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ABSTRACT: Many applications in quantum information science
(QIS) rely on the ability to laser-cool molecules. The scope of
applications can be expanded if laser-coolable molecules possess
two or more cycling centers, i.e., moieties capable of scattering
photons via multiple absorption−emission events. Here we employ
the equation-of-motion coupled-cluster method for double
electron attachment (EOM-DEA-CCSD) to study the electronic
structure of hypermetallic molecules with two alkaline-earth metals
connected by an acetylene linker. The electronic structure of the
molecules is similar to that of two separated alkali metals; however,
the interaction between the two electrons is weak and largely dominated by through-bond interactions. The communication between
the two cycling centers is quantiﬁed by the extent of the entanglement of the two unpaired electrons associated with the two cycling
centers. This contribution highlights the rich electronic structure of hypermetallic molecules that may advance various applications
in QIS and beyond.

M

The scope of possible applications of laser-coolable
molecules can be further expanded if multiple cycling centers
are incorporated into the same molecule. For example,
hypermetallic molecules with two cycling centers, such as
YbCCCa and YbCCAl, have been shown to be a versatile
platform for state-of-the-art precision measurements.33 Another interesting class of potentially laser-coolable molecules are
hypermetallic neutral and ionic oxides of alkaline-earth metals
with a general chemical formula AOB, where A and B are the
same or diﬀerent alkaline-earth metals. Several possible
variants of neutral AOB have been studied spectroscopically
and theoretically,34−38 and the quantum-state-controlled
synthesis of CaOBa+ has recently been demonstrated.39
Generalizing the concept of hypermetallic molecules, one can
consider a series of molecular frameworks that would allow
engineering of laser-coolable molecules with two or more
cycling centers separated by various linkers (Figure 1).
In the context of the rational design of laser-coolable
molecules with multiple cycling centers, there is no clear-cut
guiding principle for the exact details of the electronic structure
preferred for a given application. For example, the desired
extent of communication between the two centers can vary
depending on the task at hand. Thus, it is important to
understand how to control the coupling between the centers

any promising applications in quantum information
science (QIS),1−4 precision measurements,5,6 and
ultracold chemistry7−9 rely on the ability to eﬃciently lasercool molecules.10,11 Similarly to atoms, molecules are lasercooled by scattering photons in multiple absorption−emission
events. This process of repeated absorption and emission is
called optical cycling. In contrast to atoms, the decay of
molecular excited states may populate many vibrational and
rotational states because of multiple degrees of freedom and
complex electronic structure. As a result, following a single
absorption−emission cycle the system may not return to its
starting point to absorb another photon, and the laser cooling
becomes ineﬃcient. Thus, molecules suitable for laser cooling
should aﬀord electronic transitions giving rise to negligible
structural relaxation, i.e., with diagonal Franck−Condon
factors (FCFs).12 Diagonal FCFs can be realized in molecules
in which a single unpaired electron is localized at the cycling
center (often, an alkaline-earth metal, a rare-earth metal, or a
lanthanide), giving rise to atom-like transitions. Several
molecules in this class have been experimentally laser-cooled
to (sub)millikelvin temperatures,13−20 and many more have
been proposed on the basis of electronic structure
calculations.21−29 Particularly noteworthy are breakthroughs
by Doyle’s group, who succeeded in laser-cooling SrOH30 and,
more recently, YbOH,5 opening possibilities for the cooling of
even larger polyatomic molecules with various cycling
centers.31,32 The ability to laser-cool polyatomic molecules is
crucial for progress in this domain: for example, symmetric-top
molecules oﬀer new opportunities in the ﬁeld of quantum
computing4 and precision measurements.6
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Figure 1. Examples of molecules accommodating one and two cycling
centers.

by structural modiﬁcations. The strength of the interaction
between the cycling centers can be tuned by using linkers of
various lengths (Figure 1). One should also keep in mind that
the nature of the linker directly impacts the electronic structure
of the molecule. In this context, lessons learned from studies of
diradicals and polyradicals provide valuable insights.40−43 For
example, the interplay between the (direct) through-space
interaction between the two electrons and the (indirect)
through-bond interaction can strongly aﬀect the electronic
structure of the molecule. In a representative example, the pbenzyne diradical, a considerable through-bond interaction
ﬂips the ordering of the frontier orbitals relative to the one
expected on the basis of through-space interactions, and the
formally antibonding orbital drops below the bonding one.44,45
In this Letter, we investigate the electronic structure of
hypermetallic molecules with two cycling centers connected by
the acetylene linker: ACCB, where A and B are either the same
or diﬀerent alkaline-earth metals (A, B = Mg, Ca, Sr). The
main focus is on the strength of the interaction between the
two unpaired electrons and how this interaction manifests itself
in the underlying electronic structure and experimental
observables such as excitation energies, singlet−triplet energy
gaps, excitonic splittings, and oscillator strengths. We also
analyze the underlying wave functions in terms of the number
of eﬀectively unpaired electrons and the eﬀective number of
entangled states.
The main challenge in ﬁrst-principles calculations on this
class of systems lies in their strong diradical character, which
originates from the near degeneracies of the frontier molecular
orbitals and leads to multiconﬁgurational wave functions.43
Standard electronic structure methods based on hierarchical
improvements of the single-determinantal Hartree−Fock wave
function fail to accurately describe the electronic structure of
diradicals and systems with more unpaired electrons. An
elegant and robust solution to this problem is aﬀorded by
equation-of-motion coupled-cluster (EOM-CC) methods,
which are capable of describing multiconﬁgurational wave
functions in a single-reference framework.43,46,47
Diﬀerent variants of EOM-CC provide access to diﬀerent
types of target states and diﬀerent degeneracy patterns. For
example, the manifold of low-lying diradical and triradical
states can be accessed by the EOM-SF ansatz.48−50 The EOMSF approach describes the target singlet and triplet (Ms = 0)
states by spin-ﬂipping excitations from the high-spin triplet (Ms
= 1) reference state in which the two (near-)degenerate
frontier orbitals are singly occupied (Figure 2). The
conﬁgurations involving single excitations within the singly
occupied orbital space form a spin-complete set (the ﬁrst four
conﬁgurations in the top panel in Figure 2), but the single
excitations from the singly occupied to virtual space
(conﬁgurations 5 and 6 in the top panel) lack their spin

Figure 2. (top) EOM-SF and (bottom) EOM-DEA ansätze allow
access to diradical states. In the EOM-SF method, the target low-spin
ΨMs=0 states are reached by applying the spin-ﬂipping excitation
operator R̂ Ms=−1 to the high-spin reference ΨMs=1 state: ΨMs=0 =
R̂ Ms=−1ΨMs=1. Excitations from the doubly occupied orbitals are not
shown. In the EOM-DEA method, the target ΨN states are reached by
applying the excitation operator R̂ +2, which adds two electrons to the
closed-shell reference ΨN−2 with N − 2 electrons: ΨN = R̂ +2ΨN−2.
Only conﬁgurations generated by the two-particle part of R̂ +2 are
shown.

counterparts, which appear only at the doubly excited level
(conﬁgurations 7 and 8). The unbalanced treatment of these
conﬁgurations (5/6 and 7/8) results in spin contamination and
deteriorated accuracy. Thus, although EOM-SF treats well the
primary diradical manifold (states described by conﬁgurations
1−4, such as the lowest singlet and triplet states of the
molecules with two cycling centers), it would not be an
optimal choice for higher excited states involving excitations
outside of the singly occupied space (such as the states
responsible for cycling transitions in ACCB).
Alternatively, diradical states of an N-electron system can be
accessed by EOM-DEA-CC (EOM-CC for double electron
attachment) starting from the closed-shell ΨN−2 reference wave
function51 in which both frontier orbitals are unoccupied
(Figure 2, bottom). The target states are produced by the
EOM operator, which adds two electrons to ΨN−2. As one can
see, the set of conﬁgurations generated by the two-particle
EOM-DEA operator includes both the conﬁgurations from the
primary diradical manifold and conﬁgurations that involve
excitations outside of the singly occupied space. Consequently,
EOM-DEA can also describe higher excited diradical states. As
long as the closed-shell reference is used, the DEA target states
are spin-pure. Here we employ EOM-DEA-CC with single and
double substitutions (EOM-DEA-CCSD), in which the
reference state is described by CCSD and the excitation
operators R̂ are of the two-particle (2p) and three-particle-onehole (3p1h) types:
1
1
+2
R̂ = ∑ r abb†a† + ∑ riabcc †b†a†i
2 ab
6 iabc
(1)
We used EOM-EA-CCSD (EOM-CCSD with 1p and 2p1h
operators) to compute energies, properties, and structures of
the doublet species (ACCH). For the diradical species
(ACCB), we used EOM-DEA-CCSD for energy and property
1298
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excitations of the two separated but entangled chromophores.
Thus, diradical character would manifest itself by an increased
ZHE. (Special care is needed when extracting SHE and ZHE from
spin-integrated density matrices; see the Supporting Information (SI) for details. We also note that ZHE is similar to other
descriptors of collectivity, such as participation ratios.)
All electronic structure calculations were performed using
the Q-Chem package;64,65 the wave function analysis was
carried out using the libwfa library.59 The computational
details are described in the SI.
Before proceeding to discuss the electronic structure of
homosymmetric ACCA molecules, we ﬁrst examine a simpler
case of two weakly interacting Li atoms that are suﬃciently far
apart that the underlying wave function exhibits strong
diradical character. In this pedagogical example, the two
unpaired electrons can only interact directly through space in
the absence of a linker.

calculations and CCSD/EOM-SF-CCSD (EOM-CCSD with
1h1p and 2h2p spin-ﬂipping operators) for structure
optimizations.52
The extent of the interaction between the two unpaired
electrons can be characterized by concrete physical observables: spectroscopically, by the energy gap between the lowest
singlet and triplet state; structurally, by considering the
distances between the two centers; or thermochemically, by
computing the energy of a hypothetical reaction separating the
two centers.42,53 Additional insight can be gained from the
analysis of the underlying wave functions,45 such as shapes and
occupations of frontier natural orbitals and the eﬀective
number of unpaired electrons. Although not experimentally
measurable, these quantities reﬂect the bonding patterns
imprinted in the electronic structure and related to the
structural, spectroscopic, and thermochemical observables. The
deﬁnition of the eﬀective number of unpaired electrons is
grounded in the concept of natural orbitals.54 Natural orbitals
are the eigenstates of the one-particle reduced density matrix,
with eigenvalues ni that are non-negative, have values less than
2, and add up to the total number of electrons and hence can
be interpreted as orbital occupations. That is, natural orbitals
with occupations close to 2 can be described as doubly
occupied orbitals, those with small occupations can be
described as unoccupied orbitals, and orbitals with noticeable
fractional occupations can be described as frontier natural
orbitals. For example, in diradicals, one expects to ﬁnd two
orbitals with occupations close to 1; visualization of these
orbitals provides a picture of the states of the unpaired
electrons.45 There are several ways that can be used to
compute an eﬀective number of unpaired electrons from
natural occupation numbers, and here we rely on the indices
nu,nl introduced by Head-Gordon:55
n u,nl =

2

i

Figure 3. (A) Energy diagram for Li2 and (B) natural orbitals with
their occupations of 1Σ+g and 1Πg states calculated using EOM-DEACCSD/aug-cc-pVTZ.

The computed EOM-DEA-CCSD energy diagram follows
the expectations from Hückel’s molecular orbital theory
(Figure 3A). The weak through-space interaction in Li2 splits
the excited atomic 2P state into four states: the pair of 1Σ+u and

2

∑ ni (2 − ni)

(2)

which have been shown to reliably yield values that are
consistent with chemical intuition.56
To visualize the states of the unpaired electrons, we use
Dyson orbitals57 and natural orbitals.54 Electronic transitions
are analyzed using natural transition orbitals (NTOs).58−62
The entanglement of the electronic transitions is quantiﬁed by
the eﬀective number of entangled states,63 deﬁned as
Z HE = 1/∏ λi λi
i

1 +
Σg

states separated by 0.16 eV and the pair of 1Πg and 1Πu
states separated by 0.09 eV. The diﬀerence in the splittings of
the two pairs of states is consistent with the diﬀerent orbital
overlaps between the p orbitals oriented parallel or
perpendicular to the Li−Li axis. Figure 3B shows the frontier
natural orbitals and their occupations in the 1Σ+g and 1Πg states
as two representative examples. In the 1Σ+g ground state, the
occupation numbers are very close to those of a nearly perfect
diradical (covalent) wave function, yielding nu,nl = 1.99. The
excited 1Πg state is characterized by four half-ﬁlled orbitals,
giving rise to nu,nl = 2.25.
The structure of the triplet manifold parallels the singlet
states, with singlet−triplet gaps in the range of 0.00−0.02 eV
(Table S2), further illustrating the vanishing interaction
between the two electrons. The electronic transitions in
dimers or bichromophoric systems can be understood by using
the exciton model,66−69 which describes the electronic states of
the dimer as linear combinations of the monomers’ states.
When applied to a homosymmetric diradical, the model
predicts that one of the states in a g/u pair is dark and the
other is bright, with the oscillator strength doubled relative to
an isolated radical. As the ground state in Li2 is of gerade
symmetry, all g states are dark and u states are bright. The
eﬀective number of entangled states ZHE in these four lowestenergy transitions is 4.0 because of spin and space
entanglement of the electronic excitation, compared with ZHE

(3)

where λi are the renormalized squares of singular values of the
one-particle transition density matrix,
λi =

(σi)2
∑i (σi)2

Letter

(4)

giving the weights of natural hole−particle conﬁgurations in
each transition. ZHE reﬂects both spin and spatial entanglement. An excited state produced by an excitation of a single
unpaired electron (as in a H or Li atom) has ZHE = 1 (no
entanglement); a singlet excited state corresponding to an
excitation between a single pair of spatial orbitals (such as
HOMO−LUMO excitation in H2) has ZHE = 2 (two entangled
states due to spin coupling); and an excited state in an
idealized bichromophoric system (two H2 far apart) can have
maximum ZHE = 4. An excited state in a stretched H2 (or Li2)
has also ZHE = 4, reﬂecting the entanglement between local
1299
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= 1.0 in an isolated Li atom and ZHE ≈ 2.0 in Li2 around the
equilibrium geometry. In addition to the singly excited states of
covalent character, there are also higher-lying doubly excited
states of covalent character as well as the manifold of the singly
and doubly excited ionic states.
In a hypermetallic molecule of the ACCA type, one of the
two valence electrons of each alkaline earth metals is
transferred to the linker, giving rise to strongly ionic AC
bonds and two unpaired electrons, one localized at the each
metal center, making ACCA analogous to two alkali metal
atoms separated by a large distance. Below we examine the
electronic structures of ACCH and ACCA with varied metal
atoms (A = Mg, Ca, Sr) and compare them with electronic
structure of Li2.

Letter

is changed from Mg to Ca to Sr (Figure 4B)a trend that is
also observed in the properties of the ACCA molecules.
In ACCA, the two alkaline-earth metal atoms are rigidly held
at a distance of 5.3−6.1 Å (depending on the metal) by the
acetylene linker. In all three systems, the singlet state is the
ground state. The singlet−triplet gap is small and decreases in
the Mg → Ca → Sr series (0.016 → 0.003 → ∼0 eV). The
trend in the singlet−triplet gaps indicates strong diradical
character and weak bonding interactions between the unpaired
electrons. Drawing from the studies of the organic diradicals
and triradicals,42,53 the diﬀerences in the equilibrium geometries of the singlet and triplet states can also be used to
quantify the extent of diradical character. In molecules with
large diradical character, the geometries of the singlet and
triplet states are quite similar, while in closed-shell molecules
the two geometries diﬀer signiﬁcantly. The EOM-SF
calculations showed that the geometries of the ground X1Σ+g
and 13Σ+u states of all three ACCAs are nearly identical (Table
S7), reﬂecting weak interactions between the two unpaired
electrons and large diradical character.
To quantify the strength of the interaction between two
unpaired electrons in a diradical in terms of thermochemical
quantities, we consider the diradical stabilization energy
(DSE)the energy of a hypothetical isodesmic reaction in
which two interacting radical centers are separated into two
molecules.42,53,70 In the case of ACCB, such a reaction is
ACCB + HCCH → ACCH + BCCH

(5)

Interestingly, all of the computed DSEs are negative and
increase in magnitude in the Mg → Ca → Sr series from −1 to
−6 kcal/mol (Table S8). This is puzzling because in organic
diradicals only positive DSEs, indicating stabilizing interactions
between the radical centers, have been observed and because
the singlet−triplet gaps in ACCA indicate weak bonding
interactions. We attribute the negative DSEs to the strongly
ionic nature of the AC bonds, which results in negative charges
of the acetylene linker, resulting in strong Coulomb repulsion.
Analysis of the Mulliken’s charges shows increased ionic
character in the Mg → Ca → Sr series, which correlates with
increasingly negative DSEs (Table S8). If the Coulomb
contribution is removed from the DSE, then the covalent
component is positive for all of the ACCA molecules and
varies from 7 to 23 kcal/mol, which is in the range typical for
organic diradicals.42,53
Finally, as in the case of Li2, we consider natural orbitals as a
tool to interpret the electronic structure of ACCA molecules.
Figure 5A shows two frontier natural orbitals and their
occupations for the X1Σ+g ground state of MgCCMg; natural
orbitals of CaCCCa and SrCCSr are shown in Figure S2. In all
three molecules, the antibonding natural orbital has a higher
occupation number than the bonding orbital, in contrast to the
case of Li2, where in agreement with molecular orbital theory
the bonding natural orbital lies below the antibonding orbital.
Such an eﬀect of the ﬂipped orbital ordering has been observed
in systems where an (indirect) through-bond interaction
between electrons dominates a weak (direct) through-space
interaction; for example, it is clearly seen in p-benzyne44,45
diradical and dihydroanthracene cation radical.71 Indeed,
orbital hybridization induced by the negatively charged linker
shifts the distribution of the two electrons away from each
other, thus minimizing the orbital overlap and through-space
interaction.

Figure 4. (A) Dyson orbitals of three low-lying electronic states of
MgCCH and (B) energy diagrams of ACCH calculated using EOMEA-CCSD/aug-cc-pwCVTZ(-PP)[Mg,Ca,Sr]/cc-pVTZ[C,H]. See
Figure S1 for the Dyson orbitals of all three ACCHs. Numerical
values of the excitation energies and oscillator strengths are given in
Table S4.

In the electronic structure of ACCH, in the ground X2Σ+
state the unpaired electron is localized at the metal and
occupies the hybridized sσ−pσ orbital (see the representative
example of the Dyson orbitals of MgCCH in Figure 4A). Upon
excitation to the higher 12Π and 22Σ+ states, the electron
remains localized at the metal and occupies the hybridized pπ−
dπ and pσ−dσ orbitals, respectively. The orbital hybridization
arises from the presence of the negatively charged ligand and
can be reproduced by perturbatively adding a point-charge
potential to the Hamiltonian of a hydrogen-like atom.29
While the electron remains largely localized at the metal,
minor leakage to the ligand is always present, leading to slightly
nondiagonal FCFs that depend on both alkaline-earth metal
and the ligand.29 For example, although the Dyson orbitals in
the three ACCHs look similar (Figure S1), in MgCCH the
unpaired electron resides closer to the CCH moiety compared
with CaCCH and SrCCH. Indeed, Mulliken population
analysis conﬁrms that the partial charge at the metal increases
from 0.21 in MgCCH to 0.39 in CaCCH to 0.54 in SrCCH,
suggesting that the A−C bond becomes more ionic and the
unpaired electron more localized at the metal. This conclusion
is further conﬁrmed by the fact that among the three alkalineearth metals, the ionization energy is the largest for Mg and the
smallest for Sr (Table S3). Accordingly, the excitation energies
to 12Π and 22Σ+ in ACCH decrease as the alkaline-earth metal
1300
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the oscillator strength doubled relative to ACCH. The energy
splittings are relatively small, within 0.02−0.1 eV, reﬂecting a
weak interaction between the two electrons in the excited
states. In MgCCMg, a pair of ionic (charge-resonance) states
lies between the 1Πg/u and 1Σ+u/g pairs, whereas in CaCCCa and
SrCCSr these states appear above the 1Πg/u and 1Σ+u/g pairs
(compare the positions of the blue and black bars in Figure
5B). For all of the considered transitions, the number of
entangled states is 3.8−4.5 (Table S4).
Similarly to the case of Li2, the single-electron excitation
may result in four partially occupied orbitals, as can be
concluded from the values of nu,nl, which are close to 2.25
(Table S4), and the natural orbitals of the 11Πg state in
MgCCMg are shown as a representative example in Figure 5A.
Interestingly, the ordering of the occupations in the natural
orbitals in MgCCMg is opposite to that in CaCCCa and
SrCCSr (Figure S2) yet matches that in Li2. These
observations highlight that the through-space orbital interactions in MgCCMg are more dominant than in CaCCCa and
SrCCSr because of the extended delocalization of the unpaired
electron, as can be conﬁrmed by visual inspection of the Dyson
orbitals of MgCCH (Figure 4A) and the natural orbitals in
MgCCMg (Figure 5A).

Figure 5. (A) Natural orbitals (isovalue = 0.02) of the X1Σ+g (denoted
as 11Σg in the ﬁgure) and 11Πg states of MgCCMg and (B) energy
diagrams of ACCA and corresponding ACCH calculated using EOMDEA-CCSD/aug-cc-pwCVTZ(-PP)[Mg,Ca,Sr]/cc-pVTZ[C,H]. In
(B), red bars correspond to three low-lying states of ACCH, blue
bars correspond to the states that originate from the splitting of the
corresponding states in ACCH, and black bars correspond to the ionic
(charge-resonance) states of ACCA. Numerical values of the
excitation energies, oscillator strengths, and Head-Gordon’s indices
in the singlet and triplet manifolds are given in Table S4.

The occupation numbers in all three ACCA molecules are
very close to those of a perfectly diradical wave function (i.e.,
n1 = n2 = 1), and correspondingly, Head-Gordon’s indices are
close to the limiting value of 2 (Table S4). The observed small
deviations from the perfect diradical values reﬂect weak but
non-negligible interactions between the two unpaired electrons. Thus, the electronic wave function of the X1Σ+g state in
all three ACCA molecules is dominated by the covalent
conﬁguration with a small contribution from the ionic (chargeresonance) conﬁguration. In contrast, the 13Σ+u state, as
expected, has pure covalent character with nu,nl = 2.00. The
singlet−triplet energy gaps do not exceed 0.02 eV, further
indicating the weak interaction between the two unpaired
electrons.
Interestingly, the covalent character of the ground-state wave
function of the ACCA molecules increases as the metal is
changed from Mg to Ca to Sr, as evidenced by the increasing
nu,nl (Table S4). This observation is consistent with the
increasing ionic character of the A−C bonds in ACCA as the
partial charge on the metal increases from 0.21 in MgCCMg to
0.29 in CaCCCa to 0.47 in SrCCSr. In parallel, the singlet−
triplet gap decreases from 0.016 eV in MgCCMg to 0.003 eV
in CaCCCa and completely vanishes in SrCCSr, further
supporting that the interaction between the two electrons
weakens as the metal changes from Mg to Ca to Sr.
The structure of the excited states in all three ACCA
molecules follows the same pattern as in Li2 discussed above.
The 12Π and 22Σ+ states of the single-center ACCH molecules
are split into the Πg/u and Σ+u/g pairs in both the singlet and
triplet manifolds in ACCA (Figure 5B). Because of the
symmetry, one of the states is dark and the other is bright, with

Figure 6. (A) Natural orbitals (isovalue = 0.02) of the X1Σ+ (denoted
as 11Σ+ in the ﬁgure) and 11Π states of MgCCCa and (B) energy
diagrams of ACCB and corresponding ACCH calculated using EOMDEA-CCSD/aug-cc-pwCVTZ(-PP)[Mg,Ca,Sr]/cc-pVTZ[C,H]. In
(B), red and blue bars correspond to the low-lying states of the
respective ACCH molecules and black bars correspond to the ionic
states of ACCB. Numerical values of the excitation energies, oscillator
strengths, and Head-Gordon’s indices in the singlet and triplet
manifolds are given in Table S5.

Switching to ACCB molecules, Figure 6A shows two frontier
natural orbitals and their occupations for the ground X1Σ+
state of MgCCCa; natural orbitals of MgCCSr and CaCCSr
are shown in Figure S3. Similarly to ACCA, the antibonding
natural orbital has a higher occupation number than the
bonding orbital, reﬂecting a considerable role of through-bond
interactions.
The occupation numbers in all three ACCB molecules
across all covalent states are either close to or match exactly
those of a perfect diradical wave function, and correspondingly,
Head-Gordon’s indices approach their limiting value of 2
(Table S5). In particular, in the ground state nu,nl is in the
1301
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the origin of negative DSEs to Coulomb repulsion between the
carbons in the charged acetylenic linker. When the Coulomb
repulsion contribution is removed, the DSEs become positive,
reﬂecting bonding interactions between the unpaired electrons,
and their magnitudes fall in a range typical for molecules with
strong diradical character (∼0−23 kcal/mol).
In ACCB molecules, the overall spectrum corresponds to the
sum of the ACCH and BCCH spectra with the presence of the
ionic states. Natural orbital analysis of the excited states
showed that the two electrons act independently: upon
excitation one of the electron remains in the local ground
state while the other electron becomes locally excited.
However, the interaction between two electrons cannot be
considered negligible, as the excitation energies in the ACCB
molecules are shifted by 0.01−0.08 eV compared with the
corresponding ACCH molecules. Analysis of the entanglement
further highlights the diﬀerent natures of the electronic
transitions in ACCA and ACCB molecules. The number of
entangled states is generally close to 4 in ACCA molecules and
is reduced in ACCB molecules, reﬂecting the independent
nature of the electronic excitation of each unpaired electron in
the latter.
This work highlights the rich electronic structure of
hypermetallic molecules that may give rise to novel
applications in QIS, precision measurements, and ultracold
chemistry. Future studies will involve the study of molecules
with varied linkers and the exploration of the suitability of
these molecules for laser cooling. A particular interest also lies
in investigation of the doubly excited states and electronic
structure properties of the Rydberg states.

range of 1.96−1.99, suggesting that the interaction between
the two electrons is weak but non-negligible. Accordingly, the
singlet−triplet gap varies in the range of 0.008−0.002 eV
depending on the particular combination of alkaline-earth
metals.
In contrast to the ground state, in the 11Π state nu,nl = 2.00
in all three molecules, suggesting pure diradical character of the
wave function. This is further supported by the natural orbital
analysis. The natural orbitals of MgCCCa displayed in Figure
6A show that in the 11Π state, the electron on the Mg side is in
its local Σ+ ground state, whereas the second electron is in the
local Π excited state. Speciﬁcally, the occupations of both
natural orbitals are 0.99, and the visual appearance of the
natural orbitals is similar to that of the Dyson orbitals of the
corresponding states in MgCCH and CaCCH.
As the transition to the 11Π state in MgCCCa is localized on
Ca, the excitation energy and oscillator strength are close to
those associated with the transition to the 12Π state in
CaCCH. In particular, the excitation energy and oscillator
strength are lowered by 0.009 eV and 0.014, respectively, in
MgCCCa compared with CaCCH, reﬂecting a small but
noticeable interaction. Generally, for heavier alkaline-earth
metals and higher-lying states, the change in the excitation
energy in ACCB relative to the respective ACCH tends to
increase because of the more diﬀuse character of the
corresponding orbitals. For example, in CaCCSr the excitation
energy to the 21Δ state is shifted by 0.079 eV relative to the
excitation energy to the 12Δ state in CaCCH (Table S5).
Inspection of the energy diagrams in Figure 6B shows that the
spectra of ACCB molecules correspond to the sum of the
ACCH and BCCH spectra with the presence of the ionic
states. The eﬀective number of entangled states for these
transitions is smaller than in the ACCA molecules, reﬂecting
an independence of the electronic excitation of each electron in
ACCB (compare the ZHE values in Tables S4 and S5).
In conclusion, using the EOM-DEA-CCSD approach we
investigated the electronic structure of hypermetallic molecules
with two alkaline-earth metal atoms separated by the acetylene
linkera promising platform for applications in QIS and
precision measurements. We showed that the electronic
structure of the homosymmetric molecules closely resembles
that of two alkali metals, although the presence of the acetylene
linker introduces distinct features to their electronic structure
properties that are not present in the diatomic analogues.
First, the negatively charged carbon atoms in the linker
polarize two unpaired electrons via orbital hybridization,
turning them away from each other and thus minimizing the
through-space interaction between the electrons.
Second, the communication between the two electrons
occurs largely through the acetylene linker via through-bond
interactions rather than through space, as evident from the
ordering of the natural orbitals. However, excitation to the
higher-lying (Rydberg) states or design of diradicals with
Rydberg character in the ground state may facilitate throughspace interactions. Despite these diﬀerence, the spectrum of
ACCA molecules is similar to that of Li2 and, in addition to the
ionic states, consists of pairs of dark and bright states. It is
noteworthy that the oscillator strength of these bright states is
doubled compared with that in monomeric ACCH.
Third, because of the strongly ionic character of the A−C
bonds, ACCB molecules show negative DSEs despite weak
stabilizing interactions between the unpaired electrons as
manifested in the singlets being below the triplets. We attribute
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(54) Löwdin, P.-O. Quantum theory of many-particle systems. I.
Physical interpretations by means of density matrices, natural spinorbitals, and convergence problems in the method of configurational
interaction. Phys. Rev. 1955, 97, 1474−1489.
(55) Head-Gordon, M. Characterizing unpaired electrons from the
one-particle density matrix. Chem. Phys. Lett. 2003, 372, 508−511.
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