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The unique optical cycling efficiency of alkaline earth metal–ligand molecules has
enabled significant advances in polyatomic laser cooling and trapping. Rotational
spectroscopy is an ideal tool for probing the molecular properties that underpin optical
cycling, thereby elucidating the design principles for expanding the chemical diversity
and scope of these platforms for quantum science. We present a comprehensive study
of the structure and electronic properties in alkaline earth metal acetylides with high-
resolution microwave spectra of 17 isotopologues of MgCCH, CaCCH, and SrCCH
in their 26+ ground electronic states. The precise semiexperimental equilibrium
geometry of each species has been derived by correcting the measured rotational
constants for electronic and zero-point vibrational contributions calculated with high-
level quantum chemistry methods. The well-resolved hyperfine structure associated
with the 1,2H, 13C, and metal nuclear spins provides further information on the
distribution and hybridization of the metal-centered, optically active unpaired electron.
Together, these measurements allow us to correlate trends in chemical bonding and
structure with the electronic properties that promote efficient optical cycling essential
to next-generation experiments in precision measurement and quantum control of
complex polyatomic molecules.

optical cycling | electronic properties | molecular spectroscopy

Direct laser cooling of molecules has become an essential tool in a broad array of
applications spanning ultracold chemistry, precision metrology, and quantum simulation
and information (1, 2). Since the first demonstrations of laser slowing, cooling, and
trapping with diatomics (3–14), the chemical complexity of molecular targets has steadily
grown, with recent examples of both linear (15–18) and nonlinear (19–21) polyatomic
molecules. Maintaining both high laser-cooling performance and suitability for the
application of interest has motivated new ways of engineering functional versatility,
including hypermetallic molecules (22–24) and chemically tuned substituents (25, 26).
Understanding the basic connections between laser-cooling efficiency and molecular
structure thus provides vital insights toward formulating general design principles in this
increasingly expanding and diverse chemical space (27).

One of the most common paradigms for laser-coolable molecules is an alkaline
earth (or alkaline earth-like) metal, M, with an s2 valence configuration bonded to
a monovalent, electronegative ligand, L, such as F, OH, or CCH. The electronic
configuration of these systems is best described as M+L−, with one metal s electron
donated to the ligand and the remaining unpaired electron occupying a hybridized
metal-centered σ (sp) orbital highly polarized away from the ligand (28). The unpaired
electron interacts only weakly with the rest of the molecule, and its electronic excitations
lead to remarkably small changes in molecular geometry and vibrational frequencies,
resulting in highly diagonal Franck–Condon factors (FCFs) (21, 29–32) enabling optical
cycling of thousands of photons and therefore successful cooling while avoiding transfer
of electronic energy to the vibrational degrees of freedom. The viability of this approach
has been borne out by a plethora of examples, differing in both the metal atom, e.g.,
Ca (11, 19, 29), Sr (5, 16), and Yb (12, 15, 21, 32) and ligand, e.g., F (5, 11, 12),
OH (15, 16, 29, 32), and OCH3 (19, 21). The relative insensitivity to the details
of the ligand’s structure has made this M–L template a promising concept to extend
to large polyatomic systems, such as functionalized aromatic hydrocarbons (27) and
fullerenes (24).

Metal–ligand molecules containing the ethynyl or acetylide group, −CC−, offer the
possibility of accommodating multiple metal centers, i.e., MCCM′ (22, 23, 33), whose
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interactions can be tuned simply by elongation with repeated
C2 units, i.e., M(CC)nM′. Characterizing the chemical structure
and electronic properties of these hypermetallic molecules first
requires a detailed understanding of the parent monometallic
acetylides, MCCH. We focus here on the three alkaline earth
metal-containing species MgCCH, CaCCH, and SrCCH. Al-
though the rotational and electronic spectra of these systems
have been investigated in a number of previous millimeter-
wave (34–37) and optical (38–54) studies, our knowledge of
their precise ground-state structures and electronic parameters is
incomplete.

A comprehensive description of these molecular properties is
crucial to understanding the influence of chemical modifications
and substitutions on optical cycling in metal-bearing carbon
chains. In this paper, we establish a reference standard with
a cavity Fourier transform microwave (FTMW) study of 17
isotopologues of MgCCH, CaCCH, and SrCCH. The rotational
constants, combined with ab initio corrections for zero-point and
electronic effects, allow precise semiexperimental equilibrium
structures to be derived. The well-resolved 1,2H, 13C, 25Mg,
and 87Sr magnetic hyperfine structure has also been analyzed,
providing detailed information on the ground-state electronic
structure for these three systems, in particular the distribution
of the unpaired electron used for optical cycling. By examining
trends in structure, bonding, and hybridization down Group IIA
of the Periodic Table, we show that the CCH ligand in the
three examined cases is largely insensitive to the identity of the
metal, as shown by both the equilibrium geometries and by the
unpaired electron distribution, which is highly localized around
the metal. These properties confirm the high suitability of metal
acetylides for optical cycling applications and support the possible
extension to their bimetallic analogues. Finally, a comparison
between our measurements and high-accuracy coupled cluster
calculations provides a robust benchmark for applying these
quantum chemical methods to structural and electronic property
calculations of this family of molecules. These results pave the
way toward future experimental and theoretical studies of larger,
chemically functionalized, or multiple metal-bearing acetylides
en route to novel laser cooling applications.

Results

Rotationally cold MCCH molecules were produced in the gas
phase via a laser-ablation supersonic expansion source and probed
with a cavity microwave spectrometer in the 5- to 26-GHz
frequency range. Seventeen isotopologues were detected in total.
Such a large dataset is necessary to derive complete chemical
structures and unpaired electron spin distributions. Isotopes with
nonzero nuclear spin were observed for all elements with the
exception of calcium due to the low natural abundance of the
43Ca isotope (0.14%). Further experimental details are described
in Materials and Methods.

The MCCH species each have a 26+ ground electronic
state with a relatively simple fine and hyperfine structure. In
addition to a spin-rotation interaction, γN · S, each nucleus
with I > 0 has an isotropic Fermi contact term, bF I · S, and
an anisotropic spin–spin interaction, c(IzSz − I · S/3) (55).
The D, 25Mg, and 87Sr nuclei all have I ≥ 1 and thus
experience additional electric quadrupole interactions with the
molecular electric field gradient characterized by the usual eQq
constant (56). The rotation (B), centrifugal distortion (D), spin-
rotation (γ ), and hyperfine (bF , c, eQq) parameters were least-
squares optimized to the measured transition frequencies with
the SPFIT program (57). The experimental line lists and fit files
are available in SI Appendix. The best-fit spectroscopic constants
are summarized in Tables 1–3.

Semiexperimental equilibrium structures (rse) were derived by
adjusting the three bond lengths to reproduce the measured B
values. For a given isotopologue, the ground-state B0 value was
calculated as

B0 = Be
(

1 + g
me

mp

)
−1vib, [1]

where Be is the rotational constant evaluated at the equilibrium
geometry with atomic masses (60), g is the electronic g-tensor
correction, me/mp ≈ 1/1836.153 is the electron-to-proton mass
ratio, and1vib = Be−B0 is the calculated vibrational zero-point
correction (reported for each isotopologue in Tables 1–3). The
best-fit bond lengths are presented in Table 4.

Table 1. Spectroscopic constants of MgCCH
Parameter* 24MgCCH 24MgCCD 24Mg13CCH 24MgC13CH 26MgCCH 25MgCCH

B 4965.3354(2) 4584.1538(3) 4944.2159(15) 4803.0410(9) 4792.1641(2) 4875.3068(3)

D× 103 [2.2324]† [2.2324]† [2.2324]† [2.2324]† [2.2324]† [2.2324]†


 16.659(1) 15.374(1) 16.987(12) 15.794(11) 16.080(1) 16.358(2)

bF (H/D) 4.7177(17) 0.6782(29) [4.7177]‡ [4.7177]‡ 4.7159(20) 4.752(48)

c(H/D) 1.842(4) 0.306(6) [1.842]‡ [1.842]‡ 1.840(5) 1.845(43)

eQq(D) 0.165(7)

bF (C/Mg) 163.0(8) 17.96(2) −273.8(10)

c(C/Mg) 17.07(8) 2.34(13) −15.178(7)

eQq(Mg) −35.06(2)

RMS error ×103 0.6 9.1 27 8.1 7.0 6.1
Be − B0§

−14.8038 −14.9241 −13.6718 −14.5574 −14.3499 −14.5680
g¶ (dimensionless) −0.0252 −0.0229 −0.0250 −0.0241 −0.0247 −0.0249

* All values are given in MHz. The estimated 1� uncertainties are given in parentheses in units of the last decimal place.
†D was fixed to the measured mm-wave value of the main isotopologue (35).
‡ Hydrogen hyperfine parameters were fixed to the values of the main isotopologue.
§ Calculated at the VPT2/AE-CCSD(T)/cc-pCVTZ level of theory.
¶ The g-tensor for the main isotopologue was calculated at the FC-CCSD(T)/cc-pVQZ level of theory. The values for the other isotopologues were determined by the isotope shift relations
for linear molecules (58) assuming an electric dipole moment of 1.68 D (59).
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Table 2. Spectroscopic constants of CaCCH
Parameter* 40CaCCH 40CaCCD 40Ca13CCH 40CaC13CH 44CaCCH

B 3396.4910(3) 3148.2686(4) 3365.6507(3) 3273.3888(4) 3286.8162(6)

D× 103 1.28(3) 1.15(2) 1.26(2) 1.27(3) 1.16(6)


 21.941(7) 20.351(1) 21.752(1) 21.167(3) 21.233(2)

bF (H/D) 2.097(2) 0.318(1) [2.097]† [2.097]† [2.097]†

c(H/D) 1.235(4) 0.193(3) [1.235]† [1.235]† [1.235]†

eQq(D) 0.197(3)

bF (C) 67.194(10) 4.479(45)

c(C) 6.076(5) 2.465(48)

RMS error ×103 1.2 3.2 1.2 6.0 1.2
Be − B0‡

−16.4036 −15.6702 −15.3170 −15.9770 −15.9296
g§ (dimensionless) −0.0338 −0.0306 −0.0333 −0.0321 −0.0337

* All values are given in MHz. The estimated 1� uncertainties are given in parentheses in units of the last decimal place.
† Hydrogen hyperfine parameters were fixed to the values of the main isotopologue.
‡ Calculated at the VPT2/AE-CCSD(T)/cc-pCVTZ level of theory using the ECP10MDF pseudopotential and cc-pCVTZ-PP basis set for Ca.
§ The g-tensor for the main isotopologue was calculated at the FC-CCSD(T)/cc-pVQZ level of theory. The values for the other isotopologues were determined (58) assuming an electric
dipole moment of 2.744 D (calculated in this work).

The rse structure of C2H−, an important benchmark for
comparison to the MCCH molecules, does not appear to have
been reported in the literature, but most of the required data are
available, including the experimental rotational constants for the
normal and singly substituted 13C species (61). Using the high-
quality zero-point corrections calculated by Huang and Lee (62)
(from their best “+AC/AVTQ5Z” quartic force field), as well
as our calculated g value of −0.1789 (FC-CCSD(T)/cc-pVQZ)
and a permanent dipole moment of 3.093 D (63), we fitted the
rse structure in the same manner as for the metal acetylides. The
optimized bond lengths are included in Table 4.

The theoretical results for the high-accuracy ab initio geome-
tries, equilibrium and vibrationally averaged dipole moments,
centrifugal distortion parameters, and (hyper)fine spectroscopic
constants are summarized in Table 5 (see Materials and Methods
for further details). The reported values are for the main
isotopologues, i.e., the most abundant isotopic species. The

various contributions to our best-estimate theoretical geometries
and results for other isotopologues are given in SI Appendix,
Tables S1–S3.

The magnetic hyperfine parameters are more easily com-
pared between two nuclei when converted to their nucleus-
independent, intrinsic electronic factors. The unpaired electronic
spin density at a given nucleus, ρ0, can be determined from the
measured bF values by the relation

bF = 800.2374 MHz× gI ρ0, [2]

where gI is the nuclear g-factor (55). The spin anisotropy about
each nucleus is determined from the hyperfine constant c through
the relation

c = 143.281956 MHz× gI
〈

3 cos2 θ − 1
r3

〉
unpaired

, [3]

Table 3. Spectroscopic constants of SrCCH
Parameter* 88SrCCH 88SrCCD 88Sr13CCH 88SrC13CH 86SrCCH 87SrCCH

B 2499.6121(3) 2313.2700(2) 2461.4657(2) 2395.0867(2) 2511.7261(3) 2505.5933(1)

D× 103 0.802(10) 0.662(6) 0.788(8) 0.748(8) 0.801(11) [0.802]†


 51.228(1) 47.443(2) 50.467(1) 49.086(1) 51.475(2) 51.290(2)

bF (H/D) 1.877(7) 0.292(13) [1.877]‡ [1.877]‡ 1.865(30) [1.877]‡

c(H/D) 1.129(9) 0.186(13) [1.129]‡ [1.129]‡ 1.202(15) [1.129]‡

eQq(D) 0.199(20)

bF (C/Sr) 59.386(7) 3.641(13) −525.7(2)

c(C/Sr) 5.283(14) 1.864(17) −27.987(8)

eQq(Sr) −144.86(4)

RMS error ×103 0.6 3.0 1.3 2.7 1.2 16.7
Be − B0§

−11.6679 −11.3308 −10.7511 −11.3594 −11.7190 −11.6931
g¶ (dimensionless) −0.0907 −0.0834 −0.0891 −0.0865 −0.0909 −0.0908

* All values are given in MHz. The estimated 1� uncertainties are given in parentheses in units of the last decimal place.
†D was fixed to the value of the main isotopologue.
‡ Hydrogen hyperfine parameters were fixed to the values of the main isotopologue.
§ Calculated at the VPT2/AE-CCSD(T)/cc-pCVTZ level of theory using the ECP28MDF pseudopotential and cc-pCVTZ-PP basis set for Sr.
¶ The g-tensor for the main isotopologue was calculated at the FC-CCSD(T)/cc-pVQZ level of theory. The values for the other isotopologues were determined (58) assuming an electric
dipole moment of 3.622 D (calculated in this work).
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Table 4. Semiexperimental equilibrium geometries of
MCCH and related species
Parameter* MgCCH† CaCCH† SrCCH†

rMC 2.0369(7) 2.3106(4) 2.4531(25)

rCC 1.2247(9) 1.2282(6) 1.2279(40)

rCH 1.0647(5) 1.0655(4) 1.0695(25)

RMS error‡ 0.031 0.010 0.051

HCCH§ CCH¶ CCH−†

rCC 1.20282(1) 1.207(2) 1.2460(3)

rCH 1.06169(2) 1.069(2) 1.0698(13)

RMS error‡ 0.129
* All bond lengths are given in Å. The estimated 2� uncertainties are shown in parentheses.
† rse determined in this work. See text for details.
‡ RMS error of the fitted B0 constants in MHz.
§ Ref. 64.
¶ Ref. 65.

where the last factor on the right-hand side is the spin anisotropy,
with r the distance of the unpaired electron from the given
nucleus, and θ the angle of this vector with the molecular axis.
〈· · · 〉unpaired is the expectation value over the unpaired electron
spin density in atomic units. The derived values of ρ0 and
〈· · · 〉unpaired are shown in Fig. 1.

Discussion

EquilibriumGeometries. The structural and electronic properties
of the MCCH molecules can be interpreted as arising from an
M+[CCH]− electronic configuration, i.e., an effectively closed-
shell CCH− ligand ionically bonded to a metal cation, with
the unpaired electron occupying a nonbonding metal-centered
σ (sp) orbital (28). This picture is illustrated by the derived
rse structures (Table 4). There is a monotonic increase in
the metal-carbon bond length with heavier metals due to the
progressively larger metal atomic radius, while bond lengths of
the CCH ligand itself are remarkably insensitive to the identity
of the metal. Other series of monovalent ligands show structural
patterns comparable to the acetylides. Both the metal fluorides,
MgF [re = 1.7499 Å (68)], CaF [re = 1.9516 Å (69)], and
SrF [re = 2.0753 Å (70)], and hydroxides, MgOH [rMgO ≈

1.767 Å (71)], CaOH [rCaO = 1.9751 Å (72)], and SrOH

Table 5. Theoretical values for the geometries and
spectroscopic constants of the MCCH molecules
Parameter* MgCCH CaCCH SrCCH

rMC 2.03884 2.31229 2.45857
rCC 1.22638 1.23015 1.23094
rCH 1.06476 1.06539 1.06557
�e 1.64 2.71 3.47
�0 1.75 2.81 3.58

D× 103 1.94 1.05 0.60

† 17.8
eQq(25Mg/43Ca) −34.6 −14.3
eQq(D) 0.22 0.22 0.22

* Bond lengths are given in Å, equilibrium (�e) and vibrationally averaged (�0) dipole
moments in Debye, and all other constants in MHz.
† Calculations of the spin-rotation coupling constants for Ca and Sr are currently unavailable
for effective core potentials.

Fig. 1. Unpaired electron distribution in MCCH molecules. The Top panel
shows the spin density at each nucleus versus its distance from the metal
atom (Eq. 2). The Bottom panel shows the spin anisotropy with respect to
each nucleus (Eq. 3). The values for CCH (66, 67) are plotted with a fictitious
M−C distance of 2.25 Å for ease of comparison.

[rSrO ≈ 2.11 Å (73)], have a similar metal-dependence, but their
metal–ligand bonds are about 0.3 to 0.4 Å shorter as a whole
than those in the respective acetylides. Our measured metal-
carbon bond lengths differ by up to 40 mÅ from the estimates
derived from earlier mm-wave studies (35–37), wherein only
measurements of the main MCCH isotopologues were available,
which in turn required the CCH bond lengths to be constrained
to those of HCCH. Our complete isotopic dataset shows,
however, that this is generally not a good enough approximation
at mÅ precision. For example, the C≡C bond length in each of
the three MCCH molecules studied here is about 20 mÅ longer
than in neutral HCCH or CCH radical. This is about half the
difference between either of the neutral species and CCH− anion,
showing that a significant fraction of an electron is transferred to
the CCH ligand.

A comparison of the theoretical structures (Table 5) with
the rse bond lengths is very favorable. The calculated errors
are the same order of magnitude as the rse uncertainties and
not more than 5 mÅ for any bond. It is worth mentioning
the relatively large contributions of the high-level correlation
correction to the theoretical geometries (SI Appendix, Table S1),
which were on the order of a few mÅ for the C≡C bonds.
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The importance of including high-level correlation effects in
systems that involve interactions between multiple electron
pairs, such as triple bonds, conjugated π systems or adjacent
lone pairs, has been reported in previous studies (74–77).
Although the accurate structural predictions suggest that the
underlying potential energy surfaces are reliable, we note that
the calculated centrifugal distortion constants are all too low by
10 to 25%. We did find good agreement between the calculated
VPT2 anharmonic vibrational frequencies and vibration-rotation
constants with existing literature data (SI Appendix, Tables S4
and S5), suggesting that this discrepancy might be due to effects
associated with higher-order centrifugal distortion.

Electronic Properties. The best-fit hyperfine constants provide
a fairly direct characterization of the ground-state electronic
wavefunction. The spin densities derived from the bF parameters,
shown in Fig. 1, vividly illustrate the confinement of the
unpaired electron to the metal atom. The spin density along
the molecular axis decays approximately exponentially with the
distance from the metal nucleus, decreasing by an order of
magnitude every ∼1.1 Å. The spin anisotropy exhibits a similar
pattern, but with an attenuated rate of an order of magnitude
only every ∼1.6 Å, such that the anisotropy relative to the local
spin density is actually increasing. Judging from the relative spin
densities of the metal vs. ligand, the localization in CaCCH and
SrCCH is more pronounced than in MgCCH, reflective of less
ionic character for Mg. These small but significant differences
aside, the MCCH spin distributions are remarkably consistent.
Each shows a pronounced decrease in the total spin population
on the CCH ligand compared to the free CCH radical, the
spin densities and anisotropies of which are a factor of 10 to 40
larger (66, 67). The calculated spin densities and anisotropies
(SI Appendix, Table S2) reproduce these patterns, although their
fractional accuracy degrades for nuclei with the smallest spin
populations. The parameters for Mg (the only metal nucleus for
which both experimental and theoretical data are available) are
computed to within a few percent error, the neighboring 13C
atom to within 25%, and the next 13C atom to within a factor of
about two. The calculated H/D spin anisotropies are also within
a factor of two of the measured values, but the corresponding
spin densities are only accurate to an order of magnitude and
of indeterminant sign, reflecting the sensitivity of multiple small
contributions (including vibrational averaging effects neglected
here) to nuclei far from localized spin centers.

The orbital hybridization of the unpaired electron can be
inferred from the spin density and anisotropy measured at the
metal nucleus. Comparing the spin densities to their values in
the 2S1/2 ground state of the corresponding atomic M+ cations
gives some indication of sσ , the σ orbital’s fractional s character.
For MgCCH, this ratio is 0.46 (78, 79) and for SrCCH,
0.53 (80). A similar comparison between the metal-centered spin
anisotropy and that of the 2P3/2 M+ excited state indicates the
complementary p character, which is pσ ≈ 0.32 and 0.33 for
Mg and Sr, respectively (81–83). That the estimated sσ and pσ
fractions do not sum to unity probably reflects the different 〈r−3

〉

radial extent of the molecular and cation orbitals. For example,
using the spin parameters for the excited 3s3p (3P) manifold
of neutral Mg (84) instead, the estimated sσ and pσ character
in MgCCH both increase to 0.58 and 0.45, respectively. The
corresponding values using neutral Sr atomic parameters (85)
for SrCCH are sσ = 0.67 and pσ = 0.42. In both neutral
cases, sσ and pσ now sum to slightly greater than unity. The
molecular σ orbitals therefore appear to be built from atomic

orbitals intermediate between the bare atomic cation and neutral
orbitals. Despite these uncertainties, the ratio of the sσ and pσ
character (about 1.3 to 1.6:1) is similar using either reference
and indicates that the metal-centered σ orbitals in MgCCH and
SrCCH are both hybridized with extensive p character directing
the σ lobe away from the CCH ligand.

This pσ character induces a large contribution to the spin-
rotation constant in the 26+ ground state via second-order
spin–orbit coupling with nearby 25 states. Because the unpaired
spin is localized in metal-centered orbitals, this contribution is
approximately

γ ≈ 4Bζpσ pπ/E5−6 , [4]

whereB is the rotational constant, ζ is the metal’s effective atomic
spin–orbit coupling constant, E5−6 is the vertical excitation
energy of the lowest 25 state, and pσ and pπ are the p characters
of the singly occupied σ (sp) and π(pd) orbitals in the 26+

and 25 states, respectively. The atomic ζ values for the valence
p orbitals are 41 and 61 cm−1 for Mg and Mg+; 87 and
149 cm−1 for Ca and Ca+; and 387 and 534 cm−1 for Sr
and Sr+. Using the E5−6 vertical energies from Ivanov et al.
(23), and approximating pσ pπ ≈ 0.5 × 0.5 = 0.25, the spin–
orbit contribution to γ is about 9 to 13 MHz for MgCCH,
19 to 32 MHz for CaCCH, and 67 to 92 MHz for SrCCH,
where the range indicates the values using the neutral and cation
atomic ζ values. These crude estimates are within a factor of two
of the experimentally derived values, 16.7 MHz, 21.9 MHz,
and 51.2 MHz, respectively, which suggests that spin–orbit
interactions are indeed the dominant contributor to the spin-
rotation parameters. [It is also worth noting that the Mulliken
spin populations for the ground electronic state indicate pσ may
be as low as 0.2 to 0.3, but in this case, the pπ character of the
excited orbital likely is correspondingly higher, such that pσ pπ is
qualitatively insensitive to such changes. The ab initio result for
MgCCH (Table 5) is, in any case, in good agreement with the
measured γ value.]

High-resolution optical spectroscopy of the excited Ã25 state
of each MCCH molecule provides an additional constraint to
this analysis. The first-order spin–orbit constant of this state
is approximately A5 = ζpπ , the product of the effective
atomic ζ value and the p character of the excited π orbital
(ignoring the much smaller contribution from d orbitals).
Using the measured values (44, 51, 54) A5(MgCCH) =
36.146 cm−1, A5(CaCCH) = 70.822 cm−1, and A5(SrCCH) =
272.180 cm−1, the inferred ground-state pσ character via Eq. 4
is 0.54, 0.36, and 0.27 for MgCCH, CaCCH, and SrCCH,
respectively. From a comparison of these pσ values to those
from the spin anisotropy analysis above, it appears that the
Mg molecular orbitals are more similar to its neutral atomic
orbitals, while the Sr molecular orbitals are more similar to its
cation atomic orbitals, consistent with the general increase in
ionic bonding character down Group IIA.

The nuclear quadrupole coupling constants provide infor-
mation on the total electron distribution via the electric field
gradient of both the unpaired and paired electron populations,
complementary to the magnetic fine and hyperfine structure,
which is sensitive only to the unpaired electron. The contribution
to eQq of a given nucleus from the unpaired spin density
is directly proportional to the spin anisotropy at the same
nucleus (eQq = −1.63988× (Q/barns) c/g) (56). Inspection of
the deuterium eQq and c parameters shows that the unpaired
spin contribution to the former is negligible (1% or less),
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and therefore eQq is determined entirely by the local C–D
covalent bonding environment. The measured MCCD eQq
values (ca. 170 to 200 kHz) are similar to other C–D single
bonds, e.g., 194(2) kHz for DCN (86), 191.5(8) kHz for
CH3D (87), and 209(1) kHz for DCCD (88). In contrast, the
metal eQq parameters have a significant contribution from the
unpaired electron—approximately 40% for both 25MgCCH and
87SrCCH. The remaining 60% (i.e.,−20.6 MHz for 25MgCCH
and −87.3 MHz for 87SrCCH) is due to charge polarization of
the closed-shell core. After correcting for differences in their
nuclear quadrupole moments, the core-polarized field gradient
in SrCCH is nearly 3× greater than in MgCCH, despite the
longer metal-carbon bond length (which thereby decreases the
electric field–induced polarization due to the CCH− anion).
The increase is presumably due simply to the larger polarizability
of the Sr2+ core itself, the free-ion value of which is about 10×
larger than Mg2+ (89). It is also interesting to compare the core-
polarization contribution of 25MgCCH to the eQq constant of
NaCCH (90) (which is due entirely to core polarization). After
scaling for the ratio of the nuclear quadrupole moments, the
electric field gradient in NaCCH is about 32% smaller than the
core-polarization contribution in MgCCH, despite the free Na+
ion having a polarizability 2× larger than Mg2+ (91).

Implications for Optical Cycling and Quantum Control. The
Ã25 − X̃ 26+ electronic transition—the primary candidate
for optical cycling in MCCH molecules—has been studied in
MgCCH (38, 39, 51), CaCCH (40–46, 53), and SrCCH (40, 50,
54) by medium- to high-resolution laser spectroscopy. Although
their fluorescence vibrational branching ratios have not yet been
measured as comprehensively and quantitatively as the related
hydroxides (31, 32), it is clear from these studies that the FCFs
in CaCCH and SrCCH are more diagonal than in MgCCH. The
1v = 1 vibronic transitions of the ν3 M–C stretching mode, for
example, have comparable oscillator strength to the v = 0 − 0
origin transition in MgCCH (39, 51), but are one to two orders
of magnitude weaker in CaCCH (46) and SrCCH (50).

The established ionic M+L− bonding picture provides a
framework to assess these manifest differences in optical proper-
ties and to connect them to the ground-state electronic structure.
The most directly relevant trend we observe is the unpaired
electron distributions in MgCCH vs. CaCCH and SrCCH
(Fig. 1). These distributions demonstrate that although each
MCCH molecule is highly ionic, there are subtle but significant
variations in their electronic structure. The spin density on the
CCH ligand is a factor of 2 to 4× smaller in the heavier species
compared to MgCCH. This grouping of Mg vs. Ca and Sr is in
turn correlated with their similarly distributed electropositivities
[ionization potentials of 7.6 vs. 6.1 and 5.7 eV, respectively (92)]
and the polarizability of their valence s/p orbitals [α = 71 vs. 161
and 197 a.u., respectively (93)], which together promote radical
localization away from the ligand in the heavier metals. These
trends are reinforced by differences in the excited molecular
orbitals: the Mg π(3pd) orbital has a greater overlap with
the C≡C π system relative to the larger Ca π(4pd) and Sr
π(5pd) orbitals, contributing to a larger change in geometry
upon π ← σ excitation and thus less diagonal FCFs.

Nonradiative loss channels are an additional complication in
MCCH molecules that can drastically reduce their optical cycling
efficiency. Comparative absorption and fluorescence detection
studies of the B̃25 − X̃ 26+ (σ (4pd) ← σ (4sp)) transition
in CaCCH (52, 53), for example, show an undetectably small

fluorescence quantum yield for this excited state, suggesting loss
through some as of yet unidentified pathway. The electronic
energy (ca. 16,500 cm−1) is insufficiently high to predissociate via
Ca + C2H or CaC2 + H, which have bond dissociation energies
approximately twice as large (94, 95). Rapid internal conversion
to highly vibrationally excited levels of the X̃ state or multiphoton
ionization/dissociation remain speculative possibilities. While
the Ã state does not appear to be strongly affected by this
mechanism, we stress that even a small branching ratio of, say,
1% would represent an important loss channel. Because these
loss pathways direct population to a continuum (predissociation)
or dense quasi-continuum (internal conversion), they cannot be
experimentally recovered by optical repumping schemes. The
same M+L− electronic structure that promotes highly diago-
nal FCFs by isolating the metal-centered electronic structure
from the polyatomic ligand will also suppress losses via these
intramolecular processes.

Another important factor that controls internal conversion
and vibrational energy redistribution is the vibrational density of
states at an internal energy equal to the electronic excitation,
which is strongly dependent on the ground-state vibrational
frequencies. Using our calculated anharmonic fundamental
frequencies (SI Appendix, Table S4), the density of vibrationally
excited X̃ state levels at the Ã − X̃ transition energy is ap-
proximately ρ = 5,000/cm−1 for both CaCCH and SrCCH.
This high state density is driven primarily by low-frequency
stretching and bending modes involving the heavy metal atom.
The lifetime due to leakage into this quasi-continuum can
be estimated using Fermi’s golden rule (96), τ ≈ h/ρ〈V 2

〉,
which indicates that an average coupling strength as small as√
〈V 2〉 ∼ 10−4 cm−1 could compete nonnegligibly with the

radiative lifetime, τrad ≈ 25 ns (94). Accurate measurements and
theoretical studies of the MCCH electronic transitions including
their fluorescence (30), dissociative, and other nonradiative loss
mechanisms will further refine the connections between optical
cycling efficiency and ground-state electronic properties.

While the focus of our discussion has been on the application
of hyperfine-resolved spectroscopy to elucidate electronic features
relevant to optical cycling properties, the precisely determined
spectroscopic constants themselves are also critical input to
quantum control schemes for odd isotopologues. The complex
level structure associated with such systems has been highlighted
by recent studies of 171,173YbOH (97) and 137Ba19F (98), the
heavy-nucleus spins of which probe a variety of new physics (1).
An obvious extension of the MCCH studies reported in this paper
is to isovalent YbCCH, a preliminary microwave isotopic analysis
of which in our laboratory is already complete. A comparison of
its electronic structure to both YbOH and the alkaline earth metal
MCCH molecules will advance applications of these important
heavy species.

Light-isotope spins, i.e., H and 13C, are less relevant to
new physics searches, but they represent a potentially useful
quantum resource in polyatomic molecules (99). The five
proton spins in the laser-cooling candidate calcium phenoxide,
CaOC6H5 (20), for example, provide a relatively large and readily
manipulated spin-rotation state space. Although the complexity
of the fine-hyperfine structure of such many-spin radicals grows
exponentially with the number of spins, cavity microwave studies
of organic ligands with the same number of protons, e.g.,
phenyl radical, c-C6H5 (100) suggest that a comprehensive and
exhaustive understanding of the hyperfine structure of the corre-
sponding metal–ligand molecule is attainable by similar means.
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Conclusion

We have presented a comprehensive analysis of the precise
ground-state molecular and electronic structure of the alkaline
earth metal acetylides. These results lay a foundation for
understanding how and why ionicity, hybridization, and related
concepts quantitatively influence their unique optical properties.
In turn, they also provide guidance to evaluate rigorously how
modifications in related families of molecules, including extended
carbon chains, chemically functionalized molecules, and multiple
metal-containing molecules, affect the spectroscopic features
critical to optical cycling applications.

Materials and Methods

Metal acetylides were produced in a laser-ablation supersonic expansion source
used by our group previously to study metal-bearing species (61, 101, 102),
including most recently the closely related molecule magnesium dicarbide,
MgC2 (95). A dilute sample of acetylene (0.1%) in neon was pulsed into vacuum
with a solenoid valve from a stagnation pressure of 2,500 torr in 400 to 600-μs
pulses at a repetition rate of 5 Hz. After exiting the valve aperture, the gas
passed a rotating metal target (Mg, Ca, or Sr), which was ablated with a focused
(f = 50 cm) 50-mJ pulse of 532-nm radiation from the frequency-doubled
output of an Nd:YAG laser (Surelite SLI-10), and a discharge region capped by
two copper ring electrodes, which struck an 850 V DC discharge that increased
the production efficiency in our source by up to a factor of five (103). The gas
then expanded into vacuum along the axis of a large Fabry–Pérot microwave
cavity formed by two spherical mirrors. A 1-μs pulse of resonant microwave
radiation excited rotational transitions, and the subsequent free induction
decay was digitally recorded and Fourier transformed. The cavity spectrometer
operates over 5 to 26 GHz (104) and has a resonance line width of about
0.5 MHz.

The gas pulse, laser ablation, and discharge conditions were initially tuned by
optimizing the production of MgNC (105) (using CH3CN instead of HCCH). We
then searched for evidence of the metal acetylides near transition frequencies
predicted by combining rotation and spin-rotation constants from mm-wave
measurements of the main isotopologues (35–37) and our calculated hyperfine
parameters and isotope shifts (see below). Ultimately, MgCCH, CaCCH, and
SrCCH were each detected and produced with comparable abundance and
source conditions. (We estimate 1010 to 1011 MCCH molecules per pulse,
compared to 1015 HCCH precursor molecules and 1014 to 1015 ablated metal
atoms per pulse.) The metal isotopes 24Mg (79%), 25Mg (10%), and 26Mg
(11%); 40Ca (97%) and 44Ca (2%); and 88Sr (83%), 87Sr (7%), and 86Sr (10%)
were observed in natural abundance (shown in parentheses). 25Mg and 87Sr
both have nonzero nuclear spin, which is necessary to measure the electronic
spin density at the metal atom. The only stable calcium isotope with a nonzero
spin (43Ca, 0.14%) is present at too low a concentration to detect in natural

abundance. Deuterated isotopologues were produced with a sample of DCCD,
and both singly substituted 13C isotopologues with a statistical 1:1 sample of
12C/13C acetylene synthesized in our laboratory.

Theory. Ab initio calculations for the molecular properties of interest were
performed with CFOUR (106, 107). Optimized geometries were obtained
using all-electron (AE) coupled cluster calculations with singles, doubles, and
perturbative triples [CCSD(T)] extrapolated across the Dunning correlation-
consistent core-valence basis sets cc-pCVxZ with x = T, Q, and 5 (74, 76, 108–
113); for Ca and Sr the effective core potentials (ECP) ECP10MDF and ECP28MDF
were used for the first 10 and 28 core electrons, respectively, along with the
corresponding cc-pCVxZ-PP basis sets (114). For Mg, the 1s orbitals were omitted
from the correlation treatment consistent with the original core-valence basis
set optimization procedure (109). The effects of augmented basis sets on the
geometry were estimated by optimization at the AE-CCSD(T)/aug-cc-pCVQZ level
of theory, and high-order correlation corrections were estimated by performing
geometry optimizations with frozen-core (FC)-CCSD(T) and FC-CCSDT(Q) using
the cc-pVDZ basis set (and the cc-pVDZ-PP basis set along with the ECP for
Ca and Sr). Second-order vibrational perturbation theory (VPT2) calculations
were performed at the AE-CCSD(T)/cc-pCVTZ level of theory to obtain the zero-
point corrections for the rotational constants for each measured isotopologue
(Be − B0), the centrifugal distortion parameters and the vibrationally averaged
dipole moments (115). The electronic spin-rotation coupling constants and
electronic g-tensors were calculated at the FC-CCSD(T)/cc-pVQZ level of theory
(116), the latter to correct for the electronic contribution to the semiexperimental
equilibrium geometries. Finally, electric field gradients were calculated using
the AE-CCSD(T)/cc-pCVQZ level of theory (115) to estimate the D and 25Mg
nuclear quadrupole coupling constants and AE-CCSD(T)/cc-pCVTZ for the 43Ca
coupling constant. The quadrupole coupling constant was not calculated for Sr,
as electric field gradient evaluations are not implemented with ECPs in CFOUR.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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− X̃26+

transitions of CaCCD. J. Mol. Spectrosc. 264, 125–128 (2010).
54. A. Faridian, D. Tokaryk, A. Adam, Laser spectroscopy of the Ã25 − X̃26+ transitions of SrCCH
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