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a b s t r a c t

The photon induced fragmentation behavior of the cations of three dibenzopyrene (C24H14) isomers
(DBPae, DBPah and DBPal) is studied in a series of systematic mass spectrometric experiments. The ions
are collected in an ion trap system and irradiated with different numbers of photons before being
released into a time-of-flight mass spectrometer. The resulting mass spectra show a number of
remarkable similarities, despite the structural differences between the three precursor species. Differ-
ences in the fragmentation patterns are found as well. Whereas it is not straight forward to explain the
molecular origin of these findings, it is clear that the observed fragmentation patterns are relevant to
further interpret the molecular composition of the interstellar medium (ISM), in which PAHs are
omnipresent and subject to intense radiation. The main conclusion of this work is that PAHs comparable
to the one studied here, may enrich the ISM with pure carbon species, Cnþ, with n values roughly between
11 and 15, following a top-down approach.
© 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

Polycyclic aromatic hydrocarbons (PAHs) are widely accepted as
the carriers of the aromatic infrared bands (AIBs) which are
observed towards a multitude of interstellar objects [1]. PAHs likely
originate in the outflows of AGB stars at the end of their lives [2].
With the recent unambiguous radio astronomical detections of the
first individual PAHs in the denser interstellar medium (ISM), to-
wards Taurus Molecular Cloud (TMC-1) [3e5], important steps
have been made in understanding the cosmochemical evolution of
PAHs. At the same time, much about the chemical behavior of PAHs
in the ISM is still far from understood. In addition, PAHs and their
derivatives may be omnipresent in the diffuse ISM, acting as po-
tential molecular carriers of the diffuse interstellar bands (DIBs)
l, hr.hrodmarsson@gmail.com
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which have remained a spectroscopic mystery for a century now
[6e8].

Individual PAHs have been invoked as potential DIB carriers in a
multitude of studies [9e12] but none have been definitively
assigned so far. Recently, C60

þ has been confirmed as the carrier of 4
of the DIBs [13e15]. The presence of C60þ in the diffuse interstellar
mediummay not be all that surprising, though, given the detection
of C60 in other ISM regions [16,17], and considering that the C60

þ

cation is known to start fragmenting at 50 eV [18], which is a
significantly higher energy threshold than interstellar photons are
capable of overcoming. Among the most prominent theories con-
cerning the interstellar origins of fullerenes is the photo-induced
dehydrogenation and subsequent bowling of large PAHs [19,20]
which has been confirmed as a viable possibility in the laboratory
[21]. This is further backed with the observation of a clear trend for
decreasing PAH abundances and an increase in C60 abundances
with stronger radiation fields [20,22]. This is a strong indicator that
the formation of fullerenes follows a top-down mechanism. A key
element in the top-down mechanism is a bowling process that
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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involves the formation of pentagons [23,24]. It was shown that
these also form effectively in a bottom-up mechanism that also
may contribute to the formation of fullerenes or carbon cages as
well [25].

These formation routes are in line with the GRANDPAH hy-
pothesis [26,27]. The GRANDPAH hypothesis states that a limited
number of compact, highly symmetric PAHs dominate the inter-
stellar PAH family at the brightest spots of UV-rich regions,
meaning that other, less stable PAHs that were present, are
destroyed or transformed into more stable species by photons,
collisions, dissociative recombination, etc. This raises the question
whether continued irradiation and fragmentation of PAHs could
also lead to other fragments that are exceedingly stable, such as C60

þ ,
that could survive for eons in the diffuse interstellar medium and
for this reason also would be good carrier candidates of the elusive
DIBs. It has been suggested that the photolysis of PAHs in UV-rich
regions may also contribute to the organic inventory of small hy-
drocarbon species in such regions [28].

Much experimental and theoretical work has been devoted to
the fragmentation of PAHs and it is well-documented that PAH
mass spectrometric behavior is “unusual” [29e31]. Characterizing
the importance of PAH isomers has especially received attention
and many studies report that the fragmentation of PAH isomers
appears to follow identical or very similar pathways
[23,24,27,32e40] though some nuances have also been reported
which include the competition between losses of atomic H and
molecular H2 for a variety of PAH structures [41].

Thus, we present here a case study of the photo-induced frag-
mentation of three PAH isomers of dibenzopyrene (DBP), C24H14, of
different symmetries that would be unlikely survivors in photon
dominated regions. These are dibenzo[a,e]pyrene (DBPae, Cs),
dibenzo[a,h]pyrene (DBPah, C2h), and dibenzo[a,l]pyrene (DBPal,
C1) (see Fig. 1); each of which possessing clearly different molecular
symmetries. In Ref. [42], the gas phase IR spectra of their cationic
species were presented. The number of IR active bands increases as
the symmetry of the molecule lowers, as expected. Prior studies of
the interaction of DBPae and DBPal with VUV synchrotron radiation
revealed that the level of fragmentation of these two isomers are
similar from 13 eV to 20 eV, but the onset of fragmentation is lower
for DBPal than for DBPae [43]. The initial H/H2 loss in these two
isomers was further investigated with density functional theory
[44] to reveal that DBPal preferentially loses the two out-of-plane H
atoms in either one or two steps, both of which are more easily
accessed via lower barriers than the initial H/H2 loss in DBPae. One
key question that requires further study is if (and how) molecular
symmetry affects the fragmentation channels.

Our results reveal that there are important and perhaps uni-
versal similarities in their breakdown products, despite the
Fig. 1. Molecular structures of the three C24H14 (302 amu) dibenzopyrene isomers consider
article and their symmetry point groups.
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different geometrical properties, but also subtle dissimilarities that
require deeper studies into continued PAH fragmentation/excita-
tion. The work presented here also links to the GRANDPAH hy-
pothesis [26], namely that besides the GRANDPAHs themselves,
stable products of PAH fragmentation (whether produced bymeans
of VUV photons, X-rays, dissociative recombination, energetic col-
lisions, etc.) might be more important than the PAH precursor
species. Such fragments may act as molecular carriers of the more
than 500 unassigned DIBs. In the presentmass spectrometric study,
we assess if PAH fragments of certain masses are generally (more)
favored.
2. Methodologies

2.1. Experimental set-up

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 [45] so only the relevant details are 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 spectrometer (Jordan D-850). The three
DBP samples are commercially available from Chiron (DBPae 99.5%,
DBPah 99.8%, DBPal 99.5%). The samples were evaporated in the
source chamber using a Heat Wave Labs built oven held at around
92�C. The sample vapors were ionized by an electron ionization at
84 eV using an electron gun (EGUN, Jordan C-950) and the resulting
cations were subsequently guided into the ion trap through an
electrostatic ion gate.

For these measurements, we used 2000 V top-top RF signal on
the ring electrode at an operating frequency of 1.25 MHz in the ion
trap to retain ions and this translates to the trap retaining masses
from approx. 120 amu up to several hundred amu. Helium buffer
gas was admitted up to a static pressure of 1e2 x 10e6 mbar in the
source chamber. Through collisions with helium, the PAH cations
were confined to the center of the ion trap [46,47] and remained
there until the sample was guided from there into the detection
chamber. While caught in the center of the trap, the ions were
irradiated with a nanosecond pulsed Quanta-Ray Nd:YAG laser
(DCR2A-3235) pumping a dye laser (LIOP-TEC, Quasar2-VN) which
was set to deliver 620 nm photons. The laser was horizontally
guided through the ion trap and was operated at 10 Hz to irradiate
the trapped ions.

The reasoning for the choice of 620 nm laser radiation was the
following. As the ultimate objective of the experimentwas to “scan”
over the potential energy surface of the three DBP molecules, the
ed in this work. We also list their respective abbreviated names used throughout this
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choice of 620 nm laser radiation allowed us to minimize multiple
ionization, which DBPae and DBPal are known to do in competition
with fragmentation with VUV photons [43,48]. Hence using longer
wavelength photons in a multi-photon process allowed us to obtain
more information about the molecules’ fragmentation patterns in a
gentler manner to elucidate more nuanced differences in the
fragmentation patterns.

The timing sequences of the data acquisition cycle were
controlled by a high-precision delay generator (SRS DG535), which
was triggered by the Nd:YAG laser’s Q-switch timing to ensure
synchronization at the start of each measurement cycle. Each oper-
ation cycle consisted of filling of the ion trap, mass isolation of the
parent ion, irradiation of the ion cloud, and ejecting the ions into the
TOF tube. The scan cycle began with an empty ion trap and was
initiated with the opening of the ion gate, filling the ion trap for a
duration of 2 s. Shortly thereafter (ca. 0.2 s) the ions had thermalized
through collisions with the He buffer gas which led to the cloud
shrinking. To isolate the masses of the parent PAH ions, a ca. 65 ms
long Stored Waveform Inverse Fourier Transform (SWIFT) pulse was
applied to one of the end caps of the ion trap in order to isolate the
parent species [49]. It should be noted that the harsh electron impact
ionization source not only produced parent PAH cations but frag-
ments due to e.g., C2H2, and H2 loss as well. For the purposes of this
work, the SWIFT pulse was applied to isolate the parent cations as
well as the cations corresponding to H2 losses from the parent (i.e.,
the 298e304 amu range) and effectively filter out other spurious
signals or losses due to, e.g., C2H2. After the SWIFT pulse was
employed, the laser beam shutter was opened and the ion cloud was
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 multichannel plate detector and
digitized using a FASTCOM time binning card.

2.2. Mass spectra analysis and visualization

A number of data acquisitions were performed where the laser
power and the number of laser pulses were varied. Namely, so-
called acquisition ‘trains’ were performed with 3.5, 5.0, and
6.5 mJ energies per laser pulse (which equates to a flux of approx.
35, 50, and 65 mJ/cm2/pulse), with the following numbers of pul-
ses: 1, 2, 3, 4, 5, 10,15, and 20. These numbers of pulses were chosen
such that the majority of the parent DBP cation species would be
depleted in the ion trap and converted to fragments. In each case,
the total cycle duration was kept constant at 5 s to ensure that all
datasets are cross comparable and the only changed parameter is
pulse energy and/or number of pulses. In the case of DBPal, an
additional pulse train was recorded using 6.5 mJ/pulse and the
following number of pulses: 10, 20, 30, 40, 50, 60, and 70 (with a
total duty cycle of 10 s) such that the (dehydrogenated) parent
species (C24Hx, x¼ 0e12) achieved the same level of depletion as in
DBPae and DAPah.

Each recorded mass spectrum was treated with a three-point
smoothing function. The data analysis and visualization program
IGOR Pro was used for analysis utilizing the built-in multi-peak
function to fit the mass peaks that were of particular interest.
Gaussian fits were used to derive peak areas as they gave satis-
factory fits with absolute errors of 5% or less. In addition, to account
for the uncertainty of the absolute number of ions in the trap from
fill to fill, additional reference spectra were recorded between each
laser measurement with the laser turned off. For one measurement
train the average of the peak areas of the parent recorded with the
laser off was used to calibrate the peak areas of that particular train.
On average these gave errors in the 2e8% range. Error propagation
leads to an approximate 10% absolute error in the normalized peak
areas presented in section 3.
3

To further assist the data visualization and analysis, TOF-MS
matrices were constructed by concatenating the trains of mass
spectra recorded by using the same laser pulse energies, but
different numbers of laser pulses within each measurement cycle.
In Fig. 2 it is illustrated how themass signals for different pulses can
be summarized in a color diagram. Thus, the y-axis in each matrix
equals the number of laser pulses, the x-axis is the m/z ratio, and
the color intensity is the intensity of the mass peaks. Prior to
concatenation, the baseline was subtracted from each mass spec-
trum to minimize noise in the TOF-MS matrix.

The matrix allows us to clearly identify which fragmentation
channels are the most important andwhichmass fragments are the
most stable upon continued irradiation by the laser. This gives us
insight into which fragments are accessed at lower energies, which
fragments form at higher energies, or approximate energy win-
dows through which the fragments are only accessible. The
resulting matrices show clearly the depletion of the parent species
in question, and the formation of important intermediates that will
be discussed in the Results and Discussion sections.

3. Results

3.1. Mass spectra

3.1.1. Dibenzo[a,e]pyrene (DBPae)
Fig. 3 presents the TOF-MS matrices of DBPae for three different

pulse energies: 3.5, 5.0, and 6.5 mJ/pulse. Inspection of the top
panel of Fig. 3 (3.5 mJ/pulse) allows us to decipher a number of
interesting fragmentation pathways. Furthermore, in the structural
geometries listed below it is not always indicated that a fragment is
in fact cationic as otherwise it would not be detectable through ion
trap TOFmass spectrometry. At the end of this section, the numbers
of laser pulses required to open up themost relevant fragmentation
channels of the three DBP isomers are summarized in Table 1.

First, unlike several other larger PAHs, DBPae does not fully
dehydrogenate prior to losing one or two carbon atoms [34,36].
Rather, after one, two, and three losses of H2 (or alternatively two
sequential H atoms [44]), the molecule then loses C2H2 fragments
(or alternatively, sequential H2/2H and C2 losses e it is impossible
to distinguish between the two from these data) corresponding to
fragments at 270, 272, and 274 amu (C22H6, C22H8, and C22H10,
respectively). The next fragments that are formed appear to be
those at 246 and 248 amu (C20H6 and C20H8) which correspond to
the loss of a second C2H2/H2þC2 fragment/s from the C22H8 and
C22H10 fragments, respectively. A third loss of C2H2 (from the C20H8
fragment) appears at 222 amu (C18H6), but for the 3.5mJ/pulse train
of mass spectra, this fragment is quite weak. The DBPae cation can
ultimately fully dehydrogenate but fragments breaking off the
carbon skeleton are more easily formed (i.e. by using fewer laser
pulses).

Also observed is the loss of CH as evidenced by the mass peaks
found at the odd-numbered 281, 283, and 285 amu masses (C23H5,
C23H7, and C23H9, respectively). These correspond to the loss of CH
from DBPae that has already lost six, five, and four H2 units,
respectively. This seems to be an indication that DBPae requires
further H2 loss for CH loss to occur than for the loss of C2H2. And
further, the loss of C2H2 is energetically favored prior to complete
dehydrogenation. We will cautiously discount losses of CH3 as such
losses have only been observed for (partly) hydrogenated PAHs
[37]. A CH3 fragment requires the formation of a sp3 hybridized
carbon atom and the migration of two hydrogen atoms to the same
carbon atom. Although H-migration has been found to be a quin-
tessential pathway for H2 losses from PAHs [41,50,51], we anticipate
a loss of CH3 preceded by two separate H-migrations to the same
carbon atom to be of minor significance for the time being.



Fig. 2. Construction of a TOF-MS matrix for DBPah. The mass spectra in the upper panel are shifted up and to the right to show the evolution of the mass signals with increasing
laser irradiation. The red diagonal lines follow the locations of the parent cation and the C11þ signals in the mass spectra. Each TOF-MS corresponds to a measurement with the
number of pulses varying from 0 to 20. The signal intensities are given in arbitrary units as the baseline needs to be corrected in each individual mass spectrum. After correction for
the baseline, the mass spectra are concatenated to form the TOF-MS matrix in the lower panel. The color scale is for all the TOF-MS matrices is kept the same for consistency. Lower
panel also highlights where the C10

þ - C15
þ carbon clusters appear.
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Perhaps the most visually striking aspect of these mass spectra
is the facile and early formation of the C11þ carbon clusters. Their
appearance seems to be favored after the third C2H2 (or C2þH2)
loss. This could be an indication that H2-loss and a further loss of
three C2H2 units is required for the facile formation of C11þ from the
DBPae parent. At higher pulse energies, the C14þ and C15

þ carbon
clusters become apparent albeit weakly, but their formation ap-
pears to come after the loss of a CH unit, a few H2 units, and
sequential C2H2 units. This is, however, difficult to discern. One
more interesting thing to note is the C11

þ , C14
þ and C15

þ signals are not
accompanied by a CnH2

þ(n ¼ 11, 14, 15) signal while the C10þ , C12
þ and

C13
þ signals are. At this point it is important to note that because the

signal pertaining to C10þ is right at the cutoff of the stability region of
the ion trap, we refrain from drawing any conclusions about its
4

signal or lack thereof in the mass spectra shown in Fig. 3 and later
figures.

When we inspect the mass signals corresponding to the frag-
mentation from the use of 5.0 mJ/pulse laser energies (middle
panel of Fig. 3), many of our suppositions seem to be further sup-
ported. Again, the losses of C2H2 from a partly dehydrogenated
DBPae parent cation (C24Hx, x ¼ 0e8; signals between 288 and 296
amu) are favored over (or accessed at lower energies than) the loss
of CH (C23Hx, x ¼ 5e12; signals between 281 and 288 amu).

Besides C11
þ , the appearance of C12

þ , C14
þ and C15

þ is also observed
(and to a lesser degree C13

þ ). Interestingly, the initial appearances of
the C12

þ and C14
þ mass signals are accompanied by doubly hydroge-

nated mass signals corresponding to C12H2
þ and C14H2

þ. Likewise, it
appears that CnH þ are formed as their peaks are generally a little



Fig. 3. Two-dimensional TOF-MS representation of the laser-induced photofragmentation of DBPae cation. Each panel shows the number of laser pulses on the y-axis, the m/z ratio
on the x-axis and the color scale indicates the strength of the mass peaks.
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larger than the expected 13C contribution from the parent
CnH þ peaks. In all cases, however, these doubly hydrogenated
masses disappear when 10 pulses or more are used to irradiate the
ion cloud. This could be a strong indicator that the precursor of
these carbon clusters can break off the parent PAH molecule with
two hydrogens before quickly losing them upon further irradiation.

Another intriguing aspect is that of the signals corresponding to
two C2H2 losses after one, two, or three H2 losses from the DBPae
parent (signals at 244, 246, and 248 amu corresponding to C20H2,
C20H4, and C20H6, respectively). As the continued irradiation de-
pletes the signals corresponding to other losses (i.e., loss of a single
C2H2 unit, loss of three C2H2 units as well as the losses of a CH unit
and n x C2H2 units), the C20H2, C20H4, and C20H6 signals appear to
persist despite the ongoing laser irradiation. This indicates that
these reaction products may play an important role as in-
termediates in the fragmentation of DBPae where they are both
5

easily formed and relatively easily destroyed to form other more
stable fragments like e.g., the observed carbon clusters.

If we inspect the mass signals corresponding to the fragmen-
tation from the use of 6.5 mJ/pulse laser energies (bottom panel of
Fig. 3) we see that while all the masses corresponding to the losses
of various C2H2 and/or CH units are entirely depleted, the C20H2,
C20H4, and C20H6mass peaks are still present at the highest levels of
irradiation.

And finally, at 6.5 mJ/pulse and 20 pulses, the C11
þ , C12

þ , C13
þ , C14

þ

and C15
þ mass peaks are still present, i.e., not depleted, with the C11

þ

species the most prominent by a significant degree.

3.1.2. Dibenzo[a,h]pyrene (DBPah)
Fig. 4 presents the TOF-MSmatrices of DBPah which correspond

to the same concatenations of mass spectra as those of DBPae
presented in Fig. 3. The first thing to note is that DBPah does not
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undergo complete dehydrogenation prior to losing one or two
carbon atoms from the carbon backbone, just like the DBPae iso-
mer. The highest level of dehydrogenation observed is above the
use of five 3.5 mJ pulses where a signal at 290 amu is observed,
which corresponds to the retention of two H atoms to the carbon
skeleton, C24H2

þ.
Secondly, the CH loss from DBPah is somewhat weaker than in

DBPae and it is C2H2 loss that appears to be the dominant frag-
mentation pathway as evidenced by the strong signals at 270, 272,
and 274 amu (C22H6, C22H8, and C22H10, respectively). These
Fig. 4. Two-dimensional TOF-MS representation of the

6

correspond the loss of C2H2 (or H2þC2) from the partly dehydro-
genated DBPah structures C24H8, C24H10, and C24H12, respectively,
which mimics the fragmentation behavior observed in DBPae. This
pattern is then followed by signals at 246 and 248 amu (C20H6 and
C20H8 e losses of two C2H2/ H2þC2 units), and at 220 and 222 amu
(C18H4 and C18H6 e losses of three C2H2/H2þC2 units). CH loss still
occurs, but it is more prominent after the loss of one or two C2H2
units. This shows itself as the CH losses occur simultaneously to the
losses of one and two C2H2 units, rather than only showing up at
larger irradiation doses than in DBPae. At this point it should be
laser-induced photofragmentation of DBPah cation.



Fig. 5. Two-dimensional TOF-MS representation of the laser-induced photofragmentation of DBPal cation.
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noted that it is impossible from this dataset to conclude whether a
double C2H2 loss happens in two successive steps or a single step.
The same goes for CHþ C2H2 losses; theymay occur in a single step
where C3H5 (or even C5H5) breaks off the parent PAH.

Whenwe inspect the middle and bottom panels of Fig. 4 we see
two important trails of the fragmentation pattern. (i) The increased
laser energy appears to have limited influence on the branching
ratios of the C11þ , C12

þ , C13
þ , C14þ and C15

þ clusters. This will be discussed
in more detail in section 3.4.1. (ii) The C20Hx (x ¼ 4, 6, 8) fragments
are still present even when using 6.5 mJ/pulse and twenty laser
pulses. This is the same observation as before for DBPae where
these fragments seemed to persist as they are probably both
continually replenished by larger species fragmenting, as well as
depleted and acting as important intermediates to other more
stable fragmentation products. However, there should be a limit for
7

these species acting as intermediates. If all of the parent in the trap
is converted to smaller fragments, one would assume that even-
tually these species will become depleted in the trap as well.

Besides the C20Hx (x¼ 4, 6, 8) fragments, there are also the C18H4

and C18H6 fragments (220 and 222 amu, respectively) that seem to
be still present in the 6.5 mJ/pulse experiments. Re-inspecting the
bottom panel of Fig. 4 the case can bemade that the C18H6 fragment
is still present in the highest irradiation experiment and we can
assume that this fragment could also be of some importance as an
intermediate prior to further breakdown.

3.1.3. Dibenzo[a,l]pyrene (DBPal)
Fig. 5 presents the same TOF-MS matrix of DBPal as was pre-

sented for DBPae and DBPah in Figs. 3 and 4, respectively. In our
dataset, DBPal is a bit special as the harsh electron impact
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ionization depletes the parent to such an extent the DBPal-H2 mass
peaks exceeds the DBPal parent peak. This is, however, a reasonable
starting point for further dissociation as 2H/H2 loss is the first
observed fragmentation channel that is accessed in DBPal with low
energy thresholds [44]. Hence, it can be envisioned that the first
primary fragmentation step is mostly overcome with the electron
impact ionization.

As in these two cases, the DBPal isomer does not completely
dehydrogenate and the largest degree of dehydrogenation is
observed to be C24H2 (290 amu). Likewise, as in DBPae and DBPah,
the losses of C2H2 are significantly more dominant than the loss of
CH and the molecule seems to favor subsequent losses of C2H2
although we do see the loss of CH, particularly around 258 and 260
amu (C21H6 and C21H8, respectively) and then followed by C2H2 loss
at 232 and 234 amu (C19H4 and C19H6, respectively) but these are
inferior to the principal C2H2 loss channels.

As in DBPah, the C11
þ , C12

þ , C13
þ , C14

þ and C15þ carbon clusters are
already observable at the lowest irradiation doses for 3.5 mJ/pulse
(top panel of Fig. 5). These masses grow in significantly as the
number of laser pulses increases. Interestingly, the even numbered
clusters C12þ and C14

þ seem to be clearly accompanied by signals
corresponding to C12H2

þ and C14H2
þ while all the carbon clusters

seem have residual CnH þ signals. However, the bare carbon clusters
seem to only increase in intensity whereas the hydrogenated sig-
nals are quickly destroyed.

An important thing to note is that the partly dehydrogenated
species seem to still be photo-resistant at high laser fluence. There
are still plenty of fragmentation products but the parent and partly
dehydrogenated parent species are not depleted at a level even
distinctly close as found for DBPae and DBPah. In the case of all three
laser pulse energies presented in Fig. 5, the DBPal parent (302 amu)
becomes depleted before 20 laser pulses are sent into the ion trap.

It is only after this first loss of H2 that the carbon PAH skeleton
exhibits this aforementioned photo-resistivity unlike the other two
isomers, DBPae and DBPah. Indeed, Rodriguez Castillo et al. found
that DBPal loses two H atoms to form a stable more compact PAH
with a pentagon forming in the bay region where the two H atoms
are lost (see Fig. 5 in Ref. [44]). This results in the formation of
Fluoreno [1,2,3,4,5,-b,c,d,e]pyrene which appears to be more
resistive to fragmentation in our experiment, giving rise to the
resistivity of H2-losses observed in Fig. 5.
Fig. 6. Two-dimensional TOF-MS representation of the laser-induced photofragmentation
surement cycle being 10 s.
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An important distinction from the other two DBP isomers that
20 pulses with 6.5 mJ/pulse did not entirely deplete the parent
species as they were still prominent fragments in the ion trap after
20 pulses. Hence, to ensure that these results are comparable in
terms of parent depletion, we recorded an additional pulse train for
DBPal at 6.5 mJ/pulse but with the number of laser pulses between
10 and 70. The TOF-MS matrix of this additional pulse train is
presented in Fig. 6.

From Fig. 6 we see that as the entire parent species is depleted,
there are interesting differences that arise in the intensity of the
different carbon clusters. Namely, the Cn

þ (n ¼ 11e15) carbon
clusters appear to be formed in quite similar ratios as before, with
themain difference being a slightly enhanced formation of C14

þ and
C15
þ . For DBPae and DBPah, the formation of C11

þ is clearly favored as
the parent becomes depleted, but here the ratios between the
three isomers are quite similar. The branching ratios between the
carbon clusters Cn

þ (n¼ 11e15) will be up for discussion in the next
section.
3.1.4. Carbon clusters, Cn
þ (n ¼ 11e15)

A remarkable and consistent observation is that upon excitation
all three DBPs result in the formation of pure carbon clusters, with
11 e15 carbon atoms. Normalized mass peaks for these Cn

þ clusters
(n¼ 11e15) are all presented in Fig. 7. Thesewere obtained from the
mass spectra presented in the TOF-MS matrices in Figs. 3e5 and
normalized according to the procedure described in section 2.2.
Note that the vertical scales for a) to e) are all different.

Out of the five carbon clusters presented in Fig. 7, C11
þ yields the

strongest signals by far whereas the C12
þ , C13

þ , C14
þ , and C15

þ mass
signals seem to follow very similar formation trends among the
three isomers. For DBPal, the formation of all of them is continually
increasing and appears to start rising above the yields reached for
the DBPae and DBPah isomers. Meanwhile, for DBPah, their for-
mation seems to be decelerating with more laser pulses, reaching a
plateau, and for DBPae, their yield is starting to decrease.

As the normalized peak areas can be deceptive to analyze we
also present the branching ratios of the corresponding carbon
clusters in Fig. 8. The branching ratios are calculated by dividing the
peak area of a corresponding fragment with the combined peak
areas of all the carbon cluster peaks in this analysis. I.e.
of DBPal from the number of laser pulses being 10e70 with the length of each mea-



Fig. 7. Normalized mass peak areas corresponding to the most prevalent carbon clusters formed in the fragmentation of the three DBP isomers. Black traces correspond to DBPae,
red traces to DBPah, and blue traces to DBPal. Solid lines trace mass signals recorded with 6.5 mJ per laser pulse, dotted lines 5.0 mJ/pulse, and dashed lines 3.5 mJ/pulse. Panels a) e
e) show the mass signals pertaining to C11

þ e C15
þ .
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BRCþ
n
¼ ACþ

n
P15

n¼11ACþ
n

For this discussion we only calculate the branching ratios
starting at four laser pulses because that is where the collective
mass signals for the carbon clusters become significant. When the
branching ratios among the carbon clusters are inspected, the most
prominent signal is that of the C11

þ mass fragment. In the case of all
three isomers, the C11þ signal dominates the mass spectra, but while
it peaks around 50e60% for DBPae and DBPah, it plateaus around
35e40% for DBPal as, for this isomer, the branching ratios for the Cnþ

(n ¼ 12e15) clusters are on average higher as compared to DBPae
and DBPah. This is consistent with what can be seen in the
normalized peak areas in Fig. 7. This could be an indication of the
nuanced roles that molecular structures play in the fragmentation
process. If the first fragmentation step of DBPal is the loss of H2 to
form a planar (and more compact) fluorenopyrene, then that
starting structure would appear tomake the formation of the larger
carbon clusters more facile.

The branching ratios also reveal some more subtle differences
amongst the Cn

þ (n ¼ 12e15) carbon clusters. Namely, the C12
þ and

C13
þ cluster branching ratios seem to plateau around similar and

consistent values (between 5 and 15%), but the C14
þ and C15þ show a
9

larger spread in the branching ratios for larger radiation doses
(between 5 and 30%). The largest differences are seen between
DBPae and DBPal. It is becoming readily apparent that the C14þ and
C15
þ cluster yields are decreasing in DBPae but increasing in DBPal.

The C12
þ and C13þ signals, however, just appear to be plateauing.

All in all, what these results show, is that there is a large degree
of similarity in the product yields of these carbon clusters for the
three isomers studied here hinting at a universal PAH fragmenta-
tion mechanism that is (in part) irrespective of molecular structure,
at least for the DBP species presented here, but with enough subtle
and important nuances in the fragmentation behavior that each of
these molecules needs to be treated separately to understand the
link between molecular structure and ultimate fragmentation
products.
3.1.5. DBPal - laser exposure
To ensure that the same level of fragmentation of DBPal was

reached, an additional laser pulse train was recorded up to 70
pulses whose results are presented in Fig. 6. The total measurement
cycle for this additional pulse train was 10 s whereas for all other
pulse trains the measurement cycle was 5 s. The integrated masses
and the branching ratios of corresponding to the 6.5 mJ/pulse trains
of DBPal are presented in Fig. 9.



Fig. 8. Branching ratios corresponding to the most prevalent carbon clusters formed in the fragmentation of the three DBP isomers. All traces presented are consistent with those
described in the caption of Fig. 7.

Fig. 9. Normalized mass peak areas (left panel) and branching ratios (right panel) corresponding to the C11
þ e C15

þ carbon clusters formed in the fragmentation of DBPal for the 5 s
and 10 s cycle pulse trains.
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There are a couple of stark differences in the mass peak areas
and the branching ratios for the two pulse trains. An important
thing to note is that in the longer measurement cycle for 20 laser
pulses, the carbon cluster yield is always lower as compared to the
shorter measurement cycle. After 20 laser pulses in the longer
measurement cycle, there are still 5 s until the ions pass through to
the reflectron TOF mass spectrometer. In comparison, within the
shorter measurement cycle, the ions are ejected into the TOF-MS a
fewmilliseconds after the twentieth laser pulse has passed through
the ion trap.
10
There are a few ways that ions can deplete under these cir-
cumstances. The first is depletion due to collisions inside the trap
with background gases. This means that ions can be depleted via
collisions with other species in the trap but it is also possible that
the RF voltage used for the ion trap becomes worse at holding on to
the ions within the mass range as they may be at the cusp of the
stability region of the ion trap. This effect is, however, very difficult
to quantify and would require further experiments at lower RF
voltages to fully explore the low-mass range below C11

þ in order to
observe the impact (if any) on the Cn

þ carbon cluster products.



Table 1
Summary of the number of laser pulses required to observe relevant fragmentation channels open up.

DBPae DBPah DBPal

Complete H-loss 3.5 mJ/p: 3e4 pulses 3.5 mJ/p: 4e5 pulses 3.5 mJ/p: 5e10 pulses
5.0 mJ/p: 3e4 pulses 5.0 mJ/p: 4e5 pulses 5.0 mJ/p: 5e10 pulses
6.5 mJ/p: 3e4 pulses 6.5 mJ/p: 3e4 pulses 6.5 mJ/p: 5e10 pulses

1 x C2H2 loss 3.5 mJ/p: 1 pulse 3.5 mJ/p: 1 pulse 3.5 mJ/p: 1 pulse
5.0 mJ/p: 1 pulse 5.0 mJ/p: 1 pulse 5.0 mJ/p: 1 pulse
6.5 mJ/p: 1 pulse 6.5 mJ/p: 1 pulse 6.5 mJ/p: 1 pulse

2 x C2H2 loss 3.5 mJ/p: 1 pulse 3.5 mJ/p: 1 pulse 3.5 mJ/p: 4 pulses
5.0 mJ/p: 1 pulse 5.0 mJ/p: 1 pulse 5.0 mJ/p: 2 pulses
6.5 mJ/p: 1 pulse 6.5 mJ/p: 1 pulse 6.5 mJ/p: 1 pulse

3 x C2H2 loss 3.5 mJ/p: 2e3 pulses 3.5 mJ/p: 1 pulse 3.5 mJ/p: 4 pulses
5.0 mJ/p: 2e3 pulses 5.0 mJ/p: 1 pulse 5.0 mJ/p: 2 pulses
6.5 mJ/p: 1 pulse 6.5 mJ/p: 1 pulse 6.5 mJ/p: 2 pulses

1 x CH loss 3.5 mJ/p: 3e4 pulses 3.5 mJ/p: 3e4 pulses 3.5 mJ/p: 5 pulses
5.0 mJ/p: 3e4 pulses 5.0 mJ/p: 3e4 pulses 5.0 mJ/p: 5 pulses
6.5 mJ/p: not obs. 6.5 mJ/p: 3e4 pulses 6.5 mJ/p: 5 pulses

Cnþ 3.5 mJ/p: 5 pulses 3.5 mJ/p: 2 pulses 3.5 mJ/p: 5 pulses
5.0 mJ/p: 3 pulses 5.0 mJ/p: 1 pulse 5.0 mJ/p: 3 pulses
6.5 mJ/p: 2 pulses 6.5 mJ/p: 1 pulse 6.5 mJ/p: 3 pulses
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There is an interesting trend we see in the longer measurement
cycle which was perhaps hinted at in the results described in the
previous section. Between 50 and 70 pulses, the C14þ and C15

þ masses
are depleted whilst the C11

þ peak signal keeps growing. In fact, this
depletion is so significant that C11

þ becomes the co-dominant signals
along with C15

þ . A similar trend is observed in Fig. 7 for DBPae where
the C14

þ and C15
þ signals continued to deplete at higher radiation

doses while the C11þ mass signal kept increasing. Hence, the longer
measurement cycle of DBPal could be hinting at a similar frag-
mentation mechanism as that of DBPae, i.e. that C11

þ isomers could
be forming from C14

þ and C15
þ by losing C3 or C4 units. Similar de-

creases in the C12
þ and C13

þ mass signals are also observed but no
solid conclusions on this point can be drawn. Even though the
decrease in the C12

þ -C15þ signals correlate with the increase in the C11þ

signal, that is not indication of a causal relationship. Rather, to fully
reveal the extent of the mechanisms of these fragmentations and
exploring the potential energy surface is out of scope of this paper,
but possible mechanisms will be discussed in the next section.

4. Discussion

4.1. PAH fragmentation

Characterizing the difference in themolecular geometry of PAHs
is often done by considering the number of solo, duo, trio, and
quarto hydrogen atoms, as well as so-called bay and non-bay
hydrogen atoms [52]. Table 2 shows how the DBP isomers in this
work, along with fluorenopyrene isomer that forms upon 2H/H2-
loss from DBPal [44], differ in terms of these geometrical classifi-
cations. Irregular PAHs (such as the DBP isomers considered here)
usually contain various numbers of solo, duo, trio, and quarto hy-
drogens but more compact PAHs tend to contain only solo and duo
H atoms [52]. In the case of the fluorenopyrene isomer, it contains
Table 2
Numbers of solo, duo, trio, quarto, bay, and non-bay hydrogen atoms in the three
DBP isomers and the fluorenopyrene isomer that can form from H2-loss from DBPal.

DBPae DBPah DBPal Fluorenopyrene

Solo H atoms 1 2 1 1
Duo H atoms 2 4 2 2
Trio H atoms 3 0 3 9
Quarto H atoms 8 8 8 0
Bay H atoms 6 4 4 4
Non-Bay H atoms 8 10 10 8
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no quarto hydrogen atoms but nine trio hydrogen atoms which
clearly differentiates it from the other DBP isomers.

A fair body of work exists on the fragmentation patterns and
fragmentation dynamics of PAHs. Jochims et al. [33,36] showed that
the lowest energy fragmentation pathways from PAHs are the loss
of hydrogen(s) and the loss of C2H2. The three DBP isomers in this
work appear to follow the same trend as the loss of a single CH/
CH3-moiety from the parent species appears as a minor product at
higher laser pulses than is required to lose H2 and/or C2/C2H2 units
(see Table 1). Other higher energy channels were expected to
involve C3H3 and C2H but these have not been observed experi-
mentally and it is not possible to decipher from our experiments
whether losses of CH are followed by C2/C2H2 losses, vice versa, or
whether these losses occur as a single step (i.e. C3H/C3H3).

Ekern et al. [34] also showed that fragmentation of PAHs of
varying sizes and symmetry can be categorized as H-loss only, H-&
C-loss, and “completely photodestroyed”. Although this classifica-
tion is quite vague, there are some important things to note. Among
the most important is that the loss of C2H2 is facilitated by the
presence of at least one “exposed” aromatic ring, i.e., containing a
quarto of hydrogen atoms. Nonetheless, this comes with some
exceptions among the PAHs studied therein, namely triphenylene,
and fluorene. Linking this observation to our results, it does indeed
appear to help C2/C2H2 losses to have two exposed aromatic rings
(like the DBP isomers have). But it is also interesting that it appears
that the fluorenopyrene isomer seems not to inhibit C2/C2H2 loss.

Ekern et al. [34] observed that the coronene cation and the
naphtho [2,3-a]pyrene cation lose all their hydrogen atoms upon
photolysis to give the common end product C24

þ . This led to spec-
ulation about common intermediates formed by ring opening and
isomerization. There has been evidence observed in the past as well
that there is a preference for dissociation via certain pathways and
this preference arises from common reaction mechanisms that
produce the same fragment product ions [29]. But in the case of the
DBP isomers and fluorenopyrene, none of these molecules seem to
prefer complete dehydrogenation. As a majority of the H atoms in
all of these structures are either quartos in exposed aromatic rings
in the DBPs or trios on fluorenopyrene, this seems to be the major
hurdle in completely losing all of the H atoms prior to losing
members of the carbon skeletons of the PAHs.

Regarding larger PAHs as previously studied with the i-POP
apparatus, it was shown that the pericondensed HBC cation
(C42H18

þ ) preferably loses its H-atoms, revealing a bare carbon
(“graphene like”) skeleton that subsequently undergoes C2 losses
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up until C32
þ [53]. Similar to HBC, the planar PAHs C60H22 and C66H26

undergo complete dehydrogenation before subsequently losing C2
units [21]. After the formation of C32

þ , the losses of C2 seemed to
come to a grinding halt and dominating the mass spectra were the
signals of Cn

þ (n ¼ 17e20) carbon clusters. Possibly also smaller
clusters formed, but Zhen et al. did not increase the laser fluence
enough, or set the RF voltage on the ion trap low enough, to observe
the formation of any smaller carbon clusters. Repeating these
measurements of larger PAHs would be of great interest to reveal
whether the Cn

þ (n¼ 11e15) carbon clusters form as well and if they
form in similar branching ratios as observed in this work for the
DBP isomers.

Recently, Pla et al. [54], performed a detailed inspection of the
structural diversity of C24Hn (n ¼ 0, 6, 12, 18, 24) clusters in their
potential energy surfaces up to 20e25 eV. There are several notable
results of theirs that are directly relevant to our work. In accordance
with general structural optimizations, carbon cluster structures can
be divided into cages, flakes, pretzels and branched structures (see
Fig. 2 in Pla et al. [54]). These categories can be identified by the
number of sp2 hydridized carbon atoms in the structure (so-called
asphericity parameter) and the number of pentagons and hexagons
in the structure [54]. Regarding the structures that are most rele-
vant to our work (namely C24, C24H6 and C24H12), the most stable
configurations are found to be flakes, pretzels and branched
structures as practically no caged structures were found to be
relevant unlike that of C60 carbon clusters [55,56]. Pla et al. dis-
cussed the presence of rings in the molecular structures in the
calculations and find that above 15 eV, the appearance of heptagons
in the C24H12 isomers become more common than hexagons. They
did not look into formation of rings containing more than eight
carbon atoms. Considering such starting points, it is fairly easy to
see how carbon clusters comprising 11 to 15 atoms can be sepa-
rated from branched structures, pretzels, and flakes (see Fig. 2 in
Ref. [54]). Pla et al. found that upon fragmentation, C24 carbon
clusters have an affinity to form carbon clusters with twelve carbon
atoms or thereabout. Our results indicating the importance of Cnþ

(n ¼ 11e15) carbon clusters seem to go very well with this obser-
vation. It would be of interest to inspect the formation of rings from
cationic hydrocarbon clusters to inspect if a positive charge could
be instrumental in building carbon rings comprising more than
eight carbon atoms.

The formation of carbon clusters such as those observed in this
work has also been explored with regard to the dissociation of the
pyrene cation as discussed by West et al. [57]. They suggested a
pathway forming a cyclic C14

þ isomer starting from the pyrene cation
(C16H10

þ ) where the aromatic CeC bonds in the carbon skeleton start
breaking apart after the ion partly dehydrogenizes before forming a
cyclo [14]carbon that initially retains 1e3 H atoms that are
sequentially lost upon further excitation. This scenario also fits our
Fig. 10. An imagining of a potential pathway to form the C11
þ carbon cluster from DBPae based

et al. [58] and West et al. [57]. The first two steps require the apparently facile elimination of
aromatic bonds and the formation of a heptagon (3 pulses). From there a C11Hx

þ unit could br
reveal a single C11þ unit (>5 pulses). The structures were optimized with the chemistry visu
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results exceedingly well as many of the Cn
þ (n ¼ 11e15) clusters are

initially accompanied by two H atoms which are subsequently lost
when the number of laser pulses are increased.

Recent work by Trinquier et al. [58] also showed that breaking
aromatic bonds in coronene- and pyrene-type PAHs to start form-
ing pretzels and flakes, requires energies between 5 and 10 eV to
surpass the appropriate barriers. When our results are combined
with the previous findings of Pla et al. [54], Trinquier et al. [58], and
West et al. [57], a picture seems to emerge where a large number of
intermediates are potentially formed where (i) the molecule may
become partly dehydrogenated, (ii) C2H2 units dissociate easily
from themolecule, (iii) aromatic CeC bonds in the PAH skeleton are
broken or rearranged to accommodate heptagons, and (iv) carbon
clusters break off as rings or other structures that may undergo
molecular rearrangements that retain the positive charge from the
PAH cation, sometimes with a few H atoms that (v) subsequently
break off the carbon rings. An example of one such scenario is
visualized in Fig. 10.

Another interesting facet to PAH fragmentation that we observe
in this work is the apparent competition between statistical (e.g.,
H2-, C2H2-losses) and non-statistical (e.g., CH-losses) fragmentation
processes. Despite PAHs have large heat capacities they will even-
tually fragment unless there are sufficiently fast competing (radi-
ative) cooling processes [59]. The fragmentations in our
experiments are induced by multi-photon excitations and as such,
those processes can be highly nonlinear where different numbers
of photons can grant access to a myriad of different fragmentation
pathways, some via electronically excited states. Statistical frag-
mentation processes imply that the energy donated to the system is
equally distributed over themolecules’ degrees of freedom before it
fragments. For the most part we observe statistical fragmentation
processes to dominate (i.e., C2H2-losses are more prevalent than
CH-losses), but the fact that we observe clear CH-losses and a
competition with C2H2-losses could mean that there is in-
homogeneity in how the laser pulse hits the ion cloud in the
experiment (i.e., some molecules absorbing a greater number of
photons than others, on average). However, without detailed cal-
culations of the potential energy surface, it is entirely speculative
whether this affects the outcomes of fragmentation in our experi-
ment. Such calculations have been performed for the fragmentation
of the pyrene cation when it is impacted by high energetic protons
[60], but such a calculation is outside the scope of this paper.

4.2. Astrophysical significance

Assuming the GRANDPAH hypothesis holds true, then there are a
lot of different smaller PAHs that are photodestroyed by UV photons,
collisions etc. Our results and that of recent studies by other groups
seem to indicate that PAHs outside of the GRANDPAH family, favor
on our results (using 3.5 mJ/pulse) and the theoretical work of Pla et al. [54], Trinquier
first two C2H2 units (1 pulse) and then a third C2H2 unit with the rupture of a couple of
eak off the parent with a few H atoms (5 pulses) which are subsequently dissociated to
alization software Chem3D.
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universal fragmentation pathways that eventually produce Cnþ

(n ¼ 11e15) carbon clusters. On the exact mechanism by which they
formwe can theorize that partly dehydrogenated PAHs in the formof
pretzels or flakes, lose an ionized carbon cluster. For branched
structures, however, it is perhaps more likely that linear carbon
chains dissociate. Smaller PAHs have also been observe to form
smaller carbon clusters Cnþ (n ¼ 2e13) by absorbing X-ray photons
(hn ¼ 275, 310 & 2500 eV) in a top-down chemical paradigm,
however, it may be more likely that their formation proceeds via
Coulomb-explosions rather than sequential C/H losses [61]. This is
also interesting considering that no such carbon clusters were
observed to form from X-ray absorption of coronene cations be-
tween 283 and 305 eV [62]. This is perhaps indicative of there being
even more nuances in fragmentation patterns expected in more
compact PAHs in the X-ray regime, like coronene, as opposed to
smaller less compact ones studied by Monfredini et al. [61].

This also brings about questions concerning the photon wave-
lengths used in this work and how that could influence the
branching ratios of the carbon clusters formed. Previous work by
Joblin [63] showed that carbon clusters Cn

þ (n ¼ 10e21) could form
in different branching ratios from our work (with C14

þ being the
most abundant), by irradiating the coronene cation by a Xe arc lamp
and 480 nm photons. Investigating further the wavelength
dependence of fragmentation products is clearly of future interest
to further elucidate the fragmentation mechanisms involved and
their energetics.

The suggestion that larger carbon cages such as C44, C50 and C56
are carriers of the DIBs has been discussed before but without
conclusive assignment to any astronomical features [64]. Consid-
ering the ongoing work dedicated to exploring the connections be-
tween carbon clusters and the DIBs [65e67], then the apparent
importance of the Cnþ (n¼ 11e15) carbon clusters needs to be further
examined in terms of their optical spectra. Recently, optical spectra
of even-numbered cyclo[n]carbons complexes with N2 were recor-
ded with action spectroscopy [68] and preliminary analysis appears
to indicate that there may be matches with DIBs for C10þ and/or C14þ ,
but at present it is unknown to what extent the spectra are shifted
because of the complex with N2, which makes direct comparisons
with known DIBs more difficult. This study shows that these species
may arise as breakdown products of PAHs, perhaps with non-linear
geometries. The optical spectra of linear carbon species up to C21
have been measured [69,70], but these have been theorized to form
in a bottom up process as thesemolecules can be created in a plasma
discharge using e.g. acetylene (C2H2) as a precursor. However, our
results indicate that a top-down mechanism starting from smaller
PAHs that should not survive the harsh radiation fields in various
interstellar regions, could be collectively playing an important role in
producing new non-linear molecular species.

5. Summary and conclusions

We have presented here the fragmentation patterns of three
isomeric PAH cations, namely, dibenzo[a,e]pyrene, dibenzo[a,h]
pyrene and dibenzo[a,l]pyrene. Through the complex fragmenta-
tions patterns wrought by laser-induced dissociation, a clear
pattern of carbon cluster formation emerges. Regardless of sym-
metry of the parent PAH cation, the formation of Cnþ (n ¼ 11e15)
carbon clusters proceeds in similar branching ratios between the
three isomers studied. This is an interesting result that hints for
favored fragmentation steps, but studying larger PAHs is required
to verify that Cn

þ (n¼ 11e15) carbon clusters are formed from larger
PAH species as well.

The main takeaway from this work is finding of a possible uni-
versal PAH fragmentation mechanism that could hold clues to the
photochemistry of UV-rich regions in space and could imply that
13
the Cn
þ (n ¼ 11e15) carbon clusters consistently formed and

retained in the ion trap despite continued laser irradiationmight be
appropriate candidates as carriers of the elusive DIBs. This may
hold true especially for C11

þ which appears very photo-resistant and
has been observed in asteroid samples [71] and laboratory-grown
interstellar dust analogs [72], but these carbon clusters could play
a very important role for PAH-rich matter born out of reddened
stars at the end of their lifetimes and ejected into the diffuse
interstellar medium.
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