
RAPID COMMUNICATIONS

PHYSICAL REVIEW A 92, 050702(R) (2015)

Failure of hydrogenation in protecting polycyclic aromatic hydrocarbons from fragmentation
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A recent study of soft x-ray absorption in native and hydrogenated coronene cations, C24H12+m
+ m = 0–7, led

to the conclusion that additional hydrogen atoms protect (interstellar) polycyclic aromatic hydrocarbon (PAH)
molecules from fragmentation [Reitsma et al., Phys. Rev. Lett. 113, 053002 (2014)]. The present experiment with
collisions between fast (30–200 eV) He atoms and pyrene (C16H10+m

+, m = 0, 6, and 16) and simulations without
reference to the excitation method suggests the opposite. We find that the absolute carbon-backbone fragmentation
cross section does not decrease but increases with the degree of hydrogenation for pyrene molecules.
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Large molecules are usually protected by the attachment
of additional loosely bound atoms or molecules. Exam-
ples are biomolecular ions in nanodroplets of water [1,2],
molecules and clusters in He nanodroplets [3,4], clusters of
fullerenes, polycyclic aromatic hydrocarbons (PAHs), and/or
biomolecules [5–12], and electrospray ionization, where
solvent molecules protect large fragile biomolecules from
fragmentation [13]. The reason for this is simple. Charge and
excitation energy are rapidly redistributed over a larger system
with additional internal degrees of freedom. This has been
explicitly shown also for cases where the initial interactions
were strongly localized [5,14].

In a recent paper, Reitsma et al. [15] presented a pioneering
study of single and multiple H-loss following x-ray carbon
K-shell ionization of hydrogenated and native cations of
the PAH molecule coronene, C24H12+m

+ (m = 0–7). They
observed that the coronene molecule itself (C24H12

2+) on
average lost fewer of its native H atoms when it was
hydrogenated. As the degree of hydrogenation increased, the
protective effect became stronger [15]. The explanation for
this was that the electronically excited coronene ions quickly
evolved through Auger emission and internal conversions into
vibrationally excited ions in the electronic ground state [15].
These vibrationally excited molecules would then cool through
evaporation of the extra H atoms [15], in the same way as
the evaporation of H from native PAH molecules vibrationally
excited by UV photons [16] or by collisions with electrons [17]
or ions [18,19]. Based on this observation they concluded that
the additional H atoms have a net protective effect on the PAH
molecules and their carbon backbones [15]. Further, Reitsma
et al. [15] and others [20,21] have suggested that PAHs may be
hydrogenated in interstellar space [22,23]. PAHs are believed
to be very important for interstellar carbon chemistry and are
strong candidates for carriers of so-called diffuse interstellar
bands [22–24]. The origin of these bands has long been one of
astronomy’s great unsolved mysteries [24], and only recently
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was C+
60 shown to be the source for two of these spectral lines

[25].
In this Rapid Communication we present experimental and

simulation results which show that PAH hydrogenation leads
to larger tendencies for carbon backbone fragmentation, at
least for pyrene (C16H10). This is in contrast to the claim that
hydrogenation in general has a protective effect on PAHs [15].
We have performed simulations of internally heated hydro-
genated and native PAHs without reference to the excitation
method that clearly show that the former loose carbon atoms
more easily at a given excitation energy. We further find that
pyrene cations are more easily destroyed in collisions with
He atoms at center-of-mass energies of 30–200 eV when
they are hydrogenated, C16H10+m

+ (m = 6,16), than when
they are not (m = 0)—the larger the degree of hydrogenation,
the larger the measured carbon backbone fragmentation cross
section. These collision energies are typical for those found in,
for instance, supernova shock waves, where PAH molecules
are processed by protons and He ions with kinetic energies
in the 10- to 1000-eV range [26,27]. The good agreement
between simulations and experiment shows that the weakening
of the C-C bonds due to hydrogenation is more important than
the increased heat capacity and the weakening of C-H bonds
following hydrogenation.

The three forms of pyrene, the native molecule and the
two hydrogenated species, are purchased separately in powder
form (from Sigma Aldrich), and the experiments are performed
independently for each type. We produce cations of the PAH
molecules from solution in an electrospray ionization source.
The ions are mass selected using a quadrupole mass filter
before being accelerated by a potential that can be varied
freely between 0.8 and 10 kV. The PAH ions then interact with
a He target in a gas cell. The pressure in the cell is measured
by means of a capacitance manometer. For these molecules,
this allows us to study collisions with He at center-of-mass
energies of 30–200 eV. The mass-to-charge ratio of the intact
ions and positively charged fragments are then determined
using a series of two electrostatic horizontal deflectors and
a position-sensitive microchannel plate (MCP) detector. A
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FIG. 1. Schematic of the experimental apparatus.

schematic of the experimental setup is shown in Fig. 1 and
it is described in more detail in Ref. [28].

In Fig. 2 we show absolute cross sections for breaking the
carbon backbone of C16H10+m

+ (m = 0,6,16) as functions of
the center-of-mass collision energy. Here, we used the beam
attenuation method to measure the cross section for when
at least one C atom was lost from the PAH cation within
the microsecond time scale of the experiment. We find that
the cross section increases with increasing hydrogenation and
decreasing collision energy. At the highest collision energies,
the cross section for C16H26

+ is nearly twice as large as for
C16H10

+ as can be seen in Fig. 2. This shows that instead
of stabilizing the molecule, additional H atoms lead to a
weakening of the carbon backbone against fragmentation. The
larger heat capacity of C16H26

+ and the higher rate for H loss
(lower dissociation energies, see Table I) obviously do not
fully compensate for this weakening effect.

In order to investigate whether the increased fragmentation
cross sections of the hydrogenated molecules are the result
of prompt nuclear scattering processes, we have performed
classical molecular dynamics (MD) simulations of collisions
between C16H10+m molecules and He. We model the molecular
bonds using the reactive Tersoff potential [29,30]. Nuclear
scattering between He and the C and H atoms are described
with the Ziegler-Biersack-Littmark (ZBL) potential [31]. The
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FIG. 2. (Color online) Absolute cross sections for carbon back-
bone fragmentation, σ

fragm
backbone, in C16H10+m

+ + He collisions as
functions of the center-of-mass collision energy. From top to bottom:
Experimental results for m = 16, m = 6, and m = 0 and results
for prompt single- and multiple-carbon knockouts from molecular
dynamics simulations for m = 16 (dotted curve), m = 6 (dashed
curve), and m = 0 (solid curve) (see text).

TABLE I. Lowest dissociation energies (units in eV) for different
fragmentation pathways calculated at the B3LYP/6-31G(d) level of
theory using GAUSSIAN09 [39].

Dissociation
channel C16H10

+ C16H16
+ C16H26

+

H 5.16 2.56 2.02
H + H 8.67 5.19 5.13
CHx 7.10 (x = 1) 2.26 (x = 3) 1.60 (x = 3)
C2Hx 6.30 (x = 2) 3.88 (x = 4) 2.40 (x = 4)
C3Hx 10.67 (x = 3) 6.24 (x = 6) 2.19 (x = 6)

atomic coefficients used in the Tersoff potential and a more
detailed description of the simulations are given in Ref. [32].

In Fig. 2, we show cross sections from the simulations for
prompt knockout of one or more C atoms, a process which
can be important in collisions between PAH molecules and
atoms or ions [33,34]. The simulated knockout cross sections
for C16H10 and C16H16 are almost equal and the cross section
for C16H26 is somewhat higher due to the weakening of the
C-C bonds caused by the hydrogenation (Table I). For all
three molecules, the carbon knockout cross section accounts
for less than 20% of the measured total carbon backbone
fragmentation cross section. These simulations show that
statistical fragmentation of molecules vibrationally heated in
the collisions is the main cause for carbon-backbone cleavage
in our experiments, not knockout processes.

Mass spectra for collisions between C16H10+m
+ (m = 0, 6,

16) and He at 110 eV center-of-mass energy (by choosing the
appropriate acceleration voltage for each species) are shown
in Fig. 3. For all three molecules, the dominant feature is the
peak at the mass of the intact parent molecule (202, 208, and
218 amu, respectively).

The upper and middle panels of Fig. 3 show the mass
spectrum for C16H10

+ and C16H16
+, respectively. While the

latter has a higher total carbon backbone fragmentation
cross section in collisions with He, the mass spectra for
the two molecules both have somewhat similar bimodal size
distributions. Important features are fragments consisting of
12–15 C atoms in both cases. In the case of C16H10

+,
the fragments containing 15 C atoms are the result of
single C knockout in direct collisions with the He target
atoms [33]. Smaller fragments are mainly due to statistical
fragmentation processes, where heated C16H10

+ molecules,
or their fragments after knockout, dissociate according to
the lowest energy pathways. These secondary channels are
typically associated with H and/or C2H2 losses [35]. The
smallest fragments, consisting of less than about 10 C atoms,
result from molecules than have been significantly heated in
the collisions and fragmented through statistical channels.
These small fragments are typically detected when small
PAH molecules are heated, but become less important with
increasing PAH size as the number of internal degrees of
freedom grows [33]. When going from C16H10

+ to C16H16
+,

the yield for production of fragments containing 13 and 14 C
atoms increases while that for producing fragments with less
than 11 C atoms decreases (see Fig. 3). In both of these spectra,
there are left-side tails on the main peaks (intact C16H10+m

+)
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FIG. 3. Mass spectra from collisions between C16H10+m
+ (m =

0,6,16) and He at 110 eV center-of-mass collision energy. Labels
indicate the number of C atoms in every peak, nC, each with a
distribution of the number of H atoms. The insets show how the
molecular structures change as H atoms are added to the pyrene
molecule. The native pyrene molecule (top panel) is completely planar
with only aromatic sp2-type bonds. Hydrogenation results in weaker
sp3-type single bonds which bend the molecular structure out of the
plane (middle and bottom panels).

mainly due to losses of one or a few H atoms. For C16H16
+,

there is a more pronounced shoulder to the left of the main
peak. This feature is centered at 202 amu and shows that
C16H16

+ may lose some or all of its additional H atoms
without carbon backbone fragmentation occurring. This is a
cooling effect equivalent to the one reported by Reitsma et al.
for hydrogenated coronene exposed to x-ray radiation [15].
However, we still measure a larger backbone fragmentation
cross section for C16H16

+ than for C16H10
+ (Fig. 2) and the net

effect of hydrogenation is thus still that the carbon backbone
now breaks more easily.

The bottom panel of Fig. 3 shows the mass spectrum
for fully hydrogenated pyrene, C16H26

+. This spectrum is
distinctly different from those for the molecules with fewer
H atoms and has a flatter distribution biased towards smaller
fragment masses. Here, the strongest peak corresponds to the
C3Hx

+ fragment. The main peak (here C16H26
+) is narrower

than for the other molecules, indicating that pure H-loss
channels are quenched by the loss of CnHx . According to
our DFT calculations, the dissociation energy for CH3 loss is
indeed lower than that for H- loss for C16H26

+ (see Table I).
Further, we have simulated statistical fragmentation of

heated C16H10+m
+ (m = 0, 6, 16) ions as a function of

internal energy using self-consistent-charge density-functional
tight-binding (SCC-DFTB) molecular dynamics [36,37]. From
these simulations, we obtain the fragmentation steps that occur
within 1 ns after heating the molecules to preset internal

C2H2

C16H10
+ - C2H2

C16H16
+ - CH 3

CH3

C2H2

C16H10
+ - C2H2
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FIG. 4. (Color online) Fractions of SCC-DFTB simulations
which result in carbon-backbone fragmentation of C16H10+m

+ (m =
0,6,16) as functions of internal energy (top panel) and vibrational
temperature (bottom panel). Twenty trajectories have been simulated
for each ion and each energy. The backbone fragmentation probability
is higher for the hydrogenated molecules at all energies and
temperatures. The insets show typical fragmentation pathways for
C16H10

+ (C2H2 loss in the lower panel) and for C16H16
+ (CH3 loss

in the upper panel) at internal energies in the 15- to 20-eV range (see
text).

energies between 10 and 30 eV. This covers the 15- to
20-eV range, which is the mean energy transferred in our
collisions according to the classical MD simulations (with a
tail extending up to ∼60 eV). This is also the same range of
vibrational energies (∼20 eV following internal conversions)
as in the experiment by Reitsma et al. and used in their cascade
model of H evaporation from the hydrogenated PAH molecules
[15,38]. We have performed 20 SCC-DFTB simulations for
each one of our three C16H10+m

+ molecules (m = 0,6,16) at
internal energies of 30, 25, 22, 20, 18, 15, and 13 eV using the
mio-1-1 parameter set [36] and DFTB+ software [37].

The results of these simulations are shown in Figs. 4 and
5. At internal energies above 25 eV, all three C16H10+m

+

molecules undergo carbon-backbone fragmentation within the
1 ns SCC-DFTB simulation time. At 25 eV and below, the
probability for the loss of one or more C atoms through statis-
tical fragmentation channels is clearly higher for hydrogenated
than for native pyrene (top panel of Fig. 4). This difference is
particularly striking when comparing the results as a function
of vibrational temperature (bottom panel of Fig. 4), which
scales with the number of internal degrees of freedom, 3N − 6,
at a given internal energy.

The fragmentation pathways observed in the simulations
(ns time scale) are shown in Fig. 5 together with the
corresponding experimental results (μs time scale). The
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FIG. 5. (Color online) Left scale: Absolute cross sections for
forming products with different numbers (nC < 16) of C atoms on
the microsecond time scale following 110 eV He + C16H10+m

+

(m = 0,6,16) collisions. Right scale: The bars show the number of
SCC-DFTB simulations leading to a charged fragment containing
nC carbon atoms. We show combined result from 20 simulations
(simulation time 1 ns) for each molecule for each internal energy of
15, 18, 20, 22, and 25 eV. Knockout processes are not included in
these simulations, explaining the differences between experimental
and SCC-DTFB results for nC = 15.

fragmentation patterns for native pyrene ions (C16H10
+) follow

the well-established statistical pathways for PAH molecules
[35,40,41]. As expected we find that H loss (6 simulations
out of 100 between 15 and 25 eV) and C2H2 loss (20 of the
100 simulations) are significant dissociation channels. All
of the remaining C16H10

+ dissociation pathways between 15
and 25 eV involve the loss of more than 2 C atoms, or no
fragmentation. We do not observe CHx loss from C16H10

+,
which is only produced by the knockout process (not included
in these SCC-DFTB simulations).

For C16H16
+, the increased backbone fragmentation prob-

ability is due to the two carbon rings with additional H
atoms. The weaker C-C bonds in these rings give rise to low

dissociation energies for CH3 and C2H4 loss that competes
favorably with H-loss channels (Table I). This also results in
the observed shift towards higher fragment masses for C16H16

+

compared to C16H10
+ in Fig. 5.

The fully saturated pyrene molecule, C16H26
+, has a

broader fragment mass distribution than the other two
molecules. The many additional H atoms in C16H26

+ weaken
the carbon backbone such that there is no longer a single
dominant fragmentation pathway. The different time scales
of the simulations and experiments, the exclusion of internal
energies above 30 eV, and the exclusion of knockout processes
in the SCC-DFTB simulations are the main reasons why few
small fragments are seen in the simulated mass spectra.

In this Rapid Communication we have shown that hydro-
genation is not likely to protect PAH molecules from carbon
backbone fragmentation in astrophysical environments. We
have shown experimentally that hydrogenation of pyrene
leads to increases in the carbon backbone fragmentation
cross section in collisions with He. These results are fully
supported by self-consistent-charge density-functional tight-
binding molecular dynamics simulations of vibrationally
excited native and hydrogenated pyrene cations that are
independent of the excitation method. This is in contrast
to recent results by Reitsma et al. [15,38], who performed
measurements on hydrogenated coronene excited through
carbon K-shell ionization. The question is now to what extent
the size of the PAH system and/or the degree of hydrogenation
matters for how well—or if at all—hydrogenation protects
PAH molecules in general. For the PAH molecule pyrene, we
have explicitly shown that hydrogenation does not protect the
carbon backbone of the molecule, regardless of vibrational ex-
citation method. A simple Arrhenius picture of the competition
between the increase in heat capacity and the weakening of the
carbon backbone suggests that PAHs of any size will be more
prone to fragmentation when hydrogenated, the reason being
that backbone dissociation energies decreases faster than the
heat capacity increases with additional hydrogenation. If this
is the case, hydrogenation could not explain a high abundance
of PAHs in the interstellar medium.
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