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Chapter 1
Introduction

A
stronomy is the study of stars, but in this day and age astronomy
deals with a far wider selection of celestial objects than stars alone.

For example, about 15% of the visible mass of the Milky Way is made up of
interstellar gas instead of stars. This gas is part of the interstellar medium
(ISM) and it is very diverse in both temperature and density. Temperatures
can be as low as 10 K or as high as 107 K. The number density shows an
even greater variety, ranging from 10−4 atoms cm−3 to 106 atoms cm−3, a
difference of 10 orders of magnitude (Tielens, 2005; Ferrière, 2001).

These different conditions correspond to different environments, and
these are recognized as different phases. Generally, the ISM is divided
into three phases, the Cold Neutral Medium (CNM), the Warm Neutral
and Ionized Medium (WNM/WIM), and the Hot Ionized Medium (HIM)
(Tielens, 2005, Table 1.1). In the CNM, gas temperatures are typically less
than 100 K and number densities hover around 102−104 atoms cm−3. The
HIM is the exact opposite, with temperatures up to 107 K and number
densities as low as 10−4 atoms cm−3. The Warm Medium falls somewhere
in between, with temperatures of several 1000 K and number densities in
the range of 0.2 - 0.5 atoms cm−3.

In addition to these phases there are molecular clouds, which are cold
(T = 10 - 20 K), dense clouds of gas and dust from which stars are born.
The number densities of these clouds can be as high as 106 atoms cm−3, or
approximately the same order of magnitude as the best man-made vacuum,
which is more than 15 orders of magnitude lower than the atmospheric
pressure.



2 Chapter 1. Introduction

Most of this interstellar gas is in the form of hydrogen atoms, by mass
approximately 75% (Spitzer, 1978). Consisting of just a proton and an
electron, it is the simplest atom possible, and it is widely observed through
its 21-cm line resulting from hyperfine transitions within its ground state
(Oort et al., 1958). It is the fusion of these hydrogen atoms into bigger ones
that provides the nuclear energy for the light emitted by the stars. Outside
our Galaxy, hydrogen is also the main constituent of intergalactic gas.

Two hydrogen atoms can also recombine to form the smallest possible
molecule: H2. The importance of this molecule can hardly be overstated
as it plays a key role in a wide variety of processes. For example, cooling
agents are an important contributor to star formation, as they allow the gas
in a cloud to cool down and collapse further into a star. In the present days,
these cooling agents consist of atoms heavier than hydrogen and helium. For
example, an important cooling agent for star formation is CO, consisting of
a carbon atom and an oxygen atom (Larson, 2003). However, in the early
universe these cooling agents were unavailable, with the exception of H2

which can radiate energy away through a quadrupole rotational transition.
The presence of H2 is thus an important factor in the formation of the very
first stars in the early universe, when other cooling agents had not been
produced yet (Glover, 2005).

Moreover, in the present-day universe, the formation of H2 opens a
vast world of chemical pathways through reactions with other elements.
Reactions with oxygen and carbon atoms lead to the formation of water,
CO, CO2 and more complex molecules (Watson, 1973). Incorporating
nitrogen atoms into the chemical network will lead to the formation
of amino acids, which may ultimately lead to the formation of life
(Bernstein et al., 2002; Elsila et al., 2007). It will thus come as no surprise
that the formation of H2 in space has earned a copious amount of studies
in both the past and present.

1.1 The Formation of H2 in Space

Despite the abundance of hydrogen atoms, it is very difficult to form
molecular hydrogen in interstellar space. The collision between two H
atoms will only lead to the formation of H2 if one of the H atoms is
in an excited electronic state (Latter & Black, 1991). This is not very
likely to happen, as the energy difference between the ground state and the
first excited electronic state is 10.2 eV, which corresponds to an excitation
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temperature of 1.2 · 105 K. This is too large to allow a sufficiently large
population of electronically excited hydrogen atoms to exist in most of
the ISM. If both H atoms are in the electronic ground state a third body is
necessary to dissipate some of the reaction energy, but at the typical number
densities and temperatures of the ISM (nH < 106 cm−3, T < 100 K) three-
body collisions are too rare to support the observed rates of H2 formation
(Palla et al., 1983).

There are several gas phase routes available that can alleviate this
problem, as described in equations (1.1) and (1.2). The first one uses an
electron as a third body for the carrying away of excess energy, whereas in
pathway (1.2) a proton is used (Glover, 2003):

H + e− → H− + hν; (1.1a)

H− +H → H2 + e−; (1.1b)

H+ +H → H+
2 + hν; (1.2a)

H+
2 +H → H2 +H+. (1.2b)

However, these gas-phase routes to molecular hydrogen are very slow,
and cannot reproduce the rates of H2 formation that are observed in the
ISM. The typical rate of H2 formation derived from observations is found
to be approximately 3 ·10−17 cm−3 s−1 (Jura, 1974), whereas the rate of H2

formation by electron catalysis falls at least one order of magnitude short
under interstellar conditions (Launay et al., 1991; Cazaux & Spaans, 2004).
A solution for this difference between predicted and observed rates is found
in the presence of dust in our universe (Gould & Salpeter, 1963). Recent
calculations by Cazaux & Spaans (2009) find that even at metallicities as
low as 10−3 of the solar metallicity, H2 formation on dust grains dominates
the other formation mechanisms by at least an order of magnitude.

This dust is visible as the dark dust lanes in our own Galaxy and other
galaxies. Consisting mainly of silicates or amorphous carbon, these dust
grains are typically between 0.005 and 0.25 µm in diameter (Mathis et al.,
1977; Weingartner & Draine, 2001a). Atoms and molecules stuck to the
grain surface are much more likely to interact with one another than if
they were in the gas phase, making dust grains ideal catalysts for all
sorts of chemical reactions. Moreover, the dust grain can act as a third
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body that dissipates some of the reaction energy. As such, dust grains are
considered to be the main driver behind the formation of H2 in the ISM
(Gould & Salpeter, 1963; Cazaux & Tielens, 2002).

To enable dust grain catalysis, H atoms must be able to stick to
the grain surface, which is possible through either a Van der Waals
interaction or a chemical bond. Binding through the Van der Waals
interaction is called physisorption and this results in a relatively weak
bond (Pirronello et al., 1997, 1999; Perry & Price, 2003; Bergeron et al.,
2008). As a result, physisorbed H atoms can move around on the grain
surface at low temperatures. The bonding through a chemical (covalent)
bond is called chemisorption and is much stronger than physisorption,
and chemisorbed H atoms therefore cannot easily move around on the
grain surface (Zecho et al., 2002; Hornekær et al., 2006; Mennella, 2006;
Rougeau et al., 2006; Bachellerie et al., 2007).

For the catalysis of H2 formation by dust grains there are two
possible mechanisms. In the Langmuir-Hinshelwood (LH) mechanism, a
physisorbed H atom is moving around on the grain surface and encounters
a second H atom that is either physisorbed or chemisorbed. These two H
atoms can then recombine and form a hydrogen molecule, as is shown in
the left panel of Figure 1.1. Part of the reaction energy can be converted
into kinetic energy, launching 60 - 70% of the newly formed molecules into
the gas phase (Katz et al., 1999). The rest of the energy is partly used
to excite the H2 molecule and partly absorbed by the dust grain, which
prevents the molecule from being dissociated (Morisset et al., 2003, 2004) .

In the Eley-Rideal (ER) mechanism only one H atom is adsorbed onto
the dust grain surface, through either chemisorption or physisorption. A
second H atom arrives directly from the gas phase and interacts with the
first H atom, forming a hydrogen molecule, as depicted in the right panel
of Figure 1.1.

The reaction mechanisms mentioned above require H atoms to be
adsorbed onto the dust grain surface. Chemisorbed atoms have a high
binding energy with the surface and only evaporate when the dust grain
temperature exceeds more than a few 100 K, but physisorbed H atoms typi-
cally evaporate into the gas phase when the grain temperature exceeds 20 K
(Hollenbach & Salpeter, 1971; Cazaux & Tielens, 2004; Cazaux & Spaans,
2009). If the dust grain temperature is too high for the physisorption
of H atoms, only the chemisorbed H atoms remain on the dust grain
surface. This renders the formation of H2 through Langmuir-Hinshelwood
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Figure 1.1 – The left panel shows the formation of H2 through the Langmuir-
Hinshelwood mechanism, where two adsorbed H atoms recombine on the surface. The
right panel shows the Eley-Rideal mechanism, where an H atom from the gas phase
interacts with an adsorbed H atom and forms H2.

impossible, but the Eley-Rideal mechanism remains feasible, though only
through chemisorbed H atoms. The capacity of dust grains to form H2

is then reduced by more than an order of magnitude (Habart et al., 2004;
Cazaux & Spaans, 2009).

Examples of astronomical environments with dust grains that are too
warm for H2 formation are photodissociation regions (PDRs), where a
nearby massive star produces enough radiation that its photons dom-
inate the chemical and physical processes (Tielens & Hollenbach, 1985;
Hollenbach et al., 1991; Hollenbach & Tielens, 1999; Meijerink & Spaans,
2005; Spaans & Meijerink, 2005). These regions consist of ionized hydrogen
gas at the outside closest to the star. As the radiation field is attenuated
with increasing column density, there is a transition from ionized to
neutral hydrogen gas around a column density of N(H) = 1020 cm−2. At
even higher column densities (N(H) > 1021 cm−2) there is a transition
from atomic to molecular species, as is shown in Figure 1.2. In these
environments the temperatures are high enough (Tdust = 30 − 70 K
Hollenbach & Tielens, 1999) to render the formation of H2 through dust
grain catalysis insignificant.

Despite the hostile environment, observations show that H2 formation
is still happening in these regions, with formation rates as high as
10−16 cm−3 s−1, similar to much colder environments (Habart et al., 2004;
Allers et al., 2005). This cannot be explained by dust grain catalysis alone
and there are several hypotheses to facilitate the formation of H2 in PDRs.

One of the mechanisms proposed is through the photolysis of hydro-
genated amorphous carbons (HACs). These are dust grains consisting of
amorphous carbons, and they are estimated to lock up anywhere between
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Figure 1.2 – A schematic representation
of a photodissociation region. The source
of UV radiation is placed on the left.
With increasing column density there are
transitions from ionized to atomic gas and
from atomic to molecular gas. Figure taken
from Hollenbach & Tielens (1999).

Figure 1.3 – The PAH emission features
shown on top of the continuum emission
in NGC 7027 (top) and the Orion Bar
(bottom). The vibrational origin of each
band is indicated as well. Figure taken from
Tielens (2008).

2.6% and 35% of the cosmic carbon abundance (Sandford et al., 1991).
Being constantly exposed to hydrogen atoms in the ISM, the amorphous
carbon will be hydrogenated and form HACs. Photolysis of these HACs by
exposure to UV photons leads to the formation of H2 at a rate sufficient
to reproduce the interstellar rates of H2 formation (Alata et al., 2014;
Mart́ın-Doménech et al., 2016).

However, in 2000 Joblin et al. (2000) find a correlation between the
rate of H2 formation and the intensity of certain infrared emission bands
in PDRs. These emission bands are linked to the presence of polycyclic
aromatic hydrocarbons (PAHs), large carbon molecules that consist of
multiple fused benzene rings.

Because of this correlation, and the inability of dust grains to facilitate
the observed rates of H2 formation, PAHs have been proposed as a catalyst
for H2 formation. Although the exact mechanism behind the catalysis of
H2 formation by PAHs has been unclear for a long time, their anticipated
catalysing properties have been included in different theoretical models for
PDRs in different ways. Some models consider PAHs as the lower end of the
dust grain size distribution (Le Petit et al., 2006), whereas other models
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explicitly incorporate chemical reactions involving PAHs (Le Page et al.,
2009; Montillaud et al., 2013). For now these explicit chemical networks
unfortunately do not do justice to the complex chemistry that PAHs can
exhibit. For example, a single, generic, PAHmolecule is used in the network,
whereas in astrophysical environments there is a large variety in PAH sizes
and shapes (Allamandola et al., 1999). Moreover, these models use only a
few hydrogenation states for the PAHs, where there are much more states
possible. To be able to fully understand the PAH-catalyzed formation
mechanism, a more thorough understanding of the physics and chemistry
of PAHs is necessary.

1.2 Polycyclic Aromatic Hydrocarbons and Their Ap-

pearance in the ISM

Interstellar gas clouds are known to exhibit multiple infrared emission
features, with the major features located at 3.3, 6.2, 7.7, 8.6, 11.2, 12.7,
and 16.4 µm (see Figure 1.3). These emission features take the form
of bands, and their central wavelengths are consistent among different
observed celestial sources. The origin of these emission bands remained
unknown for a long time, and therefore these features have long been known
as the Unidentified Infrared Bands.

Duley & Williams (1981) observe that the photon energies of these
bands correspond to the energy difference between vibrational states of
aromatic C-C and C-H bonds. Allamandola et al. (1985) compare the
Raman spectrum of PAH-rich soot from car exhaust fumes with an infrared
emission spectrum from the Orion bar in the 5 to 10 µm region. A close
resemblance is found between the infrared spectra of soot particles and the
interstellar emission features. Since the aromatic compounds in soot are
mainly PAHs and related molecules, PAHs were proposed to be the origin
of these features, which are now known as the Aromatic Infrared Bands
(AIBs).

The presence of PAHs and the astrophysical applications are compre-
hensively discussed in Allamandola et al. (1989) and Tielens (2008). With
a diameter of a few Ångström, PAHs can be considered to be either
large molecules or very small dust grains. As the small-size tail of the
dust grain size distribution, PAHs claim approximately 20% of the cosmic
carbon abundance (Joblin et al., 1992) and they contribute up to half of
the available dust grain surface area (Weingartner & Draine, 2001a,b).
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Figure 1.4 – PAHs of different sizes. The smallest PAH is called naphthalene (C10H8,
left panel) and consists of two benzene rings. The intermediate-sized coronene (C24H12,
center panel) is used in the experiments described in this thesis. Graphene (right panel)
is the largest possible PAH, as it can theoretically consist of an infinite number of benzene
rings.

1.2.1 Molecular structure of PAHs

PAHs are large carbon-based molecules where the carbon atoms are
arranged in a honeycomb-like hexagonal pattern. These molecules are quite
ubiquitous on Earth, where they are a by-product of combustion processes
(soot particles), or serve industrial and household applications.

For example, naphthalene (C10H8) is the smallest PAH with merely two
aromatic rings (see left panel of Fig. 1.4), but it has known widespread use
as an insecticide in mothballs and is still widely used as a precursor to other
chemical compounds. The largest conceivable arrangement of benzene rings
is graphene, a monolayer of the graphite known from the lead in pencils.
Although technically not considered to be a PAH, it has been studied as
the material of the future due to its remarkable strength and electronic
properties (Allen et al., 2009, and references therein).

The properties of a PAH molecule are rooted in its elementary building
blocks, the carbon atom. A single carbon atom contains six electrons, which
are distributed over several atomic orbitals, which are in increasing orbital
energy: 1s, 2s, and 2p. The electronic configuration of a single carbon
atom is written as 1s22s22p2, where the superscripts refer to the number of
electrons in each electronic subshell. The ground term of a carbon atom is
a triplet P, i.e. 3P, and is determined by the two electrons in the partially
filled 2p subshell, which can contain up to 6 electrons.

In molecules, a carbon atom is not isolated, and its electronic structure
may be slightly adjusted to achieve optimal bonding. This adjustment of
the electronic structure is known as hybridization. In carbon hybridization
one of the 2s electrons is promoted to a 2p orbital. In this way in principle
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Figure 1.5 – False-color image of Barnard 30, close to Orion’s head, taken by NASA’s
Spitzer Space Telescope. Blue denotes the 4.5 µm emission, 8.0 µm is coloured green,
and the 24 µm emission is red. The green 8.0 µm emission comes from PAHs. Figure
courtesy of NASA.

Figure 1.6 – The hybridization of one 2s orbital and three 2p orbitals leads to the
formation of four different sp3 atomic orbitals, oriented in a tetrahedral shape. Figure
courtesy of UC Davis.

four unpaired electrons are available to form molecular bonds. Linear
combinations of the four 2s, 2px, 2py, and 2pz orbitals form the final carbon
hybrid orbitals that determine carbon bonding in molecules.

For example, in the lightest carbon-bearing molecule, methane (CH4),
the 2s and all three 2p orbitals hybridize into four so-called sp3 orbitals.
These sp3 orbitals are oriented in a tetrahedral shape at a 109.5◦ angle
with respect to each other, as is shown in Figure 1.6. Each orbital can then
overlap with an orbital from one of the H atoms to form a σ bond. This is
the general shape every carbon atom with four single bonds takes.

However, other hybridizations are also possible, such as the sp2

hybridization, where two 2p orbitals combine with the 2s orbital. The
resulting three sp2 orbitals lie in a plane and at a 120◦ angle with respect
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Figure 1.7 – The hybridization of one 2s orbital and two 2p orbitals leads to the
formation of three different sp2 atomic orbitals, oriented in a triangular plane. The
remaining p-orbital (not shown) protrudes perpendicularly from this triangular plane.
Figure courtesy of UC Davis.

Figure 1.8 – The left panel shows how two s-orbitals form a σ bond, the right panel
shows a π bond. Figure courtesy of UC Davis.

to each other, as shown in Figure 1.7. The remaining 2p orbital protrudes
perpendicularly from this plane. If two sp2 hybridized carbon atoms lie next
to each other, two of their sp2 orbitals will overlap to form a σ bond, as is
shown in Figure 1.8. Moreover, their out-of-plane 2p orbitals will overlap as
well and form an additional π bond, which reinforces the bonding between
the two atoms. The combination of these two bonds is called a double
carbon bond.

It is also possible to create large carbonaceous molecular networks out of
sp2 carbon atoms. The p orbitals of adjacent sp2 atoms overlap, creating a
conjugated π system and electrons can be delocalized throughout the entire
system. Following Hückel’s rule, a conjugated π system is extra stable if
it is ring-shaped and it consists of 4n + 2 carbon atoms. In that case, the
ring is referred to as an aromatic ring.

Consisting of six sp2 carbon atoms (n = 1), the benzene ring is the
smallest possible aromatic ring. Its hexagonal shape allows for the easy
fusion of multiple rings into a single honeycomb-shaped molecule (see
Figure 1.4), called a polycyclic aromatic hydrocarbon, or PAH in short.
These fused benzene rings constitute a large delocalized π system, that
stabilizes the planar shape of the molecule.
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Due to their aromaticity, PAHs are very stable and can therefore
withstand the constant exposure to UV radiation in interstellar space. This
is one of the reasons why they are the prime candidates as carriers of the
Aromatic Infrared Bands.

1.2.2 Observational Evidence for PAHs in the ISM

Before the AIBs can be definitely assigned to PAHs, there has to be a unique
identification, i.e. a certain emission feature that corresponds uniquely to a
single molecule that is part of the PAH family. This has proven to be rather
difficult, and the problem lies in the band nature of the emission combined
with the large similarity between PAHs. A single PAH does typically not
emit in lines, but in broader bands. If this PAH molecule is altered slightly,
e.g. by rearranging the aromatic rings or adding an extra benzene ring,
the peak wavelength of the emission bands will change slightly in their
wavelength. Therefore, different PAHs will have a lot of overlap in their
IR emission spectra. Given the fact that PAHs interact frequently with
their surroundings, an astronomical source of IR emission will most likely
contain a population of PAHs instead of a collection of identical PAHs, and
thus it will be almost impossible to identify a single PAH in an interstellar
spectrum.

However, closely related to PAHs is the C60 molecule, also known as
buckminsterfullerene, or more colloquially, the bucky ball. It consists of
multiple fused 5- and 6-membered rings, arranged in such a way that
they form a sphere, not unlike a football, as is shown in Figure 1.9.
This molecule has been discovered in close conjunction with PAHs and
its formation process has been linked to the presence of PAHs as well
(Zhen et al., 2015, and references therein). C60 exhibits a few unique
infrared emission features, and in 2010 this molecule has been identified
in interstellar spectra of a young planetary nebula (Cami et al., 2010).
Moreover, the C+

60 cation has been confirmed as the carrier of two diffuse
interstellar bands (Campbell et al., 2015).

As mentioned above, observations do not provide direct proof for the
existence of PAHs in the ISM. There are no direct detections, but there is
a lot of circumstantial evidence.

First, the building blocks of PAHs are carbon and hydrogen atoms.
Hydrogen is the most abundant element in the universe, but carbon is a
lot rarer with approximately 300 carbon atoms for every million hydrogen
atoms (Snow & Witt, 1995). Despite this low number, it is the fourth
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Figure 1.9 – The image on the left show the buckminsterfullerene molecule, and on the
right it is compared with a football.

most abundant element after hydrogen, helium, and oxygen. The large
carbon abundance provides a strong argument for the PAH hypothesis,
as an omnipresent unknown emitter is more likely to consist of abundant
species than of something much rarer.

Second, the fact that we observe the AIBs as bands instead of lines lends
credibility to a large population of similar but not identical emitters. The
infrared emission that we observe is due to a change in the vibrational
state of the molecule emitting the radiation. The wavelength of this
radiation depends on the energy levels of the vibrational modes in which
the transition is happening. If the energy difference between the vibrational
states varies slightly due to a chemical modification, the emitted radiation
will also have a slightly different wavelength. In this manner, a population
of PAHs, all similar but different from each other, produces emission bands
instead of emission lines. Unfortunately, these bands make it difficult to
attribute emission features to a single PAH molecule, as stated above.

Third, the aromatic backbone of a PAH provides an inherent stability
that makes it difficult to destroy the carbon skeleton of a PAH. The
aromatic bonds between the carbon atoms are very strong compared to
other covalent chemical bonds, so more energy is required to break these
bonds. Moreover, a PAH contains a large number of atoms and thus has
a large number of vibrational degrees of freedom. The energy deposited
in a molecule by the absorption of a photon is redistributed over all these
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degrees of freedom. The higher the number of degrees of freedom, the
lower the average energy per degree of freedom, which in turn decreases the
probability of bond breaking. In the case of bond breaking, absorption of a
UV or X-ray photon mainly leads to the loss of one or more H atoms, leaving
the carbon skeleton intact (Allain et al., 1996a; Reitsma et al., 2015). The
interaction with energetic ions similar to cosmic rays can lead to the
fragmentation of the PAH, but even then it is still not the most dominant
process (Reitsma et al., 2012). It is this stability that makes it an ideal
candidate to survive the harsh interstellar conditions, where it is constantly
bombarded by intense UV radiation and cosmic rays.

Last but not least, the presence of PAHs can also be inferred from
the heating budget. For example, ionization of a molecule upon photoab-
sorption results in the ejection of an electron with a considerable energy.
This electron will subsequently thermalize with the surrounding medium,
resulting in heating of the surrounding gas. The contribution of PAHs to
the total heating function can be calculated and compared to observations,
as is done by Bakes & Tielens (1994) who find that their calculations match
the astronomical observations very well.

1.2.3 Observations

The presence of PAHs in space has been inferred from infrared spectroscopic
observations. With the exception of fullerenes (see section 1.2.2), there has
not been a unique identification of a single PAH. Therefore, all astronomical
observations on PAHs only concern populations of PAHs.

Despite the lack of unique identifications of a PAH molecule, it is
possible to derive a wealth of information from the existing observations.
These observations are most commonly in the form of infrared spectra, and
there are several techniques to derive useful information from these spectra.

One way to analyze the IR spectra is by comparing the relative intensity
of the PAH emission features. For example, there is the 3.3 micron aromatic
stretch emission band, which originates in the aromatic C-H bond at the
edge of PAHs. However, an aliphatic C-H bond will emit in the 3.4 micron
band (Pendleton & Allamandola, 2002). Comparing the aliphatic and
aromatic emission bands, it is possible to study the amount of aromatic and
aliphatic carbon. With this method, Li & Draine (2012) have determined
an upper limit to the aliphatic fraction of PAHs, which is about 15%.

In addition to the relative intensities, there is more information hidden
in the emission features. Both the peak wavelength, where the band emits
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the most radiation, and the shape of the band give more insight in the
condition of the PAHs emitting them. A study by Peeters et al. (2002)
provides a good overview on the behaviour of the different emission bands
between 6 and 9 µm. Another study by van Diedenhoven et al. (2004)
expands on this and gives a detailed analysis of the PAH profiles between
3 and 12 µm.

A prime example is the 6.2 µm feature, of which the peak wavelength
varies from source to source. This feature is due to the CC stretch
vibrational transition, and its peak wavelength is influenced by the
molecular size, the symmetry of the molecule, and the heterogeneity. In the
limiting case of pure graphene, the CC stretch band has a peak wavelength
slightly longer than 6.3 µm, whereas for smaller PAHs this band has a peak
emission somewhere between 6.3 and 6.2 µm. Using this, it is possible to
get a general idea about the size of the PAHs in an astronomical object.

Additionally, a PAH can contain a heteroatom, where one of the
carbon atoms is replaced by a nitrogen or oxygen atom. Due to the
different electronegativity and mass of these atoms, their introduction
induces a strong breaking of the molecular symmetry. These changes of
the molecular structure are visible as a wavelength shift of the different
vibrational transitions. Calculations by Hudgins et al. (2005) show that the
introduction of a nitrogen atom will lead to a shift of the 6.2 µm peak to
shorter wavelengths. Their calculations also show that this effect increases
with an increasing number of nitrogen substitutions.

Applying the analysis methods described above it is thus possible to
get a general idea about the size and symmetry of the PAHs present, as
well as the amount of heteroatoms present in the molecules. Hudgins et al.
(2005) derive that approximately 1 - 2% of all cosmic nitrogen is locked
up in PAHs. A study by Boersma et al. (2013) of the PDR of NGC 7023
finds that larger PAHs (NC > 50) contribute to the majority of the PAH
emission close to the central star, whereas this is split more evenly at 60
arcseconds away from the exciting star. Boersma et al. (2013) warn that
their results may be skewed due to a lack of irregular large PAHs in the
spectral database used to obtain this result.

As is shown in Allamandola et al. (1999) and Rapacioli et al. (2005),
neutral PAHs and ionized PAHs have different emission spectra. The charge
state has very little influence on the peak wavelengths of the emission
bands, but the relative intensities change dramatically. Neutral PAHs
emit a large fraction of their radiation in the 10 - 16 µm region, whereas
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Figure 1.10 – IR emission spectra for neutral (top) and ionized (bottom) PAHs. Figure
taken from Tielens (2008).

ionized PAHs have most of their emission in the 6 - 10 µm wavelength
regime (Allamandola et al., 1999), as is shown in Figure 1.10. This makes
it possible to extract a PAH charge distribution from the IR spectra, as
is done in Rapacioli et al. (2005), Berné et al. (2009), and Boersma et al.
(2013). They find that in PDRs ionized PAHs are to be found closer to
the central than neutral PAHs, which can be explained by the decrease in
ionizing UV radiation farther away from the star.

In addition to information about the presence of hetero atoms and the
charge state, an IR spectrum also contains information regarding the edge
structure of a PAH. Hydrogen atoms around the edge are classified as
being part of a solo, duo, trio, or quartet configuration, as is shown in
the left panel of Figure 1.11. In the case of a solo H atom, there is only a
single H-bearing carbon atom without any H-bearing neighbours. For a duo
configuration, there are two adjacent C atoms that both bear a hydrogen
atom, whereas for a trio configuration there are three such C atoms in a
row. The quartet configuration consists of four consecutive C atoms that
all bear an H atom.

The C-H bending modes associated with these periferal H atoms emit
at different wavelengths (see Fig 1.11, right panel), and thus it is possible
to determine the relative amount of each configuration, which provides
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Figure 1.11 – The left panel shows the different configurations of H atoms in a single
PAH. Solo, duo, trio, and quartet configurations are indicated by the numbers 1, 2, 3, and
4 respectively. The right panel shows the wavelength regions where each configuration
emits its radiation. These regions differ depending on the charge state of the PAH. Figure
taken from Hony et al. (2001).

information about the edge structure of PAHs. A high amount of solo
configurations (approximately 70%, Hony et al., 2001) is indicative of a
straight edge, whereas duo and trio configurations signify the presence of
corners in the molecule. Hony et al. (2001) have used the above method to
study the edges of PAHs in different astronomical sources, and they find
that the PAH edge structure varies from source to source on a continuous
scale, where solo configurations contribute to anywhere between 40 and
70% of the total PAH edge. A high amount of solo and duo configurations
is indicative of compact PAHs, whereas trio and quartet configurations are
present in non-compact PAHs. Although compact PAHs have a higher
photostability than non-compact ones, it has not been possible to establish
an intrinsic source property that drives the variation in edge structure from
Hony et al. (2001).

1.3 Atomic, Molecular, and Photonic Interactions on

PAHs

Because PAHs are a good candidate to solve multiple questions in
astronomy, they have been studied extensively. To better understand
how PAHs are able to survive the harsh conditions of the interstellar
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environment, they have been subjected to radiation in a wide range of
wavelengths. Experiments involving exposure to infrared photons up to
UV and even soft X-ray photons provide a good insight into how PAHs
process this radiation.

Additionally, PAHs have been exposed to collisions with a wide range of
atoms, ions, and molecules at various energies. These experiments do not
only study the fragmentation of the PAH molecule, but also the chemical
reactions involving both collision partners. We discuss the interactions
between PAHs and other collision partners in section 1.3.1, and the reaction
of PAHs to photons is discussed in section 1.3.2.

1.3.1 PAH Chemistry

PAHs have been proposed as a catalyst for the formation of H2, a process
which involves the PAH reacting with hydrogen atoms. As a result, the
reactions of PAHs with hydrogen atoms have been studied extensively in
both theory and experiment.

The theoretical calculations are mostly done using density functional
theory (DFT), which is a technique with which one can calculate, among
other things, molecular orbitals, electron densities and energies, and
reaction barriers. Some of the earliest calculations are performed by
Bauschlicher (1998) on very small systems that contain one or two aromatic
rings. Developments in computing power allowed for the study of larger
systems, up to and including coronene. These calculations find that
hydrogen atoms can react with PAHs to form so-called superhydrogenated
PAHs. In superhydrogenation, a carbon atom changes it hybridization
from sp2 to sp3 to allow for the extra bond with an H atom. However, this
change in hybridization also induces a local change in geometry, where the
carbon atom moves out of the molecular plane. The stress this causes in
the molecule results in an energy barrier that must be overcome to allow
superhydrogenation (Rauls & Hornekær, 2008).

The calculations by Bauschlicher (1998) have also found a route to
the formation of H2 that involves superhydrogenated PAHs. In this Eley-
Rideal-type mechanism an H atom approaches from the gas phase and
interacts with one of the hydrogen atoms on a superhydrogenated site,
leading to the formation of H2 and restoring the carbon atom in its original
aromatic configuration. The number density of PAHs with respect to the
number of hydrogen nuclei is estimated at 3 · 10−7 (Tielens, 2008), whereas
estimates for the abundance of dust grains vary between 4·10−13 and 2·10−9
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(Tielens, 2005). This difference of several orders of magnitude means that
the mechanism to form H2 through PAH catalysis might be very important
in clouds where dust grain H2 formation is not feasible.

Apart from theoretical studies, there has also been an important
experimental effort at understanding PAHs and their interaction with
hydrogen atoms. These laboratory studies typically concern PAHs no
larger than coronene (C24H12), although recently experiments have been
performed that involve hexabenzocoronene (C42H18), such as those by
Zhen et al. (2015). For proper study, PAHs will have to be in the gas phase
at some point during the experiment, and for larger PAHs the temperatures
required for this are too high for the PAH to remain intact.

One of the first experiments to study the reactivity between PAHs and H
atoms has been done by exposing a film of a solid PAH to a beam of atomic
hydrogen. The surface is then slowly heated and the evaporating molecules
analyzed with a quadrupole mass spectrometer. With these experiments it
is found that exposure to hydrogen atoms leads to superhydrogenation of
PAHs (Thrower et al., 2012). Simultaneous analysis with IR spectroscopy
finds an increase in the aliphatic C-H stretch mode along with a decrease
of the aromatic C-H stretch, indicating that the PAH loses its aromaticity
and has aliphatic CH2 groups (Mennella et al., 2012). Additionally,
Thrower et al. (2012) have exposed PAHs to deuterium instead of hydrogen
atoms, and this yields results that can only be explained if the original
peripheral H atoms are replaced by deuterium in the process. A reversal
of this result has also been observed if the exposure to D was followed
by exposure to H atoms, i.e. the peripheral D atoms were in their turn
exchanged with hydrogen atoms. This points clearly in the direction of
abstraction, where a gas-phase H atom reacts with the H atom from a CH2

group, resulting in the formation of H2. Although the production of H2 has
not been directly observed, it is the most likely explanation.

1.3.2 Photoprocessing of PAHs

To understand how PAHs process the sometimes intense interstellar
radiation fields, numerous experiments have exposed PAHs to photons.
These studies have been done in a wide range of photon energies, but,
with the exception of X-rays and cosmic rays, only photon energies lower
than 13.6 eV are relevant to the ISM. A photon in this energy range can
promote an electron to a higher energy state, and if the photon energy is
sufficient it can even remove the electron from the molecule entirely. Both
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processes lead to the deposition of energy into the molecule, but the amount
of excitation energy depends on whether ionization has taken place.

Verstraete et al. (1990) have measured the ionization yield as a function
of photon energy for several PAHs of different sizes. They find that
especially for larger PAHs the ionization yield increases linearly from the
ionization onset energy upwards and reaches unity at 10 eV above the
ionization onset energy. Smaller PAHs exhibit some peaks in the ionization
yield before reaching a yield of 1, but these disappear with increasing PAH
size. A more recent study by Zhen et al. (2016) has also derived ionization
yields for the second photoionization, where a photon removes an electron
from an already ionized molecule.

Szczepanski et al. (2011) have investigated the fragmentation patterns
of small PAHs after absorption of multiple infrared photons, and find that
H2 loss is the dominant fragmentation channel after IR excitation. Other
studies have investigated the fragmentation of PAHs upon photoabsorption
of a UV photon. Jochims et al. (1994) have exposed a variety of PAHs,
ranging in size from benzene (C6H6) to coronene (C24H12) and determined
appearance potentials for the the loss of one H atom, two H atoms, and a
C2H2 group. Ekern et al. (1997) have irradiated both neutral and cationic
coronene with a xenon arc lamp and find that coronene may lose H atoms all
the way down to full dehydrogenation. Furthermore, there is the study by
Zhen et al. (2016), where different PAHs are compared in terms of their
respective ionization and fragmentation fractions upon photoabsorption
through photon energies ranging from 7 to 20 eV. One of the largest
PAHs currently used in a laboratory experiment is hexabenzocoronene
(C42H18, Zhen et al., 2014). Kokkin et al. (2008) have established an
optical excitation spectrum of hexabenzocoronene.

In addition to laboratory experiments there have been theoretical efforts
to understand the photophysics of PAHs. Allain et al. (1996a) calculate the
branching ratios for the different photoprocesses of a multitude of PAHs
with photon energies between 0 and 13.6 eV. They find that for these photon
energies, H loss is the dominant photodissociation mechanism, followed by
H2 loss. Loss of an acetyl group only plays a minor role. These results are
corroborated by the experimental results from Ling & Lifshitz (1998), who
perform time-resolved photoabsorption mass spectrometry on anthracene
and phenanthrene radical cations.
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1.4 Modeling of PAHs in the ISM

The presence of PAHs in the ISM, and their influence on it, warrants their
incorporation into astrophysical and astrochemical models. These models
entail both the influence of PAHs on their environment, and the influence
of the environment on the PAH molecules.

For example, there is an interplay between the radiation field and the
presence of H atoms, where the H atoms will hydrogenate a PAH, but
simultaneously it is dehydrogenated by the impinging radiation field. The
intensity of the radiation field and the number density of H atoms will
then compete in the establishment of the dominant hydrogenation state of
a PAH.

The probability of losing one or more H atoms depends on both
the size and the structure of the PAH molecule. Larger PAHs have
more vibrational modes to redistribute excitation energy, decreasing the
probability of dissociation after excitation. Studies by Montillaud et al.
(2013) and Le Page et al. (2001) have led to the general consensus that
in radiation-rich environments, PAHs are dehydrogenated at the outside of
these clouds. Further inside these clouds, the radiation field is extinguished
enough for PAHs to remain in their regular hydrogenation state. The exact
profile of how hydrogenation states vary with column density does depend
on the properties of the PAH molecule, most particularly the size. A larger
PAH has more modes to dissipate any excitation energy, and is therefore
less likely to lose H atoms upon photoabsorption. Thus, larger PAHs will
regain their regular hydrogenation state at lower column density than their
smaller counterparts (Montillaud et al., 2013).

A similar mechanism applies to the ionization state of PAHs, where
photoionization is competing with electron recombination (Cox & Spaans,
2006; Ruiterkamp et al., 2005). This results in an ionization balance,
where part of the PAHs are ionized and others are neutral. In radiation-
rich environments PAHs are typically ionized, and as the radiation field
diminishes with increasing column density, the ionization balance shifts
towards neutral PAH molecules. In the most shielded regions this can even
lead to the formation of PAH anions.

When it comes to the influence of PAHs on the environment, there
are multiple effects. First there is the spectral influence, in the way
the PAHs modify the spectral signature of their environment, e.g. the
AIB emission features. Second, there is the heating of the gas by PAHs,
similar to how dust grains heat their environment. Electrons from photo-



1.5. Contents of this Thesis 21

ionization processes dissipate their energy into the medium, effectively
heating the gas. Based on known parameters for photo-ionization and
absorption, the contribution of PAHs to the total heating rate is calculated.
Bakes & Tielens (1994) conclude that up to half of the total photoelectric
heating is provided by species with less than 1500 C atoms, such as PAHs.

The degree of ionization of PAHs also influences the ionization balance
of other species in clouds, as PAH cations can lower the electron abundance
through recombination reactions cite. There is also the possibility of
the attachment of an electron to a neutral PAH, creating a PAH an-
ion. These PAH anions can then react with positively charged species,
leading to the neutralization and possible dissociation of these species
(Wakelam & Herbst, 2008).

Lastly, there is the formation of H2 by PAHs. Currently it is widely
accepted that PAHs catalyse the formation of H2, but there is little
uniformity in how this catalysis should be treated. This diversity in
treatment is largely due to a lack of understanding of the exact mechanism
behind the formation of H2 by PAHs. Therefore, some models treat PAHs
as a lower-end extension of the dust grain-size distribution, enhancing the
cross section available for H2 formation through dust grain catalysis. Other
models treat the reactions between PAHs and H atoms in a more explicit
manner, but only take into account H2 formation through the catalytic
abstraction of an H atom by a gas-phase H atom. Furthermore, these
models are typically limited to only a few hydrogenation states, which does
not reflect the diversity of PAHs present in the ISM.

1.5 Contents of this Thesis

Currently it is still unclear what the exact mechanism is for the formation
of H2 through PAHs in interstellar conditions. This thesis is a joint
experimental and computational approach to investigate the mechanism
behind this catalysis. The experiments described in chapters 3 through
5 are performed with a tandem mass spectrometer that is specifically
developed to study large molecules, such as proteins and DNA strands.
This setup is described in detail in chapter 2.

The first experiment in this study is the exposure of coronene cations to
hydrogen atoms, which yields valuable information about the addition of H
atoms to PAH cations. We find that every second addition of a hydrogen
atom to a coronene cation is subject to a thermal barrier. Moreover, the
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height of the first two barriers has been established from the experimental
results, as is discussed in chapter 3. Furthermore, these barriers exist up
until full hydrogenation of the molecule. From the experimental results we
also find that coronene cations with an additional 5, 11, or 17 H atoms
are more stable than other hydrogenation states. As such, these states
dominate the mass spectra. These states are referred to as magic numbers
and are discussed in chapter 4.

To study the photostability of superhydrogenated PAHs, we have
exposed coronene cations to vacuum UV (VUV) radiation, and the results
are discussed in chapter 5. Exposure to VUV photons is done for
both regularly hydrogenated coronene and superhydrogenated coronene to
investigate the differences. As a result, we find that for superhydrogenated
coronene cations there is no ionization without loss of the excess H atom.
For regular coronene cations, direct ionization dominates and loss processes
only have a minor contribution.

The outcomes of these experiments are subsequently applied in a model
of a photodissociation region (PDR), where we study the influence of PAHs
on the H2 formation rate. In this model we implement the barriers found
in chapter 3, and we apply photodesorption of H2 from PAH molecules as
a pathway to form molecular hydrogen. We also study the hydrogenation
state of PAHs at different depths in these PDRs. We find that within a
certain parameter space of number density and radiation field, PAHs have
a large influence on the structure of the cloud through their H2 forming
capabilities. This H2 formation happens mostly through photodesorption
from dehydrogenated PAHs, as is discussed in chapter 6.



Chapter 2
The Experimental Setup

T
he experiments described in chapters 3 through 5 were performed with
the ’Paultje’ setup, which is shown in Figure 2.1. This setup is a

tandem mass spectrometer developed and built to study ultrafast dynamics
in isolated large molecules in the gas phase (Bari et al., 2011). The setup
consists of an electrospray ionization source that produces the molecular
ions. These ions are fed into an ion funnel which phase space compresses
the initial ion cloud into a narrow beam. Subsequently, the ions are guided
along by a quadrupole ion guide, which at a later stage has been replaced
by an octopole ion guide. The ion guide provides radial confinement of the
ions, and diaphragm electrodes at the beginning and end of the ion guide
can be used for axial confinement. Combining these, the ion guide can be
used for short term storage of the molecular ions. Lowering the potential
on the last diaphragm pulses the ions into a quadrupole mass filter which
removes any contaminants from the ion beam. This filtered ion beam is
then injected into the Paul ion trap, where it can be trapped for several
seconds up to a minute. Simultaneous injection of helium into the trap
allows for collisional cooling of the molecular ions to room temperature.
Once trapped, the ions can be exposed to a beam of hydrogen atoms or
photons, depending on the goal of the experiment. Hereafter, the ions are
extracted into a linear time-of-flight mass spectrometer to study the masses
of the trap contents.
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Figure 2.1 – A schematic depiction of the experimental setup. This image does not
show the field free region of the TOF mass spectrometer on the right side of the Paul
trap.

2.1 Electrospray Ionization

Electrospray ionization (ESI) is a powerful technique to produce gas-phase
molecular ions in a gentle manner. This leaves the molecules intact in the
gas phase, as opposed to less subtle techniques such as thermal evaporation.
The combination of leaving the molecule intact and being able to handle all
sorts of molecules regardless of their size makes it a technique that is very
well suited to study biomolecules (Gaskell, 1997). Nowadays, electrospray
ionization is a standard technique applied in mass spectrometers that are
used in biochemical and clinical environments, and in 2002 John Fenn
received the Nobel Prize in Chemistry for his pioneering work in this
technique.

Most large molecules with molecular masses of hundreds or thousands
of atomic mass units (amu) do not evaporate easily. Moreover, these
molecules fragment easily when heated to the point of evaporation. With
electrospray ionization these molecules can be brought into the gas phase
without fragmenting.
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Figure 2.2 – A schematic depiction of the Taylor cone that is formed at the tip of the
needle during electrospray ionization. Note the fission into smaller droplets once the
electrostatic repulsion exceeds the surface tension of the droplet. This eventually leeds
to the single molecular ions drifting into the setup.

For electrospray, charged molecules are dissolved in a polar solvent,
typically water or an alcohol. This solution is pumped through a needle
which is set at a high potential, typically a few kV. The needle is a few
mm away from a capillary that provides an opening from the ambient
pressure to the vacuum conditions of the setup. As the capillary is kept
at a potential no higher than 200 V, there is a steep potential gradient
between the needle and the capillary. In combination with the presence
of the charged molecules in the solution, a so-called Taylor cone is formed
at the tip of the needle, with the charged molecules spread out evenly on
the surface because of mutual electrostatic repulsion. Due to the solution
being pumped constantly, a small jet emanates from the Taylor cone, as
is shown in Figure 2.2. This jet divides into small droplets, which are all
moving towards the capillary due to the present electric field. The charged
molecules within these droplets all move to the droplet surface as a result of
their mutual electrostatic repulsion. Moreover, the small droplets continue
to evaporate solvent molecules, until the electrostatic repulsion exceeds
the surface tension. Once this happens, the droplet fissions into smaller
droplets, which in turn evaporate their solvent molecules, etc. This process
ends when only individual gas-phase molecular ions remain.
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The electrospray method works particularly well for biomolecules, as
they are very easy to charge through protonation. Putting proteins or
oligonucleotides in a slightly acidic buffer solution is all it takes to charge
them. The lack of hydroxyl- and aminogroups makes PAH molecules such
as coronene, our PAH of choice, more difficult to charge through acid-base
reactions. We therefore employ a solution of 10 mM AgNO3 in HPLC-grade
methanol to charge coronene molecules by means of ionization.

A sample is prepared by adding 50 µL of the AgNO3 solution to 650
µL of a saturated solution of coronene in methanol. The Ag+ ions perform
a charge exchange reaction with the coronene molecules, leading to the
formation of coronene cations. This sample solution is then ready for
electrospray.

2.2 Ion Funnel

Once inside the main setup, the molecular ions enter the ion funnel, a
series of stacked, concentric ring electrodes with a decreasing inner radius,
as shown in Figure 2.3. The initial cloud of ions is forced towards the
central axis of the funnel by a radio-frequency (RF) field applied to the
ring electrodes. This RF field varies in phase with each ring, such that
each electrode is in antiphase with its two neighbours.

In addition to the RF field, a static potential is superimposed on each
ring electrode such that the ion funnel acts as a voltage ladder, drawing
the ions through the funnel. As the ions pass through the increasingly
narrower ring electrodes, the original ion cloud is confined into a narrow
beam. Simultaneous cooling by collisions with neutral air molecules allows
for a compression of the phase-space these ions inhabit (Guan & Marshall,
1996; Shaffer et al., 1997; Kelly et al., 2010; Silveira et al., 2010).

This phase-space compression is necessary for the production of a
narrow beam of molecular ions. Monitoring and regulating the pressure
is therefore paramount to the production of a proper ion beam. If the
pressure is too low, there is no collisional cooling, resulting in an ion beam
with an energy that is too high. These energetic molecular ions cannot be
trapped in the Paul ion trap and they will just fly through the trap. A too
high pressure in the ion funnel will result in many collisions at such a rate
that the molecular ion fragments before leaving the funnel.
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Figure 2.3 – A schematic depiction of the ion funnel. The end of the capillary is visible
on the left, and the emerging cloud of molecular ions is shown in green. After phase
space compression in the ion funnel, the ions continue into the ion guide, shown on the
right.

2.3 Ion Guide

After the ion funnel has confined the beam, the ions are led into an RF
ion guide, as is shown in Figure 2.4. This ion guide consists of a linear
quadrupole, later replaced by an octopole, and diaphragms at both ends.
Although initially mainly used for further compressing the ion beam, the
two diaphragms make it possible to use the RF ion guide as a linear trap.

Elevating the voltage on the last diaphragm creates a blockage, causing
the ions to bounce back and forth between the diaphragms, while the
RF multipole provides radial confinement. Simultaneously, new ions are
injected into the ion guide from the ion funnel, increasing the number
of ions in the ion guide. Eventually the voltage on the last diaphragm
is lowered and the ions are pulsed into the next stage. This temporary
storage enables the injection of more ions into the Paul trap, which
makes for a higher target density and a clearer signal in the experiments.
Moreover, this trapping ability is used in chapter 5 for the production of



28 Chapter 2. The Experimental Setup

Figure 2.4 – A schematic depiction of the octopole ion guide. Molecular ions enter from
the ion funnel (shown on the left) and continue into the quadrupole mass filter (shown
on the right).

superhydrogenated coronene ions, and a more detailed description of this
procedure is given in section 2.7

2.4 Mass Filter

The mass filter is in place to remove contaminants from the ion beam.
Molecules may fragment in the earlier stages of the setup, or a solution
contains multiple charge states of the same molecule. This produces
background signals that are difficult to correct for, but these can be
eliminated using a quadrupole mass filter, which is shown in Figure 2.5.
The working principle behind a mass filter is that an RF signal is applied
to the four rods of the mass filter in such a way that neighbouring rods
are in opposite phase and opposite rods are in identical phase. In addition,
a DC voltage is superimposed on the rods. This turns the equations of
motion for an ion inside the filter into the Mathieu equations, where the
DC voltage UDC, RF voltage URF, RF frequency ω, ion mass m, and the
ion charge z determine the solution for the equation of motion (Paul, 1990).
The properties of the Mathieu equations make it possible to choose UDC,
URF, and ω in such a way that only a particle with mass m will follow a
stable trajectory, and any other ions will be driven away from the ion beam.
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Figure 2.5 – A schematic depiction of the quadrupole mass filter. The unfiltered ion
beam enters the mass filter from the ion guide on the left and the filtered beam of
molecular ions is injected into the Paul trap, which is shown in the top right corner.

2.5 Paul Ion Trap

After passage through the mass filter, the mass-selected ion beam is injected
into the Paul ion trap. During injection room temperature helium is pulsed
into the trap to allow for collisional cooling, reducing the ion energy and
increasing the number of trapped ions.

The ion trap in this setup is a commercially available quadrupole ion
trap (C-1251, Jordan TOF Products, Inc.) where the trapping region is
approximately 1 mm in diameter. Consisting of a ring electrode wedged
between two endcaps, an RF field on these electrodes keeps the ions in place.
The trapping surface of these electrodes resembles that of a hyperboloid
(Paul, 1990). A hole is bored on each side of the ring electrode, which allow
for the passage of photon beams, ion beams, and atomic hydrogen through
the cloud of trapped ions.

2.6 Mass Spectrometer

Linear time-of-flight (TOF) mass spectrometry is used for the characteri-
zation of the trap contents. Application of an extraction voltage on the
two end-caps of the Paul trap ejects the trap contents into the TOF tube,
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where the ions undergo field-free motion. In this field-free region, the
ions are separated by their respective mass-over-charge ratio. Particles
with the same charge z have the same kinetic energy, since they have
been accelerated by the same electric field ∆V : Ekin = z∆V . However
Ekin = 1

2mv2, with m the mass of the particle and v its velocity. This
means that particles with a higher m/z will travel slower and will thus
arrive on the detector at a later time than particles with a lower m/z.

If the molecular ions are separated sufficiently in terms of arrival time
and detected with a high enough time resolution, the time of arrival of each
ion can be converted to a mass-over-charge ratio. At the end of the TOF
tube, the ions are detected with a set of chevron-stacked micro-channel
plates connected to a 1 GHz digitizer. With this equipment, we have
achieved a mass resolution of m

∆m = 300.

2.7 Hydrogen Source

The key element in our setup that allows us to do unprecedented work
on the hydrogenation of PAH molecules is the interfacing with an atomic
hydrogen source. This source can be placed either on top of the Paul trap,
or on top of the linear ion guide. The effects of this placement are discussed
in section 2.7.1.

The hydrogen source itself is a Slevin type RF discharge source using
microwaves to create a hydrogen plasma (Slevin & Stirling, 1981). It
consists of a water-cooled pyrex tube placed inside a metal RF resonance
cage surrounded by a helical RF antenna. The resonance cavity is a λ/4
resonator and fed with a 23.6 MHz microwave signal at a total RF power of
approximately 20 W. This resonating RF field causes the hydrogen gas to
dissociate into a hydrogen plasma (Toennies et al., 1979). The pressure of
the hydrogen gas in the source can be varied, but generally an operational
pressure of 1 mbar is used.

The beam emanating from the hydrogen source is characterized using
a beam of 30 keV 4He2+ ions. For this characterization, both beams are
interfaced with the Paul ion trap: the hydrogen beam coming from the top
and the helium beam coming from the side. The helium beam is pulsed
using a deflection electrode, and as the beam passes through the Paul trap
the helium ions ionize both hydrogen atoms and molecules. Simultaneous
extraction into the TOF masss spectrometry allows for the determination
of the degree of dissociation of the hydrogen beam. Two such mass spectra
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Figure 2.6 – The TOF mass spectra for the hydrogen source. The blue line depicts
the mass spectrum for a beam of molecular hydrogen, whereas the green line shows the
mass spectrum when the RF field is applied to create the hydrogen plasma. The peak at
channel 1830 is indicative of protons, and the peak at 2180 shows the H+

2 ions.

are shown in Figure 2.6, one for a beam of molecular hydrogen, and one for
the partially dissociated beam.

From the recorded TOF spectra we establish the relative number of
H+ and H2

+ ions produced by passage of the helium beam. We use the
known cross sections for the ionization of H and H2 by 30 keV 4He2+

to convert this to a dissociation degree (Shah & Gilbody, 1978; Hoekstra,
1990; Hoekstra et al., 1991). With these cross sections it is also possible to
correct for the effect of dissociative ionization by the 4He2+ beam, where
the interaction between a helium ion and an H2 molecule results in the
production of one or two protons.

The hydrogen beam characterization is done for a series of pressures in
the source, as well for different RF powers. We find that in the range of
operational pressures employed for the hydrogen source there is a critical
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power of approximately 8 W. It is not possible to establish a plasma with
an applied RF power lower than this value. Above an RF power of 8
W, the degree of dissociation of the hydrogen present in the trap center
is approximately 30% for the full operational range of pressures and RF
powers.

2.7.1 Placement of the Hydrogen Source

Depending on the type of experiment performed, the H source can be
placed at two different stages of the setup, as is shown in Figure 2.7.
When the hydrogen source is placed on top of the Paul trap, it enables
the exposure of the trap contents to H atoms. This configuration is used
to study the superhydrogenation of coronene cations, since all the products
of superhydrogenation remain in the trap and can thus be detected in the
mass spectrometer. This method is used for the studies in chapters 3 and
4.

Figure 2.7 – A schematic depiction of the two locations where the hydrogen source
can be placed. For the VUV absorption experiments the hydrogen source is mounted
above the octopole ion guide (Option A), and to study the hydrogen attachment itself
the source is mounted above the Paul ion trap (Option B).

This placement of the hydrogen source will yield a population of
hydrogenation states inside the Paul trap. While this provides useful data
to study the kinetics of the hydrogenation process, it is an undesirable
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target for experiments involving exposure to photons, such as those in
chapter 5. For these photo-experiments it is imperative to have a well-
defined target, to ensure that the origin of every photoproduct is known.

A single hydrogenation state target can be attained by placing the
hydrogen source on top of the octopole ion guide, before the mass filter.
An elevated potential on the end diaphragm of the octopole turns it into
a linear trap in which the coronene cations can be superhydrogenated.
Afterwards, a temporary lowering of the diaphragm potential pushes the
ions into the quadrupole mass filter, where the undesired hydrogenation
states are filtered out. The subsequent injection into the Paul trap produces
a target of a single hydrogenation state.





Chapter 3
Hydrogenation of PAH cations: a

first step towards H2 formation1

Abstract

M
olecular hydrogen is the most abundant molecule in the universe. A
large fraction of H2 forms by association of hydrogen atoms adsorbed

on polycyclic aromatic hydrocarbons (PAHs), where formation rates
depend crucially on the H sticking probability. We have experimentally
studied PAH hydrogenation by exposing coronene cations, confined in a
radiofrequency ion trap, to gas phase atomic hydrogen. A systematic
increase of the number of H atoms adsorbed on the coronene with the time
of exposure is observed. Odd coronene hydrogenation states dominate the
mass spectrum up to 11 H atoms attached. This indicates the presence of a
barrier preventing H attachment to these molecular systems. For the second
and fourth hydrogenation, barrier heights of 72 ± 6 meV and 40 ± 10
meV, respectively are found which is in good agreement with theoretical
predictions for the hydrogenation of neutral PAHs. Our experiments
however prove that the barrier does not vanish for higher hydrogenation
states. These results imply that PAH cations, as their neutral counterparts,
exist in highly hydrogenated forms in the interstellar medium. Due to this

1This chapter has been published as L. Boschman et al., The Astrophysical Journal
Letters 761 (2), L33
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catalytic activity, PAH cations and neutrals seem to contribute similarly to
the formation of H2.

3.1 Introduction

Molecular hydrogen is the most abundant molecule in the universe and
the main constituent of regions where stars are forming. H2 plays
an important role in the chemistry of the interstellar medium, and
its formation governs the transformation of atomic diffuse clouds into
molecular clouds. Because of the inefficient gas phase routes to form
H2, dust grains have been recognized to be the favored habitat to form
H2 molecules (Oort & van de Hulst, 1946; Gould & Salpeter, 1963). The
sticking of H atoms onto surfaces has received considerable attention
because this mechanism governs the formation of H2, but also other
molecules that contain H atoms. The sticking of H atoms onto dust grains
can also be an important mechanism to cool interstellar gas (Spaans & Silk,
2000). In the past decades, a plethora of laboratory experiments and
theoretical models have been developed to understand how H2 forms. As
H atoms arrive on dust surfaces, they can be weakly (physisorbed) or
strongly (chemisorbed) bound to the surface. The sticking of H in the
physisorbed state (Pirronello et al., 1997, 1999, 2000; Perry & Price, 2003)
and in the chemisorbed state (Zecho et al., 2002; Hornekær et al., 2006;
Mennella, 2006) has been highlighted by several experiments on different
types of surfaces (amorphous carbon, silicates, graphite).

In the ISM, dust grains are mainly carbonaceous or silicate particles
with various sizes and represent an important surface for the formation of
H2. However, a large part (∼ 50%) of the available surface area for chem-
istry is in the form of very small grains or PAHs (Weingartner & Draine,
2001a). These PAHs are predicted to have characteristics similar to
graphite surfaces. However, once the first H atom is chemisorbed on
the basal plane, subsequent adsorptions of H atoms in pairs appear to
be barrierless for the para dimer and with a reduced barrier for the
ortho dimer (Rougeau et al., 2006). H2 can then form by involving
a pre-adsorbed H atom in monomer (Sha, 2002; Morisset et al., 2003,
2004; Martinazzo & Tantardini, 2006) or in a para-dimer configuration
(Bachellerie et al., 2007). However, while these routes represent efficient
paths to form H2, the inefficient sticking of H atoms in monomers consti-
tutes an important obstacle to enter the catalytic regime for H2 formation.
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This results in a very low H2 formation efficiency on graphitic/PAH surfaces
(Cazaux et al., 2011).

The hydrogenation on the PAH edges has been identified as an
important route to form H2 in the ISM (Bauschlicher, 1998; Hirama et al.,
2004; Le Page et al., 2009; Mennella et al., 2012; Thrower et al., 2012).
Density functional theory calculations have shown that the first hydro-
genation of neutral coronene is associated with a barrier (∼60 meV) but
that subsequent hydrogenation barriers vanish (Rauls & Hornekær, 2008).
Recently, coronene films exposed to H/D atoms at high temperature, were
studied by means of IR spectroscopy (Mennella et al., 2012) and mass
spectrometry (Thrower et al., 2012). These measurements showed that
neutral PAHs, when highly hydrogenated, are efficient catalysts for the
formation of H2, and confirmed the high H2 formation rate attributed to
PAHs in PDRs (Mennella et al., 2012).

PAH cations, which are usually present at lower extinction AV, and
therefore reside at the surfaces of PDRs, also represent an important route
to form H2 (Bauschlicher, 1998; Le Page et al., 2009). The addition of the
first H atom is predicted to be barrierless. This reaction is exothermic but
the product should be stabilized by IR emission. A second H atom can react
with the already adsorbed H to form H2 without a barrier (Bauschlicher,
1998; Hirama et al., 2004).

In this letter, we study experimentally the hydrogenation of coronene
cations in the gas phase through exposure to hydrogen atoms. By using
mass spectrometry, we show that odd hydrogenation states of coronene
cations predominantly populate the mass spectrum. Our results highlight
the fact that the further hydrogenation of PAH cations is associated with
a barrier if the number already attached H atoms is odd, and no barrier if
this number is even. This alternanting barrier-no barrier occurence seems
to remain with increasing hydrogenation. These results suggest that PAH
cations can also enjoy highly hydrogenated states in the interstellar medium,
and acts as catalysts for H2 formation.

3.2 Experiments

In this pilot experiment we show the feasibility of studying the hydrogena-
tion of PAHs in the gas phase. For this purpose, we use a setup designed
to study molecular ions in a radiofrequency ion trap. Time-of-flight mass
spectrometry of the trap content is used to identify the changes in mass
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of the coronene cations and therefore deduce their respective degrees of
hydrogenation.

3.2.1 Set-up

The experiments have been performed using a home-built tandem-mass
spectrometer shown schematically in Figure 3.1 (Bari et al., 2011). A
beam of singly charged coronene radical cations ([C24H12]

+, m/z 300) was
extracted from an electrospray ion source. The ions were phase-space
compressed in an radiofrequency (RF) ion funnel and subsequently in an
RF quadrupole ion guide. Mass selection was accomplished by using an
RF quadrupole mass filter. Accumulation of the ions took place in a three
dimensional RF ion trap (Paul trap). A He buffer gas at room temperature
was used to collisionally cool the trapped cations. Exposure to gas-phase
atomic hydrogen for variable periods of time led to multiple hydrogen
adsorption on the coronene cations. An electric extraction field was then
applied between the trap end-caps to extract the trapped hydrogenated
cations into a time-of-flight (TOF) mass spectrometer with resolution
m
∆m ∼ 200. To obtain mass spectra of sufficient statistics, typically a couple
of hundred TOF traces were accumulated.

Electrospray ionization allows to gently transfer ions from the liquid
phase into the gas phase. Inspired by the method of Maziarz (2005) we
have run the ion source with a solution consisting of 600 µL of saturated
solution of coronene in methanol, 350 µL of HPLC grade methanol and 50
µL of 10 mM solution of AgNO3 solution in methanol. In the liquid phase,
electron transfer from a coronene molecule to a silver ion leads to formation
of the required radical cation.

The trapped ions are exposed to hydrogen atoms produced from H2

by a Slevin type source which has been extensively used in crossed beam
experiments (Hoekstra et al., 1991; Bliek et al., 1997). While in the earlier
work the dissociation fractions were determined by means of electron impact
excitation or HeII line emission, we now use charge removal (captured
ionization) and dissociation induced by 40 keV He2+. For these processes
the cross sections are well-known (Shah & Gilbody, 1978). In this way we
determine a hydrogen dissociation fraction of n (H) / (n (H) + n (H2)) ≈ 0.3.
The temperature of the H beam is around room temperature (∼25 meV).
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Figure 3.1 – The setup used, with the ion funnel, quadrupoles, ion trap, hydrogen source
and detector

3.2.2 Results

Coronene ions are exposed to a constant flux of H atoms for different periods
of time before their degree of hydrogenation is determined by means of mass
spectrometry. The irradiation time is varied from 1.0 up to 30 s to study
the time-dependence of coronene hydrogenation.

The data obtained from our experiment are a series of mass spectra of
hydrogenated coronene cations as a function of H exposure time. Some of
the spectra are shown in Fig. 3.2. Fig. 3.2(a) shows the mass spectrum of
the native m/z = 300 coronene cations. A similar, thus unchanged, mass
spectrum is obtained (not shown in this article) if we irradiate coronene
cations with molecular hydrogen. This means that molecular hydrogen
does not stick to coronene cations at room temperature.

After turning on the hydrogen source and exposing the coronene cations
to the atomic hydrogen beam for 1.0 s (Fig. 3.2, (b)), the peak at m/z =
300 shifts to 301, which means that the trap content main constituent is
(C24H12+H)+. For increasing irradiation time (Fig. 3.2(c) t= 2 s, (d) 3
s, (e) 4 s and (f) 4.75 s), the peak at m/z=301 disappears progressively
while a peak at m/z = 303 and then at m/z = 305 (for t = 4.75 s see Fig.
3.2(f) ) appears, which indicates the addition of 3 and 5 hydrogen atoms,
respectively. At longer exposure time (Fig. 3.3(a) t ∼15 s), the m/z=303
peak dominates the signal, and a peak at m/z=305 appears. At even longer
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irradiation times (Fig. 3.3(b) t ∼30 s), the peak m/z=305 dominates and
peaks at m/z=307 and 309 appear. These peaks clearly show the evolution
of the hydrogenation states of coronene cations with H irradiation time.

3.3 Analysis and discussion

Our results show that the most important peaks measured in the mass
spectrum shift from lower masses to higher masses with increasing H expo-
sure time. In order to follow the evolution of the first hydrogenated state
of coronene cation (C24H12+H)+ (CorH+) to the second (C24H12+2H)+

(CorH+
2 ), third (CorH+

3 ) and fourth (CorH+
4 ) hydrogenated states, we use

a simple model that describes this evolution:
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Hydrogenation of CorH2n+1
+ follows an Arrhenius expression where

A2n+2 is the prefactor and E2n+2 is the barrier, while hydrogenation of
CorH+

2n follows the same expression with a prefactor A2n+1 and no barrier.
kB is the Boltzmann constant and T the temperature of the H beam
(T∼25 meV).

In these equations we do not include abstraction, meaning that the
time evolution of the contribution of each state is governed entirely by
hydrogenation. This assumption is made in order to derive the first
barriers of hydrogenation. Abstraction can be neglected in the conditions
of our experiments for low exposure times. This is supported by previous
experiments where the cross section for addition of hydrogen to neutral
coronene is predicted to be 20 times that for abstraction (Mennella et al.,
2012). Further support is drawn from a kinetic chemical model we
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Figure 3.2 – Mass spectrum of coronene a) without and with exposure to H atoms
during b) 1 s c) 2 s d) 3 s e) 4 s f) 4.5 s.
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Figure 3.3 – Same as Fig. 3.2 for much longer H exposures of a) 15 s b) 30 s.

developed, which shows that abstraction has to be very low compared to
hydrogenation to be able to mimic the experimental results (Boschman
et al. in prep). However, for long H exposure time we expect the
hydrogenation degree of the coronene cations to reach a steady state which
will allow us to derive the contribution of abstraction relative to addition,
and therefore derive the H2 formation rate due to PAH cations. It should
also be kept in mind that in the conditions of our experiments, the H
atoms are at room temperature meaning that they cross the barriers for
abstraction (10 meV, Rauls & Hornekær, 2008) and addition (40 - 60 meV,
Rauls & Hornekær, 2008) with similar ease. Under interstellar conditions,
however, the abstraction will dominate by 8 orders of magnitude (at 20 K)
because of the barrier differences.

The first hydrogenation is expected to take place at the outer edge
carbon atom (Hirama et al., 2004). This state provides more conforma-
tional freedom to the four neighbouring outer edge carbon atoms, ensuring
a preference for the second hydrogenation to take place at one of those four
carbon atoms. The third hydrogenation will preferentially take place at the
outer edge carbon next to the second H atom. Again, the forth H atom
can be bound to one of the four neighbouring outer edge carbon atoms,
and the fifth sticks on the neighbouring outer edge carbon. This scenario
of H atoms sticking preferentially on outer edge carbons next to already
adsorbed atoms is described in Rauls & Hornekær (2008).

The contribution of every peak is determined by fitting our data with
Gaussians with identical widths (see Fig. 3.4(a)). The ratios between
different hydrogenation states as function of time are reported in Fig.
3.4(b). It appears that the ratio between the contribution of the first
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From these expressions we derive the energy barrier E2 as 72±6 meV
and E4 as 43±8 meV, as shown in Fig. 3.4(c). This shows that hydrogena-
tion barriers are decreasing with increasing hydrogenation. However, our
results also show that odd hydrogenated states dominate the mass spectrum
even for high degrees of hydrogenation (Fig. 3.3). This highlights the
presence of a barrier-no barrier alternation from one hydrogenated state
to another, up to high hydrogenation states. So our results indicate that
even if the hydrogenation barriers decrease for the first hydrogenations,
they do not vanish completely and remain at higher hydrogenation states.
The barriers derived in our study are similar to the one calculated
by Rauls & Hornekær (2008) for neutral coronene. This means that
the first hydrogenations of coronene cations should be comparable to
the hydrogenation of neutral coronene. However, for higher degree of
hydrogenation we show that these barriers still exist, while the calculations
from Rauls & Hornekær (2008) predict that these barriers vanish after a
few hydrogenations. Recent mass spectrometric measurements of coronene
films exposed to H/D atoms do not show preferences for even or odd
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hydrogenation states of neutral coronene (Thrower et al., 2012). However,
these measurements are not very sensitive to barrier heights well below
100 meV, since the experiments were performed with atoms at a beam
temperature of 170 meV.
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Figure 3.4 – a) Contribution of every peak determined by fitting our data with Gaussians
with identical widths. b) Ratios between different hydrogenation states as function of
time. c) Barrier heights for the second and fourth hydrogenations.

In PDRs exposed to UV fields less than few hundreds G0, the spatial
distribution of H2 and PAHs does correlate (Habart et al., 2003, 2005;
Compiègne et al., 2007), contrary to what is seen in the presence of strong
UV fields (Tielens et al., 1993; Berné et al., 2009). The H2 formation
rates have been derived for several PDRs exposed to various UV radiation
fields. These rates can be explained by the contribution of PAHs to the
formation of H2 (Habart et al., 2004). Depending on the UV intensity, the
PAHs observed can either be PAH cations, that are present in regions
at low visual exctinctions AV, or neutral PAHs, which are located at
higher extinctions. Work by Wolfire et al. (2008) and Spaans & Meijerink
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(2005) has shown that high-UV and high density PDRs (nH≥103 cm−3 and
G0≥100 , G0 = 1.6× 10−3 erg cm−3 s−1) can maintain a ∼ 30% cationic
fraction up to a few mag in AV. More relevant to this work, Cox & Spaans
(2006) have studied low-UV PDRs (G0≤100), and followed the PAH charge
balance for different densities, UV radiation fields and metallicities. They
found that PAH cations dominate over neutrals and anions for AV≤2 mag.
The H2 formation rates observed in PDRs exposed to different UV fields
can therefore be partly attributed to neutral and cationic PAHs.

Our results show that the hydrogenation processes of neutral and
cationic PAHs are similar and should contribute similarly to the formation
of H2. Further experimental investigations will allow us to derive the H2

formation rate for PAH cations.

3.4 Conclusions

We have investigated the addition of hydrogen atoms to coronene cations
in the gas phase and observed increasing hydrogenation with H exposure
time. Our results show that odd hydrogenated states dominate the
mass spectrum, which evidences the presence of a barrier for the further
hydrogenation of odd hydrogenation states. The first hydrogen sticks to the
coronene cations without a barrier (Snow et al., 1998; Hirama et al., 2004).
The second and forth hydrogenations are associated with barriers of about
72 ± 6 meV and 43 ± 8 meV, while the third and fifth hydrogenation
are barrierless. These barriers are similar to the one calculated for
neutral coronene (Rauls & Hornekær, 2008). Our results indicate that
superhydrogenated PAH cations (Li & Draine, 2012) should also be found
in the interstellar medium, and be important catalysts for the formation of
H2, as it is the case for their neutral counterparts.
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Chapter 4
The Sequence to Hydrogenate

Coronene Cations: A Journey

Guided by Magic Numbers1

Abstract

T
he understanding of hydrogen attachment to carbonaceous surfaces is
essential to a wide variety of research fields and technologies such as

hydrogen storage for transportation, precise localization of hydrogen in
electronic devices and the formation of cosmic H2. For coronene cations
as prototypical Polycyclic Aromatic Hydrocarbon (PAH) molecules, the
existence of magic numbers upon hydrogenation was uncovered experimen-
tally. Quantum chemistry calculations show that hydrogenation follows a
site-specific sequence leading to the appearance of cations having 5, 11,
or 17 hydrogen atoms attached, exactly the magic numbers found in the
experiments. For these closed-shell cations, further hydrogenation requires
appreciable structural changes associated with a high transition barrier.
Controlling specific hydrogenation pathways would provide the possibility
to tune the location of hydrogen attachment and the stability of the system.
The sequence to hydrogenate PAHs, leading to PAHs with magic numbers
of H atoms attached, provides clues to understand that carbon in space is

1This chapter has been published as S. Cazaux, L. Boschman, et al., Scientific Reports
6
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mostly aromatic and partially aliphatic in PAHs. PAH hydrogenation is
fundamental to assess the contribution of PAHs to the formation of cosmic
H2.

4.1 Introduction

Molecular hydrogen is the most abundant molecule of our Universe. Next to
dust, polycyclic aromatic hydrocarbons (PAHs) can be important catalysts
to the formation of H2 (Habart et al., 2005). The presence of pre-adsorbed
H atoms on PAHs increases the yield of H2 formation by many orders of
magnitude (Cazaux & Spaans, 2009), rendering this process an important
route towards molecular hydrogen formation in the interstellar medium
(ISM) (Bauschlicher, 1998).

A multitude of objects inside and outside our galaxy exhibit spectra
crowded with infrared bands, referred to as the Aromatic Infrared Bands
(AIBs). These AIBs are commonly attributed to polycyclic aromatic
hydrocarbon (PAH) molecules (Allamandola et al., 1985; Leger & Puget,
1984). To date, families of these astronomical PAHs have been identified
(Boersma et al., 2015; Rosenberg et al., 2014), in neutral or cationic forms
(Oomens et al., 2001), being predominantly aromatic (Li & Draine, 2012)
and likely hydrogenated (Snow et al., 1998). However, a unique identifi-
cation is hampered by the nonspecific nature of the IR bands (depicting
vibrations of functional groups) and the large number of candidate PAH
molecules.

Hydrogenated graphene-related materials are also considered as a
successor of silicon in the electronics industry. However, the zero band-gap
of pure graphene prohibits the direct employment of its excellent conductive
properties in semiconductor devices. Hydrogen adsorption on graphene
changes the state of the functionalized C atom from sp2 to sp3 and removes
electrons from the valence shells, opening up the graphene band-gap in a
tunable fashion (Elias et al., 2009) which is a prerequisite for graphene
applications in electronic circuits.

Despite the enormous interest in hydrogenation of graphene related
materials, with graphene, graphite and polycyclic aromatic hydrocarbons
(PAHs) being the most widely studied model systems, the key adsorption
process of a single H atom on a carbonaceous surface is still not fully
understood. For instance, the exact height of the energy barrier a single
H atom encounters upon adsorbing on the surface is still under debate.
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Density functional theory (DFT) calculations predicted an H chemisorption
barrier of 0.2 eV for graphite (Jeloaica, 1999; Sha, 2002) implying that the
hydrogenation process is very unlikely at low temperatures. Experiments
confirmed that chemisorption barriers could be overcome by thermal H
atoms (≥2000 K Zecho et al., 2002), but showed that one already adsorbed
hydrogen atom decreases the barrier for chemisorption of a second H atom
(Rougeau et al., 2006; Bachellerie et al., 2007) allowing for barrier-less H2

formation and the formation of hydrogen clusters (Hornekær et al., 2007;
Ferro et al., 2009). Also, recent studies indicate that both van der Waals
and quantum nuclear effects cooperatively lower chemisorption barriers
for hydrogenation on graphene and PAH molecules in a similar manner
(Davidson et al., 2014).

Motivated by the fact that atomic hydrogen addition to graphene
related materials strongly depends on the presence of already adsorbed
H atoms, the electronic and structural effects of this process on the atomic
level in an isolated system is investigated in this paper. Here experimental
and theoretical studies are combined to study the sequential addition of
thermal hydrogen atoms to an isolated, gas phase coronene cation as the
prototypical PAH molecule. Briefly, we find that the hydrogenation of
coronene cations follows definite pathways where barriers are highest for
the hydrogenation of coronene cations with 5, 11 and 17 hydrogen atoms.
These high barriers imply that coronene cations with magic numbers of
H atoms attached (5, 11, and 17) are the most abundant. Quantum
chemistry calculations confirm the experimental data and, moreover, show
a site-specific sequence of hydrogenation. The establishment of the path
to the most probable superhydrogenated PAH cations allows for predicting
which PAH cations are more likely present in space and will advance the
search for candidates of AIBs. The possibility of assembling gas phase PAH
cations in well-defined hydrogenation states encourages the investigation of
their electronic and geometric structures as model systems for graphene
hydrogenation.

4.2 Results

4.2.1 Experimental results

Gas phase coronene cations confined in a radiofrequency trap were exposed
to a constant flux of H atoms for variable time intervals. By varying
the irradiation time the degree of hydrogenation was changed. The
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data obtained from the experiment are a series of mass spectra of
superhydrogenated coronene cations as a function of H exposure time.
Figure 4.1 a) displays the evolution of the mass spectra for exposure times
between 0 and 59 s, normalized to the total peak area. The reference
spectrum with zero H atom exposure consists of a dominating peak at the
nominal coronene m/z of 300, i.e. there is zero H atom adsorption (nH =
0). The shoulder at m/z = 301 is due to the natural 26% contribution of
13C.

Upon H exposure, the m/z distribution exhibits the expected shift to
higher masses, accompanied by a broadening of the distribution. Odd m/z
values dominate the spectrum, with the peaks at even m/z being mainly
caused again by the natural 13C content of the sample. Note that the
scale is logarithmic on both axes. It is obvious that brief H exposure for
tH = 0.05 s leads to single hydrogenation (C24H

+
13, i.e. one additional H

atom: nH = 1) of more than 50 % of the trap content. After tH= 0.2 s,
90% of the trap content is at least singly hydrogenated (nH = 1). The
C24H

+
13 (nH = 1) peak becomes dominant for tH = 0.2 - 0.3 s and then

decreases by a factor of 20 after tH = 10 s. With declining C24H
+
13 (nH

= 1), C24H
+
15 (nH = 3) increases and becomes the dominant contribution

at tH = 5 s. From tH = 10 s on, C24H
+
17 (nH = 5) becomes the dominant

peak. This hydrogenation state is particular, as the two subsequent odd
hydrogenation states (C24H

+
19 and C24H

+
21 which correspond to nH = 7 and

9 respectively) have markedly lower yields over the full range. A similar
behaviour is observed from tH = 20 s on, where C24H

+
23 (nH = 11) exceeds

the two subsequent odd hydrogenation states (C24H
+
25 and C24H

+
27 which

corresponds to nH = 13 and 15 respectively). Eventually, the C24H
+
29 (nH

= 17) peak becomes the most important one, once again exceeding the
yields of neighboring odd hydrogenation states. For exposure times around
60 s, full hydrogenation (nH = 23, odd hydrogenation state before full
hydrogenation nH = 24) starts to contribute to the mass spectra.

To illustrate the “magic” nature of the hydrogenation states nH = 5,
11 and 17 even more clearly, Figure 4.1b) shows the data obtained for tH
= 19, 29 and 59 s, separately. Clear steps in peak intensity occur at the
magic hydrogenation states nH = 5 and nH = 11 in all three spectra, while
nH = 17 dominates for the longest exposure time.

These findings suggest particularly high stabilities of coronene cations
with nH = 5, 11 and 17 and particularly high barriers for the transitions to
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Figure 4.1 – Panel a) Mass spectrum of coronene after exposure with hydrogen atoms
for different exposure times. Panel b) mass spectra obtained obtained for tH = 19, 29
and 59 s, highlighting the presence of magic numbers.

the respective subsequent hydrogenation states (nH = 5 → 6, nH = 11 → 12
and nH = 17 → 18).

4.2.2 Theoretical results

DFT calculations were performed to clarify the origin of the experimentally
observed magic numbers. Binding energies for relevant superhydrogenated
cations and barriers for various pathways of interest have been calculated
with the modified MPW1K hybrid functional (Lynch et al., 2000). These
calculations predict a well defined hydrogenation pathway from the singly
hydrogenated cation C24H

+
13 to the fully hydrogenated cation C24H

+
36.

First hydrogenation

The first hydrogenation of the coronene cation can occur at three distinct
locations as shown in black in Figure 4.2, left panel:

1. an outer edge carbon atom (site 1 in black, 12 equivalent sites, CH2

formation);



52 Chapter 4. The Sequence to Hydrogenate Coronene Cations

2. an inner edge carbon atom (site 2 in black, 6 equivalent sites, CH
formation);

3. a center ring C atom (site 3 in black, 6 equivalent sites, CH
formation).

For the three hydrogenation sites considered here, the obtained zero point
energy-corrected binding energies are reported in Table 4.1. The first
hydrogenation reaction corresponds to a radical-radical reaction and leads
to a closed shell system. As a consequence, large binding energies are
obtained. Our results are in excellent agreement with previous calculations
obtained with the hybrid B3LYP functional (Hirama et al., 2004). For
the three cases, the zero point energy (ZPE) correction is about 0.4 eV
(Table 4.1). Subsequent hydrogenations will correspond to one of the three
prototypical former cases, and the ZPE correction for the binding energy
will correspond to a global offset.

The hydrogenation barriers have been determined by a transition state
calculation (see table 1 for the ZPE corrected data). For H attachment
on site 1, the transition state calculation gives a relatively low barrier of
0.01 eV and accompanies a binding energy, which is 0.7 eV higher than
for the other two sites. This barrier is related to the out of plane motion
of the existing CH bond in order to form the CH2 group (see Figure 4.2).
Even though the formation of the CH2 group weakens the π system of the
associated ring, the aromatic carbon backbone is only weakly perturbed
by the H addition and remains planar. H attachment on site 3 implies
a stronger perturbation of the carbon backbone with the active C carbon
atom being puckered out of the aromatic plane. As a consequence, the
barrier is much higher for this site (0.22 eV). H attachment on site 2 is
an intermediate case with a barrier of 0.15 eV. The H atom attachment
reactions are exothermic and the transition state geometries are close to
the geometry of the reactants (early transition state). For the most stable
final product, the barrier is the lowest.

Because of the large binding energy and the low barrier, the hydrogena-
tion on site 1 is the most probable and the C24H

+
13 cation (site 1) is expected

to be rapidly formed and to be particularly abundant.
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Table 4.1 – Binding energies and barriers for the first and second hydrogenation
reactions.

First hydrogenation

Site ∆Eb (ZPE corrected)(eV) ∆Eb (eV) Barrier (ZPE corrected) (eV)
Present work (MPW1K) Hirama et al. (2004) B3LYB Present work (MPW1K)

1 -2.81 (-2.44) -2.43 0.01 (0.06)
2 -2.14 (-1.77) -1.75 0.15 (0.22)
3 -1.91 (-1.55) -1.55 0.22 (0.29)

Second hydrogenation

Site ∆Eb (eV) Barrier (eV)

o1 : ortho 1 -2.94 0.03
o2 : ortho 2 -1.93 0.23
p1 : para -1.37 0.29
m1 : meta 1 -1.02
m2 : meta 2 -1.02

Figure 4.2 – Left panel: distinct type of hydrogenation sites considered in our
calculations. Sites for the first hydrogenation are represented in black while sites for
the second hydrogenation (with first H located in 1) are represented in red. Right panel
Top: Geometry of the coronene cation with an additional H atom adsorbed on an outer
edge carbon. Right panel bottom: Geometry of the coronene cation with two additional
H atoms adsorbed on adjacent outer edge carbons.
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Second hydrogenation

The first hydrogenation leaves the coronene π electron system weakened.
The second hydrogenation has been investigated for all available sites of
the same ring (see the different sites in red in Figure 4.2, with the first
H atom attached in position1). The second hydrogenation reaction is a
closed shell-radical reaction, resulting in a radical system. As a consequence,
binding energies are typically smaller than for the first hydrogenation, with
the exception of the ortho1 site (see Table 4.1), for which a slighly higher
value is found. This result implies that additional electronic effects, such
as hyperconjugation, contribute to the C24H14

+ cation stabilization. Even
though attachment to the ortho 1 site is energetically more favorable by
1 eV (Eb= -2.94 eV), the corresponding hydrogenation barrier amounts to
0.03 eV. This barrier on site o1, is much lower (by at least 0.2 eV) than
for the o2 and p1 sites. The geometry, presented in Figure 4.2 (right),
shows the change of hybridization of the involved carbon and the torsion
of the C-C bond to obtain a staggered ethane-like conformation. The
aforementioned barrier of 0.03 eV is related to this local deformation and
therefore is higher than for the first hydrogenation reaction. Because of the
presence of this barrier, accumulation of C24H13

+ molecules is expected
before further hydrogenations.

Further hydrogenation states

Subsequent hydrogen attachment proceeds along a pathway involving the
most stable cations. For the particularly stable species with nH=5, 11,
17 which accumulate in the experiment, hydrogenation binding energies
are presented in Figure 4.3a). The binding energies range between -1.95
and -3.6 eV and depend strongly on the number of additional hydrogens
(nH). The addition of hydrogen atoms, from the third up to the 24th,
follows the sequence shown in Figure 4.3b). From the third up to the 14th

hydrogenation, H attachment follows a cycle with 3 different locations:

1. outer edge carbon atom on an adjacent aromatic ring;

2. adjacent outer edge carbon atom;

3. inner edge carbon atom belonging to two outer hydrogenated rings.

After the 14th hydrogenation, five contiguous outer rings of the coronene
cation have lost their aromaticity. From the 15th up to the 20th
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Figure 4.3 – Panel a): Binding energy of each H atom as a function of the number of H
atoms adsorbed on the coronene cation. Panel b): Fully hydrogenated coronene cation
and the sequence which is followed for the addition of each hydrogen atom. The colors
correspond to the location of the carbon, outer edge (black), inner edge (red) center
ring(green). Panel c): Geometry of the fully hydrogenated coronene cation.

hydrogenations, the H atoms are bound to the inner ring, and for the last
four hydrogenations, the H atoms are bound to the last outer ring.

If the H attachment involves two radicals, the product (C24H
+
12+nH

,
with odd nH) has closed shell configuration with H binding energies below
-2.6 eV. Furthermore, if the involved reaction does not imply a strong
carbon backbone deformation, the reaction is expected to be barrier-
less or associated with a low barrier (typically of the order of the first
hydrogenation reaction i.e. 0.01 eV). This is the case for nH=1, 3, 9. If the
reaction occurs between a radical and a closed shell system, the product
(C24H

+
12+nH

, with even nH), is a radical, the binding energy is above -3 eV.
Furthermore, if the involved reaction implies a substantial deformation of
the carbon backbone, a larger barrier is expected (typically of the order of
the second hydrogenation barrier of 0.03 eV). This is the case for nH=4, 10.
Note that the binding energies are not always alternating from odd to even
nH since they depend on the type of reactions (radical + radical or radical
+ closed shell system) but also on the deformation of the system.

Such alternating hydrogenation pattern leads to equilibrium structures
for which the energy strains associated to the tetrahedrisation of the C
atoms are minimized (C atoms change from trigonal planar sp2 to tetra-
hedral sp3 upon hydrogenation). One can notice that after hydrogenation
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the edge structure is alkane-like while the global structure is graphane-like,
each C6 ring having a chair conformation, as shown in Figure 4.3c).

The largest differences in binding energies occur between the 5th to the
6th, the 11th to the 12th, the 17th to the 18th and the 23rd to the 24th

hydrogenations. The 5th hydrogenation (C24H
+
16 + H, a radical + radical

reaction) results in the formation of a closed-shell cation with 18 π electrons
distributed over 5 aromatic adjacent rings (this preserved aromatic part of
the cation is a PAH-like C19H

+
11 (Hudgins et al., 2001)). This reaction is

expected to have a small barrier (0.01 eV). The 6th hydrogenation (C24H
+
17 +

H, a radical + closed-shell reaction) leads to the formation of a radical. For
this reaction, the transition state calculation gives a larger barrier of 0.11
eV. Consequently the C24H

+
17 cation is expected to be prominent during

successive hydrogenations. Identical mechanisms apply to the 11th and
12th (barrier height 0.17eV) as well as 17th and 18th (barrier height 0.32eV)
hydrogenation reactions. For the 23rd hydrogenation, the radical character
of the cation nH=22 is concentrated on two C atoms and hydrogenation
occurs at the 23rd site (see Figure 4.3b)).

4.3 Discussion

Experimentally, the hydrogenation of coronene cations shows the predom-
inance of cations with 5, 11 as well as 17 extra hydrogens, which we refer
to as magic numbers. This experimental observation is fully explained
theoretically by the specific hydrogenation sequence derived from binding
energies and attachment barriers. This sequence shows that the 6th, 12th,
and 18th H atom attachment require substantially high barriers (larger than
0.1 eV). These barriers, guiding the H atoms into the most stable adsorption
sites, explain the presence of the most probable cations that are observed
experimentally as magic numbers.

For neutral coronene, DFT calculations have shown that the first
hydrogenation of neutral coronene is associated with a barrier (∼60 meV),
but that subsequent hydrogenation barriers vanish (Rauls & Hornekær,
2008). In this work the hydrogenation reactions have been studied up
to nH=8. Our results indicate that the hydrogenation pattern is different
already for nH=3 between the neutral and cation.

The sequence to hydrogenate coronene cations has implications for
larger systems. The specific sequence derived in this study shows that
coronene cations with a magic number of H atoms attached are more
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stable systems, and that fully hydrogenated coronene cations have C6 rings
with chair conformation (see Figure 4.3c)), which is similar to graphane
(Elias et al., 2009). Attaching atomic hydrogen to each site of the graphene
lattice changes the hybridization from sp2 into sp3, thus removing electrons
from the conducting π-bands and opening an energy gap, whose size
depends on the H coverage (Balog et al., 2010). To control the extent of
graphene conductivity, selective hydrogen adsorption needs to be achieved.
In this work, by using coronene as a model system for graphene related
materials, we show that stable hydrogenation states allow to control the
number of H atoms attached as well as their localization.

The discovery of magic numbers of H attached to PAHs has implications
concerning the amount of aromatic and aliphatic carbon material that can
be found in space. Observations of the aliphatic C-H band at 6.86 µm and
the aromatic C-C band at 7.7 µm indicate that the fraction of carbon in
PAHs which is in aliphatic form is ≤ 15% (Kwok & Zhang, 2011) (and
with high percentage of cations in regions shielded from UV radiation
Wolfire et al., 2008; Spaans & Meijerink, 2005). Recent observations of
the aromatic C-H band at 3.3 µm, as well as the aliphatic C-H band
at 3.4 µm (which is associated either to methyl sidegroups attached to
the PAHs, or to superhydrogenated PAHs (Bernstein et al., 1996)) show
that the intensity of these bands change along the line-of-sight as a
function of visual extinction (Pilleri et al., 2015). These changes suggest
that very small grains are photoprocessed and lead to the production of
PAHs with aliphatic sidegroups. Recent theoretical studies suggest that
in environments subjected to strong UV radiation, small PAHs are likely
to be mostly dehydrogenated, while very large PAHs are likely to be
superhydrogenated (Montillaud et al., 2013). Our study indicates that the
sequence to hydrogenate PAHs as well as the presence of barriers that lead
to magic numbers, will allow only for a certain degree of hydrogenation.
This is consistent with the observations of 3.4 µm and 3.3 µm, showing
that the absolute degree of implied excess hydrogenation is not large, and
that the molecular population is still dominated by aromatic carbon, not
aliphatic carbon (Sandford et al., 2013).

Molecular hydrogen is the most abundant molecule in our Universe. Ob-
servations of many astrophysical environments revealed that this molecule
can form and survive in extreme conditions such as strong UV/X-ray fields,
cold and warm gas and dust, or post-shock regions. The formation of H2

is therefore efficient in a wide range of astrophysical conditions, and in
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this, PAHs can be important interstellar catalysts. Molecular hydrogen
can form in interstellar space by involving hydrogen atoms attached
to PAHs (Habart et al., 2004; Allers et al., 2005; Boschman et al., 2012;
Mennella et al., 2012), and to PAH cations in dense regions (nH ≥103 cm−3)
submitted to strong UV radiation (≥10 erg s−1 cm−2 Spaans & Meijerink,
2005; Wolfire et al., 2008). Therefore, the formation of H2 in space depends
on the hydrogenation state and stability of the neutral and cationic PAHs.
In this study, we show that hydrogenation of PAHs cations leads to the
occurrence of magic numbers and that collisions of PAHs with hydrogen
atoms lead to hydrogenation, while de-hydrogenation by collision is not
observed. Since the barriers for abstraction (reaction between an H atom
from the gas phase and an H attached to a PAH to form H2) are supposed
to be small (Rauls & Hornekær, 2008, ≤ 10 meV for abstraction of H on
a neutral coronene), the sequence to hydrogenate PAHs leading to super-
hydrogenated PAHs is crucial for the formation of H2.

4.4 Methods

4.4.1 Experiments

The hydrogenation of coronene cations in the gas phase has been studied
experimentally. The experiments have been performed using a home-built
tandem-mass spectrometer shown schematically in Figure 4.4 (Bari et al.,
2011). A beam of singly charged coronene radical cations ([C24H12]

+,
m/z = 300) was extracted from an electrospray ion source. The ions were
phase-space compressed in an RF ion funnel and subsequently in an RF
quadrupole ion guide. Mass selection was accomplished by using an RF
quadrupole mass filter. Accumulation of the ions took place in a three-
dimensional RF ion trap (Paul trap). A He buffer gas at room temperature
was used to collisionally cool the trapped cations. Exposure to gas-phase
atomic hydrogen for variable periods of time led to multiple hydrogen
adsorptions on the coronene cations. The density of atomic hydrogen in
our experiments is of the order of 1011-1012 cm−3. An electric extraction
field was then applied between the trap end-caps to extract the trapped
hydrogenated cations into a time-of-flight (TOF) mass spectrometer with
resolution m/∆m ∼ 300. To obtain mass spectra of sufficient statistics,
typically hundreds of TOF traces were accumulated.

Electrospray ionization allows to gently transfer ions from the solution
phase into the gas phase. Inspired by the method of Maziarz (2005) the ion
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Figure 4.4 – The setup used, with the ion funnel, quadrupoles, ion trap, hydrogen source
and detector.

source has been made with a solution consisting of 600 µL of saturated
solution of coronene in methanol, 350 µL of High-performance liquid
chromatography (HPLC) grade methanol and 50 µL of 10 mM solution
of AgNO3 solution in methanol. In the liquid phase, electron transfer from
a coronene molecule to a silver ion leads to formation of the required radical
cation.

The trapped ions are exposed to hydrogen atoms produced from H2 by
a Slevin-type hydrogen source which has been extensively used in crossed
beam experiments (Hoekstra et al., 1991; Bliek et al., 1997). While in the
earlier work the dissociation fractions were determined by means of electron
impact excitation or HeII line emission, we now use charge removal and
dissociation induced by 40 keV He2+. In this way we determine a hydrogen
dissociation fraction of n (H) / (n (H) + n (H2)) ≈ 0.3. The temperature of
the H beam is around room temperature (∼25 meV).

After irradiating the coronene ions for a certain amount of time, an
electric field is used to extract the trap content into the TOF mass
spectrometer.

4.4.2 DFT calculations

Equilibrium geometries, binding energies and transition states have been
obtained using the DFT method. Calculations have been performed with
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the ADF program, version 2013 (Te Velde et al., 2001). Spin polarized
calculations have been performed for these open-shell systems with the
modified PW1K hybrid functional (Lynch et al., 2000) and a tζp (triple
zeta polarized) basis set of Slater type orbitals. Numerical convergence
for geometry is obtained with gradients < 0.001 Hartree per Å and
distances are converged to 0.01 Å. Numerical convergence for energies is
10−6 Hartree. Transition states are obtained as stationary points on the
energy surface, and are characterized by a Hessian matrix with a negative
eigenvalue associated with a motion along the reaction coordinate. For
the superhydrogenated cation C24H12+n

+, the H binding energy ∆Eb and
barrier height ∆E# are calculated according:

∆Eb = E(C24H
+
12+n)− E(C24H

+
12+(n−1))− E(H) (4.1)

and

∆E# = E(C24H
+#
12+n)− E(C24H

+
12+(n−1))− E(H) (4.2)

Where E(C24H
+
12+n) and E(C24H

+#
12+n) are the equilibrium and transition

state energies of the C24H
+
12+n cation. E(C24H

+
12+(n−1)) and E(H) are

the equilibrium energies of the previous C24H
+
12+(n−1) cation and atomic

hydrogen respectively.
Previous calculations on the coronene system have been performed

using the PW91 GGA functional for the neutral (Rauls & Hornekær, 2008;
Thrower et al., 2012) and with the hybrid functional B3LYP for the cation
(Hirama et al., 2004). For such systems, hybrid functional have been shown
to better perform than the PW91 GGA functional which underestimate
barrier heights and overestimate binding energies (Wang et al., 2012).
Moreover, MPW1K has been shown to predict accurate barrier heights and
reaction energies (Lynch et al., 2000). The barriers have been obtained via
a transition state calculation. The transition state is obtained has a saddle
point along the reaction coordinate and is characterized by an imaginary
frequency. The barriers obtained in the present work correspond to the
attachment of an H atom coming from the gas phase.
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Chapter 5
VUV photoabsorption in

superhydrogenated coronene

cations: photodesorption of H

atoms.1

Abstract

W
e have investigated the difference in response upon photoabsorption
between normally hydrogenated and superhydrogenated coronene

cations. Both cations have been exposed to VUV radiation, and subse-
quent mass spectrometric analysis reveals the photoabsorption products.
Photoionization, loss of H atoms, and dissociative ionization are the three
main channels of energy dissipation upon photoabsorption. Their branching
ratios show a clear dependence on photon energy. This energy dependence
changes when an extra hydrogen atom is added to the target molecule,
which has important consequences for the existence of superhydrogenated
PAHs in space. We use the experimental results to fine-tune our model
for the ionization and dissociation of PAHs and apply it to the typical
interstellar radiation field. This model allows for the extrapolation of
photodissociation rates of PAHs of sizes up to 200 carbon atoms. In this

1This chapter has been submitted to The Astrophysical Journal
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manner, we present experimentally supported photodissociation rates of
PAHs for use in astrochemical models.

5.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are large carbon-based molecules
constituting the low-mass end of the interstellar dust grain distribution
(Weingartner & Draine, 2001a). Their existence in space has been inferred
from their bulk infrared emission features (Allamandola et al., 1989),
although it is still not possible to identify individual PAHs (Pilleri et al.,
2009). The intensity of these PAH emission features has been found to
correlate with the rate of H2 formation in strong radiation environments
(Habart et al., 2004) such as the Orion Bar, ρ Oph W, and other photodis-
sociation regions (PDRs) (Draine & Bertoldi, 1996; van der Werf et al.,
1996; Le Page et al., 2009; Montillaud et al., 2013). In these regions the
observed rate coefficients for H2 formation can be as high as 10−16 cm3 s−1

at typical gas temperatures of ∼ 100 K, which cannot be explained by
formation of H2 on dust grains alone (Habart et al., 2004; Allers et al., 2005;
Boschman et al., 2015). Therefore, PAHs have been proposed as a catalyst
for H2 formation in PDRs, and as a result their chemical and physical
behaviour has been subject of extensive study.

H2 formation on PAHs requires a vivid chemistry between PAH
molecules and hydrogen atoms. This chemistry has been studied extensively
in both theory and experiments during the last decades. Bauschlicher
(1998) performed density functional theory (DFT) calculations on the
reaction of hydrogen atoms with the naphthalene cation (C10H

+
8 ) and

found that this leads to superhydrogenation of the cation. Furthermore,
this study finds a barrierless catalytic pathway where a superhydrogenated
cation reacts with an H atom to form molecular hydrogen. Later
experiments by Thrower et al. (2012) and Mennella et al. (2012), where
solid layers of coronene are exposed to atomic hydrogen, confirm both the
superhydrogenation of PAHs and the formation of H2 through abstraction
from superhydrogenated PAHs. Density functional theory calculations by
Rauls & Hornekær (2008) predict the existence of barriers of alternating
height for the addition of hydrogen to coronene. Later experiments by
Boschman et al. (2012) on gas phase coronene cations confirm the existence
of these barriers and show that they are present all along the sequence
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that leads to fully superhydrogenated coronene cations (Snow et al., 1998;
Cazaux et al., 2016).

Other studies focus on the interaction between PAHs and photons to
investigate whether PAHs can survive the strong radiation environment
of the interstellar medium (Allain et al., 1996a,b; Jochims et al., 1996;
Jochims et al., 1999). These studies vary in photon energy from as low as a
few eV (Malloci et al., 2004) up to the 300 eV soft X-rays (Reitsma et al.,
2015) and find that the carbon skeleton of a PAH is extremely photostable.
The large majority of photoabsorption events result in ionization, and any
excess energy present in the molecule is mostly radiated away through
infrared emission. However, fragmentation is another possible channel, in
particular for photon energies above 10 eV, which leads predominantly
to the loss of one or more H atoms (Jochims et al., 1994; Zhen et al.,
2014, 2015; Reitsma et al., 2015). If the photon deposits sufficient energy,
photoabsorption can also lead to the destruction of the carbon skeleton
of the PAH molecule through the loss of a C2H2 group (Allain et al.,
1996a). Reitsma et al. (2014) expose superhydrogenated coronene cations
to soft X-ray photons and show that loss processes can be quenched by
superhydrogenating the PAH molecule. The photodesorption of the extra
H atoms acts as an energy dissipation mechanism that stabilizes the carbon
skeleton of the molecule.

PDR models that take PAHs into account have found that the intense
radiation field has a strong influence on the hydrogenation state of these
molecules (Ruiterkamp et al., 2005; Montillaud et al., 2013). Le Page et al.
(2001) find that the rates for H and H2 loss depend on the size of the PAHs.
Smaller PAHs have fewer degrees of freedom to dissipate the excitation
energy, which means they are more easily dehydrogenated than their larger
counterparts. Consequently, small PAHs (NC < 30) are dehydrogenated on
the surface of clouds and regain their regular hydrogenation state at larger
AV, whereas larger PAHs are superhydrogenated throughout the entire
PDR (Montillaud et al., 2013).

The studies mentioned above mainly focus on PAHs that are regularly
hydrogenated or dehydrogenated. However, little is known about the
interaction of superhydrogenated PAHs with VUV photons. In this study
we report on the effects of VUV radiation on both normally hydrogenated
and singly superhydrogenated gas phase coronene cations, with photon
energies varying between 12 and 30 eV. We describe the experimental
setup in section 5.2 and the data analysis in section 5.3, as well as
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Figure 5.1 – A schematic drawing of the setup used for the experiments. Note that
the linear TOF mass spectrometer, which is located downstream from the Paul trap, has
been omitted.

the results and their interpretation. We show that the hydrogenation
state of the target molecule has a clear effect on the energy dissipation
mechanism, as evidenced by the different photoproducts. We recreate these
photoproducts using a simple Rice Ramsperger Kassel (RRK) model that
combines the effects of photoionization and dissociation, the details of which
are described in section 5.4. In this section we also present the astrophysical
application of the results. Uncertainties and final results are discussed in
section 5.5.

5.2 Experiment

The main parts of the setup have been described elsewhere in detail
(Bari et al., 2011) and are shown in Figure 5.1. The main difference with
the previous experimental layouts is the position and use of the hydrogen
source, which will be addressed in somewhat more detail.

First, the main components of the set-up are described briefly. The
technique of electrospray ionization (ESI) is used to gently transfer coronene
cations (hereafter referred to as Cor+) from solution into the gas phase. The
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coronene cations enter the first vacuum chamber through a heated capillary.
Subsequently, the ions are phase-space compressed into a narrow beam by
a radio frequency (RF) funnel. The ion beam then enters an RF octopole
ion guide for further phase space compression. A second RF quadrupole
guide is operated as a mass filter to generate a single-mass ion beam. This
mass-filtered low-energy ion beam is injected into the Paul trap. Facilitated
by collisions with a synchronized pulse of helium buffer gas the ions cool
down to room temperature and remain trapped.

A delay of about 100 ms after the end of the buffer gas pulse ensures
a sufficiently low helium pressure inside the trap during the subsequent
exposure to the VUV photon beam. Following the VUV exposure, a second
buffer gas pulse cools energetic fragments. Subsequent extraction into a
linear time-of-flight (TOF) mass spectrometer ( m

∆m ≈ 300) yields the mass
distribution of the trap content.

For the present study, which requires VUV radiation, the setup
is interfaced with the U125/2-10m-NIM beamline at the BESSY II
synchrotron facility (Helmholtz Zentrum Berlin, Germany, Reichardt et al.,
2001). Coronene molecules are purchased from Sigma-Aldrich (Germany,
purity 99%). Samples are prepared by adding 50 µL of a 10 mM solution of
silver nitrate in ethanol to 1 mL of HPLC-grade methanol saturated with
coronene. The silver cations undergo a charge exchange reaction with the
dissolved coronene, resulting in coronene cations that can be electrosprayed.
Together with the parent peak of the coronene monocation at m/z = 300
and the coronene dication peak at m/z = 150, the silver isotope peaks at
m/z = 106.9 and 108.9 are used to calibrate the TOF mass spectrum.

The setup is operated in a cyclic mode, where each individual cycle
consists of two measurements. The first step is a measurement of the
ESI signal only (ESI on, photons off), as a reference spectrum for the
parent molecular ion. In the second step the target is exposed to VUV
radiation (ESI on, photons on), yielding a mass spectrum that contains
both the parent molecular ion and the dissociative and non-dissociative
photoionization products. Approximately 500 of these cycles are required
for sufficient statistics. Afterwards, an additional measurement of the effect
of VUV radiation without the presence of a molecular target (ESI off,
photons on) allows for the subtraction of peaks due to photoionization
of residual gas. A typical series of spectra is shown in Figure 5.2.

Measurements are performed at photon energies between 12 and 30
eV, with step sizes varying between 0.125 and 1.0 eV. The step size is
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Figure 5.2 – Panel a) shows the direct experimental ToF spectrum of superhydrogenated
coronene cations irradiated by VUV photons of 18 eV. Panel b) presents a ToF
background spectrum of a non-irradiated trapped sample of CorH+. Panel c) shows
a background ToF spectrum produced by 18 eV VUV exposure while no CorH+ ions
are present in the Paul trap. The bottom panel d) depicts the background-cleaned ToF
spectrum of CorH+ ions irradiated by VUV photons of 18 eV.

adjusted to accommodate expected spectral features in the coronene VUV
absorption spectrum. The beam intensity is monitored with a silicon
pn junction photodiode placed behind the Paul trap. Exposure to the
photon beam is controlled with an optical shutter and is adjusted such
that the observed decrease of the parent peak is between 5 and 10% of
the original peak integral. This ensures that the products of multiphoton
events are negligibly small.

Finally, the production of hydrogenated coronene cations is achieved
by injection of a thermal beam of atomic hydrogen from a Slevin-type
(Slevin & Stirling, 1981; Hoekstra et al., 1991) hydrogen source. The
atomic hydrogen is directed into the interaction region via Teflon tubing.
In our earlier experiments on the superhydrogenation of coronene cations
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Figure 5.3 – Mass spectra of the mass
distributions of CorH+ ions exposed to a
thermal beam of atomic hydrogen with
mass filtering (red line) and without mass
filtering (blue line).
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Figure 5.4 – A typical raw ESI-only
mass spectrum of coronene cations. The
experimental data is shown as a red line
and the fit is shown as a blue line. The
contributions of the 13C isotopologues are
clearly visible as mass peaks at m/z = 301
and 302.

(Boschman et al., 2012; Reitsma et al., 2014; Cazaux et al., 2016) the
hydrogen source was directly mounted on to the Paul trap. This led to
an efficient hydrogenation of coronene cations.

For the present experiments direct hydrogenation in the Paul trap has
the drawback of producing a distribution of hydrogenation states which
may hamper the investigation of hydrogenation-state selective processes.
To circumvent this, the hydrogen source is mounted on to the first RF
octopole (cf. Fig. 5.1). The diaphragms at both ends of the octopole are
put on voltages such that the octopole acts as a linear trap. During their
stay inside the octopole, the Cor+ ions are superhydrogenated by the room
temperature H atoms emerging from the atomic hydrogen source. The
n-fold hydrogenated CorH+

n is accumulated within the octopole for up to
several seconds, after which the voltage on the last diaphragm is lowered
to pulse the ions into the mass filter.

The mass filter is used to select the CorH+ cations out of the full
distribution of hydrogenated coronene cations, see figure 5.3. As will be
discussed in section 5.3.2, the reduction of the m/z = 300 peak of pristine
Cor+ is important to facilitate the analysis of the CorH+ results. Typically,
the 300 peak is reduced by a factor of 2-3. Further, stricter filtering also
reduces the CorH+ parent ions so much that its intensity becomes too low
to present a dense enough target.
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5.3 Data analysis, Results, and Discussion

As is shown in Figure 5.2, irradiation of the molecular target results in
a mass spectrum containing peaks due to the parent molecular ion, its
associated photoproducts, and photoabsorption products of background
molecules. The background photoabsorption products are removed by
subtracting the background spectrum (ESI off, photons on) from the
photoabsorption mass spectrum (ESI on, photons on), resulting in a spec-
trum containing only features due to the parent ions and their associated
photoproducts. Further direct subtraction of the reference spectrum (ESI
on, photons off) proves to be difficult, due to the relatively small differences
in the strong peaks of coronene and its different hydrogenation states. Small
statistical fluctuations in these signals are exacerbated during subtraction.
Therefore, both spectra are fitted separately with a series of fixed-width
composite Gaussians at the mass peaks of interest, where the fixed width
corresponds to the spectral resolution of the mass spectrometer, an example
of which is shown in Fig. 5.4.

Due to the natural 1.1% abundance of the 13C isotope, we find that
20.5% of the pristine coronene cations have m/z = 301 instead of 300. An
additional 3% of Cor+ contain even two 13C atoms, giving the molecule a
mass of 302, as is shown in Fig. 5.4. We use a peak ratio of 1:0.3:0.03 instead
of the natural ratio of 1:0.27:0.03, because this gave a better representation
of our experimental isotope ratio. The apparent slightly lower abundance
of the m/z = 300 is caused by an asymmetric cut-off of the mass filter
that was optimized to filter out low-mass contaminations of the ESI-only
spectrum.

To establish a correct fit of the mass spectra, which must incorporate
the isotope distributions, the spectral features are fitted with a modified
Gaussian function consisting of three Gaussians locked to one another in
position, and their relative heights are given by the isotope abundance, an
example of which is shown in Figure 5.4. Comparing the peak areas in
both the ESI-only spectrum and the photoabsorption spectrum, one can
determine the relative importance of the photoprocess associated with the
production of specific molecular ions.

A final issue concerning a quantitative comparison of mass spectra is
the sensitivity of the MCP detector system to the velocity of the impinging
molecular ions. The doubly charged coronene fragments have twice the
energy of the singly charged ones and are thus more efficiently detected.
Using the earlier established MCP detection efficiency (Schlathölter et al.,
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1998) we find that the singly charged ions are detected with an efficiency
of 0.93 while the detection efficiency of the doubly charged ones is 1. The
peak areas of singly charged molecular ions are therefore increased by 7%
to allow for a quantitative comparison.

5.3.1 Coronene

For coronene, the products of three photoprocesses dominate the mass
spectra: photoionization (Cor2+), dissociation (CorH+

−2), and dissociative

ionization (CorH2+
−2), as shown in equation 5.1.

Cor+ + hν →











CorH+
−2 dissociation (D); (5.1a)

Cor2+ ionization (I); (5.1b)

CorH2+
−2 dissociative ionization (DI). (5.1c)

The products of these processes have a mass-over-charge ratio of m/z =
298, 150, and 149, respectively. At these masses the modified Gaussians
are fitted to the peaks and corrected for the peak area of the parent signal
to obtain a net peak difference ∆Cor:

∆Cor(x, hν) =
A(x, hν)−A(x)

A(parent)
(5.2)

In this equation A(x) represents the area of the peak at m/z = x as
measured without exposure to photons (ESI on, photons off) and A(x, hν)
represents the same as A(x) but measured at photon energy hν (ESI on,
photons on).

For the ease of discussion each of the product channels is presented
by its branching ratio, its fraction of the total amount of photoproducts.
These branching ratios are shown in Figure 5.5.

From Figure 5.5 it is clear that photoionization is the dominant process
for Cor+ over the entire energy range of the experiment. At photon energies
below 17 eV, photoionization competes with dissociation. The figure
contains also the recent ionization and fragmentation data by Zhen et al.
(2016), which cover the photon energy range of 10 - 20 eV. In the overlap
region of 12 - 20 eV, both sets of data show the same trend as a function
of photon energy. Our results show about 10% more ionization and
correspondingly less fragmentation. This is within mutual uncertainties,
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Figure 5.5 – Energy dependent branching ratios for different photoabsorption processes
on regularly hydrogenated coronene. The error bars shown represent the reproducibility
if multiple measurements were taken. Experimental data from Zhen et al. (2016) is shown
as open diamonds.

which renders additional confidence to the full collection of data as both
experimental set-ups and procedures are distinctly different.

In both experiments photon-induced small charged fragments such as
H+, H+

2 or C2H
+
2 are not detected. As also argued by Zhen et al. (2016) the

creation of these small ionic fragments requires ∼ 5 eV more energy than
the production of their neutral counterparts (Holm et al., 2011; Paris et al.,
2014). Any appreciable contribution of small charged fragments is not to
be expected. Slightly different mass cut-offs in both experiments are thus
unlikely to be the cause of the small difference in both data sets.

The general trends in the data as a function of photon energy can be well
understood even when considering the band structure of coronene cations
in its most simplest form, cf. Figure 5.6. With increasing photon energy
four regimes can be identified.
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Figure 5.6 – Schematic representation of the coronene band structure and the relevant
photoabsorption processes leading either to excitation (right) or ionization (left).

1. hν < Egap: The HOMO-LUMO band gap in coronene cations
is approximately 2.5 eV (Jiang & Dai, 2008). This energy range
in which the coronene is transparent falls well-below the present
experimental range.

2. Egap < hν < Eion: Here at photon energies below the ionization
threshold of 11 eV (Paris et al., 2014; Zhen et al., 2016) only HOMO-
LUMO transitions are possible. As ionization cannot yet happen,
the full photon energy is deposited into the molecule as excitation
energy. Therefore at photon energies above the dissociation threshold
(≈ 5 eV), photoabsorption leads to fragmentation, with the dissocia-
tion probability increasing as a function of photon energy.

3. Eion < hν < Ebottom: For photon energies larger than the ionization
potential but still smaller than the binding energy of the bottom of
the valence band excitation and ionization compete. In this mixed
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region photon absorption by electrons from the top of the HOMO
leads to ionization while absorption by ones near the bottom of
the band leads to excitation. With increasing photon energy the
amount of electron density that can give rise to ionization increases
at the cost of excitation. This trend is obvious from the data where
dissociation induced by excitation decreases from 100% to 0 in favour
of ionization. From the disappearance of the dissociation contribution
it is concluded that the bottom of the band lies at about 23 eV.
The exact balance between excitation and ionization depends on the
details of the band structure and the associated photoabsorption cross
sections.

4. hν > Ebottom: At these energies all photoabsorption events initially
lead to ionization which may be followed by dissociation depending on
the actual amount of excitation energy deposited into the molecule.
It is to be realized that ionization deposits much less energy into
the system than the full photon energy as in the case of excitation.
For ionization the deposited amount of excitation is given by the
binding energy of the electron hole with respect to the top of the
HOMO (Eion). This explains why we observe (cf. Figure 5.5) that
dissociative ionization sets in at photon energies far above the sum of
the ionization potential and the dissociation energy of 11 + 5 = 16
eV.

5.3.2 Superhydrogenated coronene

The dominant processes for CorH+ upon photoabsorption are dissociation,
ionization, and dissociative ionization, as shown in equation 5.3. The
associated products of these processes have respective masses of m/z =
300, 150.5 and 150.

CorH+ + hν →











Cor+ dissociation (D); (5.3a)

CorH2+ ionization (I); (5.3b)

Cor2+ dissociative ionization (DI). (5.3c)

CorH+ is produced by exposing Cor+ to an effusive beam of atomic
hydrogen inside the octopole chamber. Since the octopole chamber is being
loaded continuously, a fraction of the Cor+ is not superhydrogenated when
the octopole contents are pulsed into the Paul trap. Most of this regular
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coronene can be filtered out by the mass filter, but the parent signal of
the CorH+ still contains a contribution of isotopic (m/z = 301) Cor+, as
shown in Figure 5.7.

The isotopologue of Cor+ with the same mass (301) as CorH+ will pass
through the mass filter unimpeded, while its m/z = 300 counterpart will
experience a severe reduction. This leads to a change of the isotope ratio
for the Cor+ signal contribution to the CorH+ spectrum, as is shown in
Figure 5.7. Here we found for best fitting of the “ESI-only” spectrum a
Cor+ isotope ratio of 1:1.5:0.1. For the CorH+ isotopologues the natural
abundance was used. The uncertainty in the determination of the m/z =
301-Cor+ contribution to the CorH+ peak is relatively large.

Moreover, some of the photoproducts of these molecules are the same (cf.
equations (5.1) and (5.3)) and thus their TOF spectra overlap in part. For
example, VUV photoabsorption in both Cor+ and CorH+ can result in the
formation of the Cor2+ dication. The peak difference ∆(x, hν) for coronene
is known from the Cor+ measurements (equation (5.2)). With the results
of section 5.3.1, it is possible to determine the effect δ of this coronene
admixture to the CorH+ TOF spectra. Adjusting this peak difference for
the Cor+ peak area, the photon beam current Iph(hν), and the exposure
time τexp of the CorH+ measurement, the correction δ(x, hν) is calculated
as shown in equation (5.4). This correction is subtracted from the gross
peak difference, as shown in (5.5).

δ(x, hν) = ∆Cor(x, hν)
A(300,hν) τexp Iph(hν)|Cor+

A(300,hν) τexp Iph(hν)|CorH+
(5.4)

∆CorH(x, hν) =
A(x,hν)−A(x)−δ(x,hν)

A(parent) (5.5)

However, due to uncertainties in the isotopologue distribution and the
beam overlap, the accuracy of this correction is not always known. We
therefore use the difference between the corrected and the uncorrected
∆CorH as an estimate of the experimental uncertainty.

This procedure results in the branching ratios shown in Figure 5.8. The
larger scatter in the data as compared to Cor+ (c.f. Fig. 5.5) is a direct
result of the Cor+ admixture to the CorH+ target. An admixture that
cannot be determined very accurately, as discussed above. Nevertheless
the trends as a function of photon energy are very evident.

At photon energies below 17 eV, dissociation is dominating with a
branching of ∼ 0.6. When the photon energy increases above 17 eV, pure
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Figure 5.7 – A typical raw ESI-only mass spectrum of superhydrogenated coronene
cations CorH+ (blue), CorH+

3 (yellow), and the Cor+ contribution (green). The dashed
black line is the total fit to the measured spectrum, which is shown as a red line.

dissociation is replaced by dissociative ionization as leading process. Pure
ionization only plays a minor role with a branching ratio that remains below
0.2 over the full photon energy range of the experiment.

5.4 Astrophysical Application

The gross trends in the experimental data can be understood in the context
of a Rice-Ramsperger-Kassel (RRK) model that includes the dependence of
both ionization and dissociation on photon energy. This model can then be
expanded to include larger, more astrophysically relevant PAHs and predict
their behaviour in an interstellar environment.
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5.4.1 Modeling of the experimental results

Briefly, upon photoabsorption a molecule will be excited and/or ionized.
The probability to dissociate the molecule depends on the excitation energy.
For absorption without ionization, the excitation energy is simply the
photon energy, and the dissociation rate can be calculated with the familiar
RRK expression, e.g. Le Page et al. (2001),

kdiss = ν
n!(n− n0 + s− 1)!

(n− n0)!(n+ s− 1)!
. (5.6)

In this equation ν is the frequency factor given by ekBT
h e∆S/R, which results

in a value of the order of 1015 for a temperature T = 300 K and a change
in entropy of ∆S = 5 cal K−1. e represents Euler’s number, whereas kB,
h, and R are the Boltzmann constant, the Planck constant, and the gas
constant respectively. In equation (5.6), n is the number of exciting quanta,
which is calculated by dividing the excitation energy Eexc by the mean
quant energy of 0.18 eV. n0 is the number of exciting quants necessary
for bond breaking and s = 3N − 6 is the number of vibrational degrees
of freedom of the molecule. The dissociation probability pdiss is found by
comparing the dissociation rate with the total rate for deexcitation, which
is the sum of dissociative and radiative deexcitation, with the latter being
of the order of 10 s−1:

pdiss =
kdiss

kdiss + kIR
. (5.7)

The values of pdiss as a funtion of the excitation energy for different
relaxation rates are shown in Figure 5.9. The solid lines in this figure
indicate the dissociation probability for a relaxation rate of 10 s−1, and the
shaded region envelops the possible values for pdiss when kIR varies from
1 to 100 s−1. For Cor+ the dissociation probability increases from 0 to 1
between excitation energies of 10 and 13 eV, whereas for CorH+ the same
increase in pdiss happens between 4 and 7 eV. This explains the difference in
dissociation behaviour of Cor+ (non-dissociating) and CorH+ (dissociating)
at low photon energies (hν . 15 eV).

For dissociation upon ionization the situation is more complicated. We
make the common assumption that ionization occurs on a much shorter
timescale than dissociation. At photon energies above Eion one first needs
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Figure 5.8 – Energy dependent branching ratios for different photoabsorption processes
on singly superhydrogenated coronene. The data are overlaid with the model predictions,
which are represented by solid and dashed lines. The dashed lines show the model with
the same ionization yield as for Cor+, whereas the solid lines show the model with an
adapted ionization yield, which is described in detail in section 5.4.1.

to establish whether ionization takes place (Yion(hν)) and subsequently
determine the amount of excitation energy deposited, which defines the
dissociation probability. Photoionization of a PAH introduces energy into
the molecule by creating a hole in the valence band of the molecule, as
shown in Figure 5.6. The potential energy of this hole is quickly converted
into vibrational energy through internal conversion. The total energy
deposited in the molecule by photoionization is thus the difference in energy
between the hole and the top of the valence band (cf. Figure 5.6). Since the
energy levels from which electrons can be removed are limited by the photon
energy, the bandwidth of the excitation energy is 0 ≤ Eexc ≤ hν − Eion.

The exact excitation energy then depends on the energy level from
which the electron is removed. For the same photon energy, electrons
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Figure 5.9 – Dissociation probability as
a function of excitation energy for both
regularly hydrogenated coronene cations
and their superhydrogenated counterparts.
The solid lines indicate the value of pdiss for
an IR deexcitation rate kIR of 10 s−1. The
shaded regions indicate the variation of pdiss
if kIR were to vary between 1 and 100 s−1.

Figure 5.10 – The ionization yields used in
the model are shown as solid lines, with a
red line for Cor+ and a blue one for CorH+.
The experimental data are shown alongside
as solid squares. The data from Zhen et al.
(2016) for Cor+ is scaled by 15% and is
shown as open diamonds. The errors in the
ionization yield for CorH+ are of the order
of 0.15 (see Fig. 5.8).

deeper in the valence band are more likely to be removed. For atoms
in a hydrogen-like approximation, the absorption cross section scales
approximately with E3.5

bin, where Ebin is the binding energy of the electron
(Bransden & Joachain, 2003). Therefore the average amount of deposited
energy per ionization increases as a function of photon energy, yielding
more dissociative ionization events. The exact value of the exponent is of
lesser importance, as we are sampling over (a part of) the valence band
of the molecule, of which the density of states and the related absorption
cross sections are not known. The maximum internal energy found by
Jochims et al. (1999) is 12.05 eV. This corresponds to ionizing an electron
from the bottom of the valence band. The value of ≈ 12 eV excitation
energy, together with the ionization potential of 11 eV indicates the bottom
of the band to lie at 23 eV in line with our experimental observations
(see section 5.3.1). Modeling the excitation energy requires information
on the density of states of the valence band and the binding energy
dependent photoionization cross sections for all photon energies exceeding
the ionization potential. This task is a very difficult one. However, for
Cor+ most of the relevant parameter information is available from the
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experiments by Zhen et al. (2016) and our experimental data for photon
energies of 12-30 eV.

Zhen et al. (2016) determined the ionization yield for Cor+ for photon
energies between 10 and 20 eV. From the overlap in photon energy range
it was possible to match the ionization yield from Zhen et al. (2016) to
ours. To do so the data of Zhen et al. (2016) are scaled up by 15%, a factor
within mutual uncertainties. An exponential fit to the joint data (see Fig.
5.10) serves as the generic representation of the ionization fraction Yion(hν).
For the ionization yield for CorH+ we apply the same ionization yield
function, but the plateau continues for 1.5 eV more until the exponential
starts. These two ionization yields are shown in Figure 5.10, alongside the
experimental data, where we compute the ionization yield as the sum of non-
dissociative and dissociative ionization. At low photon energies (hν < 15
eV) the ionization fractions of Cor+ and CorH+ are remarkably similar.

The dissociation of CorH+ already occurs at 2.9 eV (Le Page et al.,
2001). Using this energy it is possible to establish dissociation and
ionization rates. The different rates are converted into branching ratios
and compared to our experimental results as is shown in Figure 5.8.

We observe a general agreement between the model and the experi-
mental data (see Fig. 5.8). The model predicts both the strong transition
around 16.5 eV and the importance of the different photoprocesses at higher
photon energies. At photon energies of 13-16 eV the model predicts the
CorH+ to be stable against dissociative ionization. The data shows that
dissociative ionization prevails, indicating that the model underestimates
the amount of energy deposited into the CorH+ molecules at those photon
energies.

5.4.2 The Photodissociation of PAHs

PAHs can contribute significantly to overall H2 formation, especially in high-
radiation environments such as PDRs. This H2 formation depends, among
other things, on the hydrogenation state of the PAH molecule, which in turn
depends on the rate of photodissociation. With the model described above
and used to reproduce the experimental results, it is possible to estimate
rates for photoprocesses, given the absorption cross section, the activation
energies for bond dissociation, and the ionization energy. We consider five
different PAHs, ranging in size from coronene (24 C atoms) up to a generic
PAH consisting of 200 carbon atoms.
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UV absorption cross sections are taken from Malloci et al. (2007), and
activation energies from Le Page et al. (2001) and Paris et al. (2014). The
UV absorption cross sections of C100H30 and C200H42 are not known, but
generally these cross sections scale with the number of π bonds in a PAH,
which depends linearly on the number of carbon atoms in the PAH molecule
(Montillaud et al., 2013). We therefore obtain the UV absorption cross
sections of by scaling the cross section of circumcoronene with the number of
carbon atoms. The ionization yield upon photoabsorption by a neutral PAH
is taken from Verstraete et al. (1990), where it is measured experimentally.
We apply this yield on all neutral PAHs considered in this study.

For regularly hydrogenated PAHs we study the amount of H2 loss,
whereas for a superhydrogenated PAH (referred to as PAHH) we consider
the loss of a single H atom. H2 loss has an associated activation energy
of 5 eV for both the neutral PAH and the cation (Paris et al., 2014),
whereas H loss has activation energies of 1.5 eV for neutral PAHs and
2.9 eV for cations (Le Page et al., 2001). We use the approximation from
Le Page et al. (2001) that for PAHs larger than coronene the dissociation
energies are independent of PAH size. The calculated photodissociation
rates are the sum of dissociation and dissociative ionization, and are
presented in Table 5.1 and shown in Fig. 5.11.

For the neutral PAHs in Table 5.1 the rates for H2 loss decrease with
molecule size, whereas H loss from PAHHs increases with size. This can
be explained by the fact that for PAHHs the activation energy for H
loss is low enough (1.5 eV) for the dissociation rate to be significantly
higher than the rate for IR emission. This makes de-excitation of the
molecule through IR emission not competitive with dissociation and as
a result almost every photoabsorption event leads to dissociation. Since
larger molecules have a larger photoabsorption cross section, the H-loss
rate increases approximately linear with molecular size for a given radiation
field, as is visible in Fig. 5.11. The activation energy for H2 loss from PAHs
is higher than that for H loss from PAHHs, which decreases the dissociation
rate and makes IR emission competitive with H2 loss. As can be seen from
equation (5.6), a moderate increase in the number of degrees of freedom (s)
leads to a strong decrease of kdiss, thereby decreasing the probability for
dissociation. Therefore the photodissociation rate decreases with molecular
size for H2 loss from PAHs, but increases for H loss from PAHHs.

For superhydrogenated cations (PAHH+) the activation energy for H
loss is higher than for neutral PAHHs (2.9 vs. 1.5 eV). Following the
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Figure 5.11 – Dissociation rates for different photoprocesses and varying PAH size. The
blue markers show the photorates for neutral PAHs, whereas the red markers indicate
the same for ionized PAHs. A square marker indicates the rate for the loss of an H
atom from a superhydrogenated PAH (PAHH). Round markers show the rates for the
H2 loss from a regular PAH to a dehydrogenated PAH (dPAH). The green line shows the
addition rate for H atoms in conditions similar to the Orion Bar PDR.

same reasoning as for their neutral counterparts, this higher activation
energy implies that non-dissociative energy dissipation after absorption
plays a larger role. This is reflected in the photodissociation rates, which
decrease with increasing molecule size for both H2 and H loss. One notable
exception is H loss from ovalene (NC = 32), as its photodissociation rate is
slightly larger than those of both coronene (NC = 24) and circumcoronene
(NC = 54). This exception shows the transition from absorption-limited
(photodissociation increases with molecular size) to dissipation-limited
(photodissociation decreases with molecular size) dissociation. Figure 5.11
shows that the rates for losing H atoms from a PAHH or PAHH+ are
higher than those for losing H2 from PAH and PAH+. This indicates that
superhydrogenated PAH/PAH+ are fragile and will not be very abundant
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PAH0/+ → dPAH0/+ PAHH0/+ → PAH0/+

Molecule kdiss (s
−1 G−1

0 ) kdiss (s
−1 G−1

0 )

Coronene (C24H12) 4.4 (-9) 3.8 (-8)
Ovalene (C32H14) 1.0 (-9) 5.1 (-8)
Circumcoronene (C54H18) 3.7 (-14) 8.9 (-8)
C100H30 6.6 (-19) 1.6 (-7)
C200H42 1.1 (-18) 3.1 (-7)

Coronene (C24H
+
12) 2.7 (-9) 2.9 (-8)

Ovalene (C32H
+
14) 7.2 (-11) 3.2 (-8)

Circumcoronene (C54H
+
18) 1.7 (-15) 2.1 (-8)

C100H
+
30 1.5 (-21) 3.0 (-9)

C200H
+
42 2.3 (-28) 6.7 (-14)

Table 5.1 – Photodissociation rates in the ISM for different PAHs. The photodissociation
rates are the sum of dissociation and dissociative ionization. These rates are calculated
using an activation energy of 5 eV for normally hydrogenated PAHs and 1.5 eV for
PAHHs. For the cations, 5 and 2.9 eV are used for the normally hydrogenated and
superhydrogenated PAHs, respectively.

in the ISM. However, the hydrogenation rate after the H/H2 transition
can be higher than the dissociation rate for a large PAH+ (NC > 100),
as shown by the solid line in Figure 5.11. This is due to the production
of atomic hydrogen by cosmic ray dissociation, which leads to an atomic
hydrogen number density of n(H) = 10−1 cm−3 at a total number density
of nH = 103.5 cm−3 (Boschman et al., 2015). In this case, at relatively
low UV radiation (G0 = 1), these large PAH cations can be found in a
superhydrogenated state. Smaller PAHs, neutral or ionized, might be found
superhydrogenated in regions where either the radiation field is strongly
reduced or hydrogen is not fully molecular (n(H) is much higher).

5.5 Conclusion

In summary, we present the experimentally measured dependence of
different photo-processes for coronene cations on photon energy, and how
this changes when the Cor+ is superhydrogenated. The experimental
results are analyzed with a model for the ionization and dissociation
of PAH molecules that includes an energy deposition mechanism where
the ionization cross section depends on the electron binding energy as
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(

hν
Ebind

)−3.5
. This model can be extrapolated to predict the behavior of

different PAHs in astrophysical conditions.

The behaviour of Cor+ and CorH+ cations upon absorption of a
VUV photon changes as a function of photon energy and clear differences
between the two different hydrogenation states are found. Cor+ experiences
mainly non-dissociative ionization upon photoabsorption over the entire
experimental energy range. Additionally, dissociation plays a role at photon
energies below 19 eV. At photon energies above 24 eV dissociative ionization
becomes increasingly important, but this is mainly due to absorption in
the carbon 2s orbital. For CorH+ dissociation is the dominant process
at photon energies below 17 eV. Above this energy, dissociative ionization
dominates, whereas non-dissociative ionization is barely observed.

This difference in behaviour upon photoabsorption can be explained by
the difference in dissociation energy for the different hydrogenation states.
For Cor+ the loss mechanism with the lowest transition state energy is
H2 loss, with a transition state energy of 5 eV (Paris et al., 2014). In
CorH+ the loss of a single H atom has the lowest transition state energy,
with a value of 2.9 eV (Le Page et al., 2001). The energy difference between
these two transition states, combined with the energy deposition mechanism
described in section 5.4, explains the observed difference in dissociation
patterns between Cor+ and CorH+.

The experiments are performed at photon energies between 12 and
30 eV. The typical interstellar radiation field has a sharp cut-off at
photon energies above 13.6 eV. This cut-off somewhat limits the direct
transferability of our results to the typical conditions of the ISM. Another
difference is that the results of this study concern the second ionization
of coronene (11 eV, Paris et al., 2014), while photoprocesses driven by
interstellar radiation are more likely to center around the first ionization
(7.3 eV, Paris et al., 2014).

However, the model used succesfully to reproduce the data (12 - 30
eV) can also be used to predict what happens in astrophysically relevant
conditions (5 - 15 eV). We present photodissociation rates for PAHs in
different hydrogenation and charge states. These PAHs vary in size between
24 and 200 carbon atoms, and in all cases photodesorption rates decrease
with increasing PAH size.
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Chapter 6
H2 formation on PAHs in

photodissociation regions: a

high-temperature pathway to

molecular hydrogen1

Abstract

M
olecular hydrogen is the most abundant molecule in the Universe.
It is thought that a large portion of H2 forms by association of

hydrogen atoms to polycyclic aromatic hydrocarbons (PAHs). We model
the influence of PAHs on total H2 formation rates in photodissociation
regions (PDRs) and assess the effect of these formation rates on the total
cloud structure. We set up a chemical kinetic model at steady state in a
PDR environment and included radiative transfer to calculate the chemistry
at different depths in the PDR. This model includes known dust grain
chemistry for the formation of H2 and a H2 formation mechanism on PAHs.
Since H2 formation on PAHs is impeded by thermal barriers, this pathway
is only efficient at higher temperatures (T > 200 K). At these temperatures
the conventional route of H2 formation via H atoms physisorbed on dust
grains is no longer feasible, so the PAH mechanism enlarges the region

1This chapter has been published as: L. Boschman et al., Astronomy & Astrophysics
579, A72
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where H2 formation is possible. We find that PAHs have a significant
influence on the structure of PDRs. The extinction at which the transition
from atomic to molecular hydrogen occurs strongly depends on the presence
of PAHs, especially for PDRs with a strong external radiation field. A sharp
spatial transition between fully dehydrogenated PAHs on the outside of the
cloud and normally hydrogenated PAHs on the inside is found. As a proof
of concept, we use coronene to show that H2 forms very efficiently on PAHs,
and that this process can reproduce the high H2 formation rates derived in
several PDRs.

6.1 Introduction

Molecular hydrogen is the most abundant molecule in the Universe
(Shull & Beckwith, 1982; Black & van Dishoeck, 1987; Draine & Bertoldi,
1996) and the main constituent of regions where stars are forming. Many
ion-molecule and neutral-neutral reactions are driven by the presence
of H2. Specifically, H2 facilitates the formation of molecules such as
CO, OH, H2O, HCO+, HCN, and H+

3 (Oppenheimer & Dalgarno, 1974;
van Dishoeck & Black, 1986; Tielens & Hollenbach, 1985). These species,
as H2 itself, can be important coolants and provide useful diagnostics
of (irradiated) interstellar clouds and shocks (Neufeld & Kaufman, 1993;
Neufeld et al., 1995; Le Bourlot et al., 1999). As such, it is crucial to
understand the formation of H2 from low (∼ 10 K) to high (∼ 103 K)
temperatures.

Since gas phase routes to form H2 were found to be inefficient,
dust grains are recognized as the favoured habitat for H2 formation
(Oort & van de Hulst, 1946; Gould & Salpeter, 1963). These dust grains
can adsorb hydrogen atoms on their surface with either a Van der
Waals bond (physisorption, Pirronello et al., 1997, 1999; Perry & Price,
2003) or a covalent chemical bond (chemisorption, Zecho et al., 2002;
Hornekær et al., 2006; Mennella, 2006). The typical physisorption energy
of a hydrogen atom is 700 - 800 K (60 - 70 meV), depending on the dust
composition, whereas the typical chemisorption energy is 7000 - 25000
K (0.60 - 2.15 eV) (Duley & Williams, 1993; Cazaux & Spaans, 2009).
Because of their lower binding energies, physisorbed H atoms can easily
migrate to another site (physisorbed or chemisorbed), or can evaporate
back into the gas phase. If a migrating atom encounters another adsorbed
H atom, these two atoms can react to form H2, the Langmuir-Hinshelwood
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mechanism (LH). H2 can also be formed when a gas phase atom adsorbs
onto an already occupied site (Eley-Rideal mechanism, ER).

For both the LH and the ER mechanism to work, hydrogen atoms
must be able to adsorb and stick to the surface of the dust grain. As
the grain temperature rises, physisorbed H atoms start to evaporate and
only chemisorbed H atoms are left on the grain surface. This decreases
the H2 formation rate, since the LH mechanism becomes inefficient and
H2 formation relies on the ER mechanism involving chemisorbed H atoms.
The temperature at which the change of efficiency occurs depends on the
physisorption energy, which depends on the composition of the dust grain.
Typically, physisorbed H atoms desorb at grain temperatures of 10 - 20 K
(Hollenbach & Salpeter, 1971; Cuppen & Herbst, 2005; Cazaux & Spaans,
2009).

However, high H2 formation rates have been observed in PDRs with
high dust and gas temperatures, such that the observed rates cannot be
explained by dust grains alone (Habart et al., 2004; Allers et al., 2005).
Allers et al. (2005) modelled the structure of the Orion Bar PDR and
matched it with observations of different H2 rovibrational lines. Their best-
fit model requires an H2 formation rate on dust grains of 3.8×10−17cm3 s−1

at a temperature of 1000 K, which significantly exceeds the standard values
for H2 formation on dust grains at 1000 K. Furthermore, the dust grain
FUV extinction cross section must be reduced by a factor of ∼ 3 while
the photoelectric heating rate in the atomic zone requires an increase of a
factor of ∼ 3 with respect to the a priori estimates.

Habart et al. (2004) resolved these deviations from the canonical H2

formation rate coefficient (Jura, 1974) by including H2 formation on very
small grains and polycyclic aromatic hydrocarbons (PAHs), and adjusting
the barriers for H2 formation on dust grains. Their model does not fully
reproduce the observed H2 formation rates in warm, high-UV environments,
such as ρ Oph W and the Orion Bar, where rate coefficients as high as
10−16cm3 s−1 have been observed.

As stated by Weingartner & Draine (2001a), PAHs make up the low-
mass end of the grain size distribution. The bulk infrared emission features
of PAHs have been detected in interstellar spectra (Allamandola et al.,
1989), but it is still impossible to identify individual molecules (Pilleri et al.,
2009). Although PAHs are much smaller than the rest of the dust grains,
they account for approximately half of the total dust grain surface area
available for chemistry (Weingartner & Draine, 2001b). In the past decades



90 Chapter 6. H2 formation on PAHs in photodissociation regions

a plethora of studies has been performed to understand how these PAHs
can catalyze the formation of molecular hydrogen.

One of the most widely used mechanisms to form H2 on PAHs consists
of two different reactions, in which a gas phase hydrogen atom forms a
covalent bond with a PAH and a second step where a different H atom
abstracts a hydrogen atom from the PAH to form molecular hydrogen
(Bauschlicher, 1998). Both reactions have been studied theoretically
as well as experimentally with systems as large as coronene (C24H12).
Mennella et al. (2012) and Thrower et al. (2012) exposed coronene films
to atomic hydrogen and deuterium to derive cross sections for both the
addition to and abstraction from coronene. Density functional theory
(DFT) calculations by Rauls & Hornekær (2008) indicated the presence
of barriers when hydrogenating a PAH, which were later experimentally
observed by Boschman et al. (2012). These thermal barriers, which have a
typical height of a few 100 K (a few times 10 meV), significantly restrict
the formation of H2 on PAHs at low temperatures (T . 200K).

Alternatively, PAH molecules may lose an H2 molecule after being
excited by a UV photon. This photodesorption mechanism has been studied
both theoretically and in the laboratory (Allain et al., 1996a; Jochims et al.,
1994; Le Page et al., 2001). These studies find that loss of an H atom is the
most dominant loss process. However, H2 loss is only a few times smaller
than H loss, which could make the former process an important candidate
for H2 formation on PAHs, on the condition that H atoms also hydrogenate
the PAH molecules. It should be noted that the relative importance of these
processes probably depends on the size of the PAH molecule.

Several theoretical models have been developed to quantify the forma-
tion of H2 on PAHs in astrophysical environments. These models account
for the formation of H2 on PAHs in different ways. The Meudon PDR
code by Le Petit et al. (2006) considers PAHs as a small-sized extension of
the dust grain size distribution, where PAHs are treated as dust grains
with a radius between 1 and 50 Å. A model by Le Page et al. (2009)
does treat the chemical reactions between H atoms and PAHs explicitly.
However, these reactions are limited to the normal hydrogenation state and
a singly dehydrogenated state for both neutral and singly ionized molecules.
Additionally, it considers a singly superhydrogenated state for PAH cations.
Montillaud et al. (2013) presented a model that studies the hydrogenation
and charge states of PAHs in PDRs using the Meudon PDR code, where the
possible hydrogenation states range from fully dehydrogenated up to the



6.2. Model 91

singly superhydrogenated state. These hydrogenation states are available
as either a neutral molecule or a singly ionized cation. Although the
PAH chemistry is different in Montillaud et al. (2013) and Le Page et al.
(2009), they both find that PAHs only exist in either the highest or the
lowest possible hydrogenation state, depending on the column density.
Intermediate PAHs are rarely observed.

In this study we model the chemistry of PAHs in photodissociation
regions (PDRs) to investigate their ability to form H2. We combine H2

formation through LH and ER on dust grains and through abstraction and
photodesorption on PAHs to establish total H2 formation rates at different
depths in a PDR. We vary the number density of the cloud and the intensity
of the external radiation field of the PDR. This allows us to study the effect
of the radiation field on the PAH chemistry.

We use a time-dependent rate equation model and report the results
obtained at steady state. Since addition barriers have only been derived
for coronene, we use this molecule as our generic PAH. The transferability
of these results is discussed in Sect. 6.4.2. We also incorporate the barriers
determined in Boschman et al. (2012) for the addition and abstraction
of H atoms to coronene, which prohibits the chemical hydrogenation or
abstraction cycle for H2 formation on PAHs at gas temperatures below 200
K. In this manner, we find a high-temperature pathway for the formation
of H2.

In Sect. 6.2 we describe the details of the physics and chemistry of our
model. The results of the model are shown in Sect. 6.3. The uncertainties
of the model are discussed in Sect. 6.4, where we also compare our results
and previous studies.

6.2 Model

We describe a cloud by a one-dimensional PDR model with constant density
nH. The cloud is irradiated from one side by a star with a UV intensity
field G0, denoting the strength of the radiation field between 6 < hν < 13.6
eV in Habing units (1 G0 = 1.6 · 10−3 erg cm−2 s−1, Habing, 1968). The
cloud is divided into equally sized parcels of gas, which are consecutively
brought into chemical equilibrium. The photoprocesses that are included
are photoionization of PAHs and carbon atoms, photodissociation of H2,
and photodesorption of H and H2 from PAHs. All photoprocesses are
mitigated by dust extinction at increasing column densities, and for H2
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Table 6.1 – Model parameters

Parameter Definition Value(s)

G0 radiation field 101.0 − 105.5

nH number density 102 − 107cm−3

σadd hydrogenation cross section 1.10 Å
2
/ C atom

σabs abstraction cross section 0.06 Å
2
/ C atom

Eadd hydrogenation barrier see Table 6.2
Eabs abstraction barrier 10 meV
NH,max maximum column density 1023cm−2

kph photodesorption rate see Table 6.3

photodissociation we also include H2 self-shielding. Ionization processes
are counteracted by electron recombination, for which we use rates from
Ruiterkamp et al. (2005) and the online database KIDA (Wakelam et al.,
2012, http://kida.obs.u-bordeaux1.fr). The formation of H2 on
interstellar dust grains (silicates and amorphous carbon) as well as on PAHs
is considered in our model.

After a parcel has reached chemical equilibrium, we correct the radiation
field for dust absorption and H2 self-shielding for the next parcel. The
process is then repeated until the entire cloud is in chemical equilibrium.
Dust grain and coronene abundances scale linearly with the number density.
The parameters defining the cloud are summarized in Table 6.1.

The processes involving PAHs that we consider are detailed in the
following subsections. In Sect. 6.2.1 we describe the processes of
hydrogenation and abstraction of H atoms on PAHs. In Sect. 6.2.1 we also
discuss the interactions of PAHs with the impinging radiation field, where
we describe the process of photoionization and electron recombination.
Furthermore, we describe the process of photodesorption, where a hydrogen
atom or an H2 molecule is removed from the PAH upon absorption of a
photon.

The influence of dust grains on the PDR is described in Sect. 6.2.2,
and we treat the photodissociation of H2 in Sect. 6.2.3. In Sect. 6.2.4 we
discuss the model calculations themselves.

http://kida.obs.u-bordeaux1.fr
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6.2.1 PAHs

The abundance of PAHs in the interstellar medium (ISM) is very uncertain,
and we refer to Weingartner & Draine (2001a) for a comparison between
different values in several environments. We assume a total carbon
abundance of 2.5 · 10−4, of which a third is locked in PAHs. This is similar
to studies by Joblin et al. (1992) and Li & Draine (2001), who find the
fraction of carbon atoms locked in PAHs relative to hydrogen to be 6 ·10−5.

We define PAHs as being smaller than 100 Å, and we use coronene
(C24H12) as our prototypical PAH of the ISM. This is motivated by
the fact that coronene is a well-studied molecule, both theoretically and
experimentally. The barriers for single H addition and abstraction, which
are instrumental for this study, have been determined only recently. In
this sense, we use coronene as a molecule representative of all the PAHs
in the PDRs studied in this work. It should be noted that this is a rough
assumption, since it is widely believed that small PAHs (NC . 40) cannot
survive in strong radiation fields, which would exclude the existence of the
coronene molecule in PDR environments (Allain et al., 1996a), and that
compact PAHs are more stable than extended molecules (Jochims et al.,
1994; Ekern et al., 1997). However, other studies show that small PAHs
can survive strong radiation fields, but in a very dehydrogenated state
(Montillaud et al., 2013). Therefore a more realistic PDR model should
consider a distribution of PAHs with different sizes, where larger PAHs
with fewer H-bearing outer edge carbon atoms would be present. This
implies that these PAHs would be slightly less efficient in forming H2, with
an efficiency depending on the number of inner carbon atoms compared to
outer edge carbon atoms. Although this would not affect the results drawn
in this work, in future work a size distribution of PAHs would further
increase the reliability of our model. In Sect. 6.4.2 we discuss the expected
results when coronene is replaced with such a size distribution.

Hydrogenation and abstraction

Hydrogen addition and subsequent abstraction constitute a two-step
catalytic cycle for the formation of H2. First, a coronene molecule
reacts with a hydrogen atom to form a singly superhydrogenated coronene
molecule (C24H13). In the second reaction, another hydrogen atom reacts
with this singly superhydrogenated coronene molecule, yielding molecular
hydrogen and the coronene molecule (Bauschlicher, 1998).
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This process is not limited to fully aromatic coronene (C24H12), but
can also occur for coronene in other hydrogenation states, with up to 24
additional hydrogen atoms attached to the coronene (C24H36).

A (hydrogenated) coronene molecule can be either neutral or positively
or negatively charged, which significantly changes the chemistry. We do
not consider the PAH anions since their contributions are mostly important
in strongly shielded environments, but concentrate on the barely shielded
edges of the PDRs. The system of chemical reactions between coronene
and hydrogen is summarized in Eqs. 6.1 and 6.2 and is detailed in Table
6.2.

C24H
0/+
n +H → C24H

0/+
n+1 (6.1)

C24H
0/+
n+1 +H → C24H

0/+
n +H2. (6.2)

These reactions take place at a rate r, which is calculated as

r(n) = n (H)n
(

C24H
0/+
n

)

σvth exp

(

−
Ea

kBT

)

. (6.3)

Here, n (H) and n
(

C24H
0/+
n

)

represent the number densities of atomic

hydrogen and coronene molecules or cations containing n H atoms, respec-
tively. σ represents the cross section for the specific reaction and vth is the
average thermal velocity of atomic hydrogen. We use a cross section of 1.1
Å2 per reactive carbon atom for hydrogenation and 0.06 Å2 per reactive
carbon atom for abstraction (Mennella et al., 2012).

Since coronene is much more massive than hydrogen, its velocity is
neglegible compared to that of the gas phase hydrogen atoms. vth is
therefore the thermal velocity of hydrogen atoms, which is calculated as

vth =

√

8kBT

πmH
, (6.4)

where kB is the Boltzmann constant, T is the gas temperature and mH is
the mass of the hydrogen atom.

The hydrogenation and abstraction of coronene is subject to barriers
(Ea), depending on hydrogenation and charge state. The presence of these
barriers was predicted for neutral coronene by Rauls & Hornekær (2008)
and first experimentally determined for coronene cations by Boschman et al.
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(2012). The latter study shows an alternating behaviour for the existence
of barriers, meaning that the first hydrogenation of the coronene cation
is barrierless. The second hydrogenation then has a barrier, while
the third does not, etc. More recent experiments in conjunction with
theoretical calculations (Cazaux et al., 2016) show that this alternating
behaviour continues until the coronene cation is fully hydrogenated. The
hydrogenation barriers are summarized in Table 6.2.

Abstraction barriers are only present for abstraction from those hy-
drogenation states for which adding a hydrogen atom would also have a
barrier. In this manner, a distinction is made between chemically stable
and chemically unstable hydrogenation states, where the unstable ones have
a radical atom. The barrier against abstraction is set at 10 meV, equal to
the value calculated by Rauls & Hornekær (2008) for abstracting an outer
edge H atom from the doubly hydrogenated coronene molecule (C24H14).
The influence of the uncertainties of these barrier heights on the obtained
results is discussed in Sect. 6.4.

With the mechanism for H2 formation catalyzed by PAHs as described
in Eqs. (6.1) and (6.2), the total H2 formation rate due to abstraction from
PAHs is calculated as

Rf (PAHabs) =
36
∑

n=0

r(n), (6.5)

where r(n) is the H2 formation rate as shown in Eq. (6.3).

Photodesorption

In a PDR, PAHs experience a strong interaction with the photons from the
impinging radiation field, which can either ionize the PAH or excite it into
a higher state. We use Eq. (6.6) from Le Page et al. (2001) to calculate
the total photoionization rate:

kion =

∫ 13.6 eV

IP
Yion(E)σUV(E)N(E)dE, (6.6)

with IP the ionization potential of the molecule and Yion the ionization
yield taken from Le Page et al. (2001). σUV(E) is the photoabsorption
cross section (Malloci et al., 2007) and N(E) is the intensity of the Habing
interstellar radiation field in photons cm−2s−1eV−1 (Draine, 1978).
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If the molecule is not ionized but excited, it can dissipate the excitation
energy by either IR emission, loss of an H atom, or loss of an H2 molecule
(Allain et al., 1996a). To calculate the rates for these processes, we use
the RRKM method as described in Le Page et al. (2001), which gives the
rate of bond dissociation as a function of excitation energy, bond energy
and vibrational degrees of freedom in the molecule. The competition
between processes is accounted for by dividing the rate of one process
by the sum of the rates of all possible processes. In this way, the
branching ratio for each dissociation pathway upon excitation is obtained.
Multiplying this dissociation probability with the coronene photoabsorption
cross section σUV(E) of Malloci et al. (2007) and integrating over the
Habing interstellar radiation field N(E) below the Lyman limit gives the
total photodissociation rate per G0, as shown in Eqs. (6.7) and (6.8):

kph(H) =

∫ 13.6 eV

0
(1− Yion)

kdiss(H)

kdiss(H) + k′rad + kdiss(H2)

× σUV(E)N(E)dE; (6.7)

kph(H2) =

∫ 13.6 eV

0
(1− Yion)

kdiss(H2)

kdiss(H) + k′rad + kdiss(H2)

× σUV(E)N(E)dE, (6.8)

where k′rad is the rate of IR stabilization.

We use binding energies from Le Page et al. (2001) and Paris et al.
(2014) to calculate the photodissociation rates for both the neutral coronene
and the coronene cation in their dehydrogenated, superhydrogenated, and
normally hydrogenated states. These photodissociation rates cover both
loss of a single H atom and the loss of H2 and are summarized in Table 6.3.

In addition to PAH ionization, we also include the photoionization
of unbound carbon atoms as a source of free electrons. Recombination
reactions are included in our chemical network, which ensures an ionization
balance. The rates for recombination reactions on PAH cations are given
by

krec = 3× 10−7

(

300

T

)1/2

s (e)ne, (6.9)

with T the temperature, s (e) the electron sticking coefficient and ne

the number density of free electrons (Ruiterkamp et al., 2005). From
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Ruiterkamp et al. (2005) we adopt an electron sticking coefficient of s (e) =
10−3 for coronene.

We only use carbon atoms as a source of free electrons, because other
metals with an ionization energy comparable to carbon have abundances
that are at least one order of magnitude lower. Since the ionization balance
is driven by radiation, other metals are not considered.

6.2.2 H2 formation on dust grains

Dust grains have a significant influence on the chemistry taking place in the
PDR because of their catalyzing properties, which strongly depend on the
chemical composition of the dust grain, for example, silicates or amorphous
carbon.

In our model, we limit the dust grain chemistry to the catalysis of H2

formation, and for this we assume the first H atom to be either physisorbed
or chemisorbed. There are then two mechanisms for this H atom to react
with another H atom and to form H2. In the first process, an H atom
from the gas phase interacts with an adsorbed H atom (Eley-Rideal). In
the second process, a different physisorbed H atom travelling around the
surface interacts with the adsorbed H atom (Langmuir-Hinshelwood).

For both mechanisms to occur, a hydrogen atom must first adsorb
onto the surface of the dust grain and become either chemisorbed or
physisorbed. This adsorption process is incorporated into rate equations
with a temperature-dependent sticking coefficient (Burke & Hollenbach,
1983). Once an H atom is adsorbed onto the surface, it has a certain
probability to form H2. This probability ǫ strongly depends on the binding
energies of the adsorbed atoms and the gas and dust temperatures. The
resulting H2 formation rate equation is given by

rgrain = n (grain)n (H) vthσǫS. (6.10)

Here n (grain) is the number density of dust grains, n (H) is the number
density of atomic hydrogen, and vth is the average thermal velocity in the
gas phase. σ is the average cross section of a dust grain, and values for
n (grain)σ are taken from Cazaux & Spaans (2009). For the values of
formation efficiency ǫ and sticking coefficient S, we use the expressions
of Cazaux & Spaans (2009) and the dust grain size distribution derived by
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Weingartner & Draine (2001a). The sticking coefficient is calculated as

S(Tgas, Tdust) =

(

1 + 0.4 ·
(

Tgas + Tdust

100

)0.5

+ 0.2 ·
Tgas

100
+ 0.08 ·

(

Tgas

100

)2
)−1

, (6.11)

which gives a numerical value for S typically between 0.4 and 0.9. The
formation efficiency strongly depends on the surface composition and has a
typical value between 0.4 and 1 for amorphous carbon; it lies between 0.01
and 1 for silicates (Cazaux & Spaans, 2009).

Cazaux & Spaans (2009) considered H2 formation on the surfaces of
silicates, amorphous carbon and PAHs. We avoid a redundancy by only
taking into account H2 formation on silicates and amorphous carbon and
defining this as H2 formation on dust. The H2 formation on dust is
calculated by using the surface area of silicates (

ngrσ
nH

= 10−21 cm−2) and

amorphous carbon (
ngrσ
nH

= 1.7 × 10−22 cm−2), so as to not count the
contribution of PAHs twice.

6.2.3 H2 photodissociation

The destruction mechanism for molecular hydrogen in the presence of UV
photons is dissociation subsequent to the photo-excitation into a higher
electronic state. Approximately 10% of these excited H2 molecules undergo
fluorescence into the vibrational continuum of the electronic ground state,
giving rise to dissociation of the molecule. The H2 photodissociation rate
is given by Black & van Dishoeck (1987) and Draine & Bertoldi (1996):

kdiss = 3.4 · 10−11f(N(H2))G0 exp [−2.6AV ] s
−1. (6.12)

In this equation the exponential factor expresses the dust extinction. The
factor f(N(H2)) accounts for H2 self-shielding against photodissociation.
This self-shielding factor f(N(H2)) has been computed as a function of H2

column density by Draine & Bertoldi (1996),

f(N(H2)) =
0.965

(1 + x/b5)
2 +

0.035√
1 + x

(6.13)

× exp
[

−8.5 · 10−4
√
1 + x

]

,
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where x = N(H2)/5 · 1014 cm−2 is the H2 column density and b5 is the line
width of H2 absorption lines expressed in 105cm s−1, which was set to unity
for our calculations.

6.2.4 Computations

In our calculations, we use a one-dimensional plane-parallel slab of gas that
is irradiated from one side. This slab is divided into 103 equally sized cells
of gas, which all have the same number density and abundances. Initially,
there is no molecular hydrogen present, and the only PAH is the normally
hydrogenated coronene molecule (C24H12).

Every single reaction in the list of reactions gives rise to a rate equation,
and from this the rate for every reaction is calculated at t = 0. We perform
a numerical Euler integration until the system reaches convergence, which
is defined as the moment when the fractional difference between two time
steps is smaller than 10−3 for every chemical species. For the species with
abundances higher than 10−9, this condition is met in less than 103 years.
For species with lower abundances it is increasingly difficult to converge,
and timescales ranging between 105 and 108 years are required to reach
equilibrium for the entire system. Time-dependent environmental effects
may play a role, but this will be a topic of future study. After convergence
is reached in a parcel of gas, the calculation starts for the next parcel of gas,
including a modification of the radiation field to account for dust extinction
and H2 self-shielding.

Temperatures in a PDR are strongly dependent on the external
radiation field through various mechanisms. In regions where dust grains
are exposed to UV radiation, the gas is indirectly heated via photoion-
ization of dust grains and PAHs. At low densities (nH . 3 · 104 cm−3),
the thermal coupling between dust grains and the gas phase does not
occur, which leads to gas temperatures significantly different from the
dust temperatures. At higher densities (nH & 3 · 104 cm−3) thermal
coupling between gas and dust grains has to be taken into account.
We extract gas and dust grain temperatures from models of PDRs
(Meijerink & Spaans (2005) and refined by Hocuk & Spaans (2011), avail-
able at http://www.mpe.mpg.de/~seyit/Tgas/). These models derive
gas and dust grain temperatures from the different heating and cooling
processes, leading to temperatures for a given combination of radiation
field, number density, and column density. We use the outcomes of these
models in tabular form, from which we extract the temperatures for our

http://www.mpe.mpg.de/~seyit/Tgas/
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simulations. Temperature fluctuations of dust grains are not considered in
this model, because Bron et al. (2014) showed that their effect on the H2

formation rate is limited.

The external radiation field has a significant influence on the structure
of the cloud through photoreactions and heating of the gas. At high total
column densities (NH ≈ 1021 cm−2) and at solar metallicity, the intensity of
the radiation field diminishes due to dust absorption and scattering. The
radiation field is therefore a function of column density, as shown in Eq.
6.14.

G0(AV) = G0(0) exp [−β AV] . (6.14)

In this expression, β is the process-dependent extinction factor, which has
a typical value of 2.5, and AV is the visual extinction calculated by AV =
(N(H) + 2N(H2))/2.2 · 1021cm−2 (Güver & Özel, 2009).

6.3 Results

From our model we obtain number densities for all coronene charge and
hydrogenation states, as well as the H2 formation rate associated with each
of these species. We also obtain the H2 formation rates on dust grains
and the number densities of atomic and molecular hydrogen. Together
with the gas and dust grain temperatures, this gives us a clear view of the
chemistry and physics inside the PDR. We present the spatial distribution
of coronene hydrogenation states in Sect. 6.3.1. In Sect. 6.3.2 we show the
H2 formation rates throughout the PDR, and in Sect. 6.3.3 we show how
the formation of H2 on coronene impacts the PDR structure.

To study the hydrogen-coronene chemistry, the spatial distribution of
coronene hydrogenation states is tracked. A region with low hydrogenation
states (C0,+

24 and C24H
0,+ dominate) indicates that photodesorption occurs

at a rate significantly higher than that of hydrogen addition. Conversely,
in a region with normal and high hydrogenation states (C24H

0,+
12 and higher

dominate), hydrogenation dominates H-loss processes. Since H2 formation
is possible through both photodissociation of coronene and chemical
abstraction on coronene, the spatial distribution of the hydrogenation states
of coronene can tell us which of these processes is more important for H2

formation. Furthermore, in Sect. 6.3.2 we compare the formation of H2 on
coronene with the formation on dust grains, and report our results.
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Figure 6.1 – Distribution of dust and gas temperatures throughout a gas cloud with
G0 = 103.5 and nH = 105.5cm−3. The dotted lines show the distribution of H and H2.

6.3.1 Spatial distribution of coronene

The spatial distribution of coronene states is due to the temperature and
radiation profiles of the cloud. At the boundaries of the cloud, the radiation
field is very strong and the gas temperature is high (Tgas > 200 K), as is
shown in Fig. 6.1. At these high gas temperatures coronene hydrogenation
is very efficient because the H atoms can then easily overcome the barriers
against hydrogenation. However, this is easily offset by the intense radiation
field that completely dehydrogenates coronene down to the carbon skeleton.
Deeper inside the cloud the radiation field is decreased, causing a decrease
in the photoionization rate and a subsequent gradual transition from
fully dehydrogenated coronene cations to their neutral counterparts is
expected. At even higher column densities, the radiation field is too weak
for photodissociation to dominate. As a result, a transition to the neutral,
normally hydrogenated coronene molecule should occur.
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A typical spatial distribution of hydrogenated coronene is presented in
Fig. 6.2. In the outskirts of the cloud coronene is fully dehydrogenated and
exists as cations. Deeper inside the cloud, the dominant form of coronene
is the fully dehydrogenated neutral molecule, which is subsequently over-
turned by the normally hydrogenated neutral coronene molecule.

Clearly absent in our results are the highly superhydrogenated species,
although coronene with a few extra hydrogen atoms can be abundant at
high extinctions. This can be explained by the correlation between the UV
intensity and the gas temperature. A high gas temperature is necessary
to overcome the energy barriers in the hydrogenation process. These gas
temperatures are only reached in regions where the impinging radiation field
is strong enough to heat the gas to such temperatures. At the same time,
this radiation field is strong enough to photodissociate all the coronene
molecules. This is consistent with previous PDR models, such as those of
Montillaud et al. (2013), who modelled the north-west PDR of NGC 7023.
They reported that at every depth there is one dominant hydrogenation
state, which is either the one with the most H atoms removed or the
highest possible hydrogenation state. Their hydrogenation states range
from full dehydrogenation to one superhydrogenation. Montillaud et al.
(2013) concluded that coronene is fully dehydrogenated throughout the
entire cloud (AV ≤ 3 mag). This is consistent with our findings, where
we report that coronene is dehydrogenated at the edge of the cloud, but
normally hydrogenated at extinctions of more than a few mag.

The results shown here are also consistent with a recent study that
interpreted Spitzer and ISOCAM observations of NGC 7023 (Joblin et al.,
2010). Using the method developed by Pilleri et al. (2012) to identify PAH
cations and neutral PAHs, Joblin et al. (2010) showed that there is a sharp
transition between PAH cations at the edge of the PDR and neutral PAH
molecules deeper into the cloud.

The radiation field has a very clear impact on the coronene distribution
through two different mechanisms, as shown in Fig. 6.2. First, an increased
radiation field leads to a higher H2 photodissociation rate, pushing the
H/H2 front to higher column densities. Second, a higher G0 leads to a
higher rate of photoionization of PAHs, changing the transition from cations
to neutrals to higher column densities. Furthermore, a stronger radiation
field drives the transition from dehydrogenated to normally hydrogenated
PAHs to higher column densities.
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Figure 6.2 – Distribution of coronene charge and hydrogenation state for three different
values of G0 and nH. Coronene cations are plotted with dashed lines, and neutral
coronene molecules have solid lines. Only the most abundant hydrogenation states
are shown. The top graph has G0 = 102.5 and nH = 103.5cm−3, the middle graph
G0 = 103.0 and nH = 103.5cm−3 , and the bottom graph corresponds to G0 = 102.5 and
nH = 104.5cm−3. The vertical line marks the location of the H/H2 transition, where
n(H) = 2 · n(H2).

An increase in the number density of the cloud has the opposite effect
of increasing the radiation field. Hence, the hydrogenated/dehydrogenated
front is shifted towards lower column densities, as shown in Fig. 6.2.

6.3.2 H2 formation rates

The H2 formation rates on coronene and dust grains are strongly dependent
on the radiation field and the dust temperature, respectively. For H2

formation on dust, the dust must be cold enough to prevent physisorbed
H atoms from desorbing into the gas phase. When Tdust rises above 15-20
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K, H2 formation is only possible with chemisorbed H atoms and is less
efficient.

For coronene, however, there are two possible pathways for H2 forma-
tion, as described in Sects. 6.2.1 and 6.2.1. The dominant H2 formation
process is the photodesorption of H2 from coronene with at least two
hydrogen atoms. Although the occurence of these molecules is low in
PDRs, this process occurs very fast because of the intense radiation.
This results in a fast catalytic cycle where the bare carbon skeleton of
the coronene molecule consecutively adsorbs two H atoms, which are
subsequently photodesorbed as an H2 molecule. The H2 formation rates
for this mechanism can be as high as a few times 10−16 cm3s−1, which is
similar to H2 formation rates in PDRs found by Habart et al. (2004).

The formation of H2 through chemical abstraction on coronene is not
a dominant process in PDR environments, although the temperatures are
high enough to easily cross the thermal barriers associated with this process.
For the latter process hydrogen atoms must be adsorbed to the coronene
molecule, but the high-radiation field photodesorbs almost all H atoms from
the coronene molecule. This leaves most coronene molecules without H
atoms, and a small fraction has only one or two hydrogen atoms, rendering
the chemical abstraction process negligible.

To compare H2 formation on coronene with H2 formation on dust grains,
we present the H2 formation rate coefficients as a function of column density
in Figs. 6.3 and 6.4. In the same figures the number densities of atomic
and molecular hydrogen are reported. To study the effect of the radiation
field and the total hydrogen number density, the simulations presented in
the three panels of Fig. 6.3 differ in radiation field or number density nH.

At low column densities, the gas and dust are heated by the impinging
radiation field, making coronene the dominant source of H2 formation. At
increasing column densities, the temperatures start to decline, and dust
grains take over as the dominant H2 formation agent.

Increasing the radiation field heats the gas and the dust grains, making
the transition from PAHs to dust grains occur at higher column densities,
which is shown in the middle panel in Fig 6.3. Increasing the density has
the opposite effect of increasing the radiation field, causing a decrease of
the column density for the PAH/dust grain transition, as illustrated in the
bottom panel of Fig. 6.3.
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Figure 6.3 – H2 formation rate coefficients on cationic and neutral coronene and dust
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6.3.3 Impact of H2 formation on coronene on the PDR

structure

H2 formation on coronene can significantly change the structure of a cloud.
This influence manifests itself in the column density of the H/H2 transition
in the cloud. We consider the H/H2 transition to occur at a column density
where 2n(H2) = n(H). This column density is lowered by the presence of
PAHs in the PDR.

An example is presented in Fig. 6.4, where we show the number density
profiles of atomic and molecular hydrogen. In the top panel of Fig. 6.4, H2

can be formed by reactions on coronene and dust grains, and in the bottom
panel only H2 formation on dust grains is considered. Comparing these
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figures, we see that the column density of the H/H2 transition is lowered
by a factor of 4 due to the formation of H2 on coronene. The influence
of coronene can be quantified by the ratio of the column densities of the
transition with and without considering the formation of H2 on coronene.
We define the influence parameter IPAH as

IPAH = 1−
N (H)dust + PAHs

trans

N (H)dusttrans

, (6.15)

which ranges between 0 and 1. In the case of a value of 0, coronene
has no influence on the column density of the H/H2 transition. When
IPAH = 1, coronene shifts the H/H2 transition completely to the edge of the
cloud. The highest value of IPAH present in our results is approximately
0.8. At this value, the rate of H2 formation on coronene is 200 times
higher than H2 formation on dust grains at the column density of the
H/H2 transition, while these rates are approximately equal for the lowest
values of the influence parameter. This influence parameter is shown as a
function of cloud number density and external radiation field in Fig. 6.5.
The influence parameter increases with both increasing number density and
external radiation field.

An increased number density increases the rate of reactions between
coronene and H atoms, resulting in a higher abundance of PAHs with one
or more hydrogen atoms. At a similar radiation field, this yields a higher
H2 formation rate, pushing the H/H2 transition to lower column densities.
A similar argument applies to the dependence on the radiation field. With
an increasing radiation field, all photodissociation rates increase, including
those of the H2 forming processes. However, the effect is more subtle
because a stronger radiation field changes the population distribution of the
hydrogenation states towards a lower fraction of coronene with two or more
H atoms. This makes fewer coronene molecules eligible for the release of H2

upon photoabsorption. This effect leads to an optimal radiation intensity
for every number density for maximal coronene influence. If the radiation
field has a higher intensity, the influence of coronene on the position of the
H/H2 front decreases again, as is shown in Fig. 6.5.

Strong radiation fields also correlate with high dust grain temperatures,
which inhibit H2 formation. Figure 6.6 shows the H2 formation rate of
dust grains (solid lines) and coronene (dashed lines) as a function of gas
temperature for different values of G0 and nH. For each datapoint, the color
of the marker indicates the dust temperature. Additionally, observational
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Figure 6.4 – Comparison between two identical clouds, with (top panel) and without
(bottom panel) H2 formation on coronene. H2 formation rate coefficients on ionized (solid)
and neutral (dashed-dotted) coronene and dust grains (dashed lines) are represented on
the left y-axis. Number densities of H and H2 (dotted lines) are represented on the
right y-axis. The thick vertical green line indicates the location where n(H) = 2 · n(H2).
G0 = 103.5 and nH = 105cm−3.

H2 formation rates derived by Habart et al. (2004) for different PDRs are
reported in this figure. It is clear that H2 formation on PAHs is necessary
to reproduce the observed H2 formation rates.

From this plot it is also clear that dust grains and PAHs contribute
to H2 formation in different temperature regimes. Since the temperature
decreases with increasing column density, PAHs have their strongest H2

formation activity at the edges of PDRs, while dust grains dominate this
process deeper inside the cloud. PAHs change the cloud structure the most
when the conversion from H to H2 occurs at lower extinction than the one
at which dust grains start to dominate H2 formation. We can see from
Fig. 6.6 that this is the case when the transition occurs in a region where
Tgas & 200 K.
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Combining high number densities and radiation fields, H2 formation
on PAHs builds up a sufficiently high H2 column density at a relatively
low total column density, such that H2 is already self-shielded against
photodissociation. At these low total column densities, dust temperatures
are still too high for the formation of H2 on dust grains to have any effect
(Tdust > 40 K). The column density of the H/H2 transition is in that case
entirely due to H2 formation on PAHs.

6.4 Discussion

6.4.1 Impact of uncertainties

We find that PAHs, with coronene as a prototypical PAH, affect the
structure of a PDR. The formation of H2 on coronene is primarily important
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on the outskirts of the PDR. In these regions the temperature is sufficiently
high that the exact height of the barriers for addition and abstraction does
not matter. Deeper inside the cloud the barrier height does matter, but the
transition to molecular hydrogen is then already complete, so H2 formation
on PAHs is not significant in these regions.

Furthermore, most of the H2 formation on PAHs takes place via
photodesorption. These processes occur at low column densities, where
the radiation field suffers almost no extinction. At these column densities,
photodesorption processes dominate and have a strong influence on the
depth of the H/H2 transition. To understand the dependence of the H/H2

transition on these photorates, we vary the binding energies of either H
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atoms or H2 molecules with 0.2 eV ceteris paribus and recalculate the
photorates. With these photorates the simulations are re-evaluated and
show only a weak influence on the position of the H/H2 front.

Increasing the H2 or decreasing the H photodissociation energy (E0

in Table 6.3) with 0.2 eV results in H2 formation rates reduced by a
factor 3. Conversely, the H2 formation rates locally increase by a factor
3 with a similar decrease in the photodissociation energy for H2 loss, or an
increase in the photodissociation energy for H loss. However, this does not
significantly change the position of the H/H2 front. Furthermore, we see
in our simulations that in the clouds where PAHs have a strong influence
on the cloud structure, their H2 formation rate is typically one order of
magnitude higher than the dust grain H2 formation rate.

Another parameter that is subject of discussion is the cross sections
used for the hydrogenation and abstraction reactions. The reaction rate
scales linearly with the cross section, and the values used in this paper
are an average value derived from irradiating coronene films with H
atoms (Mennella et al., 2012). Mennella et al. (2012) argued that because
coronene molecules only weakly interact, and since the H atoms interact
directly with the coronene molecules, without diffusion or absorption, their
values are representative for the gas phase molecules as well. In our model
abstraction plays a minor role in H2 formation, but this changes for larger
PAHs (Sect. 6.4.2).

In the cases where abstraction is the dominant mechanism for H2

formation, the formation rate linearly depends on both the abstraction cross
section and the number of H atoms adsorbed onto PAHs. The latter in turn
depends on the cross section for the addition of an H atom. We therefore
expect that the rate of H2 formation through abstraction linearly depends
on both the cross section for addition and abstraction. To make more
reliable H2 formation models for larger PAHs than this proof-of-concept
approach, both these cross sections have to be established for larger PAHs.

6.4.2 Expectations for a population of large PAHs

We have used coronene as the only active PAH, where in reality there
are many more PAHs of different sizes present in the ISM. For PDR
environments, PAHs with more than 40 carbon atoms and a compact
structure are favoured because of their photostability. Allain et al. (1996a)
showed that both H loss and H2 loss significantly decrease with increasing
number of carbon atoms. This makes H2 photodesorption a less likely
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process for H2 formation, but the decreasing rate of H loss will leave
more H atoms on the PAH molecule, making H2 formation through
abstraction a more dominant process. This also changes the distribution of
hydrogenation states throughout the PDR and increases the abundance of
higher hydrogenation states.

These changes in both the dominant H2 formation mechanism on PAHs
and the hydrogenation state distribution are observed in a test run of our
model where coronene is substituted by a generic 50C PAH. Since the
chemistry between PAHs and hydrogen atoms is less well understood for
larger PAHs, we did not include these molecules in our simulations.

Larger molecules like circumcircumcoronene (C96H24) are found to
be in their highest hydrogenation state throughout the entire cloud
(Montillaud et al., 2013). However, the photo-stability of hydrogenated
PAHs is quite unknown, and preliminary experimental results suggest
that the addition of hydrogen on PAHs changes their photostability
(Reitsma et al., 2014). This implies that the dissociation rates of hydro-
genated coronene molecules could be lower than previously assumed. As
a result, the formation of H2 through photodesorption will decrease as
well. The photodesorption H2 formation rates presented in this paper
are therefore an upper limit to possible H2 formation rates through this
mechanism. Simultaneously, H2 formation through abstraction will become
more dominant on larger PAHs, since the decreased photodesorption rate
leaves more H atoms on the PAH molecule. However, to understand to
which order abstraction can replace photodesorption as an H2 forming
mechanism, a more comprehensive understanding of PAH (photo)chemistry
is necessary.

Furthermore, there are other processes for H2 formation on PAHs,
such as dissociative recombination between a superhydrogenated PAH
cation and an electron (Le Page et al., 2009). This process is found to
be effective for superhydrogenated PAHs with up to 200 carbon atoms. In
the environments we study the rate for this process is at least an order of
magnitude lower than the dominant H2 formation processes. To conclude
about H2 formation on PAHs, it is necessary to fully understand every
contributing process, since different processes appear to be the dominating
mechanism for different PAH sizes and hydrogenation states.
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6.5 Conclusions

The model we presented clearly shows that PAHs play a vital part in
the location of the H/H2 transition in PDRs, especially at high gas
temperatures (T > 200 K). For high UV fields (G0 > 103), PAH
(photo)chemistry should therefore be taken into account when modelling
the structure of a PDR.

We presented the first chemical model that accounts for more than
one superhydrogenation of a PAH molecule and that incorporates thermal
barriers into the PAH chemistry taking place. This model also considers
photodesorption as a mechanism for H2 formation on PAHs. We showed
that the barriers introduce a strong temperature dependence for the
H2 formation route on PAHs, and that this formation pathway is the
high-temperature complement to the classical H2 formation mechanism
on dust grains. Further research into PAHs should be directed at a
better understanding of dehydrogenated PAHs and the chemical and
photoprocesses that are associated with them. Ideally, this is also directed
towards larger PAHs, which are more representative of the ISM.

We conclude that photodesorption of H2 from PAHs can be an
important pathway for the formation of H2 in PDR environments. The
barriers present in PAH hydrogenation limit the H2 formation process on
PAHs to high gas temperatures. These barriers therefore ensure that H2

formation on PAHs is the high-temperature complement to dust grain H2

formation.
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Chemical reactions

Table 6.2 – Chemical reactions with different hydrogenation and charge states of
coronene, as shown in the first column. The second and third column show the barrier
and number of reactive carbon atoms for addition of a hydrogen atom. The fourth and
fifth column show these properties for the process of abstraction, which leads to H2

formation.

Hydrogenation Abstraction
Reactant Barrier Reactive sites Barrier Reactive sites

meV (K) meV (K)

C24H0 - 12 - -
C24H1 - 11 10 (116) 1
C24H2 - 10 10 (116) 2
C24H3 - 9 10 (116) 3

C24H4 - 8 10 (116) 4
C24H5 - 7 10 (116) 5
C24H6 - 6 10 (116) 6
C24H7 - 5 10 (116) 7

C24H8 - 4 10 (116) 8
C24H9 - 3 10 (116) 9
C24H10 - 2 10 (116) 10
C24H11 - 1 10 (116) 11

C24H12 28 (324) 12 10 (116) 12
C24H13 - 1 - 1
C24H14 46 (533) 2 10 (116) 2
C24H15 - 1 - 1

C24H16 64 (742) 1 10 (116) 4
C24H17 - 2 - 1
C24H18 35 (406) 1 10 (116) 6
C24H19 - 1 - 1

C24H20 30 (348) 2 10 (116) 8
C24H21 - 1 - 1
C24H22 52 (603) 1 10 (116) 10
C24H23 - 2 - 1

C24H24 33 (382) 1 10 (116) 12
C24H25 - 1 - 1
C24H26 33 (382) 2 10 (116) 14
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Table 6.2 – continued.

Hydrogenation Abstraction
Reactant Barrier Reactive sites Barrier Reactive sites

meV (K) meV (K)

C24H27 - 1 - 1

C24H28 39 (452) 1 10 (116) 16
C24H29 - 1 - 1
C24H30 34 (394) 2 10 (116) 18
C24H31 - 1 - 1

C24H32 49 (568) 2 10 (116) 20
C24H33 - 2 - 1
C24H34 49 (568) 1 10 (116) 22
C24H35 - 1 - 1

C24H
+
0 - 12 - -

C24H
+
1 - 11 10 (116) 1

C24H
+
2 - 10 10 (116) 2

C24H
+
3 - 9 10 (116) 3

C24H
+
4 - 8 10 (116) 4

C24H
+
5 - 7 10 (116) 5

C24H
+
6 - 6 10 (116) 6

C24H
+
7 - 5 10 (116) 7

C24H
+
8 - 4 10 (116) 8

C24H
+
9 - 3 10 (116) 9

C24H
+
10 - 2 10 (116) 10

C24H
+
11 - 1 10 (116) 11

C24H
+
12 - 12 10 (116) 12

C24H
+
13 28 (324) 1 - 1

C24H
+
14 - 2 10 (116) 2

C24H
+
15 46 (533) 1 - 1

C24H
+
16 - 1 10 (116) 4

C24H
+
17 64 (742) 2 - 1

C24H
+
18 - 1 10 (116) 6

C24H
+
19 35 (406) 1 - 1

C24H
+
20 - 2 10 (116) 8

C24H
+
21 30 (348) 1 - 1

C24H
+
22 - 1 10 (116) 10

C24H
+
23 52 (603) 2 - 1
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Table 6.2 – continued.

Hydrogenation Abstraction
Reactant Barrier Reactive sites Barrier Reactive sites

meV (K) meV (K)

C24H
+
24 - 1 10 (116) 12

C24H
+
25 33 (382) 1 - 1

C24H
+
26 - 2 10 (116) 14

C24H
+
27 33 (382) 1 - 1

C24H
+
28 - 1 10 (116) 16

C24H
+
29 39 (452) 1 - 1

C24H
+
30 - 2 10 (116) 18

C24H
+
31 34 (394) 1 - 1

C24H
+
32 - 2 10 (116) 20

C24H
+
33 49 (568) 2 - 1

C24H
+
34 - 1 10 (116) 22

C24H
+
35 49 (568) 1 - 1

C24H36 - - 10 (116) 24
C24H

+
36 - - 10 (116) 24
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Table 6.3 – Integrated photodissociation rates for the different hydrogenation and
ionization states of the coronene molecule. E0 is the energy necessary for the process
and ∆S is the energy difference between the transition state and the initial molecule
(Le Page et al., 2001). Values for E0 and ∆S are taken from Le Page et al. (2001) and
Paris et al. (2014).

Reaction E0 ∆S kph
eV cal K−1 s−1 G−1

0

Cor + hν → CorH−1 + H 4.73 5.0 9.29 · 10−10

Cor + hν → CorH−2 + H2 4.75 5.0 9.29 · 10−10

Cor+ + hν → CorH+
−1 + H 4.85 5.0 3.38 · 10−10

Cor+ + hν → CorH+
−2 + H2 4.82 5.0 3.38 · 10−10

CorH−n + hν → CorH−(n+1) + H 3.56 5.0 3.49 · 10−9

CorH−n + hν → CorH−(n+2) + H2 3.56 5.0 3.49 · 10−9

CorH+
−n + hν → CorH+

−(n+1) + H 4.28 5.0 5.05 · 10−9

CorH+
−n + hν → CorH+

−(n+2) + H2 4.28 5.0 5.05 · 10−9

CorHn + hν → CorHn−1 + H 1.2 5.0 2.58 · 10−8

CorHn + hν → CorHn−2 + H2 1.6 5.0 1.23 · 10−9

CorH+
n + hν → CorH+

n−1 + H 2.9 5.0 2.52 · 10−8

CorH+
n + hν → CorH+

n−2 + H2 3.2 5.0 4.91 · 10−9



Chapter 7
Summary

I
n this thesis I focus on several closely related questions regarding the
chemical activity of PAHs in the interstellar medium. One of the primary

questions we address is “Can PAHs be important catalysts for the formation
of H2 in space?” To understand this catalysis better, it is necessary to know
how PAHs react with hydrogen atoms. Since the catalysis takes place in
the harsh radiation conditions of the interstellar medium, it is important
to ask “Can PAHs and their reaction products survive exposure to UV
radiation?” Once the effects of UV radiation are known, there is the final
question “How do PAHs contribute to the formation of H2 in space?”

In chapters 3 and 4 of this thesis, we have experimentally studied the
reactivity of PAHs with hydrogen atoms, and shown that PAHs can be
easily hydrogenated. To address how PAHs and superhydrogenated PAHs
can survive in environments subject to strong UV fields, we have interfaced
our setup with the BESSY II synchrotron in Berlin and used its VUV
radiation to mimic some of the reactions taking place in the ISM, as shown
in chapter 5. In chapter 6, we use a numerical model to show how PAHs
catalyze the formation of H2 in space. The main results of each chapter of
this thesis are summarized below.

Chapter 3: I have experimentally studied the reaction between PAHs
and hydrogen atoms. A Paul ion trap is used to trap cations of coronene,
a PAH that we use as a probe for all PAHs. The trapped coronene
is then exposed to a beam of atomic hydrogen, and subsequent mass
spectrometry allows for determination of the trap contents. The mass
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spectra reveal that the hydrogen atoms react with the coronene cations
to form superhydrogenated coronene cations, where the extra H atoms
are chemically bound to the molecule. The experiments also show that
the incoming gas phase H atoms have to overcome thermal barriers of
alternating heights.

Chapter 4: I study what happens to the coronene cations after extended
exposure to H atoms, with exposures up to a minute. Such a long exposure
time leads to the full hydrogenation of the coronene cation, where every
carbon atom is bearing an additional H atom. The alternating barriers
found in chapter 3 are observed for every second hydrogenation up to
full hydrogenation of the coronene cation. The mass spectra also reveal
that coronene with 5, 11, or 17 extra H atoms are the most abundant,
and we refer to these as magic numbers of hydrogen atoms. Comparison
with DFT calculations shows that for these magic numbers the binding
energy is higher than for other hydrogenation states and that for the next
hydrogenation reaction the H atom has to overcome a high barrier (0.11 -
0.32 eV).

Chapter 5: I experimentally investigate how regular and superhydro-
genated PAHs react to UV radiation. For these experiments we have
used the BESSY II synchrotron in Berlin. The entire experimental setup
was temporarily moved to the experimental hall in Berlin such that the
superhydrogenated coronene cations could be exposed to VUV photons.
The superhydrogenated coronene cations are trapped in the Paul ion trap
and exposed to VUV radiation with a photon energy between 12 and 30 eV.
Mass spectrometry immediately after VUV exposure reveals the ionization
and fragmentation patterns for each photon energy. Comparison with
the results for regular coronene shows that upon absorption of a photon,
superhydrogenated coronene is far more likely to lose the extra H atom
than regular coronene. Above the ionization threshold, regular coronene is
almost exclusively subject to ionization without loss of H atoms, whereas
for superhydrogenated coronene dissociative ionization is the norm.

We also compare the experimental results with an RRK model that
allows for the extrapolation of the experimental results to the full range of
photon energies that are most relevant to the ISM. These extrapolations
show that superhydrogenated coronene will easily lose its extra H atoms
in interstellar space, whereas regular coronene will be mostly ionized
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without any dissociation taking place. This implies that in radiation rich
environments, such as PDRs, superhydrogenated coronene will be very rare.

The model can be used to extrapolate to different PAH sizes as well.
When PAHs contain more than approximately 100 C atoms, they are large
enough to dissipate the excitation energy without losing an excess H atom.
Superhydrogenated PAHs may thus exist in space, provided that they are
large enough, although currently it is estimated that most PAHs in the ISM
contain between 20 and 100 carbon atoms.

Chapter 6: I have studied the capability of PAHs to form H2 in
radiation-rich interstellar environments. A numerical code is used to
evaluate the formation of H2 throughout an entire series of PDRs of varying
number densities and radiation fields. We cover the number densities
between 103 and 106.5 cm−3 and the radiation intensities between 102

and 105 G0. This model includes a chemical network with coronene
as a probe for interstellar PAHs, and we consider the different chemical
and photoprocesses that these molecules are subject to. The rates of H2

formation are calculated for both PAHs and dust grains, and we observe
how these rates affect the transition from atomic to molecular hydrogen
inside a PDR. The results of these simulations show that PAHs can have
a large effect on the overall structure of the PDR, and significantly change
the column density of the H/H2 transition. Moreover, we compare the
outcome of our models with observations, and it is clear that H2 formation
on PAHs can explain the observed rates of H2 formation in PDRs, which
cannot be explained by catalysis on dust grains.

To summarize, this thesis shows that the addition of H atoms to
coronene cations is subject to thermal barriers for every second addition up
to full hydrogenation, and that superhydrogenated coronene cations with
a magic number of extra H atoms are more stable than others. Moreover,
these extra H atoms are easily removed by UV radiation, and only larger
PAHs can be superhydrogenated in the ISM. That notwithstanding, PAHs
can have a large influence on the total rate of H2 formation in PDRs,
where the rate of H2 formation by PAHs can be as high as 10−16 cm3s−1.
Therefore, the H2 forming capabilities of PAHs should be included in models
for PDRs.
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7.1 Outlook & Future Experiments

Currently, there are still many open questions regarding the presence of
PAHs in the ISM. With the exception of fullerenes, there has not been
a unique identification of a single PAH molecule yet. Although such an
identification would be the most definite proof for PAHs in interstellar space,
it is very unlikely to happen due to the band nature of the IR emission of
these molecules.

In this thesis we have compared the photostability of superhydrogenated
PAHs to that of regularly hydrogenated PAHs. However, in the interstellar
medium a large fraction of PAHs is expected to be in a dehydrogenated
state. The full dehydrogenation of PAHs has been observed experimentally
by exposure to broadband UV radiation, but the exposure time is
sufficiently short (0.5 s) that there is no vibrational relaxation between
the different loss events. To understand the step-by-step dehydrogenation
process more accurately, it is important to study the photoprocessing of
partially dehydrogenated PAHs. One way to conduct such an experiment
is by modifying the experimental procedure used in chapter 5. After a
single VUV exposure, the trap contents are exposed to a stored waveform
inverse Fourier transform (SWIFT) pulse, removing all trap contents with
the exception of a single hydrogenation state. This single hydrogenation
state is then exposed to another pulse of UV radiation, allowing for the
study of the photoabsorption behaviour of the partially dehydrogenated
PAH.

While the identification of a single PAH molecule in space has not yet
been achieved, it is possible to derive PAH properties from their emission
spectra. An IR emission spectrum of the Orion Bar (see Figure 7.1)
shows emission features between 3.4 and 3.6 µm next to the 3.3 µm C-
H aromatic stretch feature. The origin of these features is still unknown,
but the explanations that have been offered include anharmonicity of the
vibrational transitions and emission by superhydrogenated PAHs. DFT
calculations predict that coronene cations with 5, 11, or 17 additional H
atoms would produce these emission features, which can be investigated
experimentally by IR action spectroscopy on superhydrogenated PAHs.
The necessary intensity in IR light can be obtained from an infrared free
electron laser, such as the FELIX facility in Nijmegen. Performing these
experiments is an important step where laboratory astrochemistry can
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Figure 7.1 – The black line shows part of an infrared emission spectrum of the Orion
Bar. Clearly visible is the 3.3 µm aromatic stretch emission feature. The features at 3.40,
3.47, 3.51 and 3.56 µm are indicated, but their origin remains unknown. The vertical
bars at the bottom indicate possible emission by different superhydrogenation states of
coronene cations, as predicted by DFT calculations. Image adapted from Li & Draine
(2012).

directly contribute to interpreting astronomical observations.

Given the complementary roles of PAHs and dust grains in the
formation of H2 it is important to investigate whether PAHs can be
important catalysts for the formation of other species as well. This can be
studied by letting PAHs react with the more abundant atoms and molecules
such as oxygen, the fourth most abundant atom in interstellar space. In
a pathfinding experiment performed at the LERMA laboratory in Cergy,
monolayers of both regular coronene and superhydrogenated coronene
on a substrate of highly ordered pyrolytic graphite have been exposed
to a beam of oxygen atoms. The sample is subsequently analyzed by
thermally programmed desorption (TPD), where the surface temperature
increases linearly and the masses of the desorbing species are studied with
a quadrupole mass spectrometer.

The intensities of different masses are compared to a reference measure-
ment that consists of only coronene (M300). These differential intensities
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Figure 7.2 – Differential mass spectra of the coronene + H, coronene + H + O, and the
coronene + O measurements. The masses associated with coronene and its isotopologues
are in black, smaller fragments are in green, superhydrogenated masses are colored blue
and masses that involve coronene with at least one oxygen atom are colored red. The three
panels show the results for coronene exposed to hydrogen atoms (top), both hydrogen
and oxygen atoms (middle), and only oxygen atoms (bottom).

are shown in Figure 7.2, where the different masses are color coded
according to their originating process: loss of carbon atoms (green, M274 -
M277), regular coronene (black, M299 - M302), superhydrogenation (blue,
M303 - M312), and oxygenation (red, M316 - M338). The first tentative
results show that superhydrogenation of the coronene molecule makes it
easier for an oxygen atom to attach to the molecule as well. Moreover,
adding any atom to the coronene molecule appears to weaken the carbon
skeleton indicated by an increase of the fragmentation masses. However, a
more thorough investigation is necessary for definitive conclusions.

Summarizing, the future study of PAHs in space should be directed at
better understanding their IR emission bands. Furthermore, it is important
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to understand the complete dynamics of both the addition and the removal
of hydrogen atoms from PAH molecules. Last, the possibility of reactions
between PAHs and atoms other than hydrogen should be explored to get
a full understanding and appreciation of the astrochemical influences of
PAHs.





Samenvatting

M
oleculair waterstof is het meest voorkomende molecuul in de ruimte,
en ook één van de meest belangrijke moleculen. H2 maakt de

weg vrij voor een groot en complex netwerk aan chemische reacties, en
bovendien draagt het bij aan het koelen van gaswolken zodat ze een ster
kunnen vormen. In dit proefschrift wordt onderzocht hoe polycyclische
aromatische koolwaterstoffen (polycyclic aromatic hydrocarbons, PAH’s)
kunnen bijdragen aan de vorming van waterstofmoleculen in de ruimte.
In de ruimte is heel veel waterstof, 90% van alle atomen in de ruimte is
een waterstofatoom. Om een waterstofmolecuul te vormen moeten twee
losse H-atomen gecombineerd worden. Dit is echter makkelijker gezegd
dan gedaan.

Dat H2 zo lastig te vormen is ligt aan het feit dat de energie die
vrijkomt bij de reactie tussen twee waterstofatomen nergens heen kan.
Daardoor wordt het zojuist gevormde H2 molecuul meteen weer uit elkaar
getrokken. Er is dus een mechanisme nodig om de reactie-energie af te
voeren, en de meest voor de hand liggende manier is een botsing tussen
drie waterstofatomen. Twee atomen kunnen dan een H2 molecuul vormen
en het derde atoom neemt een deel van de vrijgekomen energie op. Echter,
de dichtheden in de ruimte zijn dusdanig laag dat dit mechanisme niet de
waargenomen reactiesnelheden kan verklaren.

Andere routes gebruiken een proton of een elektron om de reactie-
energie af te voeren, maar ook die routes blijken niet afdoende om de
observaties te verklaren. Uiteindelijk is er een verklaring gevonden in de
vorm van interstellair stof.
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Figure S1 – De linker afbeelding is een opname van het Sombrero-melkwegstelsel met
de Hubble Space Telescope. Interstellair stof is zichtbaar als donkere banden die sterlicht
absorberen. Op de rechter afbeelding is een stofdeeltje uit de ruimte te zien dat met een
U2-vliegtuig is ingevangen. Dit stofdeeltje is ongeveer 10 micrometer in diameter. Beide
afbeeldingen zijn afkomstig van NASA.

Interstellair stof bestaat uit kleine korreltjes van silicaten (zand) en
amorf koolstof, en doordat het zichtbaar licht absorbeert is het te zien
in foto’s van melkwegstelsels als donkere plekken en banden, zoals is te
zien in Figuur S1. Deze stofkorrels spelen een belangrijke rol bij tal
van astrochemische processen, waaronder dus de vorming van moleculair
waterstof. Deze chemische invloed is mogelijk doordat waterstofatomen
zich aan de stofkorrels hechten door middel van een vanderwaalsbinding
(fysisorptie) of een covalente binding (chemisorptie).

De covalent gebonden waterstofatomen zitten vast op één plek, terwijl
de door een vanderwaalsbinding gebonden waterstofatomen vrij kunnen be-
wegen over het oppervlak van een stofdeeltje. Er bestaan twee mechanismen
waarop deze atomen kunnen reageren tot H2: het Langmuir-Hinshelwood-
mechanisme (LH-mechanisme) en het Eley-Rideal-mechanisme (ER-mecha-
nisme).

In de LH-route beweegt een vanderwaalsgebonden waterstofatoom over
het oppervlak van het stofdeeltje en komt een ander waterstofatoom tegen,
waarna beide atomen samen H2 vormen. Een deel van de bij de reactie
vrijgekomen energie kan gebruikt worden om het zojuist gevormde molecuul
in de gasfase te lanceren.

Bij het ER-mechanisme botst een waterstofatoom uit de gasfase met
een aan het oppervlak gebonden atoom, zodat beide atomen reageren tot
H2. Ook hierbij kan een deel van de reactie-energie gebruikt worden om
het molecuul van het stofdeeltje los te laten komen.
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Deze mechanismen om H2 te vormen zijn door middel van zowel
berekeningen als experimenten bestudeerd, en hiermee kan het grootste
gedeelte van de astronomisch geobserveerde vorming van H2 verklaard
worden. Echter, er zijn bepaalde typen gaswolken waar een jonge, felle ster
zoveel straling produceert dat het alle processen in die gaswolken domineert.
Deze gaswolken heten ook wel photodissociation regions (PDR’s) en in deze
PDR’s verhit de straling het gas en stof tot dusdanig hoge temperaturen
dat bijna alle waterstofatomen van de stofdeeltjes verdampen. Alleen de
covalent gebonden waterstofatomen zitten dan nog aan het oppervlak vast,
waardoor de mogelijkheid tot het vormen van H2 drastisch afneemt.

Uit waarnemingen met telescopen is echter gebleken dat in deze PDR’s
de snelheid van H2 vorming net zo hoog is als in de koudere gaswolken.
Dit wijst erop dat er in PDR’s een alternatieve manier zou moeten zijn om
H2 te vormen, en één van de meest veelbelovende hypotheses is dat PAH’s
bijdragen aan de vorming van H2.

PAH’s zijn grote moleculen die bestaan uit meerdere gefuseerde benzeen-
ringen, zoals is te zien in Figuur S2. Het bestaan van deze koolstofmoleculen
in de ruimte is afgeleid uit het voorkomen van hun brede emissiebanden in
infraroodspectra van verscheidene bronnen. In een beroemd experiment
in de jaren ’80 is een interstellair infraroodspectrum vergeleken met een
infraroodspectrum van de uitlaatgassen van een auto. Een belangrijke
component van deze uitlaatgassen zijn roetdeeltjes die voornamelijk uit
PAH’s bestaan, en de twee spectra vertonen dan ook opmerkelijke geli-
jkenissen. PAHs zijn door het grote aandeel van dubbele bindingen erg
stabiel en daardoor ook beter bestand tegen de barre omstandigheden die
in de interstellaire ruimte heersen.

Uit meer recente waarnemingen blijkt dat de snelheid waarmee H2

gevormd wordt samenhangt met de intensiteit van de emissie door PAH’s.
Dit suggereert dat PAH’s een belangrijke bijdrage leveren aan de vorming
van H2, hetgeen later verder onderbouwd is door zowel berekeningen als
experimenten. Om te kunnen begrijpen hoe PAH’s kunnen bijdragen aan
de vorming van H2 is bijvoorbeeld onderzocht hoe PAH’s reageren met
waterstofatomen. Experimenten met een dunne laag PAH’s op een vast
oppervlak hebben laten zien dat deze waterstofatomen binden met de PAH
moleculen. Als er daarna nog meer waterstofatomen beschikbaar zijn in de
gasfase, kunnen zij ook reageren met de reeds gebonden waterstofatomen en
op die manier H2 vormen. Berekeningen door middel van density functional
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Figure S2 – Een schematische weergave van verschillende PAHs. Het kleinste PAH
heet naftaleen (C10H8, linker afbeelding) en bestaat uit twee benzeenringen. Coroneen
(C24H12, middelste afbeelding) is met zeven benzeenringen iets groter, dit is het
molecuul dat wordt gebruikt in de experimenten voor dit proefschrift. Grafeen (rechter
afbeelding) is het grootst mogelijke PAH, aangezien het theoretisch uit een oneindig
aantal benzeenringen bestaat.

theory (DFT) hebben ook uitgewezen wat de bindingsenergieën en barrières
zijn die bepalend zijn voor het verlopen van dit proces.

In dit proefschrift is er op verschillende manieren bijgedragen aan een
beter begrip van de vorming van H2 door PAH’s. Aangezien PAH’s een
grote klasse van moleculen zijn, hebben we één PAH molecuul gebruikt
voor de experimenten en berekeningen, te weten coroneen (C24H12).
Coroneen bestaat uit zeven benzeenringen en is zeer symmetrisch, hetgeen
berekeningen eenvoudiger maakt. Daarnaast is het één van de grootste
PAHs die nog goed hanteerbaar zijn in een experimentele omgeving, en is
het groot genoeg om relevant te zijn voor het ISM. In de experimenten in
dit proefschrift is gebruik gemaakt van gëıoniseerd coroneen in plaats van
neutraal coroneen. Gëıoniseerd coroneen draagt een elektrische lading en
kan daardoor worden ingevangen in een Paul ionenval, dit in tegenstelling
tot het neutrale molecuul. Het coroneen wordt bij de experimenten in dit
proefschrift gëıoniseerd door een oplossing van zilvernitraat toe te voegen
aan een verzadigde oplossing van coroneen.

Een belangrijke vraag is hoe PAH’s kunnen reageren met water-
stofatomen om H2 te vormen. Om dit te kunnen beantwoorden hebben
we gëıoniseerd coroneen ingevangen en blootgesteld aan atomair waterstof.
Gëıoniseerd coroneen hebben we door middel van electrospray gëıntro-
duceerd in de experimentele opstelling, waarna er met een ionentrechter
en een quadrupool ionengeleider een nauwe bundel van wordt gemaakt.
Deze bundel wordt door een massafilter gezuiverd van verontreinigingen,
waarna de zuivere coroneenbundel in de Paul ionenval gëınjecteerd wordt
en vervolgens afgekoeld met een puls helium. Terwijl de ionen in de trap
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ingevangen zijn, worden zij blootgesteld aan atomair waterstof afkomstig
uit een plasmabron die boven de val gemonteerd is. Na blootstelling wordt
de samenstelling van de trapinhoud geanalyseerd door middel van vluchttijd
massaspectrometrie.

In het geval van zuiver coroneen is er in het massaspectrum een
duidelijke piek zichtbaar bij de massa 300, wat exact de massa is van het
standaard coroneen molecuul. Verder zijn er kleine pieken zichtbaar bij de
massa’s 301 en 302. Ook deze pieken zijn van regulier coroneen, waarbij één
respectievelijk twee koolstof-12 atomen zijn vervangen door koolstof-13.

Als het coroneen vervolgens wordt blootgesteld aan atomair water-
stof, verschijnen er massapieken die enkele eenheden hoger liggen, en
verdwijnen de originele coroneenpieken. Dit duidt op het toevoegen van
waterstofatomen aan het coroneen. Verder is duidelijk zichtbaar dat de
oneven massapieken het massaspectrum domineren, hetgeen wijst op het
bestaan van barrières voor iedere tweede hydrogenatiestap. Het eerste
waterstofatoom kan ongehinderd reageren met een coroneen-kation, maar
als hier vervolgens een tweede waterstofatoom mee reageert, moet het
eerst die barrière overwinnen. Het product hiervan kan weer ongehinderd
reageren met een derde waterstofatoom, enz. Door deze alternerende
barrières is het lastig om een coroneen-kation met een even aantal
waterstofatomen te vormen, en als het eenmaal gevormd is reageert het zeer
snel weer weg. Dit zorgt voor de dominantie van de oneven massapieken
in de massaspectra, en dit effect is al zichtbaar na blootstelling aan
waterstofatomen voor enkele seconden.

Er is nog een tweede effect, maar dat is pas zichtbaar na blootstelling
aan waterstofatomen voor ongeveer een minuut. Er zijn drie oneven pieken
die dominanter zijn dan de andere oneven pieken, en deze zijn de pieken
bij massa’s 305, 311, en 317. Uit berekeningen met density functional

theory (DFT) aan deze moleculen blijkt dat een coroneen-kation met 5
(massa 305), 11 (massa 311), of 17 (massa 317) extra waterstofatomen
een hogere bindingsenergie heeft, en dat de barrière voor de additie
van een extra waterstofatoom nog hoger is dan voor andere aantallen
waterstofatomen. De verhoogde barrières en bindingsenergieën zorgen
ervoor dat deze moleculen minder snel weg reageren terwijl ze wel snel
gevormd worden, waardoor ze uiteindelijk de massaspectra domineren.

Naast waterstof is er in de ruimte ook UV-licht dat met het coroneen kan
reageren, en dit kan meerdere resultaten hebben. Ten eerste is er het proces
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van foto-ionisatie, waarbij een foton wordt geabsorbeerd en een elektron
wordt verwijderd uit het molecuul, waardoor het molecuul een (extra)
positieve lading krijgt. Daarnaast is het mogelijk dat het molecuul door het
absorberen van een foton in een aangeslagen toestand raakt, waarna het één
of meerdere waterstofatomen verliest. Als laatste is het ook mogelijk dat
beide effecten tegelijkertijd optreden, waarbij een molecuul ontstaat dat een
(extra) positieve lading heeft en waterstofatomen mist. In dit proefschrift
hebben we onderzocht hoe de balans tussen deze processen verandert als
er een extra waterstofatoom aan het molecuul wordt vastgeplakt. Hiervoor
hebben we de opstelling die in de hoofdstukken 3 en 4 is gebruikt naar
Berlijn vervoerd om daar de UV-straling van het BESSY-II synchrotron
door onze opstelling te leiden en zodoende coroneen aan deze straling bloot
te stellen. Het blijkt dat bij regulier coroneen de absorptie van een foton
voornamelijk leidt tot ionisatie, en in mindere mate tot het verlies van
twee waterstofatomen. Is er echter een waterstofatoom aan het molecuul
bevestigd, dan zal dit extra atoom bijna altijd weer verwijderd worden. Als
de energie van het foton hoog genoeg is, gaat dit gepaard met ionisatie van
het molecuul.

Als bekend is hoe de verschillende processen waaraan coroneen bloot-
staat zich gedragen, is het van belang om te weten welke invloed zij hebben
op astronomische schaal. Daarvoor heb ik een simulatie gemaakt van een
PDR, het type gaswolk dat hierboven beschreven is. In deze simulatie
wordt gebruik gemaakt van een chemisch netwerk dat ook de processen
veroorzaakt door straling meeneemt in de berekeningen. Eén van de
belangrijkste uitkomsten van deze simulatie is de reactiesnelheid voor de
vorming van H2 op de verschillende plekken in de gaswolk. Verder is gekeken
naar de diepte in de wolk waar de overgang van atomair naar moleculair
waterstof plaatsvindt.

De simulatie is uitgevoerd voor PDR’s met een groot bereik in zowel
stralingsintensiteit als gasdichtheid, en voor iedere PDR is de simulatie
twee keer gedaan: één keer met PAH’s inbegrepen, en een keer zonder
de aanwezigheid van PAH’s. Vervolgens is gekeken hoe de diepte van de
overgang van atomair naar moleculair waterstof verandert als PAH’s wel
of geen rol spelen in de vorming van H2. Het blijkt dat PAH’s een grote
invloed hebben op waar de overgang van atomair naar moleculair waterstof
plaatsvindt. Doordat PAH’s bij hogere temperaturen H2 vormen, vindt ook
de overgang bij hogere temperaturen plaats, en dus op minder grote diepte
in de PDR. Ook hebben we de uitkomsten van de simulaties vergeleken
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met observaties van de vormingssnelheid van H2 in diverse PDR’s. In deze
vergelijking zien we dat de vorming van H2 door PAHs noodzakelijk is om
de observaties te kunnen verklaren, enkel vorming van H2 op interstellair
stof schiet tekort.

Samenvattend, in dit proefschrift heb ik onderzocht hoe waterstofatomen
zich hechten aan een geladen PAH molecuul. Vervolgens heb ik bestudeerd
hoe het absorptiegedrag van dit molecuul verandert zodra er een waterstofa-
toom aan gebonden wordt. De uitkomsten hiervan heb ik gëımplementeerd
in een numerieke simulatie van een PDR, en de resultaten zijn vergeleken
met astronomische waarnemingen.
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Forêts, G. 2004, Astronomy & Astrophysics, 414, 531



140 Bibliography

Habing, H. J. 1968, Bulletin of the Astronomical Institutes of the
Netherlands, 19, 421

Hirama, M., Tokosumi, T., Ishida, T., & Aihara, J.-I. 2004, Chemical
Physics, 305, 307

Hocuk, S. & Spaans, M. 2011, Astronomy & Astrophysics, 536, A41
Hoekstra, R. 1990, PhD thesis, Rijksuniversiteit Groningen
Hoekstra, R., de Heer, F. J., & Morgenstern, R. 1991, Journal of Physics
B Atomic Molecular Physics, 24, 4025

Hollenbach, D. & Salpeter, E. E. 1971, The Astrophysical Journal, 163, 155
Hollenbach, D. J., Takahashi, T., & Tielens, A. G. G. M. 1991, The
Astrophysical Journal, 377, 192

Hollenbach, D. J. & Tielens, A. 1999, Reviews of Modern Physics, 71, 173
Holm, A. I. S., Johansson, H. A. B., Cederquist, H., & Zettergren, H. 2011,
Journal of Chemical Physics, 134, 044301

Hony, S., Van Kerckhoven, C., Peeters, E., et al. 2001, Astronomy &
Astrophysics, 370, 1030
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