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Abstract

The formation of five-membered ring structures is important for the generation of curved and bowl-shaped
polycyclic aromatic hydrocarbons (PAHs) under combustion conditions. Here, we report the identification of the
indenyl (CoH7) radical — the simplest aromatic hydrocarbon radical carrying an adjacent five- and six-membered
ring, as the major product of the o-benzyne (0-CsH4) reaction with propargyl (CsHs). Because real flames exhibit
a complex chemistry, elucidation of a specific reaction is very challenging. Instead, we studied the 0-CeHa + C3H3
reaction in a resistively heated microtubular SiC reactor at controlled conditions of 1150 K and a pressure near 10-
20 Torr. To this end, the reactants o-benzyne and propargyl were pyrolytically generated from benzoyl chloride
and propargyl bromide. We identified the reactants and the indenyl radical isomer-selectively utilizing photoion
mass-selected threshold photoelectron spectroscopy (ms-TPES). The experimentally observed predominant
formation of indenyl radicals finally confirms the theoretical predictions of Matsugi and Miyoshi [Phys. Chem.
Chem. Phys. 14 (2012), 9722-9728] and highlights a versatile route for the formation of five-membered rings and
curved PAHs via reactions of o-benzyne that favor the formation of multiring species over aliphatically substituted
aromatic species.

Keywords: polycyclic aromatic hydrocarbons (PAHs); molecular-weight growth; propargyl; o-benyzne; threshold
photoelectron spectroscopy (TPES)
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Information for Colloquium Chairs and Cochairs, Editors, and Reviewers

1) Novelty and Significance Statement

The novelty of this research is manifold. A) Understanding the formation of five-membered ring structures in
combustion environments is important for our understanding of the formation of curved and bowl-shaped PAHs.
B) We provide clear evidence that reactions of o-benzyne provide versatile routes to five-membered ring-
structures. C) The application of advanced analytic techniques such as mass-selected threshold photoelectron
spectroscopy. Specifically, we used photoelectron-photoion coincidence spectroscopy (PEPICO) with single-
energy vacuum-ultraviolet (VUV) radiation from the Swiss Light Source.

2) Author Contributions

e NH, TB, NG, PO, MK, and PH co-designed the study and executed the experiments. All authors
participated in the analysis of the data and the editing and revision of the manuscript.

3) Authors’ Preference and Justification for Mode of Presentation at the Symposium

The authors prefer OPP presentation at the Symposium, for the following reasons:

e This work provides an unambiguous identification of the reaction product of the o-benzyne reaction with
propargyl radicals.

e This work is important for our understanding of molecular reaction mechanisms leading to molecular-
weight growth and formation of polycyclic aromatic hydrocarbons.

e  This reaction presents a versatile route to the formation of five-membered ring structures, i.e., indenyl,
which are essential for the formation of curved PAHs.

e The results can be included in reaction mechanisms and can even be generalized for other reactions, thus
providing a pathway to assembling a comprehensive PAH formation mechanism.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) and
soot, which are undesirable byproducts of incomplete
combustion processes, are hazardous to the
environment and pose a risk to human health [1-5].
The role of PAHs as soot precursors on the
environment has recently gained renewed interest in
the aviation sector because a major contribution to
aviation’s climate impact is attributed to soot induced
contrail formation [6, 7]. Previous studies have shown
a direct relation of ice nucleation and engine particle
emission as well as the steering possibility via smart
design of fuel composition [8-10].

The transition to clean and climate-neutral
combustion technologies requires a comprehensive
chemical understanding of the kinetics and
mechanism of PAH and soot formation processes.
Here, we provide information about the origins and
reaction pathways leading to five-membered aromatic
ring structures.

Such five-membered ring structures are the
fundamental building blocks of non-planar polycyclic
aromatic hydrocarbons (PAHs) and are crucial for
soot formation in combustion environments [5].
Indene (CoHs), and the resonance-stabilized indenyl
(CoH7) radical, are the simplest closed-shell and
radical species that consist of a fused six- and five-

membered rings (Scheme 1).
indenyl radical

indene

Scheme 1. Molecular structures of indene and indenyl.

Insights into the formation of these simple,
prototypical aromatic structures is crucial to discover
new formation pathways of larger five-membered ring
structures. Furthermore, understanding the reactivity
of five-membered rings aids the development of a
chemical description of molecular-weight growth and
soot formation processes.

Many indene formation pathways have been
proposed and tested in comprehensive combustion
chemistry mechanisms [11]. These reactions include,
but are not limited to, reactions of phenyl (CsHs)
radicals with propargyl (CsHs), allene/propyne
(CsHa), allyl (CsHs), and propene (C3Hs) [12-19]. In
most  comprehensive  combustion  chemistry
mechanisms, indenyl is formed from H-abstraction of
the closed-shell indene, but other channels are likely
to be important as well.

For example, Matsugi and Miyoshi suggested that
the reactions of o-benzyne (0-CsH4) with propargyl
(CsHs) and benzyl (C7Hy) are also versatile routes for
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the formation of five-membered ring structures,
leading to indenyl and fluorenyl radicals [20]:

0-CsHa + C3H3 = CoH7 (R1)

0-CéHa+C/H7 = ... 2 CsHe+H+H  (R2)

o-benzyne is an aromatic molecule with one more
n-bond than benzene. Because of the ring-structure, it
is not possible to have a linear C-C=C-C bond and
consequently an angle strain makes benzyne a highly
reactive species. Although 0-C¢Ha is best described as
a strained alkyne, it possesses non-negligible biradical
character that impacts its reactivity [21, 22].

In combustion environments, 0-C¢Hs is mainly
formed through thermal decomposition of phenyl
(C¢Hs) radicals [23], and its reactions have been
recognized to be important for the formation of large
aromatic species in combustion environments [24-
27]. It is conceivable that reactions of o-benzyne and
resonance-stabilized radicals (RSRs) - not just
propargyl (CsHs), but also allyl (CsHs),
cyclopentadienyl (CsHs) and others - may
significantly contribute to PAH formation. Such
RSRs have been identified as important precursors in
PAH and soot formation [4, 5, 28]. They exhibit
longer lifetimes and larger concentrations in
combustion environments due to their enhanced
stability through the delocalization of the unpaired
electron.

In previous work, McCabe et al. showed through a
combination of experimental and theoretical work that
indene (CoHs) + H is the primary product channel of
the 0-C¢Ha + allyl (C3Hs) reaction [29]. Comandini
and Brezinsky showed theoretically that the reaction
of 0-Cs¢Ha with cyclopentadienyl (CsHs) at higher
temperatures can lead to the formation of indenyl
(CoHy) + acetylene (C2Hz) [30].

Given the dominance and importance of the
propargyl (CsHs3) radical in the formation of
polycyclic aromatic hydrocarbons, it is surprising that
information on the reactivity of propargyl with o-
benzyne is scarce. Although it is well documented that
propargyl is important for the formation of benzene,
indene, naphthalene, and other aromatic species, [4, 5,
11, 31-33], including aliphatically substituted PAHs
[18, 33], studies of reaction (R1) so far have remained
theoretical [20].

According to this earlier theoretical work [20],
reaction (R1) proceeds via the two initial adducts
Ce¢Hs-CH2-C=CH and C¢H4-CH=C=CH: that are
formed through association with the CHz-side (head)
and CH-side (tail) of the propargyl radical.
Subsequently, these intermediates can undergo ring
closure to a cyclopentenyl-fused benzene that
isomerizes without a substantial barrier to indenyl, the
most stable CoH7 radical (see Scheme 2).

In this work, we performed experimental research
to complement the earlier theoretical work of reaction
(R1). We used a microtubular flash pyrolysis reactor
to generate the reactants in a clean fashion and at
sufficiently high number densities. Using photoion
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Scheme 2. Reaction path for o-benzyne + C;H;

mass-selected threshold photoelectron spectroscopy
(ms-TPES), which is a unique tool for product
detection and isomer-specific identification in
reactive environments [34], we experimentally
verified indenyl to be the major product of this
reaction.

2. Experimental Setup

The experimental setup has been described
previously [35] and only a short description is given
here. We used a resistively heated SiC microtubular
reactor (1 mm ID, 35-40 mm long) at ca. 1150 K and
10-20 mbar to generate the reactants, o-Ce¢Hs and
C3Hs, and to follow their reactions. Benzoyl chloride
and propargyl bromide served as precursors for o-
CeHa and CsHs, respectively:

CsHs-C(=0)Cl — C¢H4 + CO + HCI
C3HsBr — CsHs + Br

(R3)
(R4)

The pyrolysis conditions were chosen to maximize
production of propargyl and o-benzyne and, thus, to
maximize bimolecular reactions. The most important
parameters are the reactants’ number densities that
can be influenced via the diluent’s flow rates, the
temperature of the sample container and the pyrolysis
temperature. The pyrolysis temperature was
controlled by the heating power and a previously
determined power-temperature calibration (based on
a type-c thermocouple measurement on the outside
wall of the reactor) was used as a temperature
measurement. The results presented in this paper were
recorded at a pyrolysis temperature of 1150 K, at
which both precursors make the desired reactants
efficiently. By flowing argon over the liquid
precursors, propargyl bromide and benzoyl chloride
were added to the gas stream according to their vapor
pressures. The flows were varied independently to
achieve the targeted optimal conversion, leading to a
total gas-stream of 6 sccm with about 1% C3sH3Br and
2% CeHs-C(=O)Cl. The inlet pressure was about
100 mbar and the fluid dynamics simulation as
described in Ref. [36] can be used to simulate the
pressure in the reactor.

The reaction mixture was expanded into high
vacuum to form an effusive molecular beam and was

48 analyzed using the CRF-PEPICO spectrometer that
49 combines a time-of-flight mass spectrometer and a
50 velocity map imaging photoelectron spectrometer
51 [37]. lons and electrons were collected in delayed
52 coincidence, permitting to record photoion mass-
53 selected threshold photoelectron spectra (ms-TPES)
s4 [38].

ss  These spectra were recorded at the vacuum-
56 ultraviolet (VUV) beamline of the Swiss Light Source
57 (SLS) at the Paul Scherrer Institute (PSI). A detailed
58 description of the beamline is given in Ref. [39]. In
59 short, synchrotron radiation was provided by a
60 bending magnet, collimated and diffracted by a plane
61 grating (150 grooves-mm™') with a resolving power of
62 1500. Higher harmonic radiation was suppressed in a
63 rare gas filter operated with an Ar/Ne/Kr mixture at a
64 pressure of 10 mbar. The photon energy was scanned
65 in 10 meV steps and calibrated using autoionization
66 resonances in Ar. For the analysis, threshold electrons
67 were selected with an energy resolution of 5-7 meV
68 and contributions of hot background electrons and
69 false coincidences were subtracted [40, 41].

70

71

72 3. Results and Discussions

o))

ey

73 3.1 Overview mass spectrum

74

75 In a first step, we recorded photoionization mass
76 spectra to ensure that the reactants, o-benzyne and
77 propargyl, are formed cleanly in the flash pyrolysis
78 source and that the targeted product, CoH7, is not a
79 product formed in the pyrolysis of their respective
80 precursors. To this end, Fig. 1 shows the sample mass
81 spectra after flash pyrolysis of (a) benzoyl chloride
82 and (b) propargyl bromide. The photon energies used
83 here to acquire the overview mass spectra are chosen
84 to be above the ionization energies of the targeted
85 species, while trying to avoid, or at least, minimize
86 dissociative photoionization. At a photon energy of
87 9.15 eV, the mass spectrum identifies C¢H4, C3H3,
88 CsHs, and the C¢Hs**”’Cl as intermediates and
89 products in the flash photolysis of benzoyl chloride.
90 The signal at m/z = 40 corresponds to naturally
91 abundant '3C isotopologues of the C3H3 radical. At a
92 higher photon energy range of 9.8 eV (see
93 Supplementary Material, Fig. S1), the CeHsCO and
94 the precursor become visible as well. Most
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importantly, the photon energies of 9.15 and 9.8 eV
are above the ionization energy of the indene and
respective indenyl radical, and therefore, the missing
CoH7 peak indicates that CoH7 is not formed during
the benzoyl chloride pyrolysis. The mass spectrum
shown in Fig. 1(b), recorded at 9.0 eV, indicates that
CoHy7 is also not a product (or intermediate) of the
flash pyrolysis of propargyl bromide. A second mass
spectrum, recorded at 10.5 eV is shown in the
Supplementary Material (Fig. S1).

We are therefore confident that any observed CoH7
product in the targeted C¢H4 + C3H3 reaction is a
product of this cross reaction.

I (a) Benzoyl Chloride ]
[ CgH, 1

06H535/37C|

Signal Intensity / a.u.

(b) Propargyl Bromide

CsH,

Signal Intensity / a.u.

CGHG
CsHs JL |
L i -
30 40 50 60 70 80 90 100 110 120 130 140 150
mass-to-charge ratio

Fig. 1. (a) The experimentally observed mass spectra after
flash pyrolysis of (a) benzoyl chloride and (b) propargyl
bromide. The spectra were recorded at 9.15 and 9.0 eV,
respectively, at a temperature of ~1150 K and a pressure of
~20 Torr. The absence of CoH; signal in these control
experiments provides evidence for the observed CoH; to
result from the cross reaction of o-benzyne with propargyl.

In a second step, we recorded photoionization mass
spectra to ensure that CoH7 is produced in the 0-C¢Ha
+ C3Hs cross reaction in detectable amounts. A typical
mass spectrum of the sampled gases from the outlet of
the microtubular flash pyrolysis reactor is shown in
Fig. 2. The mass spectrum was recorded at a photon
energy of 9.2 eV and at a temperature of 1150 K. The
targeted reactants appear in the mass spectra at m/z =
39 (C3H3) and 76 (CéHa), and as shown in Fig. 2, the
anticipated product of the o-benzyne + propargyl
reaction (R1) is detectable at m/z = 115 (CoH7). A
cleaner mass spectrum, composed of individual
spectra recorded at 8.1, 8.7, and 9.2 eV is shown in
the Supplementary Material (Fig. S2). That mass
spectrum is composed of different mass ranges
recorded at different photon energies, thus
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suppressing peaks of precursors while highlighting
the reactants and products.

While the focus of this work is on the CoH7 signal,
it is important to understand how the precursors react
and what other products are formed in the reactor as
well. In addition to the C3Hs, CsHa, and CoH7 species,
the mass spectrum contains peaks at m/z = 78 (CsHe)
and 152 (Ci2Hs). As the latter peaks can be formed
through CsH3 and CsHa self-recombination reactions,

C3Hsz + C3Hs = CgHs
CsHa + CsHs = Ci12Hg

(R3)
(R6)

the presence of those peaks hints at the identity of the
m/z = 39 (CsH3) and the m/z = 76 (C¢Ha) peaks as
propargyl and o-benzyne, respectively. A more
detailed description of the isomeric composition of
the m/z = 78 peak will be provided in a future paper.
A more rigorous identification of C3H; and CeH4
based on the unique photoionization efficiency curves
and threshold photoelectron spectra is given in the
next section.
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Fig. 2. Mass spectrum of the species exiting the microtubular
reactor. The reactants (CsH; and 0-C¢Hs) and the product
(CoHy) are marked. Also highlighted are C¢Hg and C¢Hy-
C¢H,4 from the propargyl + propargyl (R5) and o-benzyne +
o-benzyne self-reactions (R6), respectively. C¢sHsBr is a
product of the phenyl + Br reactions.

The peaks at m/z =156 and 158 can be assigned to
the 7Br and 8!Br isotopologues of CsHsBr that results
from the reaction of phenyl radicals (from the
propargyl + propargyl reaction (R5)) with Br atoms
that are a byproduct of the propargyl formation
through flash pyrolysis of the propargyl bromide (R4).
Accordingly, the peaks at m/z = 112 and 114 can be
assigned to the 33Cl and *’Cl isotopologues of CsHsCl.
The corresponding photoionization efficiency curves
for CeHsBr and CeHsCl are summarized in the
Supplementary Material (Fig. S3). The peaks at m/z =
65, 102, and 105 correspond to CsHs and CsHs side
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products (most likely cyclopentadienyl and

phenylacetylene) and a C7HsO intermediate.

3.2 Identity of reactants

In a third step, we confirmed the identity of the
m/z = 39 (C3Hs) and m/z = 76 (CsHa) reactants by
photoion mass-selected threshold photoelectron
spectra and photoion efficiency (PIE) curves, which
together provide an isomer-selective fingerprint to
assign molecular structures to the m/z peaks.

Figures 3 (a) and (b) show the PIE curve and the
threshold photoelectron spectrum of the sampled m/z
= 39 signal as a function of the photon energy in the
range of 8.4-9.0 eV. The well-known characteristic
PIE curve and ms-TPE spectrum of the propargyl
radical are included for comparison [42, 43]. As can
be seen, the experimentally observed PIE curve and
ms-TPE spectrum agree exceptionally well with the
literature references. The onset of the ion counts and
the sharp resonance in the threshold photoelectron
spectrum at 8.68 V is consistent with the adiabatic

ionization energy of propargyl of 8.674 eV [43].
(a) Photoionization Efficiency Curve
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Fig. 3. (a) The experimentally observed photoionization

efficiency curve (blue squares) and (b) the threshold
photoelectron spectrum of m/z = 39 (blue squares) is
compared to the propargyl (CsHs) references (red circles) as
a function of photon energy. The spectra clearly identify the
reactants as the propargyl (C;Hs).
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The data thus confirms that propargyl bromide
decomposes according to reaction (R4) and that m/z =
39 can be unambiguously identified as the propargyl
radical.

While propargyl bromide pyrolysis has been
established to be a clean source of propargyl radicals,
the development of a clean source for o-benzyne is
more challenging. As described above, we used flash
pyrolysis of benzoyl chloride as a source for o-
benzyne as suggested by Zhang et al. [44].

The mass-selected threshold photoelectron
spectrum of m/z = 76 is shown in Fig. 4. For the
identification of the isomers, we had to cover a much
broader photon energy range, and therefore, the
energy steps were chosen to be coarser than for the
data shown for m/z = 39. Here, we scanned from 9 to
9.8 eV and were able to identify two different isomers.
Based on the literature, the feature near 9.0 eV can be
assigned to the linear 1,5-hexadiyne-3-ene
(HC=C-CH=CH-C=CH) isomer [45], while the
feature near 9.6 eV is from o-benzyne contributions
[46,47]. The apparent feature at 9.3 eV is probably an
artifact of the low spectral resolution, but
contributions from a third isomer cannot be entirely
ruled out.

—O— m/z = 76 (CgH,)

::: —s— 1,5-hexadiyne-3-ene reference
© s— o-benzyne reference
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L
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(73]

88 90 92 94 96 98 100

Photon Energy / eV

Fig. 4. The experimental mass-selected threshold

photoelectron spectrum of m/z = 76 (blue squares) is
compared to the 1,5-hexadiyne-3-ene and o-benzyne
references (red circles) as a function of photon energy. The
spectra clearly identify the reactants as both, the 1,5-
hexadiyne-3-ene and o-benzyne isomers.

Using benzoyl chloride as a precursor for o-
benzyne according to reaction (R3), we were not able
to find conditions that would allow exclusive
formation for o-benzyne and simultaneous formation
of propargyl radicals under the same conditions.
However, the reaction (R1) of o-benzyne with
propargyl is barrierless [20], while a potential side
reaction of the linear CsH4 isomer, 1,5-hexadiyne-3-
ene, with propargyl would need to occur through a
barrier that is typical for molecule-radical reactions
[48], i.e., about 5-20 kcal/mol. Therefore, these
molecule-radical reactions are much slower than the
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barrierless reaction R1 and can be neglected in the
further analysis.

3.3 Isomer-selective product identification

With the detection of a radical species with a
molecular formula of CoH7 (m/z = 115), we are
shifting our focus to the elucidation of its structural
isomers. Given the mass spectra in Figs. 1 and 2, the
possibilities of CoH; coming from dissociative
ionization or fragmentation can be ruled out. This
leads us to conclude that CoHy7 is a direct product of
the o-benzyne + propargyl reaction (R1). In this final
step, we use the photoionization efficiency curves and
threshold photoelectron spectra to identify the indenyl
radical as the predominant product of reaction (R1).

The mass-selective photoionization efficiency
curve and threshold photoelectron spectrum for m/z =
115 (CoHy7) are shown as a function of photon energy
in Fig. 5 (a) and (b), respectively. They are combined
with literature references for the indenyl radical [29].
For this, we scanned the photon energy from 7.2 to
7.65 eV to detect the characteristic features in the
photoionization efficiency and in the photoelectron
spectrum of the indenyl radical near 7.52 eV [49, 50],
the known ionization energy of the indenyl radical.
The observed features perfectly match the observed
literature data, and we can comfortably identify the
m/z = 115 (CoHy) signals as the indenyl radical. The
PIE curve is not shown below 7.35 eV because it is
contaminated with contributions from signal
originating from ionization with higher harmonics of
the VUV photons.

Additional methods to make the indenyl radical
include the reaction of phenyl + propargyl as
described in Ref. [18]. However, this reaction would
proceed via the aliphatically substituted CoHs
isomers, leading likely also to phenyl-substituted
propargyl radicals. These CoH7 isomers have also
been calculated by Matsugi and Miyoshi as minima
along the reaction path of reaction (R1). The
photoelectron spectra for these two isomers 1-
phenylpropargyl (CsHs-CHCCH) and 3-
phenylpropargyl (CeHs-CCCH2) are known: The
ionization energies are 7.24 and 7.25 eV, respectively
with ms-TPE spectra expanding above 7.4 eV [49,
50]. The isomers’ spectra are included in Fig. 5.

The  experimentally observed  threshold
photoelectron spectrum shows an apparent increase in
signal intensities above 7.2 eV. However, the signal is
too weak to show any features around 7.2 — 7.3 eV
that are characteristic of phenyl substituted propargyl
radicals. Thus, contributions of these two isomers
cannot entirely be ruled out, but probably neglected.
The non-resonantly stabilized cyclopentenyl-fused
benzene structure (see Scheme 2) is unlikely to
accumulate in large concentrations and is therefore
not further considered in our analysis.
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Fig. 5. (a) Experimentally observed photoion spectrum (blue
squares) and (b) threshold photoelectron spectrum (blue
squares) for m/z =115 (CyHy) as a function of photon energy.
Literature reference data is shown in red. The ms-TPE
spectra of 1-phenyl propargyl and 3-phenyl propargyl from
Ref. [50] are added.

The detection of indenyl as the predominant
product of the 0-CsHa + C3Hs reaction (R1) agrees
with the earlier theoretical work. Matsugi and
Miyoshi calculated the transition energy to convert
the CsHs-CH2-CCH and CegH4-CHCCH: to the
phenyl-substituted propargyl radicals to be about
165 kJ/mol"!, compared to 70-80 kJ/mol™! for the
transition to form the cyclopentenyl-fused benzene
ring that subsequently isomerizes to indenyl. Given
the large differences in the energy of the transition
states, it is not surprising that the phenyl-substituted
propargyl radicals are not detected in our experiments.
According to Matsugi and Miyoshi’s work, all
transition states are submerged to the o-benzyne +
propargyl entrance channel. The rate constants for
reaction (R1) were calculated by Matsugi and
Miyoshi for a total pressure of 1 atm (N2). They
calculated the formation of the indenyl radical at
1200 K to be an order of magnitude faster than the
formation of the phenyl-substituted propargyl
radicals. The phenyl-substituted propargyl radicals
are unlikely to be formed due to the high barriers for
H migration following the initial association step.
These results are consistent with previous work on the
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reactions of phenyl with propargyl and
cyclopentadienyl radicals, which also noted well-
skipping at low pressures [18, 19].

The temperatures of our experiments were too low
to observe the predicted dissociation into the
resonantly stabilized fulvenallenyl (C7Hs) radical +
C2Hz, which is predicted to become the dominant
reaction channel near 2000 K (at atmospheric
pressure). At our experimental conditions, no signal
was detected at m/z = 89 (C7Hs).

Conclusions

The work presented here explores the formation of
a five-membered ring structure through the reaction of
o-benzyne with propargyl. Such five-membered rings
are essential to form curved and bowl-shaped

polycyclic  aromatic  hydrocarbons  (PAHs).
Specifically, we studied the formation of the
prototypical indenyl radical through the o-benzyne +

propargyl reaction. To this end, we combined flash
pyrolysis in a microtubular reactor to produce o-
benzyne and propargyl radicals in significant
concentrations to be able to detect the indenyl radical
as the sole reaction product using photoion efficiency
curves and threshold photoelectron spectroscopy,
which were measured in coincidence using the CRF-
PEPICO endstation at the Swiss Light Source of the
Paul Scherrer Institute.

This work was motivated by the need to fully
understand the impact of o-benzyne chemistry on
molecular-weight growth processes and by the
theoretical work of Matsugi and Miyoshi, who had
calculated the potential energy surface and kinetics,
which was waiting for an experimental confirmation.
Our experimental observation agrees with the
theoretical predictions.

o-Benzyne plays a unique role in PAH formation
chemistry because of its biradical character, which
provides a versatile route for five-membered rings
annulated to benzene [35]. For example, the reaction
studied here, o-benzyne with the propargyl radical, is
barrierless and creates an intermediate with a radical
site on the aromatic ring, which then allows for a rapid
ring closure to yield these five-membered rings.
Consequently, the indenyl radical has been identified
as a predominant product of the o-benzyne +
propargyl reaction. Kinetic modeling will need to be
carried out to determine the reaction’s importance and
significance in combustion environments.
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