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A B S T R A C T

Magnesium’s divalent nature and likely importance as a building block for planet formation lends it credence
to being a reasonable replacement for oxygen in organometallic species found in the interstellar medium
(ISM). With the natural abundance of acetylene and magnesium and the presence of propylene oxide in
the ISM, a natural next-step for astrochemical exploration of such organometallic molecules would be
magnesacyclopropene (c-MgC2H2). The present work utilizes a combination of highly accurate quantum
chemical quartic force field approaches to provide fundamental anharmonic frequencies to assist in the
observation of the 1 1𝐴1 and 1 3𝐵2 electronic states of c-MgC2H2 and potential energy surface (PES) scans
of Mg dissociation to assist in possible formation pathways of this molecule. The 1 3𝐵2 𝜔7 mode is less than
0.5 cm−1 above previous theory implying that the current work is accurate and reliable. The 1 3𝐵2 electronic
state is lower in energy than the 1 1𝐴1 by approximately 10.3 kcal/mol, while the 1 1𝐴1 electronic state is
more rovibrationally observable with three fundamental vibrational frequencies having intensities of greater
than 100 km/mol and a dipole moment of 5.47 D. The PES scan of the Mg dissociation shows a flatter well for
the 1 3𝐵2, rather than the 1 1𝐴1, electronic state offering overlap between the vibronic levels. While radiative
association is likely required for formation of c-MgC2H2, the triplet surface is rather flat reducing the energy
gaps between vibrational levels. Additionally, the singlet surface in many ways mirrors the triplet providing
for both likely and low-energy transitions between the states.
1. Introduction

Following the observation of molecular absorption spectra emitted
by stars in the 1930s, the idea that the universe is primarily atomic with
only a small amount of diatomic character has shifted to the realization
that the universe is significantly molecular [1]. While hydrogen and
helium comprise roughly 99% of the universe, the other notable atomic
citizens of the universe include O, C, Ne, N [2], Mg [3], S [4], Si [5],
nd Fe [6], listed roughly in decreasing order of abundance [7]. Most
otably, organic molecules such as benzonitrile [8] and C2H2 [9] have
been detected with a few hundred others also now known [10]. Fewer
inorganic and organometallic species have been observed thus far,
though, but this has been shifting as additional reference data have
been produced for such species [11] leading to new observations [12].

One such atom in the aforementioned list is magnesium. The twelfth
lement on the periodic table has been hypothesized to be a neces-
ary building block for planet formation, evidenced by higher con-
entration values in planet-hosting stars and a deficit in those not
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hosting planets [13–17]. Additionally, molecules containing it have
been known to exist towards various interstellar sources for more
than 25 years now. These include MgNC, MgCN, MgCCH, MgC3N, and
MgC4H [12,14,18,19] to date; all could be classified as organometallic.
The relative abundance of Mg atoms and the rich astrochemistry of
hydrocarbons makes the connection for molecules of this type to be
worth exploring for astrochemical detection. As a result, this work will
explore the chemistry and spectral features of magnesacyclopropene
(c-MgC2H2), a combination of Mg atoms with the relatively abundant
C2H2 hydrocarbon.

Magnesium is divalent much like oxygen. However, the lack of lone
pairs and only two electrons in the valence shell produces bond angles
in Mg-containing species in the realm of 180◦ [13], whereas oxygen is
closer to 104.5◦. The chiral propylene oxide molecule has been detected
towards Sagittarius B2 [20] implying that epoxide chemistry is likely
vailable online 28 October 2021
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occurring in at least this region of the ISM. Hence, magnesium re-
placement in the form of c-MgC2H2 as an initial exploration is possible
opening new motifs for organometallic species.

Early theoretical work has explored the lowest singlet and triplet
PES of [Mg, C2, H2] and its isomers using HF/6-31G* and MP2/3-21G*
levels of theory. Therein, the linear, singlet state is determined to be the
ground state [21]. Later density functional theory (DFT) calculations
support the experimental observations in which laser-ablation tech-
niques employing Mg atoms and acetylene molecules imply that fol-
lowing relaxation or decomposition, metastable excited Mg atoms can
be inserted into the C−H bond of acetylene creating magnesaprop-2-yne
(HCCMgH) [22]. Beyond this work, a binary complex consisting of Mg
bound to acetylene has been theoretically studied at the BCCD(T)/6-
311++G(3df,3pd) and MP2/6-311++G(3df,3pd) levels of theory and
found to be in good agreement with experimental observation of a
T-shaped or cyclic geometry for c-MgC2H2 [23] paving the way for
potential observation of c-MgC2H2 if the proper spectral data can be
measured.

Three isomers of the [Mg, C2, H2] complex including these above
are reported using DFT at the B3LYP/6-311++G(2d,2p) and B3LYP-
D3BJ/6-311++G(2d,2p) levels of theory along with CCSD(T)/aug-cc-
pCVTZ [24]. Of these three low-lying isomers, magnesaprop-2-yne
(HCCMgH), magnesapropadiene (MgCCH2), and magnesacyclopropene
(c-MgC2H2), the first and third have been previously reported; the sec-
ond had not been as fully examined. Of these the most thermodynam-
ically stable is the magnesaprop-2-yne isomer (HCCMgH) confirming
earlier work. The ground state of the other two isomers, magnesapropa-
diene and magnesacyclopropene, is shown to be 1 3𝐵2 as they both have
C2𝑣 symmetry. The triplet state of magnesapropadiene is more polar
(1.290 D) than that of magnesacyclopropene (0.099 D). The higher-
energy singlet electronic states of these C2𝑣 molecules are more polar,
5.89 D and 5.25 D, respectively. Therefore, this theoretical previous
study [24] asserts that the singlet HCCMgH isomer, while the lowest
in energy, would be difficult to observe using microwave spectroscopy,
but both triplet C2𝑣 structures are highly probable foci for laboratory
studies or astronomical observation [24].

The observation of c-MgC2H2 will require highly-accurate rotational
constants and/or fundamental anharmonic vibrational frequencies de-
pending upon the wavelength of light most fitting for the astronomical
source observed. The use of fourth-order Taylor series approxima-
tions to the internuclear molecular Hamiltonian, or quartic force fields
(QFFs), with high levels of quantum chemical electronic structure
computations has been benchmarked to provide rotational constants
typically within 0.12% of experiment for molecules of this size and
fundamental anharmonic vibrational frequencies within 0.7% (roughly
less than 6.0 cm−1) [25–37]. Consequently, this study employs such
quantum chemical approaches to produce the necessary rovibrational
spectral data in order to characterize c-MgC2H2 in both its ground,
triplet and excited, singlet state in order to assist potentially with its
detection in the ISM. Finally, the possible formation mechanism for this
molecule from acetylene and Mg will also be explored.

2. Computational methods

Unless otherwise noted, all computations make use of coupled
cluster theory at the singles, doubles, and perturbative triples level
[CCSD(T)] [38] within the explicitly correlated F12b formalism [39,40]
and the cc-pVTZ-F12 basis set [41], henceforth abbreviated as F12-TZ,
as available in the MOLPRO 2019.1 quantum chemistry program [42,
43]. All computations for 1 3𝐵2 c-MgC2H2 utilize restricted open-shell
reference wave functions [44,45], while closed-shell molecules employ
standard restricted Refs. [46].

All fundamental vibrational frequencies are generated through the
use of QFFs in the fashion standard for these types of applications [25,
26,47,48]. F12-TZ QFFs, specifically, are known to produce highly
accurate vibrational frequencies at a relatively low computational cost
2

d

Fig. 1. A visual depiction of 1 1𝐴1 (Structure A) and 1 3𝐵2 (Structure B) of 𝑐-MgC2H2.
Optimized bond lengths and angles are given in Å and degrees, respectively.

within 5 cm−1 or so of higher-order methods and even experimen-
tal results [49–51]. Regardless of electronic state, the geometries of
oth 1 1𝐴1 and 1 3𝐵2 c-MgC2H2 are first optimized with exception-
lly tight convergence criteria. The reference geometry is displaced
y 0.005 Å or 0.005 radians, respective of bond lengths and bond
ngles/dihedrals, using symmetry-internal coordinates via the INTDER
rogram [52]. This molecule is of the same connectivity allowing for
se of coordinates employed previously for similar cyclic species: cyclo-
ropenylidene and its silanated analogue [36,53,54]. The coordinates
re defined from Fig. 1 where the left-side of each structure should be
nderstood to contain atoms C1 and H1 and vice versa:

1(𝑎1) = C1 − C2, (1)

2(𝑎1) =
1
√

2
[(Mg − C1) + (Mg − C2)], (2)

𝑆3(𝑎1) =
1
√

2
[(C1 − H1) + (C2 − H2)], (3)

𝑆4(𝑎1) =
1
√

2
∠[(H1 − C1 −Mg)

+ (H2 − C2 −Mg)],
(4)

𝑆5(𝑏2) =
1
√

2
[(Mg − C1) − (Mg − C2)], (5)

6(𝑏2) =
1
√

2
[(C1 − H1) − (C2 − H2)], (6)

𝑆7(𝑏2) =
1
√

2
∠[(H1 − C1 −Mg)

− (H2 − C2 −Mg)],
(7)

𝑆8(𝑏1) =
1
√

2
𝜏[(H1 − C1 −Mg − C2)

− (H2 − C2 −Mg − C1)],
(8)

𝑆9(𝑎2) =
1
√

2
𝜏[(H1 − C1 −Mg − C2)

+ (H2 − C2 −Mg − C1)].
(9)

Once the 1585 points for either electronic state are computed,
heir relative energies are fit via a least squares method to better
han 10−17 a.u.2 The generated force constants are then transformed
rom symmetry-internal coordinates into Cartesian coordinates using
NTDER [52] as this is more computationally expedient for use in
ubsequent steps. The SPECTRO [55] program then computes the
pectroscopic constants and vibrational frequencies, which are pro-
uced by rotational and vibrational perturbation theory at second order
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(VPT2) [56–58]. The dipole moments for both 1 1𝐴1 and 1 3𝐵2 c-
MgC2H2 are computed via F12-TZ using version 2020.1 of the MOLPRO
quantum chemistry program [59] using finite differences of energies
in response to an external electric field. Harmonic intensities for both
electronic excited states are computed using Gaussian16 via the MP2/6-
31+G(d) level of theory [60–62] which has been shown to produce
semi-quantitative agreement with higher levels of theory for far less
computational cost [63,64].

The rovibrational spectra of both 1 1𝐴1 and 1 3𝐵2 c-MgC2H2 contain
Fermi resonances and polyads of these resonances that the SPECTRO
program is capable of treating for more accurate predictions [65]. The
1 1𝐴1 state of c-MgC2H2 contains a 𝜈8 + 𝜈6 = 2𝜈7 = 2𝜈8 = 2𝜈9 = 𝜈3
polyad, another 2𝜈8 = 2𝜈9 = 𝜈5 polyad, a 𝜈9 + 𝜈8 = 𝜈4 type-2 Fermi
resonance, and multiple Coriolis resonances: a 𝜈5/𝜈4 A-type, a 𝜈6/𝜈4 B-
type, a 𝜈8/𝜈7 C-type, and a 𝜈9/𝜈8 A-type. The 1 3𝐵2 state of c-MgC2H2
contains a 2𝜈3 = 𝜈1 and 2𝜈9 = 𝜈8 type-1 Fermi resonances, 2𝜈4 =
2𝜈5 = 𝜈3 and 2𝜈8 = 2𝜈9 = 𝜈4 polyads, a 𝜈9 + 𝜈7 = 𝜈6 and 2𝜈9 +
𝜈8 = 𝜈5 type-2 Fermi resonances, and multiple Coriolis resonances: a
𝜈6/𝜈4 A-type, a 𝜈6/𝜈5 B-type, and a 𝜈9/𝜈8 C-type.

In order to examine how this molecule may form in the ISM such
that it can be observed in the first place, relaxed scans of both the
lowest singlet and triplet electronic states of Mg + C2H2 are undertaken.
The association of Mg atoms to acetylene is modeled by varying the
distance between the Mg atom to the midpoint of the C−C bond in
acetylene denoted as point X. Mg−X distances are varied from 1.65
Bohr to 5.55 Bohr with step sizes of 0.1 Bohr, and the ∠Mg−X−C angles
are fixed at 90◦. The remaining geometrical parameters are allowed to
optimize at each Mg−X bond length allowing for a relaxed scan.

3. Results and discussion

3.1. Structural and rotational considerations of c-MgC2H2

The 1 3𝐵2 state of magnesacyclopropene lies 10.28 kcal/mol (0.446
eV or 3596 cm−1) below the 1 1𝐴1 state including the anharmonic zero-
point vibrational energy correction in line with previous prediction of
10.41 kcal/mol [24]. The orbital occupation for the ground 1 3𝐵2 state
is (core) 5𝑎213𝑏

2
26𝑏

2
17𝑎

2
12𝑏

2
14𝑏

1
28𝑎

1
1. The singlet doubly occupies the 4𝑏2

orbital in its wavefunction. The two highest occupied molecular orbitals
(MOs) in the singlet state represent the two 𝜋 orbitals of acetylene.
The additional, highest singly-occupied MO of the 1 3𝐵2 state is a
majority non-bonding/lone-pair-type orbital on the Mg atom opposite
the acetylene.

The optimized F12-TZ equilibrium singlet and triplet state Mg−C
bond lengths are 1.98 Å and 2.20 Å, respectively, along with H−C bond
lengths that are nearly equivalent at 1.09 Å and 1.08 Å, respectively.
The C-Mg-C angle is shown to be 41.3 and 34.0 degrees, respectively.
Interestingly, the largest structural difference between these two elec-
tronic states lies with the ∠H−C−Mg angle. The triplet state has a bond
angle of 145.3◦, roughly 25◦ less than that of the singlet state given in
Table 1. Consequently, when the electron is excited, this angle begins
to relax displaying a more acetylenic structure.

Additionally, the structural changes, especially the C=C bond length
as shown in Fig. 1 and listed in Table 1, are attributable to different
occupations of the electrons, as well. From Fig. 2, the highest occupied
molecular orbital (4𝑏2) of the 1 1𝐴1 state has repulsion between the
two carbon atoms leading to a longer C = C bond at 1.40 Å than
the 1.29 Å C = C bond in the 1 3𝐵2. Once this orbital is only singly-
occupied in the triplet state with one electron moving into the 8𝑎1
orbital (also in Fig. 2), the repulsion decreases allowing this bond to
shorten. Furthermore, the C-Mg-C angle relaxes from 41.30◦ to 34.00◦,
the H-C-Mg angle decreases from 169.29◦ to 145.31◦, and the Mg-C
bond lengthens from 1.98 Å to 2.20 Å. The electron repulsion is also,
again, likely the probable cause for the H-C-Mg angle being greater in

1

3

the 1 𝐴1 state.
Table 1
Geometries and spectroscopic constants for 1A1 and 3B2 electronic states of c-MgC2H2
compared to previous theorya.

1 1𝐴1 c-MgC2H2 1 3𝐵2 c-MgC2H2

Units F12-TZ Previous theory F12-TZ Previous theory

R𝑒(Mg−C) Å 1.97873 1.9717 2.19761 2.1871
R𝑒(C−C) Å 1.39522 1.3979 1.28433 1.2865
R𝑒(C−H) Å 1.09360 1.0937 1.08448 1.0848
∠𝑒(C−Mg−C) ◦ 41.29 41.52 33.98 34.21
∠𝑒(Mg−C−H) ◦ 169.27 169.30 145.28 145.42
A𝑒 MHz 33883.9 33750.97 35115.4 35 021.38
B𝑒 MHz 10568.5 10655.49 8605.3 8695.03
C𝑒 MHz 8055.9 8098.67 6911.6 6965.62
R0(Mg−C) Å 1.99680 2.20956
R0(C−C) Å 1.39605 1.28884
R0(C−H) Å 1.09392 1.08099
∠0(C−Mg−C) ◦ 40.92 33.91
∠0(Mg−C−H) ◦ 168.31 145.32
A0 MHz 33816.9 35 066.4
B0 MHz 10403.1 8545.0
C0 MHz 7939.9 6851.1
A1 MHz 33774.2 34 958.1
B1 MHz 10376.6 8533.0
C1 MHz 7922.1 6839.2
A2 MHz 33792.0 34 971.2
B2 MHz 10375.4 8532.4
C2 MHz 7922.4 6839.5
A3 MHz 33546.1 34 825.3
B3 MHz 10420.9 8546.8
C3 MHz 7934.1 6842.8
A4 MHz 33677.7 35 170.7
B4 MHz 10396.9 8563.4
C4 MHz 7938.6 6847.3
A5 MHz 33799.3 35 256.2
B5 MHz 10420.4 8561.4
C5 MHz 7937.2 6855.0
A6 MHz 34260.4 34 994.5
B6 MHz 10226.1 8545.3
C6 MHz 7835.0 6854.0
A7 MHz 33808.2 34 858.2
B7 MHz 10358.2 8522.0
C7 MHz 7900.7 6857.0
A8 MHz 33978.6 35 066.4
B8 MHz 10344.3 8490.6
C8 MHz 7893.2 6811.9
A9 MHz 33582.0 35 399.4
B9 MHz 10378.9 8489.8
C9 MHz 7943.7 6792.8
𝛥𝐽 kHz 8.117 8.233 9.305 9.411
𝛥𝐾 kHz 68.764 −68.700 −65.998 −69.100
𝛥𝐽𝐾 kHz 42.128 −41.800 146.621 149.333
𝛿𝐽 kHz 1.990 2.035 1.924 1.965
𝛿𝐾 kHz 37.423 37.400 94.756 96.200
𝛷𝐽 mHz 2.267 2.034
𝛷𝐾 Hz −0.302 −6.369
𝛷𝐽𝐾 mHz −9.215 −496.097
𝛷𝐾𝐽 Hz 0.640 7.399
𝜙𝐽 mHz 1.709 2.260
𝜙𝐽𝐾 mHz −15.836 263.945
𝜙𝐾 Hz 2.477 18.856
𝜇 D 5.47. 5.2480 0.11 0.0988

aRef. [24].

These structural parameters produce rotational constants that dis-
play some prolate character with the B and C constants of the singlet
state being larger than their triplet counterparts. The currently com-
puted equilibrium geometrical values and rotational constants are also
in good agreement with previous work [24]. However, Table 1 also
provides the sextic distortion constants, the vibrationally-averaged (𝑅𝛼)
rotational constants (including A0, B0, and C0 constants), and the
vibrationally-excited rotational constants for the 24Mg isotope that are
numbered in the same order as the fundamental vibrational frequencies
given in Table 2. The comparison of the dipole moments for the two
electronic states examined presently, found in Table 1, corroborate the
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Fig. 2. A visual depiction of the 4b2 and 8a1 MOs of 1 1𝐴1 𝑐-MgC2H2.

previous disparity in the dipole moments with the 1 3𝐵2 state’s mere
0.11 D falling shockingly short of the 1 1𝐴1 state’s much larger 5.47 D.
This disproportion can be attributed to the partial charge of Mg and the
electron density in each state. In the 1 1𝐴1 state, the partial charge of
Mg is 0.64, while 0.38 in the 1 3𝐵2 state. Finally, the 25Mg, 26Mg, and
D isotopologue data are giving in the supplemental information (SI).

3.2. Vibrational analysis data for c-MgC2H2

The 1 3𝐵2 electronic state is shown to be the ground electronic
state in Fig. 3, and contains a high intensity vibrational mode of 118
km/mol (as shown in Table 2) for the 𝜔8 mode with a corresponding
𝜈8 frequency of 513.5 cm−1. While this mode may be highly observable
given the large intensity value, the 1 1𝐴1 electronic state contains
an even higher intensity mode, the 𝜔6 mode, at 276 km/mol with a
corresponding 𝜈6 frequency at 827.8 cm−1. Additionally, the 1 1𝐴1 state
has three fundamentals with intensities above 100 km/mol in line with
similar Mg-bearing molecules computed recently [66] while the 1 3𝐵2
state only contains one mode with an intensity above 100 km/mol. The
1 1𝐴1 state is more tightly bound to its magnesium atom, as discussed
in the next section and as evidenced by the nearly doubled 𝐹22 force
constant in the singlet state as given in Tables S1 and S2 in the SI. As
such, the intensity of the 1 1𝐴1 frequencies will be influenced by the
bonding while the Mg atom of the 1 3𝐵2 state will have significantly
ess influence on the induced dipole moments of this state. For both
lectronic states, a larger number of fundamental frequencies fall into
he sub-1000 cm−1 regime as compared to most 𝑝-block molecules due
o the heavier mass of and weaker bonding to the magnesium atom.
Overall, the F12-TZ harmonic frequencies for the 1 1𝐴1 and 1 3𝐵2

tate of c-MgC2H2 compare well with previous theory with the best
greement being less than 0.5 cm−1 for the 1 3𝐵2 𝜔7 mode [24] as
hown in Table 2. The worst agreement between previous and present
heory is approximately 31 cm−1 for the 1 1𝐴1 𝜔6 mode. This, however,
s less than 5% and is within the accepted margin of error. This analysis
mplies that the present study’s F12-TZ QFF vibrational frequency data
re accurate and reliable. However, the present study goes beyond
erely the harmonic frequencies to, again, produce the anharmonic
undamental frequencies as given in Table 2.
4

c

Fig. 3. The Mg−X scan for both the 1 3𝐵2 and 1 1𝐴1 states of c-MgC2H2.

.3. Formation of c-MgC2H2

The present work proposes two possible mechanisms for the forma-
ion of 1 3𝐵2 c-MgC2H2 that conserves spin:

g(3𝑃2) + 1 1𝐴1 C2H2 → 1 3𝐵2 MgC2H2 (10)

g(1𝑆0) + 1 3𝛴+
𝑢 C2H2 → 1 3𝐵2 MgC2H2 (11)

In Eq. (10), C2H2 remains in its ground electronic state. The com-
uted singlet-to-triplet excitation energy for Mg at the F12-TZ level is
9.84 kcal/mol (2.59 eV). Conversely, in Eq. (11), Mg would remain
n the ground electronic state with the calculated excitation energy for
2H2 lying 115.84 kcal/mol (5.02 eV), almost double that of Mg. This
s not surprising given that the bond order in acetylene must be reduced
uring such an excitation. Hence, the excitation of the Mg atom is more
ikely to contribute to the formation of 1 3𝐵2 c-MgC2H2 as is borne out
n the triplet dissociation in Fig. 3. However, an intersystem crossing
rom the 1 3𝐵2 state could still form the 1 1𝐴1 state.
Both the singlet and triplet PES for the Mg−X relaxed scan of the

2𝑣 isomer of c-MgC2H2 are depicted in Fig. 3. Both clearly exhibit
orse potentials with the triplet state being flatter than the singlet.
revious work has been conducted for protonated acetylene, which
hares comparable connectivity and ligand-acetylene core interactions,
xhibiting a flat PES. The results of the QFF analysis for this molecule
hows agreement between the computed and experimental values to
etter than 0.1% implying that the current methodology produces
ccurate descriptions of such flat surfaces [31]. The triplet dissociation
nergy is 41.03 kcal/mol while the singlet is higher at 94.89 kcal/mol
relative to its own minimum) in line with roughly half the Mg−C bond
trength in the comparable HMgCH3 molecule [67]. The optimal Mg−X
ond length for the 1 3𝐵2 is determined to be 2.10 Å and 1.90 Å in the
inglet state for this scan.
The flat PES for the triplet surface brings the vibrational levels closer

ogether for what is effectively the 𝑆2 coordinate and 𝜈4 fundamental
n the Mg−X stretch. As such the descent through the vibrational levels
ould be enhanced in environments where the collision probability is
elatively high. Additionally, the overlap between the two electronic
tates allows for a low energy excited state. The vertical 1 1𝐴1 ← 1 3𝐵2
ransition is computed on this scan to be 19.82 kcal/mol or 6932 cm−1.
djusting for the estimated ZPVE for 𝜈4 of roughly 224 cm−1 reduces
his vertical excitation down to 6708 cm−1 or 1491 nm. Conversely,
ormation of the 1 1𝐴1 state could readily relax to the triplet surface due
o the high degree of overlap as shown in Fig. 3. In either case, these
wo electronic states would likely coevolve to some degree implying
hat even if the triplet surface is preferred in Mg association with
cetylene, formation of the singlet would have a relatively low energy

ost if somewhat less likely pathway to access.
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Table 2
Vibrational frequencies (cm−1), and IR intensities (km/mol), given in parenthesis, for 1A1 and 3B2 electronic states of c-MgC2H2 compared to previous theory and experiment.

1 1𝐴1 c-MgC2H2 1 3𝐵2 c-MgC2H2

Descriptiona F12-TZ Previous theoryb Desc.a F12-TZ Previous theoryb

𝜔1(a1) (S3) 3055.6 (130) 3058.3 (134.0) (S3) 3168.0 (3) 3169.7 (5.6)
𝜔2(a1) (S1) 1303.4 (12) 1298.89 (7.8) (S1) 1683.8 (5) 1679.5 (0.1)
𝜔3(a1) (S4) 965.7 (1) 970.4 (0.7) (S4) 809.0 (7) 810.0 (8.1)
𝜔4(a1) (S2) 647.2 (14) 649.9 (6.9) (S2) 463.1 (58) 467.0 (54.3)
𝜔5(b2) (S6) 3027.1 (44) 3028.4 (39.1) (S6) 3123.9 (1) 3119.7 (88.6)
𝜔6(b2) 0.56(S7)−0.44(S5) 827.8 (276) 797.1 (208.7) (S7) 765.5 (17) 762.4 (81.5)
𝜔7(b2) 0.56(S5)+0.44(S7) 573.3 (8) 564.7 (6.2) (S5) 325.1 (67) 324.8 (0.3)
𝜔8(b1) (S8) 568.2 (212) 571.3 (157.9) (S8) 513.5 (118) 517.4 (89.9)
𝜔9(a2) (S9) 1010.0 (-) 1008.3 (-) (S9) 732.1 (-) 738.8 (0)
𝜈1(a1) (S3) 2901.9 (S3) 3005.3
𝜈2(a1) (S1) 1259.5 (S1) 1649.1
𝜈3(a1) (S4) 932.9 (S4) 775.6
𝜈4(a1) (S2) 580.0 (S2) 447.9
𝜈5(b2) (S6) 2873.5 (S6) 2962.3
𝜈6(b2) 0.56(S7)−0.44(S5) 648.4 (S7) 739.5
𝜈7(b2) 0.56(S5)+0.44(S7) 525.6 (S5) 312.8
𝜈8(b1) (S8) 531.8 (S9) 720.7
𝜈9(a2) (S9) 971.2 (S8) 500.5
ZPT 5840.4 5706.3

aContributes more than 90% to the dominant components of a coordinate unless specified otherwise.
bPrevious theory for 1 1𝐴1 utilizes ae-CCSD(T)/aug-cc-pCVTZ, and 1 3𝐵2 utilizes ae-ROCCSD(T)/aug-cc-pCVTZ from Ref. [24].
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Radiative association (RA) appears to be the lowest energy mech-
nism for any gas phase formation of c-MgC2H2. Several attempts
o compute reaction schema for known Mg-containing interstellar
olecules with acetylene returned high barriers as well as thermody-
amically and kinetically disfavorable results. Mostly, the Mg−C bond
nergy of c-MgC2H2 is weaker than the Mg−C and Mg−N bonds of
nown interstellar molecules. While RA is notoriously slow in the gas
hase, c-MgC2H2 has underlying properties that may increase the like-
ihood of observation for the more intense rotational and vibrational
ransitions of the 1 1𝐴1 state.

. Conclusions

The more intense vibrational transitions and the larger dipole mo-
ent imply that the 1 1𝐴1 state of c-MgC2H2 is the more likely can-
idate than the 1 3𝐵2 state for potential observation by the James
ebb Space Telescope in the infrared and also for radioastronomical
pectroscopic observation from the ground. The 5.47 D dipole moment
or the 1 1𝐴1 state of c-MgC2H2 will be more observable than its lower-
ying 1 3𝐵2 counterpart (0.11 D) in the submillimeter regime. While
he two states are more similar in their infrared intensities, the singlet
tate has three fundamentals with intensities above 100 km/mol while
he triplet has only one. Additionally, the formation of this molecule
ppears to require radiative association, but the relatively flat triplet
ES likely facilitates faster association of the triplet state than most
ases invoking RA and both states will likely coevolve due to the
elative low energy separating them along the Mg−X coordinate. In any
ase, the spectral data provided in this work will no doubt assist with
ny potential laboratory observations of this molecule paving the way
or possible later astronomical observation.
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ppendix. Supplementary data

Supplementary material related to this article can be found on-
ine at https://doi.org/10.1016/j.jms.2021.111514. The supplementary
information includes the force constants for the 1 1𝐴1 and 1 3𝐵2
states of c-MgC2H2, respectively shown in Tables S1 and S2. These
are provided by the INTDER program that are then used by SPEC-
TRO to compute the harmonic and anharmonic frequencies included
in this work. Additionally, Tables S3 and S5 provide harmonic and
fundamental anharmonic frequencies for c-25MgC2H2 and c-26MgC2H2
as well as c-MgC2HD and c-MgC2D2, respectively. Tables S4 and S6
provide geometrical parameters as well as the quartic and sextic dis-
tortion constants, the vibrationally-averaged (𝑅𝛼) rotational constants,
and the vibrationally-excited rotational constants for the, respective,
aforementioned isotopologues of c-MgC2H2.
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