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Chapter 1

Introduction

"Begin at the beginning," the King said gravely,

"and go on till you come to the end: then stop."

� Lewis Carroll, Alice in Wonderland

Astrochemistry is the study of the chemistry of the universe and how
molecules can form and interact with each other, atoms, and radiation, un-
der the harsh conditions present in many part of the galaxy. It is a highly in-
terdisciplinary �eld, requiring results and methods from experimental work,
astronomical observations, and theoretical modelling and calculations in or-
der to paint a complete picture of the chemistry taking place in the universe.
In this thesis I have mainly made use of the �rst two, though results from
theoretical models and calculations will be incorporated and discussed when
relevant.
The thesis is concerned with studying large carbon based molecules of as-
trophysical relevance, and their interaction with hydrogen atoms. These
reactions are vastly important in the interstellar medium (ISM). Hydrogen
is the most abundant element in space, and up to 20% of interstellar carbon
is believed to be locked up in large carbon containing molecules, like poly-
cyclic aromatic hydrocarbons (PAHs) and fullerenes.

In this chapter I will �rst give a brief introduction to the regions of the
ISM to which the results of this project is of most relevance. I will then go
on to discussing molecular hydrogen in the ISM, and how it can be formed in
di�erent regions. Finally I will give an introduction to PAHs and fullerenes,
their structure and spectral characteristics, and observations of their pres-
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2 CHAPTER 1. INTRODUCTION

ence in the ISM. This serves as a literature overview, and includes results
from previous experiments, as well as outlines the main motivations for this
thesis.
In the chapters following this introduction I describe the experimental se-
tups used in the laboratory part of the project (chapter 2) and the �ux
measurements (chapter 3). The results from the experiments with PAHs
and fullerenes are described in chapters 4 and 5. In chapter 6 I describe the
methods and results from astrophysical observations of mid-infrared (IR)
PAH spectra containing aliphatic features. Finally in chapter 7 I present a
summary and outlook and in chapter 8 a Danish summary of the thesis.

1.1 The Interstellar Medium

Although stars and planets make up most of what we see when we look at
the sky, they only account for about 3 × 10−3% of the galaxy by volume.
However, the space between the stars is not as empty as, at a �rst glance,
it appears. Dust and gas pervades this space, known as the ISM. It is not
uniformly distributed, but instead formed of many di�erent environments,
from regions full of hot ionised gas, to large warm, to wispy clouds of atomic
hydrogen, and �nally includes cold dense cores in molecular clouds, where
star formation takes place.
Despite making up the majority of the galaxy by volume, the ISM is not very
massive, with densities ranging from 100 to 1012 atoms m−3. For comparison,
the density in earth's atmosphere is ≈ 1035 atoms m−3. Temperatures in the
ISM range from 5 to 104 K, and some regions are dominated by a high �ux
of high energy photons. In short, the ISM is a vary harsh, inhospitable
environment, but in spite of this, a large variety of complex molecules and
larger objects inhabit it.

1.1.1 The Life Cycle of Stars and the Galaxy

The material in interstellar space is a product of stellar evolution, and �nds
its origin in the cores and circumstellar environments of old, evolved stars.
Therefore, to properly understand the evolution of the ISM, it is necessary
to understand the lives of stars. This section is based mainly on [1, 2].
A star begins its life in the centre of a cold (about 20 K) core of a dense cloud
of gas. Natural �ow inside the cloud allows for the formation of overly dense
regions, which, if they reach su�ciently high densities (the Boner-Ebert



1.1. THE INTERSTELLAR MEDIUM 3

mass) undergo gravitational collapse. The gravitational pressure inwards is
opposed by a thermal pressure outwards, caused by radiating gas, leading to
a temporary dynamic equilibrium. However, as the gas continues to radiate,
it cools, decreasing the outward thermal pressure, resulting in further col-
lapse. This in turn causes the temperature of the gas to rise, and with it, the
thermal pressure. This quasi-static cycle is known as the Kelvin-Helmholtz
mechanism, and repeats until the gas is su�ciently dense to allow for a new
type of pressure to act against the gravitational collapse: that of energy
released from nuclear fusion [1].
During collapse, some of the gas and dust surrounding the protostar is swept
outward by the interior radiation. The remainder will acrete onto the form-
ing star, forming a circumstellar accretion disk, from which planets can form.
Once nuclear fusion of hydrogen into helium starts in the core of the pro-
tostar it moves onto the main sequence, where its position depends almost
entirely on its mass and metalicity. It will reside on the main sequence for
millions to billions of years, while burning hydrogen in its centre.
Once the central hydrogen is depleted the core will contract while the outer
layers expand, and the star leaves the main sequence for the asymptotic
giant branch (AGB). At this stage in stellar evolution the core consists of
stable helium. The temperature in the core is still not su�cient to allow
fusion of helium, but the in the innermost shell surrounding the core, hy-
drogen will be burnt. This shell burning progresses until the core becomes
hot enough for helium to ignite. Both the length of the fusion processes and
which elements can be burnt depend almost entirely on the initial zero-age
main sequence mass of the star. The heaviest stars may burn increasingly
high atomic mass elements, eventually ending up with a core of iron. Stars
the size of our sun, will never be able to burn elements with a higher atomic
mass than helium [2].

As a star burns increasingly heavy elements in its core, and lighter elements
in the shells, it develops an onion like structure, with di�erent elements
dominating the consecutive layers. The di�erent elements are cycled to the
surface of the star through convective motions, and pulsations in the stellar
atmosphere expel some of the material into the surrounding environment.
The speeds of these out�ows are dependent on stellar mass. High mass stars
have high velocity out�ows, up to 2000 km s−1, and low and intermediate
mass stars have much lower velocity out�ows (10-30 km s−1) [2].
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At the end of its life a very high mass star explodes in a type II supernova
(SN). The core of the star becomes too massive for the internal pressure to
withstand the force of gravity, and the core undergoes rapid collapse, while
the outer layers are violently ejected at speeds of up to 30000 kms−1. Heavy
elements are formed in this ejecta through rapid nucleosynthesis processes.
The material enters interstellar space, cools, and complex molecules begin to
form. Dust grains form close to the star, and grow in size as the SNR expands
and cools [3, 4]. The chemistry in the supernova remnant (SNR) depends
on the elements available in and the chemical balance of the ejecta. The
chemical reactions tend to go towards CO - which is a very stable molecule
- and what other molecules and grains are formed depends on whether there
is a relative overabundance of carbon or oxygen in the star. [5].

1.1.2 Regions of the ISM

The ISM can be roughly divided into two distinct regions based on den-
sity - the di�use medium and dense clouds. In the di�use medium average
densities are typically ≈ 5 × 107 atoms m−3, and temperatures are around
80 K. They have an average spatial extent of approximately 10 pc, and av-
erage masses of the order of 500 solar masses [6]. The di�use medium is
largely transparent, meaning that high energy UV photons important in de-
termining the physical and chemical environments of such regions. The large
interstellar radiation �eld (ISRF), and especially the high �ux of far ultravi-
olet (FUV) photons, hinders the build-up of large, complex molecules, as UV
photons are energetic enough to dissociate many of the molecular bonds. As
a result the di�use medium is dominated by atomic gas, and small molecules
comprised of 2-5 atoms, many of which are radicals or ions [7]. The hydro-
gen in these regions is therefore predominantly atomic, though some H2 is
observed. It can be detected directly through emission in its Lyman and
Werner bands in the UV.
Dense clouds, also known as giant molecular clouds (GMCs), contain larger,
more complex molecules. The average density in GMCs is 1.5 × 108 atoms
m−3, and the average temperature is around 10 K. They have a spatial extent
of roughly 40 pc and masses of the order of 4×105 M�. All these parameters
vary widely, however, and GMCs are not uniform, but contain cold dense
cores with densities of the order of 1012 atoms m−3 and temperatures as low
as 6 K [8]. These are the birthplaces of new stars.
The ISRF is attenuated by the material at the outer edges of the cloud,
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Figure 1.1: Table showing the molecules identi�ed in the ISM in 2013. Figure
from [7]. The number of molecules identi�ed in the ISM is now
almost 200 [9].
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leading to large variety in the molecular inventory of the clouds. To date,
almost 200 di�erent molecular species have been detected [9]. Some of these
molecules are listed in the table in Fig. 1.1. The lack of high energy UV
photons inside the clouds also leads to the the H2/H ratio being close to
unity. However, also as a result of to the lack of exciting UV photons, H2

is not directly detectable in GMCs. Instead, the J = 1-0 transition in CO
is used to trace the molecular gas. This method assumes a particular ratio
between CO and H2. It is however possible that this is not a generally good
assumption, at least outside our own galaxy, as there is evidence to suggest
that the CO/H2 ratio depends on metallicity [10].
Some parts of the GMCs are subject to stronger radiation �elds, and exhibit
higher temperatures. The chemistry in these regions is dominated by pho-
todissociation, and for the same reason they are known as photodissociation
regions (PDRs, also sometimes referred to as photon dominated regions).
They are essentially border regions, either between the dense clouds and the
di�use medium or between newly formed stars and the rest of the GMC.

Interesting chemistry also takes place in the circumstellar environments of
evolved and dying stars, e.g. planetary nebulae (PNe) and supernova rem-
nants (SNRs). When a low to moderate mass star nears the end of its life,
it sheds most of its outer layers in slow, but massive winds. When most
of the envelope has been ejected the core, now a hot white dwarf, becomes
exposed, and eventually ionises the surrounding gas. This causes the gas to
light up as a PN [2].
When a high mass star dies it explodes in a supernova. While the core of
the star collapses, the stellar envelope is ejected in a massive explosion that
shocks the surrounding interstellar medium. SNRs are prominent sources of
radioemission from relativistic electrons spiralling around strong magnetic
�elds, and of x-ray emission due to the very hot gas, at temperatures of
the order of 106 K. No two SNRs are alike, but in general they are often
characterised by long, delicate �laments of gas [5, 2].
In these circumstellar environments of dying stars, a lot of interesting chem-
istry can take place. PAHs and fullerenes have been detected in PNe, and
are believed to form in these regions from smaller carbon bearing species in
a bottom-up scenario. [11, 12, 13, 14, 15]. SNRs are sites of active dust and
large molecule formation [3, 4], and PAH molecules are expected to form in
the expanding ejecta in bottom-up reactions similar to those of soot chem-
istry [15].
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It is not just atomic and molecular gas that is found in the ISM. In some
regions dust grains are present. The grain size distribution ranges from very
large molecules to µm-sized grains. The grains tend to be either carbon or
silicate based, depending on whether they are formed in a carbon or oxygen
rich environment, and may also contain trace amounts of metals, like Mg of
Fe [16]. In very cold regions the dust grains will be covered in icy mantles,
consisting mainly of H2O ice, which may also contain molecules like CO,
CO2, CH3OH, NH3, and similar simple species [17]. Interstellar dust grains
are important catalysts for the formation of many molecules found in the
ISM, and play a very important role in the formation of H2, as gas phase
formation of H2 is not e�cient in the ISM.

1.2 Molecular Hydrogen

The hydrogen molecule is the most abundant molecule in space, and it plays
a key role in determining the range of chemical complexity in the molecular
universe, as well as in determining the timescales of star and planet formation
[5, 7], as it plays an important role in cooling the molecular clouds through
line emission. Furthermore, without molecular hydrogen present, many of
the almost 200 molecular species observed in the galaxy could not be formed.
Reaction networks for the gas phase formation of some carbon and oxygen
bearing molecules are shown in Fig. 1.2. Molecular hydrogen is involved
in many of these reactions, either as a reactant or a catalyst, and without
it, the rich gas phase chemistry observed in the ISM would not be possible.
The solid blue lines in the �gure indicate the point at which the presence of
H2 becomes necessary for the molecules to form.

1.2.1 Formation of H2 in the ISM

H2 is easily photodissociated in the ISM [18], an e�cient formation route
is required to maintain its high abundance. Jura (1975) [19] proposed a
required formation rate at 70 K of 10−17 ≤ R ≤ 3 × 10−17 cm3s−1, based
on observations of the H2 abundance and the radiation �eld. Only a grain
surface formation route is e�cient enough in these regions. However, Habart
et al. [18] found a formation rate of Rf ≈ 10−16 cm3s−1 is needed in PDRs
in order to maintain the observed abundance of H2. This rate is signi�cantly
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Figure 1.2: Reaction networks showing the gas phase formation route of a sample
of (a) carbon and (b) oxygen based molecules. The blue lines indicate
the cut-o� point, beyond which H2 is needed in order for the rest of
the molecules to form. Figure adapted from [5].

higher than that found by Jura [19].
However, no e�cient gas phase route to H2 formation exists in the ISM. H2

cannot be formed in simple two-body collisions between neutral atoms, since
it is a homonuclear molecule with no dipole allowed transitions with which to
dispose of the excess energy. When the pressure is at terrestrial levels H2 can
be formed in three body collisions, where the excess energy of the reaction
can be carried away by the third atom, allowing the �rst two to form a bond.
In the ISM however, the density is not high enough for this type of reac-
tion to occur e�ciently, and other formation mechanisms have to be invoked.

In many regions of the ISM the required formation rate can be explained
by invoking reactions on dust grain surfaces. Surface reactions are very e�-
cient in two di�erent temperature domains, and will each be described here
in turn.
Firstly, grain surface reactions are important and e�cient in regions where
the gas temperature is less than 20 K, such as the inner regions of GMCs.
In this temperature domain, dust grains are covered by icy mantles, consist-
ing mostly of water ice. Atomic and molecular species can get trapped in
this ice, or physisorb onto the surface of it. In the latter case, most species
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will be bound to the surface weakly, and are free to di�use around on the
surface. When two atoms meet on the surface they can react to form a
molecule (known as the Lagmuir-Hinshelwood process). The molecule can
subsequently leave the surface upon further processing of the dust grain (e.g.
heating by stellar photons, sputtering by gas phase species), or simply upon
formation of the molecular bond, as H2 is more weakly bound to the sur-
face than H. This has been studied experimentally a number of times for
silicates [20, 21, 22, 23], carbonaceous materials [24, 25, 26], and for water
ice [27, 28, 29]. When the temperature reaches more than roughly 20 K,
however, this process becomes ine�cient, as the H atoms will not remain on
the surface long enough for the Langmuir-Hinshelwood process to be e�ec-
tive. The temperature domain in which this process remains e�cient can be
extended somewhat by increasing the roughness of the surface [30], but not
enough to explain the H2 formation rate in the galaxy at large.
The second domain in which H2 formation on dust grains is very e�cient is
at gas temperatures higher than roughly 500 K, such as SNRs or shocks. In
these regions atoms may chemisorb onto either carbon or silicate based dust
grains. In chemisorption a chemical bond is formed between the adsorbate
and the substrate, and the atom will not be free to di�use around on the
surface, but rather stay in the place where it �rst hit. If a second atom is in-
cident on that same adsorption site, it may abstract the �rst atom, creating
a molecule (via the Eley-Rideal process)[31, 32]. This only works at high
temperatures because the atom needs to overcome an adsorption barriers
to chemisorb to a carbonaceous surface (e.g. the barrier for graphite: 200
meV) [33].

However, in regions where the gas temperature is between 20 and 500 K,
dust grain reactions, while they do take place, are not su�ciently e�cient
to account for the required H2 formation rate. In PDRs, which is one such
type of region, a correlation has been observed between the H2 formation
rate and emission from PAHs, so it has been suggested that such molecules
might play a role in the formation of molecular hydrogen in the ISM [18, 34].
This section is mainly based on [35, 5, 36].
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1.3 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) comprise a family of stable, aro-
matic, molecules consisting of fused benzonoid rings. On the Earth PAHs
are most commonly known as the highly carcinogenic products of incom-
plete combustion reactions. They are found in soot and car exhaust as
well as smoked and barbequed food. PAHs are also observed ubiquitously
throughout the interstellar medium as the carriers of the aromatic infrared
bands (AIBs) at 3.3, 6.2, 7.7, 8.6, 11.2, and 12.7 µm [37, 38, 39]. They
are believed to account for between 5 and 20% of the carbon available in
the galaxy [40], and are therefore likely play a very important role in many
di�erent processes in interstellar environments.
The main constituent of PAH molecules is carbon. Carbon has atomic num-
ber 6 and exists in three isotopes. The most common, 12C accounts for
98.9% of all carbon, while 13C accounts for 1.1% and the radioactive 14C
exists only in trace amounts. A carbon atom has six electrons, two in the 1s
orbital, two in the 2s orbital, and two in the 2p orbitals. Atomic orbitals are
described by one-electron wave functions, and the di�erent types of orbitals
are characterised by the orbital angular momentum quantum number, l [36,
chap. 3]. Angular momentum l = 0, characterises the s-orbital, while p-
orbitals are characterised by l = 1. d- and f-orbitals have angular momenta
l = 2 and l = 3 respectively. The s-orbitals are spherical and centered on
the nucleus of the atoms, while the p-orbitals have two lobes with a node on
the nucleus, i.e. a dumbbell shape. There is one s-orbital for each energy
level, n, in an atom, and three p-orbitals for any given n > 1, one along each
axis.
When atoms bind together to form molecules the atomic orbitals combine to
form molecular orbitals and accumulate electron density in the internuclear
region [36, chap. 8]. Carbon has four valence electrons which participate
in chemical bonds, the two 2s electrons and the two 2p electrons. When
forming bonds the s- and p-orbitals in the carbon atoms hybridise. Carbon
shows three di�erent types of hybridisation, which are illustrated in Fig.
1.3. The most common is sp3 hybridisation, where the 2s and three 2p or-
bitals combine to form four equivalent hybridised orbitals. This results in
a tetrahedral shape with an angle between the orbitals of θ = 109.5◦. This
type of hybridisation is found, for example, in diamond. Another possibil-
ity for carbon is sp2 hybridisation, in which two p-orbitals hybridise with
an s-orbital to form three equivalent hybridised orbitals, leaving one unhy-
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bridised p-orbital. This creates a planar-trigonal structure, with an angle
between the hybridised orbitals of θ = 120◦. The unhybridised p-orbital is
oriented perpendicular to the bond axes. This type of bonding is found in
graphite and in PAHs. The last option for carbon is sp hybridisation, where
one p-orbital and one s-orbital combine. This results in two hybridised or-
bitals and two unhybridised p-orbitals. The structure is linear and the two
unhybridised orbitals lie perpendicular to the bond axis and to each other.
Acetylene is an example of a molecule in which the carbon is sp hybridised.
Bonds formed along the bond axis by hybridised orbitals are called σ-bonds,
while bonds formed above and below the bond axis are called π-bonds. These
are usually delocalised over a large part of the molecule, while σ-bonds re-
main localised in the region between the atoms forming the bond.

Aromatic hydrocarbons are mostly planar molecules (with few excep-
tions, e.g. fullerenes) in which the carbon is sp2 hybridised. They are, by
de�nition, cyclic (made up of 5 and 6 membered rings), and follow Hückel's
rule, which states that they must contain 4n + 2 delocalised π-electrons,
where n is the number of carbon atoms in the molecule, and can be either
zero or any positive integer. The π-electrons are delocalised above and below
the carbon skeleton of the molecule, and the more extended the delocalisa-
tion, the more stable the molecule [5]. The simplest aromatic hydrocarbon
is benzene, (C6H6), a cyclic molecule with one 6-membered ring. PAHs are
de�ned as aromatic hydrocarbons containing three or more fused benzonoid
rings, although the 2-ringed naphthalene (C10H8) molecule is often included
in the family, as it has similar physical and chemical characteristics.
A few di�erent PAHs are shown in Fig. 1.4. PAHs can be divided into

two families; the pericondensed PAHs (lhs Fig. 1.4) and the catacondensed
PAHs (rhs Fig. 1.4). Pericondensed PAHs contain carbon atoms which are
members of three separate aromatic rings. A subclass of this category are
the centrally condensed PAHs, which are the most stable types of aromatic
molecules, since the π-electrons are completely delocalised over the whole
molecule. In catacondensed PAHs any carbon atom may not be a member
of more than two separate rings.
In the experiments presented in this thesis the molecule coronene (C24H12)
has been used as an analogue for interstellar PAHs. Coronene has an average
mass of 300.33 amu, and if it only contains 12C, has a mass of 300.09 amu.
This means it is small enough to easily evaporate, and pump out of the vac-
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Figure 1.3: An illustration of the di�erent types of hybridisation possible in a
carbon atom, and the resulting bond con�gurations. Adapted from
[41].

uum chamber. It is also small enough to measure with the mass spectrometer
we have available (see chap. 2 for experimental details). At the same time it
is large enough to contain all possible hydrogenation sites (if no distinction
is made between zigzag and armchair edges, see section 1.3.3). Furthermore,
theoretical calculations on very large molecules are computationally costly,
and so smaller molecules are preferred for e.g. density functional theory
(DFT) calculations.

1.3.1 Photoexcitation of PAHs

In order to understand the observations of PAHs in the ISM, we must �rst
understand how they interact with FUV photons, and how this relates to the
vibrational temperature of the molecules emitting in the infrared (IR). The
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Figure 1.4: Structure of di�erent PAH molecules.

temperature of the molecules varies over time. Immediately upon absorption
of a FUV photon the temperature of the molecule will jump to several 100
K, and once it de-excites it will cool back down to the equilibrium gas
temperature of a few 10s K.

Photophysics

A PAH molecule can absorb FUV photons of certain energies, corresponding
to speci�c electronic transitions in the molecule, from the electronic ground
state to the �rst or second, or higher excited states, i.e. s0 → s1, s2, etc.
Once a molecule is excited, various de-excitation processes exist.

1. Ionisation (If the energy of the photon is su�cient to overcome the
ionisation potential)

2. Photodissociation

3. Collisional de-excitation
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4. Infrared �uorescence

Collisional de-excitation, while an important de-excitation process in
high pressure terrestrial environments, does not play a large role in inter-
stellar environments, as the density is not high enough to have a su�cient
number of collision partners. Ionisation and photodissociation can and do
occur, but the most important de-excitation process for PAHs in the ISM is
IR �uorescence.
Once a PAH molecule is excited, IR �uorescence can proceed in two ways;
either through internal conversion or intersystem crossing. In internal con-
version the electronic excitation is converted to a highly vibrationally excited
state of a lower lying electronic state. In intersystem crossing the molecule
is transferred to a highly vibrationally excited state of an electronic state
of di�erent multiplicity, i.e. from a singlet to a triplet state. Both internal
conversion and intersystem crossing are non-radiative.

The process of internal conversion or intersystem crossing is followed by
a cascade down the vibrational manifold to the vibrational ground state,
resulting in emission of multiple IR photons. If the molecule is in a singlet
state this �uorescence is usually the �nal stage of relaxation. If intersys-
tem crossing has occurred the molecule is still electronically excited, and
the �nal state will be emission of a visible photon, relaxing the molecule to
the ground state (phosphorescence). An energy diagram illustrating these
processes is shown in Fig. 1.5.

The electronic structure of PAH molecules is size and structure dependent.
For a neutral PAH the π-bonding levels are completely �lled, while the π?-
antibonding levels are empty. The total width of the bands is constant, but
the number of energy levels increases with PAH size, thus decreasing the en-
ergy separation between the levels. This means that the energy separation
between the bonding and antibonding levels also decreases with PAH size.
PAHs essentially behave as semiconductors, due to the dispersive nature
of the antibonding levels and the delocalisation of the π-electrons over the
entire molecule. Their optical properties in the UV are dominated by elec-
tronic transitions, while their optical properties in the IR are dominated by
vibrational transitions. The FUV absorption properties are similar between
PAHs, however, the onset of the �rst transition is size dependent though,
shifting to longer wavelengths for larger PAHs.
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Figure 1.5: Energy level diagram, showing potential exitation and relaxation
processes of a PAH molecule. Taken from [38].
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The average absorption cross section scales roughly with the number of
π-electrons in the system, with σFUV = 7 × 10−18 NC cm2. A high den-
sity of states of highly vibrationally excited species means that the di�erent
vibrational states of the molecule are e�ciently coupled, ensuring a rapid
redistribution of energy among all the accessible vibrational modes. The
rate constant depends on the coupling between the vibrational modes and
the density of states at the internal energy of the molecule.
A PAH molecule with roughly 50 carbon atoms in a di�use cloud will absorb
a UV photon approximately once a year, while the same molecule in a PDR
will absorb a photon every 10 minutes or so. The timescale for relaxation in
comparison, is very fast. The timescale for internal conversion is 10−12 s, and
10−9 s for intersystem crossing. The time scale for vibrational redistribution
is 10−12 s. The large di�erences in timescale results in the temperature of the
species �uctuating widely, as the heating of the molecules is infrequent, and
the cooling very rapid. Large PAH molecules and very small grains (VSGs)
will be heated to some 2200 K upon UV absorption, and will rapidly cool
down to the equilibrium gas temperature.

The energies at which PAH molecules emit in the IR correspond to vibrations
of the molecular bonds. Roughly speaking, these vibrational modes can be
divided into stretching modes, bending modes, and combination modes. It is
possible to identify the bond involved in the vibration from the wavelength
of the IR feature, but since the emission is only connected to that particular
bond rather than the molecule as a whole, it is not possible to identify a
speci�c molecule from the vibrational emission alone.
It is, however, possible to identify a family of molecules, and the nature of
the bonds involved in the transition. One example is the CH stretch tran-
sition. For an aromatic CH bond (i.e. where a H atom is bound to a sp2

hybridised C atom), the CH stetch transition occurs at ' 3.3µm, whereas
for an aliphatic CH bond (i.e. when a H atom is bound to an sp3 hybridised
C atom) the CH stretch transition occurs at around 3.4 µm [42, 43].

PAH Charge

Interstellar PAHs are found to exist in di�erent charge states. The charge
distribution results in a balance between photoionisation and electron re-
combination (or attachment). A typical interstellar PAH with 50 carbon
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atoms has ionisation potentials (for the �rst three ionisation states) of 6.2,
9.7, and 13.3 eV respectively. The next ionisation state has an ionisation po-
tential above the Lyman alpha energy (13.6 eV), and thus cannot be reached
in di�use clouds. The same 50 carbon atom interstellar PAH molecule has
an electron a�nity for the �rst excess electron of 2.6 eV, and -0.9 eV for the
second. Thus the a small interstellar PAH has a limited number of charge
states, from PAH− to PAH3+, available to it.
The charge state of a PAH in a given environment is determined by the
ionisation and recombination balance, which in turn is determined by the
intensity of the radiation �eld, the gas temperature, and the electron density,
and also in�uenced by the PAH size.

1.3.2 PAHs in the ISM

Prominent emission bands at 3.3, 6.2, 7.7, 8.6, 11.2, 12.7 µm amongst others,
are observed ubiquitously throughout the ISM, as well as the circumstellar
environments of many evolved and young stellar objects [12, 44] ans plane-
tary atomspheres in our own solar system [45, 46]. They have been assigned
to the �uorescence of PAH molecules, as discussed above [37, 38, 39, 47, 35].

Through combining theoretically calculated and experimentally mea-
sured spectra with observations it is possible to characterise the emitting
PAH population, and by extension their physical and chemical environments
(see for example [48, 49, 50, 51, 52, 53, 54, 55, 56, 57]). Two di�erent inter-
stellar PAH spectra are shown in Fig. 1.6, illustrating the similarities and
di�erences between PAH bands in di�erent objects [47]. The same bands
are observed in many di�erent objects, but some variations do occur in band
pro�les and peak positions. These variations are to be found both between
di�erent objects and spatially, within extended objects. This has lead to
a four-component classi�cation scheme to di�erentiate between the variable
PAH pro�les [47, 58, 59]. PAH spectra are separated into four di�erent
classes based on the shape and peak position of the 7.7 µm band.

1. Class A: The 7.7 µm band peaks to the blue of 7.7 µm, and the 8.6
µm band is a clearly separate peak.

2. Class B: The 7.7 µm band is signi�cantly redshifted compared to class
A spectra, and the 8.6 µm band is still a separate feature.
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Figure 1.6: Mid-IR Spectra of NGC7023 and the Orion Bar PDR, showing the
PAH emission features. The modes giving rise to speci�c features
are labelled above. [47]

3. Class C: The 7.7 µm band is very broad and the 8.6 µm band is
no longer a separately identi�able feature. The whole complex peaks
around 8.2 µm.

4. Class D: The 7.7 µm band is broad, and the 8.6 µm band is only
partly resolved if at all. The complex peaks between 7.9 and 8 µm.

The di�erent PAH classes have been shown to be somewhat dependent
on object type. Class A spectra are mainly found in interstellar objects
such as PDRs and HII regions (where the hydrogen gas is ionised), and a
small number of planetary nebulae (PNe). Class B spectra are found in a
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wide range of evolved and young stellar objects (YSOs), while class C and
D are mostly comprised of post-AGB (pAGB) stars and variable stars. The
spectral variations in the PAH bands re�ect a physical (e.g. structural) or
chemical change in the PAH population between the di�erent objects, but
the exact origin of the variablity has not yet been determined.
One possibility is that the variability between the PAH classes, and by ex-
tension ISM objects, is caused by a change in the size distribution of the
PAHs between environments [50, 51, 60]. Another possibility is that it is due
to a varying importance of aliphatic and aromatic material [61, 12, 62, 63,
64, 65, 66]. Aliphatic material in this case refers to PAHs where aromatic
sp2 hybridised carbon bonds have been converted to sp3 hybridised bonds
by the addition of a hydrogen atom. This bond removes a π-electron from
the system.
For example it is thought that the broadened 7.7 µm band in class C spectra
could signify an increased abundance of aliphatic material. Processing by
UV photons preferentially destroys aliphatic bands, leading to a dominance
of aromatic material as the environment evolves from star to ISM. An in-
crease in aliphatic material on going from the ISM to YSOs can be explained
by a dynamic equilibrium of hydrogenation reactions and abstraction [62].
This is of special importance in regard to the formation of H2.
The presence of aliphatic material in the PAH population can be studied
directly from the PAH observations, through comparison with experimen-
tally and theoretically acquired spectra. Bands at 3.4, 6.9, and 7.25 µm are
aliphatic in nature. It is, however, unclear exactly which type of aliphatic
material (e.g. hydrocarbon chain molecules, methyl side groups on aromatic
molecules, or superhydrogenated PAHs) is responsible for the occurrence of
these bands [67, 68, 42, 69, 43].
I have studied this further in an astronomical context as part of this thesis,
and the results are described in detail in chapter 6.

1.3.3 PAHs and Their Interaction with Hydrogen

As mentioned above, PAHs are ubiquitous in the ISM, and we study their
interaction with hydrogen, in order to determine whether they play a role
in the formation of H2, and in that case, how large a role that is. Further-
more, it is useful to study the interaction between PAHs and hydrogen from
a terrestrial perspective, as a way to limit their negative health e�ects or as
a way to store hydrogen for energy purposes [70, 71, 72].
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In this section some experimental and theoretical studies of hydrogen addi-
tion to PAHs are discussed, particularly in relation to H2 formation under
interstellar conditions. Hydrogen can be added to PAHs in up to �ve di�er-
ent sites. On the edge of the molecules there are outer and inner edge sites.
The outer edge site is a secondary carbon atom, with one hydrogen already
bound. The inner edge site is a tertiary carbon atom placed on the edge
of the carbon skeleton. PAHs can have either zig-zag or armchair edges,
resulting in a total of four di�erent edge binding sites. The �fth possible
addition site is a centre site, a tertiary carbon atom in the middle of the
PAH molecule [73, 74].
Adding a hydrogen atom changes the hybridisation of the binding carbon
atom from sp2 to sp3, causing an alteration in the local π-electron struc-
ture, which in turn changes the geometry and strain of the nearby carbon
atoms. This generally lowers the barrier for subsequent hydrogen addition
to adjacent carbon atoms.

Neutral PAH Molecules

For neutral molecules hydrogen addition to coronene has been studied through
density functional theory (DFT) calculations [74]. Coronene has only zig-
zag edges, resulting in three possible additions sites, outer and inner edge
and centre site. In [74] the addition route for the �rst eight hydrogen atoms
was studied. The energetically most favourable �rst addition was found
to be to an outer edge site. This addition has a barrier of 60 meV and a
binding energy (BE) of 1.45 eV. The addition barrier to an inner edge or
centre site for the same initial H atom was found to be almost three times as
large. The second hydrogen atom has the highest BE if it binds to an outer
edge site neighbouring the �rst addition site. This causes the C-C bond to
tilt, stabilising the C-H bonds and resulting in a binding energy of 3.25 eV.
This addition of the second hydrogen atom to the adjacent outer edge site
is barrierless.

The third H atom binds to an inner edge site that is adjacent to a hy-
drogenated outer edge site, with a barrier of 30 meV and a BE of 1.55 eV.
The fourth and �fth atoms will bind to adjacent outer edge sites without a
barrier, and binding energies of between 2.8 and 3.0 eV. The sixth atom is
the �rst to add to a centre site. It binds to the centre site next to the third
hydrogen atom, on the opposite side of the molecule (bottom), without a
barrier and with BE ' 3 eV. Hydrogen atom number seven will add to the
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Figure 1.7: Reaction pathways of the addition of hydrogen atoms to coronene,
and the abstraction of H2, calculated using density functional theory.
The right hand side of the �gure shows the total number of extra
hydrogen atoms involved in each step. The centre line represents
the most energetically favourable addition reaction, and the dashed
lines to the left represent abstraction reactions. Lines to the right
represent less energetically favourable addition reactions. The abbre-
viations oe, e, tc, and bc are used to describe the resulting structure,
denoting outer edge, inner edge, top centre, and bottom centre sites
respectively. To the far right in the �gure the structure of the carbon
backbone is shown. From [74].
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neighbouring centre site, on the top side of the molecule, again without a
barrier and this time with a BE of 1.5 eV. Atom number eight can add to
an inner edge site with no barrier and a BE of 3.2 eV.
After addition of the �rst atom, the authors also examined Eley-Rideal ab-
straction, and found that this was possible with no barriers and provide a
catalytic route to the formation of H2. In conclusion, the largest barrier
involved in the addition of hydrogen to coronene is the 60 meV barrier as-
sociated with the addition of the �rst atom, meaning that if the �rst atom
is added, superhydrogenation of the molecule will follow and competing H2

abstraction reactions are favourable. The addition and abstraction pathways
for the �rst eight atoms are shown in Fig. 1.7.

Similar DFT calculations have been performed for the addition of the �rst
two hydrogen atoms to the PAH molecule pyrene [75]. They also found the
barrier for the �rst addition to be 60 meV, and the second addition to be
barrierless. Abstraction was found to have a barrier of 50 meV. For an-
thracene the barrier for addition of the �rst hydrogen atom was also found
to be 60 meV, while for the in�nitely long polyacene it was found to be
only 34 meV. This smaller barrier can be explained by the partly radical
nature of the edge carbon atoms in the polyacene. All calculations show
that the favoured position for the �st adatom is always an outer edge site
[74, 75, 76, 77, 78].
Hydrogenation reactions for pyrene have also been theoretically studied tak-
ing quantum tunnelling at low temperatures into account [79]. It was found
that at 40 K the addition rate was non-negligible, and there was a pro-
nounced isotope e�ect, consistent with a tunnelling e�ect. This process is
likely very signi�cant for the colder environments of the ISM.

PAH hydrogenation reactions have also been studied experimentally.
Previous experiments carried out using the Big Chamber in the Surface Dy-
namics Laboratory at Aarhus University (see chapter 2 for details) have stud-
ied the hydrogenation of coronone monolayers on graphite [80, 81, 82, 83].
In [80] a coronene monolayer (ML) was exposed to di�erent �uences of deu-
terium (D) at a gas temperature of 2300 K. The masses of the desorbing
species were measured in temperature programmed desorption (TPD) mea-
surements (see chapter 2). The mass distribution for di�erent atom �u-
ences can be seen in �gure 1.8. Masses higher than 348 amu were detected,



1.3. POLYCYCLIC AROMATIC HYDROCARBONS 23

Figure 1.8: The mass distribution of superdeuterated coronene, for various �u-
ences of D atoms at 2300 K. From [80].
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Figure 1.9: The relaxed, stable structures of trans- (a) and cis-perhydrocoronene
(b). From [80].

which are only possible if D atoms are added to all available carbon atoms,
and the original H atoms on the edge of the molecule are exchanged for
D. Thus these experiments show indirectly that H2 formation from super-
hydrogenated PAHs is possible. DFT calculations of the stability of vari-
ous superhydrogenated structures were also included in this investigation.
They showed that the fully superhydrogenated coronene, perhydrocoronene,
is stable, both in its trans- (molecule hydrogenated evenly on both sides)
and cis-forms (molecule only hydrogenated on one side). In the case of cis-
perhydrocoronene the molecule buckles up to relax, and the most stable
route to formation is if the centre ring is hydrogenated last [80]. The struc-
tures of these molecules are shown in Fig. 1.9.

Kinetic simulations were performed in order to determine the addition
and abstraction cross-sections of the system [82]. These are relevant if one
wants to quantify the role PAHs play in molecular hydrogen formation in
the ISM. In the simple kinetic simulations of [82], the molecular mass distri-
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bution was evaluated through a series of timesteps, and for each step one of
three reactions was permitted: a deuterium atom could add to the molecule,
a hydrogen atom could be abstracted from the molecule, or a deuterium
atom could be abstracted from the molecule. The algorithm used is not site
speci�c, and thus does not distinguish between outer, and inner edge sites,
and centre sites.
The rate of addition of atoms to the molecule is determined by the (known)
�ux of deuterium atoms at the sample, φD, and the (unknown) addition
cross-section to a molecule with n additional H or D atoms, σadd(n). It
is assumed that he addition cross-section depends only on the number of
additional atoms already attached, and not on the speci�c addition sites.
The cross-section for the �rst addition can be obtained directly from exper-
iments, and was determined to be 0.55± 0.03Å2 [82]. For n > 0, σadd(n) is
treated as a variable parameter.
The rate of abstraction scales linearly with φD, n, and the abstraction cross-
section, σabs(n). Abstraction was not allowed for n = 0, and the cross-section
is taken to be isotope independent (i.e. it is the same for the abstraction of
H and D atoms). The corresponding mass distribution is evaluated at each
time step, and the theoretical �t is overlayed on the experimental �t. Several
sets of cross-sections are attempted. The best �t to the data is found with
a constant abstraction cross-section of σabs(n) = 0.01 Å2, and an addition
cross-section which was allowed to vary from 0.55 to 2.00 Å2. The resulting
mass distribution is shown in Fig. 1.10.

At 2300 K the deuterium atoms have enough energy to overcome the bar-
rier associated with hydrogenation (or deuteration) of graphite. Experiments
have been carried out to see if coronene could become superhydrogenated
through interaction with hydrogenated graphite [81]. First the HOPG sur-
face was exposed to D atoms until a saturation coverage of 0.4 ML [32] was
reached, after which the deuterated sample was exposed to coronene. It was
found that the signal from D2 desorption was almost completely suppressed
after a coronene coverage of less than half a ML, indicating that H atoms
are released from the graphite surface as a result of coronene adsorption.
The resulting mass distribution of coronene species is shown in Fig. 1.11.

The decay of the D2 signal as a function of coronene dose time can be seen
in Fig. 1.12. It is clear from the �gure that it does not take a full monolayer
of coronene to completely suppress the D2 signal. Considering the number
of D atoms available for reaction, and the number of coronene molecules on
the surface, it can be calculated [32, 84, 85, 86, 87] that the average coronene
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Figure 1.10: Kinetic simulations (grey) and experimental measurements (black)
of the mass distributions of coronene exposed to D atoms at 2300
K, for di�erent D atom �uences. Taken from [82].

molecule on the surface should pick up 17± 9 extra deuterium atoms, corre-
sponding to it reaching a mass of 332±18 amu. From the mass distributions
shown in Fig. 1.11, this is clearly not the case. In fact, up to 90% of the
deuterium is lost, most likely in abstraction reactions. Thus the experiment
shows that PAHs can catalyse H2 formation from carbonaceous grains below
the desorption temperature of superhydrogenated PAHs on graphite. From
this experiment it is not possible to say at which temperature the reaction
occurs, but coronene is expected to be mobile on graphite surfaces down to
100 K [84, 86], and smaller PAHs at even lower temperatures, suggesting
this reaction could take place at very low temperatures.

The interaction between the hydrogenated coronene and the graphite
substrate was studied by Skov et al. [83]. It was observed that pristine
coronene and its hydrogenated counterparts desorb from the HOPG surface
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Figure 1.11: Mass distribution of coronene species after exposing deuterated
graphite to coronene for various lengths of time [81].

Figure 1.12: The decay of the D2 signal as a function of coronene dose [81]. The
closed circles are for coronene dosed before D, and the open circles
are coronene dosed after the graphite surface has been saturated
with deuterium.
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Figure 1.13: DFT calculations of the desorption energy for di�erent con�gura-
tions of superhydrogenated coronene, showing the interval in which
the desorption energy is expected to lie for any con�guration [83].

at di�erent temperatures. Desorption of a pristine coronene monolayer from
HOPG peaks at Tp = 465 K, while masses 302 amu and 304 amu (corre-
sponding to coronene with one and two added D atoms respectively) desorb
at 448 and 432 K respectively. Aside from a decrease in desorption temper-
ature, a decrease in signal was also observed. The descreased signal can be
explained, in part, by the broadened molecular distribution, but a loss of
molecules during the deuteration process must also be taken into account,
as losses upwards of 75% have previously been observed [82].

The desorption of the superdeuterated coronene molecules follow �rst
order kinetics, and thus the desorption energy can be found using the Red-
head equation (discussed in Chapter 4). For low deuteration states a rapid
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Figure 1.14: The experimentally measured binding energies of superdeuterated
coronene molecules, overplotted on the interval in which the binding
energies are expected from DFT calculations to be found (after
applying a correction factor) [83].

decrease in Edes from 1.78 eV to 1.55 eV was seen. This levels out somewhat,
but continues to decrease until a mass of 347 amu, where the desorption en-
ergy reaches a minimum at 1.34 eV. From here it increases again, to 1.43 eV
at 360 amu (fully superdeuterated coronene). DFT calculations were per-
formed for several di�erent con�gurations of superhydrogenated coronene,
resulting in a range of di�erent desorption energies. These are shown in
Fig. 1.13. The experimentally measured desorption energies are plotted
with the theoretically expected interval after applying a correction factor
in Fig. 1.14. The general decrease in desorption energy is expected due to
the removal of π-electrons from the molecules, resulting in a change in the
hybridisation, and because the molecule buckles to relax, reducing the area
in close proximity to the graphite surface [80].

The hydrogenation and deuteration of coronene has also been studied
using IR spectroscopy [88]. Here multilayers of coronene (of thickness 150-
180 nm) were deposited on a CsI substrate. The coronene �lms were then
exposed to a beam of deuterium atoms with a kinetic temperature of 300
K, and the changes in the IR spectrum were measured. These are shown in
Fig. 1.15, where in (a) the evolution of the aromatic C-H out-of-plane (oop),
C-H in-plane (ip), and C=C stretch transitions can be seen. These are all
observed to decrease with increasing D �uence with a reaction cross-section
of roughly 1.1 Å2. This is exactly what is expected when changing the hy-
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bridisation of the coronene molecules from sp2 to sp3, and thus changing
their nature from aromatic to aliphatic. In Fig. 1.15(b) the evolution of the
aliphatic C-H and C-D stretch vibrations are shown. Here the aliphatic C-H
stretch is �rst observed to increase rapidly, and then start to decrease. The
aliphatic C-D stretch is observed to gradually increase with D �uence. This
is due to abstraction of H from the molecule by D. After superdeuteration
the coronene �lms were exposed to a hydrogen atom beam. This caused a
decrease in the intensity of the aliphatic C-D stretch transition and a cor-
responding increase in the intensity of the aliphatic C-H stretch transition.
This is shown in Fig. 1.15(c). The abstraction cross-section was estimated
to be σabs = 0.06±0.02Å2. This value is much higher than that found in the
kinetic simulations of [82]. One explanation for the discrepancy may be the
di�erence in atomic gas temperature and excitation state. Where Skov et al.
[82] use a thermal cracker resulting in atoms in the electronic ground state
at a temperature of 2300 K, Mennella et al. [88] use a microwave plasma
discharge cource, resulting in excited atoms at room temperature.

The same bands studied in this experiment can be found in astronom-
ical PAH spectra (see Fig. 1.6), and the variation in band strengths and
positions between objects can potentially be used in combination with these
experimental measurements to determine the degree of aromaticity in the
emitting populations in the ISM.

Spectral Characteristics

Bernstein et al. [42] studied the 3.13 - 3.70 µm spectral characteristic of
superhydrogenated PAHs isolated in a solid Ar matrix in relation to astro-
nomical PAH spectra. They found that as PAHs go from being completely
aromatic and become more aliphatic in nature, the aromatic CH stretch
band at ∼ 3.3 µm gets weaker, while an aliphatic CH stretch band at ∼
3.4 µm starts to appear. Superhydrogenated PAHs are often not completely
aromatic or aliphatic, and both types of features are therefore seen in their
spectra, their strengths depending on the level of superhydrogenation of the
molecule. The wavelength of the aliphatic CH stretch band was also found
to depend on level of superhydrogenation, as well as the position of the ex-
cess atoms. A higher level of hydrogenation results in a longer wavelength
of the aliphatic feature.

The authors compare the matrix isolation spectra of a sample of super-
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(a)

(b)

(c)

Figure 1.15: (a) The evolution of the aromatic C-H out-of-plane bend, C-H in-
plane bend, and C=C stretch bands, (b) and the aliphatic C-H and
C-D stretch bands. (c) The evolution of the aliphatic C-H and C-
D stretch bands during subsequent hydrogenation. Adapted from
[88].
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Figure 1.16: The spectra in the aliphatic CH stretch region of Orion Bar and
IRAS 05341+0852, and a sample of superhydrogenated PAHs.
From [42].
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hydrogenated PAHs to two astronomical spectra of the Orion Bar PDR and
IRAS 05341+0852 respectively. The result is shown in Fig. 1.16. Orion
bar shows only a weak feature attributable to aliphatic material around 3.4
µm, wheras IRAS 05341+0852 shows a stronger, broader aliphatic feature at
a longer wavelength. The spectra of superhydrogenated PAHs are plotted
between the astronomical spectra in an evolutionary sequence going from
little to full superhydrogenation. It is clear that as the level of superhy-
drogenation of the PAH molecules increase, so does the wavelength of the
aliphatic CH stretch feature, leading the authors to conclude that there is a
larger presence of aliphatic material in IRAS 05341+0852 than in Orion Bar.

Sandford et al. [43] also investigated the IR spectra of a large sample
of superhydrogenated PAHs (mainly naphthalene, anthracene, pyrene, and
coronene derivatives) isolated in a solid Ar matrix. They mention three re-
gions in the IR in which di�erences between aromatic and aliphatic features
are observable, 3-4 µm, 11-16µm, and 6.7-6.99 µm. First there is the CC
stretch region also mentioned above. For regular, fully aromatic PAHs, the
CH stretch feature has a wavelength between 3.13 and 3.33 µm, but as the
molecule becomes more aliphatic methylene groups appear giving rise to fea-
tures between 3.33 and 3.70 µm. As the molecules become more aliphatic
the original features are weakened and the aliphatic features grow stronger.
CH out-of-plane (oop) bending transitions occur in the region 11-16 µm.
These transitions provide important information about the structure of the
PAH molecules, both aromatic and aliphatic, since the frequency of the oop
bending modes are in�uenced by the neighbouring CH units on an aromatic
ring. Adding excess hydrogen atoms to a PAH causes the aromaticity of the
ring to be disrupted, and new features to arise, while some of the features
associated with aromatic molecules disappear. The frequencies of the new
bands depend on the location of the excess atoms as well as the number of
atoms added to the molecule. The region between 5 and 10 µm contains a
range of bands attributed to CH in plane (ip) bending transitions and mul-
tiple CC transitions, however, in traditional PAHs the region between 6.76
and 6.99 µm is mostly empty. When excess hydrogen atoms are added a
strong band associated with methylene scissoring transitions appear at ap-
proximately 6.9 µm, the position of which doesn't vary greatly with degree
of superhydrogenation. As it is a strong band appearing in an ontherwise
empty part of the PAH spectrum, the authors suggest that it might be a
good tracer for superhydrogenated PAHs in space, although it is worth not-
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ing that it is virtually indistinguishable from the the feature appearing in
linear aliphatic hydrocarbon chain molecules, resulting in a chance of cross
contamination in astronomical spectra.

PAH Ions

The interaction with hydrogen atoms has also been studied for PAH cations,
both theoretically and experimentally. Bauschlicher [89] suggested that
small PAH cations are quickly hydrogenated, and used DFT calculations of
addition and abstraction of hydrogen and deuterium on naphthalene cations
showed a low to no barrier for addition of the �rst two atoms. The reaction
is highly exothermic, which could render small PAHs unstable, as the release
of energy might be enough to dissociate the molecule. Abstraction of H2 by
an incoming H atom is found to have a very small barrier of 11 meV, while
abstraction of HD has a somewhat larger barrier of 29 meV. This could po-
tentially lead to a deuterium enrichment of PAHs.
Similar results were found for anthracene and pyrene by Hirama et al. [90].
The calculations for naphthalene were revisited by Ricca et al [91], and the
results were close to those of Bauschlicher [89]. A barrier of 30 meV was
found for the addition of a second atom only. Higher degrees of hydrogena-
tion were also studied, and it was found that once a second atom was added,
further hydrogen additions to all secondary carbon atoms could proceed with
no barriers.

The reaction rates for hydrogenation of naphthalene cations were studied
for the �rst two additions by Le Page et al. [92]. They found rate constants
of 1.9×10−10 cm3s−1 and 4.0×10−12 cm3s−1 for the �rst and second additions
respectively. Snow et al. [93] studied the same reaction rates for the pyrene
cation, with similar results, �nding rate constants of 1.4 × 10−10cm3s−1 for
the �rst addition and 3.0× 10−12 cm3s−1 for the second.
The hydrogenation of pentacene cations was studied by Klærke et al. [94],
using both experiments and DFT calculations. They found that the molecule
can be driven to complete hydrogenation of the secondary carbon atoms,
but that the tertiary carbon atoms remain unhydrogenated. Furthermore,
a di�erence was found in the yield of molecules with an odd number of
added H-atoms, and an even number of added atoms. Speci�cally, the yield
was signi�cantly higher for molecules with an odd number of added atoms,
suggesting that these molecules are more stable than those with an even



1.3. POLYCYCLIC AROMATIC HYDROCARBONS 35

Figure 1.17: The mass distribution of coronene cations, having been exposed to
di�erent �uences of hydrogen atoms (a), with three highest �uences
highlighted, and an illustration of the lowest energy hydrogenation
route of the coronene cation (b). Figure modi�ed from [95]

number of excess atoms. This �ts with the additional atoms making the
system closed shell. The opposite situation is true for neutral PAHs, where
the even numbered additions are expected to be more stable.

The hydrogenation of coronene cations has also been studied both the-
oretically and experimentally, by Boschman et al. [96]. They found, in
agreement with [94], that molecules with an odd number of added atoms
were more stable than those with an even number of added atoms. They
also determined the barriers for addition of the 2nd and 4th atoms to be 72
meV and 40 meV respectively, while the 1st and 3rd additions were found to
have no barriers. These studies were followed up by Cazaux et al. [95], who
included DFT calculations, estimating the barriers involved in the reactions.
They con�rmed the higher stability of odd numbered additions experimen-
tally, and found that the 5th, 11th, and 17th additions showed an extra high
degree of stability. The mass distributions of the hydrogenated coronene
cations for di�erent �uences are shown in Fig. 1.17(a). The lowest energy
addition route was calculated using DFT, and is show in Fig. 1.17(b). After
addition of the �rst couple of atoms the route di�ers signi�cantly from that
of neutral coronene [74]. The largest barriers to addition were found to be
those for the 6th, 12th, and 18th additions, and have values of 110, 170, and
320 meV respectively.
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The desorption of molecular hydrogen from superhydrogenated PAH cations
has also been investigated. Vala et al. and Szczepanski et al. [97, 98] stud-
ied IR-multiphoton dissociation of 1,2-dihydronaphthalene, acenaphthalene,
and 9,10-dihydrophenanthrene cations. In all cases loss of two hydrogen
atoms was observed, and DFT calculations found a lower barrier for H2 loss,
compared loss of two hydrogen atoms. Exposure of PAH cations to UV ra-
diation from 7-40 eV was investigated by Zhen et al [99, 100]. They found
that the UV radiation caused large PAHs to become doubly ionised, while
small PAHs lost two hydrogen atoms, though whether the loss occured as a
molecule or two separate atoms was not determined.
Dissociation of hydrogenated PAH cations has also been studied through
collisions with high energy He cations [101, 102, 103] by Chen et al. Perhaps
the most interesting result was found in [102], where it is shown that H2

loss becomes important once the internal temperature of the PAH molecule
becomes higher than approximately 2200 K, regardless of PAH size and ex-
citation mechanism.

Many PAHs are have a range of negative health e�ects. They are toxic,
carcinogenic, and teratogenic [104], and are therefore unwanted pollutants
in e.g. car exhaust, power plants, factories, etc. It is possible that removing
the aromaticity from the molecules will help reduce the negative health ef-
fects associated with the molecules, and hydrogenation has also been studied
in this context [70, 71, 72].

1.4 Fullerenes

Buckminster Fullerene, C60, was discovered by accident, during experiments
aimed at understanding the carbon chemistry taking place in the warm dense
surroundings of evolved stars by Kroto et al. [105]. In the experiment carbon
species were vaporised from a solid graphite disk into a high density helium
�ow using a focused pulsed laser. The resulting carbon clusters where then
expanded in a supersonic molecular beam and the products detected using
time-of-�ight (TOF) mass spectrometry. The authors found that for clus-
ters larger than 40 carbon atoms only clusters with an even number of atoms
were detected, and the clusters containing exactly 60 carbon atoms domi-
nated the mass spectra. Under certain expansion conditions the C60 peak
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Figure 1.18: The TOF mass spectra of carbon clusters prepared from laser va-
porisation of graphite, followed by cooling in supersonic molecu-
lar beam. As the density of helium present during vaporisation
changes, so does the relative strengths of the peaks. The higher
the density of helium, the stronger the C60 peak. From [105].

could be up to 40 times as large as neighbouring peaks. This is shown in
Fig. 1.18.

The C60 molecule must therefore be very stable, and hence, when consid-
ering plausible structures only one stands out - that of a spheroidal truncated
icosahedron [105]. If the molecule was �at, consisting of fused rings it would
have unsatis�ed valences at the edges, and if it had a tetrahedral diamond
structure its entire surface would be covered in unsatis�ed valences. The
only structure that satis�es all sp2 valences is the truncated icosahedron (or
'football' shape. The structure is aromatic, with the inner and outer surfaces
covered in clouds of π-electrons, and the diameter of the molecule is approx-
imately 7 Å. Even at this early stage Kroto et al. speculated that, due to its
remarkable stability, the molecule would be abundant in interstellar space
and in the circumstellar environments of evolved stars.
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(a) Planetary Nebular Tc1 (b) Re�ection Nebulae NCG7023 and
NGC2023

Figure 1.19: In (a) the continuum subtracted 5-23 µm spectrum of the planetary
nebular Tc1. The red arrows indicate features arising from C60,
and the blue arrows the four strongest features from C70. The red
and blue curves correspond to model spectra of C60 and C70 at
temperatures of 330 and 180 K respectively. Adapted from [14]. In
(b) the 6-20 µm spectra of the re�ection nebulae NGC7023 (upper
panel) and NCG2023 (lower panel), with vertical lines indicating
the positions of C60 features. From [107].

1.4.1 Fullerenes in the ISM

Fullerenes were not, however, de�nitively identi�ed in the ISM until 2010.
The C60 cation was proposed as a plausible carrier for two di�use interstellar
bands (DIBs) in the near IR in 1994 by Foing and Ehrenfreund [106], due to
their proximity in wavelength to absorption features of C+

60 in a solid Ne ma-
trix. However, in order to con�rm this hypothesis laboratory measurements
of gas phase C+

60 were needed, and these were not available at the time.
The neutral fullerenes C60 and C70 were identi�ed in the peculiar planetary
nebula Tc1 in 2010 by Cami et al. [14]. The PN is peculiar as it shows no
trace of even simple H-carrying species, and has no PAH features. Instead
the spectrum is dominated by four IR features at 7.0, 8.5, 17.4, and 18.9
µm, attributed to neutral C60, and also shows weaker features attributed to
C70. The continuum-subtracted mid-IR spectrum of Tc1 is shown in Fig.
1.19(a), with red and blue arrows indicating the features attributed to C60

and C70 respectively.
Aside from the peculiar Tc1, C60 has also been identi�ed in the planetary

nebulae NGC7023 and NCG 2023 [107]. The spectra of these two PNe are
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Figure 1.20: The re�ection nebula NGC7023. Spectra are shown of two regions
in the nebula taken at di�erent distances from the star, and show
the evolution from PAH emission far from the star to fullerene
emission closer to the star. From [111]

shown in Fig. 1.19(b), with the C60 features indicated by short vertical lines.

It has been suggested that fullerenes in space form in the hot, dense en-
velopes of evolved stars, in processes similar to soot formation, and are
eventually ejected into interstellar space. However the problem with this
process is its limited e�ciency [108, 109, 110].
Another possible formation route has been suggested in which fullerenes are
formed in the ISM [111, 112]. PAHs and fullerenes are known to coexist
in the ISM, but a distinct di�erence in their spatial distribution has been
observed in the re�ection nebula NCG7023 [107, 111]. Deep in the cloud
the emission is dominated by clusters of PAHs which, further out, where the
UV �eld is stronger, are evaporated into free-�ying neutral PAHs and then
ionised. In regions closer to the nascent star the spectrum is dominated by
emission from C60. In fact, the abundance of C60 increases towards the star,
from accounting for 1.4 × 10−4% of the available carbon to 1.7 × 10−2%,
while at the same time the abundance of PAHs decrease from carrying 7.0%
of the available carbon to 1.8%. The spatial evolution of the spectra are
illustrated in Fig. 1.20.
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Figure 1.21: Alternative formation route of fullerenes in the ISM, involving the
chemical processing of PAHs. PAHs are dehydrogenated, and then
loose carbon atoms, creating pentagons and making the molecules
close up. Once the cage is closed it shrinks through loss of C2,
eventually leading to formation of stable fullerenes. From [112].

This chemical evolution provides evidence that C60 is formed and PAHs
are destroyed in the ISM, and the correlation with the UV �eld is a strong
suggestion that UV photons control the process. The authors, therefore,
propose a top-down formation process as shown in Fig. 1.21. When the
UV �eld increases PAHs become dehydrogenated creating small graphene
�akes, which in turn start to loose carbon atoms. This carbon-loss causes
pentagons to form in the graphene �akes, causing it to curl up. The cage
then closes up and shrinks through C2-loss until stable fullerenes, probably
mainly C60 and C70, are reached.

The evolution over time of the abundance of large PAHs and a number
of carbon-cage structures (including C60) is shown for di�erent distances
from the central star in Fig. 1.22 [112, 113]. The abundance of C60 is
seen to decrease after some millions of years, however the route to their
the molecule's dissociation in the ISM is unknown. One possibility is that
hydrogenation of the molecule weakens the carbon skeleton su�ciently for
FUV photons to disscociate it. Experiments to test this hypothesis, and
their results will be discussed in chapter 4.

Fullerenes and the Di�use Interstellar Bands

As mentioned above, the C60 cation was suggested to be the carrier of two
DIBs at 9632 Å and 9577 Å as early as 1994 [106], owing to their proximity
to absorption bands of C+

60 in a solid Ne matrix. However, in order to
ultimately con�rm this assignment, gas phase spectra were required. The
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Figure 1.22: Calculated time-evolution in the abundance of large PAHs and a
sample of carbon cages, assuming fullerenes form from PAH pre-
cursors, at various distances from the star in NCG7023. The ap-
proximate age of NCG7023 is noted by the orange region. From
[112].
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Figure 1.23: The experimentally measured absorption spectrum of C+
60, with the

position of the DIBs at 9632 and 9577 Å superimposed, con�rming
the C60 cation as the carrier of those two DIBs. From [114].

gas phase spectrum of C+
60 was measured by Campbell et al. in 2015 [114],

and they found absorption features at 9632.7± 0.1 Å and 9577± 0.01 Å with
full width half maxima (FWHM) of 2.2 ± 0.2 and 2.5 ± 0.2 Å, respectively,
with the band at 9577 Å being the strongest. They also observed two weaker
bands at 9428.5 ± 0.1 and 9365.9 ± 0.1 Å both with FWHM of 2.4 ±
0.1 Å. These weaker bands do not correspond to any known DIBs, but
with strengths of 0.3 and 0.2 times that of the 9577 Å band respectively,
it is possible that they are too weak to be detected in the di�use ISM.
The absorption bands of C+

60 are shown in Fig. 1.23, along with the DIBS
coinciding with the two stronger bands. The identi�cation of C+

60 as the
carrier of the two DIBs has since been called into question [115].



Chapter 2

Experimental Setups and

Techniques

Finally from so little sleeping and so much

reading, his brain dried up and he went

completely out of his mind.

� Miguel de Cervantes Saavedra, Don Quixote

There are two main parts to the experiments involved in this project. The
temperature programmed desorption (TPD) experiments with superhydro-
genated and -deuterated PAHs were carried out on the Big Chamber in the
Surface Dynamics Laboratory (SDL) at Aarhus University, while the scan-
ning tunnelling microscopy (STM) and the experiments with hydrogenated
fullerenes were carried out at the Coal Chamber, also at SDL. All TPD
and �ux measurement experiments were carried in close collaboration with
former PhD student Anders Witte Skov and current PhD student Frederik
Doktor Skødt Simonsen, while the fullerene STM experiments on the coal
chamber were performed in collaboration with postdoc Dr Martha Sche�er.

2.1 The Big Chamber

The Big Chamber is an ultra-high vacuum (UHV) setup, originally from
IBM, that was moved �rst to Syddansk Universitet in Odense and then to
Aarhus, in 2007. It has a base pressure of between 10−10 and 10−9 mbar,
maintained by a turbomolecular pump and an additional titanium sublima-

43
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(a) Big Chamber schematic (b) Photograph of the Big Chamber

Figure 2.1: Schematic (a) and photograph (b) of the Big Chamber in the Surface
Dynamics Laboratory.

tion pump (TSP). A series of di�erential pumping stages pump the regions
which are not su�ciently pumped by the main chamber, e.g. the mass spec-
trometer enclosures. The chamber is equipped with a manipulator, which is
rotatable through 360◦ and can be moved in three dimensions, and on which
is mounted a tantalum (Ta) sample holder. The manipulator is normally
water cooled to approximately 18◦C, but it is also possible to cool it using
liquid nitrogen (lN2) to reach even lower temperatures. The sample can be
heated through electron bombardment of the back of the sample, by passing
a current through a tungsten (W) �lament and biasing the sample holder
with 500-1000 V relative to said �lament. This allows for the sample to be
heated as high as 1300 K, as measured by a C-type thermocouple sqeezed
between the backside of the sample and the sample holder. The temperature
of the sample can be controlled accurately by a model 340 LakeShore PID
temperature controller. A schematic as well as a photograph of the chamber
can be seen in Fig. 2.1.

Molecules can be deposited on the sample using a home-built Knudsen
cell evaporation source, and the �lm can be subsequently hydrogenated. This
is achieved by passing H2 or D2 (Air Liquide, > 99%) through a hydrogen
atom beam source (HABS), a hot capillary source similar to that described
by Tschersich et al. [116, 117, 118], dissociating the molecules and resulting
in an atomic beam with a kinetic temperature of 2300 K. A custom made
quartz cooling nozzle can be attached to the doser, as shown in Fig. 2.2,
and this cools the atoms to a kinetic temperature of approximately 1000 K
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through collisions with the walls.
The kinetic energy of the atoms is estimated assuming inelastic collisions of
the atoms with SiO2, the molecular unit of quartz, and found from

Escat
Ei

=
(M −m)2

(M +m)2
,

where Escat is the kinetic energy of the atom after a collision and Ei is the
kinetic energy of the same atom prior to the collision. M is the molecular
mass of SiO2 and m the mass of the atom. For deuterium this gives a ratio
of kinetic energies of 0.88, i.e., an incoming deuterium atom loses 12% of
its kinetic energy per collision. The fractional loss in kinetic energy can be
directly related to a loss in temperature through Ekin = kBT . Assuming a
minimum of 4 collisions the atoms will be cooled to a temperature of '1000
K.

Two quadrupole mass spectrometers (QMS) are attached to the chamber
to monitor desorption products upon heating of the sample, both di�eren-
tially pumped. The Pfei�er Vacuum Prisma QMS operates within a mass
range of 1 - 200 amu, and is mainly used for rest gas measurements, leak
testing, and hydrogen and deuterium desorption experiments. The Extrel
CMS LLC QMS has a cross-beam ion source and is rotatable and operates in
a range of 1- 500 amu. This is the QMS used in the PAH desorption experi-
ments. Furthermore the chamber is equipped with a sputter ion gun, Auger
electron spectroscopy (AES), and low energy electron di�raction (LEED).

2.2 The Coal Chamber

The Coal Chamber, where the fullerene STM experiments have been per-
formed is also located in SDL. It is primarily used for STM, though it is
equipped with a variety of instruments. The STM in the Coal Chamber is
an Aarhus STM [119]. It is normally run at room temperature, although it
is possible to cool it using liquid nitrogen. Aside from the STM the cham-
ber is also equipped with a sputter gun, LEED, a QMS with a range up to
m
z

= 500, a hydrogen cracker similar to the one on the Big Chamber, and a
vacuum UV (VUV) source. The UV source is a Krypton Line Source with
a MgF2 window from Resonance Ltd (model: KrLM-LQD12), and emits at
123.6 and 116.5 nm, i.e. just on either side of the Ly-α line at 121.6 nm.
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Figure 2.2: Short cooling nozzle mounted on the hydrogen doser.

The chamber also has a manipulater, rotatable through 360◦, and equipped
with a tungsten �lament for sample heating.
In the STM experiments performed on the Coal Chamber two samples were
used, a cleaced HOPG crystal and a foil of Au(111) on Mica. Measurements
were done using STM, although the sputter gun was used to clean the gold
foil.

2.3 Temperature Programmed Desorption -

TPD

The main experimental technique used in this project TPD, and it has been
used in the PAH experiments and the atomic �ux callibration, but also.
The process of TPD is shown in Fig. 2.3. A layer of molecules, in our
case coronene, is deposited on a HOPG surface. The layer of molecules is
subsequently exposed to a beam of hydrogen or deuterium atoms for a set
amount of time. The sample is then heated in a controlled manner at a rate
of 1 Ks−1 in front of the mass spectrometer, and the desorption products are
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Figure 2.3: Illustration of the experimental method used in the TPD experi-
ments. Credit: Frederik D. S. Simonsen.

detected. Beyond product mass distribution, TPD can provide very valuable
information about the interaction between an adsorbate and a substrate. It
is possible to study the strength of the bonds between the adsorbate and
the substrate, the growth of adsorbate �lms on the substrate, and quantify
the range of adsorption sites available in terms of energy using this technique.

2.3.1 Adsorption and Desorption

In order to understand TPD in general, it is necessary to �rst discuss the
processes of adsorption and desorption. Adsorption is the process by which
molecules or atoms stick to a surface, while desorption is the opposite, the
process by which adsorbed species leave the surface. The following section
is based mainly on [120].

Adsorption can be divided into two di�erent categories, physisorption and
chemisorption, depending on which type of bond is formed between the ad-
sorbate and the substrate. The two types of adsorption are described in Fig.
2.4. Physisorption describes adsorption processes whereby the adsorbate is
bound to the substrate by van der Waals interactions, where an induced
dipole moment in the adsorbate interacts with the substrate. This type of
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Figure 2.4: Potential energy curves illustrating the di�erence between
chemisorption and physisorption. From [122].

adsorption is barrierless, and so any atoms and molecules are able to ph-
ysisorb onto a surface, but the binding energy (BE) is usually only on the
order of 50-500 meV or smaller [121]. For this reason, physisorption is gen-
erally only e�cient for molecule formation at low temperatures. In some
cases it is also a precursor to chemisorption.
In the case of chemisorption a chemical bond, i.e. a covalent, ionic, or
metallic bond, is formed between the adsorbate and the substrate. This
results in a much higher adsorption energy, generally on the order of 1-10
eV [121]. This type of reaction typically has an activation barrier, or heat
of adsorption (Had), which must be overcome. In some cases the adsorbate
will dissociate on the surface and it is the fragments which adsorb. This is
known as dissociative adsorption.

Desorption is the process by which an adsorbate leaves the surface. It is
an activated process, which requires energy to be added to the adsorbate.
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This can be in the form of increased temperature or through stimulation by
electrons or photons. It is possible for reactions forming larger molecules
to take place during the desorption process. This is known as associative
desorption, and is the reverse of to the dissociative adsorption process.

An important parameter to consider when performing TPD experiments
is �lm growth, the process by which layers of adsorbate are built up on the
substrate. The absolute coverage of a surface, i.e. the number of atoms
or molecules adsorbed on the surface, can be di�cult to determine, and so
one normally operates with relative coverage, θ, the ratio of the number of
occupied sites on the surface to the number of total sites on the surface. For
a coverage of 1 monolayer (ML) θ = 1.
Films can grow on a surface by di�erent processes, depending on the relative
strengths of the interaction between adsorbates, and adsorbate and surface.
There are three di�erent models which describe the types of growth that can
occur.[123, 120]

1. Frank-van der Merve growth, also known as layer-by-layer growth. In
this type of growth the interaction between the adsorbate and the
surface is much stronger than that between adsorbates. This results
in the formation of a full monolayer before multilayers start to grow.

2. Volmer-Weber growth, or island growth. In this type of growth the
interaction between adsorbate and surface is much weaker than that
between adsorbates, resulting in the formation of islands which are
several layers thick, rather than the formation of a monolayer.

3. Stranski-Krastnov growth, or layer-plus-island growth. This is an in-
termediate type of growth to the other two, where the interaction
between the adsorbate and surface is of the same approximate magni-
tude as that between adsorbates. As a result multilayers will start to
grow before the monolayer is complete.

2.3.2 Thermally Induced Desorption

The desorption experiments described in this thesis were all performed using
thermally induced desorption, rather than electron or laser induced desorp-
tion, and so only this will be discussed in detail. The process of thermally



50 CHAPTER 2. EXPERIMENTAL SETUPS AND TECHNIQUES

induced desorption can be described using a rate equation known as the
Polanyi-Wigner equation, where the rate of desorption is

rdes = −dθ
dt

= νθnexp[
−Edes
kBT

].

Here, ν is a pre-expeonential factor, related to the change in entropy during
desorption and n is the desorption order. It is often more useful to look
at desorption as a function of temperature rather than time, so a linearly
increasing temperature ramp is used. This allows for the desorption rate to
be written as

dθ

dt
=
dθ

dT

dT

dt
=
dθ

dT
β,

where β is the temperature ramp rate. From this the Polanyi-Wigner equa-
tion can be modi�ed to

rdes = − dθ
dT

=
ν

β
θnexp[

−Edes
kBT

].

For this model to work we assume that the TPD signal measured by the
QMS is proportional to the desorption rate. For this to be ful�lled a con-
stant pumping speed, su�ciently high to prevent readsorption, is needed,
which is normally achieved at UHV.

In order to determine the coverage of a surface, the TPD peak is integrated,
and the area under the curve is compared to that of a known coverage (e.g.
1ML). The desorption order, n, is generally related to the number of steps
involved in the desorption. First order desorption is typically associated
with monolayer systems, where adsorbed atoms or molecules leave the sur-
face individually. In this case, the rate of desorption only depends on the
concentration of adsorbates on the surface. Second order desorption is also
typically associated with monolayer systems, but where the adsorbates need
to react to leave the surface, i.e. it is associated with associative desorption
involving two partners. In this case the desorption rate is dependent on the
concentration squared. Zeroth order desorption is associated with multilayer
systems, where the in�uence from the surface becomes gradually negligible,
until the bonding resembles that of a condensed bulk solid. Here the desorp-
tion rate is independent of concentration, and increases exponentially until
all adsorbates have been desorbed.
The desorption order in�uences the shape of the TPD curve, because it
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changes the dependency of the desorption rate on the peak desorption tem-
perature. The peak temperature, TP , is the temperature at which the des-
orption is at a maximum, i.e.

d2θ

dT 2
= 0.

If the modi�ed Polanyi-Wigner equation is di�erentiated and this criterion
inserted, we get

Edes
kBT 2

P

=
ν

β
nθn−1exp[

−Edes
kBTP

].

From this it is clear that for �rst order desorption, TP is independent of
the coverage, while in the case of 2nd order desorption, TP decreases with
increasing coverage.

When depositing coronene molecules on a HOPG surface the �lm grows
according to layer-plus-island growth, i.e. multilayers start to grow before
the monolayer is complete. Fortunately, the multilayers desorb at a lower
temperature than the monolayer, so it is possible to deposit a full monolayer
by dosing long enough to build up a few multilayers, then anneal the sample
to a temperature just high enough to desorb the multilayers, leaving an in-
tact and saturated monolayer on the surface. An expample of this is shown
in Fig 2.5.

The molecules leave the surface independently, making it a 1st order
desorption process. In the case of coronene on HOPG, the molecules are
physisorbed to the surface, and mobile at room temperature. In the case of
hydrogen on silicon, which is used to callibrate the �ux of the cracker, the
atoms are chemisorbed to the surface, and immobile.

2.4 Scanning Tunnelling Microscopy - STM

Scanning tunnelling microscopy (STM) was developed by Heinrich Rohrer
and Gerhard Binnig at IBM in the early 1980s [124, 125, 126], and it won
them the Nobel Prize in Physics in 1986. The technique is based on quantum
mechanical tunnelling and is used to provide three dimensional (3D) images
of the electronic density of states of a surface at atomic scale resolution.
A quantum mechanical particle, such as an electron, is not completely con-
�ned by a �nite potential barrier, but has a non-zero decay length into the
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Figure 2.5: TPD curves of three 45 s doses of coronene on HOPG, two of them
annealed to 397 K after dosing. This show how a consistent, satu-
rated monolayer is deposited.
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classically forbidden region. For a metal, this decay length is smallest at
the Fermi energy, where the potential is given as the work function Φ. The
decay length can the be described as

κ =

√
2meΦ

~2
.

STM works by placing a sharp metal tip at a distance, z, of a few Å above
a conducting surface. If the tip and the surface are su�ciently close, the non-
zero decay length of the electron wavefunction permits the transmission of
electrons between the tip and the surface across the vacuum barrier. The
wavefunction of the tip will then overlap with that of the surface, and thus
electrons can tunnel over the vacuum barrier from tip to surface or vice
versa. This rapid charge transfer will continue until an equilibrium is reached
through alignment of the Fermi levels of the tip and surface. Now, if a voltage
di�erence, Vt, is applied between the tip and the surface, the Fermi levels
will shift, and electrons will tunnel from �lled states in the tip to empty
states in the surface, or vice versa, depending on the polarity of the applied
voltage. This results in a constant measurable tunnelling current, It, which
depends on the distance z between the tip and the surface [120],

It ∝ e−2κz.

The STM used in the experiments described in this thesis is the Aarhus
STM [119]. The mechanical precision needed to fully utilise the tunnelling
principle is obtained with piezo-elements, the size of which can be controlled
with sub-Å presicion, provided the input voltages are precise enough.
The STM is usually operated in "constant current" mode, where It is kept
constant for a given bias voltage, and the height of the tip above the surface
is adjusted to fascilitate this. The movement of the tip perpendicular to the
sample (z) as a function of position on the sample (x, y) then results in an
STM image, depicting the topography of the surface with a constant LDOS.
It is also possible to run the STM in "constant height" mode, where z is kept
constant for a given bias voltage and the tunnelling current is recorded as a
function of position. This mode is faster, as it does not rely on a feedback
loop to change the height of the tip, however there is a signi�cant risk of
destroying the tip by crashing it into the sample. For this reason the mode
is rarely used. The operating principle of STM is illustrated in Fig. 2.6
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Figure 2.6: Illustration of the working principle of STM. An atomically sharp
tip is moved across a conductive surface at a short distance. A bias
voltage is applied between the tip and the surface, facilitating the
tunnelling of electrons from the surface to the tip, or vice versa,
and inducing a tunnelling current. This makes it possible to create a
topological image of the surface. Figure courtesy of Jakob Kibsgaard.

2.5 Minor Techniques

Aside from TPD and STM, LEED and AES were used in the hydrogen �ux
measurement experiments. They will be discussed very brie�y.

2.5.1 Low Energy Electron Di�raction - LEED

LEED, is a very surface sensitive technique with two main applications.
The �rst is to gain information about the surface order and quality through
inspection of the electron di�raction pattern. The second is to obtain quan-
titative information about the structure of the sample. The latter is quite
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di�cult, and, since we only utilise LEED to check the reconstruction of our
silicon (Si) sample in our hydrogen �ux measurements (chapter 3), irrelevant
for the purpose of this project. Therefore it shall not be discussed further.
The LEED apparatus consists of an electron gun and a detector component.
The electron gun emits a beam of low energy electrons along the surface
normal. The low energy of the electrons make the technique very surface
sensitive as a) their low energy ensures that they will not penetrate far into
the bulk of the sample and b) their de Broglie wavelength is of the same
order as the distance between atoms in a crystal structure, ensuring that
di�raction phenomena are present. The detector component consists of four
metal grids at di�erent voltages and a �uorescent screen. The �rst and
fourth grids from the sample are kept at ground potential, while the two
middle grids are kept at a retarding potential slightly lower than the energy
of the incoming electrons. This is done in order to de�ect inelastically scat-
tered electrons, making sure that only elastically scattered electrons make
it to the �uorescent screen. The screen is set at a high voltage, and when
an electron hits it, it causes �uorescence, causing it to light up. The dots
on the �uorescent screen are thus a direct representation of the di�raction
pattern, which corresponds to the reciprocal lattice of the surface, and the
surface structure can be derived directly from it.
The surface sensitivity of the technique comes from the universal curve,
which describes the inelastic mean free path (IMFP) of an electron into a
crystal as a function of it's kinetic energy. For most elements the curve has
a minimum around 5 Å at a kinetic energy of the electrons of approximately
50 eV.

2.5.2 Auger Electron Spectroscopy - AES

AES utilises the characteristic binding energy of core electrons to gain in-
formation about the di�erent elements present on a surface. If an atom has
a core electron hole (level A) the hole can be �lled by an electron from a
higher lying level (level B), and the excess energy can knock out an Auger
electron from level C. The process is illustrated in Fig. 2.7. The kinetic
energy of the Auger electron from level C is described by the equation [120]

Ekin = EA −
1

2
(EZ

B + EZ+1
B )− 1

2
(EZ

C + EZ+1
C )− φ,

where φ is the work function and the energies of levels B and C are averaged
over the energies of the original atom and those of an atom with increased
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Figure 2.7: Illustration of the Auger process. A core electron is knocked out of
the atom by a high energy electron. The hole is �lled by an electron
from a higher lying level, and the excess energy knocks out another
high level electron. The resulting kinetic energy of the Auger electron
is element speci�c. From [127]

charge, to account for the core electron hole. The core holes are usually gen-
erated by a beam of high-energy electrons. The kinetic energy of the Auger
electrons depend only on the atomic energy levels and the work functions,
making AES a very element sensitive technique

AES is not, however, a good technique for detecting very small elemental
contributions, as it is not possible to detect contaminations of less than 1-2%.
However, it is a simple method, and perfectly good for our purpose: Ensuring
that the Si surface used in the hydrogen �ux measurements (chapter 3) is
clean enough for hydrogenation.

2.5.3 Density Functional Theory - DFT

Density functional theory is a computational quantum mechanical method
used to solve the n-body Schrödinger equation, and is one of the most com-
monly used computational procedures in molecular electronic structure cal-
culations [36]. The basic idea is to describe the energy of the n-electron
system in terms of the electron probability density ρ(r), at a particular
point. The electronic energy of the system can be treated as a functional of
the electron density E[ρ], i.e. for a given function ρ(r) there corresponds a
single energy.
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There are several advantages to using DFT to calculate the electronic struc-
ture of molecules. Chief among them is that it uses a single 3D function ρ
for an n-electron molecule. This is in contrast to a wave function approach,
which relies on the properties of a 3n-dimensional function, on which a large
number of constraints are imposed to ensure that it is fully anti-symmetric.
However, DFT does rely on a number of assumptions, mainly that the elec-
tron density determines the properties of the molecule or surface and that
the energy is correctly given by a variational principle.

The �rst assumption is based on the Hohenberg-Kohn theorem [128], which
states that "the ground state energy, and any other ground state electronic
properties, are uniquely determined by the electron density". This con�rms
that it is possible to express the ground state energy as a functional of the
ground state electron density

E[ρ] = T [ρ] + Vee[ρ] +

∫
(ρ(r)V (r))dr.

Here T is the kinetic energy functional and Vee the electron-electron poten-
tial energy functional, which in turn is the sum of a classical Coulombic
contribution and a quantum mechanical contribution. Now it is su�cient to
know the ground state electron density in order to determine the properties
of the molecule. However, determining the electron density means solving
the Schrödinger equation and �nding the electron wave functions which is
not possible.
In order to simplify the procedure of �nding the ground state electron den-
sity, the Kohn-Sham equations are used [129]. Here a system of ne non-
interacting electrons in an external potential, Vref is used. The system is
chosen such that the electron density of the reference system ρref (r) is iden-
tical to the true electron density ρ(r). Then the energy of the system can
be expressed as

E[ρ] = Tref [ρ] + Jref [ρ] +

∫
(ρ(r)V (r)dr) + EXC [ρ],

with J [ρ] being the Coulombic potential and EXC being the exchange cor-
relation term

EXC [ρ] = T [ρ] + Vee[ρ]− (Tref [ρ] + J [ρ]).

What remains is to �nd a suitable functional for the exchange correla-
tion. Several approximations exist for this purpose. The simplest one is the
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local density approximation (LDA) [130], where the exchange correlation is
assumed to be dependent on the local electron density. An improvement
on the LDA functional is the general gradient approximation (GGA), which
also accounts for the gradient in electron density. The most commonly used
GGA functional is the Becke 3-parameter Lee-Yang-Par (B3LYP) functional
[131].



Chapter 3

The Hydrogen Doser Flux

She says nothing at all, but simply stares

upward into the dark sky and watches, with sad

eyes, the slow dance of the in�nite stars.

� Neil Gaiman, Stardust

In order to properly analyse the TPD data, it is necessary to know the
�ux of atoms at the sample. When there is no nozzle attached this �ux can
be calculated, based on the di�useness of the beam exiting the cracker, its
temperature, and the pressure of gas through the cracker [117, 132]. This
makes it possible to obtain an atomic �ux at the sample as a function of
distance to the cracker. However, when a cooling nozzle is attached to the
cracker it is very di�cult to accurately estimate the loss due to recombination
in the nozzle, and how dispersed the beam is at the end of the nozzle, and
so a simple calculation is not possible. For this reason an experiment to
measure it was performed.

3.1 Measuring the Hydrogen Flux

The measurements of the �ux of the hydrogen beam exiting the nozzle is
measured through hydrogenation of the Si(100)2×1 surface. This system and
its interaction with hydrogen is well known, and has been studied several
times [133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143], and thus can be
used for calibration.
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3.1.1 The Si(100) Surface

The interaction between the Si(100) surface and atomic hydrogen is a well
known system. When the surface is 2×1 reconstructed, for a hydrogen cov-
erage below 1 ML (one hydrogen bound to each Si atom), hydrogenation is
expected to happen very quickly, with coverage rising almost linearly. When
a coverage of 1 ML is reached it levels o� and increases very slowly toward
a saturation coverage just below 2 ML. A schematic of how hydrogen binds
to the Si(100) surface for di�erent surface reconstructions is shown in Fig.
3.1 [143]. For the 2×1 reconstruction the Si atoms form dimers, leaving one
dangling bond per atom, resulting in a Si atom being able to bind exactly
one hydrogen (monohydride phase), whereas for the 1×1 reconstruction, the
surface has two dangling bonds per Si atom, which can bind two hydrogen
atoms (dihydride phase). In the 3×1 reconstruction every third Si atom is
a dangling bond, and can bind two hydrogen atoms, whereas the rest can
bind only one [138, 139].
In theory, when the sample and beam are at room temperature the hy-
drogen atoms �rst bind to the available dangling bonds of the Si-dimers
creating a monohydride Si(100)2×1-H phase. Then impinging atoms break
the bonds between the Si-dimers, leading eventually to the creation of a di-
hydride Si(100)1×1-H phase. In reality however, the two processes overlap,
and the dihydride phase will start to grow before the monohydride phase
is saturated. This makes it impossible to accurately count the number of
adsorption sites on the surface [138, 139].

However, it is possible in the 2×1 Si(100) reconstruction to preserve a
saturation coverage of 1 ML [144], ensuring that the system is well de�ned
and can be used as a calibration system. At temperatures higher than 625
K, the dihydride phase becomes unstable, ensuring that only monohydride
states can be hydrogenated. Thus, as long as the sample is kept above
this temperature during the atomic dose, no dihydride states should exist
[133, 140, 141].

3.1.2 H/Si(100) TPDs and Flux Measurement

Prior to performing the calibration measurements the sample must be cleaned.
This is done through sputtering of the surface with Ar+-ions (for 30 minutes
at the beginning of each day and 5-10 minutes between every measurement),
followed by annealing to 1000 K for 5 minutes. The sample reconstruction is
then checked with LEED and the cleanliness with AES. Examples of these
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Figure 3.1: Di�erent recontructions of the Si(100) surface and how they bind to
hydrogen. Adapted from [143]

(a) LEED pattern of Si(100) 2x1 re-
construction

(b) Auger spectrum of clean Si(100)

Figure 3.2: a) LEED pattern of a 2×1 reconstructed Si(100) surface. A square
pattern of bright spots, with a secondary o�set square pattern of
fainter dots. b) An AES spectrum of Si(100). The large peak at 96
eV is a Si peak, while the smaller peak just below 300 eV arises due
to a small carbon contamination.
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Figure 3.3: Collection of TPD curves of D2 from Si(100)2x1. The peak labelled
1 is the monohydride peak, while the peak labelled 2 is the peak
arising due to absorbtion into the bulk.

for a clean Si(100)2×1 surface are shown in Fig. 3.2. Once the sample is
ready it is heated to 700 K and exposed to an atomic hydrogen or deuterium
beam for a set amount of time. After exposure a TPD measurement is per-
formed.
The resulting TPD curves have a two peak structure. A collection of TPD
curves of D/Si(100) is shown in Fig. 3.3, and a clear tendency towards a two
peak structure is evident, especially for longer dose times. The �rst peak
(labelled "1" in the �gure) is the monohydride peak, and the one interesting
for our analysis. The second peak ("2" in the �gure) grows rapidly with in-
creasing dose time, and is attributed to hydrogen in the bulk of the sample.
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In some cases, if the reconstruction is not perfect, a shoulder may appear
on the low temperature side of the main peak, which can be attributed to
a small contamination from the dihydride phase. The main peak is �tted
with an asymmetric function and the bulk peak with a gaussian function,
the parameters of which are manually tweaked to ensure the best overall �t.
The main peak is then integrated to �nd the relative coverage of the the
sample.
Knowing the relative coverage of the surface, the �ux of atoms can be found
by �tting to the following equation [145]

dθ

dt
=
θdt

N0

(
P 0
ad

1 + Lθ
(1−θ)

− P 0
ab

1− E(1−θ
θ

).

The �ux is varied until the best �t to the data is found. Fig. 3.4 shows
the data for deuterium (a) and hydrogen (b) with a number of �ts. For
deuterium the best is found for a �ux of 7.75 ± 1.25 ×1013 cm2s−1 while for
hydrogen it is signi�cantly higher at 2.8 ± 0.7 ×1014 cm2s−1. This di�erence
is probably explained by the experiments being run with the guage on the
gas line showing the same reading. The guage is calibrated for deuterium,
and as a result it is possible that a signi�cantly larger amount of hydrogen
is needed for the guage to read the same pressure.
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(a) Deuterium �ux calculation

(b) Hydrogen �ux calculation

Figure 3.4: Coverage of H/D on Si(100) as a function of dose time, with several
�uxes �tted. (a) shows the data for deuterium, where a �ux of
7.75 ± 1.25 ×1013 cm2s−1 is found to yield the best �t. (b) shows
the data for hydrogen, where the best �t gives a �ux of 2.8 ± 0.7
×1014 cm2s−1. A zoom of the regions where the coverage saturates
is inserted in both �gures for clarity.



Chapter 4

Experimental Results - PAHs

It is sometimes an appropriate response to

reality to go insane.

� Philip K. Dick, Valis

In this chapter I will describe and discuss the results from TPD exper-
iments with deuteration and hydrogenation of the PAH molecule coronene.
These experiments were done in close collaboration with former PhD stu-
dent Anders W. Skov and current PhD student Frederik D. S. Simonsen,
and the analysis was done by me.

4.1 Deuteration of coronene

The experiments which were carried out as part of this thesis were done
with a cooling nozzle attached to the HABS in order to reach a more re-
alistic gas temperature with respect to the interstellar environments where
these experiments are of interest. As mentioned in chapter 2 the cooling
nozzle results in a kinetic gas temperature of approximately 1000 K.
Superhydrogenation reactions have been studied using the heavy hydrogen
isotope deuterium. Deuterium is used because its higher mass makes it pos-
sible to detect abstraction reactions involving the hydrogen atoms on the
edge of the coronene molecule. Furthermore, it is easier to detect with a
mass spectrometer than regular hydrogen because there is not a high back-
ground of D2 present in the vacuum system. The results of experiments with
superdeuteration of coronene are described in this section.
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Before analysis the data is plotted after baseline subtraction. The baseline
is found based on the signal at mass 364. This is higher than the mass
of fully superdeuterated coronene (C24D36), and so any signal at this mass
can be attributed to noise, and thus baselined away. This baselining rou-
tine assumes a constant level of noise across the data. After smoothing and
baselining, the data is presented in contour plots. Fig. 4.1(a-e) shows the
contour plots of the TPDs of deuterated coronene for di�erent atomic dose
times. The temperature at which the molecules desorb from the graphite
surface is plotted on the x-axis, while the mass of the molecule is plotted on
the y-axis. The intensity of the contours show the signal at a particular mass
and temperature coordinate. From these plots it can be seen that for higher
dose times, higher masses (corresponding to the addition of more deuterium
atoms) can be reached, and that the high-mass molecules desorb from the
HOPG surface at lower temperatures than the pristine coronene, suggesting
that the superdeuterated molecules are more weakly bound to the surface
(see also section 4.4).
Although for the most part, high-mass molecules desorb at low temperatures,
and even pristine coronene desorbs at approximately 460 K, high tempera-
ture tail is present. For pristine coronene the high temperature desorption
can be attributed to the sample holder. However, this does not explain the
high temperature signal for the highly superdeuterated species, where a tail
is clearly present for masses 340 to 360. It is possible that the high tem-
perature tail for the highly superdeuterated species can be explained by a
tendency towards clustering of the molecules, resulting in having to break
not only the bond to the graphite, but also to other molecules in order to des-
orb, resulting in a higher desorption energy, and thus a higher temperature.
This hypothesis still remains to be tested.

From the contour plot a TPD spectrum can be obtained at every mass.
A sample of these are shown in Fig. 4.2, for masses 300, 304, 306, 248,
354, and 360 amu. The tendency of lower desorption temperature for higher
masses is clearly evident in the �gure. The black curve traces the desorption
of a monolayer of pristine coronene. This has a much higher intensity than
desorption peaks of the higher masses, mainly because the masses are spread
out over a wider distribution.
The yield of each mass for a given atomic dose is found by integrating the
TPD spectrum at each mass. The integration is stopped at 600 K, to avoid
any contribution to the mass distribution attributable to dosing on the sam-
ple holder.
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(a) No atom dose. (b) 5 minute D atom dose.

(c) 25 minute D atom dose. (d) 60 minute D atom dose.

(e) 180 minute D atom dose.

Figure 4.1: contour plots after baselining of deuterated coronene for di�erent
atom dose times ranging from no atomic dose (a) to a 180 minute
atom dose (e).
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Figure 4.2: TPD spectrum of a monolayer of pristine coronene (black curve)
and a sample of higher mass TPD spectra from low to high degree
of supereuteration.

In Fig. 4.3 the mass distributions of superdeuterated coronene are shown
for di�erent atomic dose times, from no atom dose to 180 minutes atom dose.
The masses range from 300 to 360 amu, 300 amu being the mass of pristine
coronene, and 360 amu being the mass of fully superdeuterated coronene.
The �gure is color coded. The red masses can be reached by deuterating
the outer and inner edge sites on the coronene molecules. The green masses
can be reached by either deuterating the centre sites or abstracting the edge
hydrogen atoms, replacing them with deuterium, while the blue masses can
only be reached if both those processes take place. Masses lower than 300
amu occur due to fractionation in the mass spectrometer.
An interesting thing to note about the mass distribution, once masses higher
than around 336 amu are reached, is that there is a tendency towards a two-
peak structure. The peaks move slightly, but are always 12 amu apart,
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corresponding to six deuterium atoms. A two peak structure was never seen
before, with the hot deuterium atoms. A possible explanation for this might
be the existence of a barrier to the �rst centre site addition. The peaks
move because di�erent numbers of edge hydrogen atoms may have been
switched out with deuterium, but remain 12 amu apart because once the
�rst addition to a centre site takes place, the rest of the molecule is easily
deuterated. At this point this is still a hypothesis, which further study and
analysis is needed to con�rm.

The evolution of the relative yield of certain key masses with D atom dose
time is shown in Fig. 4.4. A clear increase is seen for masses higher than
300 amu, even at low dose times. For intermediate masses, e.g. 312 and 342
amu, a saturation level is reached, after which their yield starts to decline
again, as higher deuteration levels are reached. The yield of higher masses,
354 and 360 amu continue to grow. If dosing were to be extended eventually
these masses would also reach a maximum, which in the case of 360 would
not subsequently decline, as 360 amu corresponds to fully superdeuterated
coronene.

4.1.1 Low Temperature Deuteration

A longer cooling nozzle was made to cool the atomic beam down to roughly
500 K. Unfortunately this nozzle broke before a full data set could be com-
pleted. Preliminary results exist though, showing that it is possible to fully
superdeuterate coronene with a low temperature atomic beam, as shown in
Fig. 4.5. Mass distributions are shown for three di�erent dose times: no
atomic dose, 45 minutes and 720 minutes. The nozzle broke before a �ux
calibration could be made, so it is not possible to say anything about the
�uence needed to superdeuterate coronene with this nozzle, i.e. if it is more
di�cult to add deuterium at low temperatures or if the �ux of atoms at the
sample is simply lower than for the higher temperature atomic beam. How-
ever the data clearly shows that superdeuteration is possible, and that the
double peak structure seen for the 1000 K data at high degrees of deuteration
is also seen at lower temperatures.

4.2 Hydrogenation of coronene

In order to further investigate the addition barriers the experiments were
repeated with hydrogen instead of deuterium. If the same peak structure is
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(a) No atom dose.
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(b) 5 minute D atom dose.
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(c) 25 minute D atom dose.
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(d) 60 minute D atom dose.
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(e) 180 minute D atom dose.

Figure 4.3: Mass distribution of deuterated coronene for di�erent atom dose
times, ranging from no dose to an atom dose time of 180 minutes.
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Figure 4.4: Evolution of key masses with deuterium dose time.

seen, it will likely be due to a barrier for center site addition, as abstraction
reactions cannot be directly observed. This will results in peaks at distinct
masses, rather than the broader, moving peaks of the deuterium experi-
ments.
Fig. 4.6 shows the contour plots of superhydrogenated coronene for dif-
ferent atom dose times. Just as with deuterium, the plots show at which
temperatures the molecules with di�erent numbers of additional hydrogen
atoms leave the graphite surface, and generally, the higher the mass of the
molecule, the lower the desorption temperature. The data also exhibits the
same tendency of a high temperature tail for the high-mass desorption prod-
ucts.
One notable di�erence from this trend is the molecule with mass 290 amu.
Molecules with this mass leave the surface as the same temperature as
molecules with mass 318 amu, suggesting the 290 amu may be a fragment
of C24H30. The mass di�erence corresponds to the loss of C2H4, and since
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Figure 4.5: Mass distribution of superdeuterated coronene for three di�erent low
temperature �uences.
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(a) No atom dose. (b) 20 minute H dose.

(c) 45 minute H atom dose. (d) 90 minute H atom dose.

Figure 4.6: Contour plots of coronene exposed to hydrogen, for atom dose times
ranging from no dose (a) to a 90 minute dose (d). The data is plotted
after smoothing abnd baselining routines have been applied.

the molecules leave the surface at the same temperature, fragmentation is
believed to happen in the QMS during the ionisation process, rather than
on the surface.

As with deuterium addition, a TPD spectrum can be constructed at ev-
ery mass, from the data shown in the contour plot. The TPD spectra of the
main stable mass con�gurations are shown in Fig. 4.7. As above, there is
a clear tendency for higher mass products to desorb at lower temperatures,
and the signals of the higher mass products are smaller than that of the
monolayer.
Just as for the deuterated coronene data, the peaks at every mass are in-
tegrated to get the mass distribution for a given dose time. Again the
integration is stopped at 600 K to avoid a contribution attributable to the



74 CHAPTER 4. EXPERIMENTAL RESULTS - PAHS

Figure 4.7: TPD spectra of the coronene monolayer and four masses correspond-
ing to stable higher degrees of superhydrogenation.

sample holder.
The mass distributions for eight di�erent �uences are shown in Fig. 4.8,

going from no atom dose in the top trace to a 90 minute atom dose in the
bottom trace. Vertical black lines mark the masses where peaks appear,
speci�cally 300, 310, 314, 318, 322, and 324 amu. A peak also appears at
290 amu, a lower mass than that attributed to pristine coronene. Some
of these masses seem to appear together: 290 amu only appears with 318,
and the same seems to be true for 322 and 324. In Fig. 4.9 the sizes of
speci�c peaks are traced as a function of dose time and we can follow the
evolution of the peaks together. The �gure tells the same story as above,
some of the peaks (290 and 318, and 322 and 324) appear together. A likely
explanation for this is that the higher mass molecules (318 and 324) fracture
in the mass spectrometer, and have a favoured fractionation route - the loss
of C2H4 and the loss of H2 respectively. This observation is supported by
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Figure 4.8: Mass distribution of superhydrogenated coronene for di�erent atomic
dose times.

the contour plots in Fig. 4.6, where we can see that mass 290 desorbs at
the same temperature as mass 318, and the same is true for masses 322 and
324.

4.2.1 Stable Con�gurations

The appearance of peaks at distinct masses in the mass distribution of su-
perhydrogenated coronene suggests that certain stable con�gurations can
be reached. The �rst stable peak after pristine coronene appears at 310
amu, suggesting that the �rst 10 atoms are added very quickly. Rauls and
Hornekær [74], studied the addition of the �rst eight atoms to coronene us-
ing DFT, and found that, once the barrier for the �rst addition had been
overcome, subsequent additions happened fast and at low to vanishing bar-
riers. Keeping this in mind, the experimental results are not unexpected.
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Figure 4.9: Evolution of the relative yield speci�c masses with dose time.

Subsequent peaks are seen at 314 and 318 amu, likely corresponding to sta-
ble con�gurations of superhydrogenated coronene.
The peak at 322 amu is likely a fragment of the fully superhydrogenated
molecule, with mass 324 amu. This hypothesis is based on the fact that the
two masses desorb at the same temperature and the two masses follow the
same evolutionary trend in Fig. 4.9.
If it is indeed the case that the peak at 322 amu is merely a fragment of a
molecule with mass 324 amu, the last real peaks in the mass distribution are
318 and 324 amu. These peaks are separated by 6 amu, an could therefore
likely be the result of a barrier for centre site addition. This would suggest
a di�erent hydrogenation route than that found by Rauls and Hornekær [74].

The stable con�gurations and their hydrogenation routes are being stud-
ied with DFT calculations Rocco Martinazzo from Milan, but at the time of
writing these are not yet complete.
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4.3 Addition Cross Sections

In order to investigate the e�ciency of PAHs as catalysts of H2 formation in
the ISM, it is necessary to �nd the addition and abstraction cross sections
of hydrogen. The addition cross section for the �rst hydrogen atom σadd(0)
can be found experimentally. This is done by plotting the relative yield of
pristine coronene as a function of H atom �uence, and �tting the following
exponential decay:

I300 = I0exp(−ΦDσadd(0)) + Iinf .

Here I300 is the relative yield of pristine coronene, I0 is the initial relative
yield of pristine coronene, without dosing hydrogen, and Iinf is the relative
yield of pristine coronene at an in�nite H atom dose. ΦD is the H atom
�uence. All quantities, except for the addition cross section are known, and
σadd can be varied until the best �t to the data is achieved.
The �ts for both deuteration and hydrogenation are shown in Fig. 4.10 (a)
and (b) respectively. For deuterium a cross section of σadd(0) = 0.25±0.14

0.05 Å
2

is found, whereas for hydrogen a signi�cantly lower addition cross section of
σadd(0) = 0.065±0.1

0.05 Å2 is found. If this lower cross section is a true result,
it could suggest that a high temperature route to deuterium enrichment of
PAHs exist. However, this will need further investigation to con�rm, and
it is worth noting that the exponential function does not �t the deuterium
data very well at higher �uences.

It is not possible to calculate the subsequent addition and abstraction
cross sections directly from the experimental data. Simple kinetic simula-
tions have been used previously [82], with hot deuterium. However, the peak
structure of the data for colder atoms necessitates the use of site speci�c ki-
netic Monte Carlo simulations, which are underway in collaboration with
Dr. Herma Cuppen in Nijmegen.

4.4 Binding Energies to HOPG

The binding energies of superdeuterated coronene to the HOPG surface has
been studied experimentally and by DFT previously [83], and the results
of that study were discussed brie�y in chapter 1 of this thesis. In that
study the coronene on HOPG was deuterated using a beam of atoms at a
kinetic temperature of 2300 K. The mass distribution of the superdeuter-
ated coronene in this case, shows no sign of peak structure [80], in the way
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(a) Decay of pristine coronene for hydrogen addition.
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Figure 4.10: The decay of the pristine coronene signal as a function of hydrogen
(a) and deuterium (b) �uence. Each decay is �tted with multiple
curves for di�erent addition cross sections for the �rst atom. The
best �t is found for cross sections of 0.065 Å2 for hydrogen and 0.25
Å2 for deuterium.
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(a) Peak desorption temperatures for su-
perhydrogenated coronene.
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(b) Peak desorption temperatures for su-
perdeuterated coronene.

Figure 4.11: The peak desorption temperature for a range of masses for hydro-
gen (a) and deuterium (b) addition to coronene on graphite, using
atoms at a kinetic temperature of roughly 1000K.

which is seen for deuteration and hydrogenation with colder atoms. As a
result it is worth re-examining the binding energy of the superdeuterated
and superhydrogenated species.
When the peak desorption temperature of a molecule is known the desorp-
tion energy (the binding energy to the substrate) can be determined using
the Redhead equation [146]:

Edes = kBTP ln[(
νTP
β

)− 3.46],

where TP is the peak desorption temperature, ν is a pre-exponential factor,
β is the temperature ramp rate, and kB is the Boltmann constant. The
pre-exponential factor is assumed to be between 8.917s−1 and 4.8× 1018s−1,
which has been determined for pristine coronene [84]. A pre-exponential
factor of ν = 2.9× 1018 was used to calculate the desorption energies.

The desorption temperatures for a range of mass con�gurations of hy-
drogenated and deuterated coronene on HOPG are plotted in Fig. 4.11.
The desorption temperature is found for di�erent peaks a di�erent dose
times. The desorption temperatures for superhydrogenated coronene are
shown in Fig. 4.11(a) and those for superdeuterated coronene are shown in
Fig 4.11(b). These temperatures are used to calculate the desorption ener-
gies of the species, which are shown in Fig. 4.12, for hydrogen (red circles)
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Figure 4.12: Desorption energies of superhydrogenated coronene (red circles)
and superdeuterated coronene (green squares) from HOPG.

and deuterium (green squares) addition respectively. In this �gure the des-
orption energies are plotted as a function of number of added atoms rather
than mass, to allow direct comparison between hydrogenated and deuterated
species.
The evolution of the binding energies with added atoms follow the same
trend whether the coronene molecules are hydrogenated or deuterated, and
the values are comparable within uncertainties, and so it does not appear to
have an e�ect on the binding energy to the substrate whether hydrogen or
deuterium is used in the addition reactions.

In order to compare the results to the previous study [83], the binding
energies of superdeuterated coronene to HOPG are plotted in Fig. 4.13 for
molecules exposed to hot (2300 K, blue triangles) and cold (1000 K, red
squares) atoms. The data for the hot atoms is borrowed from [83], and their
calculations were done using the same parameters as used here.
For the �rst 10 or so additions (masses 300 amu to 320 amu), the two curves
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follow the same trend of decreasing desorption energy. There is a slight
o�-set, which may be explained by di�erent temperature calibrations, and
is corrected by normalising to the desorption temeprature of the pristine
coronene monolayer. When higher deuteration states are reached there is a
clear diversion in the curves for the hot and cold atoms. Where the binding
energies for the molecules deuterated with hot atoms continue to decrease
rapidly until a mass of roughly 348 amu, only then to increase again, the
binding energies for molecules exposed to cold atoms seems to level o� after
a mass of 320 amu, at a (normalised) binding energy of about 1.5 eV.
This di�erence in binding energies may be explained if the deuteration routes
di�er depending on the temperature of the atoms. This will probably be the
case if barriers exist for deuterium or hydrogen addition to speci�c cites. It is
worth noting that the diversion only appears after the addition of 10 atoms,
the same number at which the �rst peak appears in the superhydrogenated
coronene mass distribution. This then lends credit to the suggestion that
there is a barrier for further additions, but that these may be more stable.

4.5 Summary

It has been shown that it is possible to superhydrogenate and deuterate
the PAH molecule coronene with low temperature atoms down to 500 K.
Some mass con�gurations are more stable than others, and could indicate
potential barriers for some additions. It appears there is a di�erence of 6
atoms between the two last stable superhydrogenation stages, which could
potentially be attributed to a barrier towards centre site addition. This is a
hypothesis which will need to be tested further, through DFT calculations
and further experiments. If it is con�rmed it would mean that coronene on
HOPG undergoes a di�erent hydrogenation route than that proposed for a
free standing coronene molecule by Rauls and Hornekær [74].
The cross section of addition of the �rst atom was calculated from the exper-
imental data, and was found to be signi�cantly higher for deuterium than for
hydrogen. The theoretical model does not �t the deuterium data very well
for high atom �uences, however, and it is possible that this is what causes
the discrepancy. Another possibility is that functionalisation of coronene
with hydrogen isotopes presents a route of deuterium enrichment of PAHs
in the ISM. Further studies will be needed to con�rm this hypothesis.
Finally, the binding energies of the superhydrogenated coronene species to
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Figure 4.13: The binding energies to graphite measured for deuterated coronene
with hot deuterium (blue triangles) and cold deuterium (red
squares). Data for hot deuterium borrowed from [83].

the HOPG surface were investigated. It was found that for low degrees of
hydrogenation and deuteration (up to 10 excess atoms), the binding ener-
gies follow the same decreasing trend as seen by Skov et al. [83], where
deuteration was carried out at a higher atom beam temeprature. However,
for additions of more than 10 atoms, the binding energies start to diverge
depending on the atom temperature. The binding energies of the molecules
deuterated by hot atoms continue to decrease, until a minimum is reached,
then increase slightly again. The binding energies of the molecules deuter-
ated with colder atoms level o� and remain almost constant within the un-
certainties. This could suggest that di�erent hydrogenation routes, leading
to di�erent molecular structures, are achieved depending on the temperature
of the atomic beam.



Chapter 5

Experimental Results - Fullerenes

It never hurts to keep looking for sunshine.

� A. A. Milne, Winnie the Pooh

The buckminster fullerene C60 has been identi�ed in only a few PNe and
RNe in the ISM, and is expected to have a lifetime of only a few millions of
years [112, 113]. However, it is very stable towards UV irradiation, and the
interstellar radiation �eld is not enough to e�ciently dissociate the pristine
molecule.
Adding hydrogen to the molecule will disturb its aromaticity, and may well
weaken the carbon skeleton su�ciently for it to become unstable against
UV irradiation. In these experiments we aim to grow a monolayer of C60

molecules on a substrate, hydrogenate it, and UV irradiate it. Every step
will be analysed using STM.

The experiments and image selection presented here were performed in col-
laboration with Dr. Martha Sche�er. The analysis was carried out by me. A
very limited time window of two weeks was available for these experiments,
and as a consequence, the results presented here are very preliminary, and
while a hydrogenated monolayer of C60 on Au(111) was obtained, there was
not enough time to complete the UV irradiation part of the experiment, not
to transfer the system to a HOPG surface.

83
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Figure 5.1: Atomically resolved clean HOPG, used for calibrating the piezo ele-
ments. Scanning paramters: It = −0.900 nA, Vt = −5.2 V.

5.1 C60 on HOPG and Au(111)

The STM is calibrated using clean HOPG. Fig. 5.1 shows and STM image
of atomically resolved clean HOPG. The main image (a) has been �ltered
to remove noise, using the Fourier transform. The original image is shown
in the insert (b). The insert (c) shows the Fourier transform used in the
calibration. The distance between opposite dots in the Fourier transform is
measured as the inverse of the wavevector, 1/k. In the case of HOPG, where
every second atom is seen in an atomically resolved image, this should have
a value of 2.13. The measured value is 1.71, and a correction factor of 1.25
must be applied to the images to obtain the correct scaling. The scale bar in
Fig. 5.1 and every subsequent image shows the corrected scale. Furthermore
�lters have been applied to �atten the images and heighten the contrast.
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5.1.1 HOPG

HOPG is often used as a substrate in astrochemical experiments to model
carbonaceous dust grains in the ISM. It is also a useful substrate for studying
reactions independent of the surface because it, in the case of physisorption,
has a lower interaction with the adsorbate than various metal surfaces. This
is because it is very di�cult to create a dipole-dipole interaction between
the adsorbate and the graphite structure, owing to the electronic structure
of graphite.
As a result performing the C60 hydrogenation experiments on HOPG would
be preferable. Fig. 5.2 shows the growth of C60 on HOPG. In this case C60

was dose at a sublimation temperature of 652 K for 30 s.
The molecules cluster together and grow in a dendritic fashion from the sted
edges of the graphite. Annealing the sample in steps up to 900 K had no
e�ect on the structure of the molecules, and it was not possible to clean the
crystal su�ciently to prevent further dosing from growing from the struc-
tures already present on the surface. As a consequence of the problems with
dosing C60 on HOPG and the very limited time allotted for the experiment,
a decision was made to switch to a gold surface (speci�cally Au(111) foil
on Mica, which from now on will be referred to as Au(111)), where C60 is
known to form ordered structures [147].

5.1.2 Au(111)

The Au(111) foil was cleaned through sputtering with Ar+ ions at a pressure
of 3×10−6 mbar for 10 minutes, followed by annealing to 720 K for 5 minutes.
This cycle was repeated a total of seven times overnight.
The �rst attempt at dosing C60 on Au(111) is shown in Fig. 5.3 (a,b). In
this case the molecules were dosed at a sublimation temperature of 648 K
for 45 s. The result is a very low coverage, with only a few molecules sticking
to the step edges of the surface, and the herringbone reconstruction of the
clean surface easily distinguishable on the terraces. Dosing another 5 min
at a higher sublimation temperature of 662 K results in the kind of coverage
shown in Fig. 5.3(c), where the step edges on the surface are completely
saturated with molecules, but the coverage in general is still very low.

When the step edges are saturated, islands start to grow, shown in Fig.
5.4. The dosing parameters in this case is an additional 15 minutes at a
sublimation temperature of 673 K. A large scale image of the islands is
shown in Fig. 5.4(a), showing many small islands, some 20-30 nm across
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Figure 5.2: C60 molecules on HOPG. The growth happends from the step edges
in a dendritic fashion, and some clustering is observed. Scanning
parameters: (a) It = −2.29 nA, Vt = −1277.1 mV; (b) It = −0.650
nA, Vt = −1164.8 mV.

Figure 5.3: C60 growth on Au(111) after a 45 s dose at 603 K (a, b), and a
further 45 s at 648 K (c). Scanning parameters: (a) It = 0.350 nA,
Vt = 2087.1 mV; (b) It = 0.140 nA, Vt = 2087.1 mV; (c) It = −0.250
nA, Vt = −2152.4 mV.
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Figure 5.4: When step edges have been saturated C60 on Au(111) stars to grow
small, densely packed islands, on which molecular resolution is ob-
tained. Scanning parameters: (a) It = 0.350 nA, Vt = 2087.1
mV; (b) It = −0.140 nA, Vt = −2087.1 mV; (c) It = −0.170 nA,
Vt = −2152.4 mV. d) is the same image as c) with a FFT �lter
applied to remove noise.

growing from step edges on the Au(111) surface. A zoom in on one of the
islands is shown in Fig. 5.4(b). I is possible to obtain molecular resolution
on the island, shown in the zoom in in Fig. 5.4(c). A FFT �lter is applied
in Fig. 5.4(d) to remove noise. At this coverage the surface is not very
uniform, and many tip changes result, and a higher coverage is needed to
obtain a stable surface, where hydrogenation will be possible to study.
From these results it seems growth of C60 on Au(111) starts at the step edges
and island growth will not begin until the edges are completely saturated.
Growth takes place in an orderly fashion, and once the molecules are at a
step edge or part of an island they are no longer mobile on the surface.

A ML of C60 on Au(111) is obtained by dosing at a sublimation tem-
perature of 713 K for 20 minutes on a clean sample. This dose results in
a coverage slightly above 1 ML, and as a result the structure is somewhat
disordered. Annealing to 420 K desorbs the multilayers and results in a
well-ordered, densely packed monolayer with few defects, as shown in Fig.
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Figure 5.5: Monolayer of C60 an Au(111). Scanning parameters: It = −0.140
nA, Vt = −1632.7 mV.

5.5, where molecular resolution is easily achieved, even at a relatively large
scale.

5.2 Deuteration of C60 on Au(111)

A relatively low degree of deuteration of the C60 ML is shown in Fig. 5.6.
This degree of hydrogenation was obtained by back�lling the chamber with
D atoms through the cracker to a base pressure of 3 × 10−8 mbar for ap-
proximately 10 minutes, while the sample was still in the STM, followed by
annealing the sample to 420 K.
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Figure 5.6: Low degree of deuteration of C60 on Au(111). Deuterated by back�ll-
ing the chamber with deuterium through the H cracker at a pressure
of 3× 10−8 mbar for between 5 and 10 minutes while sample resided
in the STM, followed by an anneal to 420 K. Scanning parameters:
(a,b) It = −0.110 nA, Vt = 0.260 nA, Vt = 1846 mV.

The molecules are still resolvable, but appear in varying degrees of bright-
ness, corresponding to brighter molecules being deuterated. At least three
di�erent brightnesses are observed, likely corresponding to pristine C60 and
two or more deuteration states, with the brightest molecules exhibiting the
highest degree of deuteration. At this overall degree of deuteration more
than half the ML still appears undeuterated, and the herringbone recon-
struction of the Au(111) surface is visible under the layer of molecules.

To obtain a higher degree of deuteration the sample was exposed to a
beam of deuterium atoms directly in front of the H cracker, for 5 s, and
annealed to 500 K. This results in just over two thirds of the molecules ap-
pearing deuterated to various degrees. This is shown in Fig. 5.7. From direct
comparison with Fig. 5.6, it is clear that many more molecules are deuter-
ated, and from the increase in very bright dots, it seems higher deuteration
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Figure 5.7: High degree of deuteration of C60 on Au(111), achieved by exposing
sample directly to a beam of deuterium atoms at 2300K for 5 s,
followed by an anneal to 500 K. Scanning parameters: (a) It =
−0.120 nA, Vt = −1790.1 mV; (b) It = −0.140 nA, Vt = −1790.1
mV; (c) It = −0.110 nA, Vt = −1962.9 mV.

states are achieved. In addition to the same three or so di�erent brightnesses
seen for the low degree of deuteration there are also a number of very bright,
extended blobs. These could possibly be attributable to either a very high
degree of deuteration of one molecule, or a cluster of moderately deuterated
molecules. It is possible to get rid of the extended bright blobs by anneal-
ing to 500 K a second time, the result of which is shown in Fig. 5.8. The
C60 layer maintains a very high deuteration state with the molecules show-
ing three di�erent brightnesses, but the very bright, extended blobs are not
present.

It has not been possible to resolve the lobe structure of the molecules,
either in deuterated or pristine form. As a result is is di�cult to speculate
on the actual degree of deuteration obtained for the individual molecules. It
is clear though, that some degree of deuteration of most of the molecules in
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Figure 5.8: High degree of deuteration of C60 on Au(111), achieved by exposing
sample directly to a beam of deuterium atoms at 2300K for 5 s,
followed by annealing to 500 K twice. Scanning parameters: (a)
It = −0.110 nA, Vt = −1164.8 mV; (b) It = −0.120 nA, Vt =
−1164.8 mV; (c) It = −0.130 nA, Vt = −1164.8 mV

the monolayer is easily achievable.
The next step is to UV irradiate the deuterated monolayer of C60. This can
be done while scanning, and it will be possible to observe any polymerisation
or other changes in real time.





Chapter 6

Astrophysical Observations

It is not in the stars to hold our destiny, but in

ourselves.

� William Shakespeare, Julius Ceasar

The work presented in this chapter was carried out over a four months
stay at University of Western Ontario, under the supervision of prof. Els
Peeters, and with support from Drs. Matthew Shannon and David Stock.
The aim of this investigation is to relate the results of my experiments to
an astronomical environment, and to determine whether superhydrogenated
PAHs can be found in space, and where. I also investigate whether there
is a relation between the astronomical PAH class of an object and the de-
gree of aromaticity of the emitting population. The work has led to the
article Aliphatic Features in the 6-12 µm Mid-Infrared Polycyclic Aromatic
Hydrocarbon Spectra [66], which is ready to be submitted to the journal
Astronomy and Astrophysics.

6.1 Introduction

It is well established that the emitting PAH population, and by extension
their physical and chemical environment, can be characterised through com-
parison between observed and experimentally measured spectra, see e.g.
[48, 49, 50, 51, 52, 54, 55, 56, 57]. The spectral pro�les and peak positions
of the PAH features may vary between objects, and even spatially within
extended objects, and based on this variation the spectra are divided into

93
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four PAH classes, A, B, C, and D, as discussed in section 1.3.2. The PAH
classes are found to vary somewhat depending on object type, with class
A emission usually found in ISM objects, class B emission covering a large
variety of objects from YSOs to PNe, and classes C and D mostly found
in pAGB stars, prior to the PN stage. The spectral variation between the
PAH classes re�ect a change in the emitting population, and it is possible
that it may be caused by a varying importance of aliphatic material, see e.g.
[61, 12, 62, 63, 64, 65], which we study in more detail here.
The degree of aromaticity can be studied directly through bands at 3.4, 6.9,
and 7.25 µm, which are aliphatic in nature [67, 68, 69, 42, 43]. However, it is
not obvious what type of aliphatic material is the cause of these bands in the
ISM, as they are present in many types of aliphatic molecules, like hydrocar-
bon chains, methyl sidegroups on larger molecules, and superhydrogenated
PAHs. The object here is to study the aliphatic bands at 6.9 and 7.25 µm
in the PAH spectra of a large sample of objects, in order to determine what
type of aliphatic material causes them to appear, and whether there is a
preference for certain types of object and any correlation with PAH class.

6.2 Sample

The sample consists of 63 galactic and Magellanic Cloud sources in total,
sixty-two spectra selected from literature [47, 12, 13, 63, 148, 149, 150, 44,
59], and one previously unpublished spectrum, observed with the FORCAST
instrument [151] on SOFIA [152, 153]. Two selection criteria were applied
to the sources previously observed with the Short Wavelength Spectrometer
[154, SWS] on the Infrared Space Observatory [155, ISO], and the Infrared
Spectrograph [156, IRS] on the Spitzer Space Telescope [157] to determine
the sample. Firstly we considered all sources which had previously shown
evidence of emission at 3.4, 6.9, and/or 7.25 µm. Secondly we looked at a
large number of sources classi�ed as B, C, or D sources [47, 58, 59], as these
are the sources expected to show the strongest aliphatic emission [12, 13].
The sample also includes six class A or AB spectra. These were included
because they have either previously shown evidence of aliphatic emission or
previously been misclassi�ed. Evidence of the aliphatic feature at 6.9 µm
was found in two of the sources, whereafter all class A or AB sources from
Sloan et al. [12, 13] where investigated in case the aliphatic feature had
been missed in any of those. No evidence for aliphatics was found in any
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further sources. Twelve of the 63 sources were observed with ISO-SWS and
the remainder with Spitzer-IRS.
IRAS05341+0852 was observed with the FORCAST instrument on SOFIA
(PI: Peeters, ID: 03_0032), and it was chosen because it has previously
shown an unusually strong aliphatic feature at 3.4 µm [11], but no mid-IR
spectrum has previously been published. The observation was carried out us-
ing the FORCAST cross-dispersed grisms, FOR_XG063 and FOR_XG111.

Of the total sample of 63 objects, thirty-four exhibit and emission feature at
6.9 and/or 7.25 µm, detected at a signal-to-noise ratio of 3 or higher. Eleven
exhibit a feature at 7.25 µm, while 31 exhibit a feature at 6.9 µm.
The sources in the sample were identi�ed using the SIMBAD database
[158] and the SAGESpec (Surveying the Agents of Galaxy Evolution: Spec-
troscopy) Spitzer legacy program [159], by following Sloan et al. [13]. Using
these tools it was possible to identify the object type of 60 of the 63 sources.
The sample contains 33 pAGB stars, 16 PNe, �ve Herbig AeBe stars, three
variable stars, and two emission line stars. The full list of sources, includ-
ing their object type, PAH class, and whether or not they exhibit aliphatic
emission, can be found in Table. 6.1.

6.3 Analysis Methods

First, a dust continuum is �t to every spectrum in the sample, using a
spline function anchored on points adjacent to known PAH features. This
is a method which has been used successfully a number of times before
[160, 47, 148, 161, 162, 163, 164]. The continuum is drawn under the full
7.7 µm complex rather than anchoring it between the 7.7 and 8.6 µm fea-
tures, to ensure consistent classi�cation of all spectra [12, 13]. An example
of a spectrum before and after continuum subtraction can be seen in Fig.
6.1(a,b).

After continuum subtraction the integrated �uxes of the relevant features
are measured. To �nd the integrated �uxes of the 6.2 and 11.2 µm features,
we simply integrate across the feature, starting the integration at 6.1 and
11.1 µm respectively, to avoid contamination from the 6.0 and 11.0 µm fea-
tures. The aliphatic bands at 6.9 and 7.25 µm are �tted with one Gaussian
function each, which is then integrated to �nd the �ux. A 3σ SNR criterion
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Table 6.1: The sample

Source AOR key / TDT Object type PAH class Aliphatics? Instrument Reference
BD+30 3639 86500540 PN B no ISO/SWS 9
CRL 2688 35102563 post-AGB C no ISO/SWS 9
HD 34282 3577856 Herbig AeBe star B yes Spitzer/IRS 1
HD 44179 70201801 post-AGB B no ISO/SWS 7
HD 135344 3580672 Herbig AeBe star B yes Spitzer/IRS 1
HD 139614 3580928 Herbig AeBe star B yes Spitzer/IRS 1
HD 141569 3560960 Herbig AeBe star B no Spitzer/IRS 1
HD 169142 3587584 Herbig AeBe star B yes Soitzer/IRS 1
He2 113 43400768 PN B no ISO/SWS 9
HR4049 17100101 post-AGB B no ISO/SWS 9
IRAS f05110-6616 25992704 post-AGB D yes Spitzer/IRS 2
IRAS f05192-7008 24314624 post-AGB B yes Spitzer/IRS 2, 6
IRAS z05259-7052/J052520 25996032 post-AGB D yes Spitzer/IRS 2, 6
IRAS 00350-7436 27517184 post-AGB B yes Spitzer/IRS 6
IRAS 05063-6908 19006720 post-AGB D yes Spitzer/IRS 2, 6
IRAS 05073-6752/J050713 24317184 post-AGB D yes Spitzer/IRS 2, 6
IRAS 05092-7121 25992448 post-AGB B yes Spitzer/IRS 2, 6
IRAS 05127-6911/J051228 24316928 post-AGB A no Spitzer/IRS 2, 6
IRAS 05185-6806 19011840 post-AGB B yes Spitzer/IRS 6
IRAS 05341+0852 - post-AGB - yes SOFIA/FORCAST -
IRAS 05360-7121 19008256 post-AGB B yes Spitzer/IRS 6
IRAS 05370-7019 24315648 post-AGB B no Spitzer/IRS 6
IRAS 05413-6934/Cluster35 23884032 post-AGB D yes Spitzer/IRS 6
IRAS 05537-7015 27084032 post-AGB B no Spitzer/IRS 2, 6
IRAS 05588-6944 25992960 post-AGB B yes Spitzer/IRS 2, 6
IRAS 06111-7023 19013120 post-AGB D yes Spitzer/IRS 6
IRAS 07027-7934 73501035 PN B no ISO/SWS 9
IRAS 13416-6243 62803904 post-AGB C no ISO/SWS 7
IRAS 14429-4539 25453824 post-AGB B yes Spitzer/IRS 4
IRAS 15482-5741 25454336 post-AGB D yes Spitzer/IRS 4
IRAS 17047-5650 13602083 PN B yes ISO/SWS 9
IRAS 17311-1553 - - B no ISO/SWS 9
IRAS 17347-3139 87000939 PN B yes ISO/SWS 9
IRAS 18379-1707 17502976 post-AGB B no Spitzer/IRS 3
IRAS 19306+1407 17509888 post-AGB B no Spitzer/IRS 3
IRAS 20462+3416 17504512 post-AGB B no Spitzer/IRS 3
IRAS 22023+5249 17505024 post-AGB B no Spitzer/IRS 3
J00444111-7321361 27525120 Variable star D yes Spitzer/IRS 6
J01054645-7147053 27518464 emission line star D yes Spitzer/IRS 6
J05204385-6923403 27985920 Variable star D yes Spitzer/IRS 2, 6
MSX SMC 029 10656256 post-AGB B yes Spitzer/IRS 7
MWC 922 70301807 emission line star B no ISO/SWS 9
NGC 1978 WBT2665 11239680 post-AGB D yes Spitzer/IRS 6
SMP LMC 008 15902464 - B no Spitzer/IRS 6, 8
SMP LMC 013 4947968 PN B no Spitzer/IRS 8
SMP LMC 025 14701568 - A no Spitzer/IRS 6
SMP LMC 036 4949248 PN B no Spitzer/IRS 8
SMP LMC 038 12633600 post-AGB B no Spitzer/IRS 8
SMP LMC 051 22421504 PN B no Spitzer/IRS 6
SMP LMC 058 4950784 post-AGB B yes Spitzer/IRS 6, 8
SMP LMC 061 12633856 post-AGB B no Spitzer/IRS 8
SMP LMC 075 25993984 PN B yes Spitzer/IRS 2
SMP LMC 076 4951296 post-AGB B yes Spitzer/IRS 6, 8
SMP LMC 078 15902208 PN B no Spitzer/IRS 8
SMP LMC 085 4952320 PN AB no Spitzer/IRS 8
SMP LMC 099 14705664 PN B no Spitzer/IRS 5
SMP SMC 001 4953088 post-AGB/PN B yes Spitzer/IRS 6, 8
SMP SMC 003 4953600 PN B no Spitzer/IRS 8
SMP SMC 006 4954112 PN B yes Spitzer/IRS 6, 8
SMP SMC 011 15902976 PN A yes Spitzer/IRS 6, 8
SMP SMC 018 14707456 post-AGB A no Spitzer/IRS 6
SMP SMC 020 14707968 PN AB yes Spitzer/IRS 6
XX-Ophiuchus 46000601 Variable star B yes ISO/SWS 9

(1) keller2008; (2) matsu2014; (3) cerri2009; (4) cerri2011; (5) CASSIS cassis; (6) sloan2014; (7)
sloan2007; (8) bernard2009; (9) peeters2002 The AOR (Astronomical Observation Request) key
uniquely de�nes a Spitzer observation. The TDT (Target Dedicated Time) uniquely identi�es an

ISO-SWS observation. [Ar II] means that an argon line was at �rst misidenti�ed as an aliphatic feature.
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Figure 6.1: The spectrum of IRAS 06111, showing the continuum spline �t (a)
and the continuum subtracted spectrum (b).

is applied for a positive detection.
To decompose the 7.7 µm complex, four Gaussian functions are �tted to the
complex from approximately 7-9 µm. This is done in order to i) be able to
isolate the 8.6 µm feature in spectra where it is clearly separate from the rest
of the complex and ii) make it easier to deal with noisy spectra [165, 166].
Four Gaussian functions are used because it is the smallest number which
can �t the entire complex. The central wavelengths and full width half max-
ima (FWHM) of the Gaussian functions are allowed to vary to ensure the
best �t to a given spectrum. This is necessary since the 7.7 µm complex
shifts as a whole [47]. This is especially true for class B spectra. An example
of the decomposition of the 7.7 µm feature is presented in Fig. 6.2.

6.3.1 Classi�cation

The central wavelength of the 7.7 µm complex is determined by �nding its
bisector [12, 13], accepting an error less than 1%. The sources are then
classi�ed according to the central wavelength and shape of their 7.7 µm
complex.
Class A sources have a central wavelength λc > 7.7µm, and the feature at
8.6 µm is a clearly distinguishable, separate feature. For class B sources
7.7 < λc < 8.0µm. The feature at 8.6 µm is still a separate feature, though
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Figure 6.2: The 7.7 µm complex of IRAS06111. The Gaussian functions used to
decompose the spectrum are �lled in, and the green curve shows the
total �t to the spectrum. The vertical black line marks the central
wavelength of the complex.

it may appear more blended than in class A sources. There is much variation
across the class. Class C sources have very red central wavelengths, with
8.15µm < λc < 8.20µm, and do not show a separate feature at 8.6 µm. The
entirely 7.7 µm complex in a class C source is one broadened feature reaching
from approximately 7.5 to 9 µm. Class D sources tend to have a redder
central wavelength than class B sources, but without quite as much variation,
and not as red as class C. Typically, 7.9µm < λc < 8.0µm. The feature at
8.6 µm tends to be weak and/or very blended. The di�erent PAH classes
are discussed in further detail in [47, 58, 59].
A typical spectrum belonging to each of the four classes can be seen in
Fig. 6.3, clearly illustrating the di�erences between the classes in shape
and wavelength of the 7.7 µm complex. This sample contains four class A
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sources, and two sources which were neither obvious class A or B sources,
but somewhere in between. There are also 44 class B sources, two class C
sources, and 11 class D sources.
The source IRAS 05341+0852 was observed using FORCAST/SOFIA, which
has a gap in the spectrum from approximately 7 to 9 µm, and so cannot be
classi�ed according to its 7.7 µm complex. However it has been shown that
the peak wavelenghts of the 6.2 and 11.2 µm bands are correlated to the
central wavelength of the 7.7 µm complex, and therefore also re�ects PAH
class [47, 58, 12], and so IRAS 05341+0852 can be tentatively classi�ed using
those bands.
We measure λp(6.2) = 6.27 ± 0.02µm and λp(11.2) = 11.35 ± 0.02µm. The
peak wavelength of the 6.2 µm feature is redder than the expectation for
class A sources, but close to the red end of what is expected for class B.
The wavelength of the 11.2 µm feature however is much longer than would
be expected for either A and B. Comparing to [12], based on the central
wavelengths of the 6.2 and 11.2 µm features, the central wavelength of the
7.7 µm complex is expected to fall between 8.15 and 8.20 µm, and thus IRAS
05341+0852 is most likely a C class source.

6.4 Results

The results can be divided into three parts. First band pro�le variations in
the di�erent PAH classes are investigated, then the pro�les of the aliphatic
features are studied, and lastly any correlations present between features are
determined.

6.4.1 PAH Class and Band Pro�les

The sample spans all four PAH classes and a large range of astronomical
objects. Insofar as the objects could be identi�ed, we have studied any
correlations and trends between object type and PAH class. The C and D
class sources in our sample were mostly pAGB stars, with some variable
stars present among the class D sources as well. IRAS 05341-0852, which is
expected to exhibit C class emission is also a pAGB star. The C and D class
spurces in the sample contain no PNe or YSOs. This would suggest that C
and D class sources are mainly circumstellar environments where signi�cant
mass loss and dust formation is ongoing or has very recently taken place.
The B class sources in the sample encompass a large variety of objects from



100 CHAPTER 6. ASTROPHYSICAL OBSERVATIONS

6 7 8 9 10 11 12
Wavelength (µm)

0

2

4

6

8

10

12

14

Of
fs

et
 n

or
m

al
is

ed
 fl

ux
 d

en
si

ty
Class A: SMP SMC 011
Class B: HD 135344

Class C: CRL 2688
Class D: IRAS 06111

Figure 6.3: Four spectra showing typical class A, B, C, and D pro�les respec-
tively.

YSOs to PNe and anything in between, whereas all the class A sources in
this sample are PNe. The sample contains no ISM objects, most probably
because our sample selection criteria are biased towards B, C, and D class
souces.

It has previously been shown that class A and C spectra vary very little
between objects, whereas there is a very large variation in B class spectra
across di�erent objects [47, 58]. Here we investigate whether there is any
variation in D class spectra across di�erent objects.
There are 11 D class objects in the sample, the average spectrum of which is
shown in Fig. 6.4. The three D class spectra showing the most variation with
respect to the average are plotted on top, and the average central wavelength
(λP,avg) is marked with a solid vertical line. There is clearly some variation
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Figure 6.4: The average D class pro�le, with the three spectra which vary the
most compared to the average overplotted. The vertical line marks
the average peak wavelength of the 7.7 µm complex. The spectra
are normalised to the �ux of the 7.7 µm complex.

in the shape and peak wavelength of the 7.7 µm complex, though it is much
less than that seen in class B spectra [47]. The average central wavelength
of the 7.7 µm is found to be λP,avg = 7.96 ± 0.09µm. The large standard
deviation is mainly caused by two outliers, NGC1978WBT2665 and IRAS
05063-6908, with λP = 7.79 and 8.14 µm respectively. For the other class D
sources the 7.7 µm complex peaks between 7.9 and 8.0 µm. All the sources
in class D have a broadened 7.7 µm complex, similar to class C sources,
though it is not quite as redshifted. It also tends to have a weak feature or
shoulder at 8.6 µm, which is completely washed out in C class sources [47].
The peak positions of the 6.2, 6.9, and 11.2 µm features do not seem to vary
much across the class, but the strengths do. Furthermore, all 11 D class
sources exhibit emission at 6.9 µm. This feature is discussed in more detail
in section 6.4.2.
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a                                                                                                        b      

Figure 6.5: (a) the green dashed curve represents the average D class spectrum
and the blue dashed curve the C class spectrum of IRAS13416, both
normalised to the �ux of the 7.7 µm feature and scaled. The solid
red curve is the result of subtracting a C class spectrum from the
average D class spectrum, and bears a strong resemblance to a D
class spectrum. (b) The dashed curves represent a C and B class
spectrum respectively, both normalised to the �ux of the 7.7 µm
complex, and the solid red curve is the linear combination of the
two. The average D pro�le spectrum is �lled in in grey.

Next the possibility of an evolution between the PAH classes is inves-
tigated, by studying the relation between B, C, and D class pro�les. The
results are shown in Fig. 6.5. First a C class spectrum is subtracted from the
average D class spectrum (Fig 6.5(a)), and the result very closely resembles
the pro�le of a B class spectrum. Then in Fig. 6.5(b) the linear combination
of a B and C class spectrum is shown to be very similar to the average D
class spectrum. This suggests that class D �ts in between classes B and C
in an evolutionary sequence.

6.4.2 Band Pro�les of the Aliphatic Features

Of the 63 sources in the sample, 34 (54.0%) show emission at one or both
aliphatics features at 6.9 and 7.25 µm features. These sources are listed in
Table 6.2, along with �uxes and peak positions of the relevant PAH features.

There are 31 sources (49.2%) in the sample exhibiting emission at 6.9 µm.
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Figure 6.6: The average 6.9 µm band pro�le, based on 31 detections, with the
6.9 µm bands from A class sources shown. The shaded region marks
the standard deviation.

The peak wavelength of the 6.9mum feature seems to vary continuously from
6.80 to 6.95 µm across the sample, with an average λP,avg = 6.91± 0.05µm.
This picture changes however, if we split the whole sample into subsamples
according to their PAH class.

In Fig. 6.6 the average pro�le of the 6.9 µm feature is plotted along with
the 6.9 µm features from the class A sources in the sample. The shaded
region around the average pro�le marks the standard deviation. There is
little variation between the two features, and though they peak at a slightly
shorter wavelength than that of the average, there is not much di�erence.

The di�erence between the peak position of the 6.9 µm features is much
greater in B class sources, as shown in Fig. 6.7, where the average band
pro�le is plotted with its standard deviation, along with a representative
sample of 6.9 µm features from B class sources. In this class the peak
wavelength of the feature varies continuously across the range mentioned
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Figure 6.7: The average 6.9 µm band pro�le, based on 31 detections, with a rep-
resentative sample of the 6.9 µm bands from B class sources shown.
The shaded region marks the standard deviation.

above. This is not unexpected, as the same is true for most other PAH
features in B class spectra [47, 58].

In D class sources there is little variation in peak wavelength of the 6.9
µm feature from that of the average. This is shown in Fig. 6.8, where the
6.9 µm features from the D class souces are plotted along with the average
pro�le. The average peak wavelength of the D class 6.9 µm features is 6.90
± 0.02 µm, so very close to that of the average, but with a much smaller
standard deviation.
Furthermore, all D class sources exhibit emission at 6.9 µm as previously
noted by Matsuura et al. [59] and Sloan et al. [13]. While its peak position
does not vary greatly across the sources, its strength does, and is observed
to be anywhere from 2 to 150 % of the strength of the 6.2 µm feature. This
makes the class D 6.9 µm feature much stronger than those observed in other
PAH classes [13], and is stronger than expected for minimally hydrogenated
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Figure 6.8: The average 6.9 µm band pro�le, based on 31 detections, with the
6.9 µm bands from D class sources shown. The shaded region marks
the standard deviation.

PAH species [43].
The average pro�le of the 7.25 µm feature, based on 11 detections, is

shown in Fig. 6.9, with the shaded area representing its standard deviation.
Plotted on top is a representative sample of 7.25 µm pro�les. The average
pro�le is much broader than any of the features, re�ecting a large variation
across the sample of features. This may in part be due to our detection
criteria, which required a signal-to-noise ration (SNR) of more than 3σ.
While most of the detection of the 6.9 µm feature were well above 10σ, most
of the 7.25 µm features were detected at 3-4σ. This feature thus appears to
be signi�cantly weaker than its counterpart. The 7.25 µm feature also sits
on top of the blue wing of the 7.7 µm complex, which needs to be removed
prior to characterisation. All in all, this leads to large uncertainties and
variation in the feature, and the central wavelength varies between the 11
features between 7.14 and 7.30 µm. The average peak wavelength of the
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Figure 6.9: The average 7.25 µm band pro�le, based on 11 detections, with a
representative sample of the 7.25 µm bands shown. The shaded
region marks the standard deviation.

feature is 7.23 ± 0.06 µm. Four of the sources with emission at 7.25 µm
are class D, the rest class B. Only one of those sources does not also exhibit
emission at 6.9 µm.

6.4.3 Correlation Studies

In order to determine what type of material is responsible for the aliphatic
features at 6.9 and 7.25 µm, we examine all possible correlations between
the features observed in the mid-IR PAH spectra.
We recover the previously observed correlation between the intensities of the
6.2 and 7.7 µm features. This is shown in Fig. 6.10. The intensities have
been normalised to the intensity of the 11.2 µm feature, and the �gure is
colour coded by class, but the correlation is based on the full sample. A
weighted Pearson correlation coe�cient (wPcc) of 0.856 is found. The ob-
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Figure 6.10: Correlation between the intensities of the 6.2 and 7.7 µm features,
normalised to the intensity of the 11.2 µm feature. Weighted Pear-
son correlation coe�cient: 0.856.

served range of the variations is larger than previously reported in literature,
icluding a sample of galactic PDRs and HII regions, Magellanic HII regions,
and galaxies of various types [167], a sample of galactic and Magellanic HII
regions and PNe [148], and the RNe NGC7023 [55] and NGC2023 [165].

The sample contains ten sources which exhibit emission at both aliphatic
features. Four of these are class D sources, and six a class B sources. Most
of these have a very strong 6.9 µm feature, with SNR > 10σ. The 7.25 µm
features tend to be much weaker, as discussed above, with SNR ≈ 3 − 4σ.
It is possible that a larger sample of the sources with 6.9 µm feature also
show some emission at 7.25 µm. A further six sources in the sample has a
detection of the 7.25 µm feature at SNR = 2.5− 3σ.

In sources where both aliphatic features are present, their intensities
seem to be strongly correlated. This is shown in Fig. 6.11. The �gure is
correlated by PAH class and the line of best �t is drawn. The intensities
have been normalised to that of the 6.2 µm feature. We �nd a wPcc of 0.843.
This would suggest that the two features, at least in sources where they are
both present, arise from the same type of material.
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Figure 6.11: Correlation between the intensities of the 6.9 and 7.25 µm features,
normalised to the intensity of the 6.2 µm feature. Weighted Pearson
correlation coe�cient: 0.843. A line of best �t is drawn to guide
the eye.

In order to determine what type of aliphatic material gives rise to the
features at 6.9 and 7.25 µm, it is helpful to examine how the correlate with
the aromatic PAH features. A strong correlation would suggest a relation to
PAHs, either in the form of superhydrogenation or as aliphatic sidegroups,
whereas no correlation would suggest that they arise from a separate type
of molecules, e.g. hydrocarbon chains.
In Fig. 6.12 we show the correlation between the intensities of the 7.2 and
11.2 µm features, normalised to the intensity of the 6.2 µm feature. In this
case a strong correlation is found with a wPcc of 0.882.

The case is di�erent for the 6.9 µm feature, where at �rst no correlation
is found between its intensity and that of the 11.2 µm feature (Fig. 6.13(a)).
In this case, all sources with a 6.9 µm feature were considered. If instead
we limit the analysis to sources with both aliphatic features present (Fig.
6.13(b)), a strong correlation is found, with a wPcc of 0.917.
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Figure 6.12: Correlation between the intensities of the 7.25 and 11.2 µm features,
normalised to the intensity of the 6.2 µm feature. Weighted Pearson
correlation coe�cient: 0.882. A line of best �t is drawn to guide
the eye.

Figure 6.13: Correlation between the intensities of the 6.9 and 11.2 µm features,
normalised to the intensity of the 6.2 µm feature. Lines of best
�t are drawn to guide the eye. In (a) all 6.9 µm detections are
considered and no correlation is found. In (b) only sources with
both a 6.9 and a 7.25 µm feature are considered. In this case a
strong correlation is observed, with a weighted Pearson correlation
coe�cient of 0.917.
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6.4.4 Summary

Overall for this project the average pro�le of the D class sources was stud-
ied, the individual aliphatic features were analysed in detail across all PAH
classes, and all possible correlations between aromatic and aliphatic features
were investigated.

1. When looking at object type and PAH class a trend is apparent. Class
A sources in our highly biased sample are solely PNe, while class B
contains anything from YSOs over pAGB stars to PNe, class C contains
only pAGB stars, while class D consists mainly of pAGB stars, but also
contains some variable stars.

2. We �nd little variation in the peak positions of the various PAH fea-
tures in class D objects in relation to the average pro�le, though the
strength of the features vary widely. All D class sources exhibit emis-
sion at 6.9 µm, and the feature tends to be quite strong, in some cases
even stronger than the 6.2 µm feature.

3. The average D class source seems to be a composite of C and B class
pro�les.

4. Thirty-four out of 63 sources exhibit either a 6.9 and/or a 7.25 µm fea-
ture. Nineteen of those are class B, eleven class D, two class A and one
class C. The last source with an aliphatic feature, IRAS 05341+0852
was observed with the FORCAST instrument on SOFIA, and could
therefore not be strictly classi�ed. It is however expected to exhibit a
C class emission pro�le.

5. Thirty-one sources have a 6.9µm feature. There is a large variation
in the peak wavelength of the 6.9 µm feature from the average, which
arises almost entirely due to variation in B class sources. The is very
little variation in the peak position of the 6.9 µm feature in class D.

6. Eleven sources have a 7.25 µm feature. Four are D class sources, the
rest are B class sources. There is a large variation in shape and peak
position of the feature, resulting in a very broad average feature pro�le,
exhibiting almost a double peak structure. Data with better sensitivity
will be required to perform better statistics on the feature.
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7. We �nd strong correlations between the intensities of the 6.2 and 7.7
µm features, normalised to the intensity of the 11.2 µm feature, and
between the intensities of 6.9 and 7.25, and 7.25 and 11.2 µm features,
normalised to the intensity of the 6.2 µm fetaure.

8. When considering all sources with a 6.9 µm feature we �nd no corre-
lation between the intensity of that feature and that of the 11.2 µm
feature. The correlation improves signi�cantly when only sources with
both aliphatic features are considered.

6.5 Discussion

The last section described the results from our investigation of the variations
in the band pro�les of mid-IR PAH spectra with respect to astrophysical
object type and PAH emission class, and with a speci�c interest in the
aliphatic features at 6.9 and 7.25 µm. In this section these results will be
discussed in relation to previous observational and experimental work.

6.5.1 Chemical and Structural Evolution of the
Emitting Population

It has previously been suggested that the PAH emission classes A, B, and
C re�ect a structural or chemical evolution in the emitting PAH population
[168, 47, 12, 50, 51, 63, 64, 65, 60]. A clear evolution across objects ex-
ists, with class containing mostly interstellar objects (e.g. PDRs, RNe, HII
regions, etc.) and only a few PNe, and class C consisting of pAGB stars,
while class B encompasses everything in between. Adding class D seems to
corroborate this, being made up of late-type stellar objects like pAGB stars,
and some variable stars.
The suggested evolutionary sequence is C → D → B → A → B, or in
terms of objects, from late-type stars (like pAGB stars) over PNe to ISM
objects and from there to YSOs. In this scenario PAHs are believed to be
formed in the circumstellar environments of pAGB stars. The mechanism is
still not fully understood, but the most likely scenario involves a bottom-up
process [15]. At this point the material is likely a mixture of aromatic and
aliphatic compounds. As the star evolves the UV �eld gets stronger, and
the carbonaceous material in the circumstellar environment is processed.
UV photoprocessing preferentially destroys aliphatic bonds, thus increasing
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the aromaticity of the carbonaceous material. By the time it is ejected into
interstellar space, the material is almost entirely aromatic.

The results described in the previous section support this evolutionary sce-
nario, with aliphatic emission exhibited in one (possible) class C source, all
the class D sources, ' half of the class B sources and only a few class A
sources in the sample. However, if this holds up, aliphatic material should
become more important going from ISM sources to YSOs as well, moving
from class A emission to class B emission. This may be explained by an
active chemical equilibrium in the ISM, where hydrogen addition reactions
and UV photodesorption are in competition with each other, and a balance
is reached [62]. Our results show evidence of both aliphatic features, at 6.9
and 7.25 µm, in all �ve YSOs in our sample, lending support to this theory.

6.5.2 Aliphatic Band Pro�les and Correlations

Previously aliphatic features at 6.8 and 6.9 µm have been discussed, though
it has been somewhat unclear whether they are separate features or repre-
sentations of the same feature [12, 13, 43]. We observe a feature around 6.9
µm in 34 of our 63 sources, and its peak wavelength varies between 6.8 and
6.95 µm, but features at 6.8 and 6.9 µm are never observed together. The
peak wavelength of the feature furthermore varies continuously across the
range, suggesting there are not two separate features, but rather one feature,
the position of which varies depending on the physical and chemical char-
acteristics of the emitter. This is based also on the result that the variation
in the 6.9 µm feature is only seen in class B sources, just as it is mainly in
this class variation is seen across other features as well.

For the ten sources with emission at both 6.9 and 7.25 µm we �nd a strong
correlation between their intensities. This suggests that the features may
be related and arise in the same type of molecule. This is consistent with
previous experiments, in which both bands appeared in the IR spectra of
superhydrogenated PAHs [43].
We only observe a 7.25 µm feature in 29% of the sources in which a 6.9
µm feature is present. This may in part be because the 7.25 µm feature is
inherently weak [43], and it is possible that it is present in more sources,
but not at a high enough SNR to be detected. Including detections of the
feature with SNR ' 2.5 − 3σ in our sample would bring the total number
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of 7.25 µm detections up to 17, and almost half of the soures in which a 6.9
µm feature is observed.
The 6.9 µm feature is also known to arise in many di�erent types of aliphatic
material [43]. It is possible that the 7-25 µm feature is more speci�c to one
type of molecule.

6.5.3 Superhydrogenated PAHs and Their Role in H2

Formation

To determine whether either of the aliphatic bands can be used as a tracer
for superhydrogenated PAHs their correlation with aromatic PAH features
are investigated. A strong correlation would suggest the features are a good
tracer for superhydrogenated PAHs. Sandford et al. [43] discussed both the
6.9 and the 7.25 µm as tracers of populations of superhydrogenated PAHs,
and suggested using the 6.9 µm feature, as it is much stronger, and there-
fore more likely to be detected, and easier to decompose in such a way as
to derive population densities and degrees of hydrogenation of the emitting
population.
However, as no correlation is found between the 6.9 µm feature and any
aromatic PAH features when all detections of the 6.9 µm feature were con-
sidered, it is unlikely that feature on its own makes a good tracer of super-
hydrogenated PAHs.

There is a strong correlation between the 7.25 µm aliphatic feature and
the 11.2 µm feature, attributed to neutral PAHs [169, 160]. The 7.25 µm
feature is therefore more likely to trace a population of superhydrogenated
neutral PAHs than the 6.9 µm feature. Unfortunately, due to its inherent
weakness, it is not a great feature to use in trying to determine any quantita-
tive information about the emitting population, like for example the degree
of hydrogenation.
A correlation is found however, between the 6.9 and the 11.2 µm features
in sources where both the aliphatic features are present, and it is possible
that the 6.9 µm feature in those sources can be used to derive quantitative
information about an emitting population of superhydrogenated PAHs.



Chapter 7

Summary and Outlook

I know not all that may be coming, but be it

what it will, I'll go to it laughing.

� Herman Melville, Moby Dick

The results from three main projects have been presented in this thesis.
First an experimental study on the interaction between PAHs (speci�cally
coronene) and hydrogen isotopes at a temperature of ' 1000 K was pre-
sented, followed by an experimental study on the growth and deuteration of
fullerenes (speci�clly C60)on HOPG and gold. Lastly, astronomical spectra
of a large sample of circumstellar environments of evolved and young stars
were invistigated for evidence of the presense of superhydrogenated PAHs.
These projects were all performed with the aim of determining and under-
standing the interaction between large carbon-based molecules in the ISM
and atomic hydrogen species.

7.1 Polycyclic Aromatic Hydrocarbon

Experiments

The primary technique used to study the interaction between PAHs, and
hydrogen and deuterium is TPD. Coronene molecules are deposited on a
graphite surface and exposed to a beam of H or D atoms at 1000 K for
varying lengths of time. After atom exposure the whole system is heated in
a controlled manner, and the desorption products are measured with a mass
spectrometer.
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It is possible to obtain high degrees of superdeuteration and -hydrogenation,
even with atoms at low temperatures, and superhydrogenated molecules es-
pecially seem to exhibit stable con�gurations. The cross section for addition
of the �rst atom was found for both hydrogen and deuterium, and was found
to be signi�cantly larger for deuterium, although it should be noted that the
�t to the data was not as good as for hydrogen. Furthermore, the bind-
ing energy of the superhydrogenated and -deuterated species to the HOPG
surface was investigated and compared to previous results where the deuter-
ation was done with hot atoms. For low deuteration degrees the binding
energies were observed to decrease rapidly for both data sets. However at
higher degrees of deuteration the binding energies for the low T data level
o� while for the high T data they keep decreasing, only to rise again. This
suggest that, at least for higher deuteration states, di�erent con�gurations
are obtained depending on the temperature of the deuterium atom beam.
No isotope e�ect was found in the binding energies to HOPG.

7.1.1 Outlook

Owing to several issues with the eperimental setup over the last few years,
data collection has been slow, and most of the useful data was only obtained
close to the submission deadline of this thesis. As a result, some of the analy-
sis which is being done in collaboration with colleagues outside this institute
is still ongoing, speci�cally the DFT calculations of the stable structures of
superhydrogenated coronene, and the kMC simulations of the addition and
abstraction cross sections of hydrogen and deuterium to coronene .

DFT of Stable Hydrogenation Con�gurations

DFT calculations to investigate the stable con�gurations of superhydro-
genated coronene are being done by Rocco Martinazzo from Milan. These
calculations will determine at which sites hydrogen is added to coronene,
and which route to superhydrogenation is preferred. It will be possible to
determine any addition and abstraction barriers for various con�gurations,
and will give an insight into what a superhydrogenated coronene molecule
looks like. It is also possible to calculate the binding energies to HOPG
for the di�erent con�gurations, similar to [83], but with the advantage of
knowing which mass con�gurations are of most interest. These can then be
compared to experiments.
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kMC simulations of addition and abstraction cross sections

In order to determine quantitatively the role of PAHs in H2 formation in the
ISM, it is necessary to know the cross sections of addition and abstraction
of hydrogen on PAHs. While it is possible to determine the addition cross
section for the �rst hydrogen atom directly from experiment, this is not the
case for any of the subsequent addition and/or abstraction reactions. The
simple kinetic simulations performed by Skov et al. [82] are not su�ciently
sophisticated to reproduce the mass distribution of either superdeuterated
or superhydrogenated coronene when the atom beam temperature is low, as
it lacks site speci�city, and therefore cannot take any potential barriers into
account.
In order to extract the addition and abstraction cross sections for hydro-
gen and deuterium on coronene site speci�c kinetic Monte Carlo simulations
are being developed in collaboration with Dr. Herma Cuppen in Nijmegen.
These simulations can distinguish between edge and centre sites, and will
therefore be able to take certain potential barriers into account.

Knowing the addition and abstraction cross sections pertaining to di�er-
ent hydrogenation sites will allow for determining the H2 formation rate
from abstraction reactions on PAHs in di�erent parts of the ISM, assuming
a certain degree of hydrogenation. This can be used to determine the de-
gree of hydrogenation of PAHs required to obtain the necessary formation
rate in the di�erent regions of the ISM, which can in turn be compared to
observations to determine whether it is feasible. It would also be interest-
ing to study potential isotope e�ects in these cross sections, both through
theoretical simulations and further experiments, to determine whether the
di�erence in addition cross section described in Chapter 4. is a real result,
or arises because the exponential function is not a good �t to the data, and
cannot be applied.

Low Temperature Hydrogenation

At 1000 K the atoms are still at a higher temperature than is applicable in
the regions of the ISM where PAHs are interesting as possible catalysts for
H2 formation. Since a di�erence is seen between the results using atoms at
2300 K and 1000 K, it is likely that the temperature of the atoms is very
important in these reactions, and as a result it is necessary to study the
reactions at the temperatures relevant in the galaxy. To that purpose a new
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cooling nozzle has been designed which is expected to cool down the atoms
to between 300 and 500 K. The aim here is to further probe the barriers for
addition of hydrogen to PAHs and to determine what degree of superhydro-
genation can possibly be reached in the regions of the galaxy where these
reactions might be important.
The kinetic Monte Carlo simulations will have to be repeated to �t the low
temperature data, in order to determine whether the rates of addition and
abstraction are temperature dependent. From this it will be possible to de-
termine in which temperature range PAHs might be e�cient catalysts for
H2 formation.

There are also plenty of opportunities for further experiments involving the
interaction between hydrogen isotopes and PAHs. The investigations of sta-
ble mass con�gurations could be extended to deuterium by using a deuter-
ated version of coronene (C12D12) and a deuterium atom beam. In this case
only addition reactions would result in a mass change of the molecule, and
it would be possible to investigate whether the same con�gurations result as
for hydrogen.
Another option, to further study abstraction reactions would be to deuterate
perhydrocoronene (C12H36), the fully superhydrogenated coronene analog).
In this case only abstraction reactions would result in a mass change, and it
would be possible to investigate these in greater detail. Another interesting
experiment would be to look at abstraction and dissociation of PAHs with
UV light.

7.2 Fullerene Experiments

A monolayer of C60 has successfully been grown on an Au(111) surface and
hydrogenated. The growth of the monolayer starts at the step edges of the
gold surface, and once these are saturated, islands grow rapidly, eventually
forming a full well ordered monolayer. Annealing to 420 K reduces the
number of defects, and eliminates any possible multilayers.
The C60 monolayer is easily hydrogenated, using a thermal cracker. After
only a short exposure to the atomic beam a high degree of hydrogenation
of the sample is achieved. Three or four di�erent hydrogenation states are
likely observed, and more than two thirds of the molecules are hydrogenated
after 5 seconds of exposure. A high degree of hydrogenation is maintained,
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even after annealing to 500 K.

7.2.1 Outlook

The �rst step to build on this project will be to UV irradiate the hydro-
genated C60 monolayer on Au(111). This can be done while scanning, and
it should therefore be possible to detect any changes in real time. It would
be useful to attempt this experiment at di�erent degrees of hydrogenation,
and di�erent coverages of C60, i.e. less than a monolayer.
To ensure relevance for astrophysical environments, transferring the system
to a HOPG surface and repeating the experiments is necessary.

It is also possible to investigate the system using di�erent analysis tech-
niques, e.g. TPD, which could be used to study the dissociation products
expected from the UV irradiation. Theoretical studies might also be helpful
in this case.

7.3 Astrophysical Observations

A large sample of mid-IR spectra of evolved and young stellar objects have
been investigated for the presence of aliphatic bands at 6.9 and 7.25 µm.
In spectra where the features have been detected they were characterised
according to peak position and PAH class, and correlations between their
strengths and those of the aromatic PAH features were investigated.

6.9 µm is an inherently stronger feature than 7.25 µm, and is thus eas-
ier to characterise in astronomical spectra. If the 6,9 µm feature was found
to trace a population of superhydrogenated PAHs, it would be possible to
use its characteristics to determine the degree of hydrogenation of the PAH
population in the regions where it is present. Unfortunately, this is found
not the be the case. The 6.9 µm feature is present in many types of aliphatic
molecules, and at the resolution of astronomical spectra it is not possible to
distinguish what type of aliphatic material it arises in. And since no corre-
lation was found with PAH features of aromatic nature, it is not possible to
make a convincing argument that the 6.9 µm feature is in general related to
superhydrogenated PAHs.
Instead it seems that the 7.25 µm feature does trace a population of PAHs
with some aliphatic components, likely superhydrogenation. However that
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feature is inherently weak, and does not lend itself easily to further charac-
terisation of the emitting population.

7.3.1 Outlook

This project has focussed on the mid-IR PAH spectra, but an aliphatic fea-
ture is also present at 3.4 µm. Extending the analysis to include the near-IR
part of the spectrum for sources where this is available would shed light
on how this feature arises. Studying the behaviour of the 3.4 µm feature
in relation to both aromatic features and other aliphatic features will help
determine whether it is likely to trace a population of superhydrogenated
PAHs.
To investigate whether a population of superhydrogenated PAHs contribute
to the H2 formation rate in the ISM, it will be necessary to extend the study
to include more interstellar objects, like PDRs, RNe, etc. These will mainly
be class A sources, and it is likely that any aliphatic features will be very
weak. This is another reason it would be helpful to have near-IR data in-
cluded into the analysis, as the 3.4 µm feature is generally stronger than the
6.9 and 7.25 µm features [43], and would therefore be easier to detect.
Using experimental and theoretical spectra of supehydrogenated PAHs, and
an estimation of the oscillator strengths of the aliphatic features in their
vibrational spectra it should be possible to estimate the abundance and
hydrogenation degree of superhydrogenated PAHs in astrophysical environ-
ments.



Chapter 8

Danish Summary - Dansk

Resummé

Det er ikke nogen dårlig egenskab ved en

fortælling, at man kun forstår halvdelen af den.

� Karen Blixen, Drømmerne

8.1 Sukkersøde Stjernetåger

Mennesker har alle dage forsøgt at besvare livets store spørgsmål. Før i tiden
kom svarene fra myter og religion, i dag kommer svaret for manges vedkom-
mende fra videnskaben. Et af de største spørgsmål vi som mennesker kan
stille os selv er hvor vi kommer fra, hvordan livet opstod, og svaret er ikke
simpelt.
Livets oprindelse er et puslespil med så mange brikker at det kan virke
uoverskueligt overhovedet at begynde. Men det afholder ikke videnskabsfolk
fra hele verden fra at forsøge. Et puslespil er som regel lettere at samle
hvis man samler hjørner og kanter først. I livets tilblivelses puslespil kan
hjørnebrikkerne groft sagt siges at være dannelsen af brintmolekyler (H2) i
galaksen, og det er disse hjørnebrikker min PhD afhandling koncentrerer sig
om.
Ved hjælp af eksperimenter i et vakuumkammer har vi fundet ud af at brint
kan dannes katalytisk på en familie af store molekyler. De hedder PAH'er,
er bygget op af kulstof og brint, og så �ndes de overalt i vores galakse.
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Det er vigtigt at forstå hvordan brintmolekyler bliver dannet, for de er yderst
nødvendige i skabelsen af den kemiske mangfoldighed vi ser i vores galakse,
og uden dem kunne stjerner og planeter ikke dannes. I løbet af de sen-
este årtier har astronomer identi�ceret næsten 200 molekyler i forskellige
stjernetåger, og molekylær brint indgår i dannelsen af langt de �este af dem.
Det gælder både helt simple molekyler, som vand og kuldioxid, og mere kom-
plekse molekyler, som formaldehyd og simple sukkerarter. De sidst nævnte
er byggesten i store biomolekyler som RNA og DNA, der danner grund-
laget for alt liv som vi kender det. Tilstedeværelsen af molekylært brint i
galaksens stjernetåger er altså helt nødvendig for at mange andre molekyler
overhovedet kan dannes. Det har længe været et mysterium for forskere
hvordan den brint, der skaber den kemiske mangfoldighed i galaksen, selv
dannes.

8.2 Internetdating for Atomer

Brintmolekyler kan nemlig ikke dannes i simple kollisioner mellem atomer.
Hvis to atomer støder sammen kan de ikke hænge sammen, for reaktionen
udleder for meget energi. Det er her PAH-molekylerne kommer ind i billedet.
Brintatomer kan nemlig sætte sig fast på over�aden af de store molekyler,
og så reagere med hinanden der.
Man kan sammenligne denne proces, kaldet katalyse, med internetdating.
To enlige brintatomer vil begge gerne have en partner, men for at �nde sam-
men skal de bruge lidt hjælp. Så de laver en pro�l på et datingwebsite, i
dette tilfælde et PAH-molekyle. Her møder de hinanden, danner par, og
rejser videre ud i verdensrummet på molekyleform.

Opdagelsen af PAH-molekyler som katalysator for brintdannelse er ikke ube-
tydelig, for disse molekyler �ndes overalt i vores galakse. På jorden kender
vi dem bedst som kræftfremkaldende partikler i udstødningsgas og den sorte
skorpe der dannes på grillmad. I rummet dannes de bl.a. i supernovaeksplo-
sioner. PAH'er er store molekyler, og derfor svære at slå i stykker, og de
rejser efter eksplosionen videre gennem galaksens mange stjernetåger, hvor
kemien foregår, og her kan de eksistere i mange millioner år.
Alle de ingredienser der indgår i processen for brintdannelse er altså til
stede i de områder af galaksen hvor brintmolekyler �ndes, og det er næppe
tilfældigt, så det er nærliggende at tro at dette er en vigtig kilde til dan-
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nelsen af molekylær brint. I et forsøg på at bevise dette indledte jeg et
samarbejde med en gruppe astronomer fra University of Western Ontario
i Canada, for at lede efter tegn på tilstedeværelsen af PAH'er med ekstra
brintatomer i dele af galaksen. Resultatet blev at vi har fundet komponenter
i astronomiske spektra der tyder på at den type molekyler eksisterer, men
der er stadig usikkerhed om hvorvidt de også kan skyldes en anden type
molekyle.

Der er stadig mange brikker i livets puslespil vi mangler at �nde eller placere
korrekt, men med dette projekt får forskere et vigtigt fundament at arbejde
videre på i forhold til hvordan livet i sin tid opstod i universet.
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