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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



5.1. Introduction 65

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



76 Chapter 5. VUV photoabsorption

296 298 300 302 304
m/z (amu)

0.00

0.01

0.02

0.03

0.04

0.05

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

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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