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ABSTRACT

Aims. The detection of ¢-C;HC,H and possible future detection of ¢-C3HCN provide new molecules for reaction chemistry in the
dense interstellar medium (ISM) where R-C,H and R-CN species are prevalent. Determination of chemically viable c-C3;HC,H and
¢-C3HCN derivatives and their prominent spectral features can accelerate potential astrophysical detection of this chemical family. This
work characterizes three such derivatives: ¢-C3(C,H),, ¢-C3(CN),, and ¢-C5(C,H)(CN).

Methods. Interstellar reaction pathways of small carbonaceous species are well replicated through quantum chemical means. Highly
accurate cc-pVXZ-F12/CCSD(T)-F12 (X = D,T) calculations generate the energetics of chemical formation pathways as well as the
basis for quartic force field and second-order vibrational perturbation theory rovibrational analysis of the vibrational frequencies and
rotational constants of the molecules under study.

Results. The formation of c-C5(C,H), is as thermodynamically and, likely, as stepwise favorable as the formation of ¢-C3HC,H, ren-
dering its detectability to be mostly dependent on the concentrations of the reactants. Both ¢-C3(C,H), and ¢-C3(C,H)(CN) will be
detectable through radioastronomical observation with large dipole moments of 2.84 D and 4.26 D, respectively, while c-C3(CN), has
an exceedingly small and likely unobservable dipole moment of 0.08 D. The most intense frequency for c-C3(C,H), is v» at 3316.9 cm™!
(3.01 um), with an intensity of 140 km mol~'. The mixed-substituent molecule ¢-C3(C,H)(CN) has one frequency with a large inten-
sity, v, at 3321.0 cm™! (3.01 um), with an intensity of 82 km mol~'. The molecule ¢-C3(CN), lacks intense vibrational frequencies
within the range that current instrumentation can readily observe.

Conclusions. Both ¢-C3(C,H), and ¢-C;5(C,H)(CN) are viable candidates for astrophysical observation, with favorable reaction pro-
files and spectral data produced herein, but c-C3(CN), will not be directly observable through any currently available remote sensing

means, even if it forms in large abundances.
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1. Introduction

The detection of ethynyl cyclopropenylidene (c-C;HC,H), the
first substituent-functionalized cyclopropenylidene derivative to
be observed in space (Cernicharo et al. 2021), has sparked
renewed interest in its parent molecule, c-C3H;. A proposed
mechanism for the formation of ¢-C;HC,H from the abun-
dant ¢-C3H; molecule and ethynyl radical (-C,H) suggests that
¢c-C3HC,H can be produced through rapid substituent addi-
tion followed by hydrogen dissociation (Fortenberry 2021). This
reaction represents one of the few known cosmic chemical path-
ways utilizing c-C3H,. The existence of c-C3HC,H questions the
idea that ¢-C3Hj; is a carbonaceous “dead end” (Lin et al. 2016)
in space. In TMC-1, the column density of c-C3HC,H is calcu-
lated to be 3.1(8) x 10'! cm™2, giving a relative abundance to
H, of 3.1 x 107", In comparison to ¢c-C3H», c-C3HC,H has an
abundance of 5.3 x 107 (Cernicharo et al. 2021). While present
in relatively low densities, the overall available concentrations
may make the detection of other c-C3H, derivatives, as well as
derivatives of c-C3HC,H itself, possible.

* Additional data obtained from spectroscopic analysis alongside
structural information for all molecules can be found at https://
egrove.olemiss.edu/chem_facpubs/33

Given that reaction between c-C3H, and -C,H is shown to be
energetically allowed at the low temperatures of the interstellar
medium (ISM; Fortenberry 2021), the detection and abundances
of ¢-C3HC,H are far from surprising, as its precursors are
some of the most abundant carbonaceous species in space. Both
c-C3H; and its 2D and *C isotopologues are found in a myriad
of cosmic environments (Thaddeus et al. 1981, 1985; Matthews
& Irvine 1985; Seaquist & Bell 1986; Cox et al. 1987; Vrtilek
et al. 1987; Madden et al. 1989; Lucas & Liszt 2000; Oike et al.
2004; Teyssier et al. 2004; Qi et al. 2013; Nixon et al. 2020; Bell
et al. 1986; Majumdar et al. 2017; Gomez Gonzalez et al. 1986;
Madden et al. 1986; Spezzano et al. 2013). Its abundances rival
those of CH3OH in cold regions, such as the Magellanic Clouds
(Heikkild et al. 1999), and have been used as a standard for the
calculation of hydrogen abundances in Sagittarius B2 (Corby
et al. 2018). Likewise, ‘C,H is ubiquitous in space (Tucker &
Kutner 1978; Tucker et al. 1974; Huggins et al. 1984; Henkel
et al. 1988), having been one of the first interstellar molecules
detected, along with its isotopologues (Combes et al. 1985;
Vrtilek et al. 1985; Saleck et al. 1994).

Similarly, the large presence of the -CN radical in vari-
ous cosmic environments (Adams 1941; Jefferts et al. 1970;
Henkel et al. 1988; McKellar 1940; Turner & Gammon 1975;
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Fig. 1. Molecular structure of c-C5(C,H),.

Paron et al. 2021) makes a ¢-C3;H, nitrile derivative possible as
well. While the search for c-C3HCN is still ongoing (Cernicharo
et al. 2021), its energetically viable formation mechanism most
strongly resembles the formation mechanism of ¢-C3HC,H, both
in reaction coordinate structures and in exothermicity (Flint &
Fortenberry 2022). This mechanism, combined with high reac-
tant concentrations in several molecular clouds, suggests its
detection to be the next most probable out of any currently
proposed substituted cyclopropenylidene. The likelihood that c-
C3HCN also exists in the ISM means that a potential derivative
of it, too, must be further considered.

The common occurrence of the cyano and ethynyl sub-
stituents within astrophysical discussions is not only a result
of radical abundances. Cyano-functionalized hydrocarbons com-
prise a large fraction of the astrochemical detections within
the last five years (Lee et al. 2021b,a; McGuire et al. 2018,
2020, 2021; Cernicharo et al. 2020; Loomis et al. 2021; Xue
et al. 2020) as a result of the enhanced dipole moment of such
molecules compared to the pure hydrocarbon parent molecule.
Likewise, ethynyl groups and other C=C linkages are common
in both observed chemical species as well as in the reaction
pathways that produce them. Hydrocarbons are among the most
frequently detected molecules in interstellar environments, and
the vast majority of them have at least one degree of unsatura-
tion (McGuire et al. 2021). Such unsaturated molecules appear to
be the driving force of interstellar chemistry, and they may play
a key role in the synthesis of polycyclic aromatic hydrocarbons
(PAHs), species thought to be responsible for the unidentified
infrared bands (Tielens 2008). As such, the R-CN and R-C,H
functional groups are key to the continued study of interstellar
astrochemistry as it currently is understood.

Following its laboratory detection by McCarthy et al. (1997),
c-C3HC4H, a monosubstituted ¢-C3H, derivative with an elon-
gated substituent chain, compared to that of c-C3HC,H, has been
hypothesized in the literature as a possible candidate for inter-
stellar detection (Chandra et al. 2005). However, its disubstituted
isomer c-C3(C;H), (shown in Fig. 1) has eluded even labora-
tory detection, despite being one of the most stable isomers
of C;H,, as determined quantum chemically (Thaddeus et al.
1998; Dua et al. 2000). Though c-C3(C,H), has been consid-
ered previously using ab initio methods, the results are limited
to optimized geometries, harmonic frequencies, and IR inten-
sities (Thimmakondu & Karton 2017). Moreover, these results
identify c-C3(C,H); as having a large dipole moment of 3.77 D,
bringing it into the realm of detectability through radioastronom-
ical observation. Additionally, the C-H antisymmetric stretch
(w = 3450, A = 2.899 um) of ¢-C3(C,H), was shown to have an
intensity of 122 km mol~!, making it ripe for infrared detection
as well. Similar ring-containing CsN, structures have received
even less attention, with only one mention of ¢-C3(CN),, shown
in Fig. 2, in the literature to date (Jiang et al. 2004). The linear
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Fig. 2. Molecular structure of ¢-C3(CN);.

)

Fig. 3. Molecular structure of ¢-C3(C,H)(CN).

and bent isomers of CsN», as well as its anionic form, have been
discussed in prior studies (Singh & Chaturvedi 1989; Belbruno
et al. 2001; Yang et al. 2011). The general lack of information
regarding this molecule is possibly linked to the lower intrin-
sic stability of linear C,,; N, compounds (Belbruno et al. 2001;
Jiang et al. 2004). Laboratory studies have been successful in
forming the linear isomer of CsN, (Smith et al. 1994), as verified
by Tittle et al. (1999). However, c-C3(CN),, like c-C3(C,H),, has
seemingly also eluded laboratory observation.

With such complex ring-chain molecules brought into the
realm of possibility for astrophysical observation by the detec-
tion and formation mechanisms of their monosubstituted rela-
tives, the gap between the potential for these species and the lack
of information in the literature concerning them must be bridged.
This work presents the results of highly accurate quantum chemi-
cal calculations for the purpose of spectroscopically characteriz-
ing ¢-C3(C,H), and ¢-C3(CN), as well as the mixed-substituent
derivative ¢-C3(C,H)(CN), shown in Fig. 3. The rovibrational
data reported could lend support to future experimental work
as well as NASA projects, such as the James Webb Space Tele-
scope (JWST). Thermodynamics of reaction were calculated for
the formation of ¢-C3(C,H),, ¢-C3(CN),, and ¢-C3(C,H)(CN)
to create a basis for their existence in astrophysical environ-
ments. Reaction pathways for ¢-C3(C,H),; and ¢-C3(CN), are
proposed in order to provide additional astrochemical motivation
for this spectroscopic search. Such formation mechanisms build
upon existing cyclopropenylidene chemistry, bringing the field
of astrochemistry closer to making the fullest use of this ubiqui-
tous family of molecules. These cyclopropenylidene derivatives
in particular may be necessary for explaining the formation
and growth of larger unsaturated hydrocarbon systems and
soot grains.

2. Computational details
2.1. Reactions in the ISM

The regions of space where these substitution reactions
are expected to take place lack a significant photon flux.
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Consequently, processes that occur in the cold ISM cannot ben-
efit from photon collisions and the subsequent influx of energy
to propel their chemistry. The only energy available to the reac-
tion pathway is the energy that is inherent to it via the reactants
(Puzzarini 2022). This places constraints on the chemical mecha-
nisms such that any energetically disallowed reaction pathways —
ones that contain thermodynamic or kinetic barriers — are filtered
out. The combined energy of the reacting species must represent
a maximum on the reaction coordinate. The association of the
species for bimolecular reactions, like the ones proposed within
this work, must be initially barrierless to fulfill this require-
ment (Puzzarini 2022; Grosselin & Fortenberry 2022). The net
reaction must also be exothermic.

Bimolecular associations that occur within the ISM, as a
consequence of being exothermic in nature, often result in the
creation of a submerged intermediate structure that contains
an excess of energy with respect to the reactants. This excess
energy must be dissipated, which is assumed to occur via exit
of a leaving group that carries away the energy in the form
of kinetic energy. The dissipation of energy through radiative
means is assumed to be infeasible for the submerged interme-
diates on the c-C3(C,H), and ¢-C5(CN), reaction coordinates
without destruction of the complex (Puzzarini 2022). Radiative
association becomes slowed compared to other processes, such
as the removal of a leaving group, as the relative velocity of the
reactants decreases. In the coldest regions of the ISM, such as
TMC-1 and other areas where neutral-neutral reactions are plen-
tiful, radiative association would therefore be hindered (Herbst
2021). As a result, the rate of hydrogen dissociation is assumed
to control the final step(s) of the reaction pathway.

Exit from the pathway from a more shallow potential well
(i.e., a decrease in Epyoducts—FE mtermediate) fOT @ barrierless exit is
assumed to be faster than the same process for a deeper potential
well (Tielens 2005). Additionally, despite the assumption that
radiative dissipation will not occur for any submerged intermedi-
ates, exit from shallower wells on the reaction coordinate would
decrease the opportunity for radiative dissipation of energy to
compete with dissociation of a leaving group (Herbst 2001,
2021).

2.2. Mechanisms

Geometry optimization and harmonic frequency calculations of
the starting materials and products of the ¢-C3(CyH), and c-
C3(CN), formation pathways are based on coupled cluster theory
at the singles, doubles, and perturbative triples level [CCSD(T)]
(Raghavachari et al. 1989; Hampel et al. 1992; Knowles et al.
1993; Shavitt & Bartlett 2009; Crawford & Schaefer III 2000)
in conjunction with the explicitly correlated F12b formalism
[CCSDT-F12b] (Adler et al. 2007) and the cc-pVXZ-F12 basis
set (Peterson et al. 2008; Yousaf & Peterson 2008; Knizia et al.
2009). This combination is referred to as F12-TZ. Optimiza-
tion and harmonic frequency calculations for all intermediates
on the pathways were performed with the B3LYP functional
(Yang et al. 1986; Becke 1993; Lee et al. 1988; Stephens
et al. 1994; Vosko et al. 1980) and the aug-cc-pVTZ basis set
(Dunning 1989; Kendall et al. 1992; Woon & Dunning 1993).
The single-point energies of the optimized intermediate geome-
tries were computed with F12-TZ (Ramal-Olmedo et al. 2021),
which were corrected with the B3LYP/aug-cc-pVTZ zero-point
vibrational energies (ZPEs). All calculations of reaction coor-
dinate minima made use of the MOLPR02022.2 (Werner et al.
2012, 2022, 2020) quantum chemical software package. Locat-
able transition states on the reaction pathway were optimized

at the B3LYP/aug-cc-pVTZ level of theory with GAUSSIAN16
(Frisch et al. 2016). The F12-TZ single-point energy at this
geometry was computed and corrected with the B3LYP/aug-
cc-pVTZ ZPE, and the same was done for the intermediates.
Gabedit (Allouche 2010, 2017) was used to visualize the motion
corresponding to the vector of the imaginary frequency of the
geometry in order to confirm the connection between two min-
ima. When necessary for mechanistic analysis, the molecular
orbitals (MOs) of a geometry were computed in GAUSSIAN16
with ROHF/aug-cc-pVTZ, as this is the reference for the F12-TZ
energies, (Roothaan 1951; Brinkley et al. 1974; Watts et al.
1993) and visualized with Gabedit. Natural bond orbitals (NBOs;
Foster & Weinhold 1980; Reed & Weinhold 1983; Reed et al.
1985; Reed & Weinhold 1985; Carpenter 1987; Carpenter &
Weinhold 1988; Weinhold & Carpenter 1988; Reed et al. 1988)
were computed with UHF/cc-pVTZ for specified minima in
GAUSSIAN16 in order to extract additional information about
the MOs, including which orbitals are participating in bonding-
to-antibonding delocalization. Analyses of these orbital calcu-
lations provide a guide for the electronic basis on which the
reaction coordinate proceeds.

The radical character of the reaction pathways within this
work required that single-reference methods such as CCSD(T)-
F12 be used carefully, as such species are commonly prone
to influence from multireference effects during computation.
For calculations performed via F12-TZ, Lee & Taylor (1989)
define the T1 diagnostic that provides a measure of how greatly
the system is affected by static correlation. For T1 diagnos-
tic values below 0.02, the system is generally accepted as well
behaved under a single-reference frame. The T1 diagnostics for
all molecules on both reaction pathways were evaluated to ensure
that static correlation would not significantly contaminate the
calculated results.

Previous studies on ¢-C3;H; substitution (Fortenberry 2021;
Flint & Fortenberry 2022) show that in every case where a sub-
stitution reaction of this type is permitted thermodynamically,
no barrier to association to form the initial submerged well is
present. Removal of the leaving group upon exit of a submerged
well, in every case, either crosses no exit barrier or crosses a
barrier that is kinetically accessible to the reaction. When sub-
jected to a second substitution, c-C3HC,H and ¢-C;HCN are
expected to also lack hindering entrance and exit barriers, and
thus barrierless associations were assumed for all reaction path-
ways calculated in this work. This follows experimental data
(Smith 2006, 2011) that show a decrease in reaction rate between
aradical and a neutral unsaturated species in the gas phase as the
temperature decreases.

Despite the assumption that no barriers to hydrogen dissoci-
ation are present, the dissociation itself can be impacted by other
factors, such as the nature of the intermediates and dissociation
complexes. Where deemed necessary for analyzing how these
dissociations occur, relaxed potential energy scans (PESs) gen-
erated the single-point energies of a series of geometries along
a specified reaction coordinate at step sizes of 0.01 A. The reac-
tion coordinate variable was defined as an internuclear distance,
and at fixed variable values, the remainder of the geometry was
optimized. The PES calculations were performed at the F12-
TZ//B3LYP/aug-cc-pVTZ combined level of theory in order to
remain consistent with the reaction pathway.

2.3. Spectroscopic methods

In order to provide a means of detecting the products of the
examined reaction mechanisms, the theoretical spectroscopic
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data in this work were computed by quartic force fields (QFFs),
which are fourth-order Taylor series expansions of the poten-
tial energy portion of the internuclear Watson Hamiltonian
(Fortenberry & Lee 2019). The QFFs utilized in this work are
also based on coupled cluster theory at the singles, doubles,
and perturbative triples level [CCSD(T)] (Raghavachari et al.
1989; Shavitt & Bartlett 2009; Crawford & Schaefer III 2000)
in conjunction with the explicitly correlated F12b formalism
[CCSD(T)-F12b] (Adler et al. 2007).

In this work, QFFs were computed for c-C3(C,H),, c-
C3(CN),, and ¢-C3(C,H)(CN) with three different levels of
theory, which all utilize the CCSD(T)-F12b method. Two QFFs
employed the cc-pVXZ-F12 basis set (Peterson et al. 2008;
Yousaf & Peterson 2008; Knizia et al. 2009), where X is D or
7. These combinations are referred to hereafter as F12-DZ and
F12-TZ, respectively. The other QFF employed the cc-pCVDZ-
F12 basis set (Hill & Peterson 2010) with additional corrections
for scalar relativity utilizing canonical CCSD(T) with the cc-
pVTZ-DK basis set (Douglas & Kroll 1974; Jansen & Hess
1989). This combination is referred to hereafter as F12-DZ-cCR
(Watrous et al. 2021). The F12-DZ combination is the only level
of theory at which QFFs are computed for c-C3(C;H), and c-
C3(C,H)(CN) due to the increase in computational cost of the
other two levels of theory utilized in this work.

The QFFs for ¢-C3(CN), have a symmetry-internal coordi-
nate (SIC) system of 10325 points with atom labels correspond-
ing to Fig. 2 defined below:

Si(ar) = %[r(cl —Co)+#(Cy = Cy)l, M
Sx(ar) = %[f(cz —C)+1(Cs — Ny, @
Ssta) = %["(Cz —Co) +1(Cs — Ny, 3
1
S4(a)) = —=[4C, = C, = Cs) + £(C; = C3 = Ny)], 4
N
1
Ss(a1) = —=[4(C; = Cy, = Cy) + £(C; = C3 = Ng)l, (&)
NG
Se(a1) = £(Cy = C; = Cy), (6)
1
Sq(by) = ﬁ[r(cl -Gy - r(C -Gy, (7
1
Sg(by) = ﬁ[’(cz = Cy) = r(C3 — Ng)l, (3
1
So(by) = @["(Cz = GCs) = r(C3 = Ny)], )
1
S10(b2) = —=[£(C; = C, = Cs) — £(C; = C3 = Ny)], (10)
V2
1
S11(by) = —=[£(C; = C, = Cy) = L(Cy = C3 = Ng)], (11)
V2
1
Sppb) = —=[1(C;-C,-C; -C3)-T(N; -G -C, - ()], (12)
V2
1
Sib) = —=[1(C;-C,-C; -C3) -t(Ng - C3-C; = Cy)], (13)
V2
1
Sua) = —=[1(C;-C-C-C3)+m(N; -C;-C; -Cy)], (14
V2
1
Sis(ar) = — (15)

ﬁ[T(Czt—Cz—Cl -C)+ (N - C3 - C; - Cy)l.

The QFFs for ¢-C3(C,H), and ¢-C3(C,H)(CN) were run directly
in Cartesian coordinates and are composed of 115 746 points and
145 824 points, respectively.
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Table 1. Thermodynamics of reaction for formation of ¢-C3(C,H),,
C-C3 (CN)z, and C—C3 (CZH)(CN)

Product -X AE
c-C5(CH), CH  -26.84
c-C3(CN), CN  -13.16
¢c-C3(CH)Y(CN) -C,H -26.52
‘CN  -15.85

Notes. Elements in the -X column denote the radical used as the starting
material to achieve the final result. All energies reported in kcal mol ™.

The SIC QFFs begin with the optimization of the geome-
try at each level of theory. The geometry was then displaced by
0.005 A or 0.005 radians to form the QFF. Single-point energies
were computed at each displacement. These single-point ener-
gies were then refit by a least-squares procedure to yield the
equilibrium geometry. A refit to the function minimum zeroed
the gradients and yielded the force constants and the new equi-
librium geometry. The force constants were converted from SICs
to Cartesian coordinates utilizing the INTDER program (Allen
2005). For the Cartesian QFFs, each geometry was first opti-
mized at the F12-DZ level of theory. The optimized geometry
was then displaced along the x, y, and z axes by 0.005 A to form
the QFF (Westbrook et al. 2021).

For all of the QFFs, the rovibrational spectroscopic data
was computed utilizing the Cartesian force constants in second
order vibrational perturbation theory (Watson 1977; Papousek
& Aliev 1982; Franke et al. 2021) in the SPECTRO software
package (Gaw et al. 1996). To further increase the accuracy
of the data, type-1 and type-2 Fermi resonances, Fermi reso-
nance polyads (Martin & Taylor 1997), Coriolis resonances, and
Darling-Dennison resonances were taken into account (Martin &
Taylor 1997; Martin et al. 1995).

The dipole moment for ¢-C3(CN), was computed at the F12-
TZ level of theory, and the dipole moments for c¢-C3(C,H),
and ¢-C3(C,H)(CN) were computed at the F12-DZ level of
theory. The intensities were computed at the B3LYP/aug-cc-
pVTZ (Yang et al. 1986; Lee et al. 1988; Becke 1993; Dunning
1989) level of theory using GAUSSIAN16 (Frisch et al. 2016).
The geometry optimizations, harmonic frequencies, single-
point energies, and dipole moments were computed with the
MOLPRO 2022.2 software package (Werner et al. 2022).

3. Results and discussion
3.1. Reaction mechanisms

Figure 4 displays the reaction pathway for the formation of c-
C3(C,H); from c-C3HC,H and -C,H. Analogously, Fig. 5 shows
the mechanism for the formation of ¢-C5(CN), from ¢c-CzHCN
and -CN. The relative ZPE-corrected electronic energies of all
points on the pathways are summarized in Tables 1 and 2.
Exothermicities for the single substitutions (Fortenberry 2021;
Flint & Fortenberry 2022) show that a second substitution onto
the cyclopropenylidene moiety to create c-C3(CoH), is as ther-
modynamically favorable as the first. However, the formation of
c-C3(CN), was less exothermic than the formation of ¢-CsHCN
by 2.94 kcal mol .

Table 2 also lists the amount of energy needed to exit
the reaction pathway from a given intermediate, titled AEcj.
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Table 2. Intermediate and transition state energies relative to starting materials for second substitution of ¢-C3;HC,H and ¢-C;HCN to form

C—C3 (CzH)z and C—C3 (CN)Z .

Product Epe, 11 (Cy) Ee, 11 (Cy) Ep, 12 (Cy) Epe1, 12 (Cyy) Ewel, TSn  Ew, TSp

c-C3(C,H), —-67.53 -70.61 —80.85 —85.27 -39.92 —80.31

¢-C3(CN), -61.40 —-62.25 -71.07 -77.67 -22.43 -70.75
AEexita Il (Cs) AEexib Il (Cl) AEexita 12 (Cs) AEexib 12 (CZV)

¢c-C3(C,H), 40.69 43.77 54.01 58.43

¢c-C3(CN), 48.25 49.10 5791 64.51

Notes. All energies reported in kcal mol™!.

Fig. 4. Reaction pathway for formation of ¢-C3(C,H), from ¢-C;HC,H
and -C,H. I1 and I2 refer to intermediates 1 and 2, respectively. TS refers
to a transition state, and the intermediate type involved in the transi-
tion is noted as a subscript. Dashed lines indicate procession across
electronic states. All associations are assumed to require intersystem
crossing to proceed but are indicated with solid lines for clarity. Rela-
tive energies in kcal mol~!.

Fig. 5. Reaction pathway for formation of ¢-C3(CN), from ¢-C;HCN
and -CN. I1 and 12 refer to intermediates 1 and 2, respectively. TS refers
to a transition state, and the intermediate type involved in the transi-
tion is noted as a subscript. Dashed lines indicate procession across
electronic states. All associations are assumed to require intersystem
crossing to proceed but are indicated with solid lines for clarity. Rela-
tive energies in kcal mol™'.

As shown previously for the monosubstituted derivatives
(Fortenberry 2021; Flint & Fortenberry 2022), less of the
potential energy gained by creation of the submerged well was
required to be given up upon exit from the pathway by the

diethynyl derivative at every point within the mechanism. For-
mation of c-C3(C,H); is less likely to be impeded by a competing
radiative stabilization process.

Evaluation of the T1 diagnostics of all reactants, products,
and intermediates showed negligible influence from static cor-
relation effects. Several transition states gave a T1 diagnostic
greater than 0.02, indicating possible multireference effects.
Given the nature of these molecules and that the largest of the
T1 diagnostic values for the transition states is 0.031, the impact
of static correlation on these structures was neglected.

The disubstitution mechanisms are close analogues of the
monosubstitution mechanisms for -C,H and -CN in most regards.
However, some structures on the reaction coordinate differ
slightly from previous iterations of this mechanism type. An
I1 variant with C; symmetry is able to form due to chemi-
cally nonequivalent sites of radical addition to ¢-C3HC,H and
c-C3HCN. This symmetric intermediate cannot lead to product
formation on its own and must pass through a transition state
to form the C; isomer of Il if formed as a result of the ini-
tial collision. For the ¢-C3(C,H), pathway, the TSy, structure
proved difficult to locate. An approximate upper-bound energy
and structure were given for this transition state resulting from
a coordinate scan, as the failure of the structure to converge to
the correct molecular motion may be a consequence of the level
of theory used and not the potential surface as a whole. An 12
structure with C; symmetry arising from displacement of a sub-
stituent group out of the plane was not able to form on these
potential surfaces, unlike for the formation of c-C3HC,H and c-
C3HCN. As a result, transition from the C, I1 structure to an 12
structure could not occur. A hydride shift from the C; I1 iso-
mer to an 12 structure was also not locatable for these surfaces
at this level of theory. Due to the nature of the available tran-
sition states, the reaction pathways were essentially stratified by
the submerged well type.

The pathways also present a new planar reaction intermediate
with Cp, symmetry that is not seen within the monosubstitu-
tion mechanisms. Such planar structures, as is in the case of
the c-C3;Hj radical (Hoffmann et al. 1984), usually experience
Jahn-Teller distortions that force one group out of the plane
of the molecule, giving rise to a pseudoplanar geometry for
the remainder of the structure. Such planar intermediates were
avoided in all cases for the monosubstituted pathways (Flint &
Fortenberry 2022), which were optimized purely at the F12-TZ
level of theory. To ensure that planar geometries for the disubsti-
tuted variants were not produced as artifacts of optimization at
the B3LYP/aug-cc-pVTZ level of theory, planar structures were
generated and optimized at B3LYP/aug-cc-pVTZ for c-CsHC,H
and ¢-C3HCN. Harmonic frequency analysis showed an imagi-
nary frequency that forces the substituent group out of the plane

A95, page 5 of 11



A&A 671, A95 (2023)

Fo 2 A

1a. SOMO-1 1b. SOMO 1c. LUMO
2a. SOMO-1 2b. SOMO 2¢. LUMO

Fig. 6. Two highest-occupied and lowest-occupied MOs for C, isomer
of I2.

e%e A S~

1a. SOMO-1 1b. SOMO 1c. LUMO
2a, SOMO-1 2b. SOMO 2¢. LUMO

Fig. 7. Two highest-occupied and lowest-occupied MOs for C,, isomer
of I2.

of the molecule. The planarity of one of the intermediates for
the disubstituted pathways was thus deemed to be a consequence
of the potential surface and not largely attributed to the level of
theory at which the calculations were performed.

Figures 6 and 7 show the frontier MOs of both 12 isomers
for the two reaction pathways. Most interestingly, the lowest-
occupied molecular orbital (LUMO) of the C,, isomers of both
pathways shows strong C-H antibonding character. The NBO
analysis of these structures showed that the electronic occupation
of the C-H o orbital for the C; isomer was reduced by a factor
of over 2.5 compared to that of the C,, isomer for both pathways.
Additionally, the frontier MOs of the products (Fig. 8) repli-
cated those of the C,, I2 isomer. Upon hydrogen dissociation,
the hydrogen atom harbored the new singly occupied molecu-
lar orbital (SOMO) of the system. The former 12 SOMO, having
released its electron density to the leaving group, became the
LUMO of the product, while the SOMO-1 became the highest-
occupied molecular orbital (HOMO) of the product. We note that
the C,, 12 SOMO does not become the LUMO of ¢-C3(C,H),
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1a. HOMO-1 1b. HOMO 1c. LUMO
2a. HOMO-1 2b. HOMO 2c. LUMO

Fig. 8. Two highest-occupied and lowest-occupied MOs for ¢-C5(C,H),
and ¢-C3(CN),.

— this orbital is instead displaced to the LUMO+2, as the anti-
bonding orbitals along the ethynyl groups comprising the LUMO
and LUMO+1 are slightly lower in energy. An overall MO anal-
ysis of these complexes set up the planar 12 isomer for more
facile product formation from this intermediate. Despite this, the
C; 12 isomer remained in control of product formation. Since an
a, electronic excitation is required to fully populate both C,, 12
LUMOs, this transition requires excess energy (Pople & Sidman
1957), rendering it unlikely to occur. A relaxed scan of the labile
C-H coordinate for both 12 symmetries showed that the geom-
etry and orbitals of the dissociating complex resemble that of
the C,, isomer until the approximate bond-breaking distance of
C-H = 1.55 A, where continued dissociation results in a large
spike in the electronic energy. As the C-H interatomic distance
begins to surpass the bond-breaking distance, the geometry of
the complex must distort to the lower C; symmetry. At these
C-H distances, the MOs of the C; isomer closely resemble those
in Fig. 7 and the predicted shifts in orbital occupation upon dis-
sociation discussed previously. The C,, 12 isomer may provide a
greater electronic incentive for product formation while the leav-
ing group remains bound, but dissociation from either isomer is
possible, as they merge toward the same complex as dissociation
occurs in order to remain in the lowest energy orbital occupation.
This phenomenon is expected to take place for the association to
form either intermediate 12 for the ¢-C3(C,H), and to form the
¢-C3(CN), pathways as well.

Given that the exothermicities of reaction for the formation
of c-C3HC,H and ¢-C3(CyH), are nearly equal, the thermo-
dynamic incentive for reaction is the same, provided that the
primary formation pathway for both molecules involves the addi-
tion of -C,H. The available densities of ¢c-C3HC,H for reaction
likely dictate the ability of this pathway to occur and therefore
also control the expected concentrations of c-C3(C,H),. Approx-
imating the c-C3HC,H/c-C3H, density ratio to be equal to that
of c-C3(C,H),/c-C3HC,H, observations may find a column den-
sity for ¢-C3(C,H), of roughly 1.6 x 10° or a relative density to
H, of 1.6 x 10~'* in TMC-1.

3.2. Quartic force field spectra

Of the three molecules, c¢-C5(C,H),, ¢-C5(CN),, and c-
C3(C,H)(CN), for which rovibrational data was computed, the
¢-C3(C,H), molecule has the largest anharmonic frequency
intensities. The largest intensity for c-C3(C,H),, as shown in
Table 3, is v, at 3316.9 cm™' (3.0l pm), with an intensity



Table 3. Harmonic and fundamental vibrational frequencies (in cm™') and B3LYP/TZ intensities (in km mol ') of c-C3(C,H),.

A. R. Flint et al.: A&A proofs, manuscript no. aa45643-22

Mode Description F12-DZ f Freq.@® f@
w (ay) Symmetric C-H stretch 3453.6 42 3455 32
ws (by) Antisymmetric C-H stretch 34531 157 3450 122
w3 (ay) C7, C4 symmetric motion 2170.4 1 2169 4
wy (by) C7, C4 antisymmetric motion 2162.5 9 2159 26
ws (ay) C,-C;5 stretch 1771.6 1 1768 0
wg (ay) C,-C;, + C,-C; stretch 1245.2 30 1237 33
w7 (by) C,-C, — C;-Cj stretch 1231.1 38 1224 36
wg (by) C1-C,-C4 — C1-C3-C; bend 781.7 3 777 5
wo (az) C4-Cs-Hg — C7-Cg-Hy out-of-plane bend 707.3 — 703 —
w10 (b]) C4-C5-H6 + C7-Cg-H9 out—of—plane bend 705.3 58 704 60
w11 (ay) C4-C, + C3+C5 stretch 679.0 4 678 7
w13 (ap) C, C; out-of-plane motion 627.5 - 633 -
w3 (by) Antisymmetric in-plane H bend 611.5 28 607 24
w14 (ar) Symmetric in-plane H bend 609.8 70 606 66
w15 (bz) Cl-C3-C7 - Cl-Cz-C4 bend 546.5 8 540 2
wig (by) C4 C7 out-of-plane symmetric bend 4399 23 461 18
w17 (ay) C,-C4-Cs5 + C,-C7-Cg bend 417.0 8 418 3
w18 (bz) Cz—C4—C5 - C2—C7—C8 bend 220.9 1 227 0
w19 ((12) Cz-C4-C5 - Cz-C7-Cg out-of-plane bend 218.9 - 230 -
wyy (b))  Cp-C4-Cs + C,-C7-Cg out-of-plane bend 170.7 1 179 1
w71 (al) C4—C5—H6 + C7—C8—H9 bend 94.0 2 96 2
vi (a1) Symmetric C-H stretch 33159 37

Vs (by) Antisymmetric C-H stretch 33169 140

vs (ay) C;, C4 symmetric motion 2128.2 1

vy (bo) C7, C4 antisymmetric motion 2122.6 6

vs (ay) C,-C;j stretch 1716.8 1

ve (ay) C,-C;, + C;-Cj stretch 1211.9 19

v7 (by) C-C, — C;-Cj stretch 1209.9 55

Vg (bz) C]-Cz-C4 - Cl-C3-C7 bend 770.2 -

Y9 (az) C4-C5—H6 - C7-C8—H9 out—of—plane bend 688.4 59

vig (b))  C4-Cs-Hg + C7-Cg-Hg out-of-plane bend 685.5 3

vii (ay) C4-C, + C3+Cy stretch 674.8 -

viz2 (ap) C, C; out-of-plane motion 649.9 -

vi3 (b7) Antisymmetric in-plane H bend 583.2 28

via (ay) Symmetric in-plane H bend 592.8 71

V15 (bz) Cl—C3—C7 - Cl—Cg—C4 bend 546.4 7

vig (b1) C4 C; out-of-plane symmetric bnd 504.5 23

vi7 (ay) C,-C4-Cs5 + C,-C7-Cg bend 413.1 8

Vis (bz) C2'C4‘C5 - C2-C7-Cg bend 218.8 1

vig (@)  Cp-C4-Cs — C,-C;-Cg out-of-plane bend 238.6 -

V20 (bl) CZ-C4-C5 + C2'C7-C8 out-of-plane bend 152.9 1

o1 (ay) C4-Cs-Hg + C7-Cg-Hg bend 97.1 2

Notes. @Previous theory from Thimmakondu & Karton (2017) at the CCSD(T)/cc-pVTZ level of theory.

of 140 km mol~!, and the second largest intensity is vj4 at
592.8 cm™' (16.9 pum), with an intensity of 71 km mol~!. Both
of these intensities are on the same magnitude or larger of the
antisymmetric stretch of water, which is about 70 km mol~!.
The two intense frequencies for c-C3(CyH), fall within the
range of the Near Infrared Spectrograph (NIRSpec) instrument
on JWST, which has high resolution and could aid in detec-
tion. These two frequencies should be intense enough to be
observed with JWST if the abundances as estimated above are
true. The harmonic vibrational frequencies and intensities have
been previously computed at the CCSD(T)/cc-pVTZ level of the-
ory (Thimmakondu & Karton 2017). Between the previous level
of theory and the F12-DZ computed in this work, a majority of

the harmonic frequencies agree within 5 cm™!. The biggest dif-
ferences come from the symmetric and antisymmetric stretches
of carbon in the ring and the out-of-plane bends. While the two
levels of theory for the harmonic intensities differ quantitatively
from each other, they agree qualitatively in the relative intensities
of the frequencies.

Shown in Table 4, c-C3(C,H)(CN) has one intense peak: v;
at 3321.0 cm™! (3.01 um), with an intensity of 82 km mol~!.
This intense frequency corresponds to the C-H stretch of the
ethynyl group and is nearly the same as the v, stretch in
c-C3(CoH),. This one intense peak for c-C3;(C,H)(CN) falls
within the range of the NIRSpec instrument on JWST. However,
c-C3(CN), does not have any intensities of around 70 km mol~!
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Table 4. Harmonic and fundamental vibrational frequencies (in cm™') and intensities (in km mol ~") of c-C3(C,H)(CN).

Mode Description F12-DZ  f
w (d) C-H stretch 34499 95
w; () C-N stretch 2271.7 4
w3 (d) Ce shuttle 21694 31
wy () C,-C;5 stretch 17837 14
ws (a) C;-C; stretch 1254.6 43
wg (@) C,-C;j stretch 1219.1 17
w7 (d) C,-C,-C4 bend 776.8 3

wg (a”) Cs-C7-Hg out-of-plane bend 721.0 26
wy (a’) C,-C4 stretch 671.0 4
wyg (@)  C; C;3 out-of-plane antisymmetric bend 637.1 2
wyy (@) C-C7-Hg in-plane bend 620.6 46
w12 (a’) Cz-C4-C5 bend 552.5 4
w3 (@) Out-of-plane C, C3 symmetric motion 453.9 5

wiy (@) C3-C4-C7 + C-C4-N5 in—plane bend 434.7 2
wis (a’) C3-Cg-C7 — C,-C4-Ns in-plane bend 231.0 10
wig (@)  C3-Ce-Cq — C,-C4-Ns out-of-plane bend 231.0 17
w17 (a”) C3—C6-C7 + Cz—C4—N5 out—of—plane bend 173.6 9
wig (@) Cg-C7-C7 +N5s in-plane bend 95.8 2
vy (d") C-H stretch 3321.0 82
vy () C-N stretch 2238.7 3

v3 (a') Cg shuttle 21263 25
vy (d') C,-C;5 stretch 1755.1 8
vs (a’) C,-C, stretch 1225.3 7
ve (a') C;-C; stretch 11942 10
V7 (a’) Cl—Cz—C4 bend 761.9 1

vg (a”) Cg-C7-Hg out-of-plane bend 6932 27
Vo (a) C,-Cy4 stretch 664.4 1

vip (@’)  C, C3 Out-of-plane antisymmetric bend 628.9 2
v (@) Cs-C7-Hg in-plane bend 5934 49
V12 (a’) C2-C4-C5 bend 544.0 4
viz (@”) Out-of-plane C, C3 symmetric motion 452.0 5
vi4 (@) C3-C4-C7 + C2-C4-Njs in-plane bend 429.5 2
vis (@) C3-Cg-C7 — C,-C4-Ns in-plane bend 226.7 9
Vie (61”) C3—C6—C7 - C2—C4—N5 out—of—plane bend 225.7 15
vi7 (@”)  C3-C4-C7 + C,-C4-Nj5 out-of-plane bend 172.5 9
vig (@) Cs-C7-C7 +Nj5 in-plane bend 71.4 2

or greater (see Table 5), which could increase the difficulty of
the vibrational detection for ¢-C3(C,H)(CN). Additionally, the
NIRSpec and Mid-Infrared Instrument (MIRI) can only cap-
ture spectra to about 333 cm™', which makes v, at 1218.3 cm™!
(8.21 pm), with an intensity of 37 km mol™!, the frequency
with the highest intensity that could be detected by the JWST.
Between the levels of theory in the harmonic vibrational fre-
quencies, F12-DZ and F12-TZ agree within 3 cm~!. Though
F12-DZ-cCR differs more in the harmonic vibrational fre-
quencies, this is expected when considering F12-DZ-cCR also
includes core correlation and relativistic corrections that are not
included in F12-DZ and F12-TZ. There is more variation in the
anharmonic vibrational frequencies between the levels of the-
ory, but many of the frequencies have little to no intensity or
fall below the high resolution capabilities of the aforementioned
instruments on JWST.

Though ¢-C3(CN), has not been reported experimentally,
the studies of Smith et al. (1994) and Tittle et al. (1999) show
that while NC4N discharges in Ar matrices successfully produce
the linear isomer of ¢-C3(CN),, there are unidentified infrared
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features in the experimental spectrum of Smith et al. (1994)
that were not computationally reproduced by Tittle et al. (1999).
Upon examination of these “leftover” vibrational frequencies,
¢-C3(CN), was found not to be responsible for the excess fea-
tures. For this to be the case, the bright v4 (a;) vibrational
mode of ¢-C3(CN), would be expected to be prominent due to
the experimental methods of Smith et al. (1994) filtering out
most vibrational features that do not belong to the totally sym-
metric, irreducible representation (Tittle et al. 1999). Therefore,
¢-C3(CN); may not have yet been produced in a laboratory envi-
ronment or may have only been produced in environments in
which it immediately undergoes isomerization or some other
chemical process. As such, additional and unknown chemistry
of this molecule persists even though ¢-C3(CN), appears to form
easily. These aspects will be explored in future work.

Of the three molecules, ¢-C3(C,H)(CN) has the largest
dipole moment, 4.26 D, shown in Table 6. The molecule c-
C3(C,H), has the next largest dipole moment, 3.84 D, as
shown in Table 7, which is slightly larger than the dipole
moment for the known interstellar molecule c-C3HC,H, which
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Table 5. Harmonic and fundamental vibrational frequencies (in cm™') and intensities (in km mol ') of c-C3(CN),.

Mode Description F12-DZ F12-DZ-cCR FI12-TZ B3LYP/TZ
w1 (ay) Symmetric C-N stretch 2282.4 2289.0 2284.3 1
ws (by) Antisymmetric C-N stretch 2278.7 2285.4 2280.6 2
w3 (ay) C;-C, stretch 1800.6 1807.1 1802.6 1
w4 (ay) Ci-Cy + Ci-C5 1248.3 1253.6 1250.4 41
ws (by) Ci-C, —C-C5 1220.1 1225.5 1223.6 12
wg (by) In-plane antisymmetric C,-C;-C3 bend 770.1 773.7 772.1 2
w7 (ay) In-plane symmetric bend 662.3 664.5 663.9 2
wg (a) C, and C; Out-of-plane antisymmetric bend 640.8 642.5 643.7 -
wWo (bz) C]-Cz—N() — C]-C3-N7 bend 552.6 556.0 555.3 1
w1 (by) C,4 and Cg out-of-plane motion 465.3 465.3 467.8 1
w11 (al) Cl-Cz—N6 + CI—C3—N7 bend 451.0 452.3 453.5 2
w1a (by) C,4 and Cs antisymmetric in-plane bend 242.6 243.5 2437 11
w13 (a2) C,-C4-Ng + C3-C5-N5 out-of-plane bend 240.0 240.0 240.6 -
wig (by) Cy-C4-Ng — C3-Cs-N7 in-plane symmetric bend 180.2 180.4 180.3 39
wis (ay) C,-C4-Ng — C3-C5-Ny out-of-plane bend 99.0 99.4 99.0 6
vt (ay) Symmetric C-N stretch 2241.9 2249.1 2243.2 1
v, (by) Antisymmetric C-N stretch 2240.5 2241.2 2238.5 2
v3 (a1) C3-C, Stretch 1771.6 1773.8 1771.7 1
vy () Ci-Cy +Ci-C5 1205.2 1216.4 1218.3 37
vs (by) C-C, —C-C5 1177.7 1154.8 1172.5 10
ve (b2) In-plane antisymmetric C,-C;-C3 bend 755.5 741.3 748.8 1
vy (ay) In-plane symmetric motion 648.9 654.8 654.0 1
vg (az) C, and C; out-of-plane atisymmetric bBend 359.9 690.5 540.7 -
vo (b)) C;-C,-Ng — C;-C5-N7 bend 539.6 518.4 529.9 1
vip(by) C4 and Cg out-of-plane motion 440.5 476.6 389.8 1
V]](ﬁ]) Cl-Cz-N() + Cl-C3-N7 bend 446.4 447.6 440.1 2
vi12(by) C,4 and Cs antisymmetric in-plane bend 234.6 214.9 221.3 11
v13(a2) CQ-C4—N6 + C3—C5—N7 out—of—plane bend 200.5 264.8 197.4 -
vi4(by) C,-C4-Ng — C3-C5-N7 in-plane symmetric bend 141.6 261.2 69.4 38
vis(ar) C,-C4-Ng — C3-C5-N5 out-of-plane bend 92.7 98.1 101.7 6

Table 6. Rotational constants of ¢-C3(C,H)(CN).

Const. Units F12-DZ
A, MHz 7863.9
B, MHz 1551.1
C, MHz 1295.7
Ag MHz 7866.6
By MHz 1550.6
Co MHz 1293.6
Ay Hz 417.244
Ak kHz 114.390
A.IK kHZ -1 ] 700
0y Hz 150.528
Ok Hz 860.046
D, kHz 1.088
Oy MHz 4.845
q)jK kHz —14.831
(I)K] kHz —275.182
o; Hz 499.839
Dk kHz 1.878
Dk kHz 428.547
Dipole D 4.26

is computed to be 3.59 D via F12-TZ (Watrous et al. 2022;
Flint & Fortenberry 2022). The molecule c-C3(CN), has a small
dipole moment, 0.08 D, which is much smaller than the dipole
moment of c-C3;HCN, computed to be 3.06 D at the F12-TZ level
of theory (Flint & Fortenberry 2022). There are currently no
reported experimental equilibrium (,) or vibrationally averaged
(o) rotational constants or distortion constants in the literature for
these molecules. There are, however, theoretical values for the
equilibrium rotational constants and quartic distortion constants
for ¢-C3(C,H),. The equilibrium rotational constants differ the
most in the A, constant (1.6%) but have agreement within 0.3%
for B, and C,, implying that our current results are in line with
those of previous studies but should be more accurate due to the
anharmonic corrections and the higher level of theory employed.
The distortion constants still compare well but have a larger dis-
agreement. For ¢-C3(C,H)(CN), the only method utilized in this
paper is F12-DZ, and it has previously been shown to be accurate
within 0.57% of the experiment (Watrous et al. 2021). Between
the three different levels of theory utilized for calculating the
rotation and distortion constants for ¢-C3(CN),, as shown in
Table 8, there is a strong agreement between the levels of theory
with the largest difference in Ay, which has a 0.63% difference
between F12-DZ and F12-DZ-cCR. Of the three levels of the-
ory, F12-DZ-cCR has been shown to be the most accurate, with
a mean absolute difference of 0.26% (Watrous et al. 2021). As
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Table 7. Rotational constants of ¢-C3(C,H)s,.

Constant Units F12-DZ  Previous theory @
A, MHz 78453 7716.69
B, MHz 1539.4 1539.34
C. MHz 1287.0 1283.34
Ag MHz  7823.0

By MHz 1540.8

Co MHz 1285.6

Ay Hz 404.959 398.5
Ak kHz 119.284 109.249
Ajk GHz -11.774 -11.16
oy Hz 147.856 145.5
Ok Hz 827.098 805.15
D, mHz 1.139

Dk Hz 4.981

7% mHz  -17.750

(DK] mHz —241.466

o; uHz  524.768

Dk mHz 2.063

ok mHz  463.676

Dipole D 3.84 3.774

Notes. @Previous theory from Thimmakondu & Karton (2017) at the
CCSD(T)/cc-pVTZ level of theory.

Table 8. Rotational constants of ¢-C3(CN),.

Constant Units F12-DZ  F12-DZ-cCR  F12-TZ
A, MHz 7907.6 7957.4 7913.6
B, MHz 1558.9 1564.6 1560.7
C, MHz 1302.3 1307.4 1303.8
Ag MHz 7917.1 7967.3 7923.0
By MHz 1558.0 1563.5 1559.8
Co MHz 1300.2 1305.4 1301.6
Ay Hz 415.914 416.018 417.561
Ajx kHz —11.325 —11.384 —11.367
Ak kHz 108.179 109.330 108.401
oy Hz 147.856 147.786 148.466
Ok Hz 873.535 876.629 875.637
oy mHz 1.119 1.117 1.126
DOk Hz 4.108 4.169 4122
D5 mHz  -16.530 -16.586 -16.589
()9 mHz -212.244 -214.214 -213.595
bj uHz 510.191 509.199 513.219
Pk mHz 2.165 2.173 2.176
O mHz  406.415 410.122 407.972
Dipole D 0.08

such, these results should be taken as the ones to reference for
any future experimental or theoretical comparison.

4. Conclusions

This work proposes synthetic pathways consistent with the cold
chemistry of the ISM for the formation of two disubstituted
¢-C3H, derivatives, ¢-C3(CoH), and ¢-C3(CN),, along with
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promising thermodynamics for ¢-C3(C,H)(CN). A second sub-
stitution of a radical species onto the ring moiety of ¢-C3HC,H
or ¢-C3HCN is generally found to be as energetically favor-
able as the initial substitution mechanism. In particular, values
for AE.x, are nearly equal for the formations of c-C;HC,H
and ¢-C3(C,H),. As a result, column densities of ¢-C3(C,H),
in TMC-1 are hypothesized to depend mostly on ¢-C;HC,H
concentrations, which leads to a potential column density of c-
C3(C,H); within the range of current observational capabilities.
In order to aid observation of these molecules that are pre-
dicted to form, QFF calculations provide chemically accurate
spectroscopic data for the astrochemically viable ¢-C3(C,H),
and c¢-C3(CN), as well as for a mixed-substituent molecule,
c-C3(Co,H)(CN). The intense v, frequency of c-C3(C,H),, cor-
responding to the C-H antisymmetric stretch, coupled with the
large dipole moment of 3.84 D allow for its facile astrophys-
ical detection. The strong agreement of these more advanced
(and likely more accurate) QFF results with previous theory fur-
ther validates the spectroscopic methodology used to compute
them. Through all current means of astrophysical observation,
¢c-C3(CN); is likely undetectable due to its near-zero dipole
moment as well as its low intensity and low frequency for most
of its vibrational motions. In contrast, the considerable dipole
moment of ¢-C3(C,H)(CN) when taken into account alongside
the reasonably intense v; C-H stretch and favorable thermody-
namics of formation through either synthetic route may allow for
interstellar detection of this molecule. Collectively, these data
have the potential to add a new pure hydrocarbon, as well as a
new nitrile, to the molecular ranks of the ISM. These molecules
may be the key to unlocking hidden chemical pathways to more
complex molecules, such as PAHs, as well as formation routes to
soot grains and other essential astrophysical building blocks.

Acknowledgements. The computing facilities required for this work are pro-
vided by the Mississippi Center for Supercomputing Research partially funded
by NSF Grant OIA-1757220. This work is also supported by the University
of Mississippi’s College of Liberal Arts and NASA grants NNH22ZHA004C
and NNX17AH15G as well as NSF grant CHE-1757888. A.G.W. would like
to acknowledge The Barry Goldwater Scholarship for additional support. The
authors would like to dedicate this work in memory of Dr. Timothy J. Lee. Con-
tribution Statement: A.R.F., A.G.W., and R.C.F. were responsible for planning
the study as a whole. A.R.F. and R.C.F. designed the synthetic portion of the
study and analyzed relevant data. A.G.W. and B.R.W. designed the quartic force
field portion of the study. A.R.F. collected computational synthetic data. A.G.W.,
B.R.W., and D.J.P. collected and analyzed spectroscopic data. BRW created some
of the software needed for the computational spectroscopy. A.R.F. and A.G.W.
wrote the manuscript with editing assistance from all authors.

References

Adams, W. S. 1941, ApJ, 93, 11

Adler, T. B., Knizia, G., & Werner, H. 2007, J. Chem. Phys., 127, 221106

Allen, W. D. 2005, INTDER 2005

Allouche, A. 2017, Gabedit http://gabedit.sourceforge.net/

Allouche, A.-R. 2010, JCoCh, 32, 174

Becke, A. D. 1993, J. Chem. Phys., 98, 5648

Belbruno, J. J., Tang, Z., Smith, R., & Hobday, S. 2001, Mol. Phys., 99, 957

Bell, M. B., Feldman, P. A., Matthews, H. E., & Avery, L. W. 1986, ApJ, 311,
L89

Brinkley, J. S., Pople, J. A., & Dobosh, P. S. 1974, Mol. Phys., 28, 1423

Carpenter, J. E. 1987, PhD thesis, University of Wisconsin, Madison, WI, USA

Carpenter, J. E., & Weinhold, F. 1988, J. Mol. Struct., 169, 41

Cernicharo, J., Marcelino, N., Agindez, M., et al. 2020, A&A, 642, L8

Cernicharo, J., Agiindez, M., Cabezas, C., et al. 2021, A&A, 649, L15

Chandra, S., Musrif, P. G., & Dharmkare, R. M. 2005, New Astron., 10, 385

Combes, F., Boulanger, F., Encrenaz, P. J., et al. 1985, A&A, 147, L25

Corby, J. F., McGuire, B. A., Herbst, E., & Remijan, A. J. 2018, A&A, 610, A10

Cox, P., Guesten, R., & Henkel, C. 1987, A&A, 181, L19

Crawford, T. D., & Schaefer III, H. F. 2000, Reviews in Computational Chem-
istry, eds. K. B. Lipkowitz, & D. B. Boyd (New York: Wiley), 14, 33


http://linker.aanda.org/10.1051/0004-6361/202245643/1
http://linker.aanda.org/10.1051/0004-6361/202245643/2
http://gabedit.sourceforge.net/
http://linker.aanda.org/10.1051/0004-6361/202245643/5
http://linker.aanda.org/10.1051/0004-6361/202245643/6
http://linker.aanda.org/10.1051/0004-6361/202245643/7
http://linker.aanda.org/10.1051/0004-6361/202245643/8
http://linker.aanda.org/10.1051/0004-6361/202245643/8
http://linker.aanda.org/10.1051/0004-6361/202245643/9
http://linker.aanda.org/10.1051/0004-6361/202245643/11
http://linker.aanda.org/10.1051/0004-6361/202245643/12
http://linker.aanda.org/10.1051/0004-6361/202245643/13
http://linker.aanda.org/10.1051/0004-6361/202245643/14
http://linker.aanda.org/10.1051/0004-6361/202245643/15
http://linker.aanda.org/10.1051/0004-6361/202245643/16
http://linker.aanda.org/10.1051/0004-6361/202245643/17
http://linker.aanda.org/10.1051/0004-6361/202245643/18
http://linker.aanda.org/10.1051/0004-6361/202245643/18

A. R. Flint et al.: A&A proofs, manuscript no. aa45643-22

Douglas, M., & Kroll, N. 1974, Ann. Phys., 82, 89

Dua, S., Blanksby, S. J., & Bowie, J. H. 2000, J. Phys. Chem. A, 104, 77

Dunning, T. H. 1989, J.Chem. Phys., 90, 1007

Flint, A. R., & Fortenberry, R. C. 2022, ApJ, 938, 15

Fortenberry, R. C. 2021, ApJ, 921, 132

Fortenberry, R. C., & Lee, T. J. 2019, Annu. Rep. Comput. Chem., 15, 173

Foster, J. P., & Weinhold, F. 1980, J. Am. Chem. Soc., 102, 7211

Franke, P. R., Stanton, J. F., & Douberly, G. E. 2021, J. Phys. Chem. A, 125, 1301

Frisch, M. J., Trucks, G. W., Schlegel, H. B., et al. 2016, Gaussian 16 Revision
C.01, (Wallingford CT: Gaussian Inc.)

Gaw, J. F.,, Willets, A., Green, W. H., & Handy, N. C. 1996, SPECTRO program,
version 3.0

Gomez Gonzalez, J., Guelin, M., Cernicharo, J., Kahane, C., & Bogey, M. 1986,
A&A, 168, L11

Grosselin, D., & Fortenberry, R. C. 2022, Earth Space Chem., 6, 18

Hampel, C., Peterson, K. A., & Werner, H. 1992, Chem. Phys. Lett., 190, 1

Heikkild, A., Johansson, L. E. B., & Olofsson, H. 1999, A&A, 344, 817

Henkel, C., Mauersberger, R., & Schilke, P. 1988, A&A, 201, L23

Herbst, E. 2001, Chem. Soc. Rev., 30, 168

Herbst, E. 2021, Front. Astron. Space Sci., 8, 776942

Hill, J. G., & Peterson, K. A. 2010, Phys. Chem. Chem. Phys., 12, 10460

Hoffmann, M. R., Laidig, W. D., Kim, K. S., Fox, D. J., & Schaefer, H. F. 1984,
J. Chem. Phys., 80, 338

Huggins, P. J., Carlson, W. J., & Kinney, A. L. 1984, A&A, 133, 347

Jansen, G., & Hess, B. A. 1989, Phys. Rev. A, 39, 6016

Jefferts, K. B., Penzias, A. A., & Wilson, R. W. 1970, AplJ, 61, L87

Jiang, Z., Xu, X., Wu, H., Zhang, F., & Jin, Z. 2004, Int. J. Quant. Chem., 97,
876

Kendall, R. A., Dunning, T. H., & Harrison, R. J. 1992, J. Chem. Phys., 96, 6796

Knizia, G., Adler, T. B., & Werner, H. 2009, J. Chem. Phys., 130, 054104

Knowles, P. J., Hampel, C., & Werner, H. 1993, J. Chem. Phys., 99, 5219

Lee, T. J., & Taylor, P. R. 1989, Int. J. Quant. Chem., 36, 199

Lee, C., Yang, W., & Parr, R. G. 1988, Phys. Rev. B, 37, 785

Lee, K. L. K., Changala, P. B., Loomis, R. A., et al. 2021a, ApJ, 910, L2

Lee, K. L. K., Loomis, R. A., Burkhardt, A. M., et al. 2021b, ApJ, 908, L11

Lin, Z., Tan, L., Yang, Y., et al. 2016, Analyst, 141, 2412

Loomis, R. A., Burkhardt, A. M., Shingledecker, C. N., et al. 2021, Nat. Astron.,
5, 188

Lucas, R., & Liszt, H. S. 2000, A&A, 358, 1069

Madden, S. C., Irvine, W. M., & Matthews, H. E. 1986, ApJ, 311, L27

Madden, S. C., Irvine, W. M., Swade, D. A., Matthews, H. E., & Friberg, P. 1989,
AJ, 97, 1403

Majumdar, L., Gratier, P., Andron, 1., Wakelam, V., & Caux, E. 2017, MNRAS,
467, 3525

Martin, J. M. L., & Taylor, P. R. 1997, Spectrochim. Acta, 53, 1039

Martin, J. M. L., Lee, T. J., Taylor, P. R., & Francois, J.-P. 1995, J. Chem. Phys.,
103, 2589

Matthews, H. E., & Irvine, W. M. 1985, AplJ, 298, L61

McCarthy, M. C., Travers, M. J., Gottlieb, C. A., & Thaddeus, P. 1997, ApJ, 483,
L139

McGuire, B. A., Burkhardt, A. M., Kalenskii, S., et al. 2018, Science, 359, 202

McGuire, B. A., Burkhardt, A. M., Loomis, R. A., et al. 2020, ApJ, 900, L10

McGuire, B. A., Loomis, R. A., Burkhardt, A. M., et al. 2021, Science, 371, 1265

McKellar, A. 1940, PASP, 52, 187

Nixon, C. A., Thelen, A. E., Cordiner, M. A., et al. 2020, AJ, 160, 205

Oike, T., Kawaguchi, K., Takano, S., & Nakai, N. 2004, PASJ, 56, 431

Papousek, D., & Aliev, M. R. 1982, Molecular Vibration-Rotation Spectra
(Amsterdam: Elsevier)

Paron, S., Ortega, M. E., Marinelli, A., Areal, M. B., & Martinez, N. C. 2021,
A&A, 653, AT77

Peterson, K. A., Adler, T. B., & Werner, H. 2008, J. Chem. Phys., 128, 084102

Pople, J. A., & Sidman, J. W. 1957, J. Chem. Phys., 27, 1270

Puzzarini, C. 2022, Front. Astron. Space Sci., 8, 811342

Qi, C., Oberg, K. L., Wilner, D. J., & Rosenfeld, K. A. 2013, ApJ, 765, L14

Raghavachari, K., Trucks, G. W., Pople, J. A., & Head Gordon, M. 1989, Chem.
Phys. Lett., 157, 479

Ramal-Olmedo, J. C., Menor-Salvin, C. A., & Fortenberry, R. C. 2021, A&A,
656, A148

Reed, A. E., & Weinhold, F. 1983, J. Chem. Phys., 78, 4066

Reed, A. E., & Weinhold, F. 1985, J. Chem Phys., 83, 1736

Reed, A. E., Weinstock, R. B., & Weinhold, F. 1985, J. Chem. Phys., 83, 735

Reed, A. E., Curtiss, L. A., & Weinhold, F. 1988, Chem. Rev., 88, 899

Roothaan, C. C.J. 1951, Rev. Mod. Phys., 23, 69

Saleck, A. H., Simon, R., Winnewisser, G., & Wouterloot, J. G. A. 1994, Can. J.
Phys., 72

Seaquist, E. R., & Bell, M. B. 1986, ApJ, 303, L67

Shavitt, I., & Bartlett, R. J. 2009, Many-Body Methods in Chemistry and Physics:
MBPT and Coupled-Cluster Theory (Cambridge: Cambridge University
Press)

Singh, M., & Chaturvedi, J. P. 1989, Ap&SS, 162, 287

Smith, I. W. M. 2006, Ang. Chem., 45, 2842

Smith, I. W. M. 2011, ARA&A, 49, 29

Smith, A. M., Engel, C., Thoma, A., et al. 1994, Chem. Phys., 184, 233

Spezzano, S., Briinken, S., Schille, P, et al. 2013, ApJ, 769, L19

Stephens, P. J., Devlin, F. J., Chablowski, C. F., & Frisch, M. J. 1994, J. Phys.
Chem., 98, 11623

Teyssier, D., Fossé, D., Gerin, M., et al. 2004, A&A, 417, 135

Thaddeus, P., Guelin, M., & Linke, R. A. 1981, ApJ, 246, L41

Thaddeus, P., Vrtilek, J. M., & Gottlieb, C. A. 1985, ApJ, 299, L63

Thaddeus, P., McCarthy, M. C., Travers, M. J., Gottlieb, C. A., & Chen, W. 1998,
Faraday Discuss., 109, 121

Thimmakondu, V. S., & Karton, A. 2017, Phys. Chem. Chem. Phys., 19, 17685

Tielens, A. G. G. M. 2005, The Physics and Chemistry of the Interstellar Medium
(Cambridge, UK: Cambridge University Press)

Tielens, A. G. G. M. 2008, ARA&A, 46, 289

Tittle, J., Merkoziaj, D., & Liu, R. 1999, Chem. Phys. Lett., 305, 451

Tucker, K. D., & Kutner, M. L. 1978, ApJ, 222, 859

Tucker, K. D., Kutner, M. L., & Thaddeus, P. 1974, ApJ, 193, L115

Turner, B. E., & Gammon, R. H. 1975, ApJ, 198, 71

Vosko, S. H., Wilk, L., & Nusair, M. 1980, Can. J. Phys., 58, 1200

Vrtilek, J. M., Gottlieb, C. A., Langer, W. D., Thaddeus, P., & Wilson, R. W.
1985, ApJ, 296, L35

Vrtilek, J. M., Gottlieb, C. A., & Thaddeus, P. 1987, ApJ, 314, 716

Watrous, A. G., Westbrook, B. R., & Fortenberry, R. C. 2021, J. Phys. Chem. A,
125, 10532

Watrous, A. G., Westbrook, B. R., & Fortenberry, R. C. 2022, Front. Astron.
Space Sci., 9

Watson, J. K. G. 1977, in Vibrational Spectra and Structure, ed. J. R. During
(Amsterdam: Elsevier), 1

Watts, J. D., Gauss, J., & Bartlett, R. J. 1993, J. Chem. Phys., 98, 8718

Weinhold, F., & Carpenter, J. E. 1988, in The Structure of Small Molecules and
Ions, eds. R. Naaman & Z. Vager (Plenum) (Berlin: Springer), 227

Werner, H., Knowles, P. J., Knizia, G., Manby, F. R., & Schiitz, M. 2012, WIREs
Comput. Mol. Sci., 2, 242

Werner, H., Knowles, P. J., Manby, F. R., et al. 2020, J. Chem. Phys., 152, 144107

Werner, H., Knowles, P. J., Knizia, G, et al. 2022, MOLPRO, version 2022.2, a
package of ab initio programs https://www.molpro.net

Westbrook, B. R., Valencia, E. M., Rushing, S. C., Tschumper, G. S., &
Fortenberry, R. C. 2021, J. Chem. Phys., 154, 041104

Woon, D. E., & Dunning, T. H. 1993, J. Chem. Phys., 98, 1358

Xue, C., Willis, E. R., Loomis, R., et al. 2020, ApJ, 900, L9

Yang, W. T., Parr, R. G., & Lee, C. T. 1986, Phys. Rev. A, 34, 4586

Yang, Z., Cole, C. A., Oscar Martinez, J., et al. 2011, ApJ, 739, 19

Yousaf, K. E., & Peterson, K. A. 2008, J. Chem. Phys., 129, 184108

A95, page 11 of 11


http://linker.aanda.org/10.1051/0004-6361/202245643/19
http://linker.aanda.org/10.1051/0004-6361/202245643/20
http://linker.aanda.org/10.1051/0004-6361/202245643/21
http://linker.aanda.org/10.1051/0004-6361/202245643/22
http://linker.aanda.org/10.1051/0004-6361/202245643/23
http://linker.aanda.org/10.1051/0004-6361/202245643/24
http://linker.aanda.org/10.1051/0004-6361/202245643/25
http://linker.aanda.org/10.1051/0004-6361/202245643/26
http://linker.aanda.org/10.1051/0004-6361/202245643/27
http://linker.aanda.org/10.1051/0004-6361/202245643/27
http://linker.aanda.org/10.1051/0004-6361/202245643/29
http://linker.aanda.org/10.1051/0004-6361/202245643/30
http://linker.aanda.org/10.1051/0004-6361/202245643/31
http://linker.aanda.org/10.1051/0004-6361/202245643/32
http://linker.aanda.org/10.1051/0004-6361/202245643/33
http://linker.aanda.org/10.1051/0004-6361/202245643/34
http://linker.aanda.org/10.1051/0004-6361/202245643/35
http://linker.aanda.org/10.1051/0004-6361/202245643/36
http://linker.aanda.org/10.1051/0004-6361/202245643/37
http://linker.aanda.org/10.1051/0004-6361/202245643/38
http://linker.aanda.org/10.1051/0004-6361/202245643/39
http://linker.aanda.org/10.1051/0004-6361/202245643/40
http://linker.aanda.org/10.1051/0004-6361/202245643/41
http://linker.aanda.org/10.1051/0004-6361/202245643/41
http://linker.aanda.org/10.1051/0004-6361/202245643/42
http://linker.aanda.org/10.1051/0004-6361/202245643/43
http://linker.aanda.org/10.1051/0004-6361/202245643/44
http://linker.aanda.org/10.1051/0004-6361/202245643/45
http://linker.aanda.org/10.1051/0004-6361/202245643/46
http://linker.aanda.org/10.1051/0004-6361/202245643/47
http://linker.aanda.org/10.1051/0004-6361/202245643/48
http://linker.aanda.org/10.1051/0004-6361/202245643/49
http://linker.aanda.org/10.1051/0004-6361/202245643/50
http://linker.aanda.org/10.1051/0004-6361/202245643/50
http://linker.aanda.org/10.1051/0004-6361/202245643/51
http://linker.aanda.org/10.1051/0004-6361/202245643/52
http://linker.aanda.org/10.1051/0004-6361/202245643/53
http://linker.aanda.org/10.1051/0004-6361/202245643/54
http://linker.aanda.org/10.1051/0004-6361/202245643/54
http://linker.aanda.org/10.1051/0004-6361/202245643/55
http://linker.aanda.org/10.1051/0004-6361/202245643/56
http://linker.aanda.org/10.1051/0004-6361/202245643/56
http://linker.aanda.org/10.1051/0004-6361/202245643/57
http://linker.aanda.org/10.1051/0004-6361/202245643/58
http://linker.aanda.org/10.1051/0004-6361/202245643/58
http://linker.aanda.org/10.1051/0004-6361/202245643/59
http://linker.aanda.org/10.1051/0004-6361/202245643/60
http://linker.aanda.org/10.1051/0004-6361/202245643/61
http://linker.aanda.org/10.1051/0004-6361/202245643/62
http://linker.aanda.org/10.1051/0004-6361/202245643/63
http://linker.aanda.org/10.1051/0004-6361/202245643/64
http://linker.aanda.org/10.1051/0004-6361/202245643/65
http://linker.aanda.org/10.1051/0004-6361/202245643/66
http://linker.aanda.org/10.1051/0004-6361/202245643/67
http://linker.aanda.org/10.1051/0004-6361/202245643/68
http://linker.aanda.org/10.1051/0004-6361/202245643/69
http://linker.aanda.org/10.1051/0004-6361/202245643/70
http://linker.aanda.org/10.1051/0004-6361/202245643/71
http://linker.aanda.org/10.1051/0004-6361/202245643/71
http://linker.aanda.org/10.1051/0004-6361/202245643/72
http://linker.aanda.org/10.1051/0004-6361/202245643/72
http://linker.aanda.org/10.1051/0004-6361/202245643/73
http://linker.aanda.org/10.1051/0004-6361/202245643/74
http://linker.aanda.org/10.1051/0004-6361/202245643/75
http://linker.aanda.org/10.1051/0004-6361/202245643/76
http://linker.aanda.org/10.1051/0004-6361/202245643/77
http://linker.aanda.org/10.1051/0004-6361/202245643/78
http://linker.aanda.org/10.1051/0004-6361/202245643/78
http://linker.aanda.org/10.1051/0004-6361/202245643/79
http://linker.aanda.org/10.1051/0004-6361/202245643/80
http://linker.aanda.org/10.1051/0004-6361/202245643/80
http://linker.aanda.org/10.1051/0004-6361/202245643/81
http://linker.aanda.org/10.1051/0004-6361/202245643/82
http://linker.aanda.org/10.1051/0004-6361/202245643/83
http://linker.aanda.org/10.1051/0004-6361/202245643/84
http://linker.aanda.org/10.1051/0004-6361/202245643/85
http://linker.aanda.org/10.1051/0004-6361/202245643/86
http://linker.aanda.org/10.1051/0004-6361/202245643/86
http://linker.aanda.org/10.1051/0004-6361/202245643/87
http://linker.aanda.org/10.1051/0004-6361/202245643/88
http://linker.aanda.org/10.1051/0004-6361/202245643/89
http://linker.aanda.org/10.1051/0004-6361/202245643/90
http://linker.aanda.org/10.1051/0004-6361/202245643/91
http://linker.aanda.org/10.1051/0004-6361/202245643/92
http://linker.aanda.org/10.1051/0004-6361/202245643/93
http://linker.aanda.org/10.1051/0004-6361/202245643/94
http://linker.aanda.org/10.1051/0004-6361/202245643/95
http://linker.aanda.org/10.1051/0004-6361/202245643/96
http://linker.aanda.org/10.1051/0004-6361/202245643/97
http://linker.aanda.org/10.1051/0004-6361/202245643/98
http://linker.aanda.org/10.1051/0004-6361/202245643/99
http://linker.aanda.org/10.1051/0004-6361/202245643/100
http://linker.aanda.org/10.1051/0004-6361/202245643/101
http://linker.aanda.org/10.1051/0004-6361/202245643/101
http://linker.aanda.org/10.1051/0004-6361/202245643/102
http://linker.aanda.org/10.1051/0004-6361/202245643/102
http://linker.aanda.org/10.1051/0004-6361/202245643/103
http://linker.aanda.org/10.1051/0004-6361/202245643/104
http://linker.aanda.org/10.1051/0004-6361/202245643/105
http://linker.aanda.org/10.1051/0004-6361/202245643/105
http://linker.aanda.org/10.1051/0004-6361/202245643/106
http://linker.aanda.org/10.1051/0004-6361/202245643/106
http://linker.aanda.org/10.1051/0004-6361/202245643/107
https://www.molpro.net
http://linker.aanda.org/10.1051/0004-6361/202245643/109
http://linker.aanda.org/10.1051/0004-6361/202245643/110
http://linker.aanda.org/10.1051/0004-6361/202245643/111
http://linker.aanda.org/10.1051/0004-6361/202245643/112
http://linker.aanda.org/10.1051/0004-6361/202245643/113
http://linker.aanda.org/10.1051/0004-6361/202245643/114

	Gas-phase formation and spectroscopic characterizationof the disubstituted cyclopropenylidenes c-C3(C2H)2,c-C3(CN)2, and c-C3(C2H)(CN)
	1 Introduction
	2 Computational details
	2.1 Reactions in the ISM
	2.2 Mechanisms
	2.3 Spectroscopic methods

	3 Results and discussion
	3.1 Reaction mechanisms
	3.2 Quartic force field spectra

	4 Conclusions
	Acknowledgements
	References


