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Formation of biphenylene, (CgHy4)2, and its isomer benzopentalene, Ci,Hg, may act as a consumption
route for ortho-benzyne (0-CgHy) in interstellar clouds such as TMC-1. MRCI-F12 and CCSD(T)-F12

potential energy surfaces show that 0-CgHy dimerization is possible through a Cy,-symmetry single-
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bond association to a (CgH4), precursor before isomerization to (CgHy4), and subsequently CoHs.
Formation of a bimolecular product set from either species is energetically hindered, allowing (C¢H4)>
and CjpHg to stabilize radiatively. To remedy the dearth of spectroscopic data for these species,
anharmonic frequencies from explicitly-correlated quartic force fields (QFFs) for 0-CgHy and ¢-C4Hy
are used to reparameterize the semiempirical method PM6 for use in lower-cost QFFs for (CgHy4)2
and CjoHg. In both cases, at least one reparameterized PM6-QFF spectrum results in the prominent
C-H stretch and symmetric C-H out-of-plane-bend features to be accurately predicted with respect
to gas-phase experiment or the B3LYP/NO7D anharmonic absorption spectrum. B3LYP/NO7D ac-
curately recreates the experimental infrared spectrum of (CgH4),, showing the utility of this method
for spectral prediction of small and midsize polycyclic hydrocarbons on the whole. For larger systems,
reparameterized PM6-QFF spectra can reproduce the most important infrared features for a species.
B3LYP/NO7D cascade emission spectra show that the 730 cm~! C-H symmetric out-of-plane bend-
ing feature dominates the emission spectrum of (CgHy4), while the spectrum of Ci,Hg becomes
characterized by the collective set of C-H out-of-plane bends. As such, infrared emission spectra of
(CgHq), will likely be overshadowed by CyH,. Derivatives such as C4H4CgH3CN are better targets
for infrared observation.

1 Introduction 115
relative to H,) given the numerous gas-phaseI812 and fragmen-

Ortho-benzyne (0-C¢Hy) is an alkynic derivative of benzene
(CgHg) that is granted greater reactivity than its parent molecule
due to the enhanced strain and high electron density at the alkyne
site(s). As such, it has long been of interest in the synthesis of
larger hydrocarbons. The reactivity of 0-C¢Hy is especially rel-
evant in the context of gas-phase interstellar chemistry, as it has
been observed in the cold molecular cloud TMC-117 and may be
of importance in the synthesis of the large cosmic population of
polycyclic aromatic hydrocarbons (PAHs). Interestingly, the re-
ported concentration of 0-CgHy is somewhat low ([541] x10~!!
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tation222L! processes reported to create it. 0-CgH, consumption
through the formation of larger species is likely a factor in the low
concentrations observed in TMC-1.

Further chemical reactions involving 0-C¢H, in the complex
but frigid chemistry in TMC-1, however, likely require barrierless,
exothermic process. The low temperatures in the cold interstellar
medium (ISM) induce a bottleneck that inhibit most barriered re-
actions.22 Only a few of the processes that could contribute to o-
C¢Hy depletion are shown to be barrierless. Z81IL4 pg such, there
is likely additional 0-CqH,4 chemistry that has yet to be explored
in the context of TMC-1 as well as the larger ISM.

Any reactions involving 0-C¢Hy in TMC-1 will be limited to
the available chemical inventory. Interestingly, o-C¢H4 has been
known to be able to dimerize for some time,? resulting in
the tricyclic species biphenylene, (CgH4);. (CgHs)o has an
unusual electronic structure, as it is formally antiaromatic via
Hiickel’s Rule, but this antiaromaticity is largely constrained to
the cyclobutadiene-like group in the center. The 6-membered-
ring moieties on either end of (CgHy), exhibit some aromatic
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character, resulting in a stability that is uncommon for antiaro-
matic species.?3 The formation of (CgH4)», while shown to oc-
cur quickly in the gas phase,# has not been studied under low-
temperature conditions similar to those within TMC-1. These
previous experiments show the dimerization rate to be invariant
with respect to temperature in the applied range (90 - 200 °C),
but reactions at these temperatures may obscure an association
barrier on the potential energy surface, requiring computational
investigation of the reaction pathway.

However, the ability of 0-C¢Hy to dimerize in the ISM does
not guarantee that (CgH,), is observable, which is necessary to
confirm if (C¢Hy), is available for further PAH growth. (CgHy),
possesses no permanent dipole moment, largely limiting its ob-
servation to infrared methods. Furthermore, vibrational data on
(CgHy), is lacking,2422 and the generation of such data with
high-accuracy quantum-chemical methods such as explicitly-
correlated coupled-cluster theory is rendered nearly impossible
due to the size of (C¢Hy),. The geometric scaling of anhar-
monic vibrational frequency computations combined with the
scaling of accurate electronic treatment methods with basis
set size results in a computational cost that increases dras-
tically with the size of the molecule. (CgHy), is also shown
to isomerize to benzopentalene (Ci2Hg), 20 g process that could
occur prior to the radiative stabilization of (C¢Hy),. However,
there is no spectroscopic data, computational or otherwise, in the
literature for C,Hg, a species that falls victim to the same data-
generation issues as mentioned above due to its size and lowered
symmetry.

This work aims to exploit highly-accurate multireference and
explicitly-correlated quantum chemical calculations to identify
the nature of the potential surface along the o0-CqHy-0-C¢Hy re-
action coordinate. This will determine if (CgHy), is a viable inter-
stellar reaction product, adding another piece to the chemical in-
ventory of the ISM. The reaction pathways for the net-exothermic
bimolecular dissociation of (C¢Hy), into benzene and triacetylene
as well as diethynylbenzene and acetylene are investigated to de-
termine if such processes may inhibit the radiative stabilization
of (CgHy), or CyoHg.2Z Vibrational absorption spectra are also
generated for both (C¢Hy), and Cj;Hg through modified semiem-
pirical methods in order to provide accurate spectral data at a
lower computational cost. Data for (C¢Hy), will be compared
to the experimental gas-phase IR spectrum to ascertain which
semiempirical approach is the most accurate. This information
will reveal the extendability of these modified semiempirical
approaches to even larger polycyclic hydrocarbons for which
ab initio or DFT approaches become infeasible. Additionally,
the emission spectra of these species are computed, which are
especially important for the observation of interstellar polycyclic
hydrocarbons that are expected to have differences in their ab-
sorption and emission profiles due to the absorption of UV pho-
tons that are then lost through a vibrational cascade.28 These re-
action pathways and spectroscopic data will outline new targets
for observation with the James Webb Space Telescope and ex-
pand the understanding of interstellar carbon chemistry as well
as PAH formation.

2 Journal Name, [year], [vol.], 1

2 Computational Details

2.1 Reaction Pathways

Most minimum and transition state structures on the reaction
pathway are optimized at the B3LYP/aug-cc-pVDZ2234 level of
theory (in MOLPRO 2024.12°%37 and Gauss1aN1648) prior to har-
monic frequency calculations at the same level. To improve the
accuracy of the reported energies, single-point energies are com-
puted for each optimized structure at the CCSD(T)-F12/cc-pVDZ-
F1282M41l (F12-DZ) level of theory in MOLPRO 2024.1. Here, an
explicit-correlation (F12) correction is applied to the “gold stan-
dard” CCSD(T) method. CCSD(T)-F12, when combined with the
requisite F12-optimized Dunning basis set of size X, gives re-
sults comparable in quality to those produced by CCSD(T)/cc-
pPV(X +2)Z calculations.? This approach has been validated pre-
viously to bypass possible potential surface inaccuracies associ-
ated with the use of B3LYP for stationary point optimization.12
Such calculations for 0-C¢Hy, C,H,, and I-C¢H,, due to their small
size, are done only at the F12-DZ level of theory.

2.2 Potential Energy Surfaces

One-dimensional relaxed potential energy surfaces (PESs) are
used to create an energetic profile of reaction coordinates that
lack or have difficult-to-locate transition states. The reaction co-
ordinate is followed by fixing the associated variable (often an
interatomic distance) to a series of values within a predeter-
mined range and letting all other structural variables optimize.
The resulting energies are plotted against the corresponding lo-
cation of that point along the reaction coordinate. In this work,
all PESs are computed over an interatomic distance and are ex-
amined for bond lengths starting from 0.1-0.5 A less than the
equilibrium value to a value of 5.0 A with a step size of 0.1
A. Two levels of theory are used to create the PESs, and both
employ MOLPRO 2024.1. For more well-behaved systems, F12-
DZ//B3LYP/aug-cc-pVDZ can be applied. In the case of the o-
C¢Hy dimerization of D,;, symmetry, single-reference descriptions
of the potential surface(s) result in an incomplete description of
the process, necessitating that a multireference scheme is em-
ployed. Here, the PES is computed using Davidson-corrected,
explicitly-correlated internally contracted multireference config-
uration interaction (MRCI-F12+Q) single-point energy calcula-
tions done on MCSCF-optimized geometries (MRCI-F12+4Q/cc-
pVDZ-F12//MCSCF/aug-cc-pVDZ) 331344043547 with a (6e,60)
active space for both the ground state as well as selected excited
states relevant to the association. This includes 1 orbital each in
ag, by, big, b1y, bag, and bz, symmetries. The MCSCF wavefunc-
tion is state-averaged with the two lowest-lying singlet states in
each of the Dy, irreducible representations except for A, which
had three. Molecular orbital (MO) calculations are used for some
points in PESs to better understand the nature of processes occur-
ring on the potential surface. All MO calculations are performed
with RHF (for singlet species) or ROHF (for triplet species) with
the aug-cc-pVDZ basis set in GAUSSIAN16.
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2.3 Quartic Force Fields

Accurate anharmonic rovibrational data can be generated compu-
tationally through a quartic force field (QFF). A QFF is a fourth-
order Taylor series expansion of the potential portion of the in-
ternuclear Watson Hamiltonian.4®42 All QFFs in this work are
computed through the software PBQFF,>? a package that stream-
lines the calculation of necessary single-point-energies, subse-
quent generation of force constants through central finite differ-
ences, and usage of a modified version of SPECTRO®L to generate
frequencies through vibrational perturbation theory. 22724

Spectra for (C¢Hy), and CipHg are generated through QFFs
that utilize reparameterized versions of the semiempirical method
PM623 within Mopac®® as previously implemented by Westbrook
et al.BZ389  This reparameterization is done through an op-
timization of the majority of the default PM6 parameters us-
ing the Levenburg-Marquardt algorithm to minimize the differ-
ence between PM6-computed anharmonic frequencies and a set
of reference values, which can be experimental data or from
high-accuracy calculations such as those done by explicitly-
correltated coupled-cluster theory. Optimized parameters in-
clude the one-center, one-electron integrals (U), two-center, one-
electron resonance integrals (), Slater orbital exponents (E),
and the one-center, two-electron repulsion (G) and exchange (H)
integrals for both carbon and hydrogen (where applicable, for
the latter). An additional term (a) corresponding to the ampli-
tude of the Gaussian function that corrects for the non-polarized
core electrons in carbon is also optimized. These methods are
shown to result in a vast improvement upon the computation
of frequencies for certain vibrational modes, such as those
for C-H stretching modes.”Z Often, species are chosen for the
reparameterization process that are chemically similar to the tar-
get molecules for the modified PM6 QFF. For this work, 0-C¢Hy
and cyclobutadiene (¢-C4Hy) are chosen as training species. For
very large species, this method has the ability to drastically
lower the necessary computational time for anharmonic rovi-
brational data collection while potentially providing a greater
degree of accuracy compared to methods of a similar com-
putational cost by fitting the existing parameters to data for
chemically relevant species.

Several QFFs at different displacement sizes and levels of the-
ory for both 0-CgH4 and ¢-C4H,4 are computed in order to deter-
mine the best fit to existing Ne©? and Ar263 matrix data for the
IR-active vibrational modes. For 0-C¢H4, QFFs are computed at
the F12-DZ level of theory, with and without core-electron corre-
lation included, at the 0.010 and 0.015 A step sizes. For ¢-C4Hy,
F12-DZ and F12-TZ QFFs, both including core-electron correla-
tion, are produced at the 0.005 and 0.010 A step sizes. The mean
absolute error (MAE) between the computed and corresponding
IR-active gas-phase experimental frequencies is used to select the
most accurate frequency set. The full set of computed frequen-
cies is used for the semiempirical refitting. Six sets of parameters
are generated. Parameters are trained on the frequency sets of
0-Cg¢Hy and ¢-C4Hy alone as well as in tandem. For each scenario
two initial parameter sets are used: the default PM6 parameters
and parameters previously trained=Z on C,Hj.
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QFFs for (CgHy), and CjpHg are computed for each param-
eter set with a step size of 0.005 A. B3LYP/NO7D anharmonic
intensities computed in GAUSSIAN16 are paired with the funda-
mental frequencies, first overtone of each fundamental, and all
two-quanta combination bands. Subsequently, a broadening of
3.0 cm~! is applied to generate the final spectra.

2.4 Anharmonic Cascade Emission Spectra

Simulation of the anharmonic cascade emission spectra of ben-
zopentalene and biphenylene begins with optimization of the ge-
ometry and computation of the normal modes and harmonic vi-
brational frequencies at the B3LYPS?/N07D®4 level of theory us-
ing Gaussian 16°8. The NO7D basis set is derived from the 6-31G
basis with additional diffuse and polarization functions added
that have been shown to produce accurate geometries and vi-
brational spectra of large aromatic molecules.®® The geometry
optimization uses an energy convergence threshold of 1x10712
and a custom integration grid consisting of 200 radial shells and
974 angular points per shell.®® Following this, the QFF of each
molecule is computed at the same level of theory. Second or-
der vibrational perturbation theory (VPT242:52 24l67168Y {5 then
used to compute the anharmonic frequencies with the software
program SPECTRO.©? SpEcTRO utilizes resonance polyad matri-
cesZ972!in the VPT2 treatment, allowing for the advanced treat-
ment of resonance interactions through symmetry-separated ma-
trices based on frequency separation. The polyad matrices also
allow for the redistribution of intensities between coupled states,
which has been shown to be important in densely populated vi-
brational spectra. 286017274/ States with a separation of less than
or equal to 200 cm~! are included in the resonance polyads. 72126

In space, PAH emission occurs in the infrared following the
absorption of a UV photon that causes electronic excitation, fol-
lowed by internal conversion to the electronic ground state, and
intramolecular vibrational energy redistribution (IVR) to popu-
late the vibrational modes.ZZ Single IR photons of discreet en-
ergy are emitted in subsequent fashion until the internal energy
is depleted.

The process of IR emission is modeled using a straightforward
cascade emission process that has been described previously in
the literature. 2878780 I short, the probability of emitting an IR
photon at a given internal energy is proportional to the magnitude
of the vibrational frequency of the corresponding normal mode
multiplied by the energy-dependent emission at the given internal
energy. An IR photon from the anharmonic frequency calculations
described above is chosen based on this probability, resulting in
energy loss equal to the photon energy. This process uses VPT2 to
compute the anharmonicity constants via the equation:

1 1 1
E(n)=Y o(n+ )+ Y xiu(me+ 5) % (m+ 5), )]

k 2= 2 2
where o represents the harmonic frequency and » represents the
number of quanta in a vibrational mode. Transition energies be-
tween adjacent vibrational energy levels of a given mode are then
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calculated by:

AW ({n}) = @+ 24 m) + = Vvt = Yo, (2)
25 25
where ny, is relative to the upper state and the n; represents the
‘spectator’ mode that is populated but is not involved in the tran-
sition. The total remaining internal energy within the molecule is
incorporated by the vibrational modes that are populated, n;. At
each new internal energy following photon emission, the energy-
dependent emission spectrum is recalculated and given a new set
of emission probabilities. This is repeated until the molecule has
relaxed to its vibrational ground state. A Monte Carlo approach
is utilized that repeats the entire process to improve accuracy and
yield the final cascade emission spectrum. The details of the cas-

cade emission simulations have been validated in the previous
papers. 2817217581182

3 Results and Discussion

3.1 Reaction Pathways
3.1.1 ortho-Benzyne Dimerization

The 0-C¢Hy dimerization is first modeled as a D,,-symmetry ap-
proach, where the intermolecular distance used is that between
the two pairs of acetylenic carbons (r). Multireference PESs of the
(C¢Hy), dimer ground state (1 lAg, black) and first singlet excited
state (2 lAg, blue), as shown in Fig. |1} reveal the presence of an
avoided crossing at r = r4c ~ 2.6 A between the 1 'A, and 2 'A,
states with the triplet ground state (1 3B3g, green) lying between
them. The 1 'A, state adiabatically correlates to the ground state
singlet products o-CgH, (X 'A;) + 0-C¢Hy (X 'A}) and diabatically
correlates to the first excited singlet products o-CgHy (X 'A}) +
0-CgHy (1 'A)/(1 'By). An explanation regarding the identity
of the first singlet excited state is provided later in this section.
As the two 0-CgHy molecules approach, the 1 'A, state is repul-
sive, with a higher orbital occupation and lower energy for the
C-C antibonding (c*) orbital than for the respective bonding (o)
orbital; higher occupancy in the o orbital is necessary to form the
biphenylene cyclic-C4 moiety. In contrast, the 2 'A, state pop-
ulates the o orbital during the association. The higher relative
energy of this orbital at large intermolecular distances is due to
the loss of intermolecular interaction that serves to stabilize that
orbital in the excited state. Procession through the avoided cross-
ing effectively swaps the frontier orbital occupations between the
1 'A, and 2 'A, states. Within the region of the reaction coordi-
nate, . < r < r4c, the 1 'A, state is able to engage in bonding.
The repulsive behavior caused by the occupancy of 6* is taken up
by the 2 lAg state and likely continues into higher-lying excited
states at r ~ 2.0 A.

For the D,;,-symmetry complex to associate to form (CgHy), as
depicted in Fig. [1} it would need to be excited into the 2 'A,
state or proceed over the avoided-crossing-induced barrier on the
1 'A, surface. The energy needed to excite 2 'A, «+ 1 !A, at
r = 5.0 A is 96.9 keal mol~!/4.20 eV at the MRCI-F12+Q/cc-
pVDZ-F12//MCSCF/aug-cc-pVDZ level of theory, which corre-
sponds roughly to excitation of one equivalent of 0-CgHy into its
lowest excited state. The exact identity of this excited state is

4] Journal Name, [year], [vol.], 1

highly sensitive to the choice of active space used to locate it in
an MCSCF/aug-cc-pVDZ calculation, with the ordering of the en-
ergies of the 1 'A, and 1 !B, states dependent upon the number
of virtual B; orbitals included in the active space. Direct pro-
cession over the barrier on the 1 A, surface requires 19.2 keal
mol~!/0.83 eV of energy. In an interstellar context, both pro-
cesses are likely rare. The energy cost of either excitation is high
enough to negate this highly symmetric association as a signifi-
cant contributor to the formation of (C¢Hy)» in the ISM.

More promising, however, the dimerization of 0-C¢Hy can also
be modeled as a C,;, approach, shown in Fig. |2} that only allows
one acetylenic carbon on each 0-C¢H, molecule to interact. Here,
the C,(x) and C;(y) axes of symmetry have been removed in
order to allow the two 0-CcH, monomers to approach at a dif-
ferent orientation. The PESs for the lowest-energy spin-paired-
singlet configuration and five triplet configurations including the
repulsive 1 3A, (cyan) state are computed for these PESs. The
singlet minimum in Fig. [2| is found to have a remarkably low
singlet-triplet splitting of 2.3 kcal mol~!, with the bulk of the
difference being carried in the zero-point correction of the
triplet, which is 1.7 kcal mol~! greater than that of the sin-
glet. The low singlet-triplet splitting is likely a result of how the
dimerization at C,;, symmetry impacts the orbitals of 0-C¢Hy - in-
teraction of one acetylenic carbon per molecule to form the result-
ing o bond leaves two electrons to remain in the same plane on
the two carbons that are not involved in bonding. Another near-
degeneracy is observed between the 1B, and 1 3Ag states. As
the intermolecular distance for these states approaches 5.0 A,
the relative energy of the structures with respect to the 1 'A,
approaches the 0-C¢H, singlet-triplet splitting, indicating that
both states form through interaction between the X 'A; and
i 3B, states of 0-C¢H,. Further interaction between the two
species under the constraint of C,, symmetry breaks this de-
generacy, and results in the 1 3B, undergoing favorable bond-
ing interactions while the 1 3A, exhibits repulsive behavior.

On the 1 lAg (black) PES, as the intermolecular separation de-
creases to ~2.5 A, the F12-DZ single-point energies begin to ex-
perience strong multireference effects, which are most intense
at the minimum, indicated by a large doubles amplitude for
the excitation between the highest-occupied molecular orbital
(HOMO) and the lowest-occupied molecular orbital (LUMO)
in the CCSD calculation. At greater intermolecular separa-
tions, these effects are largely absent. Interestingly, the oppo-
site is true for the 1 °B, (magenta) state - at large intermolec-
ular distances, the scan experiences multireference effects
which correlate with the presence of the nearly-degenerate
1 3A, state as discussed above. However, these are largely
alleviated as the intermolecular distance decreases towards
the portion of the scan that is nearly degenerate with that
of the 1 'A, state. As indicated by the structure of the mini-
mum and the low singlet triplet-splitting, the structure of the
complex at small intermolecular distances is well-described
by the 1 3B, PES. This is supported by the frontier molecu-
lar orbitals of the two minima as shown in Fig. [3| Both the
HOMO and LUMO of the singlet, as well as the two HOMOs
(both singly occupied) of the low-lying triplet localize much
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Fig. 1 MRCI-F12+4+Q/cc-pVDZ-F12//MCSCF /aug-cc-pVDZ potential energy surfaces for the two lowest-energy 1Ag complexes and lowest-energy
triplet complex for the dimerization of 0-C¢Hs along a Dy, reaction coordinate. Energies are relative to that of the 1 lAg state (black) at 5.0 A
intermolecular separation. Displayed orbitals reflect the less-occupied (bottom) and more-occupied (top) frontier orbitals prior to the crossing point
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Fig. 2 Potential energy surfaces for the dimerization of 0-C¢H,4 under the constraint of Cy, symmetry. Energies are relative to that of the singlet

complex at 5.0 A intermolecular separation.

()

(d)

Fig. 3 Top: the HOMO (a) and the LUMO (b) of the 1 'A, state of the
Cop 0-CeHa dimer. Bottom: the HOMO-1 (c) and HOMO (d) of the 1
3B, state of the Cyj, 0-C¢H4 dimer.

of the density onto the nonbonding carbon sites. As is evident
from Fig. [3(b), population of the singlet LUMO would con-
tribute to stronger bonding along the reaction coordinate. In
fact, at lower isovalues of the orbital in Fig. d), the electron
density opposite the blue lobes is shown to extend through
the created o bond much like that in Fig. b). As the CCSD
calculation indicates, population of such an orbital results in
increased stability. Additionally, there exists a section of the
PESs in Fig. within the range 1.7 A< re—c < 1.9 A where the
electronic energy E, of the triplet becomes lower than that
of the singlet. The overall behavior of both electronic states
suggests that an intersystem crossing (ISC) from the 1 lAg
state to the 1 3B, state near rc_c = 2.0 Ais likely, and as
will be discussed below, favorable for continuation along the
reaction pathway.

6| Journal Name, [year], [vol.],
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3.1.2 Formation of Biphenylene and Benzopentalene

Since the formation of the 0-C¢H, dimer appears to be practi-
cal, the formation of biphenylene and its isomer benzopentalene
are possible. The reaction pathway shown in Fig. [4| maps out the
initial formation of (CgH4), and its isomerization to Cj,Hg. Ad-
ditionally, possible routes to the two bimolecular product sets are
also computed and appear to be exothermic with respect to the
reactants.

The large potential well depth of both species is immediately
obvious, which indicates both to be good candidates for radiative
stabilization in cold environs.3 Following the initial dimeriza-
tion of 0-CgHy into I1 through ISC (see Fig. [2), rotation around
the central C-C bond creates (C¢Hy),, which must again proceed
through ISC in order to enter the lower-energy singlet state. At-
tempts to locate a transition state for the isomerization be-
tween the previously-discussed 1 'A, state of I1 and X 'A,
(CgHy), at the B3LYP/aug-cc-pVDZ level of theory fail, pro-
hibiting the alternate pathway that would see 11 form in the
1 3B, state and subsequently proceed through a second ISC.
After the formation of X lAg (C¢H4)o, two separate, two-step
processes are identified for the isomerization into Ci,Hg. The first
involves a hydride shift (TS1) prior to a ring contraction (TS4)
while the other undergoes those steps (TS3, TS5) in the opposite
order through the intermediate I3. Owing to the lower energies
of both barriers and the intermediate, the latter sequence will be
the primary method of isomerization. The barrier height of TS3
relative to (CgHy), of 79.7 kcal mol~!, however, is sizable, and
will likely impact relative concentrations of (C¢Hy), and Ci,Hg
produced through radiative stabilization on the PES.
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Fig. 4 Reaction pathway for the dimerization of 0-CgHy4 to form (CgHa)2, Ci2Hs (indicated by blue stars), and the bimolecular product sets CcHa(CaH)2
+ CyH, and CgHg + [-CgH,. Dashed lines indicate transition between electronic states of different spin multiplicity. All values in kcal mol=!.

Following the formation of (C¢H4), and possible isomerization
to CjpHg, there are no accessible routes to either possible prod-
uct set without a significant energy input. (CgHy), can undergo
ring expansion (TS6) to I4, but the +9.4 kcal mol~! concerted
ring-breaking and C,H, loss (TS14) is likely completely inacces-
sible under the physical conditions present in TMC-1. Formation
of the second product set, C¢Hg and [-C¢H,, is even more un-
likely, with every route to these species requiring passage over
3-5 non-submerged barriers. As such, the greatest inhibitor to
isolation of (CgHy), or CjoHg upon the successful dimerization of
0-CgHy is the potential redissociation into the reactants. As men-
tioned above, the well depth of both species (as well as the low
temperature of TMC-1) will facilitate radiative stabilization. Both
(CgHy), and Cj,Hg should be considered targets for astronomical
observation within TMC-1 and other interstellar environments.

3.2 Spectroscopy

3.2.1 Optimization of Semiempirical Parameters

In order to examine if the previously-discussed species can be ob-
served in TMC-1, protoplanetary disks, or any other astronomical
environment, spectral reference data must be available for com-
parison. To capture the effect of the unique electronic structures
of (C¢Hy), and CpHg on their respective spectra generated by
PM6, QFFs of 0-C¢Hy and ¢-C4Hy are performed to generate train-
ing data for the PM6 reparameterization algorithm, as discussed
in §2.3. The computed vibrational frequencies for 0-C¢H4 and c-
C4Hy, as well as available experimental data, are tabulated in Ta-
bles[I]and [2] respectively. A slight increase in step size from 0.010
A t00.015 A, as well as the inclusion of core correlation in the cal-
culations, results in a ~0.5 cm~! increase in accuracy. However,

the C-H stretching frequencies - among the most intense - improve
from a MAE of 8 cm~! to 5 cm~! with the inclusion of core cor-
relation. All QFFs predict v;5, the second-most-intense transition,
within 1 em™! of experiment. v;5 corresponds to the concerted
C-H out-of-plane motion; the analogous motion of (CgHy); is the
most intense transition.

Three of the four QFFs for ¢-C4H4 compute the IR-active fre-
quencies to within 6 cm~! of experiment. This remarkable accu-
racy does not translate to the Raman-visible frequencies. While
the frequencies of the a; and b3, C-H stretching modes are pre-
dicted within 12 cm~! across all QFFs, the remaining frequencies
differ by 30-160 ecm~—!. This apparent inaccuracy of the frequen-
cies of the Raman-active modes, when considering the accuracy
of the IR-active modes in comparison to matrix isolation experi-
ments, is unexpected and may indicate flaws in the original Ra-
man spectrum, which has never been repeated to our knowledge.
The availability of this new, high-accuracy computational data for
peak assignment within the Raman spectrum may motivate the
collection of new experimental data.63

The 0-C¢H, and ¢-C4H,4 QFFs with the lowest MAE are taken as
the true frequencies for the PM6 reparameterization. As discussed
in §2.3, the reparameterization algorithm can be implemented us-
ing multiple sets of frequencies at once, often sacrificing accuracy
of the prediction of frequencies across a single training molecule
in order to capture a greater range of chemical behavior within
the parameters. The reparameterization program also allows for
the choice of the parameters used to compute training molecule
frequencies during the first pass of the algorithm rather than forc-
ing the PM6 default parameters for this purpose. Changing the
initial parameter set allows for the program to find alternative
- and potentially more well-fit - solutions during the multivari-
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Table 1 Computed QFF F12-DZ frequencies for 0-CgH4 with and without core correlation included at two different step sizes. Experimental frequencies
collected using Ne matrix isolation are provided where applicable. Reported MAEs account for the discrepancy between theory and experiment for the
frequencies of the IR-active vibrational modes. All values in cm™!

Symmetry Mode i F12-DZ i F°12—DZ + core i Exp.60
0.010A 0.015 A 0.010 A 0.015 A
Vi 3088.0 3090.0 3092.9 3094.8 3094
%) 3054.6 3055.2 3060.4 3061.0 3071
V3 1909.5 1909.9 1917.3 1918.5 1846
\ 1436.3 1436.1 1440.8 1440.5 1415
aj Vs 1261.4 1261.1 1264.4 1265.1 1271
Vs 1131.5 1131.2 1135.5 1135.0 1055
\Z 1042.8 1043.3 1046.4 1046.7 1039
Vg 965.3 965.8 968.8 969.2 982
Vo 604.3 604.2 608.0 607.2 589
Vio 1029.8 1019.0 1033.9 1024.0 —
a \Z8 858.1 858.0 858.4 858.6 —
Vi 639.5 636.5 638.8 637.2 —
Vi3 443.1 444.1 444.5 446.9 —
Via 927.5 925.6 926.5 924.7 838
b, Vis 736.1 736.1 736.2 736.3 737
Vig 386.5 386.1 388.1 387.5 388
Vi7 3085.5 3087.8 3090.2 3092.6 3086
Vig 3039.1 3040.0 3045.2 3046.2 3049
Vig 1435.1 1435.6 1439.6 1440.4 1451
b Voo 1397.3 1396.0 1402.5 1401.5 1394
2 Va1 1238.9 1239.6 1241.6 1242.7 1307
Vo 1082.5 1082.7 1086.1 1086.0 1094
Va3 840.2 840.9 843.8 845.1 849
Vo4 456.0 457.8 461.3 463.7 472
Mean absolute error 22.8 22.3 22.1 21.7

8]
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Table 2 Computed QFF F12-DZ and F12-TZ frequencies for c-C4H4 with core correlation included at two different step sizes. Experimental frequencies
collected using Ne and/or Ar matrix isolation are provided where applicable. Reported MAEs account for the discrepancy between theory and experiment
for the frequencies of the IR-active vibrational modes. All values in cm~!.

=~

Symmetry Mode F{Z-DZ + core . F1°2-TZ + core . Exp. (IR) Exp. (Raman)®
0.005 A 0.010 A 0.005 A 0.010 A
Vi 3132.1 3131.1 3128.8 3134.3 — 3140
a %) 1510.3 1508.4 1510.4 1516.5 — 1678
8 V3 1094.5 1090.8 1078.7 1082.7 — 1059
V4 928.0 927.1 911.4 930.5 — 989
big Vs 850.7 845.0 822.1 834.3 — —
byg Ve 606.1 594.8 583.6 579.9 — 531
\% 3081.2 3081.6 3080.0 3082.8 — 3093
b3, Vg 1174.6 1173.9 1155.1 1172.2 — —
Vo 859.4 853.0 843.1 852.3 — 723
a Vio 936.1 922.0 816.6 840.8 — —
" A% 538.8 524.4 476.6 513.2 — —
Vi2 3121.3 3120.8 3121.6 3123.8 3124063 —
b1, Vi3 1539.5 1538.8 1535.6 1543.0 152762 —
Vi 1031.6 1030.0 1009.5 1029.1 102861 —
Vis 3094.9 3094.6 3093.0 3096.5 310501 —
by, Vis 1249.3 1245.3 1232.2 1245.0 124462 —
Vi7 715.9 713.4 687.4 716.6 71961 —
bsy, Vig 573.8 568.7 533.7 565.4 57662 —
Mean absolute error (IR) 5.6 5.9 18.2 5.7
Training Set PM6 Default CoHy-optimized
RMSD (cm™ 1) Max. Error (cm™') Index RMSD (cm™ 1) Max. Error (cm™1!) Index
0-CgHy 131.2 333.0 (a) 26.5 68.1 (b)
c-C4Hy 69.9 215.2 (© 43.3 161.7 @
0-C¢Hy + c-C4Hy 64.9 158.8 (e) 54.8 143.4 )

Table 3 RMSD and maximum error across all frequencies for the semiempirical parameter refitting on the 0-CgHy4, c-C4H4, and combined core-correlated
F12-DZ training sets. Results are separated between training initialization on the default PM6 parameters and parameters for C;H, previously computed
by Westbrook et al.>Z. All values in cm~!.
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ate error minimization. The two most accurate sets of frequen-
cies computed for 0-C¢H, and ¢-C4H, as listed in Tables (1| and
are subsequently transformed into three groups: two groups each
containing training frequencies for the individual species and one
group combining both frequency sets. Each group produces two
new parameter sets through reparameterizations initialized on
the default PM6 parameters and previously-reparameterized val-
ues computed for C,Hy, resulting in six total sets of parameters.

The results of each fitting are compiled in Table [3| and are de-
fined as index/parameter set (a)-(f). Training the default PM6 pa-
rameters on only the frequencies of 0-C¢H, results in the largest
single-frequency error as well as the largest root-mean-squared
deviation (RMSD = [(v, — v,,/)?/n]'/> where v,/ is the predicted
value). Among the largest contributors to the large RMSD of pa-
rameter set (a) are the errors in the prediction of the C-H stretch-
ing frequencies. Parameter set (a) has an MAE of 147.5 cm~!
among the four C-H stretching frequencies alone. High error
within these frequencies also plagues parameter set (c), although
to a lesser degree, with an MAE of 46.6 cm~! throughout the
C-H stretching frequencies. All other parameter sets predict the
C-H stretching frequencies rather accurately, with MAEs ranging
from 6.8-12.3 cm~!. The maximum error incurred by the train-
ing of parameter sets (c) and (d) is attached to the lowest core-
correlated F12-DZ frequency (573.8 ecm~!) of ¢-C4H,, and may
affect resulting spectra less, as few vibrational frequencies are ex-
pected at such long wavelengths. Outside of the error in the low-
est frequency of ¢-C4Hy, the largest single-frequency errors in pa-
rameter sets (c) and (d) are 84.8 and 42.7 cm™!, respectively. In
the mixed-molecule parameter sets (e) and (f), the largest single-
frequency error is also attached to the 573.8 cm™! frequency of
¢-C4Hy. Omitting this frequency, several other frequencies are
predicted with errors above 100 cm~!. Interestingly, parameter
set (e) does not suffer the large errors in C-H frequency prediction
as do parameter sets (a) and (c). Additionally, there is a shift in
how the large-intensity concerted C-H out-of-plane bends are pre-
dicted during the mixed-molecule reparameterizations. Parame-
ter sets (a) - (d) predict this frequency for their respective species
with a consistent 22.9-36.0 cm~! absolute error. In contrast, pa-
rameter sets (e) and (f) predict the concerted C-H out-of-plane
bend for 0-C¢H4 with absolute errors of 1.0 and 15.4 cm™!, re-
spectively, while the frequency for the same motion of ¢-C4Hy is
predicted with an error of 154.0 cm™~! for parameter set (e) and
60.5 cm~! for parameter set (f). These latter two parameter sets
may result in the prediction of incredibly accurate (or inaccurate)
concerted out-of-plane bend frequencies depending on the exact
structure of the species under study. While the errors measured
during the reparameterization process for 0-C¢H, and ¢-C4Hy are
larger than those measured between explicitly-correlated QFF fre-
quencies and matrix-isolation values, they may enable accurate
computation of frequencies for large polycyclic hydrocarbons, as
examined in the cases of (C¢Hy), and Cj,Hy below.

3.2.2 Vibrational Spectra

The PM6-QFF spectra for (CgHy), generated from each of the
six parameter sets are shown in Fig. [§] in cyan. Figs. [B(a)-(D
contain the gas-phase experimental spectrum made available by

10 | Journal Name, [year], [vol.], 1

NIST2425 (black) as well as the spectrum generated from the
B3LYP/NO7D anharmonic frequency calculation (magenta). With
respect to experiment, the B3LYP/NO7D spectrum overpredicts
by only 3 cm™! the location of the major C-H stretch at 3074
cm~! as well as the concerted C-H out-of-plane bend at 730 cm~!.
However, B3LYP/NO7D does not capture the shoulder of the C-H
stretching feature at 3026 cm~!. The majority of the gas-phase
features from 1500-750 cm~! are also predicted fairly accurately
by B3LYP/NO7D, such as the 1426 cm~' mixed C-H bend/C-
C stretch mode (B3LYP/NO7D: 1433 cm™!), the C-C breathing
mode at 958 cm~! (B3LYP/NO7D: 973 cm 1) and the noncon-
certed C-H out-of-plane bend at 910 em~! (B3LYP/NO7D: 913
em™!). The exceptions to the overall remarkable performance
of B3LYP/NO7D are the predicted shape of the feature at 1146
cm~!, which is bisected by B3LYP/NO7D into two peaks at 1164
and 1132 cm~!, and the exact location of the experimental 1254
cm~! feature, which is relocated to 1286 cm~! in the B3LYP
results. The accuracy of the C-H bend overtones from 2000-
1500 cm~! is striking, with the three highest-frequency (and
highest-intensity) overtones at 1922 cm~!, 1874 cm~!, and 1826
cm~! predicted to within 1 cm ™! of experiment by B3LYP/NO7D.
For small-to-medium polycyclic hydrocarbons like (C¢H4), that
exhibit some degree of antiaromatic behavior, anharmonic fre-
quency calculations at the B3LYP/NO7D level of theory appear to
be a good approximation for the true gas-phase spectrum. The
strong agreement between B3LYP/NO7D and experimental spec-
tra has been observed for other polycyclic species such as phenan-
threne, pyrene, and pentacene,”? as well as the standard and
deuterated forms of the monocyclic species phenylacetylene. 747>

The frequencies computed from reoptimized PM6 parameters
initialized on the parameters previously optimized for C,H,4 (pan-
els (b), (d), (f) in Fig. match the location of the C-H stretch
feature to within 30 cm~!, as do the frequencies resulting from
parameter set (e). Of these, parameter sets (b) and (d) allow
the most accurate prediction for the major portion of this feature
at 3072 cm~! and 3069 cm™!, respectively. However, as is the
case for the B3LYP/NO7D calculation, no parameter set results in
accurate prediction of the C-H stretch “shoulder” feature. Most
parameter sets [(b)-(f)] predict what appears to be a shoulder
detached from the main C-H stretching feature, and, with the
exception of parameter set (c), all QFFs indicate these shoul-
ders to be the result of weak combination bands. As the iden-
tities of the vibrations that give rise to the shoulder observed
in the experimental spectrum are unknown, the absence of
the shoulder at the correct position or intensity in all of the
computed spectra could be attributed to several sources of er-
ror. In particular, the C-H stretching fundamental modes may
be too highly clustered, the location of the relevant combi-
nation bands may be predicted incorrectly due to a propaga-
tion of error from a fundamental band that contributes to a
combination band, or there may be an underprediction of the
relevant infrared intensities.

Parameter sets (a), (d), and (f) all predict the location of the
intense 730 cm~! peak to within 13 cm~!, with frequencies from
the other parameter sets erring by over 50 cm~!. The C-H bend
overtones from 2000-1500 cm~! are most accurately computed
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Fig. 5 Simulated spectra for biphenylene from 3600-100 cm~!. Each spectrum contains both the experimental and B3LYP/NO7D anharmonic
reference spectrum. The intensity values of the experimental spectrum are scaled such that the peaks from each PM6 QFF spectra and the 730
cm~! experimental feature appear equal in intensity. The data points for the experimental spectrum are from NISTIZ425] Intensity values for the
B3LYP/NO7D and PM6 spectra are in units of kcal mol~'. The index in the top right corner of each spectrum indicates the parameter set (see Table
used for the PM6 QFF calculation.
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by parameter set (b), with all others resulting in the collective
dislocation of these peaks relative to the experimental spectrum
to some degree. No parameter set computes the entire 1500-750
cm~! region as accurately as B3LYP/NO7D. However, parameter
sets (a) and (f) predict the frequencies of the C-C breathing mode
to within 6 and 4 cm™!, respectively, and parameter set (f) pre-
dicts the 1254 cm~! C-C stretching motion at 1261 cm ™!, a more
accurate prediction than B3LYP/NO7D. In general, many of the
PM6 QFFs fall victim to compression or expansion of the majority
of the 2000-750 cm™! region or reduced frequency density that
leads to bisected or trisected features, with the features arising
from parameter set (f) being the least prone to this issue. Promis-
ingly, the two most intense features within the experimental spec-
trum are predicted relatively accurately in several of the QFFs,
with parameter sets (d) and (f) resulting in frequencies with the
lowest combined error for these peaks. QFFs created from opti-
mized parameter sets initialized with previously-optimized C,Hy
parameters predict the 3074 cm~! and 730 cm ™! more accurately
than their default-initialized counterparts. The MAEs for these
peaks computed using parameter sets (b), (d), and (f) are 9 and
26 cm~!, respectively, while they grow to 80 and 53 cm~! for
parameter sets (a), (c), and (e). Use of these reparameterized
versions of PM6 for calculations on much larger polycyclic an-
tiaromatic hydrocarbons has the potential to retrieve reason-
ably accurate infrared spectra if the C-H stretching feature
and the concerted C-H out-of-plane bend remain the domi-
nant features of the spectrum and may be particularly rel-
evant to the prediction of emission spectra of much larger
species where low-frequency modes, such as the C-H out-of-
plane bend, are expected to be dominant.

As CjpHg has no inversion center, it harbors a permanent
dipole. However, as is common in PAHs, the dipole moment com-
puted at the B3LYP/aug-cc-pVDZ level of theory is rather small,
only 0.28 D. Vibrational data is thus necessary if Cj,Hg is to be
observed in the ISM or elsewhere. The PM6 QFFs for C,Hg gen-
erated from each of the six parameter sets are shown in Fig. [6}
As the experimental spectrum of (CgHy), is well-replicated with
the spectrum simulated with B3LYP/NO7D anharmonic frequen-
cies, the B3LYP/NO7D frequencies are again displayed here as a
proxy for the experimental spectrum. Comparatively, the spec-
tra displayed in Fig. [6] have a greater number of features
than those within Fig. |5 This is primarily due to the greater
number of infrared-active modes for species of C; symme-
try versus those of Dy, symmetry. While this has the pos-
sible consequence of complicating the accurate generation
of spectra, several features are well-predicted, among them
the C-H stretching feature. Four of the six parameter sets pre-
dict the 3071 cm~! B3LYP/NO7D C-H stretching peak within 21
cm~!. Additionally, parameter sets (e) and (f) capture the higher-
and lower-wavelength, respectively, shoulder peaks computed by
B3LYP/NO7D. Due to the lower symmetry of Cj,Hg relative to
(C¢Hy4)2, however, the 2000-500 cm~! region of the spectra in
Fig. [f] is much more densely populated. The aggregated C-C
stretching feature, centered by B3LYP/NO7D at 1622 cm™!, is
often redshifted in the PM6 calculations, and the degree of this
shifting is an indicator of the overall accuracy of the predicted

12| Journal Name, [year], [vol.], 1

frequencies from 2000-500 cm~!. Two parameter sets, (c) and

(e), predict the C-C strteching feature within 23 cm~!, while (b)
and (f) predict frequencies that err by just over 40 cm~! each.
Parameter sets (a) and (d), however, seem to have displaced this
feature and most subsequent features as a result, and thus err the
greatest with respect to the 1622 cm™! peak (MAE = 142 cm™!)
and the most intense peak in the spectrum at 674 cm~' (MAE
= 87 cm™'). This redshifting is also present for these spectra
in Fig. [5| but does not impact the intense C-H out-of-plane bend-
ing feature as it does in Fig.[f] In light of this, discussion of the
spectra generated by parameter sets (a) and (d) will be omitted
hereafter.

The in-plane C-H wagging centered on the benzene group, pre-
dicted by B3LYP/NO7D at 1439 cm™!, is generally underpredicted
by approximately 30-50 cm~! by all parameter sets with excep-
tion of (e), where the feature is bisected into two peaks at 1466
and 1420 cm~!. In contrast, the in-plane C-H wagging motion
centered on the pentalene group is generally well predicted by
parameter sets (b), (c), (e), and (f), with errors ranging from 11
(spectrum (b)) to 26 (spectrum (e)) cm~!. The intense features
centered at 849 cm~!, 750 cm~!, and 674 cm~! all correspond
to C-H out-of-plane bending motions, and are predicted by the
parameter sets with varying degrees of accuracy. The 849 cm™!
is predicted at 866 cm~! by parameter set (c) with a similar in-
tensity. While parameter set (b) predicts this feature with similar
accuracy and spectrum (f) places it within 4 cm~! at 853 cm ™!,
neither capture the intensity of the peak, and the shape of the
feature predicted by parameter set (e) misses the mark entirely.
Interestingly, the 750 cm~! peak is the most complex of the three
but is broadly computed well, with each of the four parameter sets
distinguishing at least one of the two shoulder features (located
at 785 and 724 cm~') from the main peak. Parameter set (b)
predicts this peak center at 740 cm~!, with a doubly-peaked left
shoulder centered at 785 cm~'. Parameter set (c) predicts well
the relative peak placement within the entire feature, but red-
shifts the entire feature ~30 cm~!. Parameter set (e) blueshifts
the major peak by 19 cm™!, likely overtaking the left shoulder, but
very accurately predicts the right shoulder at 725 cm~!. Param-
eter set (f) predicts the existence of both shoulders but produces
the largest error for the peak center (-42 cm~!) and overpredicts
the interpeak separation of the feature. The intense concerted C-
H out-of-plane bend at 674 cm~! is not predicted as accurately
as it is for (C¢Hy),, with parameter sets (b) and (e) most accu-
rately predicting this feature at 651 and 650 cm ™!, respectively.
Overall, parameter sets (b) and (e) most closely reproduce the
B3LYP/NO7D spectrum of Ci,Hg.

Parameter sets (b), (e), and (f) best represent the existing ex-
perimental data for (CgHy), and the B3LYP/NO7D spectra for
CipHg. Parameter set (f) largely outperforms the others for
(CgHy)7, but all three parameter sets compare similarly well with
the B3LYP/NO7D spectrum for Ci,Hg. The three corresponding
parameter sets have the three lowest maximum errors in fre-
quency prediction during parameter training as shown in Table
as well as three of the four lowest RMSD values for the fit-
tings. Interestingly, the generated parameter sets that are affected
by large errors in the prediction of the C-H stretching frequen-
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Fig. 6 Simulated spectra for benzopentalene from 3600-100 cm ~!'. Each spectrum contains the B3LYP/NO7D anharmonic reference spectrum. The
index in the top right corner of each spectrum indicates the parameter set (see Table [3]) used for the PM6 QFF calculation.

cies - (a) and (c) - result in spectra with displaced C-H stretch-
ing features. The overall poor fits by parameter sets (c) and (d)
for both (C¢Hy), and Cy,Hg, despite the accuracy of the ¢-C4Hy
training data and fitting errors similar to other reparameteriza-
tions, show that the representation of antiaromaticity alone in
the parameters is not enough to predict the infrared features of
larger species with some antiaromatic character. Several of the
parameter sets predict the most intense peaks for (C¢H4), and
C2Hg, and such accurately demonstrates the potential utility of
this method for generation of spectra of much larger partially-
antiaromatic molecules for astronomical observation purposes.

3.2.3 Cascade Emission Spectra

The anharmonic IR cascade emission spectra of benzopentalene
and biphenylene are depicted in Figure[7] (top and bottom, respec-
tively), simulated at initial internal energies of 1 (black), 2 (dark
blue), and 3 (light blue) eV. The spectra embody the same trends
as the absorption spectra from Figures[B][f] and each band has the
characteristic sharp rise at high energy and long tail at low en-
ergy, a product of anharmonicity. For benzopentalene (top), this
involves a crowded spectrum with many bands throughout the 5
- 15 um (2000 - 667 cm™!) region. Intensity is spread across the
entire region, with the bands at 13.38, 13.04, 11.79, 8.99, and
6.21 um having a relative intensity of 0.43, 0.61, 0.41, 0.39, and
0.17, respectively, of the strongest band at 14.79 um in the 1 eV
spectrum. As previously mentioned, these features correlate
with the major features in the B3LYP/NO7D absorption spec-
trum in Fig.[6] The prominent 14.79 and 13.88 um peaks cor-

respond to symmetric C-H out-of-plane bending modes while
the 13.04 um feature corresponds to an antisymmetric C-H
out-of-plane bending mode. The 11.79 um peak combines a
C-H in-plane bending mode and a C-H antisymmetric out-of-
plane bend, the 8.99 um peak is another C-H in-plane bending
mode, and the 6.21 um feature is an aggregate of several C-C
in-plane stretching modes.

As is typical with a cascade emission spectrum, the relative in-
tensity between the higher and lower frequency bands increases
with increased internal energy. This phenomenon has two main
sources: how the energy is distributed within the molecule and
the ‘cascade’ effect. The internal energy is randomly distributed
throughout the vibrational modes of the molecule via IVR, and
it takes more energy to populate a higher frequency vibrational
mode. Therefore, these modes will have a smaller probability
of being excited at lower internal energy. As the internal en-
ergy increases, more energy is partitioned into the higher fre-
quency modes, increasing their emission intensity. Separately, be-
tween each photon emission, the energy is redistributed within
the molecule. The greater probability of a lower frequency mode
being populated during each subsequent IVR event provides a
greater probability of emission from a lower frequency mode due
to the inaccessibility of the higher energy transitions. At higher in-
ternal energy, these shorter wavelength modes can be populated
more readily, leading to the larger intensities. Case-in-point, the
relative intensities of the bands at 13.04, 13.38, 11.79, and 8.99,
and 6.21 um in the 3 eV simulation are 0.53, 0.61, 0.51, 0.39,
and 0.40, respectively. This represents a 10, 10, and 23% in-
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Fig. 7 Anharmonic cascade emission spectra of benzopentalene (top) and biphenylene (bottom) at starting internal energies of 1 (black), 2 (dark

blue), and 3 (light blue) eV computed at the B3LYP/NO7D level of theory.

crease in the intensity of the bands at 13.04, 11.79, and 6.21 um.
This physics is why the intensity ratio of the higher and lower fre-
quency bands is used as a tracer of radiation environment. Sim-
ilarly, these ratios can be used as tracers for PAH size due to the
greater probability of population of higher frequency modes in
small PAHs with less vibrational modes to store energy.

Moving to biphenylene in the bottom panel of Figure [/, one
very intense band is computed at 13.70 um at all three internal
energies. This band originates from the symmetric out-of-plane
CH bend, and does not shift discernibly from the absorption spec-
trum. The remaining features at shorter wavelength have inten-
sities an order of magnitude lower. The inset shows an expanded
view of the 3 €V emission spectrum in this region. Similarly to the
benzopentalene spectrum, the region from 5 - 12 um is dense with
many overlapping bands. Interestingly, the intrinsic intensity of
the transitions in this region are similar between biphenylene and
benzopentalene making the ability to differentiate these isomers
in an emission or absorption experiment difficult. Of course, the
extremely strong band at 13.70 um is the best opportunity. How-
ever, this would require observation towards a source lacking in
C,H,, which has strong absorption®2 and emission8® features at
13.70 um. Due to the ubiquity of C,H, in the ISV, infrared ob-
servation of (C¢H,4), may be impractical.

There are significant differences in the CH stretch fundamental
feature at 3.30 um between the two molecules. In biphenylene,
there is a single band that originates from a few overlapping CH
stretch fundamentals and related combination bands as well as
the symmetric nature of the molecule. This is seen in the emis-
14 | Journal Name, [year], [vol.],

Y

sion spectrum as well as the experimental and computational ab-
sorption spectra in Figure In contrast, the CH stretch region
of benzopentalene has three identifiable bands across a 0.3 um
(950 cm™!) range. This again agrees with the computed absorp-
tion spectra in Figure @

Conclusions

The dimerization of 0-C¢Hy, a species observed within the Taurus
Molecular Cloud (TMC-1), is shown to efficiently associate into
the partially-antiaromatic species biphenylene, (C¢Hy),, and its
isomer benzopentalene, Ci,Hg. Due to the lack of easily accessi-
ble bimolecular product sets on the dimerization pathway as well
as the relatively large submerged barriers to isomerization, radia-
tive association to form (C¢Hy), is expected to be the dominant
process upon self-interaction of 0-CgHy. This pinpoints another
polycyclic hydrocarbon species for potential interstellar observa-
tion and may serve to deplete 0-C¢H, significantly enough to hin-
der its observation in other cold environments. Addition of a per-
manent dipole moment to biphenylene through functionalization
with -CN or -C,H would likely enhance its detectability, and such
species may also be useful targets for astronomers.

QFFs for (CgH4), computed with reparameterized versions of
the semiempirical method PM6 are shown to generate spectra
that, for certain parameter sets, accurately reproduce the major
features of the experimental spectrum. While the B3LYP/NO7D-
computed spectrum is more accurate on the whole for (C¢Hy)o
specifically, the reparameterized PM6 method used here can serve
to generate spectra for much larger mixed aromatic-antiaromatic
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molecules for which B3LYP/NO7D anharmonic frequency cal-
culations become infeasible, i.e., when the molecules of inter-
est have dozens of atoms. While the congruence between the
B3LYP/NO7D-computed spectrum and the reparameterized-PM6
spectrum is lessened for C,Hg, this is largely due to the lowered
symmetry and thus the greater number and complexity of the fea-
tures from 1500-750 cm~! compared to the spectrum of (CgHy)o.

The emission spectra reveal a similarly complex structure from
800 - 2000 cm~! with the lower symmetry C;,Hg having a more
complex spectrum. The 3.30 um feature embodies this, with a
multi-peak structure for C|,Hg compared to the single peak seen
in (C¢Hy),. The major difference between the spectra of (CgHy)2
and C,Hy is the large intensity of the 13.70 um (730 cm™!) fea-
ture for (CgH4),. The bands all show the characteristic tail on the
low energy side due to the inclusion of anharmonicity.

The major features that could distinguish (C¢H4), in high-
resolution IR spectra, such as the 730 cm~! C-H out-of-plane
bend, are still predicted accurately (relative to B3LYP/NO7D) with
certain parameter sets, further validating this method. However,
the coincidence of this distinguishing feature in both the absorp-
tion and emission spectra with that of C,H, will likely block in-
frared observation of (CgH,);. Ionization of this species could
shift this peak away from the C,H, feature to allow for infrared
detection'®”
trum.”Z2 Functionalization via -CN®® or -C,H could also serve to
shift the C-H out-of-plane bend, but more interestingly would
likely allow observation through rotational spectroscopy. Contin-
ued comparison between spectra of mixed aromatic-antiaromatic
species of interest generated using these reparameterized ver-
sions of PM6 with existing experimental data or high-accuracy
computational data could be used to correlate the performance
of each parameter set to specific molecular characteristics, such
as the degree of antiaromaticity, and further define the utility of
each PM6 reparameterization for specific subclasses of species.

or intensify features that are weak in the neutral spec-
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