#® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Formation of phenylacetylene and
benzocyclobutadiene in the ortho-benzyne +
acetylene reactionf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 1869

Morgan N. McCabe, (2@ Patrick Hemberger, ©2° Dario Campisi, (2 +°
Jeger C. Broxterman, (22 Engelbert Reusch,” Andras Bodi 2 ® and
Jordy Bouwman (2 g4 || *?

Ortho-benzyne is a potentially important precursor for polycyclic aromatic hydrocarbon formation, but
much is still unknown about its chemistry. In this work, we report on a combined experimental and
theoretical study of the o-benzyne + acetylene reaction and employ double imaging threshold
photoelectron photoion coincidence spectroscopy to investigate the reaction products with isomer
specificity. Based on photoion mass-selected threshold photoelectron spectra, Franck—Condon simulations,
and ionization cross section calculations, we conclude that phenylacetylene and benzocyclobutadiene (PA:
BCBdiene) are formed at a non-equilibrium ratio of 2:1, respectively, in a pyrolysis microreactor at a
temperature of 1050 K and a pressure of ~20 mbar. The CgHg potential energy surface (PES) is explored
to rationalize the formation of the reaction products. Previously unidentified pathways have been found by
considering the open-shell singlet (OSS) character of various CgHg reactive intermediates. Based on the

Received 12th November 2021, PES data, a kinetic model is constructed to estimate equilibrium abundances of the two products. New

Accepted 23rd December 2021 insights into the reaction mechanism — with a focus on the OSS intermediates — and the products formed
DOI: 10.1039/d1cp05183k in the o-benzyne + acetylene reaction provide a greater level of understanding of the o-benzyne reactivity

during the formation of aromatic hydrocarbons in combustion environments as well as in outflows of
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rsc.li/pccp carbon-rich stars.

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs), organic molecules
that contain two or more fused aromatic rings, are abundant
on Earth and ubiquitous in the interstellar medium (ISM).
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Terrestrially, these molecules have natural and anthropogenic
sources (via combustion) and are of concern as their accumula-
tion in the environment can lead to health issues.”? In the ISM,
PAHs are detected as a family of molecules by the characteristic
emission bands in the 3-20 um mid-infrared (mid-IR) spectral
region.” These mid-IR emission bands have been reported
towards many sources including H II regions, planetary nebula,
and reflection nebula.®

Numerous studies have been conducted to simulate com-
bustion environments and to reveal the PAH and soot formation
mechanisms.”” " These combustion studies also provide a basis
for understanding PAH formation in the ISM, as it is assumed
that PAHs are formed under the combustion-like conditions in
the outflow of carbon-rich stars.>'* However, the formation of the
second aromatic ring, a critical step in the growth of aromatic
molecules, has yet to be explained."* New mechanisms, such as
reactions involving o-benzyne, may contribute to growth of PAHs
and the formation of a second ring.

The structure and reactivity of o-benzyne have been studied
in some detail. Spectroscopic measurements characterized
o-benzyne’s structure, with IR stretching modes indicating the
presence of a carbon-carbon triple bond, albeit with a lower
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frequency than the average for the bond type.'® Further, com-
putational studies confirmed that the species largely exhibits
aryne character, due to the presence of a large singlet-triplet
energy gap, with the singlet species being lower in energy.
However, o-benzyne retains some small amount (ca. 10%) of
biradical character, as confirmed by rotational spectroscopy.'®"”
Recently, o-benzyne was detected toward the Taurus Molecular
Cloud TMC-1,"® marking its first ever detection in the ISM. In
addition, o-benzyne has recently awakened the interest of the
combustion chemistry community, as it was shown that phenyl
radicals can decompose to o-benzyne under combustion-relevant
conditions." Moreover, o-benzyne self-reactions were shown to
result in PAHs.?° Due to its presence in the ISM and its potential
role in combustion chemistry, o-benzyne may play a significant
role in closing the gap between current PAH and soot formation
models and the observed PAH abundance and rates of
formation."**"?*

A few studies have aimed to understand gas-phase o-benzyne
reactions with both closed-shell and radical reactants.”*>® A
combined experimental and computational study by Friedrichs
et al”” probed the products of o-benzyne’s reaction with the
small unsaturated hydrocarbons acetylene (C,H,), ethene
(CH,), and propene (CsHg). Computationally, they found
40-50 kJ mol ' entrance barriers to the o-benzyne + hydrocarbon
reactions. Furthermore, while their mass spectrometric approach
did not allow for isomer-specific product assignment, they con-
cluded based on computational results that both polycylic and
branched monocyclic reaction products are accessible. In addi-
tion, Friedrichs et al. proposed an “edge-on” and a “concerted”
pathway for the o-benzyne + acetylene association reaction with
the final product dependent on the favored angle of attack. In the
absence of isomer-specific data, the dominant product formation
mechanism remained unclear.

Computational studies to determine reaction pathways and
accurate energies for reactions with o-benzyne are uniquely
challenging. Specifically, the reactions between o-benzyne and
hydrocarbons are likely to involve biradical intermediates with
open-shell singlet (OSS) character, and as a result, care needs to
be taken to describe these systems appropriately. Closed-shell
single-determinant wave functions are insufficient to represent
the wave function of these molecules because of the presence
of independent radical centers. Potential energy surface
exploration using multireference approaches with large enough
basis sets is an intractable pursuit in these comparably large
systems. Luckily, studies have shown that OSS energies can also
be approximated based on OSS and triplet energies quite
reliably, allowing for a straightforward density functional theory
(DFT) description of these species.>®°

The aim of this work is to determine the reaction mechanism
and final isomeric products of the acetylene + o-benzyne reaction
by double imaging photoelectron photoion spectroscopy’*
(#PEPICO) at the Swiss Light Source. Photoion mass-selected
threshold photoelectron spectra offer an isomer-selective and
sensitive detection tool to identify reactive intermediates in gas
mixtures, and reveal reaction mechanisms, as also applied in
catalysis and combustion environments.**** DFT computational
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chemistry methods are employed to yield insights into the
potential energy surface and the reaction mechanism at play
taking into account the OSS character of the biradical species.
Finally, statistical modelling is performed to reveal the isomer-
ization reaction dynamics and put the measured isomer
branching ratios into context. With the combined application
of these methods, we identify the products of the acetylene +
o-benzyne reaction and obtain a clear understanding of the
reaction mechanism.

2 Experimental

The o-benzyne + acetylene reaction was studied using a pyrolysis
microreactor connected to the CRF-PEPICO setup at the vacuum
ultraviolet (VUV) beamline of the Swiss Light Source (SLS) at Paul
Scherrer Institute (PSI) in Villigen, Switzerland. The VUV beam-
line, the PEPICO detection chamber***® and the pyrolysis
reactor®® have been described in much detail elsewhere and only
a summary of the relevant experimental details is provided here.

Benzocyclobutenedione (BCBdione) was synthesized following
the method by South and Liebeskind®” and used as o-benzyne
precursor. The solid BCBdione sample was placed in between a
small aluminum pellet and glass wool in a 0.25 inch diameter
sample container tube. The tube had a 100 pm pinhole at the
end, situated at the entrance of the pyrolysis microreactor. The
sample container tube was mounted in a copper block, of which
the temperature was stabilized at 60 °C using water cooling and
heating with a Huber minichiller. As shown in a previous study,
the vapor pressure of BCBdione is sufficient at this temperature
to create a stable o-benzyne signal, while being low enough to
suppress bimolecular o-benzyne chemistry.”®> The reactant gas,
neat acetylene (>99.5% stabilized with acetone, Carbagas),
flowed through the sample container and picked up the
BCBdione vapor.

The resulting gas-phase mixture of acetylene and BCBdione
expanded through the pinhole at the end of the sample con-
tainer tube and into the pyrolysis microreactor. The microreac-
tor consists of a ~4 cm long SiC tube with an inner diameter of
1 mm and is resistively heated over a length of ~2 cm using DC
power. The temperature was estimated from the electrical
power, based on previous surface temperature measurements
as recorded using a thermocouple for a similar SiC reactor tube
with equidistant electrodes. Temperatures were varied between
700-1200 K with an absolute uncertainty on the order of
4100 K, but with a small relative error between measurements.

The gas pressure in the sample tube containing the pre-
cursor was measured at 0.25-0.35 bar while flowing acetylene at
a rate of 30 sccm. The gas expands through the pyrolysis reactor
into the source chamber. The pressure in the source chamber
was 5 x 10~* mbar during gas flow. The pressure and residence
time in the reactor tube can be inferred from these conditions
based on computational fluid dynamics and are on the order of
20 mbar and 10-100 ps, respectively.’®**® The effusive beam
containing reactants and products exiting the pyrolysis reactor
was skimmed by a 2 mm skimmer, forming a molecular beam
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in the ’PEPICO detection chamber. The background pressure of
the detection chamber was ~ 10~ ° mbar during measurements
with a baseline pressure of ca. one order of magnitude lower.

Synchrotron radiation was generated using a bending
magnet and dispersed by a 150 grooves per mm grating. The
dispersed light was focused at the 200 pm exit slit, situated in a
differentially pumped rare gas filter and resulting in a resolu-
tion of 1:1500. The gas filter was filled with 10 mbar of a
mixture of Kr, Ar, and Ne over an optical length of 10 cm to
filter out high harmonic radiation of the grating above 14 eV.
The monochromatized ionizing VUV synchrotron radiation
intersects the molecular beam in the ’PEPICO detection
chamber. The detection chamber is connected to the beamline,
and the ionization region is 50 cm downstream from the exit
slit. The electron-ion pairs formed in an ionization event are
accelerated in opposite directions using a 218 V ecm ™ field and
are recorded in delayed coincidence. Electrons are velocity
map imaged on a RoentDek delay line detector, and their
arrival time serves as the start time for the time-of-flight
(TOF) measurement of the associated cation. A second Roent-
Dek detector on the opposite end records the position and
arrival time of the space focused ions. Coincidence data were
recorded over a photon energy range of 7.4-9.4 eV using a step
size of 10 meV and an integration time of 60 s per energy point.
These data were then used to construct the mass-selected
threshold photoelectron spectra (ms-TPES) of the reaction
products. Isomer-resolved product assignments are made
based on the ms-TPES data in conjunction with reference
and/or simulated spectra.

2.1 Computational methods

Wherever possible, isomeric assignments are based on reference
threshold photoelectron spectra. Otherwise, for species without a
published photoelectron spectrum, adiabatic ionization energies
(IEs) were calculated at the CBS-QB3 level of theory using the
program Gaussian 16*' to support the interpretation of the
experimental observations. Furthermore, TPE spectra were simu-
lated by calculating Franck-Condon factors in the double har-
monic approximation. For the Franck-Condon simulations,
geometry optimizations and frequency calculations for the neu-
tral and ionic ground state of the species were conducted with
DFT using the B3LYP/6-311++G(d,p)**™*° level of theory. Franck-
Condon factors were calculated from these vibrational normal
modes using ezSpectrum.”” The resulting stick spectra were
convoluted with a Gaussian function with a full-width-at-half-
maximum of 0.032 eV to simulate the rotational envelope and
facilitate comparison with the experimental data.

In order to estimate the relative abundances of the isomers
present in the ms-TPES, eZDyson was used to calculate absolute
photoionization cross sections for each isomer.*® Dyson orbitals
were obtained using equation of motion for ionization potential
with coupled cluster singles and doubles (EOM-IP-CCSD)**>°
with the correlation consistent polarized triple zeta basis set
(cc-pVTZ)** basis set, using Q-Chem 4.3.°> The continuum state
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of the photoelectron was taken into account to compute photo-
ionization cross sections, which were then combined with
Franck-Condon simulations of the nuclear wave function over-
lap to predict relative TPES intensities of the isomers. Thus, we
only rely on relative signal intensities to estimate the relative
abundance of the isomers contributing to the photoelectron
spectrum.

Potential energy surface (PES) calculations were performed
in order to provide insight into the energy landscape of the
acetylene + o-benzyne reaction. Relaxed coordinate scans were
conducted at the M06-2X/6-311++G(d,p)*®* level of theory and
stationary points were located. M06-2X was chosen as it pro-
vides accurate energies when studying reactions involving large
hydrocarbons.>*™® Due to fact that the reaction starts from the
closed-shell but in part biradical o-benzyne, some of the inter-
mediates exhibit biradical character. To treat this properly
using DFT, unrestricted singlet wave functions were calculated
for the biradical intermediates by mixing the highest occupied
and lowest unoccupied o orbitals in the initial guess of the wave
function to destroy spatial symmetry of the o and B sets of
orbitals. The wave function was thus allowed to converge to an
open-shell singlet solution. The energy of OSS species was
determined using the Ziegler-Cramer correction by calculating
twice the OSS energy minus the triplet energy at the same
geometry.”®*° This was done in instances where the mixing of
the singlet and triplet states is comparable, as indicated by a
spin expectation value (S*) ~ 1. Lastly, Complete Active Space
Self-Consistent Field (CASSCF)*’ calculations were preformed
along the entrance pathways (see ESIt) to confirm the entrance
barriers and therewith obtain insights into the association
mechanism at play.

The product distribution in the pyrolysis microreactor is
determined by the radical precursor formation, the bimolecular
kinetics of the association reaction, the competition between
fast re-thermalization and the system exploring the adduct’s
potential energy surface, as well as the short reaction time,
determined by the 10-100 ps residence time in the reactor. This
means that non-equilibrium product distributions can result
from fast cooling after exothermic reactions. To put the experi-
mentally determined isomer distribution of the products
into context, unimolecular microcanonical rate curves were
calculated by Rice-Ramsperger-Kassel-Marcus (RRKM) theory
using a computer program broadly validated in modeling
unimolecular dissociative photoionization and developed by
Sztaray et al.°® The model provides microcanonical rates for
unimolecular reactions based on the reactant density of states
and the transition state numbers of states via the equation:

oNY(E — Ey)
k(E) = B <,

where p(E) is the reactant density of states, N(E — E,) transition
state number of states, i is Planck’s constant, and ¢ is the
degeneracy of the reaction channel. We are not addressing the
kinetics of the association reaction but consider intermediates
on the potential energy surface and calculate the associated
isomerization rates.
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3 Results

Mass spectra and mass-selected threshold photoelectron spectra
for the reactions of o-benzyne with acetylene recorded at selected
pyrolysis temperatures are presented first. Comparing the TPES
data with reference data or with Franck-Condon simulated
spectra allows us to identify the species with isomer specificity.
Next, the potential energy surface, computed at the M06-2X/
6-311++G(d,p) level of theory, is discussed to support the experi-
mental findings.

3.1 Mass spectrometry

Mass spectra are depicted in Fig. 1 comparing the products for
(A) acetylene only and (B) acetylene + BCBdione recorded at a
photon energy of 10.0 eV.

As can be seen from Fig. 1A as well as the inset, a number of
peaks are present in the mass spectrum of pyrolyzed acetylene.
In Fig. 1A, strong signals are seen at m/z 58 and m/z 43 and are
attributed to the acetone ((CH;),CO") and the acetyl cation
(CH3CO"), the latter being a dissociative ionization fragment of
acetone (see ESIt for further details).>® Acetone is present in
our gas flow as it is added to acetylene gas bottle as an
inhibitor. Acetylene (m/z 26) is not seen in the mass spectrum,
as it was recorded using a photon energy well below its
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Fig.1 Mass spectra recorded at a photon energy of 10.0 eV and a
microreactor temperature of 1026 K and 996 K (respectively) for (A) neat
acetylene and (B) neat acetylene + BCBdione (1%).
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ionization potential of 11.4 €V.®® In the inset, two peaks can
be seen at m/z 83 and m/z 98 and are confirmed to be trace
contaminants present and are not involved in the reactions
occuring during pyrolysis (see ESIt for further details).

BCBdione was used as a precursor as it has previously been
shown to be a clean source of o-benzyne via:>*’

CsH,0, 25 CeHy +2 CO

Mass spectra of BCBdione pyrolysis as a function of tempera-
ture show that BCBdione can be cleanly converted to o-benzyne
at 1082 K (see Fig. S1 in ESI¥). Fig. 1B shows the mass spectrum
after pyrolysis of the o-benzyne precursor, BCBdione, in
presence of acetylene. The inset of Fig. 1B shows two new
peaks when BCBdione is added to the flow. The peak at m/z 76
corresponds to o-benzyne and the peak at m/z 102 corresponds
to the association product formed from the acetylene +
o-benzyne reaction:

C¢H4 + Co,H, — CgHg' ﬂ CgHg + M*

3.2 Threshold photoelectron spectroscopy

The m/z 102 ms-TPES was recorded over the 7.4-9.4 eV range
with a 10 meV step size to assign the reaction products and is
shown in Fig. 2. Two distinct, vibrationally resolved bands are
present, the first starting at 7.74 eV and the second at 8.82 eV.
Literature reference data were used to assign the vibronic
structure starting at 8.82 eV. A clear match is apparent with
the previously recorded ms-TPES of phenylacetylene (PA) taken
from Hemberger et al.®" and shown in purple. The onset also
matches well with the previously reported ionization energy of
PA of 8.825 eV.®” Benzocyclobutadiene (BCBdiene) may be
responsible for the signal at 7.74 eV, with a previously reported
IE of 7.87 eV®® obtained by photoelectron spectroscopy. The IE
found by Koenig et al.®® is notably higher in energy than the onset
seen here; the difference in energy is likely due to the lower
resolution of the photoelectron spectrum taken at the time.

ms-TPE spectra

74 76 78 80 82 84 86 88 90 92 94
Photon energy (eV)

Fig. 2 The m/z 102 ms-TPES in the 7.4-9.4 eV photon energy range for
the o-benzyne (1%) + acetylene reaction at a reactor temperature of
1050 K. The experimental spectrum is fit using a Franck—Condon simu-
lated spectrum for BCBdiene and reference data for PA.
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In order to determine if BCBdiene is indeed responsible for
the m/z 102 signal, we turn to quantum chemical computations
and Franck-Condon simulations to assign the spectrum. Using
CBS-QB3 and G4 levels of theory, the adiabatic IE of BCBdiene
is predicted at 7.75 eV and 7.76 eV, respectively, in very good
agreement with the onset of the ms-TPES band. The B3LYP/6-
311++G(d,p) optimized ground state structure of the neutral
and the cation were subsequently used in a Franck-Condon
simulation. The resulting stick spectrum was then convoluted
with a 32 meV FWHM Gaussian profile to account for the
rotational envelope and the experimental energy resolution to
facilitate comparison with the recorded spectrum. From Fig. 2,
it is clear that the simulated spectrum of BCBdiene matches
very well with the vibronic structure seen in the experiment,
leading us to conclude that BCBdiene is indeed the product
from the reaction. A zoom in of the BCBdiene ms-TPE spectrum
is shown in the ESI,{ where further information is provided on
the vibrational normal modes responsible for the observed
progression. From our data we conclude that the ionization
energy is 7.74 £+ 0.04 eV, which is significantly lower than the
value of Koenig et al,® also cited in the NIST Chemistry

Webbook.*

Photoionization cross section calculations with ezDyson
based on the EOM-IP-CCSD/cc-pVTZ Dyson orbitals show that
the ionization cross sections to the ground cation states of
BCBdiene and PA agree to within 3% for electrons with less
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than 300 meV kinetic energy. Thus, the relative TPES peak
intensities will be determined by the nuclear wave function
overlap between the neutral and the final cation rovibrational
state and the relative abundance of the two products in the
sample stream. Therefore, based on the predicted intensities
from the Franck-Condon simulations, we conclude that the
products form approximately in a ratio of 2:1 of PA to
BCBdiene, respectively, under our experimental conditions. As
will be shown later, the non-equilibrium product distribution
indicates that the less stable BCBdiene is collisionally stabilized in
the microreactor faster than it is converted to the more stable PA.

3.3 Potential energy surface calculations

The acetylene + o-benzyne (CgHg) potential energy surface (PES)
was explored using DFT and the results are shown in Fig. 3. An
entrance barrier of 55 k] mol™' (T1) was found to form the
biradical intermediate (INT1) at —71 kJ mol~". From this initial
adduct, the reaction path branches with the lower energy
biradical pathway proceeding through a series of small rota-
tional barriers; T3 ((S*) = 1) at —49 k] mol %, INT2 (($?) = 1) at
—76 k] mol™', and finally through T4 ((s*) = 1) at —59 k] mol "
for ring closure, forming BCBdiene at —288 kJ mol '. Alterna-
tively, we have also located a closed-shell singlet pathway,
initiated by the formation of a [2 + 1] closed-shell intermediate
(INT3) at 16 k] mol™ " by crossing a barrier of 56 kJ mol " (T6),
which also proceeds to BCBdiene. However, this pathway is

forward
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v o

v -2 \

v \
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 c—
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Fig. 3 The potential energy surface for the acetylene + o-benzyne reaction using M06-2X/6-311++G(d,p). Open-shell intermediates and transition

states are indicated in gray.
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unlikely to compete with the lower energy biradical pathway. The
third pathway from the initial adduct (INT1) proceeds via a
hydrogen transfer to the radical site on the ring, forming PA
(—387 k] mol ™ %). This route also requires overcoming a transition
state energy of 36 k] mol~'. BCBdiene may also isomerize to PA
via a hydrogen transfer over T5 at —2 k] mol .

In addition to density functional calculations at using the
MO06-2X functional, the G4 composite method®® was also
applied to refine the potential energy surface and obtain
improved energetics. For closed-shell species, the agreement
between the DFT and G4 results was generally good (with
energies varying by no more than 10 k] mol™'), but G4 could
not be applied consistently to describe open-shell singlet
intermediates and transition states. Consequently, all energies
are reported at the M06-2X/6-311++G(d,p) level of theory.

3.4 Kinetic modeling

RRKM theory was used to provide insight into the product
branching for the two reactions. To this end, microcanonical
rates were calculated as a function of the internal energy for the
interconversion of the BCBdiene and PA products of the
acetylene + o-benzyne reaction (Fig. 4).

The rate-limiting transition state, T5, connects the two species
(see Fig. 3). The forward rate curve shown in Fig. 4 depicts the PA
formation rate constant starting from the BCBdiene isomer,
while the reverse rate curve shows the rate constant in the
opposite direction. The vertical dotted line in this figure indicates
the minimum energy needed for the o-benzyne + C,H, associa-
tion reaction to proceed, ie., the energy of the association
transition state T1 to form the initial adduct. The horizontal line
in the figure shows an estimate of the inverse residence time of
molecules in the pyrolysis microreactor.*®

The lowest energy pathway on the potential energy surface
leads to BCBdiene. However, there is enough energy in the
system to cross the barrier T5 leading to PA. The RRKM rates
provide us insights into the equilibration between the two

7 l
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Fig. 4 Forward and reverse rate constants for crossing T5 between PA
and BCBdiene (see Fig. 3 for reference). The dotted vertical line indicates
the minimum energy present needed for the reaction to proceed. The
horizontal line indicates the average residence time of molecules inside
the pyrolysis microreactor.
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products on the time scale of the reactor. The reaction from
BCBdiene leading to PA is several orders of magnitude faster
than the reverse. Hence, on the time scale on which reactions
occur in our reactor, the excess energy drives the reaction
forward to form PA in larger abundance. However, even at the
highest internal energies, the forward rate is still commensu-
rate with the residence time in the microreactor. Based on the
isomerization free energy, the BCBdiene abundance should be
negligible in equilibrium. Combined with the experimentally
observed 2:1 ratio of PA: BCBdiene, this implies that a fraction
of BCBdiene is stabilized upon rethermalization in the micro-
reactor, while a slightly larger fraction proceeds to form PA.

4 Discussion and conclusion

The results presented here can be compared with the study by
Friedrichs et al.,>” who suggested that the formation of pheny-
lacetylene was dependent on a single “concerted” route, with
an estimated barrier of over 70 k] mol*. The reported energy of
the transition state involved in this pathway was deemed ‘‘less
reliable” as the optimization did not fully converge, yet the
suggested route was assumed to exist based on similar reac-
tions between o-benzyne and other unsaturated hydrocarbons.
It was concluded that BCBdiene is the primary product of the
reaction, although the authors proposed that subsequent iso-
merization may take place. This could, however, not be con-
firmed as the study was limited to recording mass
spectrometric data only. Moreover, the authors had not pre-
sented a mechanism for the isomerization of BCBdiene to PA.

By applying *PEPICO spectroscopy, we are now able to
provide isomer-specific detection of the reaction products,
allowing us to elucidate these key questions posed earlier.
Based on the estimated photoionization cross sections com-
bined with Franck-Condon factors, we have shown that, under
our experimental conditions, PA is the favored reaction product
with an estimated 2 : 1 branching ratio with respect to BCBdiene.
Our PES calculations accounted for open-shell singlets explicitly,
and allowed us to locate two additional routes for the formation
of PA in the title reaction. Furthermore, a subsequent isomeriza-
tion step was located, which accounts for the conversion of
BCBdiene to PA. Kinetic modeling was employed to show that
the dynamic competition between this isomerization step and
the re-thermalization and, thus, stabilization of BCBdiene can
explain the limited, 67% conversion of BCBdiene to the preferred
PA product in the SiC microreactor.

The results of this study yield insights into the role of
o-benzyne in the growth of aromatic molecules. The association
reaction of o-benzyne with acetylene first has to overcome a
sizeable entrance barrier of 55 k] mol ™. Afterwards, this
bimolecular reaction produces a mix of a polycyclic species
and an open-chain isomer of CgHg composition, favoring the
open-chain species PA. It may proceed in hot environments,
such as in combustion and in outflows of carbon-rich stars,
but, due to the high entrance barrier, it is highly unlikely to
contribute to growth of aromatic molecules in cold regions of
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the ISM. Moreover, the polycyclic BCBdiene is formed by
(collisional) stabilization, and the system is expected to shift
more towards equilibrium, i.e., towards PA, if the reaction time
is not constrained. Although the system possesses sufficient
internal energy to dissociate, collisional stabilization may not
be essential for the survival of the adduct: the dissociation will
proceed slower than the reverse isomerization step, which may
lengthen the lifetime of the adduct to allow for IR-fluorescence,
which could contribute to the stabilization of the CgHg products.
Further collisional stabilization may not occur in low-density
interstellar molecular clouds. On the whole, this suggests reac-
tions of o-benzyne with radicals are more likely the driving force
behind the formation of larger poly-ringed species, at least in the
ISM, as they are barrierless and proceed via addition-elimination
mechanisms."*??
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