, monochromatic VUV

description of the experiment are presented elsewhere.*
synchrotron radiation is used as a photoionization source to ionize gas molecules. Ions are
directed towards a time of flight mass spectrometer (TOF) while the ejected electrons are
extracted in the opposite direction towards an imaging multichannel plate (MCP) detector
with each event time and position stamped. Threshold electrons are focused onto the center
of the MCP, and kinetic energy electrons detected in a small ring region around this center
spot give a good representation of the hot electron background of the threshold signal. The

mass spectrum corresponding to this ring is subtracted from the center TOF distribution to

obtain the threshold ionization mass spectra.

The time-of-flight mass spectrometer has two acceleration regions, one of which has
a low draw out potential which means that ions dissociating on the microsecond timescale
can do so in this region. The results are ion time of flight distributions that are asymmetric.
These asymmetric distributions can be modeled to extract absolute unimolecular decay rate

constants.
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The small fields of 40-120 V cm™! in the ion acceleration region lead to the long ion
residence times, which are indispensable for rate measurements and are also necessary for
the 1 meV electron kinetic energy resolution at threshold. As a drawback, thermal TOF peak
widths on the order of 100 ns mean that the parent, H-loss and 2H-loss peaks overlap, and it
is necessary to use a deconvolution procedure to extract parent and daughter ion fractional
abundances. It was shown previously that H-loss peak center of gravity functions can be
used as a measure for peak asymmetries at very low signal levels.” and to extract the rate
information even when the peak shape is dominated by thermal broadening.® In our case, the
rate information is readily available based on the C,H>-loss peak shape, in cases where this
fragment is found, which decays towards higher times-of-flight as the parent ion is depleted,
i.e. according to the sum of rates for all parallel processes. In turn, the fractional abundances
of the fragment ions indicate the relative rates. In the deconvolution procedure, we assume
that the peak positions are constant and the peaks have the same full-width-half-maximum.
Because of the small mass and time-of-flight differences, the error of these assumptions is

expected to be negligible.

The weighted center of the TOF distribution easily yields the fractional abundances
for two peaks. For example, if the molecular ion M is detected at a TOF of ¢ and the [M—
H]" peak grows in with increasing photon energy at f, the center of gravity of their TOF
band will be 4 = a'ti + (1 — a)t, where a is the parent ion fractional abundance. The
breakdown diagram can thus be plotted by evaluating u as a function of photon energy and
solving this equation for a. However, a second metric is required to deconvolute a band of

three such peaks with arrival times ¢, #> and #3, and to obtain the fractional abundances a, b,
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and ¢ where a + b + ¢ = 1. In the present case, this involves either the combination of [M—

H]*, M*® and *C-M"*, or that of [M—2H] **, [M-H]" and M**.

In addition to the band center x = [t TOF(f) dt / [TOFE(¢) dt, the 2! moment of the
distribution, o® = | TOF(¢) d¢ / J[TOF(¢) df can be used as additional metric. For a single
Gaussian distribution with a mean # and standard deviation op, this evaluates to o® = £, +
ov’. If we consider three peaks with relative abundances a, b and ¢, with arrival times of #,
t and t3, the 2" moment will be given as o = a-ti> + b-t>+ c-t3> + ov®, whereas the band
center of gravity is obtained as u = a-t1 + b-t> + c-t3. The time-of-flight distributions are,
thus, used to obtain o and x4, and the two expressions just derived can be solved for the

fractional abundances a, b and c:

a=(0%—0p —u(ty + tz) + tyt3)/((ty — t) (&1 — t3)) (3.1)
b=(0%—0p—u(ty +t;) +t365)/((t5 — t2)(ts — t)) (3.2)
c=(0%—0af —uty +tz) + t1t3) /((t; — t;)(t2 — t3)) (3.3)

After deconvolution of the three peaks in question, '*C contributions were taken into
account prior to the calculation of final relative abundances for use in the breakdown

diagrams.

The threshold photoelectron spectrum for a given compound was obtained by summing

the counts of all threshold electrons at each photon energy.
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3.2. Computational methods

3.2.1. Ab Initio Calculations

Ionic structures were calculated for the precursor ion and all potential fragments, as
well as the neutral structures for the precursor molecules. These ab initio calculations were
completed using Gaussian 09 suite of programs.” Geometry optimizations and vibrational
calculations were performed using the B3LYP/6-31+G(d) level of theory, while single point
energies were calculated at B3LYP/6-311+G(3df,2p) level. The harmonic vibrational
frequencies and rotational constants for neutral and ionic naphthalene were used as input for

subsequent RRKM calculations.

Outer valence Green’s function calculations (OVGF) were carried out with the cc-

pVQZ basis set to predict molecular orbital ionization energies. '°

3.2.2. RRKM calculations

In order to determine the OK activation energy (Eo) and the entropy of activation
(AS?) from the experimental breakdown curves, the rate of each dissociation pathway, k(E),
needs to be determined. k(E) was calculated according to equation 2.11.!"" The calculated
vibrational frequencies and rotational constants were used to calculate the reactant ion
density of states according to the Beyer and Swinehart direct count algorithm.!? The
transition states were not calculated; instead, an appropriate vibrational mode was removed
to simulate the critical transition coordinate, such as a C-H stretch removed for the
formation of C1oH7" from naphthalene, or a mode corresponding to a change in H-H distance
(and H-C distance) for H> loss. These frequencies are listed in the appendix. The transition

state sum-of-states were varied as part of the fitting process by scaling the transitional
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modes by a common factor. AS*1000 was calculated at 1000 K according to the standard
statistical mechanics equations. No restriction has been imposed on the degree of tightness

or looseness of the transitions states.

3.2.3. Theoretical model fitting

The minimal iPEPICO program of Sztaray et al. was used for fitting the
experimental breakdown curves and ion time-of-flight distributions.'® In brief, this program
employs RRKM theory to fit experimental breakdown curves for competing dissociation
channels based on vibrational frequencies and rotational constants for the parent neutral and
dissociating ions, which in this work consists of M™ and M-H", the experimental conditions
such as temperature, the experimental data, and the ion optics parameters of the iPEPICO
apparatus, as well as the barrier heights of each dissociation step. The experimental data
required consists of the fractional fragment ion abundances over a range of energies (i.e. the
breakdown diagram) as well as the TOF spectra corresponding to each energy. Photon
energies were converted to ion internal energies for the RRKM modeling using the reported

ionization energy of each molecule.!”

The rate constants determined from the iPEPICO experiments, ranging between 10°-
107 s, have been compared with those from the MIKES results in Figure 15. It can be seen
that the iPEPICO samples a much larger portion of the k(E) curve, but due to the overlap
between the two techniques, the MIKES data is beneficial in confirming the values

determined by the iPEPICO results.
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Figure 15: Energy (eV) versus k(E) plot comparing the regions of the rate curve
sampled by MIKES experiments (grey shading) and iPEPICO (white area)

3.2.4. APCI-CID Modelling
Full details for the APCI-CID model have been reported previously.!* The three main
experimental parameters for this model are; the time-scale of the dissociation, the internal
energy distribution of the collision complex (dependent on Ecom and gas density) and k(E).
The time scale is known based on the length of the collision cell (10 cm) and the
translational energy, T (in this case T = Eip). The energy range was converted to center of

mass energy (Ecom) using the following equation,

Ecom = Eiap (L) (3.4

Mar+Mion

where Mar and Mion are the respective mass (argon and anthracene radical cation). The
microcanonical rate constant is given by RRKM theory as outlined earlier, having two
adjustable parameters, Eo and A'S. As mentioned in the introduction, the post-collision
internal energy distribution of the dissociating ions has been approximated by the

relationship,
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Teff =T; + a(Ecom) (3.5)

with a and the initial temperature (T;) also being adjustable parameters that can be varied in
order to obtain the best fit between the theoretical and experimental dissociation diagrams.'>
The resulting internal energy distribution of the anthracene ions is given by:

p(E)e—E/RTeff

P(El ECOm) = Q(Ecom)

(3.6)

where p(E) is the vibrational density of states (same as what was used for RRKM), Q(Ecom)
is the vibrational partition function at an effective temperature, Tesr, described above.
Theoretical branching ratios are then derived and fit to the experimental CID breakdown

diagrams.

In fitting the APCI-CID experiments, the iPEPICO results were used as an initial
guess for Eg and A*S for [M-H]" and [M-C2H2]"". Once an acceptable o value was obtained,

these values were then adjusted to get the best possible fit with the experimental data.
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4 Naphthalene

4.1 Introduction

Naphthalene (CioHs) is one of the smallest PAHs, and the fragmentation of its cation
has been intensively studied in the past showing that H-loss and C,H»-loss are the two main
channels of fragmentation appearing with equal branching ratios at low photon energy (< 18
eV). There is no significant difference that has been observed in the dissociative ionization

of the fully deuterated naphthalene,'"

although Jochims and co-workers have claimed a
small kinetic isotope effect from differences in the onset appearance energies between
deuterated and undeuterated naphthalene.*> The main cationic fragment is the CioH7" ion
with three higher energy parallel fragmentations that have been detected in ion cyclotron
resonance experiments.® By different mass spectrometric techniques, it has been established
that the cationic fragment CsHe" is benzocyclobutadiene’ as initially suggested theoretically
and confirmed recently.® Two more (minor) dissociation channels observed are H» loss and

C4H> loss. For the latter the phenylvinylacetylene structure has been proposed for the

resulting ion, similar to what has been suggested for the dissociation of the neutral system.’

In this chapter, we revisit experimentally the dissociation reactions of the naphthalene
ion via mass-analyzed ion kinetic energy spectrometry (MIKES), collision induced
dissociation (CID) and metastable ion collision induced dissociation (MI-CID) experiments
as well as imaging photoelectron-photoion coincidence experiment (iPEPICO). The
iPEPICO experiment at the VUV beamline of the Swiss Light Source (SLS) selects ions as a
function of their internal energy with 2 meV photon resolution and measures dissociation

1

rate constants within the 103-107 s' range. This experimental set-up allows the
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determination of the dissociation thresholds for fragment ions. By fitting the breakdown
curves as well as the asymmetric time-of-flight profiles, kinetic modeling of the dissociative
ionization processes can be achieved. This allows an accurate determination of barrier
heights and entropies of activation that have an impact on dissociation and are useful
parameters for the atmospheric, combustion or interstellar chemistry models to postulate
pathways of aromatic formation by hydrogen-abstraction and C,H»-addition. The present
results can be compared to the early experiments done in time-resolved photodissociation:
Ho et al.! worked at a single internal energy of C1oHs" (namely 7.1 eV) while Gotkis et al.?
assumed loose transition states, meaning little to no need for rearrangement prior to
dissociation, for both H and C,H> losses and neglected the minor channels that are the H»
and C4H> losses. In these two preceding works, a phenylacetylene structure was assumed for
CsH¢" obtained by C,H, abstraction, while here the benzocyclobutadiene isomer is
considered. The present energy resolution allows a greater confidence in the parameters
extracted and consequently allows us to predict the structures of CioHs" produced in two

different channels.

4.2 Results and discussion

4.2.1 Tandem Mass Spectrometry
Figure 16a shows the MIKES spectra for the fragmentation of the naphthalene

radical cation at different acceleration voltages.
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and 8 kV; (B) MIKES mass spectrum of C1oH7" collected at an acceleration voltage of
8kV; (C) Comparison of CID and MI-CID mass spectra of source-generated versus
metastably- generated C10H7" collected at an acceleration voltage of 8 kV. (D) CID

mass spectrum of source generated CsHg " collected at an accelerating voltage of 8 kV
and colliding with helium gas at single collision conditions (10% beam reduction).

By changing the accelerating voltage, the timescale of the metastable dissociation in the
second field-free region is also changed, which affects the competition between the various
reaction pathways. Four primary dissociation channels (reactions of naphthalene) have been
observed from the naphthalene radical cation (Ci1oHg ). These channels correspond to the

reactions (R1) through (R4);

CioHs " — CioH7* +H (m/z 127) (R1)
CioHs " — CsHe™* + CoHa (m/z 102) (R2)
C1oHs " — CeHe™* + C4Ha (m/z 78) (R3)
CioHs " — CioHg™* + Ha (m/z 126) (R4)
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Figure 16b shows the MIKES results for the fragment ion CjoH7" which shows loss of C,H»

(m/z 101) and three additional pathways, reactions RS — R7;

CioH7" — CeHs" + C4Ha (m/z 77) (RS)
CioH7" — CioHs " + H (m/z 126) (R6)
CioH7" — CgHs ™ + C,Hz (m/z 101) (R7)

Reactions (R5) and (R6) will come into play later in the iPEPICO experiment. It should be
noted that all MI-CID mass spectra of metastably-generated fragment ions were compared to
their source-generated analogues, and found to be indistinguishable. Figure 16¢ shows a
comparison between the CID mass spectrum of source-generated C1oH;" and the MI-CID of
metastably-generated C1oH7". It can be seen that the fragmentation patterns of the two ions
are identical, with only small intensity differences, indicating that the same structures are

formed from source generated and metastable ions.

The most likely fragment ion structures in reactions (R1)-(R6) are outlined in Figure
17. For reaction (R1), it is not possible to identify the location of the missing hydrogen
atom due to hydrogen scrambling which is known to occur upon CID.!® Dyakov et al. also
calculated that the difference in energy for the two distinct hydrogen sites as being only 0.05
eV.2 For this reason, all hydrogen atoms are treated equally for the purpose of RRKM
calculations. Reaction (R2) introduces a more complicated structure assignment. While there
are many possible structures to produce CsHs', there are two which were theorized as the
possible structures based on naphthalene being the starting structure, phenylacetylene and

benzocyclobutadiene.!!
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Figure 17: Model for fragmentation of naphthalene radical cations with the most likely
structures shown for fragment ions from reactions (R1)-(R6). The reaction number for
each product channel has been included in parentheses.
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Looking at the CID mass spectrum of CsHe¢™ (Figure 16d), it can be seen that the most
intense peak is located at m/z 76, which is a second loss of C2Ha. There are other peaks
which are also consistent with the breakdown of conjugated unsaturated hydrocarbons. Both
structures can lose these fragments quite easily and therefore there is little distinction that
would be visible through CID. In fact, it has been reported that both ions have identical
tandem mass spectra due to small differences in energy. Schroeter et al. deduced the
structure of CsHe" through charge reversal (CR) mass spectrometry.” They were able to
eliminate ionized phenylacetylene as a contributing structure based on the presence of CsHs

in its CR mass spectrum while the same peak was absent in the mass spectrum of CgHg"
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produced from naphthalene and from benzocyclobutadiene. Thus, the structure assignment
of CsHe" for reaction (R2) is that of ionized benzocyclobutadiene. The next fragment,
reaction (R3), CsHs'" was assigned as the benzene cation. For reaction (R4), the formation of
CioHs ", has several possible structures; however, only two structures were calculated to be
of reasonable energy, which are shown as structures 5 and 7 in Figure 17. When calculated
at the B3LYP/6-311+G(3df,2p) level of theory, the difference in energy between these two
structures was only 0.11 eV, which makes both structures attainable. The best way to
differentiate between the two structures would be to use A*S, as structure 7 requires a lot of
rearrangement, which would result in A*S being negative, whereas the 1,2 hydrogen loss
leading to structure 5 would have an A*S closer to zero or slightly positive. As will be seen
below, we derive a positive A*S for the reaction channel (R4), suggesting the product of this

reaction is structure 5.

Reaction (R5) was relatively straightforward to assign as CsHs' is most likely the
phenyl cation based on the starting structure of C1oH;". For reaction (R6), the assignment of
the secondary formation of CioHs' requires the same steps as its production from reaction
(R4), however as there is no need for the formation of H» it is expected that the 1,3 H loss
product ion is the resulting structure as it is the lowest in energy (structure 7,
cycloprop[a]indene). This structure is further supported when the iPEPICO results are
considered. As will be seen in the following section, the fitted curve for reaction (R6)
resulted in A*Sj000 =-19 = 11 J K'! mol™!, whereas reaction (R4) resulted in A*Sjo00 = 11 £ 4
J K-'mol!. This indicates that the two pathways result in different structures, with reaction

(R6) requiring more extensive rearrangement. Therefore, structure 7 was assigned to
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reaction (R6) as it is the lowest energy structure, and would result in a negative value for

A'S.

The tandem mass spectra can also be used to assign some preliminary values for
A*S and Eo. This is accomplished by comparing the various branching ratios at
different acceleration voltages, and hence kinetic timescales (Figure 16A). When the
ratios of CioH7" and CsHs"" are compared over the range of acceleration voltages used
(6 - 8kV) it can be seen that as the kinetic energy increases, the relative amount of
CioH7" compared to CsHs" decreases. In order to compete on the microsecond
timescale in this fashion, the dissociation leading to CioH7" must have a higher A*S
compared to CsHe'', while its Eo must therefore be higher as well. This trend is in
agreement with the conclusions of references 4 and 26 for the relative values of both

A*S and Eo (Tables 1 and 2).

Table 1: Activation energies (Eo/eV) for the dissociation pathways of naphthalene
cation compared to literature values from both experimental and computational
methods

iPEPICO Literature

Experimental Theoretical
(R1) CyoHs* — CioH7" + H 420+ 0.04 4.232 448+0.10> 3.79¢ 4.8
(R2) CoHs* — CsHg™* + C2H: 4.12+£0.05 4.6* 441+0.20> 3.89¢ 4.6°
(R3) CoHs* — CeHg* + C4H: 4.27+0.07 4.504
(R4) CoHs* — CioHs™ + H2 4.72 £0.06 3.25¢  5.76f
(R5) C1oH7" — CeHs* + C4H: 3.69+0.26 43+0.2°
(R6) C1oH7" — C1oHs* + H 3.20+0.13 4.1+0.2°

aReference 6. "Reference 4. “Reference 9. 9Reference 11. “Reference 26. Reference 25, calculated barrier for
loss of Hxfrom 1 and 9 positions.
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Table 2: Entropy of Activation (A*S) for All Dissociation Pathways of Naphthalene
Compared to Literature Values

iPEPICO Literature
A*S1000 A*S1000

(R1) CioHs* = CoH7* + H 2+2 12.52 23.4 + 8.4b
(R2) CioHs* 2> CsHe* + C2H: 0+2 35.59 14.6 £ 12.6°
(R3) CioHs* 2> CsHe* + C4H: 4+4

(R4) CioHs* > CioHs™ + H2 11+4

(R5) C1oH7" 2> C6Hs™ + C4H> 5+£15 26.8 + 8¢

(R6) C1oH7" 2> CoHe* + H -19+11 -0.4 £ 3¢

*(All Numbers Given in J K™! mol™! and Determined at 1000 K). *Reference 6. PReference 4. “Reference 9.
The results are similar for reactions (R3) and (R4). When the ratios of C¢Hs " to
CioHs " are compared, it was observed that an increase in the acceleration voltage (which
results in a shorter reaction time in the second field-free region) favors C¢Hs ™. This
indicates that A*S for CioHs " formation must be greater than that to make C¢Hs™, and
consequently so must the Eo, if the two channels are to be competitive on this time scale. To
date, no experimental data has been found confirming this trend as most groups disregard

these pathways due to their low intensities.>

4.2.2 iPEPICO Spectrometry

iPEPICO experiments were conducted for photon energies ranging from 14 to 20.5
eV. The fragment ions observed in the tandem MS experiments were also observed in the
iPEPICO experiments, with the sequential channels (RS and R6) becoming evident at
approximately 18.5 eV. Figure 18 shows the experimental breakdown curves for all 6

channels.
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Figure 18: Experimental iPEPICO breakdown curve for the naphthalene radical cation
over the photon energy range of 14.0 to 20.5 eV. The reaction number for each
product channel has been included in parentheses. Calculated fits are overlaid.

Derived energetic and entropic parameters can be found in Tables 1 and 2.

It should be noted that the peak at m/z 77 (RS5) was not resolved in the iPEPICO results;
instead there was an increase in the intensity, and breadth of the peak with m/z 78 at
energies above 18.5 eV. Due to this, and the low signal-to-noise in the mass spectrum at
m/z 78, it was not possible to de-convolute m/z 77 and 78, and so the breakdown curve was
simulated as if the peak was m/z 78. The same transition state parameters used for m/z 78
were used for this “second” onset corresponding to m/z 77. A similar situation arises for the
m/z 102 curve above 18.5 eV photon energy. While it is tempting to assign the slight rise in
m/z 102 to the secondary fragmentation in which [M-H]" loses C2Ha (R7), there is no direct

evidence from the data that this is the cause of the change in slope. Examination of the peak
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at m/z 102 does not show conclusive evidence of the growth of m/z 101. The apparent small
“dip” in the m/z 102 relative abundance is mirrored by the small rise in m/z 127, and we
attribute this to uncertainties in the peak integration around M and [M-H]" in this photon

energy range.

Even with the above mentioned uncertainty in m/z 101, the current data and
subsequent analysis has the benefit of incorporating the correction for “hot” electrons, the
inclusion of the ion internal energy distribution, and the simultaneous fit of four primary
reaction channels (and their time-of-flight distributions). The only significant issue with the
current analysis is the reliability of RRKM to successfully extrapolate through a sizable
kinetic shift to arrive at the correct Eg. As can be noted from the breakdown diagram in Fig.
3 and the RRKM estimated E¢ values in Table 1, the kinetic shift in the dissociation of the

naphthalene cation is on the order of 2.7 eV.

All primary and secondary fragments were considered for the RRKM calculations.
First, all four primary channels of dissociation were measured together (as they are formed
with the same net observable rate constant, the sum of the individual channel rate constants).
This was to allow for the fitting of the asymmetric TOF peak for CsHs " to accurately
determine the optimal A*S values. Figure 19 shows representative mass spectra, illustrating
the asymmetry of m/z 102 over a range of energies. The other fragment ions were either too
low in abundance or, as was the case with CioH7", too close to the parent peak to be able to

observe the asymmetric tail.
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Figure 19: Representative TOF fits calculated during the RRKM fitting of
experimental iPEPICO data. The region shown is the CsHe" region, as this peak was
the only asymmetric TOF peak available. As the photon energy increases it can be
seen that the peak become increasingly Gaussian in shape; at 17.00 eV it is completely
Gaussian.

Once the A*S values were determined for the four primary peaks, they were fixed in order to
determine the Eo values for all six reactions, and the two A*S for the secondary reactions
(reactions (R5) and (R6)). It was not possible to use the TOF peaks to aid in the accurate
determination of A*S as by this point in internal energy, all peaks were Gaussian in shape,
meaning that fragmentation processes took place at k > 107 s}, i.e. fast on the experimental
time scale. Thus the values for R5 and R6 have greater uncertainly associated with them

(Table 2).

The theoretical breakdown curve fits can be seen in Figure 18. There is a fair degree

of scattering in the experimental data in the higher energy range; therefore the fits in that
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region are not quite as precise. As stated, all primary curves (for reaction R1-R4) were fit
simultaneously and then only their Eo values were modified while fitting the secondary
reactions (R5 and R6). In all cases the standard deviation, calculated based on the difference
between the fitted curve and the experimental data points, is < 3% even with a large degree

of scattering for the secondary reactions.

The Eo and A*S values estimated from these fits are summarized in Table 1 Table 2,
along with experimental and calculated values found in the literature. The formation of
CioH7" and CsHe " have been studied extensively and literature values for both E¢ and A*S
have been determined using a variety of methods. Only two computational papers were
found which had values for Eo for C¢Hs ™ and CioHe "% !! These reaction paths were noted
by Gotkis et al.;®> however, they stated that for their calculations they neglected the minor
channels.> For the secondary channels, Laskin et al. measured their energetics using
bromonaphthalene as the starting material.® It is noteworthy that they detect a third
subsequent dissociation channel from the naphthyl cation that is an acetylene loss via a loose
transition state.

The iPEPICO data were fit using RRKM theory, an E¢ value of 4.20 + 0.04 eV was
obtained for reaction (R1). This value is in reasonable agreement with those found in the
literature, as seen in Table 1. There was a larger difference when the entropies were
compared. For reaction (R1), A*Sio00 was calculated to be 2 = 2 J K™! mol!; which is a much
smaller positive value than either of the literature values compared. To test the validity of
these values, A*S1000 was fixed in the calculation to literature values and then the activation
energies were manipulated to get the best fit possible. The result of this can be seen in

Figure 20a.
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Figure 20: (A) iPEPICO fit of C1oHs™" and CioH7" using current A*S values (solid line),
reference 4 (dashed line) and reference 6 (solid line with diamond markers); (B)
iPEPICO fit of C19oHs™ and CsHe"" using current A*S values (solid line), reference 4
(dashed line) and reference 6 (solid line with diamond markers); (C) iPEPICO fit of
CioH7", C10Hs" and Ce¢Hs" using current A*S values (solid line) and reference 9
(dashed line).
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With the original values calculated, the average absolute error per point (Errave) for CioH7"
was 2.86%. However, when the calculations were completed with A*Sg0 from literature the
error was; 5.59% (Gotkis, Eo = 4.33 eV, A*S1900= 12.5 J K mol™) and 3.53% (Ho, Eo = 4.49
eV, A*S1000=23.5 J K mol™") The error values corresponding to Gotkis et al. values are only
for the energy range 14-18 eV as it was impossible to get the secondary curves to fit. These
results indicate that the presence of reactions (R3)-(R6) have a noticeable impact on the
calculated values for C1oH7". In Ho et al.! work done at a single internal energy, the RRKM

parameters were constrained to get a strongly positive entropy of activation for the H-loss.

The other major fragmentation pathway is the formation of CsHe " through the loss
of acetylene. As the structure was determined to be benzocyclobutadiene, this was the
structure chosen for comparison with calculated Eo and A*S1o00 values found in the literature
(Table 1). For the activation energy, the literature values reported by Ho et al., Gotkis et al.,
and Holm et al. are higher than the current values of 4.12 £+ 0.05 eV, but the difference is
less than 0.5 eV. However, the observed trend in which the formation of CsHs ™" is slightly
lower in energy than that of C1oH7™ was also observed by Holm'? and Ho.! The A*Sio00
calculated in this work was 0 + 2 J K' mol™!, which is significantly lower than both values
cited by Gotkis (35.5 J K mol!) and Ho (14.6 J K'! mol™) (Table 2). It can be seen though
in Figure 20b that while the numbers differ significantly, those calculated in this work fit the
experimental data (Errave =2.73%) better than those calculated using A*Si00 values taken
from Gotkis (Errave =3.41%) and Ho (Errave = 3.84%). Therefore, when the energetics of
CioH7" and CsHg' are compared, it is observed that the relative trend predicted by tandem
MS is accurate; that the AS* and activation energy for CioH7" are slightly higher within the

experimental errors than those for CgHs'.
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The determination of the kinetic parameters for the formation of C¢Hs" was more
difficult due to its low intensity. A wider range of values yielded a reasonable fit with the
experimental data; this led to using the TOF fits more heavily for determining the best value
for A*S. As previously discussed, the structure for CsHes" is in all likelihood ionized
benzene. Therefore, when the fit resulted in A¥S1000=4 + 4 J K mol’!, the value was deemed
reasonable as the transition state would consist of two bond cleavages without the need for
any significant rearrangement. The activation energy was determined to be 4.27 = 0.07 eV,
which is in agreement with the only literature value found for this channel: Dyakov and co-

workers calculated Eo = 4.50 eV at the Gaussian-3 level of theory.®

The final primary channel is the formation of CioHs", through the loss of Hz. For this
channel, the transition state was theorized to consist of the loss of two adjacent hydrogen
atoms, which may or may not migrate onto the same carbon atom before dissociating. When
the A*S was calculated to be 11 + 4 J K™ mol™, this clearly indicates that the transition state
is quite loose; therefore it is unlikely that any rearrangement occurs prior to fragmentation.
Dyakov et al. calculated the activation energy as 3.25 eV,? which is substantially lower than
the value determined here as 4.72 + 0.06 eV. If the tandem MS results are also considered,
the iPEPICO results are in agreement with the trend observed, which indicates that the
activation energy for CioHs" must be higher than that for C¢Hs". Jolibois and co-workers
calculated the barrier to H» loss from the 1 and 8 positions of naphthalene (5.76 eV). While
their value is higher than those determined in the current work, the relative values calculated
for the activation energies for H and H> loss (Hz being 0.59 eV higher than H) are similar to
the present results (0.52 eV), and thus this particular mechanism cannot be ruled out as a

potential route to Hs loss.'!
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For the two sequential channels, there was a significant amount of scattering in the
experimental data due to low ion intensities. Due to this, there is a higher degree of
uncertainty within these values. The first secondary channel, C¢Hs", would have a similar
mechanism to reaction (R3), where two bond cleavages would result in the formation of the
phenyl cation. The energetics calculated for this reaction were Eo = 3.69 £ 0.26 eV and
A*S1000= 5 + 15 J K mol!. Laskin et al. also determined the energetics and got values of,
Eo=4.3+0.2 eV and A*Sip00=26.8 = 8 J K" mol™'.® They assumed that this reaction is very
fast with a first C-C bond cleavage triggered by a charge-site, followed by a hydrogen
migration that initiates the second C-C bond cleavage. As with CioH7" and CsHs'", the
iIPEPICO breakdown curves were fitted using the literature values to determine if they
would fit the experimental data. Figure 20c shows the results of this fit for both secondary
channels. If the error of the two fits are compared for CsHs'; this work yielded Erraye =
1.93% whereas using the A*S determined by Laskin Ertave = 1.99%. Absolute unimolecular
dissociation rate information in the form of asymmetric fragment TOF peaks would have

been invaluable in determining which value is correct.

The final channel, CioHs", resulting from the consecutive loss of hydrogen atoms,
yielded energetics values of Eg = 3.25 + 0.10 eV and A*Sjp00=-18 + 7 ] K'! mol!. Again,
the activation energy is reasonable in comparison to literature, Laskin ef al. reported a value
of 4.1 + 0.2 eV and assumed as well the 1,3-butadyine structure.® The A’S values are
significantly different, as they were with C¢Hs". When literature values were inserted for the
A*S of the calculations, Errave was 1.73% compared to 1.46% when using the fitted A*S. It
should be noted, however, that the relative difference between the two channels are

consistent, with C1oHs" being approximately 25 J K™ mol™! lower in both the reported values

61



and literature. The extremely negative A*S value is consistent with the hypothesized
structure resulting from the 1,3 H loss from CjoHs"; the molecule would undergo extreme
rearrangement to produce the tricyclic structure predicted by calculations as shown in the

model in Figure 17.

The consecutive H-loss activation energies provide an initial C-H bond strength in
the ion of 405 + 4 kJ mol!, and a second sequential C-H bond strength of 309 + 4 kJ mol™.
These compare to the C-H bond strength in neutral naphthalene (position 1) of 472 + 14 kJ
mol™! derived from electron affinity measurements of the 1-naphthyl radical (combined with

ancillary thermochemical data).'

The activation energies, combined with the accurate ionization energy of
naphthalene (8.1442 + 0.0009 eV)' lead to an appearance energy (AEok) for the naphthyl
cation of 1191 £ 4 kJ mol™!, which in turn leads of an enthalpy of formation for the naphthyl
cation, A4 = 1148 £ 14 kJ mol"'/ Ad’29s = 1123 + 14 kJ mol™! (site of dehydrogenation
unspecified) based on the Ad4°s9s(neutral CioHs) = 150 £ 10 kJ mol™!, and Ad°(H) =
217.998 + 0.006 kJ mol!.!> Thermal correction was made to the neutral naphthalene and
naphthyl cation A#H°29s values employing calculated vibrational frequencies and standard
thermal corrections for the elements in their standard state. This is slightly lower than the
estimate of Gotkis et al. of A4#4°% = 1176 £ 12 kJ mol''/ Ad4°29s = 1151 + 14 kJ mol! based
on their time-dependent photoionization appearance energy study of 1- and 2-

bromonaphthalene. !¢

The additional 3.20 eV for the second H-loss (AEok = 1500 + 17 kJ mol™') leads to a

product CioHe" ion AfH% =1457 £ 27 kJ mol™! / AfH 9s(C10Hs") =1432 £ 27 kJ mol™!, which
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should correspond to structure 7, the cycloprop[a]indene radical cation. Loss of an H»
molecule has an AEok of 12.86 + 0.06 eV (1241 = 6 kJ mol™), leading to what is an upper
limit for the A#{° of ion 5 (due to the likely presence of a reverse activation barrier) of A4
= 1416 £ 16 kJ mol™! / Ad4°20s =1391 + 16 k] mol™'. The fact that this is an upper limit (or
indeed, a barrier height to the reaction) is suggested by the comparison of the difference in
AfH® of the ions CioHg and CioHs (5) with that between C¢Hs and CsHs4 (benzyne). The
difference between ions C1oHs and CioHg (5) is 455 kJ mol!, whereas that between C¢Hs and
CeH4 (benzyne) is only 337 kJ mol™!,'* and it is difficult to image why the extra ring system

in the C10Hg cation would destabilize the product ion relative to CioHg"® as compared to the

benzene system.

4.3 Conclusion

The dissociation of internal energy-selected ionized naphthalene has been
investigated with the use of imaging photoelectron photoion coincidence spectroscopy.
Along with tandem mass spectrometry, a more complete picture of the fragmentation
pathways has emerged, together with reliable values for bond dissociation activation
energies and entropies. Often, the derived entropy of activation was the most helpful value
in determining the product ion structure in each pathway, reactions (R1) — (R6). The Eo
values for the reactions are (in eV) 4.20 = 0.04 (R1), 4.12 + 0.05 (R2), 4.27 = 0.07 (R3),
4.72 £ 0.06 (R4), 3.69 £ 0.26 (R5) and 3.20 + 0.13 (R6). The corresponding AS*1000 values
derived in the present study are (in J K mol') 2 £ 2 (R1), 0 £2 (R2), 4+ 4 (R3), 11 + 4
(R4), 5 £ 15 (RS), -19 = 11 (R6). The results were shown to be consistent with the ion
structures in Figure 17, with the derived entropies playing a large part in suggesting an

appropriate final product structure. The derived Eo value, combined with the previously
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reported IE of naphthalene (8.1442 eV) result in an enthalpy of formation for the naphthyl
cation, Ad% = 1148 + 14 kJ mol™/ Ad1°29s = 1123 £ 14 kJ mol™!, slightly lower than the
previous estimate by Gotkis and co-workers. The derived Eo for the second H-loss leads to
a Ad° for the cycloprop[a]indene radical cation of A4° = 1457 + 27 kJ mol! /
AdH%295(C10He") =1432 £ 27 kJ mol!. The Eo for the loss of H, was demonstrated by

thermochemical arguments to likely correspond to a reverse reaction barrier.
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5 1,2-dihydronapthalene and 9,10-dihydrophenanthrene

5.1 Introduction

Molecular H» is the most prolific molecular species found in the interstellar medium
(ISM).! Whereas it has been long recognized that H; is formed on dust grains,? investigation
of the involved mechanisms is still a very active subject of research.>* One popular theory
is that polycyclic aromatic hydrocarbons (PAH) may play a role in the formation of H» by
acting as catalysts.® Atomic hydrogen would adsorb onto the surface of the molecules, thus

6-11 This reaction channel

hydrogenating the PAHs, prior to the desorption of Ho.
demonstrates the importance of investigating the energetics of not only PAHs but modified

PAHs as well, such as hydrogenated species.

Our group has previously studied the energetics of naphthalene cation.!? It is the
simplest example of a PAH molecule and as such has been studied quite extensively.!*!> It
is for this reason that naphthalene would be the base structure of the first hydrogenated
molecule studied. Hirama et al. determined that there are three sites which are all likely to
adsorb the first superhydrogen atom; this represents the only three sites present on the
naphthalene structure as seen in Figure 21A. Of all three sites, position 1 is slightly most
favourable for the first hydrogen addition.” Going one step further, if we also consider the
addition of a second hydrogen atom, it has been shown in larger PAHs that the carbon atom
on the outer edge immediately adjacent to the substituted carbon (site 2 in Figure 21a) is the
most favourable location.”  This paper also shows the results of 9,10-dihyrophenanthrene,

whose structure is similar to that of 1,2-dihydronaphthalene. As, to date, no energetics

information has been found relating to the dissociation of either molecule. We are
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presenting them together to determine if their similar structures translates to similar

dissociation properties as well.
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Figure 21: Optimized structures of dihydro-PAHs calculated at B3LYP 6-311G++(d,p)

level of theory, the structures are: (a) CioHio"" and (b) C14H12, with different carbon
sites numbered in order of most favourable site for hydrogen addition.

We have previously obtained the threshold photoelectron spectrum of 1,2-
dihydronaphthalene! and herein we explore its cation’s dissociation reactions and those of
9,10-dihydrophenanthrene cation via mass-analyzed ion kinetic energy spectrometry
(MIKES), collision induced dissociation (CID) and metastable ion collision induced
dissociation (MI-CID) experiments as well as imaging photoelectron-photoion coincidence
(IPEPICO) experiments. The latter technique was performed at the VUV beamline of the
Swiss Light Source (SLS) which selects ions as a function of their internal energy with 2

meV photon resolution and measures dissociation rates within the 103-107 s!

range. This
experimental set-up includes a dual acceleration zone. Ions dissociating with the above
range of rate constants will do so in the second, low field, region of the acceleration zone
resulting in asymmetric time of flight profiles for fragment ions. By fitting the breakdown
curves as well as the asymmetric time-of-flight profiles, kinetic modeling of the dissociative

ionization processes can be achieved. This allows an accurate determination of barrier

heights and entropies of activation that have an impact on dissociation and are useful
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parameters for the atmospheric, combustion or interstellar chemistry models to postulate
pathways of aromatic formation by hydrogen-abstraction and C,H»-addition; as well as the

possible catalytic role of PAHs in the ISM.

5.2 Results and discussion

5.2.1 1,2-Dihydronaphthalene: tandem mass spectrometry.
Figure 22a-c show MIKES spectra for the dissociation of 1,2-dihydronaphthalene
(DHN, CioH10™) and for its sequential dissociation after the loss of the first hydrogen atom

(C10Ho") and second H atom (CjoHs").
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Figure 22: MIKES spectra for various degrees of dehydrogenation of 1,2-
dihydronaphthalene; (a) 1,2-dihydronaphthalene (m/z = 130), (b) 1,2-
dihydronapthalene-H (m/z = 129), (c¢) 1,2-dihydronapthalene-2H (m/z = 128) with an
insert showing the same spectrum magnified to show the presence of peaks at m/z =
102 and 78, (d) CID mass spectrum of source generated CoH7" from 1,2-
dihydronaphthalene (m/z 115)
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CioH1o"™ exhibits two distinct primary dissociation channels, which correspond to reactions

R1 and R2;
CioHio™ = CioHo" + H' (m/z = 129) (R1)
CioHio™ = CoH7" + CH3" (m/z = 115) (R2)

There are also two sequential channels which consist of hydrogen loss from CjoHo,

reactions R3 and R4.
CioHo" > CioHs™ + H' (m/z = 128) (R3)
CioHo" > CioH7" + Ha (m/z = 127) (R4)

The most probable structures for reactions R1-R4 are shown in Figure 23.

C
H 3 H 4
R3a/-H R4a\ -H, R3b/ -H R4b\_-H,
c c ~ X g C
T2 T ] T
CH CH
HC\H/ H/CH Hc\c/ C/CH HC\C/ VA HC A 7
6 7 "8 9

Figure 23: Fragmentation model for 1,2-dihydronaphtalene, outlining most probable
structures for reactions 1-4.
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For reaction R2, the product ion structure assigned was that of indenyl cation 4. Indenyl
was determined to be the most stable structure as compared to other polycyclic and open

structures calculated, as seen in Table 3.

Table 3: Comparison of energies calculated at the B3LYP/6-311+G(d,p) level of theory
for the formation of four structures of CoH7" from 1,2-dihydronaphthalene (R2).

CoH7" isomer AE (eV)
indenyl 2.155

tropylacetylene 3.084
tropylcyclobutadiene ~ 3.988

cyclononapentaene 6.060

Thus, included in Figure 23 is the isomerisation of DHN to ionized methylindene (2), which
itself can undergo H (R1b) and CH3 loss (R2). In Figure 22d, the CID mass spectrum of m/z
115 demonstrates that the primary fragment appeared at m/z 89, which corresponds to a loss
of C2H» from the indenyl cation. This assignment of the indenyl structure is in agreement
with work done by Dass and Gross who determined that all CioHio™ isomers produce the

same fragment ions after rearranging to a common structure.'’

While fitting the iPEPICO data, it was observed that there are two competing channels
for reaction R1, a low energy channel and a high energy channel. If the isomerisation is
considered, then there are two plausible sources for H-loss, the hydrogens attached to the
sp3-carbons on the dihydro- structure (R1a) resulting in protonated naphthalene (3), and the
solitary hydrogen attached to the sp3-carbon on the indene ring of methyl indene (R1b)

giving structure 5.
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In the iPEPICO section, it will be shown that all the sequential fragments come from
protonated naphthalene (3). Starting from protonated naphthalene (3), losing a hydrogen
atom would likely yield the naphthalene structure 6. In the case of H» loss, the predicted
structure is 7, reported previously by West et al. as the structure of the naphthalene radical
cation after the loss of a hydrogen atom.!? Both of these channels result in the restoration of

the planar nature of the molecule and the elimination of sp> carbon sites.

MI-CID results indicate that when using source generated ions, there is sufficient
energy to see evidence of fragmentation other than from 3. Starting from 5, the second
sequential H-loss reaction would be the loss of a sp’-H from the methyl group (R3b) to
make 1-methyleneindene (8) due to the lower energy requirement. In the case of H» loss
from 5, both hydrogen atoms would come from the methyl carbon (R4b) to make 9. Figure
24 shows a comparison of the MI-CID mass spectra of CioH;" ions from 1,2-

dihydronaphthalene (7 and/or 9) and from naphthalene (7).

70 80 90 100 110 120 130
m/z

Figure 24: Comparison of the CID mass spectrum of m/z = 127 (C1oH7") generated
from metastable Hz loss from source generated CioHo" ions from 1,2-
dihydronaphthalene (broken grey curve, compounds 7 and 9) and from metastable H
loss from source generated naphthalene ions (solid black curve- compound 7 only).
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All of the features characteristic of structure 7 appear in both traces, with additional peaks
present (around 115) assigned to 9. This indicates the likelihood of a mixture of CioHo" ion
structures being formed in the ion source of the mass spectrometer for 1,2-
dihydronaphthalene. So, both 3 and S are formed in the decomposition of high internal

energy molecular ions.

5.2.2 1,2-Dihydronaphthalene: iPEPICO spectrometry.

iPEPICO experiments were conducted for photon energies ranging from 10 to 17 eV.
All fragments observed in the tandem mass spectrometry experiments for CioHio™ and
CioHo" were observed, with the sequential channels growing in at approximately 14.3 eV.

Figure 25 shows the experimental breakdown curves for all reaction channels.
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Figure 25: Experimental iPEPICO breakdown curve for the 1,2-dihydronapthalene
radical cation over the photon energy range of 10-17 eV. The reaction number for each
product channel has been included in parentheses. Calculated fits are overlaid.
Derived energetic and entropic parameters can be found in Table 4.
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Due to the complex nature of the primary channels, they were fit first while ignoring the
sequential channels. The breakdown curves corresponding to the three primary channels
were fit together with the asymmetric TOF peak shapes for CoH;" (see computational
methods), the latter to aid in the determination of A*S (the tightness of the transition state).
As will be shown later in the section, the sequential channels were fit using a single well
model where only R1a is responsible for all sequential dissociations. The fitted breakdown
curves can be seen in Figure 25, whereas the fitting of the asymmetric TOF peaks for CoH7"

can be seen in Figure 26.

30 1 11.86 eV 50 1 12.12 eV

16.9 17.1 17.3 17.5 17.7
TOF (us)

90 1 12.38 eV

Qo »

16.9 17.1 17.3 17.5 17.7 . 17.3 17.5
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Figure 26: Representative TOF fits, for 1,2-dihydronapthalene, calculated during the
RRKM fitting of experimental iPEPICO data. The region shown is the CoH7" region,
as this peak was the only asymmetric TOF peak which was not obscured due to its

proximity to other peaks. As photon energy increases, it can be seen that the peak
becomes increasingly Gaussian in shape.
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TOF fitting was only used for the primary channels since all channels exhibit a Gaussian
peak shape above 13.4 eV, when the rate constant for dissociation of the precursor ion is

greater than 10° s, The resulting Eo and A*S are shown in Table 4.

As stated previously, the primary channels come from two isomers, therefore not only
was it necessary to fit the energetics of dissociation, the energy barrier between the two
wells also had to be estimated at least. A variety of barriers were used to test the sensitivity
of the model in deriving the various dissociation energies and the results are shown in Figure
A2 in the appendix. When the isomerisation barrier height was varied between 1.5-2.0 eV,
there was very little change in Eo for all the affected channels. The Eo values reported in
Table 4 are for the average of these values as there is no way to say for certain where exactly

the isomerisation barrier lies.

Table 4: Calculated reaction endothermicities and fitted OK activation energies and
entropies of activation for reactions 1-4 of 1,2-dihydronaphthalene.

B3-LYP/ RRKM Fit
6-311++G(d,p)

AE Eo A*S1000k

V) (V) (J K mol ™)
(R1a) CioH1o" 2> CroHo* + H 1.99 244 +£0.10 27+ 14

(R1b) C1oH10*" 2 C1oHo* + H 2.39 2.22+0.05 -11+£5

(R2) CioHio" 2> CoH7"+ CH3 2.24 2.57+£0.12 18+11
(R3) CioHo" > CioHs"+ H 3.07 2.72 £0.19 9+ 17
(R4) CioHo" > C1oH7"+ H2 3.01 2.85+0.10 9+7

The Eo values for these two competing H loss processes are 2.44 = 0.10 eV and 2.22 +
0.05 eV for Rla and R1b respectively. This could indicate that, based solely on Eo, the
sequential channels are likely to come from 1-methylindene (R1b). However, when A*S is

factored in, 27 + 14 J K! mol! (Rla) and -11 £ 5 J K! mol’!(R1b), it can be seen that
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reaction Rla quickly becomes the dominant fragmentation channel. This relationship is
illustrated in Figure 27; at the appearance energy of the sequential channels, at
approximately 14 eV, there is very little contribution from R1b. The energetics extracted for

R2 were 2.57 £0.12 eV and 18 = 11 J K mol’!, for E¢ and A*S respectively.
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Figure 27: Experimental breakdown diagram for the H loss fragmentation channel for
1,2-diydronaphthalene (R1) over the photon energy range of 10-17 eV. Calculated fits
explicitly showing R1a and R1b are overlaid as well as their summation to fit the data.

Due to the assumption that only structure 3 dissociates further, the assignment of the
sequential channels becomes quite straightforward. As was alluded to earlier, this
assumption allowed for the fitting of these channels using a single-well approximation. For
R3, a literature value (calculated at the B3LYP/6-311++G(d,p) level of theory) for the loss

of a hydrogen atom from protonated naphthalene (protonated in the 1 position) was found to
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be 2.71 eV which is in excellent agreement with the present RRKM value of 2.72 + 0.19
eV.!® This supports the current results that R3 is only produced from the protonated
naphthalene cation. The loss of H» from protonated naphthalene was calculated at the same
level of theory to be 3.02 eV. This is similar to the present RRKM value 2.85 = 0.10 eV.
The RRKM A*S values for R3 and R4 are 9 + 17 and 9 + 7 JK'mol"!. It was not possible to
find any literature values with which to compare; however, as these channels result in the
loss of H and Hz presumably by bond cleavage reactions, a slightly positive A*S is not

unexpected.

5.2.3 9,10-Dihydrophenanthrene: tandem mass spectrometry.
Figure 28 shows the MIKES spectrum for the dissociation of 9,10-

dihydrophenanthrene (DHP, C14H12™).

A K

160 165 170 175 180

m/z

Figure 28: MIKES spectrum of 9,10-dihydrophenanthrene. Only two metastably
generated fragments are observed, corresponding to the loss of hydrogen (m/z 179) and
the loss of methyl radical (m/z 165).
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Similar to 1,2-dihydronaphthalene, only two fragments are present; one resulting from the
loss of hydrogen (C14H11") as well as the loss of a methyl radical (C13Ho"). These fragments

correspond to reactions RS and R6;

CiH" 2>CiHy " + H' (m/z = 179) (R5)

CisH2" 2Ci3Hy™ + CH3' (m/z = 165) (R6)

The predicted structures for these fragments are shown in Figure 29.
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Figure 29: Fragmentation model for 9,10-dihydrophenanthrene, outlining the most
probable structures for reactions 5-6.

No literature was found for the fragmentation of ionized 9,10-dihydrophenanthrene, so the
structures are based on those predicted for ionized 1,2-dihydronaphthalene as both

molecules have similar starting structures and, as will be discussed later, the behaviour of
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the two systems are comparable. Reaction R6 was assigned the fluorenyl structure (11),
based partially on the results from calculations for 1,2-dihydronaphthalene where the
indenyl structure was determined to be the most stable. Thus, the isomerisation of DHP to
9-methylfluorene must take place during the unimolecular chemistry of DHP. To test this
assumption, the MI-CID mass spectra for m/z 165 was compared between the methyl loss
from 9,10-dihydrophenanthrene and the hydrogen loss from fluorene. These results can be
seen in Figure 30 which shows perfect agreement between the two mass spectra.

— fluorene
9,10-dihydrophenanthrene

m/z

Figure 30: Comparison of m/z = 165 generated by the methyl loss from (broken grey
curve) 9,10-dihydrophenanthrene and by the hydrogen loss from fluorene (Ci3Hio")
(solid black curve).

This indicates that m/z 165 from both molecules result in the same structure. Since fluorene
only lost a hydrogen atom it is likely that the resulting structure would be very similar to that

of the precursor ion.

As was observed with ionized dihydronaphthalene, there are two possible channels for

H atom loss. Thus, reaction RS has been split into two competing channels, a channel due to
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loss of H from an sp® carbon on DHP (R5a) to form 12 and one due to loss of H from 9-

methylfluorene (R5b) to form 13.

5.2.4 9,10-Dihydrophenanthrene: iPEPICO spectrometry.

iPEPICO experiments were conducted for photon energies ranging from 10 — 17 eV.
All fragments observed in the tandem mass spectrometry experiments for CisHi2™ were
observed; there were no consecutive reaction channels observed in the given energy range.
Figure 31 shows the experimental and fitted breakdown curves for the three reaction

channels.
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Figure 31: Experimental breakdown curve for the 9,10-dihydrophenanthrene radical
cation over the photon energy range of 10-17 eV. The reaction number for each
product channel has been included in parentheses. Calculated fits are overlaid.

Derived energetic and entropic parameters can be found in Table 5.
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TOF fitting of the Ci3Ho" peak was used to aid in the assignment of the reactions channels,
similarly to 1,2-dihydronaphthalene (Figure A3). There is a hint of a second, fast
component on the TOF distributions as shown in Figure 31, which would indicate that an
isomerisation pathway opens up at or close to the dissociation threshold. The data quality is
insufficient to attempt fitting a two-well model to model the dissociation. The RRKM Eg and

A*S values are shown in Table 5.

Table 5: Calculated reaction endothermicities and OK activation energies and entropies
of activation for reactions R5 and R6 of 9,10-dihydrophenanthrene.

B3-LYP/

6-311++G(d,p) RRKM Fit
AE (eV) Eo (eV) A*S (J K''mol™)
(R5a) Ci4H12" 2> CuuHu'+ H 2.23 2.37+0.12 18+ 19
(R6) CisHi2**-> Ci3Ho*+ CH3 1.98 2.38+0.15 3+15

When fitting reaction RS it quickly became apparent that it was not necessary to fit the H
loss using two channels as was done with 1,2-dihydronaphthalene. Two distinct reactions
were necessary, however, to fit R6 correctly, and this was taken to be evidence of the need
to incorporate an isomerisation reaction to methylfluorene. As done previously, a range of
isomerisation barriers were used for the fitting to determine how sensitive the channels are
to isomerisation (Figure A4). For R5, we obtained an Eo value of 2.37 + 0.12 and a A*S
value of 18 + 19 JK'mol!. While there is no literature data for comparison, these values
are in between those found for R1a and R1b in 1,2-dihydronaphthalene. The final reaction
channel for 9,10-dihydrophenanthrene is reaction R6 at Eo 2.38 = 0.15 eV and A*S -3 £ 15

JK 'mol™.
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5.3 Conclusion

Comparing the two molecules presented in this paper, it can be seen that both size and
ring geometry plays a role in the energetics of the dissociation channels investigated. While
molecular size has little effect on the C-H bond dissociation energy of ionized PAHs, their
energy remaining between 4.60 - 4.65 eV when increasing in size from benzene through
naphthalene to phenanthrene;'® as soon as the molecule is protonated, the size effect
becomes apparent with the bond dissociation energy decreasing as the ring system expands,
starting at 3.29 eV for protonated benzene and decreasing to 2.71eV for protonated
naphthalene and decreasing further to 2.57 eV for protonated phenanthrene.'® This trend can
be extrapolated even further to the dihydro-PAHs when the C-H bond dissociation energies
determined in this work are considered; 2.44 + 0.10 for 1,2-dihydronaphthalene (R1a) and
2.37 £0.10 eV for 9,10-dihydrophenanthrene (R5). The presence of a second sp’ carbon site
has further decreased the C-H bond dissociation energy to facilitate the restoration of the

unaltered PAH ion.

It is interesting to note that at no point is the loss of H» observed from 9,10-
dihydrophenanthrene cation, and only as a secondary channel from 1,2-dihydronaphthalene
cation. This is in keeping with what has previously been reported in the literature where the
loss of H» is mainly observed from neutral and protonated species, such as protonated 1,2-
dihydronaphthalene,'® 9,10-dihydrophenanthrene?® as well as protonated PAHs, but not from
radical cations.'® As a result, it may be unlikely that small PAHs catalyze H» formation in
ionic environments, in which H + H addition is more likely to result in isomerisation and

methyl group formation.
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No direct comparisons can be made for the secondary channels from ionized 1,2-
dihydronaphthalene (R3 and R4) since these channels were not observed in the iPEPICO
spectra of ionized 9,10-dihydrophenanthrene in the studied energy range. The energetics
measured, 2.72 + 0.19 eV (R3) and 2.85 £ 0.10 eV (R4), are in good agreement with
calculated values found in the literature.'® And while there were no literature values found
for A*S, the values of 9 = 17 J K mol™! (R3) and 9 + 7 J K' mol"' (R4) are reasonable for

bond cleavage reactions involving little to no reverse energy barrier.
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6 Anthracene

6.1 Introduction

There has been some work previously conducted on the anthracene radical cation and
its isomer, the phenanthrene radical cation. Ling ef al. completed a thorough study of their
fragmentation which included both experimental results outlining the dissociation and
theoretical calculations for the determination of the molecular structure for the fragment
ions.!"2 In one study, photoionization results were used to determine the main dissociation
channels for the two C14Hio" ions: H-loss, 2H and H: loss, acetylene loss as well as larger
organic neutral losses (C3H3 and C4H») and these reactions are also observed as sequential
losses from larger fragments. They were able to determine kinetic data (activation energies
and entropies of activation) for all reactions using RRKM fitting.! In the same paper, mass-
analyzed ion kinetic energy spectrometry (MIKES) results were also discussed, primarily
focusing on the dished top peak shape observed for Ci2Hg"'. This result led to the
presumption that the acetylene loss channel was defined by a tight transition state and large
reverse energy barrier which would explain the kinetic energy release observed. Another
observation was that both anthracene and phenanthrene possessed this same dished top peak,
the authors describing them as indistinguishable, and therefore it was assumed likely that
ionized anthracene first isomerised to ionized phenanthrene prior to CoH» loss. Their other
study focused on elucidating the structure of the Ci2Hs™ fragment through computational
modelling.> Six different structures were proposed and their dissociation energies were
calculated at two different levels of theory (B3LYP/cc-pVDZ and B3PW91/cc-pVDZ) and

the energies were then compared to the experimental results. Based on this comparison, it
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was determined that the likely structure of Ci2Hg" would be that of ionized biphenylene,
which supports the assumption that both anthracene and phenanthrene radical cations would
have to isomerise to a common structure, in this case ionized phenanthrene, prior to
dissociation. Based on the results found by Ling, Johansson et al. did further high energy
collision-induced dissociation (CID) experiments as well as calculations to determine the
reaction surface starting from the anthracene radical cation to three of the structures
predicted by Ling: taking acetylene from an outer ring to form ionized ethynylnaphthalene,
the formation of ionized biphenylene via phenanthrene ions and also calculating the
formation of acenaphthylene ions (the lowest energy structure from Ling et al.) from ionized
phenanthrene.® They stated that that since acenaphthylene had the lowest reaction barrier, it
should be the most heavily weighted structure for this reaction, but all the structures

proposed were close enough in energy that they might also contribute.

As the molecular weight of the PAHs increases, their vapour pressures generally
decrease, making it progressively more difficult to explore the dissociative photoionization
of large PAHs with techniques such as iPEPICO, though molecules as large as C42His have
been studied by high temperature evaporation.* Atmospheric pressure chemical ionization
(APCI) is an alternative approach to the production of gas-phase ions of non-polar
compounds such as anthracene. When coupled with a triple-quadruple mass spectrometer,
energy resolved collision-induced dissociation mass spectrometry can be employed, and
modeled, to derive similar information: fragmentation pathways and unimolecular reaction
energetics and entropies, derived by modeling the experimental data with statistical rate
theories such as RRKM theory.>® Once RRKM k(E) values are obtained, branching ratios

as a function of ion internal energy can be calculated. Our previous work in this area
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employed a simple model in which the post-collision ions are assigned an effective
temperature depending on the centre-of-mass collision energy, and thus a “thermal” internal
energy distribution, according to the relationship in equation 3.5. This is clearly the
“Achilles heel” of the present model and thus we previously only attempted to derive
relative energetics and entropies for the systems under study. One of our goals in this study
is to compare the results of the modeling of iPEPICO fragmentation data with those from the
modeling of the CID breakdown curves to determine the consistency between the two
approaches for studying these ions, and the suitability of the internal energy distribution
approximation being made in our model, the basic question being: just how similar to a
Boltzmann distribution is the post-collision internal energy distribution of the ions in this

study?

Numerous qualitative and quantitative approaches have been described to address this
issue depending on the nature of the experiment.” The most successful have been for slow-

10-17

heating methods such as CID performed in ion traps, CID and surface-induced

R'¥-2% and single—collision threshold measurements.?>?’ A number of

dissociation in FT-IC
studies have explored this relationship under multiple collision conditions in a quadrupole
collision cell.?®3! While there is no evidence for the linear scaling of the effective
temperature with Ecom shown in Eq. 1, it may still be a reasonable first-order approximation
thanks to the small absolute range of Ecom exhibited in the breakdown diagram. Knyazev
and Stein®>* have recently demonstrated that post-collision ion internal energy distributions
can indeed be non-Boltzmann in character. In their reported case for the small

benzylammonium ion, the P(E) of the ions at Eja, = 10 €V (Ecom = 2.7 €V) appears more like

a pure Boltzmann distribution shifted up along the internal energy axis (Fig. 6 in ref. 35).
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The discrepancy between the modeled distribution and a thermal distribution increased with
increasing collision energy. This would clearly draw into doubt our use of a thermal
distribution to approximate the P(E) of ionized anthracene. In the end, this assumption in our
model will be tested by determining if a suitable fit to the experimental data can be obtained,
and if that fit results in acceptable kinetic values of Eo and A*S, when compared to the

1PEPICO results.

If APCI-CID is shown to be a suitable alternative, it opens the door for the study of
larger molecules which cannot currently be investigated using iPEPICO due to volatility
issues. Such molecules- are of great interest in the astrochemical field as they are the most
likely candidates to be found in the actual interstellar environment due to their

photostability.>*

The threshold photoelectron spectrum for anthracene has been obtained previously.>?
The potential structures for the fragmentation of the anthracene radical cation are proposed
based on mass-analyzed ion kinetic energy spectrometry (MIKES) results, both from the
current research and from literature.! Both iPEPICO and APCI-CID results are being
presented together; first the iPEPICO results are discussed and compared to literature to get
an idea on the accuracy of the values obtained, followed by the APCI-CID results to see how

the values compare for the determination of the validity of technique.

6.2 Results and discussion

6.2.1 MIKES mass spectrometry
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MIKES experiments revealed three reactions (R1-3) for the unimolecular dissociation

of the anthracene radical cation and its H-loss product ion:

CisHio" > CisHo™ + H (R1)
Ci4Ho" > CiyHs" + H (R2)
Ci4sHio" = Ci2Hs" + CoHa (R3)

These results were in keeping with what was found previously for the naphthalene
radical cation.® The peaks for both CisHo" and C14Hs™ were Gaussian in shape, whereas
our observed peak for C12Hg" was broader with a dished top. This peak shape is supported
by the results of Ling and Lifshitz who observed a similar metastable peak shape in their
experiments.! Both results are indicative of a reverse energy barrier for this channel and that
the transition state for reaction R3 would likely correspond to a rearrangement reaction, and

thus an entropically unfavorable “tight” transition state.

Assigning product ion structures for reactions R1 and R2 was quite straightforward.

The fragmentation map, with all proposed structures, is shown in Figure 32.
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Figure 32: Reaction scheme for the unimolecular dissociation of anthracene radical cation.
Reactions R1-3 were observed via MIKES and iPEPICO experiments while reactions R1, 2
and 4 were observed only in APCI experiments.

1

In the previous study of the naphthalene radical cation, it was shown that due to hydrogen
scrambling, all hydrogen sites are equally likely to be dehydrogenated.*® For this reason,
structures 2 and 3 were assigned to Ci4sHo" and Ci4sHs". The structure assignment for
Ci2Hs"™ has undergone more debate. As stated, based on the shape of the metastable peak,
and the indication of a reverse activation energy barrier,! it is likely that the structure will
involve some degree of rearrangement. However, Ling and Lifshitz derived a A*S of over
50 J K! mol! from their kinetic modeling, indicative of a loose transition state. Ling,
Martin and Lifshitz calculated six potential product ions, covering both open and closed ring
structures, at two different levels of theory (B3LYP/cc-PVDZ and B3PW91/cc-pVDZ).?
They compared the calculated dissociation energies with experimental values in order to
determine which structure was the most probable. The results determined that, while
acenaphthylene (6) was the lowest energy structure, biphenylene (4) was closest to the
experimental dissociation energies. Cyclobuta[b]naphthalene (5), the analogous product ion

to that for CoH» loss from ionized naphthalene, was excluded because its calculated energy
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was too high. These results inspired another study, conducted by Johansson et al., which
explored the potential energy surface for acetylene loss from the anthracene radical cation.’
The product structures explored were; 2-ethynylnaphthalene (7), biphenylene (4) and
acenaphthylene (6), with cyclobuta[b]naphthalene (5) not being considered due to the
conclusions drawn by Ling et al. > All calculations were conducted at the B3-LYP/6-
311++G(2d,p) level of theory. The results for 2-ethynylnaphthalene (7), which had already
been ruled out due to the dished peak shape from Ling’s MIKES study,' indicate that the
highest lying transition state towards its formation is at 4.99 eV. For the biphenylene ion
structure (4), where anthracene first isomerizes to phenanthrene, the highest point on the
potential energy surface was calculated to be 5.64 eV, whereas the energy requirement for
isomerisation was 4.89 eV. For the formation of acenaphthylene (6), which was only
calculated from the phenanthrene precursor ion, the maximum energy was 4.95 eV. Based
on these results, there are a few problems with choosing a final structure. Both the
formation of acenaphthylene (6) and biphenylene (4) require the isomerisation of the
anthracene radical cation to the phenanthrene radical cation. Since the formation of
acenaphthylene was calculated to be more than 0.5 eV lower in energy than required for
biphenylene, based on these calculations, the likelihood of forming the latter is should be
quite low. Another problem, which will become apparent in the next section, is that when
fitting the current experimental data, all three energies calculated by Johansson et al. (4.99,
5.64 and 4.95 eV)’ are significantly higher than what was determined from the iPEPICO
results (~4.2 eV). In the end, two structures are presented here as possible structures for
Ci2Hs"™, biphenylene (4) and cyclobuta[b]naphthalene (5). These structures were chosen

based on the results of the naphthalene radical cation study where it was determined that
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acetylene loss in this system resulted in the formation of benzocyclobutene, and both these
proposed structures are analogous.’® Neither the Ling study nor that by Johansson firmly

rule out either possibility, and both are in keeping with the current observations.

6.2.2 iPEPICO
iPEPICO experiments were conducted over a photon energy range of 15 — 22 eV. The
fragments observed correspond to reactions R1-3 from the MIKES results, the consecutive

H loss (R2) appears at around 17 eV as seen in Figure 33.
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Figure 33: iPEPICO breakdown diagram and fitting illustrating the effect of using structure
4 (black broken line) versus structure 5 (solid grey line) for the calculation of C12Hg"™".

Similarly to what was observed for the naphthalene radical cation, there was a rise in

intensity observed for reaction R2, which could be attributed to acetylene loss from
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C14Hy" % However, the change is quite subtle and therefore it was not possible to fit this

channel reliably and is thus not included in this discussion.

A technique similar to that used in the naphthalene radical cation fitting was
employed here: the primary channels were fit first, using both the experimental breakdown
curves and the asymmetric TOF peaks for C12Hs", followed by the fitting for the sequential
dehydrogenation channel, R2.3¢ The results of the fitting can be seen in Figure 33, with the
calculated curves superimposed on the experimental data. The asymmetric TOF fits for
Ci2Hs" can be seen in Figure A3 of appendix to demonstrate the quality of the fitting. The

kinetic data, Eo and A*S, extracted from these fits are summarized in Table 6 and Table 7.

Table 6: OK activation energies (Eo/eV) determined by iPEPICO and APCI-CID
experiments as well as comparison to literature values.

iPEPICO? iPEPICO*  APCI-CID* APCI-CID® literature®

CuHio" > CiyHo" + H (R1) 4.28+029 428+030 4.55+0.10 4.55+0.10 4.38+0.1
CuHo" > CyHs™ + H (R2) 2.71+£0.19 2.71+£0.20 - --- 2.85+0.2
Ci4Hio" > CipHg" + CoH,  (R3) 4.21+£030 4.19+030 4.18+0.10 4.17+£0.06 4.50=+0.1
CuuHio" —> CioHs" + C4H,  (R4) - - 4.87+0.30 446+0.1

2 experiments assuming structure (5)
b experiments assuming structure (4)
¢ literature values obtained by Ling and Lifshitz'

Table 7: Entropy of activation (A*S/JK-'mol™") determined by iPEPICO and APCI-CID
experiments as well as comparison to literature values.

iPEPICO*  iPEPICO® APCI-CID* APCI-CID® literature®

Ci4Hio" = Ci4Ho' + H (R1) 12«15 13+£15 13+£2 13+£2 247+ 4

CiyHo" > Ci4uHs™ + H (R2) 0+15 1+15 - - -84+38
CuHpot > CoHgt + C,H,  (R3) 7+10 2210 -1£6 12£3 53.6+t4
CuHp" > CioHg" + C4H,  (R4) 23 +38 23+38 8.4+4

 experiments assuming structure (5)
b experiments assuming structure (4)
¢ literature values obtained by Ling and Lifshitz.'

For reaction R1, the values obtained for E¢ and A*S, 4.28 + 0.29 eV and 12 + 15 J K'!

mol™!, respectively, are in quite good agreement with the results for the equivalent channel
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from the naphthalene radical cation (4.20 + 0.04 eV and 2 + 2 J K! mol™).3® This agrees
with previous observations that all PAHs of similar design (in this case catacondensed) will
have similar chemical properties.’” The positive value for A*S is also in keeping with the
nature of the reaction being a simple bond cleavage which should require minimal molecular
rearrangement. These values are also found to be in good agreement with those in the
literature, 4.38 £ 0.1 eV and 24.7 £ 4 ] K" mol'! from Ling and Lifshitz, respectively, with

good overlap between the two sets when uncertainties are taken into account. !

The values obtained here for R2, E¢ of 2.71 + 0.19 eV and A*S of 0 + 15 J K*' mol !,
are again in keeping with the results found by Ling (2.85 = 0.2 eV and -8.4 £ 8 JK 'mol™).
Unlike reaction R1, these values are not quite as close to those determined for the
naphthalene radical cation (3.20 + 0.13 eV and —19 = 11 J K!' mol! for Eo and A*S,
respectively).’® Our previous work, which looked at 1,2-dihydronaphthalene and 9,10-
dihydrophenanthrene radical cations, showed that when deviations from the unadulterated

PAHs brings about structural changes that affect the C-H bond dissociation energies.>

The highest energy dissociation reaction observed using iPEPICO was R3, the
acetylene loss channel. This is the channel which possessed the greatest difficulty in
determining the kinetic values due to the uncertainty in the reaction symmetry. As a result,
two models were fit, corresponding to the formation of structures 4 and 5 (the two proposed
fits are shown in Figure 2). While R3 for each possibility has very different reaction
symmetry, 6 versus 1, there is no notable difference in the quality of the fitting results. The
curves are indistinguishable below16.5 eV, as are their asymmetric TOF fits for the Ci2Hg™
peak. The derived activation energies for the two models are essentially identical (4.19 +

0.3 eV to form structure 4, compared to 4.21 = 0.3 eV to form §5). There is a minor
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difference suggested when the entropies of activation are compared, 7 = 10 J K™! mol™! for
structure 5 and 22 + 10 J K'' mol™! for structure 4. Ling et al. used the biphenylene structure
for their calculations and obtained a A*S value of 53.6 + 4 J K™ mol"!, which is significantly
higher than our results for biphenylene.! The discrepancy continues when the activation
energies are compared as the value obtained by Ling (4.50 + 0.1 eV) is again substantial
higher than either value obtained here. There is a well-known interplay between Eo and A*S
in fitting experimental data, and the added constraint of fitting the asymmetric TOF peaks in
our data further constrains the possible values for these two parameters, adding confidence

to our results.

C2H> loss from ionized naphthalene to form ionized benzocyclobutadiene was found
to have Eo and A*S values of 4.12 £ 0.05 eV and 0 + 2 J K! mol™!,3® respectively, which
agree better with the present results forming ion 5 (especially the entropy). A tighter
transition state is also more consistent with a large reverse energy barrier as suggested by the
shape of the metastable fragment ion peak in the MIKES experiment. All of this suggests
that the final product from the loss of C;H> from ionized anthracene is actually the

cyclobuta[b]naphthalene ion (5).

6.2.3 APCI-CID Mass Spectrometry
Collision-induced dissociation (CID) experiments were conducted over a center-of-
mass collision energy range of 2.5-9.0 eV. In addition to reactions R1 and R3, loss of the

larger C4H> moiety was also observed:

Ci4sHio" = CioHs"™ + C4Ha (R4)
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For this study we limited the analysis to the primary reactions from the molecular ion and
did not explore the sequential reaction, R2. The intensity of the peak due to [M-2H]" was
simply added into the [M-H]" intensity. The breakdown curves generated for reactions R1,
R3 and R4 are shown in Figure 34, with the extracted Eo and A*S summarized in Table 6
and Table 7 respectively. Looking at Figure 34, it can be seen that the CID experiments
produced well defined breakdown curves which made fitting the data possible with a fair
degree of confidence. The alpha value determined was 400 KeV, which allows for the
determination of the effective temperature of the post-collision ions at each centre-of-mass

collision energy.

100% =+

P(Ar) = 3.2e-3 mbar
0 =400 K eV

90% 1

80% A1
® C Hy"
70% - A CHet
0O C,,Hg"

60% - ® CyoHg"

—Structure 4 (6 = 1)

S0k — =Structure 5 (c = 6)

40% A
30% 1
20% A

10% 1

2.50 3.50 4.50 5.50 6.50 7.50 8.50
COM collision energy (eV)

Figure 34: APCI/CID breakdown diagram and fitting illustrating the effect of using structure
4 (black broken line) versus structure 5 (solid grey line) for the calculation of Cj2Hs™.
Pressure and corresponding alpha value are also given.
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Reaction R1 gave Eo and A*S values of 4.55 + 0.10 eV and 13 = 4 J K' mol”,
respectively. These values are within the uncertainty of the iPEPICO data reported herein.
When the results are compared to literature, it can be seen that the activation energy
determined by Ling is equally close to the CID results as to the iPEPICO ones. The A*S
values deviate more when compared to literature but they are still in keeping with iPEPICO
results. Reaction R4 can only be compared to literature results as there was insufficient ion
intensity for this channel to produce a fit in the iPEPICO experiment. The activation energy
was determined to be 4.87 £+ 0.30 eV which is in good agreement with the value determined
by Ling of 4.46 £ 0.1 eV.! There is again a larger difference when comparing A*S, CID
results yielded a value of 23 + 10 J K™! mol™! compared to 8.4 + 4 J K mol™!.! Nevertheless,
both results indicate that the transition state is loose, which helped us assign the product
structure as the naphthalene radical cation (8). The anthracene dissociative photoionization
activation energies can be compared to those for ionized naphthalene. In CioHs", C4H> loss
required only 0.15 eV more energy than CoH» loss, while in this case it requires an extra
0.69 eV. The difference between these values, 0.54 eV, is likely due to a larger barrier for

H-transfer due to the more delocalized charge in anthracene.

The last reaction to consider is R2. Once again, due to the ambiguity of the results
from the iPEPICO fit, two different models are proposed corresponding to structures (4) and
(5). Looking at structure (5), which was not discussed by Ling, it can be seen that the
activation energy is very close to that determined for the same model for the iPEPICO
results (4.18 £ 0.10 eV versus 4.21 + 0.30 eV). The A*S values are also similar (-1 + 3 J K!
mol™! for the CID fit and 7 + 10 J K"'mol! from iPEPICO). Considering structure (4), the
values obtained were Eo 4.17 £ 0.06 eV and A*S of 12 = 3 JK'mol!. The difference in the
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activation energy is negligible, which was also observed when the two models were
compared for the iPEPICO results. Since all four models were able to give very good fits
for the two sets of experimental data, there is some confidence in this value. A*S also shows
a similar trend in that, when switching from a reaction degeneracy value of 6 to 1 (switching
between structure 5 to 4) the value for A*S increases. Both systems saw an increase of ~14 J

K-! mol!, which still falls short of the value determined by Ling et al. (53.6 =4 J K''mol™).!

Admittedly, our feeling at the start of study was that the assignment of an effective
temperature to the post-collision ions would not result in adequate fits to the experimental
data. However, surprisingly, this turned out not to be the case. Our previous work has been
focussed on the relative energetics and entropics for dissociating systems involving non-
covalent interactions, and this is the first time the simple model described above has been
validated against reliable iPEPICO data. It appears that whatever the post-collision internal
energy distribution is in these experiments, the shape of the resulting distribution function at

least appears similar to a Boltzmann distribution.

6.3 Conclusion

The dissociation of the anthracene radical cation has been investigated using two
different techniques, imaging photoelectron photoion coincidence spectrometry and
atmospheric pressure chemical ionization — collision induced dissociation mass
spectrometry. The combination of these methods has allowed for a detailed picture of the
fragmentation channels. The results from the iPEPICO fitting for reactions R1-3 are: Eo
(in eV) values 0f 4.28 £ 0.30 (R1), 2.71 £ 0.20 (R2) and 4.20 + 0.30 (average of R3) while
the A*S values (in J K!' mol™) of 12 £ 15 (R1), 0 + 15 (R2) and either 7 = 10 (using
structure 5 for R3) or 22 + 10 (using structure 4 for R3). The results for the APCI-CID
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results are similar; the Eo (in eV) values are 4.55 = 0.10 (R1), 4.87 = 0.30 (R4) and 4.18 +
0.30 (average of R3) while the A*S values (in J K' mol™") are 13 + 2 (R1), 23 + 8 (R4) and
either -1 £ 6 (using structure S for R3) or 12 + 3 (using structure 4 for R3). In both cases,
using either 4 or 5 gave excellent breakdown diagrams fits but the A*S values for forming
5 are more consistent with a large reverse energy barrier as suggested by the shape of the
metastable fragment ion peak in the MIKES experiment. All of this suggests that the final
product from the loss of CoH> from ionized anthracene 1is actually the

cyclobuta[b]naphthalene ion (5).

One of the goals of this study was to determine if the APCI-CID method would be
reliable to continue the dissociation study of larger PAHs. In the two reactions R1 and R3,
observed by both techniques, the results were internally consistent between the two
methods. Since the APCI-CID method has fewer size restrictions for the molecules it can
study, it may be a viable alternative for larger and less volatile systems. Further experiments
are underway in which the CID-based model will be tested against iPEPICO data to explore

the post-collision internal energy distribution more fully.
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7 PAH fragments

7.1 Introduction

Two sets of isomers were originally chosen for this study, in which each
isomeric pair contains one closed-ring ion and one with a carbon chain.
Benzocyclobutadiene (closed-ring) and ethynylbenzene (open) CgHg™ ions are possible
fragment candidates resulting from the loss of C2H> from the naphthalene cation. There has
been some dispute as to which is formed in the dissociative photoionization of naphthalene,
and whichever it is, it may well be an abundant molecular ion in ISM. While it was possible
to obtain ethynylbenzene commercially, benzocyclobutene was selected as a potential
precursor to benzocyclobutadiene, an inherently unstable molecule.! The second set of
isomer samples was chosen to map out the photoionization dynamics of the CoH7" structure:
indene and 1-propynlbenzene. As will be shown in the following sections, the original
intent was not possible due to the energy requirements to form the benzocyclobutadiene ion,
therefore the four molecules to be compared will be the ones listed in Figure 34: 1-

ethynylbenzene, benzocyclobutene, 1-propynylbenzene and indene.

Figure 35: 3D representation of the radical cations used in this work as calculated
using B3LYP 6-311G+(d,p) ; A) 1-propynylbenzene, B) indene, C) benzocyclobutene
and D) I-ethynylbenzene.
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In this chapter we investigate the threshold photoelectron spectra and unimolecular
dissociation of the four molecules mentioned above by imaging photoelectron-photoion
coincidence (iPEPICO) spectroscopy. In these experiments, conducted on the VUV
beamline at the Swiss Light Source (SLS), internal energy selected parent ions were
prepared with 2 meV energy resolution and we measured the threshold photoelectron spectra
as well as the fragmentation channels and the corresponding unimolecular dissociation rates
in the 10°-107 s!' range. By modeling the fractional parent and daughter ion abundances
plotted as a function of the photon energy in the breakdown diagram simultaneously with
the measured dissociation rates curves, it is possible to determine the dissociation thresholds
for each of the fragment ions. As in our previous studies, the breakdown curves and their
asymmetric time-of-flight profiles were fit, which allowed for the kinetic modeling of the
dissociative ionization processes, and yielded accurate barriers heights and entropies of

activation for each of the channels.
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7.2 Results and Discussion

7.2.1 Threshold Photoelectron Spectra
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Figure 36: Threshold photoelectron spectra with molecular orbital vertical ionization
energies from the OVGF calculations shown as dark vertical lines and the G3
calculated adiabatic IE is shown as a grey vertical line for: (A) ethynylbenzene, (B)
indene, (C) propynylbenzene and (D) benzocyclobutene.
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The threshold photoelectron spectra (TPES) for the four molecules (Figure 35) are
found in Figure 36. In each figure the total TPES from threshold to 15 eV photon energy is
shown, along with the vertical molecular orbital ionization energies from the OVGF
calculations. Note that the MO numbering is taken from the base Hartree-Fock calculations
and refer to the outer-valence orbitals only. Perturbation treatment sometimes re-orders the
MOs. In each figure are also presented expansions of regions of the TPES that contain
vibrational structure. The threshold region expansion also displays the G3 calculated

adiabatic ionization energy (IE.). The MOs assigned to the experimental spectra are listed in

Table & Table 11.

Table 8: Comparison of experimental and OVGF/cc-pVQZ molecular orbital vertical
ionization energies for 1-ethynylbenzene (Cayv symmetry).

MO Sym TPES OVGF Pole Strength
T Al 14.878 0.871
1 om 141147 14.608 0.874
13 BI 11.80- 12.898 0.804
14 Al 12.609 0.888
15 B2 12.6

12,414 0.892

16 BI 11.02 11.092 0.87

17 B2 10.32 10.514 0.887

18 A2 9.48 9.446 0.887
19 Bl 8.828

8.82 (8.77)" 0.891

233 level calculation
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Table 9: Comparison of experimental and OVGF/cc-pVQZ molecular orbital vertical
ionization energies for benzocyclobutene (Czy symmetry).

MO Sym TPES OVGF Pole Strength
2 B2 13.736 0.878
5ooa 134 13.582 0.881
14 A2 13.10 13.115 0.900
15 BI 11.995 0.817
16 Al 1138-12.0{ 12.053 0.896
17 B2 10.60- 11312 0.895
18 Al

11.00{ 11.08 0.899
19 A2 9.19 9.06 0.891
20 Bl 8.65 8.734 (8.70)* 0.893

2@G3 level calculation

Table 10: Comparison of experimental and OVGF/cc-pVQZ molecular orbital vertical
ionization energies for 1-propynylbenzene (Cs symmetry).

MO Sym TPES OVGF Pole Strength
A 12.600 0.872
2n A 14.465 0.874
23 A” 13'8'14'5{ 14.993 0.889
U A 14.943 0.892
25 A” 11.54- 12.656 0.802
2% A 12.427 0.886
27 A 12.60{

12.208 0.891
28 A” 10.57 10.623 0.873
29 A 9.62 9.657 0.888
30 A” 9.23 9.267 0.885
31 A” 8.40 8.440 (8.38)" 0.89

2@G3 level calculation
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Table 11: Comparison of experimental and OVGF/cc-pVQZ molecular orbital vertical
ionization energies for indene (Cs symmetry).

MO Sym TPES OVGF Pole Strength
21 A’ 14.95 14.982 0.841
22 A’ 14.147 0.875
33 a 135148 14.102 0.871
24 A’ 12.75 13.199 0.886
25 A’ 12.53 12.503 0.887
26 A’ 12.07 12.002 0.889
27 A” 12.29 12.142 0.814
28 A’ 11.3 11.517 0.896
29 A” 10.29 10.435 0.876
30 A” 8.93 8.942 0.888
31 A” 8.14 8.167 (8.13)* 0.892

2@G3 level calculation

Predictably, as the ionization energy increases, agreement between the OVGF calculations
and the experimental spectra becomes weaker, due to the breakdown of the assumptions in

the Green’s function approximation.

The experimentally determined IE for ethynylbenzene is 8.78 £+ 0.02 eV. There is
good agreement between this and the G3-level calculated value of 8.77 eV and various
values from the literature ranging from 8.75 eV? to an electron ionization value of 8.9 eV?,
with the most recent photoelectron results being 8.82 eV*%. Both the ground state of the ion
and second and third excited states show vibrational structure indicative of good Franck-
Condon overlap between the neutral and ion states.

The experimentally determined IE for benzocyclobutene is 8.61 £ 0.02 eV. The
value is significantly lower than the G3-level calculated value of 8.70 eV. Literature values
range from 8.74 eV for the electron ionization threshold to vertical IE values of 8.66 from
photoelectron spectroscopy, which are in better agreement with the present vertical IE of

8.62eV.7?
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The experimentally determined IE for propylbenzene is 8.38 + 0.02 eV. There is
excellent agreement between this and the G3-level calculated value, which is also 8.38 eV.
Both are slightly lower than previous photoelectron results of 8.41 — 8.49 eV> >0, Both the
ground state and third excited state (ionization of MO 28) display vibrational structure.

The experimentally determined IE for indene is 8.12 £ 0.02 eV. There is excellent
agreement between this and the G3-level calculated value, 8.13 eV. Previous photoelectron
results are all around these values, 8.13 — 8.15 eV!!"13, Both the ground state of the ion and

second excited state show vibrational structure.

7.2.2 Dissociative Photoionization
Overall, there are five reaction channels observed for the four molecules being

presented in this work:

CoHg" (1-propynylbezene) = CoH7" + H (R1)
CoHg" (indene) = CoH7;" + H (R2)
CgHg" (benzocyclobutene) = CgH7" + H (R3)
CsHg" (benzocyclobutene) = C¢He" + C2H> (R4)
CsHe" (1-ethynylbenzene) = C¢Hs" + C2Ha (R5)

The proposed fragment ion structures for each reaction are presented in Figure 37.
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Figure 37: Reaction schemes for R1-5 for the four starting molecules; A) 1-
propynylbenzene, B) indene, C) benzocyclobutene and D) 1-ethynylbenzene.

Each pair of similar molecules will be discussed together in order to compare their

fragmentation reactions, because, to date, no literature data has been found.

7.2.3 1-Propynylbenzene (1) vs. Indene (3)

Both of these ions dissociate by H loss (R1 and R2). Since hydrogen atoms attached
to sp® carbons have lower bond dissociation energies than those attached to sp? sites,'* the
product ion from reaction R1 was assigned to structure 2 whereas the product for R2 was

assigned to the indenyl structure (4).
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Figure 38: Experimental iPEPICO breakdown curves for the four molecules studied, A)
I-propynylbenzene, B) indene, C) benzocyclobutene, and D) 1-ethynylbenzene, all at
ion draw-out potentials of 120 V/cm.

Figure 38a shows the fitted breakdown curve for R1, the removal of a hydrogen
atom from the methyl group. From an enthalpic perspective this is a fairly facile reaction
and thus the low dissociation energy (1.86 + 0.17 eV) is quite reasonable. Typically, for a
dehydrogenation reaction, one would expect a loose transition state, and a positive A*S1000k
value. However, in this case, the negative value obtained (-30 + 31 J K™! mol™!) can be
explained by the loss of rotational degrees of freedom of the methyl group in going from 1

to 2, as there may be a reverse barrier on the way to planarity.

110



From indene, the H loss is also the removal from the sp3 carbon but in this case there
is little change in the rigidity of the structure as it is already quite restricted. Figure 38b
shows the breakdown diagram for R2. The A*Sioo0k value was determined to be -2 + 38 J K~
"mol™! due to the lack of re-organization of the ring upon H loss. The Eo value of 2.56 + 0.37
eV is 0.7 eV higher in energy than that of R1 which indicates that the presence of the second
ring has a stabilizing effect on the C-H bonds. As there have been no literature values found
for comparison, the Eo values were compared to the G3 calculations. The calculated values
are shown alongside the fitted values in Table 12. For RI, there is some discrepancy
between the calculated energy difference and those determined from RRKM (2.57 eV versus
1.86 eV). The agreement between the values for R2 is much better; with the Eo(G3) value
falling well within the error associated with the fitted Eo value (2.78 eV compared to 2.56 +

0.37 eV).

7.2.4 Benzocyclobutene (5) vs. 1-ethynylbenzene (8)

Unlike the previous molecules, benzocyclobutene (5) undergoes two dissociation
channels, dehydrogenation (R3) and the loss of C2Hz (R4). The iPEPICO experiments were
conducted from 11.5 — 15 eV in energy, which is very similar to the range used for indene.
R3, like the other dehydrogenation processes, was assigned structure (6) as there were only
the two identical sp> carbon sites. The assignment of R4 leading to benzene cation was

made as it is the energetically most favorably CsHs" ion.

I-ethynylbenzene (8) is the only molecule investigated which did not undergo
hydrogen atom loss. This is evident based on its molecular structure (Figure 35), because
there are no readily available hydrogen atoms; the majority of the hydrogen atoms are on the
benzene ring and the only other hydrogen atom is attached to a sp carbon site which would
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have an even higher bond dissociation energy.!* Similar to benzocyclobutene, it did lose
CoHa (RS5), which yielded the proposed structure 9 since the cleavage of the side chain (after

a hydrogen migration) would result in the benzynyl cation.

Figure 38c shows the breakdown diagram for benzocyclobutene. For R3, the Eo and
A*Si000x values were 2.23 £ 0.10 eV and -11 + 8 J K™! mol™! respectively. These values are
notably similar to those obtained for R2, which gives credence to the observation that the
fused bicyclic structure has an effect on the dehydrogenation. The competing channel, R4,
which dominates at most energies studied, gave energetic results of Eo equal to 2.00 £ 0.10
eV and a A*Sioook value of -17 + 9 J K'! moll. In both reactions for benzocyclobutene, their
entropies of activation are comparable. The enthalpy value is slightly lower for R4
compared to R3. This can be explained by the influence of ring strain on the reactivity of
the molecule,!® as it will be seen that when compared to RS, the energy required for R4 is

significantly lower than the cleavage from 1-ethynylbenzene.

As indicated above, the energy requirements for R5 are substantially higher than for
R4. Figure 38d shows the breakdown curve for 1-ethynylbenzene. The RRKM fitting gave
the values of 3.94 + 0.43 eV for Eg and 42 + 36 J K™' mol™! for A*Siooox; which makes RS
approximately 2 eV higher in energy than its close equivalent R4. It should be noted that
this is the reverse trend observed for H loss, where the open isomer had the lower entropy of
activation. The entropy value for this channel is the only one which is always positive, even
at the furthest extent of the error, which could suggest the involvement of an intermediate

ion-molecule complex between the benzynyl cation and acetylene.
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Unlike the previous molecules, both benzocyclobutene and 1-ethynylbenzene do
produce asymmetric TOF peaks for the lower end of their respective energy ranges. This
gives another parameter to improve the accuracy of the RRKM fitting. Figure 39a-b shows
two representative fits for each [M-C,H2]™ TOF peak, one before and after the Gaussian

shape has been achieved.
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Figure 39: Representative TOF fittings for the asymmetric [M-C2Hz]+ peak for; A)
benzocyclobutene and B) 1-ethynylbenzene.

The Eo values were again compared to those calculated at the G3 level of theory
(Table 12). The result for R3 shows good agreement (2.33 eV versus 2.23 + 0.10 eV for
calculated and fitted, respectively) while the comparison for R4 (1.70 eV calculated
compared to 2.00 + 0.10 eV) certainly indicates that what was measured was the height of

the reverse energy barrier in the reaction, in which two H atoms must be back-transferred to
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the benzene ring prior to CoH» loss. The last reaction, R5 for 1-ethynylbenzene had the
largest calculated energy (4.54 eV compared to 3.94 + 0.43 eV). We note that for these
systems, it is unclear as to the reliability of the G3 calculations, as values for the reaction

energies range widely with level of theory (Table 12).

Table 12: Comparison between various calculated AE values and fitted RRKM Eg and

A*S1000k.
Calculated (e V) RRKM fitting
Eo(G3) Eg(MP2) Eo(B3LYP) Eo(QCISD(T)) Eg(eV) AlS;p0ox JK-1 mol-1)
(R1) CoHs" > CoH;*+H  2.57 1.82 2.69 231 1.98+0.27 21+31
(R2) CoHg" > CoH,*+H  2.78 1.97 295 2.51 247+041 -17+43
(R3) CgHg" > C8H7++H  2.33 1.64 247 2.08 2.25+0.20 -13+29
(R4) CsHg" > C¢He" +CoH,  1.70 1.88 1.56 1.81 2.06+£0.26 -16 £33
(R5) CgH¢" > CgHy"+CoH, 4.54 441 4.68 4.58 4.03+0.42 42 +36

7.3 Conclusion

The photoelectron spectra of the four target molecules in this study were obtained
from iPEPICO data. In general, the measured ground state IEs were in good agreement with
the IEs determined using G3-level calculations. The observed dissociation of each ion was
modeled with RRKM theory and the resulting activation energies and entropies provide
information on the barriers likely to be present in isomerisation reactions prior to

fragmentation.
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8 Pyrene

8.1 Introduction

Pyrene is the first example of a pericondensed PAH in our list of species. There has
been another study on the dissociation of pyrene conducted by Ling et al., which shows
three dissociation channels, two primary channels (H-loss and H»-loss) and one secondary
channel (2H-loss).! Their results show for the primary channels that Ho-loss has the lower
appearance energy (15.2 eV + 0.2 versus 16.2 eV + 0.2) though from the breakdown curves

it is quite apparent that H-loss is the dominant channel.

In this work, we are reinvestigating the dissociation of the pyrene cation using the
PIRENEA setup, which consists in a cold ion cyclotron resonance (ICR) cell to simulate the
interstellar environment, as well as iPEPICO which was conducted at the Swiss Light
Source (SLS). Both techniques produce ions through photoionization, PIRENEA uses a Xe
arc lamp for subsequent dissociation, the SLS uses VUV radiation and then ions are then

allowed to dissociate spontaneously.

The PIRENEA experimental results were used to create a fragmentation map outlining
all the different pathways connecting the fragments from pyrene radical cation (CisHio™)
down to the bare 14 carbon clusters (Ci4") as well as all side channels which occurred. The
data collected from the iPEPICO experiments was used to create breakdown curves for H-
loss and 2H-loss, based on photon energy. Using RRKM, the breakdown curves were fit
and the energy of activation (Eo) and entropy of activation (A*S) were extracted. These
results will be compared with those of Ling et al. which were conducted using a similar

process to the iPEPICO where pyrene was photoionized using VUV radiation. !
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This work also shows theoretical structures calculated based on energetic and
chemical intuition garnered from our previous work with naphthalene.? These calculated
structures are combined with the PIRENEA results to give a better picture of what forms

pyrene takes as the fragmentation progresses through 22 separate reactions.

8.2  Results and discussion
8.2.1 Calculations

Following the PIRENEA results,>* the next step was to determine the likely
structures of species present in the fragmentation map. Figure 40 reports all the species
involved in the map and their associated structure numbers. All structures are shown in

Figure 41a-c while the calculated dissociation energies can be found in Table 13.

( ———> Hloss
C e Sl s CGeHs™ | __ ) CoHe™ | > H, loss
) ;\« 7 D S— » C,H, loss
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i CigHg" / — - > C4H, loss
A i (1) /'. (##) Structure number
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Cia"” CyqHy* CyqHy™
(17) (16) (12)

(13)

Figure 40: Schematic of fragmentation map as outlined in reference 3. A-C are to relate
position of structure maps on overall map. Solid arrows indicate H loss, dashed arrows
C2Hz loss while dash/dot arrows are C4Hz loss. Structure numbers are shown in
parenthesis in order to link structure image to the text. The dashed lines around
structures (2) and (4) represent the division structures for Figure 40a-c.
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Figure 41: a) Fragmentation map with structures and dissociation energies for pyrene
fragments down to Ci6Hg"', b) Fragmentation map with structures and dissociation
enthalpies for pyrene fragmentation from Ci¢Hs™ to Ci6Hs', ¢) Fragmentation map

with structures and dissociation energies for pyrene fragmentation from CisHe' to Ci4".

Table 13: Calculated dissociation energies for reactions R1-R22 of pyrene.

Number Reaction AE (eV) Number Reaction AE (eV)
R1 CigHio" =2 CigHo" + H 5.10 R12 CigHg" > CiyHg™ + CoH» 6.00
R2 CisHo™> CisHs™ + H 3.50 R13 CusHg = CoHsW + CH, 3.61
R3 CisHiot = CiHs™ + Ha 4.12 R14 CisHs™> CisH3™ + CH, 3.94
R4 CisHs" > CisH7* + H 4.48 R15 CisHs"=> Ci4Hy" + CH, 3.35
RS CisH7"=> CisHs™ + H 4.11 R16 CisHg"=> CoHe" + C4H, 9.64
R6 CisHs" = CisHs" + Ha 4.09 R17 CisHs"=> CoHy' + C4H, 8.75
R7 CisH¢ > CisHs* + H 4.45 R18 CuHs > Ci4Hs "+ H 4.82
RS CigHs5"> CiHs™ + H 4.08 R19 CuHs™> CyHs” +H 4.95
R9 CiHg"> CigHs™ + Hy 4.03 R20 CuH;"> CyH," +H 3.49
R10 CigHio" > CisHg™ + CoH, 6.02 R21 CuyH,"> CyH"+H 3.29
R11 Ci4Hg" > CpHg™ + CoH;, 3.58 R22 CuH'=> Cii" + H 3.58
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8.2.1.1 Dehydrogenation of CisHu"
The main ‘trunk’ of the dissociation tree for pyrene consists of consecutive hydrogen
loss. There are nine potential reactions which make up the CisH," pathway which are as

follows,

CisHio™ (M") > H + Ci6Ho" (1) (R1)
CisHo' (1) > H + C1eHs" (2) (R2)
CisHio™ (M"™) > Hy + CieHg™ (2) (R3)
CisHs" (2) > H+ C1eH7' (3) (R4)
CisH7" (3) > H + CieHs"™ (4) (R5)
CisHs" (2) > Ha + CisHe" (4) (R6)
CisHs" (4) > H + CieHs™ (5) (R7)
CiHs" (5) > H + CieHs™ (6) (R8)
CisHs" (4) > Ha + CisHy" (6) (R9)

R1 consists of the first H loss, for which only three sites need to be considered, shown
in Figure 1. The calculations resulted in a maximum difference in energy of only 0.25 eV
between all sites. This may be an indication that due to the aromaticity of the molecule, all
the H atoms are equivalent at this stage. Based on the end position being lowest in energy,

Ci6Ho" was depicted as (1) with a dissociation energy of 5.10 eV.

For R2, it was determined that position has a more significant effect on the energy,
with the neighbouring site being 1 eV lower in energy than either of the other two possible
locations. Therefore Ci6Hs™ was assigned (2) with a dissociation energy of 3.50 eV. When

looking at the spectra produced from the PIRENEA experiment, the large M-2 feature
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alongside this structure has led to the theory that it is possible that two competing channels
are producing Ci¢Hg™, consecutive H loss as well as Hz loss. While the latter channel has
not been observed in this work, there have been other studies where R3 is observed.! The
assignment for R4 follows the same trend as for R2 with the H atom being removed from the

already dehydrogenated ring resulting in (3) with a dissociation energy of 4.48 eV.

For RS, the results of dehydrogenation continue along this trend where the empty sites
will pair. There is a slight change in that the pre-existing empty sites from (3) undergo
hydrogen scrambling and the resulting structure (4) has two dehydrogenated carbons on two
neighbouring rings, giving CisHs'™ an energy of dissociation of 4.11 eV. R7 has no empty
site to pair with and therefore there is an increase in the energy requirement, with the

dissociation energy being 4.45 eV and resulting in structure (5).

The final reaction for the dehydrogenation trunk would be RS resulting in the
formation of C16H4"", which has the alternate structure (6) proposed by Lee et al.> While the
alternate structure was calculated for all fragments from CisH7" onwards, this is the only
case where this structure was significantly lower in energy, with a dissociation energy of
4.08 eV, than the pyrene structure. This is in direct agreement with literature, where the

alternate structure was determined to be the most stable for CisHs™.>

When each step of the two dissociation pathways (H> versus consecutive H loss) are

compared, there is a clear difference between them, as seen in Figure 42.
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Figure 42: Reaction energies for dehydrogenation of CisHn" species. Ling et al. Points
correspond to reference 1.! Error bars correspond to error of iPEPICO values.

For the H loss channel, there is a large drop in energy between losing the first and second
hydrogen atoms. This is reasonable as the lowest energy structures with an even number of
empty hydrogen sites always have them paired. In the case of H> loss, the trend is very
linear with no big changes in energy as the molecule becomes more dehydrogenated. The
idea of paired ‘holes’ explains this as well since two hydrogens are lost together this pairing
happens automatically therefore there should be no variance. The comparison of our values
with those derived for R1-3 by Ling et al.! can be seen in Table 14; these values fall within

acceptable error, 0.5 eV for R1 and approximately 0.6 eV for R2 and R3.

122



Table 14: Comparison of Eo (eV) and A*S1000 (J K-1 mol-1) values for reactions R1-3.

R1 R2 R3
Eo? 54+1.2 33+1.1 --
A*S1000? 57 +89 16 + 84 --
Calc. EoP 5.1 3.5 4.12
Lit. Eo® 4.6 4.1 3.52
Lit. A*S1000° 448 55.6 -53.1

? Fitted experimental iPEPICO data from this work
b Calculated dissociation energies
¢ Values from Ling et al.!

8.2.1.2 Acetylene loss
The next category of fragmentation to be discussed is that of acetylene loss. In this

work, there are 6 fragments formed by acetylene losses (single or consecutive),

CisHio"(M*) & CiaHs"(7) + C2Ha (R10)
Ci4Hs"(7) > Ci2Hg"(8) + C2H> (R11)
Ci6Hs"(2) > CisHs"(9) + C:H> (R12)
C14Hs"(9) > Ci2Hs™ (10) + C2Ha (R13)
CigHs" (5) > CuaHs* (11) + CoHa (R14)
Ci6Hs"'(6) > CiaHa™ (12) + CoH2 (R15)

Acetylene loss doesn’t appear to be able to compete with dehydrogenation on any large
scale until the molecule is quite dehydrogenated. RI10 is the first instance of acetylene loss,
to make Ci4Hs", which results in the non-planar structure (7) with a dissociation energy of
6.02eV. This is much greater than the competing reaction R1 (5.10 eV), which follows the
{26

results found in naphthalene and anthracene where H loss is the dominant fragmen

CisHs" undergoes another acetylene loss (R11) which has a much lower energy of
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dissociation of 3.58 eV resulting in structure (8). The next case of acetylene loss, which also
happens to consist of two consecutive losses, occurs at CisHs™ for R12 and R13. The
structures calculated for these reactions, (9) and (10) respectively, look very similar to (7)
and (8); they also were determined to have very similar energies with R12 having a

dissociation energy of 6.00 eV while R13 was 3.61 eV.

R14, which is the acetylene loss from CisHs', shows a very different behaviour. The
loss of acetylene was calculated to be comparable in energy to dehydrogenation, RS (3.94
eV compared to 4.08 eV). R14 is also noteworthy due to it being the first instance where all
organized structure is lost, yielding structure (11). This trend of facile acetylene loss
continues with R15 when we no longer see any dehydrogenation and the energy of acetylene

loss is even lower at 3.35eV and resulting in structure (12).

Unlike for the dehydrogenation reactions, there is no obvious trend one can derive
from acetylene loss alone. The trend observed has more to do with the competition between
acetylene loss and dehydrogenation. As seen in Figure 43, at early stages of
dehydrogenation, there is very little competition between the two dissociations; in both

cases, acetylene loss is at least 0.90 eV higher in energy.
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Figure 43: Bar graph comparing the energy required for different molecules to undergo
dehydrogenation (light grey) and acetylene loss (white). For Ci¢H4', it should be
noted that no dehydrogenation was observed.

This changes dramatically at CisHs', where acetylene loss competes with dehydrogenation.
For Ci¢Hs", dehydrogenation is no longer observed and acetylene loss is even lower in

energy.

In both instances of consecutive acetylene losses, while the first acetylene loss is quite
high in energy (around 6.00 eV) the second acetylene loss is dramatically easier (around
3.60 eV). This indicates that once the pyrene structure is destroyed, as both acetylene losses
being discussed (structures 7 and 9) causes the molecule to lose its planar structure, losing

further hydrocarbon fragments does not involve a barrier of the same magnitude to
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overcome. It seems that the first carbon loss is the limiting step. All these theoretical

insights provide a very nice rationale to account for the PIRENEA measurements.>

8.2.1.3 Dehydrogenation of C14H," species
Similar to the parent species, after acetylene loss the fragments undergo various stages
of dehydrogenation. In the data presented here, there are two separate dehydrogenation

channels starting from C14Hs" and C14H3". The reactions are as follows,

CisHs™ (9) > H+ Ci4Hs* (14) (R18)
Ci4Hs™ (14) > H + C14Hs " (15) (R19)
CiHs"(11) > H+ Ci4Hy" (12) (R20)
CisH2"(10)> H + C1aH' (16) (R21)
CiH' (16)> H + Cis™ (17) (R22)

Starting from CisHe", the molecule undergoes two consecutive dehydrogenation
processes. R18 is the first reaction, which results in (14) with a dissociation energy of 4.82
eV. This is substantially higher in energy than the competing reaction R13 by 1.19 eV,
therefore this is likely a minor reaction channel. R19, which results in (15) gives a similar

energy of 4.95 eV.

R20-R22 are a separate reaction channel, which results in the C14™ carbon cluster. R20
consists of the first dehydrogenation of this reaction gives (12) with an energy of 3.49 eV. It
should be noted that this is the same structure resulting from R15. This could be an
indication that it doesn’t matter which order the dehydrogenation occurs, be it before or after

the acetylene loss. R21 and R22 continue to lose hydrogen atoms and very little change
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occurs in the structures, (16) and (17) respectively, and their energies are very similar as

well, corresponding to 3.29 and 3.58 eV.

The CisHy" fragments show that, in this case, consecutive dehydrogenation reactions
progress with very little change in the dissociation energies of each subsequent loss and

continue to complete dehydrogenation.

8.2.1.4 Diacetylene loss

There are two remaining reaction which have yet to be discussed,

CisHs"(2) 2 Ci2Hs™ (8) + CsHa (R16)

CiHsa™ (6)> Ci12Ha" (13) + C4H> (R17)

both of which result from the loss of diacetylene. These reactions have much higher
dissociation energies than all others observed which lends some doubt to how prevalent they

are, especially for R16 where this same fragment is generated via R10 and R11.

The final reaction channel to be discussed is R17, which is the only route for the
generation of Ci2Hz resulting in (13). The energy for this channel is also quite high, 8.75
eV, similar to the other diacetylene loss. This indicates how unfavourable this channel is for

pericondensed PAHs, as compared to catacondensed species, like naphthalene.?

8.2.2 iPEPICO
iPEPICO data was collected over a large energy range, from 17-22 eV in photon

energy. Three reaction channels were observed; R1 and R2 can be seen in Figure 44.
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Figure 44: Experimental iPEPICO breakdown curve for the pyrene radical cation over

the photon energy range of 17-29 eV. The reaction numbers for each product channel

has been included in parentheses. Calculated fits are overlaid. Derived energetic and
entropic parameters can be found in Table 14.

R10, while present, consists of less than 10% of the fragment ions. There is no way to
restrict the fitting parameters with such low intensity, and therefore the curve can be fit with
too wide a range of values to have any accuracy. Due to the low density of experimental
data points, there is a wide range of possible values for all fits, though the ones shown in
Table 3 yielded the best fit, though it was by a small margin. . The theoretical fitting of the
breakdown curve is shown in Figure 44. The estimated values for Eo and AS can be found
in Table 14 along with the calculated values for those reaction channels and the literature
values from Ling et al.! This table compares any reaction channels which are common with
at least two of the three methods discussed, for this reason R3 is also listed. All the

iPEPICO data was fit using RRKM theory.
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For R1, the fitted values obtained were an Eo value of 5.39 + 1.21 eV and A*S of 57 +
89 J K mol"!. When the activation energy is compared to the calculated value (5.1 eV) it is
a bit high but with the large error associated with the iPEPICO data it is certainly within the
experimental error. When the fitted values are compared with those calculated by Ling et al.
(4.60 eV), there is a large separation between the two values, though they are both within the
experimental error. The entropy of activation can also be compared, with fairly good

agreement between the two, the literature reported A*S to be 44.7 J K™' mol™!.!

R2 was also compared between all three methods. The iPEPICO fitting resulted in an
Eo of 3.04 £ 1.09 eV and A*S of 16 + 84 J K mol!. When comparing with the literature, the
entropy of activation is quite different from the value reported (55.6 J K'! mol ™), same with
the activation energy (4.1 eV) though both are bracketing the calculated result (3.5 eV).!
This discrepancy is again observed when comparing the calculated and literature values for

R3, with a literature value of 3.52 eV while the calculated is 4.12 eV.

8.3 Conclusion

The unimolecular dissociation of the pyrene radical cation has been investigated using a
range of methods: experimentally by PIRENEA and iPEPICO and also computationally. A
total of 22 reactions have been investigated by PIRENEA and 17 unique structures were
calculated as a result. The dominant fragments occur from a series of consecutive H atom
loss from the pyrene radical cation until Ci¢Hs™. There is an alternating pattern to the
dissociation energy due to the pairing of empty H sites when possible. The pyrene structure
is well preserved until this final structure at which point the remaining hydrogens are

contained on a single benzene ring and the remaining bare carbons form a single ring. Once
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the PAH structure is lost, it is never restored. When C6H4™ undergoes acetylene loss, this
structure and all subsequent structures are a simple ring with any remaining hydrogens on
adjacent carbon atoms. The other fragmentation routes stem from the few paths resulting
from acetylene loss. As the molecule gets more dehydrogenated the acetylene loss channels
become more energetically competitive. Reactions R1 and R2 were investigated further by
comparison between the iPEPICO results, calculations as well as literature values. The Eo
values for the reactions are 5.4 + 1.2 and 3.3 + 1.1 respectively, which matches calculations

quite well (5.10 eV for R1 and 3.50 eV for R2).
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9 Conclusion

Each chapter has its own conclusion for the molecule or molecules being discussed.
This global conclusion will discuss how all these results fit together and see what, if any,
conclusions can be drawn. All the molecules discussed will be separated into three groups;
small molecules, PAHs and the dihydroPAHs, and then any trends amongst the three groups
will be discussed and what these trends can say about the potential role of the PAHs in the

ISM.

The small molecules have been paired up based on their primary dissociation
channel, H-loss versus C2H loss. In each pairing there is a closed and open structure which
allows for the comparison of how the structure affects the dissociation. In the case of H-
loss, IND and PB, it was seen that the closed structure was the more stable by 0.2 eV.
Because these molecules are isomers this energy difference can only be due to structural
differences. In both cases the H atom being removed is from a sp® carbon atom which
means that there would be a small amount of rearrangement upon dissociation, which is
supported by negative A'S values. The remaining pair, BCB and EB, also have
dissociations dictated by their structure. Both molecules underwent acetylene loss, with EB
being the more stable example by almost 3 eV. This time, due to the cyclobutene ring, the
closed structure is highly strained which facilitates the dissociation. BCB is also the only
one of the small structures that has two competing dissociation channels, with H loss being
only 0.2 eV higher in energy. Both channels from BCB have negative A*S values which
again illustrates the strain on the molecule as it rearranges upon dissociation, likely to more

relaxed structure. EB has a positive A*S value for acetylene loss, which normally would be
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unusual, but since the ethyne tail off the benzene ring is the likeliest fragment, there is no

rearrangement necessary.

All three PAHs underwent H-loss as their primary dissociation channel. There is a
clear separation between the catacondensed and pericondensed molecules. NAP and ANT
possessed identical dissociation energies for H-loss, 4.2 eV. This is approximately 1 eV
lower in energy that the same dissociation in PYR which is reasonable with the observations
that the pericondensed PAHs are more stable than the more open catacondensed molecules.
While it is possible to say it is higher in energy, the data for PYR is obviously not as precise
as that measured for NAP and ANT, the error associated with Eo for PYR was greater than 1
eV, while the same measurements had much smaller error for NAP (£ 0.04 eV) and ANT (=
0.3 eV). Clearly the modeling of PEPICO for larger PAH is pointless because of large
kinetic shifts which result in errors in the fitted data which are so big the values can’t be
trusted. All the PAHs have positive A*S values for H loss which indicates that the PAH
structure remains intact as there is no sign of rearrangement for this channel. NAP and ANT
underwent C2H2 loss which was competitive with H loss whereas the same channel was
very minor in PYR, with it being unobservable in the iPEPICO experiments. Again there
was no real difference in the between the two catacondensed molecules which indicates that

size has no real effect on their dissociation.

The dihydro-PAHs were extremely interesting in their fragmentation; these were the
only molecules which underwent isomerisation during the experiment. Both DHN (isomer 1
MI) and DHP (isomer 9 MF) underwent two competing H loss channels as well as methyl
loss. The H loss dissociation channels resulting from the precursor ion are much lower in

energy (~2 eV) than the same channel from PAHs. This is due to the H atoms being
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removed; the superhydrogens of the dihydro-PAHs are not bound as tightly as the H atoms
on PAHs. The A*S values are positive for both DHN and DHP therefore no real structural
changes occur at this point. Both the second H loss channel and the CH3 loss occurred from
the isomer structures (though H loss wasn’t measurable from 9 MF). All the dissociation
energies are on par with the primary dihydro-PAH dissociations with dissociation energies
between 2-3 eV. Methyl loss indicated no rearrangement with positive A*S values while the
H loss from 1 MI possess a negative A*S which may mean that the majority of the
rearrangement occurred during isomerisation with some small changes occurring as a result

of H loss.

The final observation to make is on the consecutive H loss, observed in NAP, DHN,
ANT and PYR. DHN saw a very slight decrease in the dissociation energy, compared to the
first H loss; nonexistent when compared to the large drop in energy reported for the PAHs (
~0.2 eV for DHN compared to > 1eV for PAHs). With how much lower in energy H loss is
from dihydro-PAHs it indicates that it remains facile to remove superhydrogens from PAH
type molecules whereas when you are removing PAH hydrogen (those in plane with the
rings) it is energetically less expensive to remove the second hydrogen atom. This
observation was further expanded in the calculated results for the consecutive
dehydrogenation of PYR from the precursor ion down to CisHs™. The ion will pair up

empty H sites when possible so losing an even number of H atoms is favourable.

Now that we have a good idea of trends which occur from these structures, we can
start to theorize what these results tell us about the fate of PAH in the ISM. The
pericondensed PAHs are more stable than their catacondensed counterparts, an observation

supported by literature which indicates that the interstellar PAHs are most likely those with
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a higher C to H ratio.! Based on this knowledge, the likelihood of PAHs being involved in
the formation of acetylene is unlikely, the PAH structure is too stable. It was also
determined that PAHs would likely not catalyze the formation of molecular hydrogen.
Based on the results from the dihydro-PAHs, PAHs can lose superhydrogen atoms fairly
easily. If hydrogen atoms can absorb on the surface it can be straightforward to remove them
and the PAH structure, baring isomerisation, would be retained throughout the process. The
isomerisation does cause a problem though, as it seems to occur before any dissociation and
in order for the PAH structure to be retained, the ion will isomerise back prior to
dissociation. There was also no evidence of H»-loss from the dihydroPAHs (DHN only lost
H> as a consecutive process). Based on these results, not only are PAHs not catalysts for

this process, they cannot even be considered as a source of molecular hydrogen.

1.  Weisman, J. L.; Lee, T. J.; Salama, F.; Head-Gordon, M., Time-Dependent Density
Functional Theory Calculations of Large Compact Polycyclic Aromatic Hydrocarbon
Cations: Implications for the Diffuse Interstellar Bands. The Astrophysical Journal
2003, 587, 256.
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10 Appendix

Full reference details for Gaussian program

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Montgomery, J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers,
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.;
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J.
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.;
Farkas; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J., Gaussian 09, Revision D.01.
Wallingford CT, 2009.

10.1 Naphthalene

Table Al: Vibrational frequencies (cm™') of neutral naphthalene, naphthalene radical cation
and initial transition state estimates for fragmentation products. Frequencies in brackets
indicate the frequency removed for each transition state, which were subsequently scaled during
the fitting exercise according to the procedure outlined in the methods section. Bottom three
values for M, M™ and M-H" are the rotational constants used for fitting, values are in GHz.

CuHs  CioHs™ TS TS TS TS . TS TS
M) M™)  (M-H)* (M-C:Hz)" (M-CiHz)* (M-Hz)" V-1 [(M-H)-C4H2]*  [(M-H)-H]*'
176 158 (3236) (1417) (1244) (3236) 150 (1816) (3212)
187 183 148 144 126 118 187 125 236
364 357 172 166 146 137 245 155 294
398 376 336 325 286 268 306 204 385
482 426 353 342 301 282 379 254 481
490 438 401 388 341 320 428 314 595
517 474 438 438 438 438 475 428 428
519 514 474 474 474 474 534 475 475
633 557 514 514 514 514 538 534 534
634 609 557 557 557 557 597 538 538
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730 731 609 609 609 609 653 597 597

773 754 731 731 731 731 686 653 653

783 775 754 754 754 754 731 686 686

801 778 775 775 775 775 760 731 731

807 808 778 778 778 778 768 760 760

850 877 808 808 808 808 842 768 768

899 937 877 877 877 877 847 842 842

948 941 937 937 937 937 871 847 847

956 981 941 941 941 941 948 871 871

977 1004 981 981 981 981 973 948 948

992 1023 1004 1004 1004 1004 980 973 973

1000 1027 1023 1023 1023 1023 1018 980 980
1040 1042 1027 1027 1027 1027 1034 1018 1018
1052 1071 1042 1042 1042 1042 1070 1034 1034
1154 1125 1071 1071 1071 1071 1124 1070 1070
1177 1128 1125 1125 1125 1125 1182 1124 1124
1181 1199 1128 1128 1128 1128 1206 1182 1182
1192 1211 1199 1199 1199 1199 1227 1206 1206
1239 1244 1211 1211 1211 1211 1254 1227 1227
1275 1265 1244 1244 1265 1244 1286 1254 1254
1294 1310 1265 1265 1310 1265 1333 1286 1286
1405 1417 1310 1310 1417 1310 1391 1333 1333
1412 1428 1417 1428 1428 1417 1448 1391 1391
1427 1440 1428 1440 1440 1428 1487 1448 1448
1499 1477 1440 1477 1477 1440 1511 1487 1487
1503 1512 1477 1512 1512 1477 1584 1511 1511
1559 1518 1512 1518 1518 1512 1643 1584 1584
1622 1560 1518 1560 1560 1518 1816 1643 1643
1648 1578 1560 1578 1578 1560 3200 3200 1816
1679 1632 1578 1632 1632 1578 3212 3212 3200
3174 3209 1632 3209 3209 1632 3222 3222 3222
3175 3211 3209 3211 3211 3209 3230 3230 3230
3177 3211 3211 3211 3211 3211 3232 3232 3232
3181 3213 3211 3213 3213 3211 3241 3241 3241
3192 3226 3213 3226 3226 3213 3259 3259 3259
3193 3226 3226 3226 3226 3226

3205 3236 3226 3236 3236 3236

3206 3236 3236 3236 3236 3236

3.11 3.18 3.39

1.23 1.24 1.20

0.88 0.89 0.89
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10.2 1,2-dihydronaphthalene and 9,10-dihydrophenanthrene

Total uncorrelated ion count
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Figure Al: Determination of IE for 9,10-dihydrophenanthrene
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Figure A2: Plot of OK activation energy for all three primary channels (R1a-b, R2) versus
isomerization barrier energy ranging from 1.5-2.0 eV
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TOF (ps) TOF (us)
35 13.6eV 35 13.8 eV

Figure A3: Representative TOF fits, for 9,10-dihydrophenanthrene, calculated during the
RRKM fitting of experimental iPEPICO data. The region shown is the Ci3Ho" region, as
this peak was the only asymmetric TOF peak which was not obscured due to its proximity
to its proximity to other peaks. As photon energy increases, it can be seen that the peak
becomes increasingly Gaussian in shape.
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| 2 eV barrier height
No restrictions to calculation

o Demonstrating unreasonable
| A$S(1000K) values when using
9MF-H instead of DHP-H

ion ratio (%)

transition  EO (eV) A%S(1000K)
DHP —- 9MF 2.18 93.1391
DHP <~ 9MF 2.15 82.0243

9MF-H 2.34 -9.0746
9MF-CH3 2.74 -31.9366

10 " 12 1’3 1‘4 1‘5 16 17
photon energy (eV)

E B LR ]
o ﬁO\ : = 4 1.75 eV barrier

No restrictions on calculation

transition EO (eV) A$S(1000K)
DHP = 9MF 1.90 -19.1715
DHP «~ 9MF 2.08 -30.2863

ion ratio (%)

DHP-H 2.25 0.3535
9MF-CH3 2.50 11.3751

O# afta . 2 ;
10 1 12 13 14 15 16 17
photon energy (eV)

Figure A4: Various iPEPICO RRKM fittings for 9,10-dihydrophenanthrene to demonstrate
(A) the effect of choosing to remove hydrogen from 9-methylfluorene, (B) the effect of
barrier height on energetic values.
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the RRKM calculations outlined in

m

Vibrational frequencies (cm™') used
this paper. Frequencies in parenthesis were removed for the transition state.
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9,10-dihydrophenanthrene

C1aH12 (M) CiaH12*™ CigH1™ TS (DHP- TS (Mbpwe- TS (Mome-
(MDHP+') (MgMF"L') 9MF)+' H)+ CH3)+
86 72 69 (288) (3194) (1080)
104 94 121 40 46 65
177 157 123 70 60 114
209 198 197 71 101 116
269 258 218 114 126 185
318 288 238 127 165 205
392 383 279 383 288 238
397 393 340 393 383 279
456 433 399 433 393 340
468 459 421 459 433 399
470 474 466 474 459 421
504 477 496 477 474 466
554 500 512 500 477 496
578 529 513 529 500 512
612 588 564 588 529 513
636 620 614 620 588 564
721 704 618 704 620 614
739 718 709 718 704 618
741 720 741 720 718 709
759 772 753 772 720 741
784 778 773 778 772 753
792 809 797 809 778 773
818 816 798 816 809 797
880 880 821 880 816 798
882 882 890 882 880 821
908 892 893 892 882 890
959 983 987 983 892 893
959 991 990 991 983 987
988 994 991 994 991 990
990 1003 1001 1003 994 991
993 1018 1016 1018 1003 1001
1023 1019 1017 1019 1018 1016
1049 1034 1023 1034 1019 1017
1068 1048 1027 1048 1034 1023
1069 1052 1062 1052 1048 1027
1111 1115 1080 1115 1052 1062
1150 1156 1132 1156 1115 1132
1181 1182 1134 1182 1156 1134
1184 1187 1177 1187 1182 1177
1188 1195 1183 1195 1187 1183
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1208
1217
1224
1278
1304
1306
1328
1335
1362
1380
1471
1474
1484
1485
1516
1521
1602
1622
1637
1646
2990
3002
3066
3066
3154
3155
3166
3168
3178
3182
3189
3193

1199
1229
1236
1285
1299
1318
1353
1360
1379
1398
1455
1459
1471
1473
1495
1507
1537
1548
1615
1635
2996
3009
3095
3096
3184
3184
3194
3195
3202
3205
3214
3226

1190
1197
1234
1260
1302
1335
1360
1380
1403
1421
1442
1459
1485
1498
1500
1512
1538
1565
1608
1650
3016
3045
3118
3119
3185
3186
3193
3195
3198
3199
3209
3210

143

1199
1229
1236
1285
1299
1318
1353
1360
1379
1398
1455
1459
1471
1473
1495
1507
1537
1548
1615
1635
2996
3009
3095
3096
3184
3184
3194
3195
3202
3205
3214
3226

1195
1199
1229
1236
1285
1299
1318
1353
1360
1379
1398
1455
1459
1471
1473
1495
1507
1537
1548
1615
1635
2996
3095
3096
3184
3184
3194
3195
3202
3205
3214
3226

1190
1197
1234
1260
1302
1335
1360
1380
1403
1421
1442
1459
1485
1498
1500
1512
1538
1565
1608
1650
3016
3045
3118
3119
3185
3186
3193
3195
3198
3199
3209
3210



10.3 Anthracene

Koo ona B 2

counts per channd
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Figure AS: Illustrative TOF fittings for iPEPICO TOF focussing on the asymmetric

[M-C:H:]" peak from the dissociation of the anthracene radical cation.

It is

demonstrating the appearance and eventual formation of the Gaussian shape. Photon

energies for each spectrum is listed
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Table A3: Vibrational frequencies (cm™) of neutral anthracene, anthracene radical
cation and initial transition state estimates for fragmentation products. Frequencies in
brackets indicate the frequency removed for each transition state, which were

subsequently

CisHio CisHio" TS TS TS CisHo" TS
M) (M*™) (M-H)* (M-C2H2)* =6 (M-CoHa2)* 5= 1 (M-H)" [((M-H)-H]*"
95 90 (3335) (1411) (1411) 90 (3229)
127 126 67 70 47 121 90
242 228 94 98 67 227 121
246 239 171 178 121 238 227
280 284 179 186 127 276 238
405 393 213 222 151 357 276
407 402 393 393 393 382 357
411 407 402 402 402 391 382
501 459 407 407 407 423 391
507 479 459 459 459 433 423
525 501 479 479 479 476 433
551 532 501 501 501 514 476
611 581 532 532 532 539 514
635 629 581 581 581 584 539
661 644 629 629 629 608 584
682 688 644 644 644 629 608
777 753 688 688 688 708 629
781 769 753 753 753 739 708
795 793 769 769 769 755 739
806 803 793 793 793 765 755
807 812 803 803 803 772 765
851 866 812 812 812 782 772
885 915 866 866 866 817 782
907 944 915 915 915 832 817
950 947 944 944 944 881 832
950 957 947 947 947 919 881
960 977 957 957 957 924 919
1026 990 977 977 977 936 924
1032 1044 990 990 990 962 936
1051 1051 1044 1044 1044 996 962
1052 1079 1051 1051 1051 1025 996
1063 1080 1079 1079 1079 1049 1025
1069 1094 1080 1080 1080 1085 1049
1173 1095 1094 1094 1094 1098 1085
1186 1167 1095 1095 1095 1157 1098
1222 1204 1167 1167 1167 1182 1157
1238 1228 1204 1204 1204 1200 1182
1239 1249 1228 1228 1228 1217 1200
1261 1254 1249 1249 1249 1233 1217
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1342 1258 1254 1254 1254 1272 1233
1343 1332 1258 1258 1258 1299 1272
1353 1355 1332 1332 1332 1310 1299
1397 1361 1355 1355 1355 1337 1310
1415 1368 1361 1361 1361 1382 1337
1476 1411 1368 1368 1368 1413 1382
1490 1470 1411 1470 1470 1417 1413
1503 1483 1470 1483 1483 1441 1417
1550 1492 1483 1492 1492 1481 1441
1553 1552 1492 1552 1552 1498 1481
1587 1555 1552 1555 1555 1536 1498
1661 1599 1555 1599 1599 1593 1536
1682 1607 1599 1607 1607 1600 1593
1705 1650 1607 1650 1650 1643 1600
1758 1652 1650 1652 1652 1711 1643
1762 1685 1652 1685 1685 3188 1711
3276 1694 1685 1694 1694 3200 3188
3277 3302 1694 3302 3302 3203 3200
3281 3304 3302 3304 3304 3205 3203
3282 3309 3304 3309 3309 3207 3205
3285 3310 3309 3310 3310 3212 3207
3287 3312 3310 3312 3312 3218 3212
3300 3313 3312 3313 3313 3228 3218
3300 3325 3313 3325 3325 3229 3228
3312 3325 3325 3325 3325

3312 3335 3325 3335 3335

3325 3335 3335 3335 3335

2.172 2.179 2.155

0.456 0.456 0.464

0.377 0.377 0.382
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10.4 Small Molecules

Table A4: Vibrational frequencies (cm’') of the neutral, radical cation and the estimated transition

states for the relevant fragmentation channels for each molecule. The frequencies listed in brackets

represent the frequency removed from the original M™ to simulate the transition state. These
frequencies were scaled in the final fitting by a value of 0.964. The bottom three values for M and M*

(for each molecule) are the rotational constants used for the fitting with units of GHz.
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10.5 Pyrene

Table AS5: Vibrational frequencies (cm™') of neutral pyrene, pyrene radical cation and
initial transition state estimates for fragmentation products. Frequencies in brackets
indicate the frequency removed for each transition state, which were subsequently
scaled during the fitting exercise according to the procedure outlined in the methods
section. Bottom three values for M, M™ and M-H" are the rotational constants used for
fitting, values are in GHz

CiHio (M)  CigHio™ (M™)  TS(M-H)" | (M-H)® TS (M-H)-H)"
98 100 (3185) 104 (3190)
151 145 25 141 70
211 199 36 201 94
247 244 50 236 135
262 254 61 274 158
359 354 63 320 183
403 398 354 380 320
412 414 398 391 380
462 459 414 407 391
499 468 459 466 407
506 471 468 479 466
507 501 471 512 479
508 504 501 514 512
536 538 504 524 514
554 539 538 537 524
582 546 539 547 537
595 601 546 598 547
688 676 601 607 598
703 687 676 679 607
718 694 687 683 679
749 711 694 736 683
755 742 711 738 736
763 779 742 749 738
810 806 779 774 749
814 815 806 801 774
814 831 815 809 801
834 841 831 828 809
857 873 841 857 828
906 948 873 870 857
919 959 948 961 870
978 992 959 972 961
980 993 992 973 972
984 1002 993 998 973
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986 1004 1002 1005 998
994 1012 1004 1020 1005
1014 1014 1012 1095 1020
1090 1095 1014 1105 1095
1113 1122 1095 1139 1105
1126 1144 1122 1163 1139
1165 1168 1144 1164 1163
1168 1171 1168 1188 1164
1198 1202 1171 1217 1188
1204 1213 1202 1230 1217
1230 1234 1213 1235 1230
1261 1248 1234 1251 1235
1263 1264 1248 1273 1251
1268 1266 1264 1308 1273
1343 1365 1266 1380 1308
1351 1370 1365 1393 1380
1399 1373 1370 1409 1393
1426 1423 1373 1422 1409
1433 1448 1423 1449 1422
1457 1451 1448 1450 1449
1458 1463 1451 1491 1450
1482 1466 1463 1523 1491
1513 1516 1466 1562 1523
1533 1520 1516 1590 1562
1593 1560 1520 1605 1590
1624 1580 1560 1637 1605
1633 1585 1580 1798 1637
1642 1593 1585 3181 1798
1668 1657 1593 3182 3181
3156 3182 1657 3184 3182
3157 3182 3182 3187 3184
3160 3184 3182 3189 3187
3161 3185 3184 3190 3189
3168 3187 3187 3200 3200
3168 3188 3188 3200 3200
3176 3196 3196 3207 3207
3176 3196 3196

3185 3208 3208

3185 3208 3208

1.01 1.02 1.01

0.56 0.55 0.58

0.36 0.36 0.37
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