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Infrared signatures of polycyclic aromatic hydrocarbons (PAHs) are detected towards many phases of
stellar evolution. PAHs are major players in the carbon chemistry of the interstellar medium, forming the
connection between small hydrocarbons and large fullerenes. However, as details on the formation of
PAHSs in these environments are still unclear, modeling their abundance and chemistry has remained far
from trivial. By combining molecular beam mass-selective IR spectroscopy and calculated IR spectra, we
analyze the discharge of benzene and identify resulting products including larger PAHSs, radicals and
intermediates that serve as promising candidates for radio astronomical searches. The identification of
various reaction products indicates that different gas-phase reaction mechanisms leading to PAH growth
must occur under the same conditions to account for all observed PAH-related species, thereby
revealing the complex and interconnected network of PAH formation pathways. The results of this study
highlight key (exothermic) reactions that need to be included in astrochemical models describing the

rsc.li/pccp carbon chemistry in our universe.

A Introduction

The interstellar medium (ISM) can be considered as the repo-
sitory of stellar and planetary matter. It contains the remains of
previous stars and molecules that are continuously processed
under widely varying conditions, such as temperature, density
and external radiation (photons and cosmic rays) from stars
and supernovae. More dense regions of the ISM can become
gravitationally unstable and collapse to form new stars and
planets.” Within all these phases of the ISM (including planet-
forming disks, surfaces of dark clouds and the diffuse ISM),
infrared and microwave signatures of polycyclic aromatic
hydrocarbons (PAHs) have been detected.”'" The stability of
the aromatic forms of hydrocarbons makes PAHs important
carriers of organic matter. The evolution of PAHs in the ISM
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and their contribution to interstellar chemistry as constituents
or catalysts is an important aspect of astrochemistry.'®> They
are expected to form a connection between small (aromatic)
molecules such as benzene and benzonitrile and larger mole-
cules such as fullerenes, both classes having been detected in
cold regions of the ISM."*"*

Pyrolysis and crossed molecular beam studies have made
major contributions towards understanding gas-phase for-
mation pathways of PAHs.'>™"” However, the complexity of
the interconnected chemical pathways resulting in PAH
formation and dissociation is still difficult to account for in
astrochemical models."®**° This generally leads to an under-
estimation of aromatic species in the ISM>"** or in pyrolysis
experiments.* Identifying and mapping the bottom-up and
top-down pathways of interstellar PAH formation and proces-
sing under the influence of UV photons, cosmic rays, or
secondary electrons®® is key to improve our understanding of
interstellar chemistry.?”

Individual PAH growth reaction pathways that have been
identified in crossed molecular beam or pyrolysis experiments
(Fig. 1), generally start with the formation of a radical by
hydrogen abstraction. In contrast to hotter environments such
as circumstellar envelopes (CSE), UV radiation is expected to be
responsible for the hydrogen abstraction in the cold ISM.>*7°
A phenyl radical (possibly as part of a larger PAH) then reacts
with a neutral hydrocarbon, which can be a small unsaturated
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Fig. 1 Reaction mechanisms leading to the formation of larger PAHs. The
HACA and PAC mechanisms are initiated with the formation of a phenyl
radical. The ring expansion, MACA and EAM mechanisms involve a methy-
lidyne or an ethynyl radical. * The conventional HACA mechanism involves
only acetylene, but here we classify mono-, di- and tri-acetylene addition
in this mechanism.

hydrocarbon such as (mono-/di-/tri-/vinyl-)acetylene. This addition
is followed by a cyclization step and together they are generally
classified as the hydrogen-abstraction acetylene-addition (HACA,
Fig. 1a) mechanism.**™*' The phenyl radical can also form a
covalent bond with another aromatic ring resulting in biphenyl-
type molecules, which is described by the phenyl addition cycliza-
tion (PAC, Fig. 1b) mechanism.””***** Other mechanisms that
have been identified and suggested as possible routes in the
complex network of PAH formation pathways involve small radical
hydrocarbons. These include the ethynyl (*C,H) addition mecha-
nism (EAM, Fig. 1e),** the ring expansion mechanism with methy-
lidyne (*CH),">' (Fig. 1c), and the methylidyne addition-
cyclization-aromatization (MACA, Fig. 1d) mechanism."” Fast
and successive radical-radical reactions have recently been
added to the collection of possible reaction mechanisms.”>>*

In the ISM, energetic particles or photons initiate gas phase
chemistry by hydrogen abstraction.>*?®> In our experiment,
radicalization and fragmentation is realized by free electrons in
an electrical discharge.>® Using this approach, a number of new
species of astrochemical interest have been formed and identi-
fied by mass spectrometry®”®° or spectroscopy,®’ ®* i.a. polyyne
carbon chains or smaller cyclic hydrocarbons such as cyclo-
propenyl. Lee et al. have identified a wealth of chemical species
resulting from the discharge of benzene using microwave
spectroscopy.®* Although experimental conditions in such
experiments differ from those found in cold regions of the
ISM, identifying intermediates and products of discharge
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experiments is very useful as it can bring possible formation
reactions to light that otherwise would remain elusive. With the
support of quantum chemical calculations, exothermic and
barrier-free reaction pathways can be revealed and the relevance
of particular pathways under the cold and gas-phase conditions in
the ISM can be evaluated.*®>®

Microwave (MW) spectroscopy allows for determining relative
abundances, thereby providing key information for benchmark-
ing kinetic PAH growth studies.'® In the electrical discharge
MW studies of benzene reported by Lee and coworkers,®*
many products which are heavier in mass than the precursor
have been identified. Since rotational spectroscopy relies on
molecules possessing a permanent dipole moment, MW stu-
dies on hydrocarbon discharges in general reveal product
species that contain chains or ring-chain combinations with a
large dipole moment.®*®> Stable hydrocarbons, such as fully
benzenoid PAHs, on the other hand, often only have a small or
no dipole moment. To uncover the full complex network of PAH
formation pathways, for which knowledge on such species
is crucial, complementary analysis techniques are required.
REMPI spectroscopy, as employed by Maier and co-workers,
can be such method to identify products in the benzene
discharge.®®®” We extend on this analysis and use a more
general applicable identification method to significantly extend
the product analysis of the benzene discharge.

In our studies, we use IR-UV action spectroscopy to record
IR spectra in the fingerprint region of mass-selected products
in situ.®® The UV laser used to ionize the molecules in the
molecular beam is set to a wavelength where PAHs generally
have large absorption cross sections, making our approach parti-
cularly sensitive to PAHs. Structural information is obtained
by matching the measured IR absorption spectra to calculated
spectra of candidate compounds.®®"* As will be discussed below,
this approach enables us to identify many new species resulting
from the complex network of PAH formation pathways starting
with benzene that were, as of yet, not observable.

B Methods

Experimental

Experiments have been performed at the FELIX laboratory”
using a molecular beam spectrometer which is discussed in
more detail in ref. 74. Argon (1.5 bar) was passed through a
glass container containing benzene at room temperature. A gas
pulse was created using a General Valve, which was discharged
at 0.75 kV for about 100 ps between two ring electrodes with an
opening of 3 mm and separated by 6 mm, traveling through a
confined region for 6 mm before being expanded into a vacuum
chamber. The design of the discharge nozzle was adapted from
McCarthy et al.®*®® and has been described in more detail in
ref. 56. A current of ~20 mA was found to be optimal for the
formation of the products of interest. The electron energy was
estimated to be about 3 eV using the Paschen curve (with y
between 0.1 and 0.2”%) and the relation between electron energy
and pressure.”® The expanding gas pulse was skimmed before
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being crossed with three laser beams to perform IR-UV ion dip
spectroscopy: one IR laser to probe the ground state vibrational
levels and two UV lasers to perform 1 + 1’ REMPI. The IR light
was provided by the free electron laser FELIX for spectroscopy
between 400 and 1650 cm ™" with a bandwidth of 0.5-1% of the
IR frequency. The UV excitation laser beam of 270 nm was
provided by a Nd:YAG laser pumped dye laser (Spectra Physics,
Lioptec) and the UV ionization laser beam of 193 nm by an ArF
excimer laser (Neweks). The ions were detected in a reflectron
time-of-flight mass spectrometer (Jordan Co.) equipped with a
multichannel plate ion detector. The IR laser was run at half the
repetition rate of the rest of the experiment in order to acquire
alternating IR on and IR off shots, thereby compensating for
shot-to-shot ion signal fluctuations. IR spectra are displayed as
the logarithm of the ion signal depletion and are composed of
an average of 90 shots per wavenumber, further averaged with a
5-point running average.

Theoretical

Density functional theory calculations have been performed
using the Gaussian 16 program.”” The B3LYP functional and
NO7D basis set,*>”878% a combination that has been shown to
perform well for predicting IR absorption spectra, has been
used for structure optimization and harmonic vibrational fre-
quency calculations. For comparison with the experimental
spectra, theoretical spectra have been convoluted with a Gaussian
function with a full width at half maximum of 1% of the photon
frequency, corresponding to the FEL bandwidth. The minima and
transition state structures have been optimized at the B3LYP/
6-311G(d,p) level of theory. The transition states have been
evaluated by intrinsic reaction coordinate (IRC) calculations to
connect the minima on the potential energy surface.

C Results

Mass spectrometric overview

Fig. 2 shows the mass spectrum of the discharge products of
benzene (m/z 78). Neutral products formed in the discharge are
ionized using 1 + 1’ Resonance Enhanced MultiPhoton Ioniza-
tion (REMPI), where the excitation laser is resonant with
unresolved vibronic transitions of the formed molecules. The
m/z 126 channel shows the strongest signal: twice the height of
the m/z 128 peak (the y-axis is truncated for visibility of the
lower intensity signals). Note that the signal strength does not
need to reflect the abundance of species as UV absorption cross
sections may vary for the different products and fragments in
our experiment. We detect fragments of benzene down to m/z
50, including hydrogen abstracted species of benzene, as well
as reaction products up to m/z 230. Because the UV excitation
cross section at 270 nm is expected to be significantly lower for
the smaller, no chromophore containing molecules, they are
not observed in our mass spectrum. MW spectroscopy is more
sensitive to such species and they have indeed been identified
in a complementary study that was performed previously by
Lee et al.®® Typically, 1 + 1’ resonant ionization does not result
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Fig. 2 Mass spectra of fragments and products from the electrical dis-
charge of benzene in argon. Neutral species are (singly) ionized using two-
color (1 + 1') REMPI with 270 and 193 nm. The spectrum displayed is
obtained by subtracting the mass spectrum with the discharge off from the
mass spectrum with the discharge source in operation (see Fig. S1 for the
individual mass spectra, ESIt). To enhance the visibility of lower intensity
signals the y-axis is truncated, the m/z 126 peak being twice as intense as
the m/z 128 peak.

in doubly ionized species, i.e., the m/z value corresponds to the
mass of the products. The m/z 50 channel is assigned to C,H,, a
common fragmentation product of PAHs that is likely to play a
role in the formation of products with a higher mass than the
parent species. Considering only its mass, the species with m/z
230 could correspond to a PAH consisting of multiple rings,
showing that hydrocarbon growth occurs easily under dis-
charge conditions. The exact chemical structures of the pro-
ducts can, however, not be deduced from merely their mass as
multiple structural isomers exist for each mass. Here, we have
used mass-selected IR action spectroscopy®®® to obtain such
structural information.

IR spectroscopic assignments

Fig. 3 displays the experimentally obtained mass-selective IR
spectra in the 400-1650 cm™ ' range for all the significant
products of the benzene discharge. For each of these masses
we have calculated IR absorption spectra for structural isomers
that reasonably can be expected and compared them with the
experimentally obtained spectra. We find that the spectral
region below 1000 cm ™" in combination with the mass of a
species provides in general sufficiently unique spectral finger-
prints to identify a molecular structure or a combination of
structural isomers to be present in a particular m/z channel as
discussed in the Methods section. As such, we come to the
conclusion that m/z 91 must be assigned to the tropyl radical,
m/z 102 to phenylacetylene, m/z 115 to the tropylacetylene
radical, m/z 126 to phenyldiacetylene, m/z 128 to naphthalene,
m/z 150 to phenyltriacetylene, m/z 152 to 1- and 2-ethynyl-
naphthalene (1:2), m/z 154 to biphenyl, m/z 166 to fluorene,
m/z 178 to diphenylacetylene and phenanthrene (2:1), m/z
192 to 1- and 2-phenyl-H-indene (2:1) m/z 204 to 1- and
2-phenylnaphthalene, m/z 228 to triphenylene and m/z 230 to
p-terphenyl.

In general, there is an excellent agreement between experi-
mentally observed and theoretically predicted spectra, although
the peak at 1210 cm ™' in m/z channels 102, 126, 150 and to
a lesser extent 152 is not well predicted. This can be well
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Fig. 3 Assignment of molecular species formed in the discharge of
benzene to the structures presented in Fig. 4a—m using mass-selective
IR spectroscopy (black) with calculated IR absorption spectra (red). The
mass channels shown are m/z = (a) 91, (b) 102, (c) 115, (d) 126, (e) 128,
(f) 150, (g) 152, (h) 154, (i) 166, () 178, (k) 192, (1) 204, (m) 228 and (n) 230.
The molecules assigned to each mass are (a) tropyl radical, (b) phenyl-
acetylene, (c) tropylacetylene radical, (d) phenyldiacetylene, (e) naphtha-
lene, (f) phenyltriacetylene, (g) 1- and 2-ethynylnaphthalene (1:2),
(h) biphenyl, (i) fluorene, (j) diphenylacetylene and phenanthrene (2:1),
(k) 1- and 2-phenyl-H-indene (2:1), () 1- and 2-phenylnaphthalene (1:1),
(m) triphenylene and (n) p-terphenyl. For m/z 152, the blue trace consists
for 50% of the FT-IR reference spectra of 1- and 2-ethynylnaphthalene
(1:2) and for 50% of the experimental spectrum of m/z = 154.

understood as this feature is an overtone of the triple bond
= CH deformation mode that appears around 616 cm " as was
demonstrated in previous studies®®®"®* (see Fig. S2, ESIf).
Since our calculations are based on the harmonic approxi-
mation, the overtone is not present in the predicted spectra.
Although not predicted by the calculations, the peak at
1210 cm™ ' serves as a useful diagnostic feature for =CH
terminal groups. Similarly, the feature at 1090 cm ™" in the IR
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spectrum of the m/z 115 channel is expected to be an overtone
of the same functional group (= CH) with the fundamental
=CH out-of-plane transition of the seven-membered ring
being red-shifted to 550 cm ™' compared with a six-membered
ring structure. More details of the assignments are discussed in
Fig. S2-S13 (ESIt). The excluded options that are discussed in
the ESIf illustrate how mismatches appear.

For several m/z channels (m/z 152, 178, 192 and 204) the
experimental IR spectrum could not be the reproduced by a
single isomer as not all IR signatures were accounted for by the
predicted spectrum of a single species. In those cases, the
spectra of more than one constitutional isomer were summed
to achieve the best agreement between theory and experiment
(see Fig. S8 and S10-S13, ESIf). The calculated spectra of
diphenylacetylene and phenanthrene added in a ratio of 2:1
result in the best agreement with the experimental IR spectrum
of m/z channel 178. For m/z 204, adding the calculated spectra
of 1- and 2-ethynylnaphthalene in a 1:2 ratio leads to a good
agreement with the experimental spectrum. The m/z 152 spec-
trum is somewhat more complicated as merely adding 1- and
2-ethynylnaphthalene in a 1:2 ratio does not lead to a satis-
factory agreement. In this case, we recognize, however, the
presence of an intense m/z 154 peak in the mass spectrum. This
peak has been assigned to biphenyl which can easily lose
molecular hydrogen upon photoionization resulting in an m/z
of 152. IR absorption of biphenyl will lead to a reduction of
m/z 154 ions and thus of m/z 152 ions. Overall, this will lead to
the IR spectrum of the m/z 154 channel appearing as well in the
m/z 152 channel. Indeed, we find that a predicted spectrum
based for 50% on the FT-IR reference spectra of 1- and
2-ethynylnaphthalene (1:2) and 50% on the experimental
spectrum of m/z = 154 reproduced the spectrum observed at
mj/z 152 much better.

D Discussion
Classification of identified products

The molecular structures of the discharge products assigned on
the basis of their mass-selected IR spectra can be divided into
5 classes that are displayed in Fig. 4. We confirm the identifi-
cation of the polyyne-substituted benzene molecules, so-called
ring-chain molecules by Lee and coworkers:** phenylacetylene,
phenyldiacetylene and phenyltriacetylene (class I). These spe-
cies are detectable by both MW and IR-UV spectroscopy as they
are highly polar and at the same time have a large UV cross
section at around 270 nm. The overlap in these identified
species provides support for the reliability of both spectroscopic
methods and confirms that the conditions in our discharge are
comparable. Besides the polyyne-substituted phenyl species, two
ethynylnaphthalene isomers (m/z 152) are newly identified ring-
chain molecules in the product mixture of the benzene discharge.
It is interesting to notice that two structurally related PAHs,
i.e., cyano-naphthalenes, have recently been detected via their
rotational spectrum in TMC-1.° In view of the similarities of the
ethynyl and nitrile functional groups one might speculate that
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Fig. 4 Molecular structures assigned to the mass-selected IR spectra in Fig. 3 with their respective m/z value. The letters a—n correspond to the IR

spectra in Fig. 3.

these compounds are formed along similar routes as the ethynyl-
naphthalenes. Observations in TMC-1 have shown that hydro-
carbon cycles may contain both functional groups in different
ratios.®® It would thus be highly interesting to perform similar
experiments as done here with benzonitrile as a precursor. Class II
comprises the unsubstituted PAH species naphthalene and phe-
nanthrene, illustrating that fully benzenoid PAH growth readily
occurs under our discharge conditions with only benzene as
precursor. Class III is characterized by two intermediates and a
product of the PAC mechanism: biphenyl and p-terphenyl or
triphenylene, respectively.

Products with more than six carbon atoms in one ring,
such as the seven-membered tropyl radical, form an interesting
class of hydrocarbons (class IV). The identification of reactive
radicals indicates that the discharge chemistry is stopped as
the mixture is cooled and isolated in the adiabatic expansion
of the molecular beam. Due to the isolated conditions of
molecules in the molecular beam, the reaction mixture can
be probed in situ without first collecting the reactants. The
observation of these radical involving reactions corroborates
the conclusions on the importance of radicals by Johansson
et al.®* Class V contains hydrocarbons that are formed by a
combination of the mechanisms summarized in Fig. 1. For
example, the phenyl-naphthalene isomers are likely to be
formed by the combination of the PAC and HACA reaction
mechanisms, phenyl-indene via MACA and PAC reactions,
tropylacetylene via ring expansion and HACA, and diphenyl-
acetylene via HACA and PAC. The involvement of multiple
pathways illustrates the complexity that needs to be considered
in constructing astrochemical PAH formation models.

The formation of some of the products is surprising. For
example, the diphenylacetylene signal is significantly more

14820 | Phys. Chem. Chem. Phys., 2022, 24, 14816-14824

prominent than that of phenanthrene, yet diphenylacetylene is
considerably higher in energy than phenanthrene (+194 k] mol %,
zero-point vibrational energy corrected) as determined by DFT
calculations (B3LYP/6-311G(d,p)*®). Also other biphenyl species
are generally higher in energy than their more compact counter-
parts, e.g. biphenyl with respect to acenaphthene (+17 kJ mol ).
The observation of species with a higher formation energy sug-
gests that the reactions are kinetically controlled, similar to how
pure gas-phase chemistry occurs in the ISM.

Comparison to other gas-phase hydrocarbon chemistry
experiments

The observation of the tropyl radical, the assignment of the
PAHs naphthalene and phenanthrene (Class II), triphenylene,
bi- and terphenyl (Class III), and the phenyl-substituted
naphthalenes are excellent examples of the conclusion that
microwave spectroscopy and mass-selective IR spectroscopy act
as complementary techniques in the analysis of these complex
mixtures. Combining these two techniques is thus an attractive
means to fully reveal the composition of products and decrease
the observational bias for particular species. Additionally, the
two techniques each have their own merits in providing input
for constructing chemical models. Microwave analysis, on the
one hand, allows for the indirect determination of relative abun-
dancies of highly polar ring-chain molecules, thereby providing
the possibility to put quantified constraints on (astro)chemical
models. Mass-selective IR-UV spectroscopy, on the other hand, is
ideally suited for identifying (fully benzenoid) PAH molecules,
which are of primary interest in PAH growth studies, because of
their large UV absorption cross section.

The presence of 7-membered carbon rings was already
suggested by Lee et al. because of the MW spectroscopic

This journal is © the Owner Societies 2022
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identification of tropone (C;H¢O) in the discharge of benzene
and oxygen.®* However, because it does not have a permanent
electric dipole moment, the pure hydrocarbon analogue tropyl
radical (C,H,) was not detected in their survey. The identifi-
cation of the tropyl radical in this work, the evidence of
formation of (methyl)tropyl,>>®” and the benzo[7]annulene
radical in our previous work®® involving the discharge of
naphthalene, highlights carbon insertion (Fig. 1c) as a possible
hydrocarbon growth route. However, as was the case for the
benzo[7]annulene formation in the naphthalene discharge, no
intermediate for the tropyl radical was found in the benzene
discharge. We expect that for larger PAHs, ring growth inter-
mediates could very well be stabilized. Interestingly, no evi-
dence was observed that would indicate the presence of the
6-membered ring isomer phenylpropargyl radical for m/z 115,
which was previously identified in a benzene discharge (Fig. S5,
ESIt).%® The role of methylidyne in the ring expansion mecha-
nism confirms that besides the larger diacetylene and phenyl
radicals also small radical hydrocarbons play an important role
in PAH formation in our experiments.

In our previous study of the growth of naphthalene in a
discharge, no biphenyl-type products were identified.’® Instead,
the main products consisted of ring-chain hydrocarbons and
larger PAHs. In the present study, however, a number of identified
molecules contain covalently linked phenyl groups. This suggests
that in the current experiments phenyl radicals — which react with
benzene to form biphenyl structures — are formed abundantly.
The presence of phenylacetylene and ethynyl-naphthalene implies
at the same time that also (mono-/di-/tri-)acetylene and their
radical forms are readily available, and not only phenyl radicals.

Similar to the discharge of naphthalene, a prominent species
is phenyldiacetylene, which suggests a favorable route to PAH
formation via diacetylene addition. Another similarity with the
naphthalene discharge experiments is that no acenaphthylene, a
common product in pyrolysis experiments,®” is detected. A large
resemblance exists between our product mixture and the pyro-
lysis of azobenzene, as can be expected because in our mass
spectrum we also detect phenyl radicals.*” However, the exten-
sive fragmentation and subsequent recombination reactions in
the discharge experiments result in an overall richer chemistry.
The species that are formed include substituted PAHs with a
large dipole moment, and these would be promising candidates
for radio astronomical searches.

The tropylacetylene radical case

The large variety of products - including phenyl or acetylene
substituted, 7-membered ring and ‘pure’ PAH species that are
highlighted in the previous sections - indicates that various for-
mation pathways are proceeding simultaneously in the benzene
discharge. In order to investigate how and where multiple
formation mechanisms are connected and lead to more complex
hydrocarbons such as the ones in class V, we have constructed
the potential energy surface of the formation of a typical product,
the tropylacetylene radical. A combination of the ring expansion
(see Fig. 1c) and acetylene addition mechanism (EAM, Fig. 1e)
forms a logical pathway for this formation reaction. Both reaction
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Fig. 5 Potential energy surfaces of the benzene + ethynyl radical +
methylidyne radical reaction pathways to tropylacetylene radical. The B1
pathway (black) involves first a reaction with the ethynyl radical to form B1-
2 phenylacetylene and is followed by a reaction with a methylidyne radical.
In the B2 pathway (red) the order is reversed and this pathway occurs via
the B2-2 tropyl radical. The energies include the zero point vibrational
energy correction and are calculated with respect to the entrance energy.

sequences in which benzene reacts first with either the methylidyne
radical (red pathways) or the ethynyl radical (black pathway) are
shown in Fig. 5.

The (B1, black) pathway starts with ethynyl radical addition to
form a benzene-ethynyl intermediate (B1-1). Hydrogen removal
proceeds via (TS-B1-1) to yield the observed phenylacetylene
(B1-2). In the next step, insertion of the methylidyne radical
produces three similar bicyclic cyclopropa-phenylacetylene iso-
meric structures (P-3a,b,c) (see Fig. S14 in ESIT). The transition
states (TS-P-2) have almost the same energy as the bicyclic
minima (P-3, within ~1-2 kJ mol"). The formation of such
bicyclic intermediate structures has been observed for the bimo-
lecular reaction of methylidyne radical with styrene, where the
corresponding transition states were also determined to be only
8 kJ mol ™" higher in energy."”

The (B2, red) pathway - starting with the addition of the
methylidyne radical to form the tropyl radical (B2-2)-goes via
a bicyclic cyclopropabenzene radical (B2-1) and a transition
state (TS-B2-1). The latter is calculated to be only 2 kJ mol™*
higher in energy than B2-1, which is below the channel
entrance energy.” The subsequent addition of an ethynyl
radical leads to an isomeric product distribution denoted by
structures (d) and (e) as the seven-membered ring does not
retain planarity. Both species proceed differently to the tropyl-
acetylene product (B-4): the pathway via (e) shows hydrogen
migration (TS-B2-2) on top of the aromatic surface prior to a
barrierless removal of the hydrogen atom. The pathway via (d)
to (B-4) occurs directly. As these different tropylacetylene
adducts are both relatively low in energy and have a closed
shell electron configuration, they may be stable and important
reaction intermediates for ring growth and acetylene addition
mechanisms. Two additional possible routes involving the
phenyl radical are discussed in the ESIt (Fig. S14).
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Both pathways of the combined EAM and ring expansion
pathways are exothermic in nature as described in more detail
in the ESIt (Fig. S14). Here, we have investigated possible
routes towards a single isomer product, but in general the
order of the reaction steps in the benzene discharge mixture
will dictate the chemical complexity. Different sequences can
form distinct conformers and isomers, such as the observed
phenylacetylene intermediate (Fig. 3b) in the tropylacetylene
example in Fig. 5. Each of the intermediate structures may act as
a new precursor to extend the chemical complexity even more.

Many of the observed products possess a permanent dipole
moment and are promising candidates for searches in the ISM
by radio astronomy, especially the ring-chain molecules. For
some species, rotational data are already available or could in
principle be obtained. Their observation would shed light on
the relevance of particular formation routes such as the ones
presented in this study. Additionally, the determination of their
relative abundance in astronomical objects would provide
quantified observational constraints to chemical models.

E Conclusions

Using mass-selective IR spectroscopy in the fingerprint region
and quantum chemical calculations we have identified a large
number of products in a benzene discharge, thereby revealing
the complex and unexpectedly rich chemistry of benzene.
By observing products in combination with (radical) intermediates,
our experiments reveal multiple pathways to PAH growth to
occur simultaneously and competitively. These pathways
include the more commonly considered HACA and PAC
mechanisms involving acetylene and phenyl radicals, respec-
tively, but also the ring expansion mechanism that requires yet
smaller radical hydrocarbons. Without laboratory input of
possible structures and pathways such as provided in the
present studies, important contributions to PAH chemistry
can easily be overlooked. Our studies demonstrate that multi-
ple routes to PAH formation explicitly need to be considered in
order to account for the observed interstellar abundancies
of PAHs. Quantum chemical calculations of the combined
pathways to one of the reaction products provide a first insight
into the energetic landscapes along different sequences of
mechanisms that result in the same product. Many of these
pathways show only submerged energy barriers, and are thus
expected to proceed at low temperatures in the interstellar
medium as well.

Our experiments have also identified intermediates and
products that so far had not been observed or considered.
A number of them - including the ring-chain hydrocarbons
ethynyl-naphthalene and tropylacetylene - are of particular
interest as they are quite polar and thus key targets for radio
astronomy searches. Structurally similar to the recently detected
cyano-naphthalenes, the astronomical observation and determi-
nation of the relative abundancies of these compounds would put
constraints on specific structures for constructing quantitative
PAH chemistry models. Laboratory experiments such as the one
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reported here - in which it is brought to light how the complex
network of PAH formation pathways is interconnected - in
combination with observational constraints are the way forward
to disentangle the complex carbon chemistry in the universe.

Author contributions

A. K. L, D. B. R. and A. M. R. conceived and designed the
experiments. A. K. L. and D. B. R. performed the experiments
and computations. The results were interpreted and described
in this article by A. K. L., D. B. R, S. B,, W. ]J. B. and A. M. R.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We would like to thank the FELIX laboratory team for their
experimental assistance and scientific support and we acknow-
ledge the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO) for the support of the FELIX Laboratory
and SURFsara (proj. 17603) for their computational resources.
This work is also part of the Dutch Astrochemistry Network
(DAN) II (project no. 648.000.029).

Notes and references

=

A. G. G. M. Tielens, Astrochem. Astrobiol., 2013, 85, 35-72.

2 S. Hony, C. Van Kerckhoven, E. Peeters and A. G. G. M.
Tielens, Astron. Astrophys., 2001, 370, 1030-1043.

3 E. Peeters, S. Hony, C. Van Kerckhoven, A. G. G. M. Tielens
and L. J. Allamandola, Astron. Astrophys., 2002, 390,
1089-1113.

4 E. Peeters, A. G. G. M. Tielens, L. J. Allamandola and
M. G. Wolfire, Astrophys. J., 2012, 747, 44.

5 B. R. Brandl, H. W. W. Spoon, D. Devost, G. C. Sloan,
S. Guilles, Y. Wu, J. R. Houck, D. W. Weedman, L. Armus,
P. N. Appleton, B. T. Soifer, L. Hao, J. A. Marshall,
S. J. Higdon and T. L. Herter, Astrophys. J., 2006, 653,
1129-1144.

6 L. Armus, V. Charmandaris, H. W. W. Spoon, J. A. Marshall,
S. J. U. Higdon, V. Desai, H. I. Teplitz, L. Hao, D. Devost,
B. R. Brandl, Y. Wu, G. C. Sloan, B. T. Soifer, J. R. Houck and
T. L. Herter, Astrophys. J., 2007, 656, 148.

7 F. Galliano, S. C. Madden, A. G. G. M. Tielens, E. Peeters and
A. Jones, Astrophys. J., 2008, 679, 310-345.

8 A. M. Burkhardt, K. Long, K. Lee, P. B. Changala, C. N.
Shingledecker, I. R. Cooke, R. A. Loomis, H. Wei, S. B.
Charnley, E. Herbst, M. C. Mccarthy and B. A. Mcguire,
Astrophys. J., Lett., 2021, 913, L18.

9 B. A. Mcguire, R. A. Loomis, A. M. Burkhardt, K. Long,

K. Lee, C. N. Shingledecker, S. B. Charnley, I. R. Cooke, M. A.

Cordiner, E. Herbst, S. Kalenskii, M. Siebert, E. R. Willis,

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01631a

Open Access Article. Published on 13 June 2022. Downloaded on 12/5/2025 12:30:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
25

26

27
28

29

30

31

C. Xue, A. J. Remijan and M. C. McCarthy, Science, 2021, 371,
1265-1269.

M. C. Mccarthy, K. Long, K. Lee, R. A. Loomis, A. M.
Burkhardt, C. N. Shingledecker, S. B. Charnley, M. A.
Cordiner, E. Herbst, S. Kalenskii, E. R. Willis, C. Xue,
A. J. Remijan and B. A. Mcguire, Nat. Astron., 2021, 5,
176-180.

J. Cernicharo, C. Cabezas, B. Tercero, N. Marcelino, J. R.
Pardo and P. De Vicente, Astron. Astrophys., 2021, 649, L15.
V. Wakelam, E. Bron, S. Cazaux, F. Dulieu, C. Gry, P. Guillard,
E. Habart, L. Hornekeer, S. Morisset, G. Nyman, V. Pirronello,
S. D. Price, V. Valdivia, G. Vidali and N. Watanabe, Mol
Astrophys., 2017, 9, 1-36.

J. Cernicharo, A. M. Heras, A. G. G. M. Tielens, ]J. R. Pardo,
F. Herpin, M. Guélin and L. B. F. M. Waters, Astrophys. J.,
2001, 546, L123-L126.

B. A. Mcguire, A. M. Burkhardt, S. Kalenskii, C. N.
Shingledecker, A. J. Remijan, E. Herbst and M. C. Mccarthy,
Science, 2018, 359, 202-205.

L. N. X. Mercier, A. Faccinetto, S. Batut, G. Vanhove,
D. K. Bozanic, H. R. Hrodmarsson and G. A. Garcia, Phys.
Chem. Chem. Phys., 2020, 22, 15926-15944.

Y. Carpentier, T. Pino and P. Bréchignac, J. Phys. Chem. A,
2013, 117, 10092-10104.

S. Doddipatla, G. R. Galimova, H. Wei, A. M. Thomas, C. He,
Z. Yang, A. N. Morozov, C. N. Shingledecker, A. M. Mebel
and R. L. Kaiser, Sci. Adv., 2021, 7, 1-12.

H. Richter, O. A. Mazyar, R. Sumathi, W. H. Green,
J. B. Howard and ]J. W. Bozzelli, J. Phys. Chem. A, 2001,
105, 1561-1573.

A. Violi, Combust. Flame, 2004, 139, 279-287.

Y. Bentarcurt, F. Ruette and M. Sanchez, Int. J. Quantum
Chem., 2010, 110, 2560-2572.

A. M. Burkhardt, R. A. Loomis, C. N. Shingledecker, K. Long,
K. Lee, A. J. Remijan, M. C. Mccarthy and B. A. Mcguire, Nat.
Astron., 2021, 5, 181-187.

I. Cherchneff, J. R. Barker and A. G. G. M. Tielens, Astrophys.
J., 1992, 401, 269-287.

H. Richter, T. G. Benish, O. A. Mazyar, W. H. Green and
J. B. Howard, Proc. Combust. Inst., 2000, 28, 2609-2618.

T. S. Zwier and M. Allen, Icarus, 1996, 123, 578-583.

N. Indriolo and B. J. Mc Call, Chem. Soc. Rev., 2013, 42,
7763-7773.

N. J. Mason, B. Nair, S. Jheeta and E. Szymanska, Faraday
Discuss., 2014, 168, 235-247.

M. Gatchell, Nat. Astron., 2020, 4, 21-22.

R. I Kaiser, D. S. N. Parker and A. M. Mebel, Annu. Rev. Phys.
Chem., 2015, 66, 43-67.

D. S. N. Parker, F. Zhang, Y. S. Kim, R. I. Kaiser, A. Landera,
V. V. Kislov, A. M. Mebel and A. G. G. M. Tielens, Proc. Natl
Acad. Sci. U. S. A., 2012, 109, 53-58.

T. Allain, S. Leach and E. Sedlmayr, Astron. Astrophys., 1996,
305, 602-615.

M. Frenklach, A. D. D. W. Clary and S. E. Stein, in Twentieth
Symposium (International) on Combustion/The Combustion
Institute, 1984, pp. 887-901.

This journal is © the Owner Societies 2022

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

View Article Online

PCCP

L. Zhao, R. I. Kaiser, B. Xu, U. Ablikim, M. Ahmed, D. Joshi,
G. Veber, F. R. Fischer and A. M. Mebel, Nat. Astron., 2018, 2,
413-419.

L. Zhao, R. L. Kaiser, B. Xu, U. Ablikim, M. Ahmed, M. M.
Evseev, E. K. Bashkirov, V. N. Azyazov and A. M. Mebel, Nat.
Astron., 2018, 2, 973-979.

T. Yang, R. L. Kaiser, T. P. Troy, B. Xu, O. Kostko, M. Ahmed,
A. M. Mebel, M. V. Zagidullin and V. N. Azyazov, Angew.
Chem., Int. Ed., 2017, 56, 4515-4519.

L. Zhao, R. L. Kaiser, B. Xu, U. Ablikim, M. Ahmed, M. M.
Evseev, E. K. Bashkirov, V. N. Azyazov and A. M. Mebel,
Angew. Chem., Int. Ed., 2020, 59, 4051-4058.

D. S. N. Parker, R. L. Kaiser, T. P. Troy and M. Ahmed, Angew.
Chem., Int. Ed., 2014, 53, 7740-7744.

B. Shukla and M. Koshi, Phys. Chem. Chem. Phys., 2010, 12,
2427-2437.

H. Bohm, H. Jander and D. Tanke, Twenty-Seventh Symp.
Combust., 1998, 1605-1612.

P. Constantinidis, F. Hirsch, I. Fischer, A. Dey and A. M.
Rijs, J. Phys. Chem. A, 2017, 121, 181-191.

N. D. Marsh and M. J. Wornat, Proc. Combust. Inst., 2000, 28,
2585-2592.

L. Zhao, M. Prendergast, R. I. Kaiser, B. Xu, U. Ablikim,
W. Lu, M. Ahmed and A. D. Oleinikov, Phys. Chem. Chem.
Phys., 2019, 21, 16737-16750.

P. Constantinidis, H. C. Schmitt, I. Fischer, B. Yan and
A. M. Rijs, Phys. Chem. Chem. Phys., 2015, 17, 29064-29071.
L. Zhao, M. B. Prendergast, R. I. Kaiser, B. Xu, U. Ablikim,
M. Ahmed, B. ]J. Sun, Y. L. Chen, A. H. H. Chang, R. K.
Mohamed and F. R. Fischer, Angew. Chem., Int. Ed., 2019,
58, 17442-17450.

A. M. Mebel, V. V. Kislov and R. I. Kaiser, J. Am. Chem. Soc.,
2008, 130, 13618-13629.

L. Zhao, R. 1. Kaiser, W. Lu, B. Xu, M. Ahmed, A. N. Morozov,
A. M. Mebel, A. H. Howlader and S. F. Wnuk, Nat. Commun.,
2019, 10, 3689.

S. Soorkia, C. A. Taatjes, D. L. Osborn, T. M. Selby,
A. J. Trevitt, R. Wilson and S. R. Leone, Phys. Chem. Chem.
Phys., 2010, 12, 8750-8758.

J. Bouwman, A. J. De Haas and ]J. Oomens, Chem. Commun.,
2016, 52, 2636-2638.

L. T. Scott and N. H. Roelofs, J. Am. Chem. Soc., 1987, 109,
5461-5465.

C. He, A. M. Thomas, G. R. Galimova, A. N. Morozov,
A. M. Mebel and R. 1. Kaiser, J. Am. Chem. Soc., 2020, 142,
3205-3213.

N. J. Reilly, G. Da Silva, C. M. Wilcox, Z. Ge, D. L. Kokkin,
T. P. Troy, K. Nauta, S. H. Kable, M. C. McCarthy and
T. W. Schmidt, J. Phys. Chem. A, 2018, 122, 1261-1269.

Z. D. Levey, B. A. Laws, S. P. Sundar, K. Nauta, S. H. Kable,
G. da Silva, J. F. Stanton and T. W. Schmidyt, J. Phys. Chem. A,
2022, 126, 101-108.

K. O. Johansson, M. P. Head-Gordon, P. E. Schrader,
K. R. Wilson and H. A. Michelsen, Science, 2018, 361,
997-1000.

M. Thomson and T. Mitra, Science, 2018, 361, 978-979.

Phys. Chem. Chem. Phys., 2022, 24,14816-14824 | 14823


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01631a

Open Access Article. Published on 13 June 2022. Downloaded on 12/5/2025 12:30:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

M. N. Mccabe, P. Hemberger, E. Reusch, A. Bodi and
J. Bouwman, J. Phys. Chem. Lett., 2020, 11, 2859-2863.

A. G. G. M. Tielens, M. M. Meixner, P. P. van der Werf]
J. Bregman, J. A. Tauber, J. Stutzki and D. Rank, Science,
1993, 262, 86-89.

A. K. Lemmens, D. B. Rap, J. M. M. Thunnissen,
B. Willemsen and A. M. Rijs, Nat. Commun., 2020, 11, 1-7.
M. Alliati, D. Donaghy, X. Tu and J. W. Bradley, J. Phys.
Chem. A, 2019, 123, 2107-2113.

C. S. Contreras and F. Salama, Astrophys. J., Suppl. Ser.,
2013, 208, 17.

L. He, W. Shen and M. Sulkes, Chem. Phys. Lett., 2009, 471,
210-215.

X. Gillon and L. Houssiau, Plasma Sources Sci. Technol.,
2014, 23, 45010.

H. Linnartz, Cavity Ring-Down Spectroscopy of Molecular Transi-
ents of Astrophysical Interest, Blackwell Publishing Ltd., 2009.
M. C. McCarthy, W. Chen, M. J. Travers and P. Thaddeus,
Astrophys. J. Suppl. Ser., 2000, 129, 611-623.

M. C. McCarthy, M. J. Travers, A. Kovacs, C. A. Gottlieb and
P. Thaddeus, Astrophys. J. Suppl. Ser., 1997, 113, 105-120.
M. C. McCarthy, K. L. K. Lee, P. B. Carroll, J. P. Porterfield,
P. B. Changala, J. H. Thorpe and J. F. Stanton, J. Phys. Chem.
A, 2020, 124, 5170-5181.

M. C. Mccarthy and P. Thaddeus, Chem. Soc. Rev., 2001, 30,
177-185.

F. Glithe, H. Ding, T. Pino and ]J. P. Maier, Chem. Phys., 2001,
269, 347-355.

T. Pino, F. Giithe, H. Ding and J. P. Maier, J. Phys. Chem. A,
2002, 106, 10022-10026.

A. M. Rijs and ]J. Oomens, Top. Curr. Chem., 2015, 364, 1-42.
A. K. Lemmens, D. B. Rap, J. M. M. Thunnissen, C. ]J.
Mackie, A. Candian, A. G. G. M. Tielens, A. M. Rijs and
W. J. Buma, Astron. Astrophys., 2019, 628, A130.

A. K. Lemmens, S. Gruet, A. L. Steber, J. Antony, S. Grimme,
M. Schnell and A. M. Rijs, Phys. Chem. Chem. Phys., 2019, 21,
3414-3422.

A. K. Lemmens, P. Chopra, D. Garg, A. L. Steber, M. Schnell,
W. J. Buma and A. M. Rijs, Mol. Phys., 2021, 119, e1811908.
A. K. Lemmens, D. B. Rap, J. M. M. Thunnissen, S. Gruet,
A. L. Steber, S. Panchagnula, A. G. G. M. Tielens, M. Schnell,
W. ]J. Buma and A. M. Rijs, J. Phys. Chem. Lett., 2020, 11,
8997-9002.

D. Oepts, A. F. G. Van, D. Meer and P. W. Van Amersfoort,
Infrared Phys. Technol., 1995, 36, 297-308.

A. M. Rijs, M. Kabela¢, A. Abo-Riziq, P. Hobza and M. S. De
Vries, Chem. Phys. Chem., 2011, 12, 1816-1821.

14824 | Phys. Chem. Chem. Phys., 2022, 24, 14816-14824

75

76

77

78

79

80

81

82

83

84

85

86

87

View Article Online

Paper

M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma
Discharges and Materials Processing, John Wiley & Sons, Inc.,
Hoboken, NJ, USA, 2005.
A. Von Engel, Ionized gases, American Institute of Physics,
New York, 1994.
M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V.
Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega,
. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
A. Montgomery, Jr., J. E. Peralta, F. Ogliaro,
. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin,
N. Staroverov, T. A. Keith, R. Kobayashi, ]J. Normand,
. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas, J. B. Foresman and D. J. Fox, Gaussian 16,
Revision A.03, Gaussian, Inc., Wallingford CT, 2016.
C. Puzzarini, M. Biczysko and V. Barone, J. Chem. Theory
Comput., 2010, 6, 828-838.
V. Barone, M. Biczysko and ]. Bloino, Phys. Chem. Chem.
Phys., 2014, 16, 1759-1787.
S. Panchagnula, J. Bouwman, D. B. Rap, P. Castellanos,
A. Candian, C. MacKie, S. Banhatti, S. Briinken, H. Linnartz
and A. G. G. M. Tielens, Phys. Chem. Chem. Phys., 2020, 22,
21651-21663.
L. J. Bellamy, The Infra-red Spectra of Complex Molecules,
Chapman and Hall, London, 1975.
R. A. Nyquist and W. J. Potts, Spectrochim. Acta, 1960, 16,
419-427.
J. Cernicharo, M. Agtindez, R. I. Kaiser, C. Cabezas,
B. Tercero, N. Marcelino, J. R. Pardo and P. De Vicente,
Astron. Astrophys., 2021, 655, L1.
K. O. Johansson, M. P. Head-Gordon, P. E. Schrader,
K. R. Wilson and H. A. Michelsen, Science, 2018, 361,
997-1000.
A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.
N.J. Reilly, D. L. Kokkin, M. Nakajima, K. Nauta, S. H. Kable
and T. W. Schmidyt, J. Am. Chem. Soc., 2008, 130, 3137-3142.
T. Visser, M. Sarobe, L. W. Jenneskens and J. W. Wesseling,
Fuel, 1998, 77, 913-920.

D
G

R.
Y.
J.

M
V.

~

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01631a



