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We have studied the photo-fragmentation of the HBC cation -C4,H 5"~ a large PAH cation of potential
astrophysical interest. HBC cation photo-fragment patterns are measured upon irradiation by an unfo-
cused Nd:YAG laser (532 nm) for different experimental conditions, using quadrupole ion trap, time-
of-flight mass spectrometry. Both stepwise dehydrogenation of C4,H;s" and C,/C,H, loss pathways are

identified as relevant photodissociation routes.
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1. Introduction

Polycyclic aromatic hydrocarbons, PAHs, both neutral and
charged, are likely the molecular species responsible for the mid-
IR emission features (strongest at 3.3, 6.2, 7.7, 8.6, and 11.2 um)
detected from a variety of astrophysical objects. These emissions
are expected to occur following internal energy redistribution after
UV excitation by photons arising from the interstellar radiation
field [1-6]. PAHs in the interstellar medium (ISM) are expected
to be large, with 30 up to 100 carbon atoms species responsible
for most of the mid-IR emission, and carrying as much as 10-15%
of the elemental carbon [4]. The observed spectra imply that a con-
siderable fraction of interstellar PAHs are ionized [7,8], consistent
with the fact that their ionization potential is generally well below
the energy of the available photons, and this photo-ionization
plays a key role in the energy balance of gas in the ISM [9,10].

Photo-fragmentation is one of the main destruction pathways
for PAHs in space [4]. In order to understand PAH-cation dissocia-
tion dynamics, dedicated laboratory studies are needed that char-
acterize fragmentation patterns upon photo-excitation, and their
dependence on, e.g., wavelength and photon intensity. A number
of experiments have studied the photo-chemistry of (small) PAHs
(see for example [11,12]). Experimental studies of species relevant
to astronomy have generally used a time-of-flight, photo-ioniza-
tion mass spectrometry (PIMS) technique, focusing on the appear-
ance (internal) energy at which the dissociation rate is
approximately 10*s~! (e.g., an experimental timescale of 10~*s;
[13,14]). In these studies, loss channel(s) mainly involve (sequen-
tial) hydrogen loss but C;H; (and CyH3) loss is also observed at
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higher internal energies. In the ISM, however, different molecular
dynamical timescales are at play. Fragmentation has to compete
with relaxation through IR emission that occurs on time scales of
the order of ~0.01-1s, depending on the size of the species
[10,15]. In addition, since PAHs typically absorb ~108 UV photons
over their lifetime - some 100 Myr - even dissociation channels
with a low probability are relevant [10]. Moreover, astrochemically
related studies focus on the smaller PAHs (Naphthalene to Coron-
ene with 10-24 C-atoms) [4,13,16] that may be less abundant in
space.

We have studied the long time-scale, i.e., multi-second photo-
stability of the large PAH cation hexa-peri-hexabenzocoronene
(HBC) cation. HBC (C4qpH;3g) is a large all-benzenoid PAH which
has been suggested to be present in space [17-19] and that is taken
here as a prototypical example for large(r) PAHs.

2. Experiment

The experiments are performed on the ‘instrument for Photody-
namics of PAHs’ (i-PoP; Figure 1), consisting of two differentially
pumped chambers. The source chamber (QIT chamber) comprises
a commercially available quadrupole ion trap (Jordan C-1251) that
is connected via a 2 mm skimmer to the detection chamber (TOF
chamber) with a time-of flight mass spectrometer (Jordan D-
850). The base pressure of the two chambers is ~5.0 x 10”8 mbar
(QIT) and ~2.0 x 10~8 mbar (TOF). HBC is evaporated in the source
chamber by heating the powder (Kentax) with purity better than
99.5% in an oven (Heat Wave Labs) at a temperature of 570 K. Sub-
sequently, evaporated molecules are ionized by an electron gun
(EGUN, Jordan C-950) and transported into the ion trap via an
ion gate. The method follows standard (gating) procedures, using
plates on different potentials and a split Einzel lens. A DC voltage
pulser (Jordan D-1040) controls the opening and closing of the gate
and typical ramp times in the trap amount to 10 ns rise time.
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Figure 1. A schematic of the i-PoP setup.
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Prior to ion injection, He buffer gas is introduced into the trap
via a leak valve. The buffer gas pressure inside the trap is higher
than the background pressure of the QIT chamber because of the
conductance-limited pumping efficiency of gas out of the trap.
The conductance through all the apertures of the QIT is determined
as 8.34L/s from other reported trap conductance measurements
[20]. The conductance of the turbo pump for the QIT chamber is
230L/s, so we estimate that the buffer gas pressure in the ion trap
is ~7 x 107® mbar, with an estimated absolute uncertainty of 50%.
As a result of thermalization, the PAH ions will concentrate in the
center of the trap [20,21]. The ion cloud is expected to remain at a
constant diameter (about 0.5 mm) in the center of the trap
throughout the irradiation period. The working pressures in QIT
and TOF chamber are ~3.0 x 1077 and ~3.0 x 10~ mbar, respec-
tively, corresponding to a mean free path of ~300 and ~3000 m,
and to ~1 and ~10 s between collisions.

The second harmonic of a Nd:YAG laser (DCR-3, Spectra-Phys-
ics) - 532 nm, ~6 ns — operated at 10 Hz is used to irradiate the
trapped ions. The spatial profile of the laser beam is nearly caussian
with low intensity modulation and harmonic conversion efficien-
cies are high while retaining good spatial mode. The beam diame-
ter is 7 mm; the beam divergence is 0.5 mrad, and the laser beam
has a high on-axis energy density at long distance from the laser.
Optical access to the QIT is realized through a 2.4 mm aperture
in the ring electrode. In our experiment, the laser beam is guided
horizontally through the ion trap. In addition, the intensity of the
fragments of HBC cations is used in helping to align the laser beam.
The laser pulse energy is measured by a power meter (Vector,
H310) before the beam enters the vacuum chamber and is typically
up to 18 mJ/pulse with an average power values that range up to
3.0 x 10° W. i-PoP operates at a typical frequency of 0.2 Hz, i.e.,
one full measuring cycle lasts 5s. It is possible to accumulate
photo-fragmentation products of multiple laser shots, thereby
increasing the fragmentation yield. Experiments are usually per-
formed during a 1.8 s slot using 18 laser shots. A beam shutter acts
as a physical shield and determines the interaction time of the light
with the trapped ions. The electromechanical shutter (Thorlabs
SCO05) is externally triggered to guarantee that the ion cloud is irra-
diated only for a specified amount of time during each scan cycle.
The QIT rf power supply (Jordan D-1203) maintained at 3250 V,_,
is capable of switches off the rf amplitude within two cycles.
Following a ring-down of this voltage, the fragments remain in
the QIT until extraction into the TOF drift tube. During ion extrac-
tion from the trap, pulsed voltages from ground to +800 V and from
ground to —800V (5 ns rise-time, 10 ps width) are put onto the two
end caps (Jordan D-1050) to empty the trap and transfer
the ion cloud into the TOF mass spectrometer for mass analysis.
The ion cloud passes a 2 mm skimmer and is then uniformly
accelerated into the field-free region by a mesh at the entrance

of the TOF chamber. The TOF ion signal is detected by a multi-
channel plate (Jordan, C-701). The estimated total signal gain
through the acquisition electronics is 2 x 108, The TOF mass spec-
trometer allows for simultaneous detection of the parent ion and
the fragment ion signals.

A high precision delay generator (SRS DG535) controls the full
timing sequence. Each scan cycle begins with an empty ion trap.
At the leading edge of the master trigger the ion gate opens, allow-
ing the ion trap to fill for a certain amount of time (typically ~3 s)
with PAH ions. After a short time delay (typically ~0.2 s), the ion
cloud thermalizes to room temperature (~298 K) by collisions with
the He buffer gas, and as a direct consequence the diameter of the
cloud shrinks [20,21]. The laser beam shutter opens and the ion
cloud is irradiated. During each cycle, the laser irradiation time is
changed to one of the preprogrammed time periods. At the end
of the irradiation, a negative square pulse is applied to the end
cap, accelerating the ions out of the trap and into the field-free
TOF region the resulting mass fragments are measured. The full
data-acquisition is controlled by LABVIEW routines.

In all experiments, uncertainties include the total number of
ions in the trap which we estimated from the repeated blank shots,
(~4%), the laser pulse energy (estimated at ~2-5% at different laser
pulse energies), and the local baseline determination that results in
relative abundance uncertainties of up to ~2%. Thus, the formation
yield of products has a total estimated uncertainty of ~6%.

3. Results and discussion

The application of i-PoP to astrophysically relevant large PAHs
is illustrated by the trapping efficiency and photo-dynamics of
hexa-peri-hexabenzocoronene (HBC) cations (the m/z of
12C,,H;8" = 522.141) following unfocused 532 nm laser irradiation.
In Figure 2A a typical TOF mass spectrum is shown for a 3.0 s long
filling of the trap with HBC cations. The isotopologues and HBC
fragments are labeled in the inset mass spectra that are illustrative
for the level of accuracy that can be achieved. In order to obtain
this signal-to-noise ratio, mass-spectra are averaged 150 times.
The mass resolution of the spectrometer is determined at around
1500. The measured mass spectra in the range m/z, 522-526, cor-
responding to isotopologues '2C4Hqs" (62.67%), '2C4'3CHig"
(29.45%), 12C40"3CoH1s" (6.75%) and '2C34'3C3His* (1.01%), scale
well with their natural abundances. Due to the electron impact
ionization, partially H-stripped HBC ions (e.g., C4oHqg") are present
as well. Peaks at about m/z=519.2 and 521.3 could in principle
also be due to 12C4,H;5" and 2C4,H,7". However, as the mass signal
ratios are in good agreement with the expected isotopologue val-
ues for '2C4;'3CHy4" and '2C41'3CH;6", a pure '2C-based solution
is less likely. Hence, in agreement with the laser irradiation exper-
iments to be described below, electron impact ionization leads
preferentially to fragmentation losses of 2H (or H,). Also visible
in Figure 2A (around m/z=261) is the doubly-ionized HBC cation
(C42Hq8)*". Figure 2A confirms that trapping time and trapping effi-
ciency of i-PoP are very good.

Figure 2B shows the resulting mass spectrum of trapped HBC
cations upon 532 nm irradiation at different laser pulse energies
where a laser energy of 2.7 mJ corresponds to an average power
of 4.5 x 10° W in the beam. All experiments have the same ion fill-
ing time of 3 s and trapped HBC cations are irradiated for similar
periods (1.8 s). A wide range of fragment ions are evident in these
mass spectra that are attributed to multiple, successive absorption/
fragmentation events during the 1.8 s period, as will be discussed
in detail below. Figure 2B shows that the terminal photo-fragment
pattern clearly depends directly on the incident radiation flux.
The general trend that can be observed is that HBC cations
dehydrogenate and with increasing laser pulse energy multiple
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Figure 2. Upper panel (A): time-of-flight mass spectrum of the HBC radical cations trapped after evaporation and electron impact ionization. The inset is a zoom-in around m/
z =522 revealing the presence of isotopic distribution and dehydrogenated of HBC cations, specifically including 13C-containing species. Lower panel (B): time-of-flight mass
spectrum of HBC radical cations irradiated with 532 nm at different laser pulse energies. Note that these mass spectra have been taken after 18 laser pulses and therefore
include the effects of irradiation of HBC as well as HBC daughter products during the full measurement cycle.

fragmentation steps become more prominent. In addition, other
fragmentation channels become accessible at higher laser pulse
energy. For laser pulse energies in the range 2.0-5.0 m] the photo-
dissociation of HBC mainly follows sequential 2H (or H,) separa-
tions, leading to the predominance of even-mass species
12C4,Hy,* with n = [0-9]. Masses corresponding to Csgs2:mHan™ With
m=[0-5] and n=[0-8] appear as well, following a C,/C;H,-loss
channel that has been identified previously as a major fragmenta-
tion channel in the dissociation of PAH cations [11,13]. At very high
laser pulse energy, the HBC cation can undergo many, many
sequential absorption/fragmentation events and it may even lose
all of its hydrogen atoms (sequentially) to leave a bare carbon clus-
ter containing 42 carbon atoms. Similar complete dehydrogenation
behavior upon laser irradiation has been observed for the small, 24
C-atom coronene and naphtho[2,3-a]pyrene cations [22,24]. Sub-
sequently, C42* can fragment to smaller pure carbon clusters. This
will be discussed later.

More details on the laser pulse energy dependent dissociation
behavior are illustrated in Figure 3, in panel A for a lower value
and in panel B for a higher value of the laser pulse energy. In panel
A, C4oHy,," fragments with n =[0-8] are shown. We corrected the
odd H-peak for the '3C isotope, taking natural abundances and
assuming that the fragmentation pattern is not C-isotope

dependent. The dissociation pattern of HBC cation follows the reac-

—nHy /n(2H

. ) —mC
tion pathways CpH,g™ == CaHig 5y" — CazomHig 5," OL.

CopHyg* nGth Ca2_2nHg 5,"- The fragment C4oH,4", for example, acts

as an intermediate in the dissociation network, as shown in Fig-

ure 3A: the production reaction pathways of CgH," are
—H,/2H C —CH. . .
CaHY Ha/2 CapHj = CyoHj or CoHE =57 C4oHj and the dissocia-

—H,/2H

. . -C.
tion reaction pathways of C4oH," are CqoHS =5 ChoHj —> CagHj

or. CooHj; G C3sH; In the 15.0 mJ set of measurements as shown
in Figure 3B, all ions are almost completely dehydrogenated,
resulting in mass spectra dominated by species with masses in
the range of C39-Cy4, and leaving only traces of hydrogenated spe-
cies, e.g., C4oHy,". The bare carbon clusters that are found mainly
originate from C4," losing C, fragments. This loss pattern has been
observed also for fullerenes [23,25]. However, as we also observe
low concentrations of intermediates that have lost one or more
C,H, groups, as outline above, acetylene-loss with subsequent
dehydrogenation may provide an alternative but obviously less
important channel for C3o-C4, formation. Figure 3 also shows
low mass fragments in the range m/z=180-250. These peaks
may represent the doubly ionized, bare C,,%* clusters with
n=16-20. As doubly charged HBC has a very low initial abundance
inthese experiments (Figure 2A), any doubly charged cation clus-
ters would involve an additional ionization step. However, thermo-
ionic emission is only observed for systems where the dissociation
energy is larger than the ionization potential [28], and with ioniza-
tion potentials in the range of 10-12 eV and cohesive energies of
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Figure 3. Time-of-flight mass spectrum of HBC radical cations: the upper panel (A) is without laser and with 5.3 m] laser pulse energy; the lower panel (B) is with 15.0 m]

laser pulse energy.
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Figure 4. The left panel (A) is the calculated value of the integrated signals for the '2C4,H,,* (with n =
the isotope contamination; the right panel (B) shows the ratio of the calculated value of the integrated signals for

6-7 eV for [26,27], depending on cluster size, we consider doubly
charged pure carbon clusters highly unlikely candidates for these
mass peaks. Rather, as in photo-fragmentation experiments for ful-
lerenes, we recognize the presence of two separate populations of
carbon clusters: The first group of pure carbon clusters, C,", n > 32,
is separated by 2 C-atoms. The second population, C,*, n < 20, dif-
fers by 1 C-atom. In analogy with the fullerenes, it is possible that
the first group is carbon cages while the second group may corre-
spond to rings [25]. Follow up studies will have to address the rel-
ative importance of fragmentation and isomerization for highly
excited, large PAH species.

Given the relatively high abundances of several '>C containing
HBC isotopologues, the mass spectra should be interpreted with
care. Integration and calculations are necessary to obtain the abun-
dances of the pure '2C containing species. Starting from the pure
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[0-18]) mass peaks, for different laser pulse energies and corrected for
12C4oHon "2 CaoHone ™ with n=[1-8].

12¢,, peak, at m/z = 504, higher lying peaks can be corrected for
the isotope contaminant using natural abundance values. So, the
m/z =505 peak is corrected for the '2C41'3C* to derive the abun-
dance of '2C4,H". Likewise, mass peak m/z =506 is corrected for
the 12C4'3C,* and '2C4'3CH* to derive the abundance of
12¢,,H,", etc. Figure 4A shows the measured values of the inte-
grated signals for '2C4,H,," mass peaks with n = [0-18], for different
laser pulse energy and for pure '°C. This analysis reveals that the
even-H/odd-H abundance ratio is very large, and we conclude that
mainly cations are produced that have been stripped by one or
more H,/(2H)-units. The ratio of '2CyHa,*/'2CaoHons® with
n=[1-8] (Figure 4B) does not change with laser pulse energy,
and this also points towards a common underlying mechanism.
The ratio decreases with the number of H left on the HBC fragment.
Hence, it seems likely that the internal energy threshold for the H
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loss channel and H,/(2H) loss channel becomes more comparable
when the number of H left on the HBC fragment decreases. This
behavior of the band ratios may reflect the importance of H, loss
or may imply - given the alternating intensity ratio shown in
Figure 4 - that loss of the second, sequential H has a substantially
lower barrier compared to the loss of the first H.

We have performed complementary DFT calculations
(B3LYP/6-31G**), quantitatively characterizing potential fragmen-
tation channels of the HBC cation for different H positions as labeled
in the inset of Figure 2A. These results will be described in detail in a
separate study [30], but the main findings are mentioned here in
support of the interpretation of our measurements. These show
an activation energy barrier of 5.89 eV for H, loss in a bay region
(Hioe. and Hjoc.c neighbours in Figure 2A) as compared to
4.72 eV for the first H loss (Hjocp (in bay H) in Figure 2A) and
3.90 eV for the second H loss (Hjoc-a (off bay H, but a direct neigbour
of Hioc.g) in Figure 2A) that corresponds to the most energetic favor-
able sequence. The alternative 2H channel loss sequence yields
4.85 eV for the first H loss (Hjoc.a in Figure 2A) and 3.77 eV for the
second H loss (Hjec.p (in bay H) in Figure 2A). Because of the high
symmetry of HBC these processes can take place at different sites.
In agreement with earlier DFT calculations for small PAHs, H-loss
is governed almost entirely by steric factors and the hydrogens
from congested regions of the PAHs are removed preferentially
[31]. An experimental study of H-loss for the pyrene cation,
(Ci6H10") [32] identified separate channels H, and sequential loss
of 2H. At low internal energies, H, loss dominated despite the
higher (derived) Arrhenius energy due to the larger pre-exponential
factor reflecting a favorable change in entropy. At high internal
energies, loss of 2H dominated. We intend to address the relative
importance of these two channels in a future Letter using tunable
vacuum UV light as available from synchrotron facilities. For this
reason i-PoP has been constructed as a fully mobile system.

In our experiments, HBC becomes highly excited through
absorption of multiple photons and Internal Conversion (IC) leaves
the molecule highly vibrationally excited in the ground electronic
state, typically on a timescale of the order of 50 fs [4,10]. Intramo-
lecular vibrational redistribution (IVR) then quickly equilibrates
the excess energy among all available vibrational modes, leaving
the cation amenable to renewed excitation through the same
electronic system and relaxation sequence. Figure 5 shows the
calculated value of the integrated signals for the '2C4,H;g* radical
cations as function of the laser energy in the experiments, the
errors of the band area and the laser pulse energy are shown in this
figure. During a single pulse multiple photons may be absorbed.
For an internal energy of 7.5 eV, corresponding to a microcanonical
temperature of ~1000K, the cooling between pulses (0.15s) is
approximately 2.3 eV (e.g., the equivalent of one absorbed photon)
[4,34,35]. As the internal energy required for fragmentation for
HBC is well in excess of this (see below), we will - for simplicity
- assume that radiative cooling is unimportant and that HBC
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Figure 5. The calculated value of the integrated signals for the '2C4,H;s" radical
cations as function of the laser energy in the experiments.

cations that have absorbed at least a critical number of photons,
Nerie, Will fragment. The fraction of HBC cations surviving is then gi-
ven by Poisson statistics and is controlled by the average number
of photons absorbed. Adopting the theoretical absorption cross
section at 532 nm (3 x 10~'7 cm?/molecule) for the HBC cation
independent of internal excitation [36], the average number of
photons absorbed in a single pulse is equal to (0.30 + 0.02) photons
at a laser pulse energy of 5.0 mJ or 5.4 photons over the experi-
ment. Following [37], this critical number of photons can then be
estimated from the experiments by comparing the measured decay
curve as a function of laser pulse energy to this simple theoretical
model, resulting in nqi = 4. The deviation between experiments
and the theoretical fit at higher laser pulse energy may reflect
the neglect of radiative cooling effects or that the absorption cross
section decreases with increasing internal excitation [37]. As an
HBC cation starts with ~0.4 eV of internal energy at 300K [10], 4
photons corresponds to an internal energy of E = 9.5 eV. Following
[4,35] we write the dissociation rate in Arrhenius form as,

k = ko exp[—E,/ksTe] (M

where the effective temperature, T, is corrected for the finite heat
bath and, to a good approximation, can be written for PAHs as [4],

T, = 2000(E(eV)/Nc)**(1 — 0.2(E, (eV)/E(eV))) )

Assuming that fragmentation in the experiments implies
k=~10s~! - corresponding to the pulse frequency of 10 Hz - and
adopting a pre-exponential factor typical for H-loss from PAHs of
3x10'®s7! [13,29], we arrive at an Arrhenius energy of 3.2 eV,
which is then strictly speaking an upper limit. However, a factor
10 higher rate corresponds to an uncertainty of only 0.2 eV in the
Arrhenius energy. The derived Arrhenius energy is in good agree-
ment with the results (3.3 eV) [10] derived from an analysis of
experiments on H-loss from small PAHs [13]. This is much less
than the dissociation energy calculated with DFT (4.72 eV) [30].
Indeed, we note that a barrier of 4.72 eV, would require an internal
energy of ~25 eV for fragmentation on a timescale of 0.1 s, equiv-
alent to ng; > 10, and this is clearly excluded by our experiments.
This difference is a well-known characteristic when comparing
experiments and statistical unimolecular dissociation theories
and points towards limitations of unimolecular theory [4].

4. Astrophysical relevance

These results and analysis demonstrate that PAH cations offer a
molecular reservoir that, upon irradiation, yields a large number of
smaller but still complex species. In the ISM, PAHs may form from
‘sooting’ stars [38,39] and whereas many species discovered in
space have been explained as the outcome of reactions involving
smaller species, the present Letter is indicative of the importance
of a top-down scenario in which molecular transients are due to
fragmentation of larger species, specifically PAHs [4,23]. The
‘H-atom driven striptease of PAHs’ may result in a variety of carbon
structures, including carbon sheets, cages, fullerenes, as well as
carbon rings and chains [23,25,33]. Given the high radiation fields
in the diffuse interstellar medium, it may be interesting to include
such species in the discussion of potential carriers of the Diffuse
Interstellar Bands [40,41], a family of absorption features generally
attributed to large interstellar molecules but whose specific identi-
fication has eluded generations of astronomers and spectroscopists
[42].

In the ISM, the absorption time-scale is very long and only
single photon excitation is generally relevant. The photon energies
are limited to 13.6 eV, but higher energy photons are available in
regions (e. g., in hot gas, or near O stars). Very close to the star,
multiple photons events may also become important. Furthermore,
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we recognize that even if the probability for fragmentation in any
single event is small, some hundred million absorption events may
occur over the lifetime of a PAH molecule in space [4]. Hence, in
order to translate the experimental results to conditions relevant
to space, the kinetic parameters and the branching ratios involved
in the fragmentation steps have to be determined. The present
experimental setup, connected to a synchrotron source is well
suited to such a systematic study as the energy of the exciting
photon can be tuned to ‘force’ fragmentation of large PAHs (>24
C-atoms) in the 100 ps-100ms range accessible with our
apparatus. Time-resolved fragmentation kinetics would then allow
transition state characteristics to be determined [11,32,43].

5. Conclusion

We have studied the photo-fragmentation of the HBC cation,
C4pH1g", as the prototypical example of an astrophysically relevant
large PAH. Applying 532 nm photolysis, the main fragmentation
channels of HBC cations are found for low laser pulse energy to ex-
hibit sequential dehydrogenation followed by C, (C;H;) loss. The
present data support the idea of a top-down molecular formation
scheme in space, starting from PAHs and resulting in a variety of
carbon structures, possibly even including graphene [23,24].
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