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ABSTRACT: Polycyclic aromatic hydrocarbons (PAHs) are abun-
dantly present in space. The grandPAH hypothesis states that small
PAHs are photodissociated, while large symmetric PAHs survive the
harsh environments in space. Moreover, it has been hypothesized that
large aromatic molecules (CnHm with n ≥ 60) can convert to
buckminsterfullerene (C60). In this work, we test these hypotheses by
studying the products formed upon dissociative electron ionization of
two isomeric C14H10 PAHs, anthracene and phenanthrene. The
fragment ions that are formed following H loss and H2 loss are isolated
in a cryogenically-cooled 22-pole ion trap and tagged with neon.
Infrared predissociation spectra are recorded of the thus formed van
der Waals bound complexes and the PAH dissociation fragments are
identified based on a comparison with density functional theory (DFT) calculated spectra. The ionized PAHs undergo radical
isomerization prior to the loss of H or H2, resulting in a highly symmetric daughter ion that is identical for the two distinctly different
parent PAHs. Moreover, the product ions are found to obey the isolated pentagon rule, which also curves fullerenes and contributes
to their structural stability. We propose a mechanism for the radical isomerization based on existing molecular dynamics simulations
from the literature augmented by DFT calculations. This study lends credit to the grandPAH hypothesis by showing that PAH
species isomerize drastically to form a new molecule that is highly symmetric. Moreover, the formation of a daughter species that
obeys the isolated-pentagon rule suggests that there is a strong chemical link between interstellar PAHs and fullerenes.

1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are found in a large
variety of interstellar environments, ranging from HII regions,
reflection nebulae, young stellar objects (YSOs), planetary
nebulae, to post-asymptotic giant branch (AGB) stars.1−3 They
are identified based on the characteristic mid-infrared (mid-IR)
emission features that they emit after being excited by strong
ultraviolet (UV) radiation from nearby stars.4−6 It has been
estimated that up to 20% of the total cosmic carbon budget is
locked-up in PAHs, making them key species in the cosmic
carbon cycle.2 For a long time, PAHs were only detected as a
class of molecules carrying the mid-IR vibrational bands from
UV bright sources, but unambiguous identifications of PAHs
and cyano-substituted PAHs have recently been made through
their pure rotational transitions in radio astronomical surveys
of cold dark molecular cloud cores.7−10

While the initial consensus in the field was that the
interstellar PAH family is very diverse, more recent
observations reveal that, likely, only a few, large, and compact
“grandPAHs” dominate the PAH population in photon
dominated regions.11,12 Specifically, the IR emission spectra
observed toward the brightest emission zones in galactic and

extragalactic objects are strikingly similar.13 While PAHs, as a
class, have very similar intrinsic spectra dominated by CH and
CC stretching and bending modes, individual spectra show
subtle spectral variations in peak position.14−16 These two
aspects, astronomical and molecular spectroscopy, can be
reconciled if just a few PAHs dominate the interstellar PAH
family: the so-called grandPAHs. Extensive studies of the
spectroscopic properties of PAHs have not been able to
uniquely identify grandPAHs. Such studies14,16 have generally
focused on the thermodynamically most stable PAHs in the
highly condensed and symmetric pyrene, coronene, and
ovalene families.6,17

Thermodynamics considerations play an important role in
the formation of PAHs in sooting flames, but in general,
kinetics dominate interstellar chemistry. Specifically, in photo-

Received: May 21, 2025
Revised: August 27, 2025
Accepted: August 28, 2025
Published: September 12, 2025

Articlepubs.acs.org/JACS

© 2025 American Chemical Society
34508

https://doi.org/10.1021/jacs.5c08619
J. Am. Chem. Soc. 2025, 147, 34508−34516

D
ow

nl
oa

de
d 

vi
a 

IN
IS

T
-C

N
R

S 
on

 O
ct

ob
er

 1
, 2

02
5 

at
 1

1:
08

:0
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madison+M.+Patch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rory+McClish"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjana+Panchagnula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danie%CC%88l+B.+Rap"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shreyak+Banhatti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helgi+R.+Hrodmarsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helgi+R.+Hrodmarsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandra+Bru%CC%88nken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harold+Linnartz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+G.+G.+M.+Tielens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordy+Bouwman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordy+Bouwman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c08619&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08619?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08619?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08619?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08619?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c08619?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c08619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


dissociation regions (PDRs), the prevalent, strong far-ultra-
violet photon field opens up new chemical pathways, driving
the composition away from thermodynamically favored
species. First, only large PAHs consisting of more than ≳30
carbon atoms can survive, while smaller irregular species
undergo photochemical C2H2 loss.18−21 Experiencing multi-
photon excitations, larger, more symmetric PAHs are first fully
stripped from all their H atoms before the carbon skeleton
starts to shrink through C2 loss.22,23 In the process, the carbon
backbone likely isomerizes, and it has been hypothesized that
interstellar C60 buckminsterfullerene results from photo-
dissociation and photoisomerization of large interstellar
PAHs (NC ≥ 60).20 A laboratory study has indeed suggested

that a stable C60
+ species forms upon the dissociation of a large

cationic PAH.23 A firm spectroscopic identification of the
buckminsterfullerene radical cation formed by this process has
not yet been made. Moreover, very little is known about the
species that form upon photoinduced isomerization of
interstellar PAHs, but these species may be key carriers of
the IR emission bands.

Various physicochemical tools in combination with quantum
chemical calculations have been employed to study the
dissociation mechanisms of smaller PAHs and their cati-
ons.21,22,24−30 A few studies that focused on revealing the
molecular structure of the dissociation fragment ions formed
upon losing C2H2 and HCN from PAHs and heterocyclic

Figure 1. Structures of the two isomeric C14H10 parent compounds, anthracene (top left) and phenanthrene (top right), used in this study. Using
infrared predissociation spectroscopy, we identify the structures dPAH1

+ and dPAH2
+ as the products formed via single dehydrogenation of the

parent ion. The ddPAH•+ species�known as pyracyclene�is formed through double dehydrogenation of the parent ion.

Figure 2. (A) Electron ionization mass spectra of anthracene (left) and phenanthrene (right) recorded at an electron energy of 30 eV, (B) mass
spectrum of the mass-selected ions admitted to the cryogenic ion trap, and (C) mass spectrum of the contents of the trap after tagging the ions with
neon.
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PAHs, respectively, have found that five-membered rings are
included upon multiphoton dissociative ionization or electron
ionization.24,31,32 A particularly interesting process from an
interstellar perspective is the dehydrogenation of PAHs, which
is thought to play a critical role in the formation of interstellar
hydrogen.33−35 Previous studies on PAH dissociation mecha-
nisms revealed that this process begins with the loss of
hydrogen atoms.22,30,35 The structures of the small mono-
dehydrogenated PAH cations naphthyl, phenanthryl, and
pyrenyl generated by 193 nm multiphoton dissociative
ionization of their halogenated parent PAHs have been studied
by means of infrared multiphoton dissociation (IRMPD)
spectroscopy, resulting in broad absorption bands that are
difficult to uniquely assign.36,37 A recent study on the double
dehydrogenation of the pyrene cation using infrared
predissociation (IRPD) spectroscopy�which gives rise to
better resolved spectra than IRMPD�showed that such a
small pericondensed PAH tends to lose hydrogen atoms from
adjacent carbon atoms on the periphery (4,5 or 1,2 position),
or from the 1,3 position, without altering the backbone of
carbon atoms.38

Here, we identify the product ions that form from 30 eV
electron-induced dissociative ionization of two C14H10 isomers,
anthracene and phenanthrene (Figure 1), to simulate the effect
of energetic processing of prototypical catacondensed PAHs in
the interstellar medium (ISM). The daughter ions formed by
the loss of H or H2 (or 2H) are isolated in a cryogenically
cooled 22-pole ion trap, and the IRPD spectra of the neon-
tagged daughter ions are recorded. The structures of the
daughter ion species are assigned by comparing the
experimental spectra to density functional theory (DFT)
calculated spectra. Next, potential energy surface (PES)
calculations are presented that help rationalize the formation
of the detected product species. Finally, the findings are
considered in an astrochemical context, leading to conclusions
on the photoisomerization of PAHs and the probable
contributors to interstellar aromatic IR emission bands.

2. RESULTS AND DISCUSSION
Experiments were conducted on the cryogenically cooled 22-
pole ion trap instrument FELion connected to the free electron
laser for infrared experiments (FELIX).58 The dissociation
product of interest was isolated in the trap and tagged with a
weakly bound neon atom, and the predissociation spectrum
was recorded. Further experimental details are provided in the
Experimental Section.
2.1. Mass Spectrometry. The electron ionization mass

spectra for anthracene and phenanthrene were recorded at an
electron energy of 30 eV and are shown in Figure 2A. From
these spectra, it can be seen that the radical cation of the
parent species is accompanied by the product formed through
single dehydrogenation (m/z 177), double dehydrogenation
(m/z 176), as well as the loss of C2H2 (m/z 152).

Next, only a mass band corresponding to the product ions of
interest, i.e., dPAH+ and ddPAH•+, were admitted to the ion
trap by selecting their m/z using the quadrupole mass filter in
front of the entrance to the 22-pole trap. The mass filter is
somewhat broad, resulting in a range of masses being admitted
to the cryogenically cooled trap (Figure 2 panel B). In the trap,
these mass-selected ions were subsequently exposed to a short
pulse of a rare gas mixture (He/Ne in a 3:1 ratio) to cool the
ions and to generate the ion−Ne complex. This resulted in
weakly bound complexes at m/z 197 and 196 for the mono-

and doubly dehydrogenated anthracene and phenanthrene
cations, respectively (Figure 2, panel C). These tagged
complex signals were monitored after selection with a second
quadrupole mass filter as a function of frequency to construct
the IRPD spectra.
2.2. Infrared Predissociation Spectroscopy. 2.2.1. Dou-

bly Dehydrogenated Ant•+ and Phe•+. The infrared
predissociation spectra of doubly dehydrogenated anthracene
(ddAnt•+) and phenanthrene (ddPhe•+) are shown in light
blue and dark blue, respectively, in Figure 3. The experimental

spectra are normalized to the strongest absorption in the
measured wavelength region, which occurs at ∼1300 cm−1. At
first glance, the mid-IR spectra of ddAnt•+ and ddPhe•+ are
identical, and only very subtle differences appear to be present,
if any. This is an interesting observation, as the molecular
structures of the parent species, anthracene and phenanthrene,
are very different, and the spectra of the cation (and dication)
of these species reveal that no significant isomerization is
apparent for the parent species.32 Moreover, there is no
obvious connection between the two dehydrogenation
products of these two distinct isomers. Another noteworthy
observation is that there are only a few infrared-active modes
for this molecule of C14H8

•+ composition, which hints at a
species that is likely of high symmetry.

Also shown in Figure 3 is the harmonic spectrum of the
ddPAH•+ species pyracyclene (structure in Figure 1)
calculated using the B3LYP/6-311++G(2d,p) functional and
basis set and scaled to account for anharmonicities. For ease of
comparison, the computed spectrum has been convolved with
a Gaussian shape with an FWHM of 5 cm−1 that corresponds
to the experimental resolution. A comparison between the
measured and calculated band positions is shown in Table S1
in the Supporting Information. Among the many isomers we
examined, the ddPAH•+ species pyracyclene emerged as the
most energetically stable, being more than 42 kcal/mol lower
in energy than all others. None of the direct dehydrogenation
products of anthracene or phenanthrene yield a match (Figures

Figure 3. IRPD spectra of the doubly dehydrogenated anthracene
(light blue) and doubly dehydrogenated phenanthrene (dark blue)
cations. Shown in red is the computed spectrum of the ddPAH•+

species (structures in Figure 1). The computed spectrum is calculated
using B3LYP/6-311++G(2d,p), and the frequencies have been scaled
using a factor of 0.983 to account for anharmonicities. The resulting
stick spectrum is convolved with a Gaussian function with a width of 5
cm−1 to facilitate comparison with the experimental data.
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S1−S12 in the Supporting Information). However, the
computed spectrum of pyracyclene is well-matched with the
band positions of the experimental spectrum. The average
absolute deviation from the calculated band positions is 5
cm−1. Some mismatches are apparent that can be caused by
overtones and resonances that are not captured in the
harmonic calculations. Moreover, small spectral shifts might
be induced by attaching a neon tag to the daughter ion. Lastly,
the bands that are seen beyond 1600 cm−1 in the ddPhe•+ data
are likely artifacts.

Saturation-depletion scans were conducted on both ddAnt•+
and ddPhe•+ to estimate what fraction of ions in the trap is in
the form of the assigned species. To this end, we set the laser
to the central positions where strong absorption bands are
observed and recorded the depletion of the tagged ion signal as
a function of time. The leftover fraction of ions gives an upper
limit on the total contribution of other isomers to the signal.
An IR spectrum with depletion values for the various bands in
the ddAnt•+ and ddPhe•+ spectra is shown in Figure S13 in the
Supporting Information. From these depletion data, we
estimate that at most 20% is in the form of isomers other
than the pyracyclene ion shown in Figure 1.
2.2.2. Singly Dehydrogenated Ant•+ and Phe•+. The

spectra of the singly dehydrogenated Ant and Phe species
(dAnt+ and dPhe+) were recorded and are shown in Figures 4

and 5. In these figures, the experimental traces are shown in
black, and the calculated spectra of the singlets states of
dPAH1

+ and dPAH2
+ (see Figure 1 for their molecular

structures) are added in blue and red, respectively. Based on
DFT calculations, the triplet states were found to be higher in
energy than the singlets by 9 and 18 kcal/mol for dPAH1

+ and
dPAH2

+, respectively, and were found to not provide a good
match with the experimental IR spectrum. From Figures 4 and
5, it can be seen that more modes are IR-active in the
experimental spectrum compared to the ddPAH•+ spectrum,
suggesting contributions of multiple isomers and/or reduced
symmetry of the daughter ion. Similar to the case for
ddPAH•+, the two experimental spectra are very similar but

with a notable difference in the improved signal-to-noise ratio
in the dAnt+ spectrum.

A comparison between the experimentally measured band
positions and the computed (scaled) harmonic modes is
shown in Tables S2 and S3 in the Supporting Information. The
band positions of the computed spectrum align well with the
measured data, with an average absolute deviation of 7 cm−1

and 3 cm−1 for the dAnt+ and dPhe+ data, respectively, and a
maximum deviation of 12 cm−1. Moreover, the experimental
spectrum is well-represented by the combination of both
isomers. Saturation-depletion scans for the singly dehydro-
genated phenanthrene species are shown in Figure S14. These
data are consistent with two isomers contributing to the
spectrum in approximately equal amounts.
2.3. PES Calculations. PES calculations were performed to

yield insights into the possible formation mechanism of the
identified isomers, and the resulting PES is shown in Figure 6.
We do not attempt to provide a full PES but rather only
explore viable pathways to the observed products starting from
reaction intermediates that were previously identified in the
literature.

In Figure 6, we start from Int1 as this was identified as an
intermediate for the loss of C2H2 from Ant•+ using molecular
dynamics (MD) simulations.32 We note here that these
pathways all involve hydrogen migration and isomerization of
internally excited Ant•+ and Phe•+ before the loss of H or H2.
This was also the dominant order seen in Banhatti et al.32 for
the loss of C2H2. Isomerization after the loss of H or H2 cannot
be entirely excluded but is less likely since the dissociation
requires substantial energy that is no longer available in the
system to overcome isomerization barriers. MD calculations on
the dissociation of other energized PAH cations have shown
that in general, isomerization precedes dissociation.39

Int1 is found to connect to Int2, which was also located on
the Phe•+ PES by MD simulations.32 We find that the two
intermediates are connected via a series of hydrogen
migrations (Figure S15 in the Supporting Information) that
have a rate-limiting transition state (TS1) located at 57 kcal/
mol relative to Int2. A hydrogen transfer from Int2 over TS2

Figure 4. Black trace represents the experimental spectrum for singly
dehydrogenated anthracene. The blue and red traces represent the
spectra of singlet dPAH1

+ and dPAH2
+ (offset by 125 km/mol)

computed at the B3LYP/6-311++G(2d,p) level of theory and scaled
using a factor of 0.983. The molecular structures for dPAH1

+ and
dPAH2

+ are shown in Figure 1.

Figure 5. Black trace represents the experimental spectrum for singly
dehydrogenated phenanthrene. The blue and red traces represent the
spectra of singlet dPAH1

+ and dPAH2
+ (offset by 125 km/mol)

computed at the B3LYP/6-311++G(2d,p) level of theory and scaled
using a factor of 0.983. The molecular structures for dPAH1

+ and
dPAH2

+ are shown in Figure 1.
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at 78 kcal/mol results in Int3 at 66 kcal/mol. Int3 undergoes a
5−6 to 6−5-membered ring isomerization over TS3 at 77
kcal/mol, which results in the isolation of the two five-
membered rings in the resulting Int4 at 8 kcal/mol. From here,
hydrogen loss can yield either dPAH1

+ at 73 kcal/mol or
dPAH2

+ at 57 kcal/mol. Alternatively, Int4 can lose both
hydrogen atoms to form ddPAH•+ at 123 kcal/mol.

The ionization energies are 7.439 and 7.891 eV for
anthracene and phenanthrene, respectively.40 The activation
energies for H loss from anthracene cation, followed by a
subsequent H loss from the resulting C14H9

•+, were calculated
to be 4.28 and 2.71 eV (99 and 62 kcal/mol), respectively.25

Consequently, the appearance energies for removing one and
two hydrogen atoms from neutral anthracene are 270 and 333
kcal/mol, respectively. In our experiment, the maximum
energy imparted to the parent ion after electron ionization at
30 eV is 520 kcal/mol for anthracene and 510 kcal/mol for
phenanthrene. Therefore, while the barrier heights of all of the
transition states involved in the transformation of Ant•+ and
Phe•+ to Int1 and Int2 remain unknown, the available energy
in our system is more than sufficient to facilitate isomerization
to the observed products.

3. IMPLICATIONS AND CONCLUSIONS
The C14H9

+ and C14H8
•+ species that form upon dissociative

ionization of anthracene and phenanthrene have been
identified by means of cryogenic ion IR predissociation
spectroscopy. A surprising radical isomerization of the parent
ion is found to precede the loss of H and H2. The identified
products are the most energetically favorable species for their
specific chemical composition and obey the isolated pentagon
rule.41−43 The product ions identified in this work have their
five-membered-ring structures on the periphery of the
molecule. When extrapolating to larger molecules, similar
isomerizations involving H-migration and H-loss processes can
be expected upon energetic processing, be it thermally by
electrons, photons, or cosmic rays. In large PAHs, the defects
may initially form at the periphery of the parent ion, but they
are expected to migrate inward44,45 via 6−5 to 5−6-membered-
ring isomerizations and could curl the molecular framework.
We emphasize that if this type of isomerization occurs in large,

irregular aromatic molecules in the ISM, fullerenes are highly
likely to form from interstellar PAHs.

The grandPAH hypothesis suggests that small PAHs get
photodissociated and only large PAHs survive in the ISM.
Earlier studies have shown that PAHs of astronomically
relevant sizes dehydrogenate when they are energetically
processed by irradiation, which could play a role in the
formation of interstellar hydrogen.33−35 However, the process
of isomerization preceding the dehydrogenation of PAHs in
the ISM has been completely overlooked. The interstellar
PAHs that have historically been considered are similar to
those that are formed through thermodynamically driven
processes, as seen in flames. In this work, we show that radical
isomerization takes place even before the first (one or two)
hydrogen atoms are lost. This implies that PAHs in PDRs,
PNes, RNes, and YSOs in the ISM must undergo similar
structural changes, driving the interstellar PAH population
away from historically considered PAHs. We show that
energetic processing results in a set of highly symmetric and
compact PAHs that include both five- and six-membered ring
structures. Due to their high symmetry and compactness,
PAHs formed through these isomerization routes fulfill the
observational constraints for the carriers of the interstellar IR
emission bands. Species such as ddPAH•+ and similar larger
molecular species, as well as their neutral counterparts that
may form through neutralization via collision with an electron,
need to be included in the NASA Ames PAH database to
enable the analysis of IR emission bands.46 Moreover, the
identification of the dPAH+ isomers in space will be aided by
their nonzero dipole moment, which will make their pure
rotational spectra suitable for systematic surveys.

The symmetric and highly stable molecules that form
through the photoprocessing and photoisomerization of PAHs
also need to be considered as potential carriers of diffuse
interstellar bands (DIBs). DIBs comprise over 500 absorption
bands that have been detected throughout the UV, optical, and
IR regions of the electromagnetic spectrum and whose carriers
have (largely) remained a mystery for over a century.47 Only
very recently, electronic transitions of C60

+ were found to be
responsible for five DIBs in the spectral region that spans
∼900−970 nm.48−50 The photoprocessing in this work

Figure 6. A C14H10
•+ PES calculated using B3LYP/6-311++G(2d,p) showing a reaction mechanism that connects intermediate structures that were

found using MD simulations (Int1 and Int2, see Banhatti et al.32) with the products that are identified in this work (dPAH1
+, dPAH2

+, and
ddPAH•+). The transition state connecting Int1 and Int2 displays only the rate-limiting step (TS1), but the full surface is available from the
Supporting Information.
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underlines the connection between PAHs and fullerenes and
suggests that the photoisomerization products of PAHs should
also be considered as potential DIB carriers. Future studies
focused on recording the optical spectra of the product ions
formed by the photodissociation of PAHs are needed to test
this hypothesis.

The 30 eV electron gun employed in this study will leave the
PAH, after ionization, with an excess internal energy of ∼22 eV
minus the kinetic energy carried away by the electron, which
can be substantial. In photodissociation regions in the
interstellar medium, photon energies are limited to less than
the atomic hydrogen ionization energy (13.6 eV) and are
typically of the order of 8.1 eV.51 Hence, absorption of a single
far ultraviolet (FUV) photon by an interstellar PAH cation will
not leave the species sufficiently excited to promote the
isomerization and H and H2 loss processes studied here.
However, photoprocessing of interstellar PAHs is dominated
by two-photon processes where a second FUV photon is
absorbed before the excitation energy of the first FUV photon
is radiated away,19,34 and such events would leave the PAH
sufficiently excited to cross the energy barriers involved in the
isomerization and H and H2 loss processes described here (cf.,
Figure 6). With a typical FUV photon being absorbed every
≃3000 s and a radiative cooling time scale of 0.1 s, the
probability of such an event is rare (≃3 × 10−5).19,34

Nevertheless, over relevant interstellar dynamical time scales
(105 yr), some 3 × 104 such events could occur. Likewise,
absorption of an X-ray photon by a PAH will leave an internal
vibrational excitation of some 20 eV (cf., Reitsma et al.52 and
references therein) and would therefore promote the processes
studied here. X-ray processing of PAHs is of prime importance
in planet-forming disks around young solar-type stars.53 In
either of these environments�PDRs and planet-forming
disks�PAHs play an important role in the energy balance of
the gas,54−57 they are a key component of the organic
inventory, and they dominate the mid-infrared spectral energy
distribution. Models for such a region will therefore have to
take the isomerization and dehydrogenation processes
described here into account.

4. EXPERIMENTAL SECTION
The experiments were conducted on the cryogenically cooled 22-pole
ion trap instrument, FELion, which was connected to the free electron
laser FEL-2 of the FELIX Laboratory at Radboud University,
Nijmegen, The Netherlands.58 The FELion system has been
described in detail in prior publications,59 and here we only focus
on the relevant experimental details.

Two isomeric PAH samples, anthracene and phenanthrene
(C14H10, Sigma-Aldrich, ≥98% and 98% pure, respectively, see Figure
1 for their structures) were evaporated into an electron impact
ionization source at pressures of several 10−5 mbar. Gas phase PAH
species were subsequently ionized by electron ionization using an
electron energy of either 30 eV for doubly dehydrogenated species or
40 eV for the singly dehydrogenate ions. Electron ionization at these
energies not only yielded the parent radical cation but also resulted in
signals that correspond to the loss of one or two hydrogen atoms from
the parent cation. The ions were subsequently guided through a
quadrupole mass selector, and the daughter ions within a mass range
of about 4 amu were admitted to the cryogenically cooled ion trap.

The (doubly) dehydrogenated cations of interest were admitted to
the cryogenically cooled trap held at a temperature range of 4−10 K.
van der Waals bound clusters of the mass-selected cation of interest
and neon were made by exposing the ion cloud to a brief and intense
pulse of a helium/neon mixture in a 3:1 ratio. The cluster ions were
subsequently exposed to tunable radiation from the infrared free

electron laser (FEL-2) at the FELIX Laboratory that provides
macropulses with energies up to 120 mJ per pulse (with around 7−30
mJ per pulse in the trap region) at a repetition rate of 10 Hz and with
a fwhm bandwidth of Δν� = (0.7−1.2)%·ν�). Each FEL
macropulse consists of a train of micropulses separated by 1 ns.
The photon energy was tuned between 600 and 1800 cm−1 with a
step size of 1 cm−1. The ion cloud was exposed to the infrared
radiation for (1.6−2.6) s, and the trap contents are then analyzed
using a second mass filter coupled to a Daly detector to investigate the
degree of dissociation of the cluster ions as a function of frequency.
The spectrum was normalized using the following equation

I
N N
n P h

ln( ( )/ ( ))
/( )

on off=
· ·

where I is the intensity in units of relative cross-section per photon, P
is the laser pulse energy at the trap location, n is the number of pulses,
Non(v) represents the number of complexed ions at a given frequency
v, and Noff is the baseline value. This method has previously been
applied to investigate the structures of a number of PAH cation
dissociation products.32,38

Multiple isomeric products may be formed upon dissociative
electron ionization. To disentangle the contributions of such fragment
isomers that were potentially produced in the ion source, we
performed saturation-depletion scans.59 For the latter measurements,
we exposed the tagged ions to radiation corresponding to the
maximum absorption of a specific isolated vibrational band and
applied a large number of FELIX macro-pulses. The depletion of the
tagged ions at that frequency was compared to the ion signal observed
at an off-resonance frequency to account for any losses due to
nonradiative processes. The saturation-depletion value directly
yielded the relative abundance of the isomer or multiple isomers
that were responsible for the selected vibrational normal mode.

5. COMPUTATIONAL METHOD
Isomeric assignments to daughter ions were made by
comparing the experimental IR predissociation spectra to the
computed spectra. Electronic structure calculations were
employed to obtain the energies and harmonic IR spectra of
suspect dissociation fragments isomers. All calculations were
performed using DFT within the Gaussian16 suite of programs
with the B3LYP functional and the 6-311++G(2d,p) basis
set.60−62 This combination has been shown in the past to
provide an accurate representation of frequencies for aromatic
hydrocarbon compounds and their cations.38 We employed a
scaling factor of 0.983 to account for anharmonicities.63

The C14H10
•+ PES of the dissociation was scanned to

provide insights into the formation of our identified product
ion isomers. Relaxed scans and QST3 calculations were
performed to locate the transition states. Each saddle point
was identified by analysis of the imaginary normal mode, and
intrinsic reaction coordinate calculations were employed to
verify that each transition state connected the appropriate local
minima. Optimization and frequency calculations of all
intermediates and transition states were performed using the
same B3LYP/6-311++G(2d,p) level of theory.
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