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Chapter 4

De-excitation dynamics of
superhydrogenated PAH
cations after soft X-ray
absorption

We have investigated the response of superhydrogenated gas-phase coronene cations
upon soft X-ray absorption. Carbon 1s-π? transitions were resonantly excited at
hν=285 eV. The resulting core hole is then filled in an Auger decay process, with
the excess energy being released in the form of an Auger-electron. Predominantly
highly excited dications are thus formed, which cool down by hydrogen emission.
In superhydrogenated systems, the additional H atoms act as a buffer, quenching
loss of native H atoms and molecular fragmentation. Dissociation and transition
state energies for several H-loss channels were computed by means of density func-
tional theory. Using these energies as input into an Arrhenius-type cascade model
very good agreement with the experimental data is found. The results have impor-
tant implications for the survival of polyaromatic hydrocarbons in the interstellar
medium and reflect key aspects of graphene hydrogenation.
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4.1 Introduction

Hydrogenation of polycyclic aromatic hydrocarbons (PAHs) of all sizes, ranging
from graphene layers to small PAH molecules, leads to strong electronic and struc-
tural changes, which are relevant from both an applied and a fundamental point of
view. The adsorption of hydrogen changes the state of the functionalized C atom
from sp2 to sp3 and removes π electrons from the valence shells. Hydrogenation
opens up the graphene band-gap in a tunable fashion [1], which is a requirement for
using graphene’s excellent conductive properties in electronic circuits. Interestingly,
the modification of the graphene band-gap induced by hydrogenation is reversible,
whereas the accompanying structural changes appear to be permanent [2]. Further-
more, graphene related materials currently are studied as promising physisorption
substrates for molecular hydrogen storage [3], a prerequisite for ”clean” hydrogen
powered transport. Reversible hydrogenation has already been successfully applied
to e.g. single walled carbon nanotubes [4], but only layered graphene-based struc-
tures with tunable spacing seem to promise sufficient storage capacity between the
graphene sheets [5, 3]. In order to study the electronic and structural effects on the
atomic level in an isolated system, PAH molecules are excellent test bed candidates.

On itself, hydrogenation of PAHs attracts great astrophysical interest because
of the yet unexplained high abundance of molecular hydrogen in many astrophys-
ical environments which might be explained by cycles of successive atomic hydro-
genation - leading to superhydrogenated PAHs - followed by H2 abstraction [6, 7].
Furthermore, in the harsh conditions of the interstellar medium, PAH formation
may well be outcompeted by PAH destruction [8]. Laboratory studies on the sta-
bility of PAHs to photonic [9, 10] and ionic interactions [11, 12, 13] indicate namely
that the PAH lifetimes are substantially shorter than all the current model PAH
formation rates [14]. However, hydrogenation is likely to fundamentally alter the
PAH response upon absorption of energetic photons.

In this letter, we report on the photoexcitation of superhydrogenated PAHs and
their subsequent deexcitation pathways. The experimental data are interpreted by
means of a cascade model, in which theoretical dissociation energies are used to re-
late molecular excitation to experimentally observed branching ratios. The binding
energies of the different hydrogenation stages were calculated by Density Functional
Theory (DFT). These energies allow us to relate the level of superhydrogenation
to changes in H loss and geometry of the PAH. The combination of soft X-ray pho-
toionization of superhydrogenated gas-phase PAH cations with quantum chemical
calculations is a powerful approach to advance the understanding of the structural
and dynamical effects of graphene and PAH hydrogenation. Soft X-ray absorp-
tion near the carbon K-edge leaves an inner shell vacancy, which gets filled in an
Auger decay process. The molecular excitation results predominantly in H loss,
either from the dication (for photoexcitation) or from the trication (for photoion-
ization). In figure 4.1a the photoionization and the photoexcitation processes and
the subsequent Auger process are displayed schematically.



CHAPTER 4. STABILITY OF SUPERHYDROGENATED PAHS 61

4.2 Experimental

The experiments were carried out using our tandem mass-spectrometer apparatus
[15, 16], which was interfaced with the U49/2 PGM1 soft X-ray beamline at the
BESSY II synchrotron facility at Helmholtz Zentrum Berlin. Near-edge X-ray ab-
sorption mass spectrometry (NEXAMS) has been introduced recently as a new tool
to study fragmentation pathways of peptides and proteins [17, 18]. In the present

experiments, unhydrogenated gas phase coronene cations
(

C24H+
12,

M
q = 300

)
were

produced by means of electrospray ionization, mass selected by a radiofrequency
(RF) mass filter and trapped in an RF ion trap. The (super)hydrogenation of the
coronene cations was achieved by exposure to an atomic hydrogen beam produced
by a 23 MHz Slevin-type hydrogen discharge source [19, 20]. By variation of the H
exposure times the degree of hydrogenation was varied over a wide range. Single
hydrogenation of a coronene radical cation is followed by pairwise adsorption of H
atoms, giving rise to [cor + (2n + 1)H]

+
(n = 0, 1, 2, 3...) cations, analog to the fact

that H adsorption on graphene favors H dimer formation [21].
The trapped cations were exposed to soft X-rays around the C K-edge. Typical

photon fluxes varied between 3×1012 and 1.5×1013 s−1 at an energy resolution of
∆E = 150 meV. The exposure time was varied between 1.0 and 1.8 s. Time-of-flight
mass spectrometry of the extracted trap content was then employed to analyze the
photoionization products. From the mass spectra, partial ion yields for the various
cationic fragments were determined. The ion yields were then normalized to the
photon flux, the photon irradiation time, and the initial trap content to obtain
reproducible relative cross sections.

4.3 Results and discussion

A strong peak in all mass spectra for non-hydrogenated and superhydrogenated
coronene cations, is due to the intact coronene dication and the associated dications
which lost 2, 4, 6, and 8 hydrogen atoms (Mq = 150, 149, 148, 147, and 146,

[cor−m(2H)]
2+

(m = 0, 1, 2, 3...)). For the pure C24H+
12 precursor ion, figure 4.1b

(blue spectrum) displays the summed yields of all these dications as a function of
photon energy (i.e. a NEXAMS scan). The red curve shows a NEXAMS scan in

which the intensities of the tricationic features, [cor−m(2H)]
3+

, are integrated.
The dication yield (blue spectrum) exhibits a sharp resonance at 285 eV, which is
due to a C(1s) −→ π∗ transition of the coronene cations. The K-shell vacancy is
filled by an Auger ionization process, predominantly leading to the production of
electronically excited coronene dications (4.1a). At higher photon energies other
weaker transitions into bound and unbound states occur. To illustrate, discuss,
and interpret the effect of superhydrogenation on ionization and fragmentation of
PAHs we focus on the dominant photoabsorption channel, namely the C(1s) −→ π∗

excitation leading to electronically excited dicationic PAHs, which are subsequently
transformed into vibrationally hot species by means of intramolecular vibrational-
energy redistribution.
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Figure 4.1: (a) A schematic representation of the relevant processes: photoioniza-
tion (left) and photoexcitation (right). In both cases the inner shell vacancy gets
filled by an auger decay. (b) NEXAMS scans of the dication (blue) and trication
(red) yield at m = 292-300 amu after soft X-ray absorption of coronene cations,
normalized to initial trap content, photon flux and irradiation time. As the target
is cationic, photoionization (red) mainly leads to tricationic and photoexctitation
(blue) to dicationic products.
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Figure 4.2 displays four zooms of the dication spectral range in the mass spectra
after 285 eV photoabsorption for coronene in different degrees of hydrogenation
(black spectra). For comparison, the red spectra show the initial monocation mass
spectra prior to photoabsorption. Fig. 4.2a) shows the reference spectrum of
pristine cor+. The intact coronene peak (m = 0) has a comparable intensity as
the 2 × 2H loss peak (m = 2). 2H loss (m = 1) is clearly strongest. More

than 68 % of the [cor− (2m)H]
2+

ions were subject to H loss (m > 0). For
fig. 4.2b), the target was exposed to H atoms for 0.2 s, which primarily leads
to single coronene hydrogenation ([cor + H]

+
). Attachment of a single H atom

dramatically alters the effect of photoabsorption: the intact coronene dication (m =
0) now dominates over the H loss channels (m > 0). Fig. 4.2c, and d) show mass
spectra obtained after longer H exposure times. For Fig. 4.2c), 6 s of exposure
led to predominantly n = 1 and n = 2. The dissociation channels m = 1 and
m = 2 are clearly weaker and the peaks due to intact coronene dications with
still 1 or 3 additional hydrogen atoms attached are clearly visible. In Fig. 4.2d
the hydrogenation is pushed to even higher degrees of superhydrogenation. The
experiments clearly show that superhydrogenation acts as a buffer thus increases
PAH stability. The strongly alternating peak intensities, i.e. the strong dominance
of even over odd numbers of losses, hints at dissociation by sequential H loss with
alternating dissociation energies. Such de-excitation processes are thought to be
of statistical nature, occurring after intramolecular vibrational redistribution of
internal energy.

Under the assumption, that in vibrationally hot superhydrogenated PAH dica-
tions, consecutive H losses compete with infrared (IR) photon emission, one may
use a basic cascade model to describe the relaxation of the PAH molecules. The
main ingredients for such a model are the infrared photon emission rate, the hy-
drogen binding energy, and the internal energy. In this scenario, the dissociation
probability for dissociation step i can be written as,

P dissi =
kie

−Ei/kTavi

kIR
nmax+1 + kie−Ei/kT

av
i

(4.1)

with pre-exponential factor ki =
kT effi

h exp
(
1 + ∆S

R

)
and average PAH temperature

T avi =
√
T effi,0 × T effi,nmax

. T effi,0 and T effi,nmax
correspond to the effective temperatures

when 0 or nmax infrared photons have been emitted, respectively ([14]). The effec-
tive temperature at step i is defined as,

T effi = 2000

(
TE,i
NC

)0.4(
1− 0.2

Ei
TE,i

)
(4.2)

in which Ei is the dissociation energy and TE,i is the total vibrational energy at step
i([14]). We further set the maximum number of emitted photons nmax = 6 [14] and
the entropy change ∆S = 2.5 cal/mol [22]. For coronene the number of C atoms is
NC = 24. Typical IR emission rates are between 1 and 1000 s−1 [9]. We adopted
kIR = 10 s−1 from reference [23]. R, h, and k are the gas constant, Planck’s
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Figure 4.2: Mass spectra of (superhydrogenated) coronene after irradiation with
285 eV photons (black). The mass spectra in red represent the initial hydrogenation
state distribution of the target cations. The cyan spectra show the corresponding
model fragmentation spectra. Details about the model and the labels, m and n,
are given in the text. The model spectra are normalized to the M = 300 peak in
the black fragmentation spectrum. The red reference spectra are not normalized.

constant and the Boltzmann constant, respectively. We used DFT to determine
Ei for atomic and molecular hydrogen loss and the transition states for molecu-
lar hydrogen loss. The calculations were performed by using the B3LYP [24, 25]
functional and a 6-31G(d) basis set as implemented in the GAUSSIAN09 package
[26]. The molecular structures were optimized to a minimum (all real frequen-
cies) or to a transition state (one imaginary frequency) after which the frequencies
were calculated. The energies were obtained by subtracting the zero-point energy
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(corrected by the empirical scaling factor 0.9806 [27]) from the total energy. For
the calculations of the hydrogen binding energies to the superhydrogenated PAHs,
we used the reaction routes from reference [6]. Figure 4.3 displays an overview
of the results. Analog to the hydrogen adsorption induced structural changes in
graphene [2], the insets in figure 4.3 demonstrate the dramatic structural changes
of coronene, induced by addition of e.g. 7 H atoms (n=3). This implies: (i) large
PAHs can be viewed as model systems for studying graphene properties in the
gas phase; and (ii) hydrogenation induced structural changes break the molecular
symmetry, certainly leading to an altered infrared emission spectrum that could
potentially be used for identification of these species.

The branching ratios for the loss channel corresponding to the ith hydrogen loss
Ai can then be determined using

Ai =

∫
(1− P dissi+1 (TE))

i∏
k=0

P dissk (TE)P (TE)dTE . (4.3)

P (TE) is the normalized vibrational energy distribution of the system. Under
the assumption that intramolecular vibrational energy redistribution quickly trans-
forms electronic excitation into vibrational energy, it is appropriate to extract an
approximation of P (TE) from an Auger spectrum. We assume that the electronic
orbital structure is similar for aromatic hydrocarbons and therefore used an Auger
spectrum of benzene ([28],fig 7). To obtain the excitation energy distribution 3.7
eV was added to account for the additional excitation energy which was deposited
by the C(1s) −→ π∗ transition (fig. 4.1a). The cyan spectra in figure 4.2 represent
the predicted fragmentation mass spectra, obtained by starting out from the initial
hydrogenation state distribution (red). Note, that the calculations were restricted
to superhydrogenation of up to 7 atoms and to loss of up to 6 H atoms from bare
coronene. The peak for m = 2 is clearly over-estimated by the model, which can
be explained by the fact that the associated high vibrational energies opens up
channels which were not included in the model. However, good agreement with the
experimental data is evident and allows for drawing the following important con-
clusions. (i) The quenching of odd numbered H loss channels (M = 295, 297, 299)
is reproduced in the calculation and originates from the alternating H binding
energies (4.72, 4.15, 4.66, and 4.04 eV for the 1st, 2nd, 3rd, and 4th H loss, re-
spectively). Single H loss is found to outcompete H2 loss, which is associated with
a 5.2 eV barrier. (ii) For the bare coronene molecule (Fig. 4.2a)) experiment and
model both show, that emission of 2H and 4H dominates over the non-dissociative
channel. Addition of a single H atom dramatically shifts the distribution with a
slight overestimation of the loss channels by the model (Fig. 4.2b). Additional H
atoms are boiled off very efficiently because of their much lower binding energies of
2.7, 2.6, 2.1, 2.7, 2.5, 1.5, and 2.4 for the first 7 H atoms. The model confirms that
most of the energy is released during the evaporation of these additional H atoms,
causing an increase in the survival of intact molecules.
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Figure 4.3: Overview of dissociation energies of H atoms, relative to the total
energy of coronene +4H. The levels in purple are the dissociation energy of single
H atoms and the blue levels are the barriers for emission of H2. The displayed
molecular structures of m=2 (top) and n=3 (bottom) clearly show breaking of
planar symmetry after superhydrogenation.

4.4 Conclusion

In this letter, we report on the first experimental study of the dissociation of su-
perhydrogenated PAHs. We compared the experiments with a cascade model that
allowed us to reproduce the mass spectra with a high accuracy. Both the experi-
ments and the model show a strong increase in the population of the intact molecule
and a decrease in the population of the molecular fragments. The combination of
experimental data and a rather simple model indicates: (i) Superhydrogenation of
PAHs implies removal of bonding π electrons and leads to local puckering of the
graphene-like planar honeycomb structure. Not only are the binding energies of
the additional hydrogen atoms relatively low (≈ 2.5 eV), but as a consequence of
superhydrogenation, also the C-backbone is locally weakened. Despite this weaken-
ing, superhydrogenation clearly acts as protection mechanism for PAH molecules.
(ii) Superhydrogenation may explain the existence of large amounts of PAHs in
the interstellar medium, as de-excitation by H loss protects the C-backbone from
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fragmentation.

Acknowledgments

We gratefully acknowledge financial support by the Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (NWO) within the Dutch Astrochemistry Network
(DAN). We thank the Helmholtz Zentrum Berlin for allocation of synchrotron
beamtime and acknowledge funding from the European Community’s Seventh Frame-
work Programme (FP7/2007-2013, grant nr.312284).

references

[1] D.C. Elias, R.R. Nair, T.M.G. Mohiuddin, P. Blake S.V. Morozov, M.P. Hal-
sall, A.C. Ferrari, D.W. Boukhvalov, M.I. Katsnelson, A.K. Geim, and K.S.
Novoselov. Science 323, 610 (2009).

[2] A. Castellanos-Gomez, M. Wojtaszek, Arramel, N. Tombros, and Bart J. van
Wees. Small 8, 1607 (2012).

[3] M. Pumera. Energy Environ. Sci 4, 668 (2011).

[4] A. Nikitin, H. Ogasawara, D. Mann, R. Denecke, Z. Zhang, H. Dai, K. Cho,
and A. Nilsson. Phys. Rev. Letters 95, 225507 (2005).

[5] S. Patchkovskii, J. S. Tse, S. N. Yurchenko, L. Zhechkov, T. Heine, and G.
Seifert. Proc. Natl. Acad. Sci. 102, 10439 (2005).

[6] E. Rauls and L. Hornekær. The Astrophysical Journal 679, 531-536 (2008)

[7] J. D. Thrower, B. Jørgensen, E. E. Friis, S. Baouche, V. Mennella, A. C. Luntz,
M. Andersen, B. Hammer, and L. L. Hornekær. The Astrophysical Journal,
752, 3 (2012)

[8] A. G. G. M. Tielens. Rev. Mod. Phys. 85, 1021 (2013).
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