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a b s t r a c t

The photo-induced fragmentation pathways of the cationic forms of isoviolanthrene (C34H18) and
dicoronylene (C48H20) are systematically studied with mass spectrometry employing an ion trap coupled
with a laser system. The mass spectra of these structurally different species display similar fragmentation
products, akin to previous work on three dibenzopyrene isomers, but also display some differences. The
products formed in the largest yields are pure carbon clusters, which are likely in the form of ionized
cyclo[n]carbons (n ¼ 11e15). These findings are relevant to get a full picture of the molecular makeup of
interstellar space, particularly in heavily irradiated regions where polycyclic aromatic hydrocarbon (PAH)
molecules are omnipresent and subject to harsh irradiation and are broken down into smaller compo-
nents. These interstellar species are expected to include the PAH derivatives observed here, but which are
not identified in space yet.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

By now it is well established that the strongest mid-IR emission
features dominating the spectra of galactic and extragalactic sour-
ces originate from large polycyclic aromatic hydrocarbons (PAHs)
[1e3]. With the recent molecule specific identifications of several
PAHs in cold molecular clouds [4e6], the aromaticity of our uni-
verse is uncontested. PAHs are furthermore theorized to comprise
up to 15% of the galactic carbon budget [7,8] and are now used to
trace star-forming galaxies and active galactic nuclei regions [9,10].
While PAHs are expected to form in the stellar outflows of carbon-
rich stars [11], mainly large, compact, and symmetric (GRAND)PAHs
are predicted to survive the harsh ISM conditions [12]. This makes
them likely carriers of the mid-IR emission features in various
interstellar environments [13]. The GRANDPAH hypothesis states
l, hr.hrodmarsson@gmail.com

r B.V. This is an open access articl
that a limited number of compact, highly symmetric PAHs domi-
nate the interstellar PAH family at the brightest spots of photon-
rich regions and that the other (less symmetric) PAHs fragment,
enriching the ISM with aromatic debris. For this reason, it is not
only important to focus on PAHs of astronomical relevance them-
selves, but also on their fragmentation behavior and the resulting
products.

Many prior studies have focused on PAH fragmentation [14e23]
and in very recent work from our group [24] we showed how three
dibenzopyrene (C24H14) isomers with clearly different geometries
exhibit very similar fragmentation behaviors. We showed that
under laser irradiation, Cn

þ (n ¼ 11e15) carbon clusters are prefer-
entially formed in similar branching ratios. Here, we expand on
these findings, applying the same methodology with a focus on
larger and geometrically different PAH molecules, namely iso-
violanthrene and dicoronylene (see Fig. 1) with the aim to look for
similarities and differences in fragmentation behavior compared to
the dibenzopyrenes.
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Chemical structures and formulas for the PAHs considered in this work.
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2. Methods

The experiments were performed on the ‘instrument for Pho-
todynamics of PAHs’ (i-PoP), situated in the Laboratory for Astro-
physics (LfA) at Leiden Observatory. i-PoP has been described in
detail elsewhere [23] and the experimental methodology and
analysis were detailed previously [24] so only a brief description is
given here. The apparatus consists of two differentially pumped
chambers; a source chamber that houses a commercially available
ion trap (Jordan C-1251), and a detection chamber which comprises
a reflectron time-of-flight mass spectrometer (Jordan D-850). The
samples were evaporated in the source chamber using a Heat Wave
Labs oven. Isoviolanthrene was sublimated at 150 �C and dicor-
onylene at 300 �C. The samples were ionized by an electron gun
(EGUN, Jordan C-950) using 70 eV electrons, and guided into the ion
trap. The ion trap was filled with a He buffer gas up to a standard
backing pressure of 1e2 x 10�6 mbar. The contents of the ion trap
were irradiated with a dye laser (LiopStar) running at DCM dis-
solved in ethanol and pumped by a nanosecond pulsed Quanta-Ray
Nd:YAG laser (DCR2A-3235) and delivering 620 nm photons. This
choice of photon wavelength enabled us to simultaneously bypass
multiple ionization and investigate the potential energy surface in a
gentler manner than by using more energetic photons. The laser
was guided horizontally through the ion trap and operated at 10 Hz
to irradiate the trapped ions. The timing sequences of the data
acquisition cycle were controlled by a high-precision delay gener-
ator (SRS DG535). To isolate the masses of the parent PAH ions
before laser exposure a ca. 200 ms long SWIFT pulse [25] was
applied to the end caps of the ion. After the SWIFT pulse was
employed, the laser beam shutter was opened, and the ion cloud
irradiated. At the end of the irradiation time, the ions were accel-
erated out of the trap and into the field-free TOF region at the end of
which the ions were detected by a microchannel plate.

Several data acquisitionswere performedwhere the laser power
was varied as well as the number of laser pulses to explore the
photofragmentation process as a function of both variables. So-
called acquisition “trains” were performed with 4.0 and 6.5 mJ
energies per laser pulse (or 40 and 65 mJ/cm2/pulse, respectively)
with the following numbers of pulses: 1, 2, 3, 4, 5, 10, 15, and 20. In
each measurement, the total duration of a measurement cycle was
kept constant at 5 s to ensure cross compatibility of our measure-
ments. In the next sections, data are presented in the form of TOF-
MS matrices whose constructionwas described in detail previously
[24]. In short, these diagrams not only show mass signals (m/z) but
also the intensity in dependence of the number of applied laser
pulses for a specific mass. In the same reference, detailed infor-
mation on the data treatment and analysis is given.
2

3. Results

3.1. Mass spectra

The TOF-MS matrices of isoviolanthrene and dicoronylene are
presented in Figs. 2 and 3, respectively. Two matrices correspond-
ing to different laser pulse train energies (namely 4.0 and 6.5 mJ/
pulse in upper and lower panel, respectively) are presented in each
case.

For isoviolanthrene (Fig. 2), there are many similarities with the
three dibenzopyrene isomers studied previously [24]. On the sur-
face, this seems reasonable, at least for the case of dibenzo[a,h]
pyrene whose carbon skeleton blueprint is embedded within the
molecular structure of isoviolanthrene. Like the dibenzopyrenes,
isoviolanthrene does not completely dehydrogenate before losing
carbon atoms from its structure. This can be observed in both
panels between 1 and 5 laser pulses, where there are clear signals
corresponding to C2(H2) loss followed by subsequent dehydroge-
nation or from a partially dehydrogenated parent. It is worth noting
that as in our previous work and for the observed H2/2H loss
mechanisms detailed previously [26], we cannot distinguish be-
tween H2 and 2H losses in our mass spectra [27]. For the 6.5 mJ/
pulse train, losses of two, three, and four C2(H2) units are observed,
furthermore, all of which are followed by dehydrogenation to give a
pure carbon cluster.

The most striking aspect of the fragmentation pattern observed
in isoviolanthrene is how early the formation of smaller carbon
clusters takes place. C11

þ is formed after two laser pulses using 4.0
mJ/pulse and Cnþ (n¼ 11e15) are all observed to form after one laser
pulse with 6.5 mJ/pulse. In contrast to the dibenzopyrenes, C17

þ and
C18
þ are both formed in the fragmentation of isoviolanthrene and

even very faint C20
þ signals can be observed. At this point it is

important to note that the signals pertaining to C10þ (120m/z) are at
the cutoff of the stability region of the ion trap. We refrain from
drawing any conclusions about these masses.

In the case of dicoronylene fragmentation (Fig. 3), a direct
comparison with the fragmentation patterns of the dibenzopyrene
isomers presents more distinctive differences compared to iso-
violanthrene and the dibenzopyrenes. In dicoronylene, H2 loss
appears to dominate in the competition between H2 loss and the
losses of C2(H2) units, but it is worth mentioning that as the laser
pulse energy and numbers of laser pulses are increased, a greater
amount of individual H-losses are observed after the first 4e5 pairs
of H2/2H are lost. It is only after a majority of parent ions is dehy-
drogenated in the trap (after 4 laser pulses) that carbon clusters
between Cn, n¼ 32, 34, 36, 38, 40, 42, 44, 46, i.e., clusters formed by
sequential or concurrent C2 losses from C48þ , are formed. This is in
line with previous observations that larger PAHs tend to dehydro-
genate prior to losing carbon atoms from its carbon skeleton
[22,23].



Fig. 2. Two-dimensional TOF-MS representation of the laser-induced photofragmentation of the isoviolanthrene cation. In the upper panel for 4.0 mJ/pulse and in the lower panel
for 6.5 mJ/pulse. Each panel shows the number of laser pulses on the y-axis, them/z ratio on the x-axis and the color scale indicates the strength of the mass peaks in arbitrary units.
In the upper panel, the C11

þeC15
þ clusters are highlighted in red, the C17

þeC18
þ clusters are highlighted in blue, and the C28

þ eC34
þ clusters are highlighted in green to guide the eye. In the

lower panel, the region where H2 and C2(H2) losses are observed in competition, is highlighted in orange.
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Similar to isoviolanthrene, the fragmentation of dicoronylene
also reveals an early formation of smaller carbon clusters (Cn

þ,
n ¼ 11e15). In both the 4.0 and 6.5 mJ/pulse matrices in Fig. 3, the
formation of these carbon clusters is observed clearly after 3 and 1
laser pulses, respectively. Thus, the formation of these smaller
carbon clusters appears to still be in direct competition with C2

losses from the dehydrogenated C48þ cluster, and to a certain extent
with the dehydrogenation of the parent species as well. This im-
plies that there are considerable competing photoactivated
dynamical effects within the molecule, involving geometric rear-
rangements that could facilitate losses of the aforementioned
3

smaller carbon clusters. These observations are in line with our
prior work where the formation of a pure carbon cluster was pre-
ceded by the cluster retaining a few H atoms in its formation [24].
This aspect of the carbon cluster formation, i.e., the retention of H
atoms, is discussed in detail in section 3.5.

Equally noticeable as the clear formation of C11
þeC21

þ species is
the near complete absence of Cn

þ species in the range n ¼ 22e31.
Prior studies on the size-dependent stability of carbon clusters
employing ion mobility techniques [28,29] showed two possible
geometries of the carbon clusters; both monocyclic and bicyclic
geometries whose structural properties have been previously



Fig. 3. Two-dimensional TOF-MS representation of the 4 mJ/pulse (top) and 6.5 mJ/pulse (bottom) laser-induced photofragmentation of the dicoronylene cation. Similarly, as in
Fig. 2, the C11

þeC15
þ clusters are highlighted in red, the C17þeC21þ clusters are highlighted in blue, and the C32

þ eC48
þ clusters are highlighted in green. In the lower panel, the regionwhere

H2 and C2(H2) competitive losses are observed, is highlighted in orange.
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investigated [30]. The most stable planar bicyclic structures
comprise two rings which can range from ten up to fifteen carbon
atoms each and are connected via one, two, or four covalent CeC
bonds [31].

There are some conclusions that can be drawn from the almost
complete lack of carbon clusters in this intermediate size range.
First, is that stable fullerene structures are expected down to C32þ

[29,32] and the crossover to fullerene stability occurs between C20
and C30 [33]. The lack of structures below C32þ hints that the larger
carbon clusters formed in this top-down fragmentation route from
PAHs, are indeed in the form of cages where C32

þ constitutes the last
possible fullerene that can be formed by subsequent C2 losses as has
been observed in the fragmentation of larger PAHs [23,34]. Second
is that bicyclic (or Cnþ, n ¼ 22e31, to be exact) structures are not
4

viable products in this top-down formation of PAHs in comparison
to fullerenes (Cn

þ, n � 32) and cyclo[n]carbons (Cn
þ, n ¼ 10e21) that

appear to be stable fragmentation products of PAHs (see discussion
below).
3.2. Quantizing the energies of H-losses

As our results imply the importance of carbon cluster formation
it is relevant to explore the extent of quantitative information we
can retrieve from our experiment regarding the swift H-losses from
the PAH cations to gain insight into supposed energetics of the
carbon cluster formation.

H cleavages from various sites on PAHs have been studied by
experiments accompanied by DFT calculations [15]. It is found that
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H binding energies are independent of molecule size and the de-
gree of dehydrogenation, but there are slight dependencies on the
edge structure. The binding energy of the first H atom is of the order
of 5 eV but the binding energy of the second is around 4 eV. In cases
of trios or quarto H-edges the binding energies can vary from 3.8 eV
to 4.9 eV. Summing together the four solo and eight duo H atoms in
dicoronylene, this equates to 88 eV while for two solo, four duos
and two quartos this equals 79.4 eV for isoviolanthrene.

Some insight can be drawn from this information particularly
when compared to available absorption cross sections of PAH cat-
ions [35] which include dicoronylene but not isoviolanthrene. The
closest PAH in size to isoviolanthrene that is included is ovalene
(C32H14) which we can roughly use as a proxy for isoviolanthrene
(C34H18).

The computed cross section of the dicoronylene cation has a
peak right around 2 eV (620 nm) equal to 100 Mb, while that for
ovalene does not have such a large cross section at 2 eV, but a
smaller bump just above 2 eV that equals 50 Mb approximately. For
the time being, we will assume a cross section of 50 Mb at 2 eV for
isoviolanthrene. If each laser pulse contains 40 or 65 mJ/cm2/pulse,
then in the case of dicoronylene (s ¼ 1 � 10�16 cm2/molecule) a
single laser pulse is capable of dispensing at maximum 4 or
6.5 � 10�18 J (25 or 40 eV) per molecule. This means that to over-
come the 88 eV of energy required to remove all the H atoms from
dicoronylene, the molecules would require 3e4 pulses at 4 mJ/
pulse and 2e3 pulses at 6.5 mJ/pulse.

Comparing these numbers to Fig. 3, it appears that the C48þ

(dehydrogenated parent signal) starts growing in around 2e3
pulses in the 4 mJ/pulse experiment and at 2 pulses in the 6.5 mJ/
pulse experiment. This can also be roughly seen by the C48

þ traces in
the two experiments shown in Fig. 4 below.

In the case of isoviolanthrene, slightly less energy would be
required for complete dehydrogenation (79.4 eV), but the cross
sectionwe can expect to be approximately 2x smaller if we use that
of ovalene as a proxy (s ¼ 5 � 10�17 cm2/molecule). This leads to a
Fig. 4. Normalized peak areas of the carbon clusters formed in the dissociation of Isoviolan
depicted in black and larger carbon clusters (Cn

þ, n � 24) in red. The traces for the largest o

5

single laser dispensing 12.5 or 20 eV per molecule which requires 6
pulses in the 4 mJ/pulse experiment and 4 pulses in the 6.5 mJ/
pulse experiment. By inspecting Fig. 3 we see the dehydrogenated
parent appear around 5 pulses. Since we are estimating the cross
section of isoviolanthrene, these numbers should be taken as rough
estimates, though overall they appear tomatch reasonablywith our
experimental values.

There are many factors that can impact these estimates
including how the cross sections change with the removal of H
atoms which are unaccounted for [36]. There could still be signif-
icant energy left over that could vibrationally excite the molecules
or even rupture the aromatic CeC bonds in the PAH cation skele-
tons. On the surface this could indicate that a reasonably small
energy that is left over the photon absorption is required to form
the smaller carbon clusters as will be discussed below, hinting at
CeC aromatic bond ruptures taking place concurrently to CeH
losses.
3.3. Competition between small and big carbon cluster formation

Fig. 4 displays the integrated peak areas of the pure carbon
clusters formed in the laser-induced dissociation of both iso-
violanthrene and dicoronylene. The peak areas have been
normalized in the same manner as described in our previous work
[24].

In the case of isoviolanthrene (Fig. 4a & b), it is apparent that
using 4.0 mJ/pulse preferentially gives rise to smaller carbon clus-
ters (Cnþ, n ¼ 11e15), rather than larger ones (Cn

þ, n ¼ 24, 26, 28, 30,
32, 34). In fact, for the large clusters only significant C32

þ and C34
þ

signals have been found. Using 6.5 mJ/pulse does not appear to
change this fragmentation pattern significantly. C11

þ is the most
prevalent fragment that appears and is followed by C15

þ , C14
þ , and C12

þ .
The biggest change between the 4.0 and 6.5 mJ/pulse measure-
ments is the initial rise in the yield of C11þ (and to a lesser extent, Cn

þ,
n ¼ 12, 14, 15) is steeper in the 6.5 mJ/pulse experiment.
threne, a) & b), and Dicoronylene, c) & d). Smaller carbon clusters (Cn
þ, n ¼ 11e21) are

bserved masses are labelled.
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For dicoronylene (Fig. 4c & d), there is a more tangible compe-
tition between the formation of larger (Cn

þ, n � 32) and smaller (Cn
þ,

n ¼ 10e21) carbon clusters in the 4.0 mJ/pulse measurements.
Therein, the largest mass peak observed is C48

þ which corresponds
to the fully dehydrogenated carbon skeleton of dicoronylene. The
next stronger mass signals are found for C15þ , C44

þ , C11
þ , C46

þ and C14
þ ,

followed by Cnþ (n ¼ 36, 38, 40, 42), evidencing a clear competition
in the formation of smaller and larger carbon clusters.

When the laser energy is increased to 6.5 mJ/pulse to induce
dissociation of dicoronylene, the fragmentation pattern starts to
resemble more what is observed in isoviolanthrene. C11þ and C15þ are
now the strongest mass peaks, followed by C14

þ and Cnþ (n ¼ 42, 44,
46, 48). This is in line with what is observed for isoviolanthrene
where Cn

þ (n ¼ 11, 14, 15) are the most dominant mass signals while
larger carbon clusters are on par with the likes of C12

þ and C13
þ .

It is also interesting to investigate how the total energy, i.e., the
energy per pulse times the number of pulses, affects the dissocia-
tion behavior. For this, mass spectra recordedwith 4.0 mJ/pulse and
6.5 mJ/pulse for different numbers of pulse trains, can be compared
to search for dynamical differences in the competition between the
small and large cluster fragmentation of the two PAH cations.
However, direct comparisons even when looking at differences
between these two regimes, is difficult due to the many effects that
need to be disentangled for them to provide further insights into
the underlying fragmentation mechanics. As the discussion
wrought from these comparisons can only provide tentative in-
sights at the current time, they are presented in the SI.

3.4. Branching ratios of smaller carbon clusters

The branching ratios of the Cn
þ (n ¼ 11e18) carbon clusters are

presented in Fig. 5. Larger carbon clusters up to C21þ were observed
as well in the mass spectra, but as stated before, at a much lower
abundance; their extracted branching ratios were around 1% with
large, propagated errors and are not shown. The branching ratios
are calculated by dividing the peak area of a corresponding frag-
ment with the combined peak areas of all the carbon cluster peaks
in this analysis, i.e.,

BRCþ
n
¼ ACþ

n

P18

n¼11
ACþ

n

:

There are some interesting trends to be noted in the experi-
mentally derived branching ratios of the Cnþ (n ¼ 11e18) carbon
clusters formed from isoviolanthrene and dicoronylene for
different numbers of pulses (i.e., total energy). First, in many cases
the branching ratios are remarkably similar. E.g., the branching
ratios of C14þ do not appear to deviate much from 15 to 20% for both
PAHs at 4.0 and 6.5 mJ/pulse. A similar trend is observed for C15þ

where the average for isoviolanthrene is between 15 and 20% and
for dicoronylene between 20 and 25%. For more than 5 laser pulses,
the same can be said for C17þ where the branching ratios reach a
plateau around 4% in all experiments for both PAHs.

Second, the branching ratios of C12
þ and C13

þ are remarkably
similar in all instances apart from the 4.0 mJ/pulse measurement of
dicoronylene. In that specific measurement the average branching
ratio is relatively stable at 5%, but at a higher value of 10% in the
other experiments.

C16
þ and C18

þ are only observed for a select number of laser pulses.
C16
þ grows in immediately from both PAHs but starts depleting

already at 3 laser pulses and is almost entirely absent at 20 pulses.
The mass peak becomes so small that the error from the fit used to
integrate the peak, becomes larger than the error of the branching
ratio. For C18

þ , an average branching ratio of 4% from isoviolanthrene
6

and 6% from dicoronylene is obtained at 4 laser pulses. However,
with increasing the number of laser pulses, the branching ratio
reduces until the species is effectively depleted at 20 pulses. For
both C16þ and C18

þ , we observe their formation, but they appear to be
less favored products as the fragmentation process is driven
forward.

The case for C11
þ shows the largest distribution of branching ra-

tios between the laser pulse energies and the two PAHs. For iso-
violanthrene, C11

þ is the most abundant fragment in all the
experiments with the branching ratio averaging between 40 and
45%. For dicoronylene, there is a larger divide in the branching ra-
tios between the 4.0 and 6.5mJ/pulse experiments. For 4.0mJ/pulse
the branching ratio averages out around 10% but around 25% for 6.5
mJ/pulse. The smaller yield of C11

þ in the dicoronylene experiments
translates to a larger yield in larger cluster species, i.e., Cn

þ

(n ¼ 14e18).
Many similarities arise when these fragmentation patterns are

compared with those of the dibenzopyrenes studied previously
[24]. Therein, a remarkable similarity was observed in the
branching ratios of the Cn

þ (n ¼ 11e15) species which appears to be
mimicked here by isoviolanthrene and dicoronylene to a certain
extent. The branching ratios of C12

þ and C13
þ both plateaued around

10%, which is what is observed here apart from the lower laser
power experiment of dicoronylene. The largest spread in the
branching ratios was found in C11þ (30e60%) which is likewise what
we observe here (10e40%). Finally, the C14

þ and C15
þ branching ratios,

like the C12þ and C13
þ ones, averaged out to a similar ratio observed

here, i.e., 15e20%.

3.5. Formation of smaller carbon clusters

In the work byWest et al. [37], they identified a formation route
to the pure C14þ carbon cluster from pyrene. Before its formation, the
cluster retained 1e3 H atoms, whichwere subsequently eliminated.
It was hypothesized that the remaining carbon cluster formed an
ionized cyclo[14]carbon molecule. Concerning isoviolanthrene and
dicoronylene, the observed mass peaks corresponding to CnHx

þ

(n¼ 11e15; x¼ 1e3) tell two different stories that appear indicative
of the size-dependency of PAH photofragmentation behavior.

Figs. 6 and 7 show CnHx
þ (n ¼ 11e15; x ¼ 1e3) mass peaks from

the fragmentation of isoviolanthrene and dicoronylene, respec-
tively. The left vertical panel shows the peak area of CnHþ mass
signals (solid lines) and the Cn

þ mass signals multiplied by a factor,
A, to account for the expected 13C contribution of the preceding
mass. The factor A changes with the mass of the carbon cluster and
is calculated from their natural abundances: A ¼ 0.119, 0.130, 0.141,
0.151, 0.162 for Cn

þ, n¼ 11,12, 13, 14,15, respectively. If the solid lines
are above the broken lines, this indicates measurable CnHx

þ mass
signals seeing that they equate to the amount of CnHx in the mass
peak in surplus of the 13C contribution of the preceding mass peak.
In Fig. 6 these trends are then continued in the middle vertical
panel for CnH2

þ vs CnHþ signals, and the right vertical panel for CnH3
þ

vs CnH2
þ signals. In some cases, there were no observable CnH3

þ

peaks in the mass spectrum in the 4.0 mJ/pulse experiment, which
is why those traces are missing.

In the case of isoviolanthrene, there are clear indications of
CnHx

þ fragments being formed along with the pure carbon clusters.
When the CnHþ mass signals are compared with the 13C component
expected from the Cnþ signals, the CnHþ yield is almost always higher
than what is expected from the 13C component (see Fig. 6, left
panels). In the case of C11Hþ, its yield is largest after 1e5 laser pulses,
but then drops down to the expected 13C level. A similar depletion in
the mass signal is observed for C12Hþ while C13Hþ, C14Hþ and C15Hþ

appear to be continually replenished in the fragmentationwith their
mass signatures constantly above the 13C level.



Fig. 5. Branching ratios of the Cn
þ (n ¼ 11e18) carbon clusters (panels a to h) observed in the laser-induced fragmentation of both isoviolanthrene and dicoronylene. Note that the y-

axis is scaled to 0.50 in panels a) through e) but scaled to 0.30 in panels f) through h) such that the branching ratio trends are more apparent.
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There are also clear indications that poly-acetylene CnH2
þ iso-

mers are initially formed along with the carbon clusters (Fig. 6,
middle columns). Particularly in the case of the 6.5 mJ/pulse ex-
periments, the CnH2

þ yields are significantly higher than what is
expected from the 13C component of CnHþ (we assume negligible
contributions from Cne213 C2) for 1e5 laser pulses. After 5 laser pulses,
the signals reach or appear to fall below the plateau of the 13C
contributions, where in most cases, the mass peaks are not intense
enough to be detected confidently or separated from the baseline.

CnH3
þ signals are also observed in the fragmentation of iso-

violanthrene but only in the 6.5 mJ/pulse experiments, except for
C11H3

þ (Fig. 6, right panels). The observed CnH3
þ mass signals appear

short-lived. They appear reasonably stronger than the 13C compo-
nent of CnH2

þ at one or two laser pulses and are then subsequently
depleted rather quickly. The case of C11H3

þ appears to be an extreme
case where C11H3

þ signals are observed even at 10 laser pulses and
above. This might go hand-in-hand with the fact that C11

þ is the
most common carbon cluster photoproduct of isoviolanthrene (as
well as the dibenzopyrenes) and indicates that there are more
fragmentation pathways energetically available that eventually
form C11þ (via the retention of three H atoms).

Curiously, dicoronylene appears not to favor the same mecha-
nism for the formation of carbon clusters as isoviolanthrene (see
Fig. 7). When the CnHþ signals are compared with the Cn-1

13Cþ

signals (left panel), there is only slight evidence of CnHþ signals for
n ¼ 12, 13. CnHþ, n ¼ 11, 14, 15 signals are below or on par with the
expected 13C signals from the carbon cluster. Even for the CnH2

þ

signals, there is mostly tentative evidence apart from the C11H2
þ and

C12H2
þ where the signals are stronger than the expected 13C signal
7

below and above 5 laser pulses, respectively. Considering that
dicoronylene appears to initially favor H-losses, the lack of
CnHþ signals is reasonable. If the formation of smaller carbon rings
stems from a mostly dehydrogenated parent, it makes sense that
the nascent carbon clusters are less likely to retain H atoms.

4. Discussion

4.1. Comparisons with previous work

In this section we will detail what chemical intuitions of the
observed PAH fragmentations can be gained in comparison with
previous works. In our previous work [24], we found that the
structural isomers dibenzo[a,e]pyrene, dibenzo[a,h]pyrene and
dibenzo[a,l]pyrene produced Cn

þ (n¼ 11e15) carbon clusters in very
similar branching ratios upon irradiation. The principal results of
this prior work implied that despite different symmetries of the
parent PAH cations, the fragmentation pathways appear to be very
similar. As a follow up in the present work, it is interesting to
discuss how the fragmentation of isoviolanthrene and dicoronylene
compares with that of the dibenzopyrene isomers which allows to
explore how the size of a parent PAH cation may affect fragmen-
tation pathways.

The fragmentation patterns of isoviolanthrene (Fig. 2) imply that
there is an initial competition not only between H2(/2H)-losses and
C2Hx (x ¼ 1e2) losses, but also CeC aromatic bond ruptures that
eventually lead to CnHx

þ (n ¼ 11e15, x ¼ 1e3) clusters separating
from the parent. The competition between H2(/2H)- and C2Hx loss
is observed as a series of C32Hx

þ (x ¼ 0e14; 384e398 amu), C30Hx
þ



Fig. 6. CnHx
þ (n ¼ 11e15; x ¼ 1e3) mass peaks from the fragmentation of isoviolanthrene.
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(x ¼ 0e12; 360e372 amu), C28Hx
þ (x ¼ 0e10; 336e346 amu), and

C26Hx
þ (x ¼ 0e8; 312e320 amu) mass signatures that can only be

formed if the parent loses one, two, three or four C2H2 moieties,
respectively, from its carbon skeleton. This is similar to what was
observed in the fragmentation of the dibenzopyrene isomers.
However, whereas the dibenzopyrenes also exhibited CH losses
from the parent structure, we only observe CH losses in the case of
8

isoviolanthrene after an initial two C2Hx moieties are lost, so from
C30Hx

þ downwards in mass. These appear as C29Hx
þ (x ¼ 3, 5, 7; 351,

353, 355 amu)mass signals. This is curious because it could point to
a loss of an allylic species (C3Hx) after an initial C2H2 unit is lost
which could be an indicator of the formation of the pentalene unit,
similar to what has been observed from the C2H2 loss from naph-
thalene [14].



Fig. 7. CnHx
þ (n ¼ 11e15; x ¼ 1e3) mass peaks from the fragmentation for dicoronylene. No or negligible CnH3

þ mass peaks were observed in the fragmentation mass spectra of
dicoronylene.

H.R. Hrodmarsson, J. Bouwman, A.G.G.M. Tielens et al. International Journal of Mass Spectrometry 485 (2023) 116996

9



H.R. Hrodmarsson, J. Bouwman, A.G.G.M. Tielens et al. International Journal of Mass Spectrometry 485 (2023) 116996
Meanwhile, the fragmentation patterns of dicoronylene (Fig. 3)
show that the initial dominating fragmentation mechanism is that
of H2/2H-losses along with the apparently facile formation of C11þ

prior to C2-losses from the carbon skeleton of the parent. This could
make sense in a statistical fragmentation paradigm where the
absorbed photon energy is equally distributed over the molecule
[38,39]. In this paradigm, the chemical bonds in the molecule with
comparable energies are broken seemingly at random, andwith the
large amounts of C atoms compared with H atoms, there are sta-
tistically more options that lead to H-losses than C2-losses as H-loss
only requires one bond to break and C2(H2)-loss requires breaking
at least two preselected bonds in the case of dicoronylene.

The way that the smaller carbon clusters (Cn
þ, n ¼ 11e15) are

formed (see section 3.5) also reflects the fact that larger more
compact PAHs like dicoronylene initially prefer dehydrogenation as
a fragmentation process. This preference is reflected in formation of
the smaller carbon clusters. With most H atoms already lost from
the carbon skeleton, the chances of the smaller carbon clusters
breaking off the PAH skeleton with a few H atoms, become smaller.
Thus, with most of the energy initially spent on cleaving the CeH
bonds in dicoronylene, the smaller carbon clusters need to be
broken by sequential or concurrent C2 losses, or the skeleton
breaking apart forming a smaller Cn

þ (n ¼ 11e21) carbon cluster.
However, for smaller and less compact PAH skeletons, like iso-
violanthrene, there is already a competition between the CeH bond
cleavages and the C2(H2) losses and CeC aromatic bond ruptures.
This is manifested by the smaller carbon clusters initially breaking
off the PAH skeleton which has not lost all or most of its H atoms.

The competition between C2-loss and aromatic CeC ruptures in
the PAH skeleton appears to thus be verified in the case of dicor-
onylene by the early onset of the C11þ mass peaks when compared to
complete dehydrogenation to form C48þ (both formed after 2 pulses of
4 mJ/pulse, Fig. 3). This competition is visualized by employing
chemical intuitionbasedonexisting literatureworks [14,17,34,40e44]
in the SI.

Not many studies exist that have investigated the wavelength
dependent fragmentation of PAHs to reveal small carbon clusters.
Using 480 nm wavelength light from an OPO and a Xe arc lamp,
Joblin [18] found C14

þ to be a dominant product in the fragmentation
of coronene while Zhen et al. found C16þ eC21þ carbon clusters form-
ing from the laser-induced fragmentation of the HBC cation using
532 nm [23], but it is worth noting that their experiment was not
optimized for smaller carbon clusters. Combined with our previous
study on the dibenzopyrenes (using 620 nm laser light), earlier
results from the literature appear to indicate a certain wavelength
sensitivity of the ionized carbon cluster product yields. This is
further discussed below.

4.2. Astrophysical implications

While the work presented here applies to PAH cations as we are
experimentally limited to trapping charged species, the processes
hereto forth discussed are transferable to interstellar processes as
both neutral and charged PAHs, both expected to be present in the
interstellar medium, are predicted to dissociate similarly [3,12]. It is
expected that energetic processing of the two PAHs presented in
this work using 620 nm light will trigger dissociation channels that
generally also apply in space, albeit involving different excitation
mechanisms. The fragmentation of PAHs of various sizes and
shapes has been studied in different wavelength ranges. In the
optical range, the first fragmentation steps of dicoronylene have
been studied by Joblin [18] who found that photodissociation
proceeds until full dehydrogenation has been achieved prior to
sequential C2 losses.

The use of optical frequencies is useful to investigate the variety
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of potential fragmentation products of PAHs [22e24]. Performing
such an experiment in the VUV region comes with some practical
problems, mainly owing to the propensity of PAHs to doubly ionize
rather than fragment upon absorption of VUV photons [45,46].
However, as described above, using optical frequencies can allow us
to impart 25e40 eV worth of energy onto a single molecule in a
single laser pulse, roughly the equivalent of 2e4 UV photons in
space.

This photofragmentation behavior of PAHs is also dependent on
the radiation field. This particularly applies to high-energy regions
such as Active Galactic Nuclei (AGN) where photochemistry is
driven by 0.2e10 keV photons produced by gas accretion onto a
supermassive black hole. As X-ray absorption of PAHs leads to a
variety of other ionized products [47,48], including some of the
smaller carbon clusters we observe in this work.

In the case of interstellar shocks, the dominating PAH-damaging
mechanism at shock velocities below 75 km/s is impact by He or H.
Depending on the gas column density and PAH size, each individual
PAH will typically collide with one or two He atoms with enough
energy to remove a carbon atom before being injected into the ISM
[49]. At higher velocities (above 100 km/s), collisions with electrons
also contribute to damaging PAHs, but this effect gets smaller with
increasing PAH size, making atom knockout by collisions with He
and H, dominating with the largest interstellar PAH molecules.
While collisions of PAHs with highly charged ions mostly form
multiply charged PAHs which can subsequently undergo coulomb
explosions [50], collisions of small PAHs with energetic He2þ ions
have revealed a host of positively charged hydrocarbons [51].

This work shows that PAHs of different sizes and symmetry
favor similar fragmentation pathways and more importantly,
products. When it comes to considering, e.g., potential molecular
carriers of the diffuse interstellar bands, intuitively one would
search for products of abundant interstellar molecules (like PAHs),
that display some general characteristics of photo-resistivity to
fragmentation. Here, we argue that the ionized carbon clusters we
observe in this work should be considered viable candidates as they
are all common products in the fragmentation of various PAHs, i.e.,
abundances may be higher than initially expected.

Furthermore, as both PAHs [9] and other molecules like HC3N
[52] are now starting to be used to extract information about high-
redshift galaxies and support identification of AGN and even tidal
disruption events [53,54], searching for these ionized carbon
clusters in extra-galactic regions would be a worthwhile endeavor,
particularly in regions which have been heavily energetically
processed.

4.3. Carbon clusters and cyclo[n]carbons

Of particular interest in this discussion is the structure of the
carbon clusters we observe to form from the irradiation of the PAHs
studied here and in our previous work [24]. So-called magic
number carbon clusters have been observed to form in laser abla-
tion experiments since the 1980's [55] and much work has been
devoted to linear carbon clusters (e.g. see Refs. [56e60] and refer-
ences therein) seeing that linear C3 and C5 have been known
interstellar molecules since the late 1980's [61e64]. Indeed, the
idea of carbon clusters forming carbon rings was first evidenced
with photoelectron spectroscopy of anionic carbon clusters in the
10e29 atom size range [65], and this was further expanded to show
that anionic carbon clusters of sizes C10eC18 show an affinity for
monocyclic structures. However, neutral C20, C24, and C28 all show
an affinity for bicyclic structures [30] as well as monocyclic struc-
tures [28,29]. The fragmentation of both of these larger monocyclic
and bicyclic species split and form two smaller (closed-shell)
monocyclic clusters such as C10, C14, etc. [66,67].
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The presence of cyclic Cn carbon clusters has furthermore been
detected in various experiments [68e75], and the closed-shell,
doubly aromatic cyclo[n]carbons (n ¼ 10, 14, 18) have been of
particular interest because of their structural properties [76]. It has
been theoretically shown that for Cn carbon clusters in the size
range n ¼ 10e30, the most stable structures are predicted to be
cyclic C4mþ2 clusters with D(2m+1)h symmetry and cumulenic
bonding configurations, whereas cyclic C4m clusters take the form
of bond-alternating planar rings of C(2m)h symmetry (see Ref. [76]
and references therein).

Recently, spectroscopic advances utilizing drift techniques and
action spectroscopy have allowed the recording of the optical
spectra of ionized cyclo[n]carbons van der Waals complexes with
N2 [77] and He [78]. The spectral signatures of these complexes
show a distinct broadening for ionized doubly anti-aromatic cyclo
[n]carbons (n ¼ 8, 12, 16), but very sharp features for the ionized
doubly aromatic ones (n ¼ 10, 14, 18). Buntine et al. [77] discuss the
possibilities of C14

þ and C18
þ potentially being carriers of one of the

diffuse interstellar bands (DIBs), but because the second (weaker)
sharp features in their spectra do not have any matches out of the
known DIBs, such an assignment cannot be made at this time,
particularly since the weakly attached N2 molecule shifts the
spectrum by an unknown amount.

The optical spectra recorded by Buntine et al. showed that the
even numbered carbon clusters Cn

þ (n ¼ 12, 14) display resonances
in the 500e600 nm wavelength range, i.e., below the wavelength
used in our work to fragment the PAH cations. Meanwhile, larger
carbon clusters, Cnþ (n ¼ 16, 18, 20, 22, 24), all absorb longer
wavelengths than 620 nm. This could be a further indication that
the Cn

þ (n ¼ 11e15) carbon clusters observed in this work may not
possess dissociative resonances that are accessible at 620 nmwhich
would fit with the trend of optical spectra recorded by Buntine et al.
Larger carbon clusters than C15þ , however, we observe sporadically
before being depleted in the ion trap.

There is also recent work where the radiative cooling rates of Cnþ

(n ¼ 9, 11, 12, 17e27) clusters have been measured being on the
order of 104 s�1 [79]. These cooling rates appear to win out over
unimolecular decay which contributes to the overall stability of
these clusters as the fragmentation is quenched and cooling is
primarily achieved through photon emission. This is an important
point in terms of the duty cycle of our experiment where the laser
repetition rate is 10 Hz and the pulse duration on the order of ns,
there is a ca. 100 ms time frame for the photo-excited ionized cyclo
[n]carbons to relax via photon emission rather than dissociate. We
should note, however, that the laser power in our experiment is
significantly higher than in the measurements of the radiative
cooling rates so these comparisons must be made with care.

In the case of some ionized PAHs, like the perylene cation, there
is more competition between radiative cooling and fragmentation
[80] which could be why the carbon clusters presented in this work
appear to easily survive in the ion trap during irradiation. However,
for PAHs with hydroxy (-OH) groups attached, this radiative cooling
is entirely missing [81]. These observations strongly hint at a
photo-resistivity of ionized cyclo[n]carbons which could allow
them to survive in the ISM for an even more extended time than
PAHs.

5. Summary and conclusions

We have presented here the fragmentation patterns of two PAH
cations, namely isoviolanthrene and dicoronylene as a continuation
of our previous work detailing the fragmentations of three diben-
zopyrene isomers [24]. The laser-induced fragmentations showcase
complex but exceedingly similar pathways in the molecules which
favor the formation of certain carbon clusters, in particular Cnþ
11
(n¼ 11e15), which is also the case for dibenzopyrenes. Our work on
the dibenzopyrenes showed that despite different starting sym-
metries, the fragmentation products were practically the same. In
the present study we show that also for two geometrically very
different PAHs, both in terms of geometry and size, the reaction
products are still very similar.

The main take home message of this work is that it further
supports a universal PAH fragmentation mechanism which would
help understand and resolve the photochemistry of UV-rich inter-
stellar regions such as photodissociation regions, but possibly also
other environments in which PAHs are processed, e.g., by electrons
or cosmic rays. The exact fragmentation patterns involved are not
known, but the mass spectra presented here hint for possible
dissociation pathways. As with our previous work, this work em-
phasizes that Cn

þ (n ¼ 11e15) carbon clusters are likely common
fragment products from continued irradiation of PAHs. The present
work also shows, in agreement with earlier work, the C32þ is the
smallest stable cage species.
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