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Abstract

Molecular hydrogen is the most abundant molecule in the Universe
and a large portion of it is formed by hydrogen atoms that are ad-
sorbed on polycyclic aromatic hydrocarbons (PAHs). The rate of this
formation route depends strongly on the H sticking probability. In this
study we irradiate coronene cations with hydrogen atoms to study the
catalysis of H2-formation by PAHs. We observe a systematic increase
with irradiation time of the number of hydrogen atoms attached to
the coronene cation. We also find that the states with an odd number
of hydrogen atoms dominate the mass spectrum up to 11 H atoms.
This indicates the presence of a barrier at every second hydrogenation
of the coronene cation. We estimate the barrier of the second hydro-
genation to be 72 ± 6 meV and the one for the fourth hydrogenation
is determined at 40 ± 10 meV. These results are in good agreement
with theoretical predictions for the hydrogenation of neutral PAHs.
The alternating behaviour for the barrier continues to exist for the
higher hydrogenation states, implying that the barrier does not van-
ish for higher hydrogenation states. These results indicate that PAH
cations, like their neutral counterparts, exist in highly hydrogenated
forms in the ISM. Due tot their catalytic activity, PAH cations and
neutrals seem to contribute similarly to the formation of H2.
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CHAPTER 1

Introduction

Until very recently, stars were thought to be eternal, unchanging sources
of light. People considered stars to be deities or, like the Romans, thought
that they were pinholes in the veil that shielded us from the heaven where
the gods lived. As human knowledge progressed, stars have been demoted
from their divine status to that of giant balls of glowing gas. Initially people
still thought that stars had existed as long as time itself, but soon it became
clear that stars are born, change and die just like mortals.

Ever since mankind discovered the true nature of stars, these processes
have been subject of vigorous research and investigation, leading to many
a theory about the birth, life and death of stars. To encompass all these
stages is beyond the scope of this project, so we will now focus on the phase
relevant for this thesis, the formation of stars.

1.1 Star formation

For a star to be born, a lot of gas has to be accumulated into a relatively
small volume. This is possible when a gas cloud collapses after it has crossed
the Jeans stability limit, i.e. it is heavier than the Jeans mass corresponding
to its temperature and density. As soon as that limit is reached, the cloud
is no longer able to support its own weight with its internal pressure, and
the cloud collapses under its own weight. Before this collapse can happen,
a molecular cloud has to form dense cores who can then turn into stars. For
this process to happen, efficient cooling of the molecular cloud is necessary.
The cooling agent present defines the efficiency of this cooling and thus of
the star formation, as well as the characteristics of the stars formed (mass
and binarity).

Star formation happens primarily in molecular clouds, which are cold
regions of the interstellar medium (ISM) with a temperature of T ≈ 20 K
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CHAPTER 1. INTRODUCTION Leon Boschman

(Wolfire et al. 2003; Norman and Spaans 1997). With gas number densities
of n ≈ 104 − 105 cm−3, these clouds are gravitationally bound and they
possess dense cores (106 cm−3) that lead to star formation.

The most dominant molecule in these molecular clouds is the hydrogen
molecule H2. Via several heating and cooling pathways this molecule has a
large influence on the thermal energy budget of the gas cloud, and therefore
on the process of star formation.

H2 can heat the gas through photodissociation by UV irradiation. An-
other heating method is collisional de-excitation of an H2-molecule that is
vibrationally excited upon formation or after radiative excitation (Tielens
2005).

H2 has cooling properties as well, via collisional vibrational excitation
and subsequent radiative de-excitation. The formation of the first stars
was probably possible due to cooling by molecular hydrogen (Norman and
Spaans 1997).

Furthermore, molecular hydrogen is important as cooling agent in shocks,
low metallicity galaxies and other warm gas regions where other cooling
agents are of little importance (Cazaux 2004).

Because of its abundance, it is also involved in a plethora of chemical
pathways, enhancing the complexity of the ISM chemistry. Reactions of H2

with other species, both neutral and ionized, can lead to the formation of
cooling agents, such as CO, OH and H2O (Meijerink and Spaans 2005).

1.2 The H2 problem

The most abundant molecule in molecular clouds is the hydrogen molecule,
H2. The gas phase route to the formation of this molecule is an indirect one,
because the direct formation out of two single hydrogen atoms is impossible
due to conservation of energy. One needs either a three-body collision or
another process to dissipate the excess energy. The most common process
uses a surplus electron to get rid of the momentum. The dominant gas phase
H2-formation process is then summarized in equations (1.1) and (1.2).

H + e− → H− + hν, (1.1)

H− + H → H2 + e−. (1.2)

This formation route has a reaction rate that depends on the ionization
of the ISM (Tielens 2005) which is given by

R (H2) = 1.3 × 10−9n
(

H−
)

n (H) cm−3 s−1. (1.3)

Observations of molecular clouds have revealed that there is much more
H2 present than can be accounted for by gas-phase chemistry alone. Based
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November 16, 2012 1.3. POLYCYCLIC AROMATIC HYDROCARBONS

on these observations, an actual H2-formation rate has been found that is
several orders of magnitude larger than the gas-phase chemistry predictions
(Tielens 2005). This H2 excess can be explained by a formation route where
interstellar dust surfaces catalyze the necessary chemical reactions (Oort
and van de Hulst 1946; Gould and Salpeter 1963).

Observations of diffuse clouds allowed to derive direct H2-formation rates
on dust grains, which have become the canonical value used in astrophysical
models. This rate has a typical value of 1 − 3 × 10−17cm3 s−1 and can be
written as

Rd(H2) =
1

2
n(H)vHngrainσǫH2

S(T ), (1.4)

where n(H), is the number densities of H atoms in the gas phase, vH is

the thermal velocities of H atoms calculated as
√

8πkT
mH

, ǫH2
, is the for-

mation efficiency of H2. S(T ) is the sticking coefficient. The mean cross
section for collisions between grains and atoms, ngrainσ, is determined as

<
ngrain(a)

nH
πa2 > with ngrain(a) the grain density with radius between a and

a+∆a.
The surface area available for chemistry (ngrainσ) is provided by dust and

polycyclic aromatic hydrocarbons (PAHs). These PAHs are large, graphitic
carbon molecules and make up 50 % of the available surface area (Weingart-
ner and Draine 2001). The catalysis of H2-formation by PAHs is described
in equations (1.5) and (1.6).

[PAH] + H → [PAH + H], (1.5)

[PAH + H] + H → [PAH] + H2. (1.6)

1.3 Polycyclic aromatic hydrocarbons

For this project we study polycyclic aromatic hydrocarbons, which are large
graphite-like molecules of carbon atoms arranged in a hexagonal pattern.
This gives the molecule a planar, honeycomb structure and due to the aro-
matic carbon bonds, they are very stable molecules. These PAHs come in
various sizes, where the smallest is the two-ring system naphthalene. Larger
PAHs also exhibit a certain irregularity in their overall shape, while they
still maintain their almost lattice-like atom configuration as shown in figure
1.1. In this study we focus our attention to one particular PAH, coronene,
since this molecule is widely commercially available.

Consisting of 24 carbon atoms, coronene is an intermediate between the
two extreme sizes of PAHs. It is named after its crown-like structure of six
benzene rings surrounding a seventh one and has a large degree of symmetry,
as shown in figure 1.2.
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Figure 1.2: The coronene molecule (C24H12). Labels have been added to all
central (1), edge (2) and outer edge (3) carbon atoms.

Figure 1.1: A large, irregular
PAH.

Although it is a relatively small PAH, it
is large enough to exhibit some of the chem-
ical and physical features observed in the
larger PAHs. One of these features is the
presence of three chemically different car-
bon atoms as shown in figure 1.2: the cen-
tral (1), edge (2) and outer edge (3) carbon
atoms. The outer edge atoms are those that
have formed a bond with a hydrogen atom
and they are usually found at the perimeter
of a PAH molecule. Edge carbon atoms are
to be found on the perimeter as well, but
they do not have a bond with a hydrogen atom. Instead, they are neigh-
bouring the outer edge carbon atoms. The central carbon atoms are found in
the central regions and only possess bonds with other central or edge carbon
atoms. These three categories of carbon atoms differ significantly in their
chemical properties, such as the activation energy for hydrogen addition.

Coronene and H2 formation

For this project we study the role of coronene in the catalysis of H2 for-
mation. The most important mechanism for the catalyzed formation of H2

happens in two steps via the so-called Eley-Rideal mechanism. First, a
hydrogen atom from the gas phase bonds with a PAH molecule to form a
hydrogenated PAH. A second hydrogen atom can then abstract this H atom
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from the PAH and form a hydrogen molecule.

The rate limiting step in this process is the first one, because it is the
most difficult one. The barrier that the incoming hydrogen atom must
overcome is much higher than for the second step (Rauls and Hornekær
2008). In this study we explore the first step of the catalysis experimentally
by studying the hydrogenation of coronene cations after irradiation with
hydrogen atoms. We use coronene as a probe molecule for PAHs, because it
is large enough to exhibit the dynamics that govern the behaviour of large
PAHs, but it is still small enough to be easily handled.

1.4 Previous work

The interstellar relevance of PAHs is a field where theory and experiment
go hand in hand. Most of the studies performed focus on coronene for
the same reasons as stated above. For example, Rauls and Hornekær (2008)
derive barriers for the addition of H atoms to neutral coronene using density
functional theory calculations. They find that the barrier depends strongly
on the location of the addition. Hydrogen addition to the outer edge carbon
atoms has an energy barrier of 60 meV compared to approximately 200 meV
for addition to the other carbon atoms. Rauls and Hornekær (2008) also
find that hydrogen addition to an outer edge carbon atom next to an already
hydrogenated outer edge carbon atom is barrierless. This is in accordance
with calculations done by Bauschlicher (1998), who found that for smaller
PAHs hydrogenation takes place preferentially next to already hydrogenated
carbon atoms.

Mennella et al. (2012) irradiate coronene films with D atoms and find
proof for both addition and abstraction. They do this by measuring the in-
tensity of the aromatic C-H band and the aliphatic C-H band after different
doses of D irradiation. Thrower et al. (2012) thermally desorb a coronene
film after exposure to a dose of D atoms. This evaporated film is analyzed
with a quadrupole mass spectrometer to measure the number of D atoms
attached to each coronene molecule. With this method they find super-
hydrogenated coronene molecules where even the central carbon atoms are
hydrogenated, although this has a much larger energy barrier (Rauls and
Hornekær 2008).

Experiments with gas-phase PAHs (Snow et al. 1998; Betts et al. 2006)
are predominantly performed with PAH cations. Snow et al. (1998) find
that small PAH cations react very efficiently with atomic hydrogen, oxygen
and nitrogen. They conclude that cationic PAHs are therefore unlikely to be
observed in the ISM, but that one should look for protonated PAHs instead.
Betts et al. (2006) perform similar measurements and include the coronene
cation as well. Both studies are able to determine rate constants for the first
hydrogenation.
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1.5 This project

For this study we perform experiments at the Zernike-LEIF facility at the
KVI Atomic and Molecular Physics group. We use the Paultje setup to bring
coronene cations in the gas phase and trap them in a Paul ion trap. The
ions are then irradiated with a room temperature beam of atomic hydrogen.
Subsequently performing mass spectrometry of the trap contents allows us
to study the addition of hydrogen atoms to the coronene cations.

We present the detection of multiply hydrogenated coronene cations after
irradiation with room temperature H atoms. We find that every second
hydrogenation of the coronene cation has an associated barrier and that this
holds up to high hydrogenation states. Finally, we are able to determine the
height of these barriers at the second and the fourth hydrogenation and
measure them to be 72 ± 6 meV and 40 ± 10 meV, respectively.

From the existence of these barriers we infer that the reaction rates for
PAH-catalyzed H2 formation have a strong temperature dependence in the
astrophysically relevant temperature regime.
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CHAPTER 2

Theory

There is a lot of theory behind the experiments in this project. For example,
there are the chemical reactions taking place and the mechanisms that drive
them. These mechanisms come with certain kinetics that govern the rate at
which they are happening. There is also the theory behind the components
of the experimental setup, which is described in chapter 3. This chapter
tries to provide a theoretical background to the chemical reactions between
hydrogen and coronene.

2.1 Hydrogen addition to coronene

When it comes to hydrogen addition to coronene, one can distinguish three
different locations for the hydrogen atom to stick, the central carbon atoms,
edge carbon atoms and outer edge carbon atoms (Rauls and Hornekær 2008).
They differ from each other in their respective reaction energies and barriers.

The addition of hydrogen to a central carbon atom is a reaction that
has an energy barrier. This energy barrier is due to the so-called puckering
of the carbon atom the hydrogen attaches to as it changes its electronic
hybridization from sp2 to sp3. This change of hybridization is necessary,
because the three sp2 orbitals of the C atom are already involved in chem-
ical bonds and an H atom cannot form a bond through overlap with the
remaining p-orbital. As the hybridization changes, so does the spatial con-
formation of the covalent bonds formed by the changing C atom. An sp2

hybridized C atom has its sp2 orbitals lying in one plane with the remaining
p-orbital perpendicular to that plane, whereas an sp3 C atom has its four
sp3 orbitals in a tetrahedral orientation. If the C atom is already covalently
bonded to three other C atoms in the coronene molecule, the change of hy-
bridization causes the C atom to move out of the molecular plane. Because
of this movement, the orbital overlap between this C atom and its direct
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neighbours decreases. This so-called conformational stress gives rise to an
energy barrier of 200 meV (Rauls and Hornekær 2008) that has to be over-
come before the addition reaction can take place and therefore reduces the
rate at which the reaction is occurring.

The edge and central carbon atoms are all surrounded by three other
C atoms. In the case of the central atoms, the C atoms that surround
them are in turn surrounded by three other C atoms, leading to even less
conformational freedom than in the case of the edge C atoms.

The outer edge carbon atoms are only bound to two other C atoms
and the remaining hydrogen atom can move freely during the hybridization
transformation from sp2 to sp3. This reduces the conformational stress sig-
nificantly, making the outer edge carbon atoms the preferred hydrogenation
site.

Rauls and Hornekær (2008) calculate the height of the barriers associ-
ated to hydrogenation of neutral coronene molecules and confirm that the
first hydrogenation experiences the lowest barrier at an outer edge carbon
atom. They also find that hydrogen addition to the outer edge carbon atom
immediately next to the first hydrogenation site does not have a barrier.
Calculations by others support this preference for outer edge hydrogenation
next to hydrogenated outer edge carbon atoms (Bauschlicher 1998). It is
therefore expected that every second outer edge hydrogenation of a neutral
coronene molecule is barrierless.

For practical reasons we are using radical cations instead of neutral
molecules, so these calculations are not entirely valid anymore. However,
the second hydrogenation of the cation is electronically equivalent to the
first hydrogenation of the neutral molecule. We therefore expect that every
second hydrogenation of the cation has a barrier, while the odd-numbered
hydrogenations can happen unobstructed, as depicted in figure 2.1. This
implies that the cations remain longer in odd hydrogenation states, since it
is more difficult to hydrogenate further from one of those states.

2.2 Kinetics of hydrogen addition

To interpret our experimental results better, we use a kinetic chemical
model. In this model we incorporate both hydrogen addition and hydro-
gen abstraction reactions, which can be described as

HnCor+ + H → Hn+Cor+ (2.1)

HnCor+ + H → Hn−Cor+ + H2 (2.2)

We start the model with the coronene cation as the only present molecule,
which is then hydrogenated via a barrierless reaction with rate constant
k1 = A1. Then we treat the site that is initially hydrogenated as chemically

11



November 16, 2012 2.2. KINETICS OF HYDROGEN ADDITION

Figure 2.1: A schematic drawing of the second and third hydrogenation
steps. The molecule on the left is the coronene cation with one hydrogen
atom already attached. The first incoming H atom experiences a barrier
to hydrogenate this molecule, while the second H atom can hydrogenate
without a barrier.

inactive. The next hydrogenation takes place preferably at one of the outer
edge sites adjacent to the already hydrogenated outer edge site.

This leaves four outer edge carbon atoms where the first step of further
hydrogenation can take place with a rate similar to k1 but an additional en-
ergy barrier of approximately Ea,2 = 60 meV (Rauls and Hornekær 2008).
Using Arrhenius-like rate constants, this yields the rate constant k2 as de-
scribed in equation (2.3), where AH denotes the hydrogenation cross section
per carbon atom.

k2 = 4 AH e−
Ea,2

kT (2.3)

A subsequent barrierless hydrogen addition reaction can take place, again
with a reaction rate constant k3 = AH. However, a barrierless hydrogen
abstraction reaction is also possible with rate k2,abs = Aabs.

For the third hydrogenated state, hydrogen addition can take place at
the four remaining outer edge sites via a reaction with a barrier of Ea,4.
Hydrogen abstraction is also possible, but now it has a barrier of Eabs,3 =
30 meV (Rauls and Hornekær 2008), yielding the reaction rate constant:

k3,abs = Aabs e−
Eabs,3

kT . (2.4)

These processes continue until all the low-barrier outer edge sites are
hydrogenated, adding up to a total of 11 extra H atoms. In short, the
differential equations governing the model can be described by equation (2.5)
and the reaction rate coefficients are given by equations (2.6) and (2.7)
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∂

∂t

[

HnCor+
]

= kn

[

Hn−Cor+
]

nH − kn,abs

[

HnCor+
]

nH

− kn+1

[

HnCor+
]

nH + n kn+1,abs

[

Hn+Cor+
]

nH, n = 1, 2, ...
(2.5)

kn =

{

4 AH e−
Ea,n

kT when n is even

AH when n is odd
(2.6)

kn,abs =

{

Aabs e−
Eabs,n

kT when n is even

Aabs when n is odd
(2.7)

From the experiments performed by Mennella et al. (2012) we use the
relative cross sections AH ≈ 20Aabs.

We use these equations to construct a numerical model for the hydro-
genation of the coronene cation. The model yields the time evolution of the
contribution of all hydrogenation states given the hydrogen beam tempera-
ture, the relative cross sections for addition and abstraction and the height
of the barriers present. A typical result is shown in figure 2.2.
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Figure 2.2: Theoretical calculations of the hydrogenation of coronene cations
with increasing atomic hydrogen irradiation time. For this model we use
the relative addition and abstraction cross sections of Mennella et al. (2012)
and we used a hydrogen temperature of 300 K and hydrogenation barriers
(if applicable) of Ea = 60 meV.
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CHAPTER 3

Experimental setup

The experiments are done in an experimental setup named Paultje, which
is shown schematically in figure 3. This experimental setup enables us to
trap and study molecular ions in the gas phase. These molecular ions are
produced chemically in a solution, which is then electrosprayed to bring
them into the gas phase.

An ion funnel focusses these ions into a quadrupole ion guide/mass filter
before they are electromagnetically trapped in a Paul trap. While being
trapped, the ions are bombarded with a mixture of atomic and molecular
hydrogen (H/H2), produced by a Slevin-type hydrogen source (Slevin and
Stirling 1981).

After the bombardment, an electric field is used to extract the ions from
the trap towards a detector with a high time-resolution. If the distance
between the trap and the detector is known, we can determine the masses
and charges by time-of-flight mass spectrometry, allowing us to determine
the contents of the Paul trap.

3.1 Electrospray ionisation

Electrospray ionisation, hereafter abbreviated as ESI, is an effective means
of bringing large molecular ions into the gas phase. In 2002 J.B. Fenn
received the Nobel Prize in Chemistry for establishing ESI as a means of
identification and analysis of large biomolecules (Gaskell 1997).

The basic operation principle is to pump the analyte solution through a
needle at a high potential into a grounded capillary. The strong electric field
resulting from the potential difference permeates the solution and separates
the charges in it. The Coulomb repulsion due to the charge accumulation
at the needle tip leads to the formation of a Taylor cone. As soon as this
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November 16, 2012 3.2. ION FUNNEL

Figure 3.1: A schematic drawing of the Paultje setup at the KVI in Gronin-
gen.

electrostatic repulsion overcomes the surface tension of the solution, charged
droplets are emitted towards the capillary.

During their flight the solvent evaporates from the droplets, decreasing
the droplet size while it retains its charge, hence increasing the surface charge
density. When this charge density is high enough, the so-called Rayleigh
limit is reached, meaning that the Coulomb repulsion can no longer be com-
pensated by the surface tension of the droplet, causing a fission into smaller
droplets.

After this so-called Coulomb explosion, solvent evaporates again from
the smaller droplets and the entire process repeats itself untill the droplet
radius shrinks below 10 nm. At this point the ions evaporate from the
droplet directly into the gas phase, while being further accelerated by the
electric field.

3.2 Ion funnel

After electrospraying, the ions present themselves as a diffuse cloud in a
relatively high-pressure environment. Since we eventually want to trap the
ions in the Paul trap, we need to focus the cloud into a beam that can be
injected into this trap. Also, the performance of the quadrupole mass filter
increases significantly when it is applied to a small beam instead of a diffuse
cloud.

For this purpose we use an ion funnel, consisting of stacked ring elec-
trodes with decreasing inner diameter. We use an ion funnel instead of a
quadrupole ion guide because the ion funnel is very effective at focussing a
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diffuse cloud into a narrow beam, whereas a quadrupole device works very
well at maintaining this narrow beam (Shaffer et al. 1997).

Two things are necessary for focussing this cloud: a force that drives
the ions towards the beam axis and a mechanism to keep them there, i.e.
to prevent oscillatory motion with large amplitudes. The former can be
easily accomplished with an electromagnetic field that has a corresponding
effective potential minimum at the beam axis. This field generally leads
to an oscillating trajectory, but at high enough pressures this motion is
collisionally damped via interactions with other gas-phase molecules, leading
to axial focussing.

In addition to being poor focussing devices for broad beams, quadrupoles
are not designed to work at high pressures, contrary to ion funnels. Us-
ing an ion funnel has the additional advantage that the device bridges the
pressure difference between the electrospray chamber and the high-vacuum
quadrupole. An ion funnel consists of a series of equally spaced, axially
aligned ring electrodes with decreasing inner radius. A radio-frequency volt-
age is applied to all rings, and adjacent rings have an equal potential of
opposite sign. To understand how this can confine the ion cloud, one can
have look at the detailed explanations in Guan and Marshall (1996) and
Kelly et al. (2010), a summary of which is provided here.

Let us first look at an ion funnel with ring electrodes of equal inner
radius. First we apply a time-varying potential

Φ0 (t) = V0 cos ωt

to the ring electrodes, and make sure that the voltages of adjacent electrodes
have opposite signs. Setting the inner radius of the ring electrodes at r0 and
the distance between the rings at z0, we obtain the potential

Φ (r, z, t) = Φ0 (t)
I0 (r/z0)

I0 (r0/z0)
cos

(

z

zo

)

(3.1)

and the corresponding electric field

~E (r, z, t) = −~∇Φ (r, z, t)

=
Φ0

z0

(

I1 (r/z0)

I0 (r0/z0)
cos

(

z

zo

)

r̂ +
I0 (r/z0)

I0 (r0/z0)
sin

(

z

zo

)

ẑ

)

, (3.2)

where I0 and I1 denote the modified Bessel functions of the zeroth and first
order, respectively. r̂ and ẑ indicate the unit vectors in the radial and the
axial direction. Separating equation (3.2) into a spatial and a temporal part,
we obtain

~E (r, z, t) = ~E0 (r, z) cos ωt. (3.3)

As a result of the field in equation (3.3), the ion will perform a fast
oscillatory motion superimposed on its drift motion. Under the condition
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that this driven oscillation is fast compared to the drift motion, the ion
experiences the time-averaged rf-field as a static potential, the so-called
pseudo-potential (Silveira et al. 2010)

V ∗ (r, z) =
q |E|2
4mω2

, (3.4)

which can be expanded into

V ∗ (r, z) =
qΦ2

0

4mω2z2
0

1

I2
0 (r0/z0)

×
[

I2
1

(

r

z0

)

cos2

(

z

z0

)

+ I2
0

(

r

z0

)

sin2

(

z

z0

)]

. (3.5)

This potential field clearly drives the ions towards the center of the funnel
and additional collisional cooling will confine the ions axially. The initial
design with equal ring electrode inner diameter throughout the funnel was
improved by letting the inner diameter decrease throughout the ion funnel
(Shaffer et al. 1997). Together with a DC voltage gradient along the z-axis,
this allows for ion focussing and converts the initial diffuse ion cloud into a
small collimated beam, which is perfectly suitable for a multipole ion guide.
These effects are clearly visible in simulations performed by Shaffer et al.
(1997).

3.3 Ion mass filter

After the passage through the ion funnel, the ions pass through a quadrupole
mass filter. This device enables us to select the ions with the exact mass-
over-charge ratio that we wish, which is necessary because the electrosprayed
solution practically always has contaminants. The quadrupole mass filter
allows us to remove these contaminants almost completely. The exact work-
ings of these quadrupoles are described in Paul (1990), but we will summa-
rize the most important aspects here.

Our ion guide consists of four identical, hyperbolically shaped, metal
electrodes, arranged concentrically in a circle. Assuming a Cartesian coor-
dinate system, we assign the z-axis to the (long) axis of our system. We
choose our x- and y-axis in such a manner that two electrodes are placed
symmetrically on the x-axis and two on the y-axis. Generally, the electric
quadrupole potential is given by

Φ =
Φ0

2r2
0

(

αx2 + βy2 + γz2
)

. (3.6)

In this specific electrode configuration, we have α = −β = 1, γ = 0 to satisfy
the Laplace condition

∇2Φ =
Φ0

r2
0

(α + β + γ) = 0, (3.7)
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This gives rise to the following electric fields

Ex = −Φ0

r2
0

x, Ey =
Φ0

r2
0

y, Ez = 0.

For a constant voltage Φ0 = U , this leads to the equations of motion

ẍ = − e

mr2
0

Ux, ÿ =
e

mr2
0

Uy, z̈ = 0.

It can be easily seen from these equations that ions will oscillate in the x-
direction, whereas they will be driven away exponentially in the y-direction.
However, if we apply an additional radio-frequency voltage V with frequency
ω, the time-varying potential becomes

Φ0 = U + V cos ωt,

leading to the following equations of motion

ẍ +
e

mr2
0

(U + V cos ωt)x = 0, (3.8a)

ÿ − e

mr2
0

(U + V cos ωt) y = 0. (3.8b)

After substituting

au =
4eU

mr2
0ω

, qu =
2eV

mr2
0ω

, τ =
ωt

2
,

ax = −ay = au, qx = −qy = qu,

we obtain

d2x

dτ2
+ (ax + 2qx cos 2τ) x = 0, (3.9a)

d2y

dτ2
+ (ay + 2qy cos 2τ) y = 0. (3.9b)

These differential equations are second-order Mathieu differential equations
in their canonical form. These equations have two types of solutions, stable
and unstable, depending on the values of a au and qu.

In a stable region of the au, qu-plane, the Mathieu equation has a stable
solution, leading to oscillatory motion. In an unstable region, however, the
amplitudes diverge exponentially, so the particles will not be confined.

Since we want to confine the ions in the x- and y-direction and both ax, ay

and qx, qy have opposite signs, au and qu have to be chosen very carefully
to lie in stable regions for both spatial dimensions. A part of the stability
diagram for a quadrupole is presented in Figure 3.3.

It is possible to define an operation line in such a diagram, with different
points on this line corresponding to different masses while keeping U and V
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Figure 3.2: The stability diagram for a quadrupole mass filter. The red
dashed line represents the operation line on which all the masses lie. Only
mass m2 lies in a stability region and the other masses are filtered out.
a = 4eU/mr2

0ω, q = 2eV/mr2
0ω.
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constant. Such an operation line is shown in Figure 3.3. It is clearly visible
that only a small part of this operation line lies in a stability region, so only
the masses corresponding to the points on the operation line in the stability
region are confined. Hence, by carefully selecting the values for U and V ,
it is possible to filter for very specific masses while getting rid of the other
masses.

3.4 Paul ion trap

After having travelled through the quadrupole ion guide, the ions are in-
serted into the Paul trap. The Paul trap, named after Wolfgang Paul who
received the 1989 Nobel Prize in Physics for its invention, works in a similar
manner as the quadrupole ion guide.

Instead of four identical electrodes, one hyperbolically shaped ring elec-
trode and two hyperbolic, rotationally symmetric caps are used. The ring
electrode is placed in the x, y-plane, while the end caps electrodes are placed
perpendicular to the z-axis on both sides of the ring. For this electrode con-
figuration to meet the condition in equation (3.7), we have α = β = 1,
γ = −2, giving rise to an electric field of the form

Φ =
Φ0

2r2
0

(

r2 − 2z2
)

(3.10)

where r2 = x2 + y2 represents the radial distance to the z-axis.

The equations of motion for an ion inside a trap will again resemble the
Mathieu differential equations if we apply the voltage Φ0 = U + V cos ωt
between the ring electrode and the end cap electrodes,

d2r

dτ2
+ (ar + 2qr cos 2τ) r = 0, (3.11a)

d2z

dτ2
+ (az + 2qz cos 2τ) z = 0. (3.11b)

Consequently, using the right values of au and qu will lead to oscillatory
motion in both the r- and the z-direction and thus entrapment of the ions.
Although being trapped, the ions still have a kinetic energy of several eV
when they enter the trap. To dispose of this energy, helium is injected into
the trap as a buffer gas, collisionally cooling the ions to room temperature.

3.5 Mass spectrometry

After the Paul trap, the ions are extracted into the Time-Of-Flight (TOF)
tube with an electric field V0. A micro-channel plate (MCP) is placed at
the end of the TOF tube as a detector. Since the initial kinetic energy of
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the ions is negligible compared to the potential electric energy, we can state
that after the extraction

1

2
mv2 = zV0, (3.12)

m

z
=

2V0

v2
, (3.13)

where z represents the ion charge. Setting the distance between the extrac-
tion electrodes and the detector equal to d, we can derive the time-of-flight
τ as a function of the mass-over-charge ratio.

τ
(m

z

)

= d/v =
d√
2V0

√

m

z
. (3.14)

After its flight through the TOF tube, the ion reaches the MCP detector.
The MCP is a 50 mm diameter silicon plate of typically 2 mm thickness
perforated by tubes of approximately 10 µm diameter. These tubes are at
a slight angle with respect to the normal, typically around 8°, ensuring that
a particle that enters a tube hits one of the walls. Since there is a large
electric field applied through the detector, a particle hitting the detector
frees some electrons, triggering an avalanche as these electrons subsequently
hit the walls of the tube, freeing even more electrons and thus creating a
detectable signal at the electrode at the back of the MCP.

3.6 Atomic hydrogen source

Since we are looking at the sticking of hydrogen atoms to PAHs, we need a
device to spray atomic hydrogen at the gaseous PAHs. The device we use is
an RF discharge source as described in Slevin and Stirling (1981), consisting
of a vacuum pyrex tube inside a metal resonance cavity. There is a helical
coil around the pyrex tube which is fed with a radio-frequency signal that
resonates inside the metal cavity. This produces a very strong alternating
axial magnetic field, leading to the dissociation of the molecules (Toennies
et al. 1979) inside the pyrex tube. Before use, the tube is cleaned to remove
impurities that enhance recombination and the pyrex tube is cooled with
water to reduce recombination even further (Ciric et al. 1985).

We also employ a teflon tube to guide the beam into the trap. This tube
is cleaned beforehand with ortho-phosphoric acid to remove impurities that
would enhance recombination on the walls. The teflon tube is also cooled
via a liquid nitrogen bath to lower the recombination on the wall.

We determine the dissociation fraction of the hydrogen beam with a 40
keV 4He2+ ion beam produced with an ECR ion source (ECRIS). We cross
both beams inside the Paul trap of our setup and as the ion beam collides
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with the hydrogen beam, it ionizes both H and H2through electron capture.
Other processes than electron capture are also taking place, but electron
capture is the most dominant process. The interested reader can have a
look at Hoekstra (1990) to see their characteristics.

The produced H and H2 ions are then extracted into the TOF tube to
produce a mass spectrum in order to measure the relative amounts of H+

and H2
+

4He2+ + H → 4He+ + H+

4He2+ + H2 → 4He+ + H2
+

4He2+ + H2 → 4He + 2H+

The probability with which these reactions occur is directly proportional
to their collisional ionisation cross sections, which are σ21 (H), σ21 (H2) and
σ20 (H2) respectively. These cross sections are experimentally determined
by Shah and Gilbody (1978) for 3He2+ at energies between 4 and 343 keV.
Because the cross section varies with velocity, we use their cross sections for
an ion energy of 30 keV, since a 30 keV 3He2+ ion has the same velocity as
a 40 keV 4He2+ ion.

If we set the amount of detected H+ as AH+ and the amount of H2
+ as

AH2
+ , we find

AH+ = nHσ21 (H) + nH2
σ20 (H2) , (3.15)

AH2
+ = nH2

σ21 (H2) . (3.16)

Rewriting this into eq. (3.17), it is very straightforward to determine
the dissociation fraction from the peak ratios.

nH

nH2

=
σ21 (H2)

σ21 (H)

(

AH+

AH2
+

− σ20 (H2)

σ21 (H2)

)

(3.17)

From our observed peak ratios, we eventually find nH

nH2
≈ 0.4.
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CHAPTER 4

Experimental procedure

4.1 Sample preparation

We are able to produce the coronene cation in a chemical solution. The basis
of a sample is 1 mL of an oversaturated solution of coronene in methanol.
After centrifuging to remove sediment from the upper layers, a sample of
600 µL saturated coronene solution is obtained without solid residue. The
choice of the solvent is crucial in this matter, since it should be able to
dissolve both the apolar neutral coronene and its ionized counterpart. For
example, hexane is superior to methanol when solely considering dissolving
neutral coronene, but as soon as the coronene is ionized, the hexane is not
sufficient anymore, since it lacks the polarity (asymmetric internal charge
distribution) to dissociate the ionic bonds. The opposite is true for water.
As a very polar molecule, it cannot dissolve neutral coronene and hence
does not suffice as a solvent for the experiment. For the purpose of ionizing
coronene in solution, methanol turns out to be the Aristotelian golden mean,
as it dissolves both neutral and ionized coronene.

We create the coronene cation based on the procedure as described in
Maziarz (2005). Starting from 600 µL saturated coronene solution, we add
50 µL of a 10 mM solution of AgNO3 in 50:50 methanol:ethanol. An addi-
tional 350 µL methanol ensures a sample volume of 1 mL. With 7.29 eV,
coronene has a slightly lower ionization energy (Lias 2005) than silver (7.58 eV,
Loock et al. (1999)) and therefore the Ag+-ion transfers its charge to the
neutral coronene. The newly formed coronene cation remains dissolved,
while the neutral silver precipitates from the solution as a solid, making the
reaction irreversible:

Ag+ + C24H12 → Ag (s) + C24H
+
12. (4.1)
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4.2 Operational procedure

The mass spectra shown in chapter 5 are the average of typically 100 in-
dividual measurements. These individual measurements are all controlled
and performed by software written in LabView, and this software operates
in experimental cycles. Each individual measurement is represented by one
cycle, which consists of the following operations:

1. Inject electrosprayed ions into the Paul trap. This phase lasts typically
for 0.4 seconds.

2. Simultaneously, helium buffer gas is pumped into the trap to cool the
ions collisionally. This improves the trapping significantly. This buffer
gas phase lasts just as long as the trap loading phase.

3. The ions are now kept trapped in the Paul trap. At the same time,
the hydrogen source is irradiating the trap contents with a beam of
atomic hydrogen.

4. After a predetermined amount of time, the trap contents are ejected
into the time of flight tube. Having the same kinetic energy, the heav-
ier ions will fly slower and thus reach the detector at the end at a
later time. This allows us to perform mass spectrometry of the trap
contents.

Since the setup is not designed for trapping molecules for longer than a
few seconds, problems start to arise for irradiation times exceeding 5 seconds.

First of all, the signal suffers from trap losses. These losses emanate
from the fact that the energy distribution always contains the high-energy
tail that can escape from the trap. Another problem is that coronene cations
and their hydrogenated counterparts may at some time have their charge
removed during a reaction. Being free of charge, these molecules do not feel
the electromagnetic field anymore and are therefore no longer trapped.

The second problem is due to the helium buffer gas. As soon as the
helium valve is closed after the trap loading is finished, pressure is building
up inside the helium tube. If this pressure becomes too high when the
next cycle begins, the pressure in the entire setup will become too high
and certain sensitive parts, such as the detector, might be damaged. It
is therefore crucial that the pressure build-up is mitigated by a mass flow
controller between the helium bottle and the buffer tube that ends inside
the trap.

The tuning of the present mass flow controller is too coarse to allow
for a sufficiently slow pressure build-up for irradiation times longer than 5
seconds. We work around this problem by venting the helium tube multiple
times during one cycle when we wanted to irradiate longer than 5 seconds.
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It remains unclear whether this affects the simultaneous hydrogenation pro-
cess, so we decide not to use those measurements for quantitative analysis.
However, a qualitative look at the spectra of those measurements already
provides us with a lot of insight.
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CHAPTER 5

Results

5.1 Raw data

The raw data obtained from a measurement is a time-of-flight spectrum with
a time resolution of 1 ns and a total duration of 50 µs. This is sufficient
to detect particles with masses between 1 and 950 amu. To increase the
signal-to-noise ratio, this spectrum is actually the average of a series of
identical measurements, where one series typically consists of 100 individual
measurements. With the right calibration, one can convert these time-of-
flight spectra to mass spectra using equation (5.1),

m

z
(τ) =

(

τ − b

m0

)2

. (5.1)

We perform measurements for irradiation times between 1 and 5 seconds
and two additional long exposures of 15 and 30 seconds. The mass spectra
of the short exposures are shown in figure 5.1 and the long exposures are
shown in figure 5.2.

Each mass in the spectrum is accounted for by a gaussian peak with
a width that corresponds to the mass resolution at that mass. This finite
mass resolution is caused by thermal dispersion and initial displacement of
the ions and has a value of m

∆m
≈ 200. Since the mass of the singly charged

coronene cation is 300 amu, peaks around this mass have FWHM ≈ 1.5. It
is therefore difficult to distinguish one hydrogenation state from the next,
because their mass peaks will be blended. Luckily, their widths will be
identical, so the best way to extract all mass peaks from the mass spectrum
is by fitting multiple Gaussians with an identical fixed width.
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Figure 5.1: Evolution of the coronene cation mass spectrum with increasing
H irradiation time. For larger versions of these plots, see appendix A.
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Figure 5.2: Mass spectra taken after exposing coronene cations to hydrogen
for 15 and 30 seconds.
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5.2 Observed trends

A mass spectrum of coronene without hydrogen irradiation is shown in figure
A.1. It has a clear peak at a mass of 300, which matches the mass of a
coronene molecule exactly.

As we start irradiating, we see that the peak at 300 disappears and that
a peak at m/z = 301 appears. We also observe an emerging peak at a
mass of 303 that grows more dominant with irradiation time and for higher
irradiation times there is even a peak at m/z = 305 visible.

Comparing the spectra for different H irradiation times, there are two
things clearly visible. First of all, the only visible peaks are at odd hydro-
genation states, e.g. at m

z
= 301, 303, etc. If there is any signal from the

even hydrogenation states, it is not visible by eye, because the surround-
ing odd hydrogenation states overwhelm it completely with their Gaussian
wings. Although not visible by eye, we can still determine the contribu-
tion of the even states. This contribution is relatively small, but it is still
measurable.

The second thing that is clearly visible in the spectra is the shift to
higher masses with increasing H irradiation time. This indicates that hy-
drogenation increases with H irradiation time, as is especially clear from the
long exposure spectra.
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CHAPTER 6

Data analysis

The raw mass spectra give us a rough indication of the hydrogenation pro-
cess, but we need a more quantitative understanding of the process. We
therefore analyze the short exposure data with a model that accounts for
the addition of up to 12 hydrogen atoms.

Every hydrogenation state is represented by a gaussian with a fixed
width that corresponds to the resolution of the mass spectrometer, as shown
in equation (6.1). Because of this fixed width, the amount of coronene
molecules in a certain hydrogenation state is measured directly by the am-
plitude of the corresponding gaussian. An additional advantage is that the
even hydrogenation states can be measured as well, although they remain
more or less hidden in the gaussian wings of the odd states.

There is also a baseline present in the mass spectra. This baseline is
uniform throughout the spectral region of interest and can therefore be in-
cluded easily in the model as the additional constant C. The model can
then be summarized as:

y = C +
11
∑

i=0

Ai exp

[

−(x − m300+i)
2

2σ2

]

, (6.1)

where σ denotes the standard deviation of the Gaussian peaks that corre-
sponds to the resolution of the mass spectrometer.

6.1 Line evolution

The technique described above allows us to study the time evolution of each
separate hydrogenation state individually. We show this evolution for the
first five hydrogenation states in figure 6.2. In this figure we see that within
a second there are no more bare cations left and that the relative abundance
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Figure 6.1: Fixed width gaussian analysis of the mass spectrum obtained
after irradiating coronene cations with atomic hydrogen for 4 seconds.

of the first hydrogenation state already starts to decrease with time. This
clearly indicates that almost instantaneously all the coronene is in the first
hydrogenation state and starts to hydrogenate further. This observation fits
the earlier prediction that the first hydrogenation is barrierless perfectly.

Furthermore we see that the second hydrogenation state, nCorH+
2
, de-

creases with time in a fashion similar to the first hydrogenation state. This
can be explained by the fact that the production of this state out of the first
hydrogenation state is impeded by a barrier. At the same time, nCorH+

2
is

hydrogenated without a barrier, so this process happens a lot faster. There-
fore, the amount of nCorH+

2
is limited by the speed of its formation process,

which is in turn limited by the amount of ions in the first hydrogenation
state. Since the latter is decreasing with time, so is the amount of ions in
the second hydrogenation state. The third, fourth and fifth hydrogenation
are all increasing with irradiation time. This is as expected, since most ions
are still in the first hydrogenation state after 1 second.

If we compare the results from figure 6.2 with the model for the hy-
drogenation from section 2.2, we see that we are still in the early stages of
hydrogenation. In figures 6.3 to 6.5 we zoom in on this phase and we com-
pare models with different values for the relative abstraction cross section.
From these figures we see that abstraction does not play a significant role
at short irradiation times. This justifies the neglect of abstraction when
the hydrogenation barriers are derived, which simplifies the mathematics
significantly.
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Figure 6.2: The time evolution of the first five hydrogenation states.
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Figure 6.3: The model from section 2.2, but without abstraction.
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Figure 6.4: The model from section 2.2 with a relative abstraction cross
section from Mennella et al. (2012).
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Figure 6.5: The model from section 2.2 with an abstraction cross section
equal to the cross section for hydrogenation.
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Figure 6.6: Measured ratios of hydrogenation states.

6.2 Deriving energy barriers

The first barrier

One of the striking resemblances between theory and experiment is the con-
stant ratio of the contributions from the first and the second hydrogenation
state (CorH+ and CorH+

2 ). This is very clear from figures 6.3 to 6.6. We
can therefore use equation (6.2) to obtain the height of the first barrier.

d

dt

(nCorH+
2

nCorH+

)

=
nCorH+(t)n′

CorH+
2

(t) − nCorH+
2
(t)n′

CorH+(t)

n2
CorH+(t)

= 0 (6.2)

Recalling the equations from section 2.2, we get the following expressions
for the temporal derivatives of CorH+ and CorH+

2 :

d nCorH+

dt
= −A1 e

−
Ea

kBT nCorH+nH , (6.3)

d nCorH+
2

dt
= A1 e

−
Ea

kBT nCorH+ − A2nCorH+
2
nH . (6.4)
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Combining equations (6.2), (6.3) and (6.4), we get the following expres-
sion:

(

1 +
nCorH+

2

nCorH+

)

A1 e
−

Ea
kBT − A2

nCorH+
2

nCorH+

= 0. (6.5)

This can be rewritten in an expression for the energy barrier, as shown
in equation (6.6). We can apply this equation to all our data points, because
the basic assumption that the ratio of CorH+ and CorH+

2 is constant is valid
throughout our entire measurement sequence. This yields a very constant
value for the energy barrier of approximately 72 meV, as can be seen in
figure 6.7:

E2 = −kBT ln







A2

A1

1

1 +
n

CorH+

n
CorH

+
2






. (6.6)

The second barrier

The second hydrogenation barrier is encountered by the fourth hydrogen
atom that tries to bind to the hydrogenated coronene cation, so we will
refer to it as E4. Similarly to the first barrier, we observe that for this
hydrogenation step the ratio nCorH+

4
/nCorH+

3
is more or less constant. Again

assuming that abstraction is negligible, we can derive this barrier in a similar
fashion as we did for the first one, which yields the expression in equation
(6.7):

E4 = −kBT ln
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Using this expression, we obtain the barrier for all measurements, as
shown in figure 6.7. For the calculation of the second barrier, we ignore the
data points with an irradiation time of 2 seconds and shorter. At that time,
the peaks of nCorH+

3
and nCorH+

4
are still too low to be detected with sufficient

accuracy. Additionally, at short irradiation times, these two peaks have not
reached an equilibrium state yet, which can also be seen in figure 2.2. Taking
these conditions into account, we find a barrier height of E4 = 43 meV.

This fourth hydrogenation on the coronene cation is electronically equiv-
alent to the third hydrogenation on a neutral coronene molecule. Rauls and
Hornekær (2008) predict that the third hydrogenation to an outer edge car-
bon atom has an associated barrier of 40 meV, which is very close to the
barrier height we find experimentally for the fourth hydrogenation of the

35



November 16, 2012 6.2. DERIVING ENERGY BARRIERS

0 1 2 3 4 5
Irradiation time (s)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

En
er
gy

 b
ar
rie

r (
eV

)

E2 =  72 meV
E4 =  43 meV

Figure 6.7: The first and the second barrier as obtained from the mass
spectra. In calculating the average value for E4, we ignore the first three
data points with an irradiation time below 2 s. The errors along the time
axis originate from the finite Paul trap loading time.

cation.

In figure 6.7 we show the estimated value of E2 and E4 at each irradiation
time. For the first barrier all the values agree with each other very well. In
the second barrier we observe that for the shortest irradiation times the
barrier height appears to increase with time. This is probably due to the
fact that for short irradiation times the third and fourth hydrogenation
state are not in equilibrium yet. We therefore ignore the measurements
with irradiation times shorter than 2 s for the calculation of the second
barrier.

The errorbars shown in figure 6.7 include only errors from fitting the
gaussian model to the experimental data. Other factors are not included in
these errorbars.
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CHAPTER 7

Discussion

7.1 Summary

We irradiate coronene cations with a beam of atomic hydrogen and measure
a mass spectrum of the irradiation products. After varying the irradiation
time from 1 second up to 30 seconds, we find that the measured masses
increase with irradiation time. We also observe that the mass spectra are
dominated by the coronene cations with an odd number of hydrogen atoms.
This indicates that the hydrogenation of the coronene cation is subject to a
barrier at every second hydrogen atom addition. The first two barriers can
be measured using models for chemical kinetics featuring Arrhenius statistics
and are determined at a value of 72 ± 6 meV and 40 ± 10 meV.

The dominance of odd hydrogenation states is shown to continue until
high hydrogenation states. This indicates that the barrier for every second
hydrogenation also exists for these higher hydrogenation states.

7.2 Comparison with previous work

Hydrogenation of PAHs has been studied by Mennella et al. (2012), who
look at the changing IR spectrum of coronene films during irradiation with
an atomic deuterium beam. They find clear evidence of hydrogenation and
subsequent abstraction and derive cross sections for these processes. The
coronene hydrogenation cross section they obtain has a value of 1.1 Å2 and
for abstraction a cross section of 0.06 Å2 is found. This abstraction cross
section shows that hydrogenated PAHs are efficient at forming H2 in the
ISM.

Other studies are able to derive rate constants for the first addition of
hydrogen, oxygen and nitrogen atoms to cations of several PAHs (Betts et al.
2006; Snow et al. 1998; Mennella et al. 2012).
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We compare the experimental results of the coronene cation with the
calculations for the neutral coronene molecule from Rauls and Hornekær
(2008). For the first few hydrogen additions, the barriers derived from our
experiment are consistent with those predicted from the calculation for the
neutral coronene molecule. We are able to calculate the barriers of the sec-
ond and the fourth hydrogen sticking, and compare them to the calculations
of Rauls and Hornekær (2008). Considering that the second hydrogenation
of the coronene cation is electronically equivalent to the first hydrogena-
tion of the neutral molecule, the calculated barriers (60 and 40 meV) are
similar to those derived from the experimental data (72 and 40 meV). This
shows that at least for the first hydrogenations the coronene cation behaves
in a fashion similar to the predictions for the hydrogenation of the neutral
molecule.

While for the first hydrogenation the agreement between the neutral
calculations and the cation experiment is rather stunning, our results start
to diverge for the subsequent hydrogenations. Rauls and Hornekær (2008)
predict that after the fourth hydrogenation the barrier vanishes, while we
observe alternating barriers beyond the fourth hydrogenation. Rauls and
Hornekær (2008) include a hydrogen atom sticking to an egde carbon atom
in their calculations (see figure 1.2), which might change the course of the
subsequent hydrogenations. According to their calculations this is the fa-
vorable path to follow, because it has the lowest reaction barrier.

The work by Rauls and Hornekær (2008) has been followed by Thrower
et al. (2012) to study the hydrogenation of neutral PAHs experimentally.
They irradiate solid phase coronene films with a 2000 K atomic deuterium
beam. After this irradiation, they gradually increase the film temperature
and simultaneously monitor the evaporating species with mass spectrome-
try. Their data shows that all hydrogenation states are equally populated
without a preference for the odd hydrogenation states. However, in their
experiment they use a hydrogen atom beam of 2000 K. A temperature of
2000 K corresponds to an energy of approximately 170 meV, which is more
than enough to overcome possibly existing hydrogenation barriers. There-
fore, their reaction rate for hydrogenation with a barrier does not differ that
much from unobstructed hydrogenation, hence the invisibility of the hydro-
genation barriers.

In summary, while we see that the coronene cation behaves similarly to
its neutral counterpart, we also observe that for higher hydrogenation states
theoretical predictions and our experimental data diverge.
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7.3 Consequences for H2 formation

This research project is carried out to better understand the role of PAHs
in the formation of H2. Especially superhydrogenated PAHs can enhance
the H2 formation rate through Eley-Rideal reactions with incoming H atoms
from the gas phase. These superhydrogenated PAHs are produced by the
addition of H atoms to the fully aromatic PAH.

We show that this hydrogenation process can happen for coronene cations
in contact with hydrogen atoms at room temperature. The kinetic behaviour
of this process matches the theoretical predictions for the neutral coronene
molecule. Given that neutral coronene plays a role in the H2-formation pro-
cess, coronene cations should fulfill a similar role in the chemical reaction
network.

Molecular hydrogen is also present in clouds subject to an external UV
field, the so-called PDRs. This external UV field dissociates H2 but the fact
that it is still found in PDRs indicates that it is shielded from this UV field
at higher visual extinction AV .

Generally, PAH cations dominate over their neutral counterparts in low
UV (G0 ≤ 100) PDRs at low visual extinctions (AV < 2, Cox and Spaans
(2006)), implying that PAH catalyzed H2 formation can already take place
at low AV . This increases the region of a cloud where H2 formation is
possible.

From our results we can also derive that reaction rate coefficients are
not valid for the entire temperature regime of the ISM. In regions where
hydrogenation of PAH cations plays a role, the temperature is typically
lower than the energy of the barrier associated with this addition, resulting
in a strong temperature dependence of the reaction rate constants.

7.4 Outlook

To derive reaction rate constants that are valid throughout the entire ap-
plicable temperature regime, we will derive individual cross sections for hy-
drogenations. We will also combine our model with future experiments to
determine the subsequent hydrogenation barriers. This can then be com-
bined to obtain a temperature-dependent reaction rate coefficient for every
hydrogenation step. In this manner the chemical models for the H2 forma-
tion in the ISM will be improved significantly.

Ideally, the experiments performed for this project would be repeated
with even larger PAHs, such as circumcoronene (C54H18). This would enable
us to check the dependence of the barrier height on the size of the PAH
and therefore to assess how H2 formation depends on the size of the PAH.
Combining this knowledge with astronomical PAH size distributions would
allow the derivation of actual H2 formation rates, which can be compared
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to astronomical observations and used in numerical models.
Future experiments will include the addition of oxygen atoms to PAHs.

This will provide a better knowledge about the formation of small oxygen-
containing species, such as the OH radical and the water molecule. These
small molecules open up a plethora of chemical pathways and understanding
the influence of PAHs on their formation would vastly improve our knowl-
edge about the chemical processes in the ISM as well as the thermal balance,
which are all of influence on star formation.

Another region of interest is the influence of hydrogenation on the IR
spectrum of PAHs since the presence of PAHs is generally inferred from their
IR band emission. Knowing whether and how hydrogenation modifies this
emission might allow us to provide better estimates of the amount of PAH
molecules present. It might even give us a tool to estimate the amount of
hydrogenation of the PAHs present.
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CHAPTER 8

Conclusion

In this study we show experimental evidence for the existence of barriers to
hydrogenate coronene cations. These barriers present alternating behaviour
up to the eleventh hydrogenation. We show that only every second hydro-
genation is associated with a barrier and measure the height of the first two
barriers to be E2 = 72 ± 6 meV and E4 = 40 ± 10 meV.

These barrier heights match the theoretical predictions for the electron-
ically equivalent reactions on the neutral coronene molecule. This indicates
that cationic PAHs should contribute to the same extent to the formation
of molecular hydrogen as their neutral counterparts.

These barriers also imply a strong temperature dependence of the PAH-
catalyzed H2-formation rate, since these reaction barriers are generally higher
than the temperature at which these reactions take place. One simple reac-
tion rate constant will therefore not suffice to succesfully model these reac-
tions in the ISM. In a future work we will derive individual cross sections to
obtain temperature dependent reaction rates. To make these studies even
more encompassing, it is desirable to repeat these measurements with PAHs
of a larger size than coronene, such as circumcoronene. This will allow us
to study the dependency of the reaction rates on the size of the PAH.

We envisage future experiments to study the addition of oxygen atoms
to PAHs as well as the modification of the IR spectrum of PAHs when they
become hydrogenated.
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APPENDIX A

Mass spectra

The mass spectra shown here are obtained after irradiating coronene cations
with room temperature hydrogen atoms, except figure A.1. That figure
shows the mass spectrum of coronene without any hydrogen addition. Fig-
ures A.2 through A.10 have been used in a quantitative analysis, while figures
A.11 and A.12 are used in a qualitative manner.

For more details on the analysis, please have a look at chapter 6
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Figure A.1: The coronene mass spectrum without hydrogen irradiation.
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Figure A.2: The mass spectrum after irradiating coronene cations for 1 second.
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Figure A.3: The mass spectrum after irradiating coronene cations for 1.5 seconds.
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Figure A.4: The mass spectrum after irradiating coronene cations for 2 seconds.
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Figure A.5: The mass spectrum after irradiating coronene cations for 2.5 seconds.
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Figure A.6: The mass spectrum after irradiating coronene cations for 3 seconds.

58





N
ovem

b
er

16,
2012

296 298 300 302 304 306
Mass (m/z)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
S
ig
n
a
l 
st
re
n
g
th
 (
V
)

t = 3.5s

Figure A.7: The mass spectrum after irradiating coronene cations for 3.5 seconds.

60





N
ovem

b
er

16,
2012

296 298 300 302 304 306
Mass (m/z)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
S
ig
n
a
l 
st
re
n
g
th
 (
V
)

t = 4s

Figure A.8: The mass spectrum after irradiating coronene cations for 4 seconds.
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Figure A.9: The mass spectrum after irradiating coronene cations for 4.5 seconds.
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Figure A.10: The mass spectrum after irradiating coronene cations for 4.75 seconds.
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Figure A.11: The mass spectrum after irradiating coronene cations for 15 seconds.
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Figure A.12: The mass spectrum after irradiating coronene cations for 30 seconds.
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Paper

The results that we present in this thesis have also been submitted as a
Letter to the Astrophysical Journal, which was provisionally accepted. The
manuscript with the minor changes was resubmitted on Monday November
19.
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ABSTRACT

Molecular 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 catalytic activity, PAH cations and neutrals seem to contribute similarly
to the formation of H2.

Subject headings: astrochemistry — ISM: molecules

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 transfor-
mation 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 re-
ceived considerable attention because this mecha-
nism governs the formation of H2, but also other
molecules that contain H atoms. The sticking of

1Kapteyn Astronomical Institute, University of Gronin-

gen, P.O. Box 800, 9700 AV Groningen, the Netherlands
2KVI Atomic and Molecular Physics, University of

Groningen, Zernikelaan 25, 9747 AA Groningen, the

Netherlands.

H atoms onto dust grains can also be an impor-
tant 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 ph-
ysisorbed 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 carbona-
ceous 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 chemistry is in the form
of very small grains or PAHs (Weingartner &
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Draine 2001). These PAHs are predicted to have
characteristics similar to graphite surfaces: How-
ever, 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 in-
volving a pre-adsorbed H atom in monomer (Sha
& Jackson 2002; Morisset et al. 2003; 2004b; Mar-
tinazzo & 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
constitutes an important obstacle to enter the cat-
alytic regime for H2 formation. 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 calcula-
tions have shown that the first hydrogenation of
neutral coronene is associated with a barrier (∼60
meV) but that subsequent hydrogenation barri-
ers vanish (Rauls & Hornekær 2008). Recently,
coronene films exposed to H/D atoms at high
temperature, were studied by means of IR spec-
troscopy (Mennella et al. 2012) and mass spec-
trometry (Thrower et al. 2012). These measure-
ments showed that neutral PAHs, when highly hy-
drogenated, are efficient catalysts for the forma-
tion 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 sur-
faces 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 pre-
dicted to be barrierless. This reaction is exother-
mic 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 hy-
drogenation of coronene cations in the gas phase
through exposure to hydrogen atoms. By using
mass spectrometry, we show that odd hydrogena-
tion states of coronene cations predominantly pop-

ulate 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.

2. Experiments

In this pilot experiment we show the feasibility
of studying the hydrogenation 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 of
the coronene cations and therefore deduce their
respective degrees of hydrogenation.

2.1. Set-up

The experiments have been performed using
a home-built tandem-mass spectrometer shown
schematically in figure 1 (Bari et al. 2011). A
beam of singly charged coronene radical cations
([C24H12]

+, m/z 300) was extracted from an elec-
trospray 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 temper-
ature was used to collisionally cool the trapped
cations. Exposure to gas-phase atomic hydrogen
for variable periods of time led to multiple hydro-
gen adsorption on the coronene cations. An elec-
tric extraction field was then applied between the
trap end-caps to extract the trapped hydrogenated
cations into a time-of-flight (TOF) mass spectrom-
eter 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 trans-
fer 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,

2



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 im-
pact excitation or HeII line emission, we now use
charge removal (captured ionization) and dissocia-
tion induced by 40 keV He2+. For these processes
the cross sections are well-known (Shah & Gilbody
1978). In this way we determine a hydrogen disso-
ciation fraction of n (H) / (n (H) + n (H2)) ≈ 0.3.
The temperature of the H beam is around room
temperature (∼25 meV).

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.2. Fig.2(a) shows the
mass spectrum of the native m/z=300 coronene
cations. A similar, thus unchanged, mass spec-
trum is obtained (not shown in this article) if we

Fig. 1.— The setup used, with the ion funnel,
quadrupoles, ion trap, hydrogen source and detec-
tor

irradiate coronene cations with molecular hydro-
gen. This means that molecular hydrogen does not
stick to coronene cations at room temperature.

After turning on the hydrogen source and ex-
posing the coronene cations to the atomic hydro-
gen beam for 1.0 s (fig.2, (b)), the peak at m/z =
300 shifts to 301, which means that the trap con-
tent main constituent is (C24H12+H)+. For in-
creasing irradiation time (fig.2(c) t= 2 s, (d) 3 s,
(e) 4 s and (f) 4.75 s), the peak at m/z=301 dis-
appears progressively while a peak at m/z = 303
and then at m/z = 305 (for t = 4.75 s see fig.2(f)
) appears, which indicates the addition of 3 and
5 hydrogen atoms, respectively. At longer expo-
sure time (fig.3(a) t ∼15 s), the m/z=303 peak
dominates the signal, and a peak at m/z=305 ap-
pears. At even longer irradiation times (fig.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. 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 exposure time. In order to follow the evolu-
tion 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 :

d nCorH+

dt
= −

(

A2 e
−

E2
kB Tgas nCorH+

)

nH (1)

d nCorH
+
2

dt
=

(

A2 e
−

E2
kBTgas nCorH+ − A3 nCorH

+
2

)

nH

(2)
d nCorH+

3

dt
=

(

A3 nCorH
+
2
− A4 e

−

E4
kB Tgas nCorH

+
3

)

nH

(3)
d nCorH

+
4

dt
=

(

A4 e
−

E4
kBTgas nCorH+

3
− A5 nCorH+

4

)

nH

(4)

Hydrogenation of CorH2n+1
+ follows an Ar-

rhenius expression where A2n+2 is the prefactor
and E2n+2 is the barrier, while hydrogenation of
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Fig. 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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Fig. 3.— Same as fig.2 for much longer H exposures of a) 15 s b) 30 s.
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CorH+
2n

follows the same expression with a pref-
actor 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 abstrac-
tion, meaning that the time evolution of the con-
tribution of each state is governed entirely by hy-
drogenation. This assumption is made in order
to derive the first barriers of hydrogenation. Ab-
straction 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 ab-
straction (Mennella et al. 2012). Further support
is drawn from a kinetic chemical model we de-
veloped, 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 magni-
tude (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 conformational
freedom to the four neighbouring outer edge car-
bon atoms, ensuring a preference for the second
hydrogenation to take place at one of those four
carbon atoms. The third hydrogenation will pref-
erentially 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
neighboring outer edge carbon. This scenario of
H atoms sticking preferentially on outer edge car-
bons 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.4(a)). The ratios between differ-
ent hydrogenation states as function of time are
reported in fig.4(b). It appears that the ratio
between the contribution of the first (CorH+)
and the second (CorH+

2 ) hydrogenation state
does not evolve with time for short time scales
(

n
CorH+

n
CorH

+
2

∼ 3 until 5s

)

. Also, the ratio between

the third (CorH+
3 ) and the forth (CorH+

4 ) hy-
drogenation state shows identical behaviour af-

ter t≥ 2s

(

n
CorH

+
3

n
CorH

+
4

∼ 3 from 2s onwards

)

. Before

this exposure time the nCorH
+
3

and nCorH
+
4

signals

are very weak, and the ratio is uncertain. We
can therefore assume that for these measurements
d

dt

(n
CorH

+
2

n
CorH+

)

= 0 and d

dt

(

n
CorH

+
3

n
CorH

+
3

)

= 0. The ex-

pression for the CorH+ to CorH+
2 as well as for

the CorH+
3 to CorH+

4 energy barriers can then be
written as:

E2 = −kBTgas ln





A3
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1

1 +
n

CorH+

n
CorH

+
2



 (5)

E4 = −kBTgas ln







A5 + A3

n
CorH

+
2

n
CorH3

+

A4

1

1 +
n

CorH
+
3

n
CorH4

+







(6)

From these expressions we derive the energy
barrier E2 as 72±6 meV and E4 as 43±8 meV,
as shown in fig.4(c). This shows that hydrogena-
tion barriers are decreasing with increasing hydro-
genation. However, our results also show that odd
hydrogenated states dominate the mass spectrum
even for high degrees of hydrogenation (fig.3).
This highlights the presence of a barrier-no bar-
rier alternation from one hydrogenated state to
another, up to high hydrogenation states. So our
results indicate that even if the hydrogenation bar-
riers decrease for the first hydrogenations, they do
not vanish completely and remain at higher hy-
drogenation 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 hydrogena-
tion of neutral coronene. However, for higher de-
gree of hydrogenation we show that these barri-
ers still exist, while the calculations from Rauls &
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Hornekær (2008) predict that these barriers van-
ish after a few hydrogenations. Recent mass spec-
trometric measurements of coronene films exposed
to H/D atoms do not show preferences for even
or odd hydrogenation states of neutral coronene
(Thrower et al. 2012). However, these measure-
ments are not very sensitive to barrier heights well
bellow 100 meV, since the experiments were per-
formed with atoms at beam temperature of 170
meV.

In PDRs exposed to UV fields less than few
hundreds G0, the spatial distribution of H2 and
PAHs does correlate (Habart et al. 2003, Habart
et al. 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 for-
mation 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). De-
pending on the UV intensity, the PAHs observed
can either be PAH cations, that are present in
regions at low visual exctinctions AV, or neu-
tral PAHs, which are located at higher extinc-
tions. Work by Wolfire et al. (2008) and Spaans
& Meijerink (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 upto 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 ra-
diation 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 there-
fore be partly attributed to neutral and cationic
PAHs.

Our results show that the hydrogenation pro-
cesses of neutral and cationic PAHs are similar
and should contribute similarly to the formation
of H2. Further experimental investigations will al-
low us to derive the H2 formation rate for PAH
cations.

4. Conclusions

We have investigated the addition of hydrogen
atoms to coronene cations in the gas phase and ob-
served increasing hydrogenation with H exposure

time. Our results show that odd hydrogenated
states dominate the mass spectrum, which evi-
dences the presence of a barrier for the further
hydrogenation of odd hydrogenation states. The
first hydrogen sticks to the coronene cations with-
out 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 hydrogena-
tion are barrierless. These barriers are similar to
the one calculated for neutral coronene (Rauls &
Hornekær 2008). Our results indicate that super-
hydrogenated 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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