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ABSTRACT ARTICLE HISTORY
New computational and experimental studies have been carried out for the MgCCH radical in its Received 13 August 2023
X2+ state. Coupled cluster theory [CCSD(T)], was used in conjunction with post-CCSD(T) and Accepted 29 September 2023
scalar relativistic additive corrections to compute vibrational quartic force fields for MgCCH and its KEYWORDS

cation. From the quartic force fields, higher-order spectroscopic properties, including rotational con- Magnesium free radicals;
stants, were obtained. In tandem, the five lowest energy rotational transitions for MgCCH, N = 1—0 rotational spectroscopy;
through N = 5—4, were measured for the first time using Fourier transform microwave/millimetre quartic force fields;
wave methods in the frequency range 9-50 GHz. The radical was created in the Discharge Assisted astrochemistry;

Laser Ablation Source (DALAS) developed in the Ziurys group. A combined fit of these data with computational chemistry
previous millimetre direct absorption measurements have yielded the most accurate rotational con-

stants for MgCCH to date. The computed principle rotational constant lies within— 1.51-1.65 MHz of

the experimental one, validating the computational approach. High-level theory was then applied

to produce rovibrational spectroscopic constants for MgCCH™, including a rotational constant of

Bo = 5354.5-5359.5 MHz. These new predictions will further the experimental study of MgCCH™,

and aid in the low-temperature characterisation of MgCCH in the interstellar medium.

C CH

o

several others [7]. Remarkably, these species have been

The Interstellar Medium (ISM) contains many terres-  identified almost entirely in the circumstellar envelope
trial and non-terrestrial compounds [1,2] including those ~ of the carbon star IRC +- 10216 [8]; MgNC has also been
with metals such as sodium, aluminum, potassium, vana-  detected in the protoplanetary nebulae CRL2688 and
dium and iron [3]. However, recent observations of inter- ~ CRL618 [9]. However, to date there have been no obser-
stellar molecules have strongly focused on magnesium. A~ vations of a Mg-bearing molecule in molecular clouds,
slew of Mg-bearing carbon chains have now been iden- ~ suggesting that dust condensation plays an important

tified in the interstellar gas, such as MgCN, MgC3;N,  role in magnesium chemistry. Note that magnesium
MgCsN, MgC4H, MgC¢H, and MgC4H™ [4-6] among  is depleted by about a factor of 10 in diffuse clouds.

CONTACT Nathan J. DeYonker @ ndyonker@memphis.edu @ Department of Chemistry, University of Memphis, Memphis, TN 38152, USA
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Magnesium is a common crystalline material found in
the Earth’s crust and mantle and is found to be more
abundant in the spectra of stars which host planets
[10], suggesting it might play a role in planet formation
buildup from dust grains.

As such, several questions surround the role that
element 12 plays in various astrochemical regions. Do
magnesium-containing molecules dominate the inor-
ganic inventory of the known inorganic/organometallic
astrochemicals because they are the most common/
abundant? Or have magnesium-bearing molecules be
come a prominent target for astrochemists and spec-
troscopists because they mostly lack the multirefer-
ence issues and spectral perturbations that plague
characterisation and observation of transition-metal
containing molecules? Nevertheless, understanding the
synthesis of these molecules and how they relate to the
presence of magnesium in the solid state remains a chal-
lenge for the astrochemistry community, as it also can
for other disciplines that employ this element such as
materials science or alternative fuels.

More Mg-bearing molecules are likely to be discovered
in the ISM, but synthesising and measuring laboratory
spectra of such species is difficult. Many of the possi-
ble compounds are radicals and ions, which are always
challenging to create in detectable quantities in the lab-
oratory. Computational modelling of small magnesium-
bearing species is, therefore, essential. Not only does
quantum chemistry provide structures and estimates of
spectroscopic constants for experimentalists, but also
serves as a source of other molecular properties crucial
for astrochemical modelling, such as line strengths and
transition moments.

Magnesium acetylide and its cation (MgCCHY/!T)
are excellent candidates for interstellar identification.
The presence of magnesium-containing molecules in the
envelope of IRC + 10216 [4], as well as the high abun-
dance of CCH, suggests the presence of both MgCCH
and MgCCH™ in this famous source. Indeed, Cernicharo
and co-authors have tentatively detected MgCCH in
IRC 4 10216 [11]. These studies were based on labora-
tory spectroscopy studies of Ziurys and co-workers, as
detailed below [12,13]. The astrochemical detection of
MgCCH, however, has been difficult to confirm due to
line contamination and the intrinsic weakness of spectral
features. However, an updated study by the Cernicharo
group provides several more rotational lines for MgCCH
[5] giving stronger evidence for its inclusion in interstel-
lar molecular censuses. Somewhat surprisingly, though,
experimental data on the related cation, MgCCH™, does
not currently exist.

The first experimental measurements of MgCCH
occurred in 1995, when Anderson and Ziurys recorded

the millimetre-wave spectrum of the radical in the
laboratory. They found the molecules to be linear with
a’xt ground electronic state [12]. The molecule was
synthesised by the reaction of magnesium vapour with
acetylene seeded in argon in a DC discharge. Additional
rotational spectra of MgCCH were later recorded by
Brewster, Ziurys, and coworkers for both the vibrational
ground state and vibrational satellite lines of the Mg-C-C
bending mode (vs) using millimetre-wave direct absorp-
tion techniques [13]. Further studies of this molecule
include the first laser-induced fluorescence (LIF) spec-
trum of the A2TT-X2X electronic transition of MgCCH,
which assigned the Mg-C stretching mode [14] as well
as high-resolution laser spectroscopy of this transition
using a novel molecular beam source [15]. Thompson
and Andrews also investigated reactions of laser-ablated
magnesium atoms with acetylene in argon matrices to
gather infrared absorption spectra for the products [16].
In addition to these experiments, previous computa-
tional work on this molecule characterised vibrational
spectra with coupled cluster theory [17], as well as a
CASPT2 study that included MgCCH in an analysis
of magnesium-containing carbon chains [18]. Further-
more, reaction pathways for MgCCH formation was also
explored theoretically [19], but poor overlap between
quantum chemistry and experiment has led to a notable
amount of uncertainty in various molecular properties.

Quantum chemistry is a powerful tool for astrochem-
ical application in computing gas phase spectral data for
elucidating and validating experimental results. In this
work, quartic force fields (QFF) and high-level electronic
structure theories are utilised to generate accurate rovi-
brational spectroscopic data [20]. The QFF is an energy
surface representing a fourth-order Taylor series expan-
sion for the potential of the internuclear Hamiltonian and
takes the form of:

1 1
V = 5 iZjF,'jA,'Aj —+ g ;FijkAiAjAk
]

+ i ZF,-jk,AiAjAkAl (1)
ijkl

where Aj; . are displacements along normal coordinates
and Fj; ... are the force constants of the same unrestricted
indices. Treating the QFF with second-order vibrational
perturbation theory [21-23] (VPT2) has produced vibra-
tional frequencies within 1.0cm™! as well as rotational
constants within 30 MHz of experiment for gas phase
organic polyatomic molecules [24,25]. Recently, DeY-
onker, Fortenberry, and Cheng have modified the black
box, coupled cluster QFF approach pioneered by Lee,
Fortenberry, and Huang to study inorganic vibrational
spectroscopy [26,27]. The approach has been successfully
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used to explore neutral molecules and cations containing
magnesium [28]. These same types of computations will
be utilised here for MgCCH to provide a more complete
description of MgCCH/MgCCH™ rovibrational proper-
ties.

In addition, pure rotational spectra of MgCCH
in its ground electronic state were recorded in the
frequency range 9-50 GHz using Fourier transform
microwave/millimetre-wave (FTMmmW) techniques.
These data complement the previous mm-wave direct
absorption measurements and improve the overall accu-
racy of the rotational constants. Furthermore, the proton
hyperfine constants of MgCCH have been established
for the first time. Vibration-less rotational line lists of
MgCCH were then constructed, purely from the theoret-
ical VPT2 spectroscopic constants, and show remarkable
agreement with experiment.

Experimental methods

The FTMmmW spectrometer of the Ziurys group was
used to measure the rotational spectrum of the MgCCH
radical (X2 1). This instrument is described in detail
elsewhere [29]. Briefly, this Balle-Flygare spectrometer
comprises a Fabry-Perot cavity with two spherical alu-
minum mirrors in a near confocal arrangement housed
in a cryo-pumped vacuum chamber. Two sets of mirrors
are used to cover the range 4-40 GHz and 40-90 GHz.
Each mirror has an embedded antenna ( <40 GHz) or
waveguide (> 40 GHz) to either transmit or receive the
microwave radiation. Molecules are injected into the cav-
ity via a pulsed nozzle oriented 40° with respect to the
optical axis, and the resulting molecular beam superson-
ically expands into the chamber. Radiation at a given
frequency is then introduced as a short pulse into the
cavity, which supports a ~1MHz instantaneous band-
width. The radiation is absorbed by the molecules in the
beam if there is a resonant transition; their subsequent
emission signal is then collected by a low noise amplifier
(LNA) as a function of time, the so-called /free induction
decay], or FID. The time-domain signals are fast-Fourier-
transformed to create spectra with 2 kHz resolution. Each
transition appears as a Doppler doublet, with the transi-
tion frequency being the average of the two doublets.

MgCCH was synthesised using the Discharge Assisted
Laser Ablation Source (DALAS), first developed in the
Ziurys group [30]. This source combines a typical laser
ablation source with a DC discharge at the exit port.
The rotating/translating magnesium rod (ESPI metals)
was ablated using a Nd:YAG laser (Continuum Surelite
I-10), and the metal vapour entrained in a 0.1% acety-
lene in argon mixture supercooled in the nozzle. The DC
discharge was operated at ~ 10 volts.
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Computational details

All computations employed the MOLPRO2018 software
package [31]. Geometry optimizations occurred at the
coupled cluster singles, doubles and perturbative triples
[CCSD(T)] [32] and explicitly-correlated coupled clus-
ter [CCSD(T)-F12] [33] levels of theory across mul-
tiple basis sets. Correlation consistent basis sets were
used [34] that include diffuse functions (aug-cc-pVDZ
to aug-cc-pV5Z), optimised contractions to incorpo-
rate the 2nd-order Douglas-Kroll [35] Hamiltonian to
account for scalar relativistic effects (aug-cc-pVDZ-DK
to aug-cc-pV5Z-DK), tight functions to account for core-
valence correlation (cc-pwCVQZ-DK), and correlation
consistent basis sets optimised for explicitly correlated
coupled cluster theory [36] (cc-pVDZ-F12, cc-pVTZ-
F12, cc-pwCVTZ-F12, cc-pVQZ-F12). Reference inter-
nal coordinate parameters for our vibrational force field
calculations were defined by:

Tee—pVQZ—F12

+ (rccfprVTZfFIZ_ rcc—pCVTZ—FlZ—Valence) (2)

In the QFF computations, positive and negative dis-
placements were calculated from Equation (2) up to the
fourth-order in increments of 0.005 radians for bond
angles and 0.005 A for bond lengths. The QFF required
625 single point energies using the following symmetry-
internal coordinates:

S1(ZH)y=Mg—C

S(EH=Cc-C
32y =C—H
Sa(My;) = LMg—C—C—y
S5(TIyy) =£C—-C—H-—y
Se(My;) = /Mg—C—-C—x

S7(My) = ZC—C—H —x

where S4-S; represents linear out-of-plane bends which
are perpendicular to the x and y axes.

Both CCSD(T) and CCSD(T)-F12 levels of theory
were utilised as well as multiple basis sets in the construc-
tion of the QFF via the \CcC approach of Lee, Forten-
berry, and Huang, and coworkers [24]. This included a
complete basis set extrapolation,;C, and consideration of
core-valence electron correlation, /cC . The CcC energies
are computed at each point on the grid using aug-cc-
pVQZ (aVQZ), aug-cc-pV5Z (aV5Z), and cc-pwCVQZ
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(WCVQZ) basis sets. The aVQZ-DK and aV5Z-DK
energies at each point are extrapolated to the one-electron
complete basis set (CBS) via a two-point formula,

E() = E(CBS) + Almax + 1/27 (3)
The core-valence correction is computed via

E(CV) = Eccsp(r) wevQz — Eccsp(T) wevQz—valence-
(4)
In the CV computations with correlated outer core
molecular orbitals, the Mg 1 s orbital is still frozen.
Extra considerations in the pursuit of improving accu-
racy for inorganic molecules included scalar relativistic
corrections as well as post-CCSD(T) calculations [26]. In
the current study, these additive corrections are a small
basis set CCSDT correction as well as a small basis set
scalar relativistic correction,

A(CCSDT) = Eccspravpz—pk — Eccsp(r) avbz—DK
(5)

and

A(DK) = Eccsp(t)—pK avDz—pk— Eccsp(r) avpz. (6)

In addition to the ;CcC’ terminology, the A(CCSDT)
correction adds an (E term to the named compos-
ite approaches for higher-order electron correlation
(CcCE) and the A(DK) adds an /R’ for relativistic effects
(CcCR, and CcCRE when both additive corrections are
included). Similarly, a CcC-F12 approach was tested,

where the CcC energy is defined as
E(CcC — F12)
= Ecc—pvQz—F12
+ (Ecc—pwevrz—F12= Ecc—pcvrz—F12—valence)-  (7)

A least-squares fit identifies the minimum QFF equilib-
rium geometry; the sum of squared residuals for each
fitting is on the order of 1071 (a.u.)? or better. At the
minimum, a refitting of the QFF surface generates force
constants and the equilibrium geometry at a given level
of theory. The INTDER [37] programme transforms
the force constants from symmetry-internal to Carte-
sian coordinates. This is fed into SPECTRO [38] pack-
age which produces anharmonic frequencies as well as
higher order spectroscopic constants with VPT2. The
PGOPHER [39] programme uses these constants to sim-
ulate the rotational spectrum from theoretical constants
at 15K, the temperature for the astrophysical region of
interest.

Results and discussion
New FTMmmW measurements for MgCCH

The new rotational transitions measured for MgCCH
(X2x 1) are presented in Table 1. Note that vy in Table
1 refers to rotational transitions obtained from the fitted
experimental Hamiltonian, not from quantum chemical
computations. As shown, five transitions were recorded
successively from the N =1 — 0 line near 10 GHz
through the N = 5 — 4 line at 49 GHz. Each rotational
transition N+ 1 — N is split into spin-rotation dou-
blets, indicated by quantum number J. In addition, each

Table 1. Observed rotational transitions of MgCCH(X2 = *)2.

N J F

\
z

s
m

Vobs Vobs~Vcalc
1 0.5 0 — 0 0.5 1 9913.391 0.0048
1 0.5 1 — 0 0.5 0 9917.113 0.0061
1 15 1 — 0 0.5 1 9936.195 0.0054
1 1.5 2 — 0 0.5 1 9938.931 —0.00078
1 1.5 1 — 0 0.5 0 9940.903 —0.00105
2 15 2 — 1 0.5 1 19852.696 0.00372
2 15 1 — 1 0.5 0 19853.248 0.00464
2 25 3 — 1 1.5 2 19869.574 —0.00030
2 2.5 2 — 1 1.5 1 19869.850 0.00429
3 25 3 — 2 1.5 2 29783.341 0.00488
3 25 2 — 2 1.5 1 29783.502 0.00257
3 35 4 — 2 2.5 3 29800.086 —0.0025
3 35 3 — 2 25 2 29800.209 0.00605
4 35 4 — 3 25 3 39713.730 0.00787
4 35 3 — 3 2.5 2 39713.801 —0.00360
4 4.5 5 — 3 35 4 39730.437 0.00600
4 4.5 4 — 3 35 3 39730.488 —0.00853
5 4.5 5 — 4 35 4 49643.870 0.00138
5 4.5 4 — 4 35 3 49643.870 —0.04885
5 55 6 — 4 4.5 5 49660.556 —0.00290
5 55 5 — 4 4.5 4 49660.611 0.01002

aIn MHz.
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MgCCH (X’£"): N=5—4

J=45—+35 J=55—45
F=6—5 F=5—4

F=5—4

F=4—+3

MgCCH (X *%)
J=1.5-0.5
N=1—0 P
i
I=0.5+0.5
F=1-0
F=1-0
F=0-1 |J'| F=1~1
™ M
&f‘\M—“ \uﬁ)_'ml‘#\ M . s
9913 4 99172 99362 99398 9941.0
d
N=2—1
J=15=05
F=2-1
F=1-0
198528 19853.2 19869.6
Frequency (MHz)

Figure 1. FTMmmW spectra of MgCCH (X2x ) displaying the
N=1— 0and N =2— 1 transitions near 10 and 20 GHz,
respectively. Each spectrum is split into doublets by spin-rotation
coupling, labelled by quantum number J. Proton hyperfine inter-
actions further split the spectra into multiple lines, indicated by
F, where F = J + I. The Doppler doublets are indicated by brack-
ets. There are frequency breaks in the spectra to show multiple
hyperfine features.

spin-rotation doublet is affected by hyperfine interactions
arising from the nuclear spin of the proton, I = %, which
further splits the lines. The hyperfine components are
labelled by quantum number F, where I+] = F in a
Hund’s case bgy basis.

Representative spectra for MgCCH are presented
in Figures 1 and 2. In Figure 1, the N=1 — 0
(upper) and N = 2 — 1 (lower) transitions near 10 and
20 GHz, respectively, are displayed. The frequency breaks
in the spectra allow all hyperfine lines to be shown.
The Doppler doublets are designated by brackets above
the spectral lines. Each transition N+ 1 — N is first
split into spin-rotation doublets, which are separated by
about 16 MHz, and indicated by J. For the N=1— 0

49643.8 49660.6

Frequency (MHz)

Figure 2. FTMmmW spectrum of MgCCH (X>x 1) displaying the
N = 5— 4 transition near 50 GHz. The spectrum is split into
doublets by spin-rotation coupling, labelled by J, and then by
hyperfine interactions, indicated by F. The hyperfine splitting is
only resolved in the J = 5.5— 4.5 doublet. The Doppler doublets
are indicated by brackets. There is one frequency breaks in the
spectrum.

transition, the ] = 0.5 — 0.5 doublet is further split into
two hyperfine lines, separated by ~ 4 MHz, while the
J = 1.5 — 0.5 consists of three components with a simi-
lar splitting. Four frequency breaks in this spectrum show
all five features. The N = 2 — 1 transition consists of a
total of four hyperfine components, two per spin-rotation
doublet, which are separated by about ~ 0.5 MHz in each
doublet.

Figure 2 displays the N = 5 — 4 transition of MgCCH
measured near 49.6 GHz. Doppler doublets are again
shown by brackets, and one frequency break is present in
the data. Here, the hyperfine splitting is completely col-
lapsed in the ] = 4.5 — 3.5 spin doublet and only barely
resolved in the ] = 5.5 — 4.5 doublet with a separation
of about 50 kHz.

The data were analyzed using an effective Hamilto-
nian consisting of rotational, spin-rotation and hyperfine
interactions in a Hund’s case b basis:

Heﬁ = Hyot + Hor + th (8)

The FTMmmW data, which consisted of 21 measure-
ments, were combined with the previous mm-wave data
[13] for a global fit, using the non-linear least squares
routine SPFIT [40]. The results of the analysis are shown
in Table 2. As the table shows, the accuracy of the rota-
tional constants B and D and the spin-rotation parameter
y was improved by an order of magnitude in the com-
bined fit and in H by a factor of ~ 1000. Furthermore, the
yD constant was defined in the new fit, and the hydro-
gen hyperfine constants, bpand ¢, were determined for
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Table 2. Revised spectroscopic constants for MgCCH (X2 £ 1).2

Parameter Combined fit Previous mm-waveP
B 4965.33510(54) 4965.3346(38)

D 0.00223267(44) 0.0022324(20)

H 1.485349(10) x 10~° 1.44(34) x 1079
y 16.6634(63) 16.488 (45)

YD —0.0000318(79) -

br 4.714(17) -

c 1.835(39) -

rms 0.016 0.060

| Colour online, B/W in print

aIn MHz. Values in parentheses are 30 uncertainties.
PFrom ref [13].

Figure 3. 3D contour plot of the singly occupied 9A; natural
orbital of MgCCH (X 2 ) at the aug-cc-pVTZ-DK CASSCF level of
theory. An isovalue of 0.4 was used.

the first time. The rms of the combined fit was 16 kHz,
as opposed to 60 kHz for the mm-wave data alone.

Perhaps the most interesting result of the analysis
is the small values of the hyperfine constants, which
are bp = 4.714(17) and ¢ = 1.835(39). The value of
the Fermi contact parameter for the hydrogen atom is
bp = 1420 MHz [41], which indicates that 0.33% of the
electron density of the unpaired electron is located on the
H atom in MgCCH. Furthermore, the dipolar constant ¢,
which is the angular term, indicates that there is little p
character to the orbital of the unpaired electron. In Figure
3, a contour plot of the 9A; natural orbital is shown at
the aug-cc-pVTZ-DK CASSCEF level of theory. Indeed,
both experimental and computational results suggest that
the unpaired electron has predominantly nonbonding s
orbital character on the magnesium centre.

Computations for neutral magnesium monoacetylide
(MgCCH)

The computed geometries and other spectroscopic con-
stants for MgCCH are presented in Table 3. The additive
corrections caused a slight shortening of bond lengths.
Equilibrium geometries compare well between the CcC
and CcC-F12 methods, agreeing to within 0.01 A. From
both composite approaches, the equilibrium bond dis-
tances are 2.04 A for Mg-C, 1.22 A for C-C, and 1.06 A

Table 3. Computed spectroscopic constants of the 2%+ ground
state of MgCCH.

CcC CcCRE CcC-F12 CcCRE-F12
re(Mg — C) (A) 2.0382 2.0372 2.0393 2.0383
re(C—C) (A) 1.2221 1.2215 1.2223 1.2217
re(C — H) (A) 1.0645 1.0643 1.0646 1.0644
Be(cm™1) 0.16521 0.1654 0.16507 0.1652
Be (MH2) 4952.888 4957.483 4948.815 4953.389
D (MHz) 0.00199 0.00200 0.00199 0.00199
He (Hz) —0.000574  —0.000581  —0.000572  —0.000578
w1y (em™1) 3428.1 3429.0 3429.2 3430.0
wy (em™ 1) 2007.3 20114 2007.5 2011.6
w3 (cm™1) 499.2 499.2 499.1 499.1
w4 (cm™7) 684.1 684.9 683.7 684.6
ws (cm™") 150.5 150.6 147.1 147.3
ro(Mg — C) (A) 2.0404 2.0395 2.0414 2.0405
ro(C—C) (A) 1.2167 1.2161 1.2167 1.2160
ro(C— H) (A) 1.0526 1.0524 1.0526 1.0524
Bo (MHz) 4962.232 4966.843 4959.119 4963.686
a1 (MHz) 8.321 8.302 8.290 8.268
o, (MHz) 20.989 20.896 20.943 20.850
a3 (MHz) 0.822 0.810 0.946 0.950
a4 (MHz) 23.860 23.941 23.829 23.909
a5 (MHz) —36.752 —36.738 —37.781 —37.762
V1 (cm—1) 3294.2 3294.9 3296.2 3297.0
vy (em™7) 19785 1982.7 1976.1 1980.3
v3(em™1) 4875 487.4 501.6 501.5
v (cm™") 659.0 659.0 667.8 667.9
vs (cm™1) 139.5 1389 145.2 144.6

for C-H. Our r, values agree with those computed by
Guo et al. [18] using B3LYP/6-31Gx to produce bond
lengths of 2.049 A for the Mg-C bond, 1.224 A for the
C-C bond, and 1.069 A for the C—H bond. Interestingly,
the agreement between our coupled cluster results and
DFT values from Guo is much better compared to results
from the same work using the CASSCF/6-31Gx level of
theory, which provided respective bond lengths at 2.053,
1.242, and 1.058 A.'0 The best’ CcCRE approach gives
a Mg-C rq bond distance of 2.0395 A while CcCRE-F12
yields a bond distance of 2.0405 A. Both the CcCRE and
CcCRE-F12 composite methods agree to within 0.001 A
for the ro(C-C) and ro(C~H) values, 1.216,and 1.052 A,
respectively.

Harmonic and fundamental vibrational frequencies
for MgCCH are also provided in Table 3. The w, C-C
stretching frequency exhibits the largest influence upon
adding the A(CCSDT) and A(DK) additive corrections,
blue-shifted from 2007cm™! to 2011cm™! for both
CcCRE and CcCRE-F12 methods. While the scalar rela-
tivistic correction did not substantially change frequency
values (Table S1), the CCSDT correction is responsi-
ble for this variation in w,. The most significant differ-
ence in harmonic vibrational frequencies is in the ws
bending mode, with CcCRE = 150.6 cm~! and CcCRE-
F12 = 147.3cm ™. In order to better compare with pre-
viously reported theoretical harmonic vibrational fre-
quencies of MgCCH, we have constructed composite
values from the CCSD(T) computations of Woon [17]:
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OWoon = Wec—pVTZ + (C‘)cc—pCVDZ - wcc—pVDZ)- The
resulting harmonic frequencies are w; = 3432 cm™ L w,
=1992cm™ L, w3 = 495cm™!, wy = 688 cm ™!, and ws
= 154 cm™ L. Except for the value of the C-C stretching
frequency (w), there is reasonable agreement between
the Woon composite values and the CcC/CcC-F12 val-
ues. The primary difference between CcC harmonic fre-
quencies and the values from Woon is the better quality
of the one-electron basis set in the present computations
due to incorporation of CBS extrapolations or explic-
itly correlated wave functions. Thus, w, may be strongly
basis set dependent. The CcCRE/CcCRE-F12 ws bend-
ing frequency (150.6/147.3 cm™!, respectively) is the only
computed observable that shows fair disagreement with
experiment. Brewster et al. [13] provided 133 cm~! for
s using millimetre-wave spectroscopy, and dispersed
fluorescence experiments from Corlett et al. determined
a value of 143cm™! [14]. However, there is remark-
able agreement between the vibration-rotation constant
as derived by experiment (—36.695cm™!) and theory
(—36.738 cm™!). Corlett also measured the w3 stretch
at 496 cm ™!, which is in excellent agreement with our
calculated value of 499.1 cm™! using both CcCRE and
CcCRE-F12.

We observe larger differences between CcCRE and
CcCRE-F12 approaches for computed anharmonic
frequencies compared to the tabulated harmonic fre-
quencies. The maximum difference between harmonic
frequencies computed with CcCRE and CcCRE-F12 is
only 3.3 cm™! (ws). The vy and v, fundamental frequen-
cies corresponding to C-H and C-C stretches differ by
a maximum of 2.4 cm~!. The remaining stretching and
bending modes undergo larger shifts, for example v3
increases by +14.1 cm~! from 487.4cm™! (CcCRE) to
501.5cm~! (CcCRE-F12). Additionally, the v4 and vs
modes exhibit CcCRE— CcCRE-F12 shifts of +5.7 cm™!
and +8.0 cm™, respectively.

Rotational constants for MgCCH were computed
using coupled cluster-based QFF methodologies, which
are known to provide accurate values for Mg-containing
species [28,42]. Between the composite approaches,
there is phenomenal agreement with the newly fit By
value of 4965.33510 (54) MHz; 4966.843 MHz at the
CcCRE level of theory and 4963.686 MHz at the CcCRE-
F12 level of theory. Higher-order centrifugal distor-
tion constants are not greatly perturbed by vibrational
anharmonicity. As a result, the trend of excellent agree-
ment between theory and experiment continues for
D. (experiment = 2.22 Hz, CcCRE = 2.00 Hz, CcCRE-
F12 = 1.99 Hz). Unfortunately, computed sextic cen-
trifugal distortion constants are the wrong sign and differ
from experiment by a factor of ~ 3, but the difference in
H constants does not quantitatively affect the purely ab
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Figure 4. Linear correlation between observed and computed
(CcCRE) rotational transition frequencies for MgCCH (X 2XF). The
scale of the graph prevents visual distinction of spin-rotation
components.

initio line list constructed for MgCCH. Overall, the accu-
racy displayed here strengthens that the computational
methods used are solid predictors of spectroscopic values
not (yet) provided by experiment.

Using PGOPHER and the QFF-derived CcCRE rovi-
brational constants, a purely ab initio rotational Hamilto-
nian was constructed, and rotational lines for the neutral
magnesium acetylide radical were calculated. In Figure
4, all known rotational lines of MgCCH from exper-
iment (Cernicharo observations [4,11], previous [13]
and current work from the Ziurys group) are com-
pared against the CcCRE line list. The CcCRE-derived
Hamiltonian captures spin-rotation doublets but does
not include experimental or theoretical hyperfine con-
stants. Thus, deviations to pure rotational results from
the Ziurys group are calculated as the difference of the
higher of two hyperfine doublets at a given rotational
transition minus the lowest energy theoretical line. Rota-
tional lines from the second survey of IRC 410216 car-
ried out by Cernicharo and coauthors [11] are not given
at high enough resolution to elucidate hyperfine dou-
blets. Overall, 70 lines are included (Table S2), over four
different ranges: (1) M =0— N'=1to M =5—
N/'=4,2)N. =9 N/'=8toN, = 11— N/ = 10,
(3)N. =13 - N/ =12to N, =17 — N/ = 16, and
(4)N. =32 —> N/=31to N, =53 — N/ = 52. The
difference between the observed and CcCRE values is
small yet increases with increasing J-value as rotational
energies are compounded. For example, the deviation
between theory and experiment for M =0— N'=1,
L =32—]" =1/2is only, - 1.02 MHz, while the devi-
ation of - 254.3 MHz for N, = 50 — N/ = 49, ] = 50.5

— ]/ =49.5 is less predictive. A rigorous statistical
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analysis of experiment versus theory is not pertinent
due to the nonlinear dependence of rotational ener-
gies on N or J quantum numbers. However, the percent
errors range from 0.010% to 0.056%. By constraining
the trend line in Figure 4 to go through the origin, we
obtain the correlation factor of computed = experimental
* 1.000048 and use it to correct the theoretical line list
for MgCCH. The deviation for N,=50 — N/ = 49,
ﬂ = 50.5 — J/' = 49.5 using the ‘semi-experimental
line list is reduced to, - 21.2 MHz. Percent errors of
the scaled line list range from a remarkable 0.0002% to
0.038%. If needed, the corrected theoretical lines can be
used to assist in the identification of missing J transitions
of MgCCH, but the same correlation factor will also be
applied to the MgCCH™ cation to improve the quality
of lines predicted by quantum chemistry. Computed and
corrected lines are listed in Table S3.

Computations for the magnesium monoacetylide
cation (MgCCHT)

Table 4 shows computed geometries as well as other spec-
troscopic properties of MgCCH T in its ! & ground state.
Like its neutral counterpart, additive corrections con-
tributed no major shifts in the geometric parameters; that
is, the corrections do not alter equilibrium bond lengths
by more than 0.01 A. The CcCRE method gave a Mg-C
bond length of 1.928 A; C-Cbond length of 1.210 A;and
a C—H bond length of 1.058 A and agrees with CcCRE-
F12 values. Previous literature [17] using CCSD(T)/cc-
pCVTZ puts the respective bond lengths at 1.93, 1.22,
and 1.06 A. Comparatively, the CcCCRE-F12 method pro-
vides r( values of 1.9299, 1.2104, 1.0577 A, fitting to a By
value of 5354.493 MHz. The presented geometric proper-
ties and vibrational data discussed below should reliably
guide the laboratory and astrochemical characterisation
of MgCCH™.

Harmonic and fundamental vibrational frequencies
for MgCCH™ are also provided in Table 4. Additive cor-
rections to CcC/CcC-F12 for small basis set CCDST
and scalar relativity imparted similar shifts to spec-
troscopic constants of the cation (Table S3) as they
did to the neutral MgCCH. Again, the greatest differ-
ence between CcCRE and CcCRE-F12 (+4.5cm™!) is
observed in the ws bending mode. Harmonic vibra-
tional frequencies computed with QFFs are within
10 cm ™! of the values computed by Woon [17], with the
exception of w, where CcCRE/CcCRE-F12 values are
~25cm™! higher. Contrary to neutral MgCCH ground
state, there is excellent agreement between both CcCRE
and CcCRE-F12 anharmonic frequencies for MgCCH™.
We speculate the CcCRE and CcCRE-F12 QFFs are
more similar for the cation because it is a closed-shell
molecule, and neither MgCCH nor MgCCH™ exhibit

Table 4. Computed spectroscopic constants of the ' £+ ground

state of MgCCH™ cation.

CcC CcCRE CcC-F12 CcCRE-F12

re(Mg — C) (A) 1.9293 1.9279 1.9307 1.9292
re(C—C) (A) 1.2164 1.2157 1.2168 1.2161
re(C — H) (A) 1.0670 1.0667 1.0671 1.0669
Be(cm™1) 0.17806 0.1783 0.17786 0.1781

5338.128 5345214 5332.198 5339.280
De (MHz) 0.00171 0.00170 0.00171 0.00170
He (Hz) —0.000216  —0.000217  —0.000224  —0.000224
w1y (em™1) 34143 34155 34147 34159
wy (em™ 1) 2045.5 2049.6 2044.9 2049.0
w3 (cm™1) 604.3 604.9 603.1 603.8
w4 (cm™7) 7433 744.6 7414 742.6
ws (cm™1) 151.1 151.6 146.5 147.1
ro(Mg — C) (A) 1.9301 1.9286 1.9314 1.9299
ro(C—C) (A) 1.2110 1.2103 12110 1.2104
ro(C— H) (A) 1.0578 1.0576 1.0579 1.0577
Bo (MHz) 5352.368 5359.493 5347.383 5354.493
a7 (MHz) 9.227 9.212 9.180 9.163
o, (MHz) 22583 22.450 22.604 22472
a3 (MHz) 0.782 0.746 1.083 1.046
a4 (MHz) 20.620 20.646 20.735 20.765
a5 (MHz) —41.237 —41.179 —42.528 —42.458
v (em™1) 3283.1 3284.2 32817 3282.9
vy (em™7) 2014.2 2018.5 2012.8 2017.2
v3(em™1) 606.7 607.3 605.4 606.0
v (cm™") 7174 7182 7189 7196
vs (cm™") 144.3 142.9 139.4 137.8

notable multireference character with T;/D; diagnostics
0f0.01/0.03 and 0.02/0.03, respectively. One exception in
this consistency, however, is the v; bending mode with
a CcCRE value of 142.9 cm™! and a CcCRE-F12 value of
137.8cm ™.

Assuming the J-dependent offset of our purely theo-
retical rotational transitions for the parent neutral can
translate to MgCCH™, Table 5 contains an ab initio line
list up to ﬂ = 26 — ] = 25. With a closed shell ground
state, the cation will not be affected by spin-rotation
splitting. However, hyperfine splitting arising from the
I= %; spin of the hydrogen atom will again split the
experimental transitions into doublet but only by a small
amount, as expected from nuclear spin-rotation inter-
actions. As hyperfine constants have not been observed
or determined computationally, these splittings are not
accounted for in the CcCRE-derived line list. Despite
some missing physics in our purely ab initio Hamiltonian,
the reported pure rotational lines of the MgCCH™ in the
12+ ground electronic state should be an accurate and
reliable framework for spectroscopic and astronomical
observations.

Finally, the ionisation potential (IP) of MgCCH
was calculated using the composite methods reported
throughout. Values corrected for the anharmonic zero-
point energy are presented in Table 6. Accurate com-
putation of the IP will provide a benchmark for
future laser spectroscopy studies of MgCCH excited
electronic states. Additive corrections have a minis-
cule effect on the ionisation potential, with A(CcCRE
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Table 5. Rotational transitions of MgCCHT (X' =) in MHz, pre-
dicted from CcCRE spectroscopic constants.

J I VCcCRE Vscaled

1 — 0 10719 10714
2 — 1 21438 21428
3 — 2 32156 32141
4 — 3 42874 42854
5 — 4 53590 53564
6 — 5 64302 64271
7 — 6 75009 74973
8 — 7 85706 85664
9 — 8 96389 96343
10 — 9 107053 107001
1 — 10 117690 117633
12 — 1 128292 128230
13 — 12 138848 138781
14 — 13 149347 149275
15 — 14 159773 159696
16 — 15 170111 170029
17 — 16 180341 180254
18 — 17 190443 190351
19 — 18 200392 200295
20 — 19 210161 210060
21 — 20 219722 219616
22 — 21 229040 228930
23 — 22 238080 237966
24 — 23 246803 246684
25 — 24 255165 255042
26 — 25 263119 262992

Note: Scaled values obtained from the correlation of predicted versus
observed lines of neutral ground state MgCCH are also listed.

Table 6. Composite ionisation potential of MgCCH in kcal/mol.

lonisation potential (kcal/mol)

CcC 166.26
CcCR 166.35
CcCE 166.31
CcCRE 166.41
CcC-F12 168.09
CcCR-F12 168.19
CcCE-F12 168.15
CcCRE-F12 168.25

Note: Note that all values are corrected using the anharmonic zero-point vibra-
tional energy correction for neutral and cation provided in the SPECTRO
output.

- CcC) = 0.15kcal/mol. Surprisingly, the computed
CcCRE and CcCRE-F12 IPs differ by 1.84 kcal/mol, sug-
gesting differential one-electron basis set effects in either
the neutral or cation species. Unfortunately, larger con-
ventional and explicitly correlated basis sets than the ones
used in this study have never been published. A deeper
exploration of this minor mystery is outside the scope of
current work.

Conclusions

Quartic force fields obtained from quantum chemical
methods used in this work again demonstrate utility
in augmenting high-accuracy rovibrational experiments,
and pave the way for detection of MgCCH™ and other
future interstellar organometallic molecules. Magnesium

MOLECULAR PHYSICS (&) 9

plays an important role in circumstellar chemistry. Of the
known inventory of gas phase molecules, Mg is currently
the most common metal found. MgCCH is one of the
simplest of such known molecules, and a full spectro-
scopic characterisation has been needed to understand its
chemical formation and to evaluate abundances through
radiative transfer calculations. The new Fourier trans-
form rotational measurements and accurate QFF compu-
tations of rotational and vibrational spectra have made
progress in accomplishing these goals. The theoretical
rotational constants By and o5 obtained for MgCCH are
in arguably perfect agreement with experiment, within
1.65 MHz and < 0.07 MHz of observed values, respec-
tively. The A(CCSDT) correction improved the accu-
racy of computed values for MgCCH while the scalar
relativistic correction demonstrated little influence. Rota-
tional line lists for MgCCH were computed purely from
QFF-derived spectroscopic properties. A scale factor was
determined for the neutral species, and then applied to
the theoretical line list for MgCCH™, a molecule which
has no experimental data thus far and has eluded astro-
nomical detection. As MgCCHJr is a closed shell ion, the
computed rotational constants for its ground state are
expected to be as or more accurate than those computed
for MgCCH, which should greatly assist in molecular
characterisation. Thus, it expected that the QFF prop-
erties and predicted rotational lines of MgCCH™ will
be greatly useful for its experimental and astrochemical
identification.
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