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Multiphoton ionization and dissociation of polycyclic aromatic hydrocarbon molecules of
astrophysical interest
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The photoprocessing of astrophysically relevant small polycyclic aromatic hydrocarbon (PAH) molecules,
namely, anthracene, phenanthrene, and pentacene, under intense UV field is experimentally studied to explore
the formation of smaller ions upon their dissociative ionization and the effect of their size and structure on
the dynamics of dissociative ionization. The molecules are UV processed in the multiphoton regime using a
266-nm nanosecond laser pulse. The dissociative ionization spectra at different laser intensities reveal distinct
dissociation dynamics of these PAHs based on their size and structures.
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I. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are considered
to be responsible for the emission in the 3-20-um range
from the interstellar medium (ISM) [1-4], and only a few
months back the first PAHs were detected in the ISM [5].
UV photodissociation of PAHs critically determines their ISM
abundance [6], particularly with their destructive role over-
whelming the slow injection rates of PAHs into the ISM
from the circumstellar medium [7]. PAHs are considered as
intermediates between small molecules, such as acetylene,
and interstellar dust [8], rendering their UV photostability
to be of paramount importance. PAHs containing more than
50 carbon atoms are supposed to survive in the interstellar
medium while lower sized molecules face photodestruction
[9]. Experimental studies on dissociative photoionization of
PAH molecules focus on different aspects such as the effects
of molecular size [10-12] and structure [13].

Considering the vital role of small hydrocarbons in as-
trochemistry, we explore their formation via dissociative
ionization of PAHs, namely, anthracene, phenanthrene, and
pentacene, in the presence of intense UV field. The effects
of size and structure of these PAH molecules on the dynamics
of dissociative ionization are probed. Previously, we reported
our studies on these three PAHs as sources of CHf (n = 4-6)
and C3H, in the interstellar medium [13]. A UV laser at
266-nm wavelength is used to probe the dynamics in the
photodissociation regions (PDRs), which are impacted by the
far-ultraviolet radiation [14].

II. EXPERIMENTAL SETUP

A new experimental setup was built and employed for
performing multiphoton ionization (MPI) and multiphoton
dissociation (MPD) experiments on PAH molecules. The

“robychako @ gmail.com
Tgaravind @iitm.ac.in

2469-9926/2022/105(3)/032804(8)

032804-1

setup consists of a Wiley-McLaren type of double electric-
field time-of-flight mass spectrometer (TOFMS) [15] with a
80-cm-long field-free drift region. The schematic of the setup
is shown in Fig. 1.

The repeller electrode is applied at 250 V, and the second
and third electrodes are held at 200 V and ground, respec-
tively. The PAH reservoir was heated and diluted with He
carrier gas before injecting as supersonic expansion into the
interaction region, which is between the repeller and the
second electrode of the TOFMS, using a solenoidal pulsed
valve. The interaction chamber and the flight tube had a base
vacuum of about 10~® mbar. The pulsed valve was operated
synchronously with laser shots from the fourth harmonic of a
Nd:YAG laser (266 nm) at 10-Hz repetition rate and 4-ns pulse
duration. A convex lens of focal length 18.5 cm focused the
laser beam to a diameter of 6.3 um at the interaction region.
The experiments were carried out with laser shots of energies
12 to 47 mJ /pulse. This produced laser intensities of the order
of 10" W/cm?, which is sufficient to trigger multiphoton
processes. The laser intensities in this paper correspond to a
field strength of the order of 1-2 V/A at the interaction point.
The pressure at the interaction region was maintained at not
greater than 10~ mbar thus ensuring collisionless character
of the molecular photofragmentation processes [16]. The mass
resolution (M /AM) of the TOFMS was 315. The TOFMS was
calibrated by performing MPI of CH3I (diluted in argon). TOF
spectra were obtained with thousands of laser shots.

III. EXPERIMENTAL RESULTS

TOF mass spectra for the multiphoton dissociative ioniza-
tion of anthracene, phenanthrene, and pentacene are shown
in Fig. 2. Anthracene and phenanthrene are isomers (Cj4Hj)
with 178 amu of mass while pentacene (C;Hi4) has a mass
of 278 amu. Anthracene and pentacene are linear chains of
aromatic rings while phenanthrene has a kinked structure with
a bay region (see insets of TOFMS in Fig. 2). TOFMS for
all these three PAHs were collected at various laser intensi-
ties. Figure 3 shows higher-mass fragment ions formed from
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FIG. 1. Schematic of the time-of-flight mass spectrometer setup
developed for multiphoton ionization and dissociation experiments.

phenanthrene with increasing laser intensities. Figures 4 and
5 show the variation of ion yield with laser intensity for
the prominent higher mass fragments formed from the three
molecules.

Spectra of all the three molecules indicate the formation of
almost all hydrocarbon groups C,H;, with m =1 to 14, as
seen in Fig. 2. Anthracene parent ion yield is meagre when
compared to the ionized dissociation products. In contrast
with the anthracene, phenanthrene gives a relatively higher
yield of the parent ion with hydrogen loss or gain than its
ionized fragments. Unlike anthracene and phenanthrene, the
parent ion (C,H,) and any C,,H," cation with m > 14 are not
observed in the pentacene spectra. Among the hydrocarbon
fragment ion groups with mass above 40 amu, CjoH," and
C4H;! are predominant in all the three spectra.

IV. DISCUSSION

Both computational and experimental works reported on
the single-photon absorption spectra of anthracene, phenan-
threne, and pentacene reveal a very low cross-section for the
resonant absorption at 266 nm [17-25]. Thus, in the present
experiment with 266-nm photons we expect the probability
of resonant photoabsorption in these three molecules to be
extremely weak. The laser intensity varies from 1 x 10"
to 4 x 10> W/cm? as the laser power is changed and this
corresponds to field strengths ranging from 0.9 to 1.7 V/A.
The laser intensity values shown in Fig. 3 possess uncertainty
of 14 to 16%. The Keldysh parameter determines the ion-
ization process, namely, MPI (y >> 1) and tunnel ionization
(y < 1) [26]. For all the three molecules, at the employed
field strengths, the Keldysh adiabaticity parameter (y) val-
ues were estimated to be higher than 1. These values are
only indicative as the Keldysh formalism employs zero-range
potential which is only an approximation to the real Coulom-
bic potential. In the current experiments, we had reasoned
that, apart from the multiphoton processes, field ionization
mechanisms (tunnel ionization and barrier suppression ion-
ization) could also contribute to the observed results, as
the molecules are relatively larger. (Estimated values of the
Keldysh parameter and the reasoning for the presence of field
ionization mechanisms in the present experiments are detailed

in the Supplemental Material [27].) The ionization potentials
of these molecules range from 6 to 8 eV [28-32] and thus
the expected order of the MPI process is 2 for all the three
molecules. For phenanthrene, which has a strong parent peak
in the spectra, the order is measured to be 2.

A. Ionization vs fragmentation

Our results show more extensive fragmentation than intact
ionization. Anthracene spectra show a very weak yield for
C14H; , which includes intact, hydrogenated, and dehydro-
genated parent ions. Pentacene spectra are not only void of
peaks corresponding to intact parent ions or parent ions with
H loss or gain, but also lack any fragments heavier than
200 amu, indicating extensive fragmentation. A startling dif-
ference of the spectra of the bent structured phenanthrene
compared to the linear species anthracene and the larger
molecule pentacene is the high yield of parent ions, despite
the nanosecond laser pulse width. The phenanthrene spectra
exhibit a small bump at C12H;f which includes the acetylene
(C,Hy) loss, whereas the acetylene loss channel is absent in
anthracene and pentacene spectra. Phenanthrene differs from
anthracene and pentacene in the relative yields for C14H; and
CoH;," fragments as well.

Various properties of the laser and molecular structure
determine the outcomes of the coupling of molecules with
intense laser field [33]. In femtosecond photoionization, the
pulse length is of the order of molecular vibrations. Thus the
degree of nuclear excitation is substantially reduced, leading
to the formation of intact parent molecular ions and dimin-
ished dissociation. On the other hand, Dewitt et al. [34] show
that the intact parent ion cannot be detected in the case of ion-
ization of large polyatomic molecular species via nonresonant
nanosecond excitation. In an intense radiation field, ionization
has to compete with fragmentation, and if the pulse dura-
tion is of the order of a picosecond or nanosecond timescale
multiple excitations could occur. In multiphoton processes,
the molecule has to survive at least two dissociation mecha-
nisms, namely, absorption-dissociation-ionization (ADI) and
absorption-ionization-dissociation (AID), to produce parent
molecular ions. The ADI mechanism is more probable with
nanosecond pulses but weak with femtosecond pulses. High
laser fluence could assist in sidestepping ADI and thereby
enhancing undissociated parent cation yield [35,36]. AID is
more plausible with nanosecond pulses resulting in the decay
of parent molecular ions [35]. Though the nonresonant two-
photon absorption (a highly anticipated process in the current
experiment) is expected to primarily initiate the AID mech-
anism, in the case of pentacene the ADI mechanism might
have dominated since the parent ion is not observed. In short,
in the present paper, the nanosecond width of the laser pulses
used heavily enhanced AID and ADI mechanisms compared
to intact ionization.

Prior works on photoionization and dissociation of PAH
molecules show fragmentation to be sensitive to laser inten-
sity [37-39]. These works report parent ion formation, but at
three to five orders of lesser intensity than the present paper.
Abakumov et al. [40] report a prominent parent peak and a
peak corresponding to C,H, loss as the main features ob-
served in the multiphoton dissociative ionization, but at a laser
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FIG. 2. MPI and MPD spectra of anthracene, phenanthene, and pentacene

intensity of the order of 10° W/cm? [40]. The pulse width has
not been reported in this paper. The present paper as well as
the earlier work [41] done with nanosecond pulses at a laser
intensity above 10'® W/cm? do not show this feature. On the
other hand, parent ion formation is reported to be prevalent
in the femtosecond experiments [36,39,41,42]. These works
employ lasers of low photon energy (1.5-1.6 eV) which in

turn give better access to different fragmentation channels as
the molecules can absorb energies in smaller steps. Unlike in
the case of electron impact processes, in photon absorption
processes, the whole energy of the photon is dumped into
the molecule rather than absorbing the required energy for a
transition. Thus, if the photon energy is much higher than the
dissociation energy for a particular channel, then this channel
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FIG. 3. Phenanthrene MPI and MPD spectra at different laser intensities. Fragments of a mass-to-charge ratio above 40 amu. A vertical
offset is maintained to show spectra at different laser intensities separately.

can be omitted as new pathways become accessible with the
availability of extra energy. As the PDRs in the interstellar
and circumstellar regions are characterized with far-UV pho-
tons and a prolonged supply of photons, experiments with
UV photons from nanosecond lasers are more relevant than
femtosecond IR lasers in the astrophysical context.

The extensive fragmentation observed in the pentacene
spectra compared to anthracene and phenanthrene affirms the
earlier suggested explanations that fragmentation enhances
with an increase in the degrees of freedom, the size of the
molecule, density of states, the number of o-type bonds
present in the molecule, and the mean polarizability [43,44].
Coupling of energy from the electronic to the nuclear degrees
of freedom is enhanced with increasing density of states and
nuclear degrees of freedom. Dewitt et al. [34] point out that in
a multiphoton coupling mechanism this leads to both molec-

ular fragmentation and an associated reduction in ionization
probability. Moreover, the increased density of states in the
ionic states of the larger molecules increases the rate of AID,
leading to enhanced dissociation. As a result of the enhanced
screening due to higher electron number, it is more formidable
for the larger molecules to get ionized compared to smaller
molecules with fewer delocalized electrons [45]. These effects
were observed in many of the earlier reported works [39,43].
Also, pentacene has a higher mean polarizability compared to
anthracene and phenanthrene [46], making it more susceptible
to external electric fields.

The presence of tunnel ionization (TT) could also be en-
hancing the fragmentation in the present experiment. Through
TI, the neutral parent molecule could transit to the ground
cationic state, from which it can access the excited states
by absorbing extra photons. This can ease the fragmentation
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FIG. 4. Laser power dependence of the yield of C4H;" and C;oH;} from anthracene (left), phenanthrene (middle), and pentacene (right).
The numbers in brackets denote the slope of the fitted linear curves for each group.
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FIG. 5. Left: Laser power dependence of the yield of C;H and C4H," fragments from phenanthrene. Right: Laser power dependence of

the yield of the C3H,! fragment from pentacene.

processes as it is probable for the cation to end up in some
of its dissociative vibrational levels upon photon absorption.
The photoelectron spectra (PES) of these molecules [47,48]
reveal that there exist many excited states accessible to the
ground-state cation within 4.66 eV (single-photon energy).
These excited cationic states could themselves be dissocia-
tive. The PES reveals that, upon single-photon absorption, the
number of accessible cationic states is largest for pentacene
(6) when compared to anthracene (4) and phenanthrene (4).
Since these cationic states could be dissociative, we can ex-
pect more extensive dissociation in pentacene compared to the
lower sized anthracene and phenanthrene and we observe the
same in our results.

Various factors determine the relative stability of phenan-
threne against photofragmentation compared with its isomer
anthracene. In comparison with anthracene, phenanthrene
is reported to have a higher thermodynamic stability [49],
higher delocalization energy or resonance energy [50,51],
more Kekule resonance structures, more Clar sextets (leading
to greater kinetic stability) [52,53], a lower mean polariz-
ability [46,54], and a topologically more favorable structure
for higher stability [55]. A stabilizing hydrogen-hydrogen
bond is proposed [56,57] between the H atoms brought closer
by the kinked structure in the bay region, based on Bader’s
“atoms-in-molecules” (AIM) theory [58], but its effect is de-
bated [53,59-61]. According to a density-functional-theory
study following the AIM theory by Sabirov [62], the presence
of bay regions makes the electronic cloud of the hydrocar-
bon molecule more compact and less susceptible to external
electric fields, resulting in a reduction in the molecular po-
larizability. Our results on the isomer pairs of anthracene
and phenanthrene indicate that the phenanthrene cation has
higher survivability against photodissociation compared to
anthracene, and this supports the computational work of
Sabirov et al. [46] which associates minimum polarizability
for higher abundance among isomeric interstellar compounds.
The heavy fragmentation observed for the more polarizable
linear PAH pentacene also corroborates this reasoning.

Another interesting observation from our spectra of an-
thracene and phenanthrene is the possible presence of the
parent dication in the case of phenanthrene. At the same time,
there is no indication of a parent dication in the spectra of
anthracene. This is notable, as, for the case of dications, the
anthracene dication is more stable than the phenanthrene dica-
tion [53,63]. Anthracene would have been mainly embracing
the ADI mechanism, leaving few parent ions or dications.

B. Yield vs laser intensities

Figure 3 shows the extent of fragmentation at different
laser intensities in the case of phenanthrene molecules. (see
Supplemental Material [27] for the same in the case of an-
thracene and pentacene). Figure 2 of the previously reported
work [13] shows the same but for fragments with mass
less than 40 amu. Figure 4 shows the laser power depen-
dence of fragment ion yield for C4H," and CjoH, formed
from anthracene, phenanthrene, and pentacene. The ion yield
increases with laser intensity for most fragments from an-
thracene and pentacene (see Fig. 4 and Fig. 3 of [13]). The
fractional values for the slopes, for the linear portion of each
curve, implies that in addition to the MPI, field ionization
plays a role as well. Presence of multiple channels of for-
mations could also lead to fractional slopes. The general
pattern of the laser power dependence of the yield of the ionic
fragments formed from phenanthrene differs from anthracene
and pentacene as can be seen in Figs. 4 and 5. C 14H2r tends
to get saturated after reaching a threshold. The same feature
is reported in [64]. Saturation at higher laser intensities is
expected in MPI processes. The heavy fragmentation due
to the nanosecond pulse may cause an underestimation of
the saturation intensity, I, [65]. The yield vs laser intensity
curves of C3H, C4H;}, and CjoH; from phenanthrene and
C3H; from pentacene decline after reaching a maximum. The
decline indicates the opening up of new dissociation channels,
at a threshold intensity of the laser. The variation of the yield
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FIG. 6. Relative yield of ionic fragments from anthracene, phenanthrene, and pentacene at lowest laser intensity (blue) and highest laser

intensity (gray).

with laser intensities for the lower mass fragments is discussed
in the previous work [13].

Figure 6 depicts the percentage yield of the major frag-
ment ions from the anthracene, phenanthrene, and pentacene,
respectively, at the lowest and highest laser intensities em-
ployed. In all the cases, the major share comes from the
C* cation the yield of which reduces as the laser intensity
increases. This is because of the strengthening up of the
other decay channels as well as the opening up of new decay
channels. The relative yields of CT in the case of all the
three molecules at lowest as well as highest laser intensities
exhibit striking similarity, irrespective of the difference in the
size and structure of the PAH molecules employed. At the
lowest laser intensity, C3H,;L and C;r hold the second and third
places in the relative yield for all the three molecules. Figure 7
shows the variation of the relative yield of CJ and C3H," with
laser intensity for all the three molecules. The complementary
feature observed in the case of anthracene is discussed in [13].
In the case of phenanthrene and pentacene, a similar feature
is exhibited in the beginning, but as the laser intensity goes
high, both CJ and C3H; start to decline. The complemen-

tary yield profile suggests the possibility of the formation
of CJ via the decay of CsH;. In the case of phenanthrene
and pentacene, the simultaneous decline of C;“ and C3H;r at
higher laser intensities reveals the opening up of new decay
channels for either C3H; or the preceding species from which
C3Hn+ is formed. Absence of C2H§r is another feature that
distinguishes the spectra of phenanthrene from anthracene and
pentacene.

Mass spectra of all the three PAH molecules under study
show that CjoH; and C4H; are dominant among fragment
masses above 40 amu. Among CioH;, C]QHg_ (naphthalene
cation) is the dominant fragment. C4HS and C4HJ are the
dominant species among C4H,}. Previous works indicate that
four-carbon hydrocarbon ions occur in stable isomeric forms
[66,67]. Separate studies conclude that C4H;r [68,69] and
C4H§' [66,70] are resonantly stabilized cations. Dissociation
of the parent molecule to neutral C;oH, and C4H,, species
followed by further ionization is a plausible pathway for the
formation of CjoH; and C4H,; ions. CjoH; can also form
from C14HT0 via C4H,, loss. The neutral C4H,, can further
undergo photoionization, giving C4H;! . The striking similarity
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FIG. 7. Variation of the relative yield of the ionic fragments C5 and C;H;" with different laser intensities
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in the variation of the ion yield with laser intensities of CjoH;
and C4H;" from the phenanthrene parent (see Fig. 4) suggests
a similarity at the beginning of their formation pathways. A
noticeable difference in the formation of C1oH, from phenan-
threne compared to anthracene and pentacene is the very low
share in the total ion yield. The share is less than 0.5% for
CoH; from phenanthrene, whereas CioH;" from anthracene
and pentacene exhibits a maximum of 9 to 10% share (see

Fig. 6).

V. SUMMARY

The multiphoton ionization and dissociation of small
PAH molecules of astrophysical interest, namely, anthracene,
phenanthrene, and pentacene, under intense UV field gener-
ated by a nanosecond laser pulse are studied using a newly
constructed experimental setup. The experiments are per-
formed at different laser intensities and the results provide a

wealth of information regarding the fragmentation patterns.
The effects of the size and structure of PAH molecules upon
coupling with intense UV field are specially studied. The
phenanthrene molecule, with a bent structure, exhibits a va-
riety of different features compared to the linear benzenoids
anthracene and pentacene. Phenanthrene is found to be more
photostable than anthracene and pentacene in the UV regions
of the interstellar and circumstellar environments. The present
results shed light on the structure and dynamics of the PAH
components of the interstellar medium and are of paramount
importance for astrophysical models explaining interstellar
chemistry.
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