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ABSTRACT: The low-temperature formation of aromatic mole-
cules in the interstellar medium remains a major challenge in
astrochemistry. Here, crossed molecular beam experiments
combined with high-level electronic structure and Rice−
Ramsperger−Kassel−Marcus (RRKM) calculations reveal the
barrierless formation of the simplest aryl radical, the 6π Hückel
aromatic phenyl radical (C6H5•), through the reaction of ground-
state atomic carbon with 1,3-cyclopentadiene (c-C5H6). The
reaction proceeds via carbon addition, ring expansion, hydrogen
atom elimination, and aromatization, with all transition states lying
below the energy of the separated reactants. The measured
reaction exoergicity agrees with theory, rendering the reaction
operative even in the coldest interstellar environments. More
broadly, carbon-atom-induced ring-expansion can transform cyclopentadiene motifs embedded within larger polycyclic aromatic
hydrocarbons into aryl radical centers, providing a previously unrecognized route to aromatic molecular growth. These findings
establish carbon-atom-mediated skeletal editing as a viable low-temperature mechanism for building increasingly complex aromatic
carbonaceous molecules in space.

The formation and persistence of aromatic hydrocarbons
in low-temperature extraterrestrial environments remains

an unresolved challenge in astrochemistry.1,2 In particular,
polycyclic aromatic hydrocarbons (PAHs), organic compounds
characterized by multiple fused aromatic rings with delocalized
π-electrons as complex as substituted coronene,3 have been
widely detected throughout the interstellar medium as well as
in carbonaceous meteorites like Murchison4 and asteroids such
as Bennu.5,6 Yet, their observed abundances contrasts
modeling predictions with predicted fractions up to 3 orders
of magnitude lower than observations.1,7 Further, expected life
times of PAHs in deep space of some 108 years7−11 are in stark
contrast to modeled production rates of 109 years,11 suggesting
that interstellar PAHs are destroyed faster than they can be
replenished;7,11−15 in other words, PAHs should not exist in
molecular clouds at all. This apparent imbalance implies that
efficient growth pathways capable of continuously regenerating
aromatic complexity under extreme temperatures as low as 10
K are still missing.2,15 Here, the phenyl radical (C6H5•, X2A1)
has emerged as a fundamental precursor in aromatic molecular
mass growth processes and potential key intermediate in
resolving the aforementioned paradox.16 As the smallest aryl
radical, the 6π Hückel aromatic phenyl occupies a unique

position at the interface between one-ringed aromatics
hydrocarbons and larger ring systems such as PAHs.
Phenyl-driven growth pathways have been shown to produce

PAHs through reactions with unsaturated hydrocarbons.17,18

For instance, the reaction between phenyl radicals and
vinylacetylene (C4H4, X1A′) offers an efficient and barrierless
gas-phase route to naphthalene (C10H8, X1Ag) via the hydrogen
abstraction−vinylacetylene addition (HAVA) mechanism.17,19
This step represents a critical transition from monocyclic to
fused aromatic structures and establishes a foundation for
subsequent ring-expansion and annulation processes that
generates increasingly complex PAH architectures.17 In
addition to promoting the growth of planar PAH frame-
works,20,21 phenyl radicals (C6H5•) also participate in reaction
pathways that generate five-membered ring-containing PAHs,
including acenaphthylene (C12H8, X1A′),22 fluorene (C13H10,
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Scheme 1. Molecular Structures of Cyclopentadiene (C5H6) along with Nonplanar Corannulene (C20H10) and
Buckminsterfullerene (C60) PAHs Carrying Five-Membered Ring(s)a

aCarbon atoms of the cyclopentadiene moiety are color coded in black, while the remaining carbon and hydrogen atoms are shown in gray and
white, respectively.

Figure 1. (a) Laboratory angular distribution and (b) time-of-flight (TOF) spectra recorded at mass to charge (m/z) of 76 for the reaction of
ground state carbon atoms (C, 3P) with 1,3-cyclopentadiene (c-C5H6, X1A1). CM represents the center-of-mass angle, and 0° and 90° define the
directions of the carbon atom and 1,3-cyclopentadiene beams, respectively. The black circles depict the experimental data and red lines the fits.
Atoms are colored as follows: carbon (gray) and hydrogen (white).
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X1A1),
23 and fluoranthene (C16H10, X1A′).24 The incorporation

of the cyclopentadiene moieties represents a key step toward
the formation of curved aromatic structures, providing access
to nonplanar bowl-shaped PAHs such as corannulene and,
ultimately, fullerenes (Scheme 1).23,24 Thus, the phenyl
radicals (C6H5•) represent a fundamental entry point into
both planar and three-dimensional carbonaceous materials
formation in astrophysical environments. Nevertheless, the
processes leading to the synthesis of the phenyl radicals may
hardly be photochemically initiated in the low-temperature
regions such as dense molecular clouds, where ultraviolet (UV)
photons are predominantly shielded and are scarce. Previous
studies have shown that viable routes including the reaction of
dicarbon (C2, X1Σg+/a3Πu) with 1,3-butadiene (C4H6, X1Ag)
under single-collision conditions,25 as well as the propargyl
radical (C3H3•, X2B1) self-reaction using isomer-selective
synchrotron mass spectrometry,26 might be responsible for
the phenyl radicals (C6H5•) formation in these low-temper-
ature environments. Consequently, identifying elementary
reactions governing the phenyl radical production and trigger
their subsequent chemistry is essential for understanding the
chemical evolution of our universe. Inspired by the works
demonstrating that ground-state atomic carbon (C, 3P) reacts
barrierlessly with unsaturated hydrocarbons27−29 we untangle
the chemical dynamics the bimolecular gas-phase reaction of
ground-state carbon atoms (C, 3P) with 1,3-cyclopentadiene
(c-C5H6; X1A1) under single-collision conditions using the
crossed molecular beam technique coupled to universal mass
spectrometric product detection, allowing the observation of
the phenyl radical under single collision conditions. Along with
previous kinetic measurements of the carbon − cyclo-
pentadiene reaction, holding a rate constant of 1.9 × 10−9

cm3 s−1 at 300 K,30 and the exoergic and barrierless nature of
the synthesis of the phenyl radical, the title reaction provides a

potential route to interstellar phenyl radicals even in the
coldest and darkest regions of the deep space. Overall, upon
reaction with cyclopentadiene motifs in PAHs, atomic carbon
may induce ring expansion of into aromatic aryl radicals thus
providing a versatile, carbon-atom-mediated skeletal editing of
aromatic precursors to progressively larger aryl radicals,
thereby establishing a new paradigm for aromatic molecular
growth in low-temperature astrochemical environments.
The reactive scattering experiments for the reaction between

ground-state atomic carbon (C, 3P) and 1,3-cyclopentadiene
(c-C5H6; X1A1) were performed in the gas-phase under single-
collision conditions (Methods). Signal was detected at mass-
to-charge (m/z) ratios of 77 (C6H5+) (1) and 76 (C6H4+) (2).
The TOF profiles at both masses were indistinguishable
(Figure S1), revealing that signal arises from C6H5• radicals
(77 amu) plus a hydrogen atom (1 amu) (reaction 1); signal at
m/z = 76 is attributed to dissociative ionization of the parent
species inside the electron impact ionizer located within the
detector region. Although the reaction 2 cannot be excluded,
no distinct contribution from this channel could be resolved
under the present experimental conditions. Due to the slightly
higher signal-to-noise ratio observed at m/z = 76, this m/z was
selected for detailed analysis and TOF spectra were collected
over a laboratory angular range from 26.25° and 56.25° in 2.5°
increments, and at 60.25°, 62.75° and 64.25°. These spectra
were subsequently integrated and normalized with respect to
the TOF recorded at the center-of-mass (CM) angle, to derive
the laboratory angular distribution (LAD) (Figure 1). The
resulting LAD exhibits near forward−backward symmetry with
a broad maximum around the CM angle. Such a distribution is
characteristic of indirect scattering dynamics, involving the
formation of relatively long-lived C6H6 intermediate complex-
(es) that ultimately dissociate via hydrogen atom elimination
yielding C6H5• products.

31,32 Together, these results demon-

Figure 2. (a) CM translational energy (P(ET)) and (b) angular flux distributions (T(θ)), as well as (c) the associated flux contour map for the
reaction of ground state atomic carbon (C, 3P) with 1,3-cyclopentadiene (c-C5H6, X1A1). The red solid lines in (a) and (b) define the best-fit
functions while shaded areas provide the error limits. For the T(θ), the direction of the C beam is defined as 0° and of the c-C5H6 as 180°. The flux
contour map represents the intensity of the reactively scattered products as a function of product velocity (u) and scattering angle (θ), and the
color bar indicates flux gradient from high (H) to low (L) intensity. Atoms are colored as follows: carbon (gray) and hydrogen (white).
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strate that the title reaction proceeds through an atomic carbon
versus hydrogen exchange mechanism, enabling the formation
of C6H5• isomer(s).

+

+

C(12 amu) c C H (66 amu)

C H (77 amu) H(1 amu)
5 6

6 5 (1)

+

+

C(12 amu) c C H (66 amu)

C H (76 amu) H (2 amu)
5 6

6 4 2 (2)

The identification of C6H5• isomer(s) enables an inves-
tigation of their structures and formation mechanism. To this
end, the laboratory-frame data (TOF spectra and LADs) were
transformed into the center of mass (CM) reference frame to
derive the translational energy, P(ET), and angular flux, T(θ),
distributions (Figure 2).27,33 The laboratory data are
reproduced by a single reaction channel (reaction 1) involving
an atomic hydrogen loss channel. The P(ET) distribution
exhibits a maximum at 59 ± 6 kJ mol−1, indicative of a tight
exit transition state in the unimolecular decomposition of the
C6H6 intermediate(s). The high-energy cutoff, Emax = 281 ± 30
kJ mol−1, corresponds to the sum of the reaction exoergicity
and the collision energy (22.0 ± 0.7 kJ mol−1) for those
products formed without internal excitation. This yields a
reaction exoergicity of 259 ± 30 kJ mol−1. In addition,
fractions of 32 ± 7% of the total available energy are
partitioned into product translation supporting an indirect
reaction mechanism.32 The T(θ) distribution exhibits a
forward−backward symmetry with a maximum at 90° (Figure
2b), indicative of sideways scattering. These patterns reveal
indirect dynamics involving long-lived C6H6 intermediates,
whose lifetimes are comparable to or exceed their rotational
periods.27 This feature further suggests geometrical constraints
that favor hydrogen atom emission nearly parallel to the total
angular momentum vector, i.e., perpendicular to the rotational

plane of the decomposing complex. This behavior is also
reflected in the corresponding flux contour map (Figure 2c).
The formation of C6H5• isomer(s) under single-collision

conditions prompted a computational analysis of the carbon,
cyclopentadiene system to determine the structure of the
reaction products and to reveal the mechanisms responsible for
their formation. Accordingly, electronic structure calculations,
accurate within 5 kJ mol−1, were performed together with
Rice−Ramsperger−Kassel−Marcus (RRKM) calculations to
evaluate unimolecular rate constants and product branching
fractions (Tables S2 and S3). The complete potential energy
surface (PES) is available in the Supporting Information
(Figure S2); intermediates i3 and i8 have been omitted from
Figure 3 since they resemble “dead end” intermediates. The
PES exposes the production of the phenyl radical (p1, C2v,
X2A1) formed with a computed reaction energy of −291 ± 5 kJ
mol−1. The experimentally determined reaction energy of
−259 ± 30 kJ mol−1 is in good agreement, within the error
limits, with the calculated exoergicity for the phenyl radical.
Furthermore, these values compare favorably with the reaction
energy of −294 ± 1 kJ mol−1 based on the experimental
formation enthalpies taken from Active Thermochemical
Tables (ATcT).34 Overall, the combined experimental and
theoretical evidence points to the formation of phenyl radical
in the carbon − cyclopentadiene system. Yet, what is the
reaction mechanism leading to p1? According to the
theoretical investigation, the synthesis of the phenyl radicals
is initiated on the triplet surface by the barrierless addition of
the ground state atomic carbon through simultaneous addition
across single and double carbon−carbon bonds or through
addition to only one of the double bonds. This leads to the
formation of the triplet tricyclo[3.1.0.02,6] hexane-1,3-diyl
intermediate i1 (C1, X3A) and the bicyclo[3.1.0]hex-2-ene-6-
ylidene i2 (C1, X3A), stabilized by 153 and 212 kJ mol−1
relative to the separated reactants, respectively. Both

Figure 3. Schematic potential energy surface for the reaction of carbon atoms (C, 3P) and 1,3-cyclopentadiene (c-C5H6, X1A1) obtained at a level
of CCSD(T)-F12/cc-pVQZ-F12//ωB97X-D/6-311G(d,p) + ZPE(ωB97X-D/6-311G(d,p)), leading to the phenyl radical, p1 (C6H5, X2A1). Red
color line represents the most probable pathways to p1.
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intermediates are interconnected by a barrier of only 29 kJ
mol−1. Note that i2 structural analogs have also been
computed in previous carbon systems involving unsaturated
(acetylene (C2H2),

35 ethylene (C2H4),
35 propargyl radical

(•C3H3),
36 methylacetylene (C3H4),

29,35 propylene (C3H6),
35

acetylene (C4H2),
37 vinylacetylene (C4H4),

38 1,3-butadiene
(H2CCHCHCH2),

39 dimethylacetylene (H3CCCCH3),
40 and

benzene (C6H6),
41 styrene (C6H5CHCH2),

42 indene (C9H8
43)

hydrocarbons under single-collision conditions. From i2, a ring
opening of the three-membered ring over a moderate barrier of
37 kJ mol−1 generates the six-membered cyclic intermediate i4
(Cs, X3A′′), thereby establishing the benzene carbon frame-
work. Once formed, i4 can undergo hydrogen atom
elimination to p1 overcoming a tight exit transition state
lying 23 kJ mol−1 above p1. Alternatively, i4 may isomerize
through hydrogen migrations to either i5 (C2v, X3B1) or i6 (Cs,
X3A′′), involving substantial barriers of 195 kJ mol−1 and 190
kJ mol−1, respectively. An additional hydrogen shift from i6
yields to triplet benzene, i7 (D2h, X3B1u) with an associated
significant barrier of 215 kJ mol−1. i5, i6, and i7 serve as
precursors to the phenyl radical product, p1 plus atomic
hydrogen, through tight exit transition states located 23, 22,
and 107 kJ mol−1 above p1. These computational results are in
agreement with the experimental findings, which likewise
suggest the presence of tight exit transition states governing the
hydrogen atom loss.
It should be noted that we did not consider triplet-to-singlet

intersystem crossing (ISX) in the present system and fully
focused only on the triplet PES. The neglection of ISX and
consequently the singlet surface is justified because hydro-
carbons typically have very low spin−orbit coupling and hence,
ISX could be feasible only for long-lived intermediates.
According to RRKM-calculated rate constants (Table S2),
lifetimes of i2 and i4 are in the range of 1−10 ps (10−12 s).
Rate constants for ISX evaluated earlier for the prototype
cyclopropylidene and similar carbene and triplet structures of
C3H2 are on the order 109 s−1, i.e., 2−3 orders of magnitude
lower compared to those for isomerization or decomposition
of i2 and i4.44 More recently, we found that ISX is generally
not competitive as compared with isomerization and
dissociation on the triplet surface in a larger polycyclic
aromatic C15H10 molecule with rate constants being on the
order of 107−108 s−1.45
The discussion now shifts to elucidating the most probable

reaction pathway for the formation of p1. We can ignore
alternative C6H5 isomers other than phenyl here because they
lie much higher in energy. For example, a removal of H from
the CH2 group in either i1 or i2 leads to a radical of
benzvalene (benzvalenyl) which is ∼270 kJ mol−1 higher in
energy than phenyl. H losses from CH groups in i4−i6 give
radicals ∼240−260 kJ mol−1 less stable than phenyl.
Considering short lifetimes of i1 and i2 with respect to their
isomerization and of i4−i6 with respect to their decomposition
to p1 + H, highly energetically demanding formation of the
other C6H5 isomers is not competitive. Also, open-ring C6H5
isomers were earlier reported to reside 255−258 kJ mol−1
above phenyl46 and hence, pathways involving ring-opening
would be unlikely. Therefore, p1 represents the practically
exclusive C6H5 product. Based on the barriers, the most
feasible route to form phenyl radicals follows through the
unimolecular decomposition of i4. Further, the synthesis of p1
from i5, i6, and i7 requires surmounting considerable barriers
of about 200 kJ mol−1, hindering the pathways involving these

intermediates to contribute significantly to C6H5• production.
To shed light on this question, a RRKM statistical analysis was
also performed to calculate the contribution of the
intermediates i4−i7 to the phenyl radicals (p1) formation at
two different collision energies corresponding to the
experimental conditions (Ec = 22.0 kJ mol−1) and to the low
temperatures of the cold molecular clouds (Ec = 0 kJ mol−1)
(Table S2). The final results corroborated the predicted
behavior, regardless the collision energy considered, with i4
being almost the exclusive contributor to p1 production. In
contrast, insignificant fractions of less than 0.5% were
calculated for i5−i7 intermediates to form p1, in the best
scenario. In addition, a closer inspection of the calculated
geometries of the exit transition states also provides additional
insight into the underlying reaction mechanism. The exit
transition states connecting i4, i5 and i6 to p1 (i4 → p1 + H,
i5 → p1 + H and i6 → p1 + H) reveal that the departing
hydrogen atom is emitted nearly perpendicular to the plane of
the rotating complex, with angles ranging from 71.0° to 72.4°
(Figure 4). This finding is consistent with the sideways

scattering observed in the T(θ) distributions obtained from the
experimental results. On the other hand, the corresponding
exit transition state from i7 (i7 → p1 + H) does not display
this perpendicular emission geometry, with an angle of 38.1°
for the hydrogen atom emission, lending further support to the
negligible role of this pathway to the formation of p1, as
discussed above. In summary, the barrierless formation of the
phenyl radical (p1) commences on the triplet surface from the
initial collision complexes i2 or i1, which undergoes a facile
isomerization to i2. Subsequent ring opening of i2 yields i4,
thus assembling the carbon backbone of benzene. Finally, loss
of an atomic hydrogen followed by aromatization of the
methylene group then produces the phenyl radical via a tight
exit transition state (Figure 3).
To sum up, the present study reveals a barrierless

mechanism for the conversion of cyclopentadiene into the
simplest aryl radical, phenyl radical, via atomic carbon
addition−hydrogen loss elimination (Figure 5a). Consistent
with this mechanism, the previously measured rate coefficient
is closed to the gas-kinetics limit (1.9 × 10−9 cm3 s−1),30

comparable to a few 10−10 cm3 s−1 reported for reactions of
atomic carbon with other unsaturated hydrocarbons such as
acetylene (C2H2),

47 ethylene (C2H4),
47,48 propylene

(C3H6),
47,48 or 1/2-butene (C4H8).

48 Furthermore, this

Figure 4. Computed geometries of the exit transition states leading to
the phenyl radical, p1 (C6H5, X2A1). Angles of the departing
hydrogen atoms are given in degrees with respect to the rotation
plane of the decomposing complex.
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observation of an atomic carbon induced ring expansion is
expected not to be restricted to one isolated cyclopentadiene
molecule, but instead to represent a versatile transformation of
cyclopentadiene moieties into aryl radicals (Figure 5b). A
similar mechanistic pathway has also been reported for the
reaction of atomic carbon with indene,43 suggesting that this
process may extend to cyclopentadiene units embedded within
larger PAHs. Nevertheless, the general applicability of this
mechanism to other PAH systems remains to be established.
This finding is particularly significant since it allows the
formation of large aryl radicals in low-temperature extra-
terrestrial environments, such as the cold molecular clouds,
and initiate a reaction sequence contributing to the mass
molecular growth processes of PAHs toward these extreme
sources from cyclopentadiene moieties via aryl radicals
followed by ring annulation through hydrogen abstraction−
vinylacetylene addition (HAVA).2,15,17,20,49,50 In addition,
replacing the hydrogen atoms of cyclopentadiene (or larger
five-membered ring-containing PAHs) by organic substituents,
such as ethynyl (−CCH) or cyano (−CN) groups, is expected
to produce the corresponding aryl-substituted species in low-
temperature environments. These discoveries expand the
current picture of interstellar aromatic chemistry by demon-
strating that barrierless carbon additions followed by ring
expansion can simultaneously drive molecular growth and
structural reorganization. Such chemistry offers a previously
overlooked mechanism for the transformation of simple
hydrocarbons into increasingly complex aromatic architectures,
providing new insight into the origin, evolution, and
persistence of the aromatic molecular inventory throughout
our carbon-rich Universe.

■ MATERIALS AND METHODS
The bimolecular gas-phase reaction between ground-state
atomic carbon (C, 3P) and 1,3-cyclopentadiene (c-C5H6;
X1A1) was investigated under single-collision conditions using
a crossed molecular beam apparatus combined with time-of-
flight (TOF) mass spectrometric detection.51 The supersonic

beam of carbon atoms was generated in situ via laser ablation of
a rotating graphite rod, employing the fourth harmonic (266
nm) output of a Nd:YAG laser (Quanta-Ray Pro 270, Spectra-
Physics) operating at 30 Hz with a pulse energy around 8 mJ
per pulse. The ablated carbon species were seeded in helium
(He, 99.9999%, Airgas) carrier gas at a backing pressure of 4
atm, pulsed through a piezoelectric pulsed valve operating at
60 Hz. After passing through a 1 mm diameter skimmer, the
beam was velocity-selected with a chopper wheel running at
120 Hz, producing a carbon beam with a peak velocity (vp) of
2028 ± 26 m s−1 and a speed ratio (S) of 4.3 ± 0.2. The 1,3-
cyclopentadiene (c-C5H6) reactant seeded at a fraction of 5%
in krypton (99.9999%, Praxair) was expanded through a
second piezoelectric pulsed valve at a backing pressure of 520
Torr to form a supersonic beam with a peak velocity of vp =
464 ± 9 m s−1 and S = 17.6 ± 0.6. 1,3-cyclopentadiene was
synthesized by cracking the dimer, dicyclopentadiene
(C10H12), up to 180−190 °C and further purified by multiple
freeze−pump−thaw cycles, prior to diluting it in krypton with
a total pressure up to 0.68 atm.52 The two beams intersected at
a 90° angle within the interaction region, resulting in a
collision energy (Ec) of 22.0 ± 0.7 kJ mol−1 and a center-of-
mass angle of (θCM) of 52.2 ± 0.8°. Experimental parameters
were carefully tuned to minimize the presence of dicarbon to
levels <5% relative to atomic carbon in the primary beam.
Neutral reaction products entering the triply differentially

pumped ultrahigh vacuum detector (6.6 × 10−12 Torr) were
ionized by electron impact at 80 eV. The resulting ions were
then mass-filtered using a quadrupole mass spectrometer
(Extrel, QC 150, QPS, 2.1 MHz) operating in time-of-flight
(TOF) mode. A detailed description of the detector setup is
available elsewhere.53 Briefly, the selected ions were accel-
erated toward a −22.5 kV target, initiating an electron cascade
that ultimately produced a photon signal via an organic
scintillator. This signal was detected using a Burle photo-
multiplier tube (−1.35 kV), processed with a discriminator set
to 1.6 mV, and recorded by a multichannel scaler. The detector
assembly can rotate within the plane defined by the
intersecting beams, allowing measurements to be collected
over a range of laboratory angles. Laboratory angular
distribution (LADs) for selected mass-to-charge (m/z) ratios
were obtained by integrating the TOF spectra and normalizing
the signals to that measured at the center-of-mass (CM) angle.
Both the LADs and TOF spectra were subsequently

converted into the CM reference frame using a forward-
convolution approach to extract information on the reaction
dynamics.27,54,55 In this procedure, the CM translational
energy distribution, P(ET), and the angular flux distribution,
T(θ), were iteratively adjusted until the best agreement with
the experimental data was achieved. The reactive differential
cross section, expressed as I(u,θ) ∼ P(u) × T(θ), where I is the
product intensity as a function of velocity (u) and CM angle
(θ), provides a comprehensive description of the scattering
dynamics.
Geometric structures of reactants, products, intermediates,

and transition states on the triplet PES accessed by the C(3P)
+ C5H6 reaction were optimized using the long-range corrected
hybrid ωB97X-D density functional56 with Pople’s split-
valence 6-311G(d,p) basis set;57 vibrational frequencies were
evaluated at the same level of theory following geometry
optimizations. These calculations employed the GAUSSIAN
16 software package.58 The ωB97X-D/6-311G(d,p) level of
theory typically predicts bond lengths and bond angles with an

Figure 5. Schematic representation of the carbon addition−ring
expansion of a cyclopentadiene moiety leading to aryl radicals. (a)
Conversion of cyclopentadiene into the phenyl radical, and (b)
analogous ring expansion of a cyclopentadiene moiety embedded
within a larger PAH, leading to the formation of an aryl radical. The
carbon centers of each reactant are represented by red and blue
circles.
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accuracy of 0.01−0.02 Å and 1.0°, respectively, but is not
sufficiently accurate for evaluation of relative energies. To
achieve chemically accurate energetics, single-point energies of
all optimized stationary points on the PES were refined using
the explicitly correlated coupled-cluster method with single
and double excitations and a perturbative treatment of triple
excitations, CCSD(T)-F12/cc-pVQZ-F12,59,60 with a correla-
tion-consistent polarized valence quadruple-ζ basis set61

optimized for use with F12 methods, using the MOLPRO
2021 program package.62 The final level of theory was thus
CCSD(T)-F12/cc-pVQZ-F12//ωB97X-D/6-311G(d,p) in-
cluding zero-point vibrational energy corrections (ZPE)
obtained at ωB97X-D/6-311G(d,p). At this level, the mean
absolute error (MAE) for reaction energies is typically within
2−4 kJ mol−1.63
Energy-dependent rate constants for unimolecular reaction

steps following formation of initial intermediates in entrance
reaction channels were computed using Rice−Ramsperger−
Kassel−Marcus (RRKM) theory64 utilizing molecular param-
eters and energies derived from the PES. The rate constants for
each elementary step were evaluated in the zero-pressure limit,
consistent with the conditions of low-density astrochemical
environments. The rate constants were subsequently used to
determine product branching ratios through the solution of the
coupled reaction kinetic equations.65 Our in-house UNIMOL
code was employed in the calculations of RRKM rate constants
and product branching ratios.66
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