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Abstract
Photoionization and dissociation of anthracene, phenanthrene, and pentacene in the multiphoton regime at 266 nm
wavelength were performed. CH+
n (n=4–6) ions were observed as fragments, and their yields as a function of
laser intensity were studied. H-migration and “roaming” mechanisms leading to the formation of these ﬂuxional
ions from polycyclic aromatic hydrocarbons (PAHs) are proposed. The present results show higher photostability
of PAHs with bent structure and suggest PAHs in the UV regions of interstellar medium as a prominent source for
CH+
n (n=4–6).
Uniﬁed Astronomy Thesaurus concepts: Photodissociation regions (1223); Photoionization (2060); Polycyclic
aromatic hydrocarbons (1280); Interstellar clouds (834); Dense interstellar clouds (371)
H-migration processes, paving the way to large-scale chemical
bond rearrangement processes (Mineo et al. 2013; Kling et al.
2019; Wu et al. 2019). The H-atoms can change their location
on a subnanosecond timescale (Gerlich & Borodi 2009). Kling
et al. 2019 report the occurrence of single and double hydrogen
migration processes in ethanal cations and dications that take
place in a timescale of a few hundred femtoseconds to
picoseconds. The exact pathway for the formation of the
ﬂuxional ions via photodissociation/ionization is yet to be
understood, and our present results are of paramount
importance in understanding the same, particularly in the
ISM environment.
+
Apart from photoprocesses, formation of CH+
5 and CH 6 are
mainly perceived to be via protonation of CH4, and H2 addition
+
to CH+
3 and CH 4 (Gerlich & Horning 1992; Gerlich 2005;
Gerlich & Smith 2006; Mann et al. 2008; Poveda et al. 2012b).
Asvany et al. (2004a) propose the formation of CH+
5 via an
+
CH
.
is
a
hypercoordinated
intermediary complex CH+
6
6
carbocation with a short lifetime, which in turn is formed by
+
+
the addition of H2 to CH+
4 . For the formation of CH 5 and CH 6
in intense laser ﬁeld, we suggest the possible interplay of the
roaming mechanism, which is an alternative to the transitionstate pathway in unimolecular decompositions (Townsend et al.
2004; Suits 2008; Bowman & Suits 2011). This mechanism
was recently found in photodissociation dynamics (Lin et al.
2018) and its experimental and theoretical studies have gained
momentum (Bowman & Houston 2017; Castellanos et al.
2018a, 2018b; Ekanayake et al. 2018a, 2018b; Wu et al. 2019;
Iwamoto et al. 2020).
Since CH+
n (n=4–6) play a vital role in astrochemistry and
PAHs are proposed constituents of the ISM, in the current
study we explore the formation of CH+
n (n=4–6) via
dissociative ionization of PAHs, namely, anthracene, phenanthrene, and pentacene. Anthracene and phenanthrene are
isomers with linear and bent structures, respectively. The
choice of these three PAHs is motivated by the aim to probe the
dependence on the structure and size of the PAHs in the
formation of CH+
n (n=4–6), which form the main results of
the present work. The physical and chemical conditions in
PDRs are largely determined by the inﬂuence of far-ultraviolet

1. Introduction
CH+
5

CH+
6,

and
Formation of single carbon cations such as
which are ﬂuxional cations without any deﬁnite structure
(McCoy et al. 2004; Wörner et al. 2007; Gerlich &
Borodi 2009), have gained importance due to their role in
astrochemistry (Asvany et al. 2004a, 2004b; Gerlich 2005;
Gerlich & Smith 2006; Mann et al. 2008). Polycyclic aromatic
hydrocarbons (PAHs) are proposed constituents of the interstellar medium (ISM), accounting for the observed emission in
the 3–20 μm of the diffused interstellar bands (Allamandola
et al. 1987; Salama et al. 1996, 1999; Peeters 2011). Recent
investigations on the lifetimes of the XUV excited states of
small PAHs strengthened their proposed presence in the ISM
(Marciniak et al. 2015). UV Photodestruction of PAHs has
been recently proposed as a pathway for formation of small
hydrocarbons such as C2H, c–C3H2, and C4H based on their
observed abundance in the photon-dominated or photodissociation regions (PDRs) in ISM (Fossé et al. 2000; Fuente et al.
2003; Teyssier et al. 2004; Pety et al. 2005). Moreover, studies
on PAHs indicate the critical role of photodissociation in
determining their lifetimes in the ISM. It is thus important to
probe the photodestruction of PAHs as sources of these
ﬂuxional ions as well as other small hydrocarbons in the ISM.
CH+ is one of the ﬁrst molecules detected in the ISM
(Douglas & Herzberg 1941; Cernicharo et al. 1997). CH+
2 and
CH+
3 have been detected in the coma of comet Halley (Balsiger
et al. 1987). The lack of intense lines in the (sub)millimeter
range due to the absence of dipole moment renders the
+
detection CH+
3 and CH 4 ions formidable. Roueff et al. (2013)
had searched for CH2D+ as an indirect search for CH+
3 and
detected the same.
Hydrocarbon cations with H/C ratios higher than one, such
+
+
+
+
as CH+
4 , CH 5 , CH 6 , C 2 H 3 and C 2 H 5 , cannot form via direct
photodissociation of PAH molecules. These ions were
observed in multiphoton ionization experiments on PAH
molecules like naphthalene and tetracene (Robson et al.
2002; Poveda et al. 2008, 2009, 2010). Intramolecular
hydrogen transposition or proton migration initiated by
photofragmentation could lead to the formation of the highly
protonated fragment ions (Poveda et al. 2009, 2010, 2013). An
intense laser ﬁeld could induce scrambling and intramolecular
1
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C3 H +
n

radiation (Hollenbach & Tielens 1997). Hence the 266 nm
wavelength laser was chosen.

to be a dominant
increases indicating the decay of
process in the formation of C 2 H+
n.
Sequential loss of acetylene (C2H2) was identiﬁed as one of
the major dissociation pathways in many earlier works on
photodissociation of PAHs performed at laser intensities up to
1010 W cm−2 (Abakumov et al. 1981; Ekern et al. 1998;
Poveda et al. 2009, 2012a). Present work at laser intensities of
the order of 1013 W cm−2 gives no evidence for this channel.
The presence of C10 H+
n formed by the loss of C4Hn indicates
that there is a pathway with loss of diacetylene. A minor peak
around 50 amu reveals further ionization to form diacetylene,
C4 H+
2.
+
+
The power dependence of CH+
4 , CH 5 , and CH 6 from the
linear PAH molecules, anthracene and pentacene, are almost
the same, as shown in Figure 6. Remarkably, the power
dependence for the yield of fragments with less than three
carbon atoms exhibits almost the same features for all three
PAH molecules (Figure 7). This strongly suggests the same
channels of formation for the lower masses from PAH
molecules, irrespective of the number of aromatic rings in the
parent molecule. The slopes of the curves for CH+
n (n>0)
from anthracene and pentacene were measured to be essentially
the same (2.42) and are marked in Figure 3. However, the
power dependence of CH+
n (n=4–6) for phenanthrene is
markedly different from that for anthracene and pentacene,
indicating that the bent structure plays a role in determining the
dissociation dynamics of these fragments.
Irrespective of the parent molecule, CH+
4 shows the highest
ascending rate with laser intensity among the carbon-containing fragment peaks. As discussed in the introduction,
hydrocarbon ions with H/C ratio higher than one cannot be
formed via direct photodissociation of PAH molecules. Thus
the formation of these ions as observed in the present work
involve complex processes that are intensiﬁed only at higher
laser intensities and result in high ascending rates compared to
other fragments in the spectra (see Figure 6). We propose a
roaming mechanism preceded by intramolecular H-migrations
to interplay in the formation of these ions. Scrambling and
H-migration processes lead to large-scale chemical bond
rearrangements. Wiersma et al. (2020) afﬁrm that scrambling
is common in PAH cations under UV radiation. Roaming
dynamics involves the generation of a transient neutral atom,
radical or molecule that “roams” around the remaining
fragment and then abstracts a hydrogen atom from its counter
fragment, before leaving the complex. CH4 may partially
cleave from a larger molecule formed after H-migration and
can roam around the counter fragment, eventually leaving as
+
CH+
5 after proton abstraction. CH 4 may abstract H2 to give
+
+
CH 6 . The newly formed CH 6 could detach a hydrogen atom to
give CH+
5 . If a CH5 neutral could form, then proton abstraction
by CH5 via the roaming mechanism can also lead to the
formation of CH+
6 . Tsai et al. (2015) and Lin et al. (2018) report
roaming signatures in the aliphatic aldehyde family and
carbonyl compounds, respectively, and state that the roaming
dissociation pathway becomes more predominant as the
molecular size increases, as in the present work. Castellanos
et al. (2018a, 2018b) invoke hydrogen roaming along the edges
of the PAH molecules for the dehydrogenation pathways of
photoinduced PAHs. To the best of our knowledge, roaming
mechanisms in PAHs for the formation of fragment cations like
CH+
n have not been studied for its dependence on the structure
and size of PAHs, and the present results stress its importance.

2. Experimental Results
A newly constructed experimental setup consisting of a
Wiley–Mclaren time-of-ﬂight (TOF; Wiley & McLaren 1955)
with 80 cm long ﬁeld-free drift region terminating with a
multichannel plate detector was employed. Helium carrier gas
seeded with vapors of precursor molecule (generated by
heating) was injected into the ﬁrst section of the acceleration
region of the TOF using a pulsed valve. The fourth harmonic of
Nd:YAG laser (266 nm) at 10 Hz repetition rate and 4 ns pulse
duration was focused at the interaction region to a diameter of
6.3 μm using a lens of focal length 18.5 cm, yielding intensities
at the order of 1013 W cm−2 at the focal point. The intensity
was varied by changing the laser power. The experiments were
carried out at laser powers ranging from 120 to 470 m Watts.
The employed intensities correspond to a ﬁeld strength of the
order of 1–2 V Å−1. The laser intensity (I) is calculated using
the equation
I=

Energy per pulse pulse duration
focal area

(1 )

and the ﬁeld strength (E0) is calculated using the equation
⎛ 2I ⎞1 2
E0 = ⎜
⎟ ,
⎝ 0c ⎠

(2 )

where I is the intensity in W m-2 ,  0 is the vacuum permittivity,
and c is the speed of the light in vacuum. The base vacuum of
the chamber was 10−8 mbar and was maintained below
10−5 mbar during the gas pulsing, providing a collisionless
character of the molecular photofragmentation processes
(Antonov & Letokhov 1981). The TOF data were collected
using a FAST ComTec multihit data card (Model 7886). TOF
data are typically accumulated for thousands of laser shots to
see masses formed with meager yield.
Our results for the three molecules show extensive
fragmentation than intact ionization, as shown in Figure 1.
The extent of fragmentation with increasing laser intensities for
the three molecules can be seen in Figure 2, particularly for
masses less than 40 amu. A startling difference of phenanthrene
spectra from its isomer anthracene or the larger molecule
pentacene is the high yield of parent ion, despite the
nanosecond laser pulsewidth.
Figure 3 shows the variation of fragment ion yield versus
+
laser intensity for C+, CH+
n , and C 2 H n fragments formed from
anthracene and pentacene. The fractional values obtained for
the slopes of the linear portion of each curve imply that the
ionization/ dissociation process involves not only multiphoton
processes but also ﬁeld ionization as well.
The prominent fragments from these molecules were of
+
lower masses, particularly, H+, CH+
n (n=0–6), C 2 H n , and
+
+
C3H n , with C dominating at all laser intensities. Though the
yield of C+ initially increases with laser intensity, due to the
opening up of new channels for the formation of other cations,
the relative yield of C+ then decreases as seen in Figure 4.
Figure 5 shows the power dependence of the ion yield for
+
C 2 H+
n and C3H n fragments from anthracene. The relative yield
+
of C3H n is observed to decrease while the same for C 2 H+
n ions
2

The Astrophysical Journal, 896:130 (9pp), 2020 June 20

Chacko et al.

Figure 1. MPI/MPD spectra of anthracene, phenanthrene, and pentacene.

Fragment spectra of anthracene, phenanthrene, and pentacene, shown in Figure 2 reveal that the relative yield of CH+
4,
+
CH+
CH
,
and
are
almost
the
same
for
the
linear
PAH
5
6

molecules, anthracene and pentacene, but phenanthrene shows
a different feature. In the case of phenanthrene, CH+
4 peak is
+
+
CH
CH
and
while
is
equally
as
dominant compared to CH+
5
6
6
3
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Figure 2. MPI/MPD spectra at different laser intensities for (a) anthracene, (b) phenanthrene, and (c) pentacene. Fragments of mass-to-charge ratio less than 40 amu
are shown.

4
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Figure 3. Power dependence of the yield of various fragments from anthracene (left) and pentacene (right). The slope of the ﬁtted linear curve for each group is written
in brackets.

strong as CH+
4 in the anthracene and pentacene spectra. Table 1
compares the yield of CH+
n (n=4–6) fragments from the three
PAH parents upon photofragmentation. Phenanthrene gives
lower yield compared to the linear benzenoids anthracene and
pentacene except for CH+
4 at higher laser powers. The bent
structure of phenanthrene is observed to be weakening the
roaming mechanism, when compared to its linear isomer,
anthracene, yielding the observed result. The key molecular
characteristic responsible for the roaming mechanism is the ﬂat
regions of the potential energy surface (PES) (Mauguière et al.
2017). The steric repulsion between the H-atoms in the bay
region of the phenanthrene could shrink such regions (Grimme
et al. 2009; Poater et al. 2018), thereby weakening the roaming
mechanism. It is important to note that the formation of these
three cations becomes more prominent with increasing laser
intensities.
+
Our spectra also show the formation of C 2 H+
3 and C 2 H 5 , but
the cross-sections are very low. These ions also cannot form by
direct photodissociation from a PAH molecule. Their formation
should be preceded by intramolecular hydrogen migration that
leads to large-scale chemical bond rearrangements. The
roaming mechanism could play a vital role in their formation.

processes. The photodissociation or photon-dominated regions
(PDRs) are UV-rich regions in the space where the UVradiation is 103–105 times more intense than the standard
interstellar radiation ﬁeld (Hollenbach & Tielens 1997).
Photodissociation processes are of foremost importance in
modeling the chemistry of almost every type of astrophysical
region (Tielens & Hollenbach 1985; Sternberg & Dalgarno
1995; Glassgold 1996; Hollenbach & Tielens 1999; Le Petit
et al. 2006; van Dishoeck et al. 2006; Glover & Clark 2012;
Tielens 2013). In PDRs, the UV-photons are available for
sufﬁcient time aiding multiple excitations. In this perspective, a
nanosecond pulse would be a more appropriate tool than a
femtosecond pulse for studying the photofragmentations
occurring in the ISM.
Small hydrocarbon chains (CmHn) are perceived to play
active roles in the chemical networks that lead to the
formation of many observed species in ISM (Prasad &
Huntress 1980a, 1980b; Sternberg & Dalgarno 1995; Wakelam
+
+
et al. 2012). Formation of CH+
4 , CH 5 , and CH 6 observed in our
spectra are of great astrophysical importance. CH+
4 is a
proposed ISM cation and CH4 plays a major role in the
hydrocarbon chemistry in dark clouds of ISM (Herzberg 1971;
Gerlich 2005; Gerlich & Smith 2006). Protonated methane
(CH+
5 ) is a remarkably exceptional molecule that is suspected
to be found in the ISM (Herzberg 1971; Gerlich &
Horning 1992; Gerlich 2005; Mann et al. 2008; Gerlich &
Borodi 2009). These molecules play vital roles in the deuterium
fractionation in the ISM, thus controlling the D/H ratio
(Asvany et al. 2004a, 2004b; Schlemmer et al. 2005; Parise
et al. 2009; Roueff et al. 2013; Treviño-Morales et al. 2014).

3. Astrophysical Relevance
It is well understood that the photoionization and photodissociation processes critically determine the abundances of
atomic and molecular species in diffuse interstellar clouds
(Eddington 1928; Kramers & Ter Haar 1946; Bates &
Spitzer 1951). The critical role of UV-photons in this regard
has been brieﬂy described in Heays et al. (2017), and the
references therein provide a vast literature on these two
5
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Figure 4. Percentage of fragment ion yield is plotted against the laser intensity. The % yield of C+ goes down with laser intensities as a result of the enhanced
formation of new fragment ions at higher laser intensities. The contribution of CH+
n (n=1–6) with laser intensity exhibits an enhancement with increasing laser
intensity. This is the case for most of the other fragment ions too.

This pathway is also considered for other simple molecules
(Garrod & Herbst 2006). CH+
5 could also undergo reactions
leading to the formation of simple molecules in the ISM such as
(CH3)2O, C6H6, and CH3OH. A rigorous search is ongoing to
assign rotational and vibrational spectra of CH+
5 via novel
experimental methods since the constantly moving ﬁve hydrogen
atoms make it challenging to probe via conventional methods
(White et al. 1999; Asvany et al. 2005; Huang et al. 2006; Wang
+
& Carrington 2016). CH+
5 and CH 6 cannot form in ISM from
their neutral counterparts. It must be forming either from lower
molecules through several reactions or by photodissociation of
larger molecules such as PAHs. H-migration and the roaming
mechanism are expected to be strong in large molecules such as
the PAHs. Formation of CH+
n (n=4–6) from a larger precursor
upon photodissociation is not probed, and our present results urge
the need to search these ions in the UV-rich PDRs, where
photodissociation of PAHs could occur, as observed in the
present work. Roaming mechanism is a possible mediation in
interstellar chemistry concerning the single carbon hydrocarbons
as well as H (D), H2 (D2), and their cations. The roaming
mechanism has been recently suggested for ISM chemistry of
lower mass molecules under strong-ﬁeld photodissociation
(Ekanayake et al. 2018a, 2018b). We propose its potential role
in even larger hydrocarbon molecules in the ISM. The ISM, being
a low-density environment, should facilitate this mechanism. Our
results show that the cross-section for the formation of CH+
n
(n=4–6) from linear PAH molecules is more favorable
compared to the bent structured PAHs, as ﬂat regions in the
PESs enhance the roaming mechanism. As mentioned earlier, the
kinked PAHs have bay regions with H-atoms, thus suffering
steric repulsion, which can shrink the ﬂat regions in the PES. This

+
Figure 5. Percentage of ion yield of C 2 H+
n and C3H n in total ion yield is
plotted against the laser intensity.

One of the abundant ISM molecules, CH4 is thought to be
formed mainly by hydrogenation of carbon atoms on the grain
surfaces (Hiraoka et al. 1998; Qasim et al. 2020). In the gas
phase, the potential pathway of the formation of CH4 is proposed
+
+
to include CH+
5 , for example, CH 5 + CO  CH 4 + HCO .
+
Repeated reactions of carbon with H2 with CH 5 as an
intermediate is also considered to yield CH4 (Rehder 2010).
The electronic recombination of CH+
5 is considered as another
likely way in the gas-phase to form CH4 (Kokoouline et al. 2011).
6
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+
+
Figure 6. Ion yield vs. laser intensity for CH+
4 , CH 5 , and CH 6 . Dotted lines are linear ﬁt to the linearly varying portions of the curves in log–log plots. Slopes of the
ﬁtted curves, identiﬁed as the number of photons involved in the process of formation, are written as N in the insets.

(Matthews & Irvine 1985; Matthews et al. 1986; Cox et al.
1988; Lucas & Liszt 2000). The proposed modes of formation
for C3H2 in ISM are radiative association of C3H+ with H2 and
hydrogen abstraction of C3H+ (Gerlich & Horning 1992).
c–C3H2 has been recently detected abundantly toward some
selected PDRs of ISM and it was suggested that the
photoerosion of UV-irradiated PAHs could be efﬁciently
feeding the ISM with small hydrocarbons like c–C3H2 (Fossé
et al. 2000; Fuente et al. 2003; Teyssier et al. 2004; Pety et al.
2005; Guzmán et al. 2015). Multiphoton ionization/multiphoton dissociation (MPI/MPD) spectra of the PAH molecules
in the current study show the formation of the C3 H+
2 cation.
Thus our experimental results imply that the UV-photodestruction of PAH molecules could be a vital source for C3H2 in such
regions. Our results also show a possible decay of three carbon
hydrocarbons to two carbon hydrocarbons under strong-ﬁeld
conditions.
Sequential loss of acetylene (C2H2) is generally understood
as a prominent decay pathway of PAH molecules in ISM
(Gotkis et al. 1993; Poveda et al. 2010, 2012b; West et al.
2012; Najeeb & Kadhane 2017). Absence of sequential loss of
C2H2 at high laser intensities in the present photodissociation
spectra implies that this decay pathway is unlikely to be
triggered by UV-photons in the UV-rich regions of the ISM.
Similarly, the absence of CH+ as a fragment in our experiment
shows that UV-photodissociation of PAHs may not play a role
in the formation of this abundant ISM cation (Dunham 1937;
Douglas & Herzberg 1941; Indriolo et al. 2010).
High laser intensities in our experiments lead to multiphoton
absorption by PAHs. Although in the ISM, such light
intensities are absent, single-photon absorption in the broadband UV environment would lead to ionization, and the excited

Table 1
Ratio of the Yield of CH+
n (n=4–6) Fragments from Anthracene,
Phenanthrene, and Pentacene at Three Different Laser Powers, Respectively
Laser
Power
(mW)
∼165
∼210
∼410

CH+
4

CH+
5

CH+
6

0.62:0.24:1
0.73:0.26:1
0.51:0.90:1

0.50:0.06:1
0.74:0.12:1
0.46:0.46:1

0.46:0.04:1
0.65:0.06:1
0.53:0.31:1

leads to the observed (Figure 2) relatively lower yield of CH+
n
(n=4–6) from the phenanthrene parent than anthracene and
pentacene under a strong laser ﬁeld.
Our results on the anthracene–phenanthrene isomer pairs
reveals higher survivability of the phenanthrene cation against
photodissociation compared to anthracene. This indicates
higher photostability of nonlinear PAHs in the ISM compared
to their linear isomers, and that nonlinear PAHs could be a
more prominent source of these ﬂuxional ions. Studies by
Sabirov et al. (2018) associate minimum polarizability for
higher abundance among isomeric interstellar compounds. Our
results are in agreement with this as phenanthrene has lower
mean polarizability than anthracene. Thus we can expect higher
stability of nonlinear PAHs in the ISM compared to their linear
isomers against UV irradiations in ISM. On the other hand,
pentacene, which has higher mean polarizability than anthracene and phenanthrene, shows a greater degree of fragmentation compared to the other two.
The abundance of C3H2 in the UV-rich regions remains
unexplained (Gerin et al. 2003; Savić & Gerlich 2005;
Savić et al. 2005). c–C3H2 is widely distributed in the ISM
7
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Figure 7. Laser power dependence for the yield of fragments with fewer than three carbon atoms.

expect differences in the yields of the fragments arising from
the differences in the cross-sections for multiphoton and singlephoton processes, the latter being higher, we expect higher
yields of the observed fragments in the ISM. Generally, PAHs

cation would undergo the same fragmentation processes via
intramolecular vibrational relaxation. Any fragmentation that
occurs sequentially in our experiment would also occur in the
ISM due to the constant broadband UV. However, we should
8
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resonantly absorb light around 220 nm, which rules out
resonant-multiphoton absorption in the present case. The
roaming mechanism and the hydrogen abstraction play the
same role in the multiphoton and the ISM UV conditions. We
believe that the present results motivate further probes of PAHs
cations as a source of CH+
n (n=4–6) ions in the ISM and
theoretical and experimental investigations on the proposed
roaming mechanisms.
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