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ABSTRACT: Metal clusters featuring closed supershells
or aromatic character usually exhibit remarkably enhanced
stability in their cluster series. However, not all stable
clusters are subject to these fundamental constraints. Here,
by employing photoelectron imaging spectroscopy and ab
initio calculations, we present experimental and theoretical
evidence on the existence of unexpectedly stable open-
shell clusters, which are more stable than their closed-shell
and aromatic counterparts. The stabilization of these open-
shell Al-Mg clusters is proposed to originate from the S-P
molecular orbital coupling, leading to highly stable species
with increased HOMO−LUMO gaps, akin to s-p hybrid-
ization in an organic carbon atom that is beneficial to form
stable species. Introduction of the coupling effect high-
lighted here not only shows the limitations of the
conventional closed-shell model and aromaticity but also
provides the possibility to design valuable building blocks.

Searching for stable clusters, which can be used as building
blocks in the application of cluster-assembled nano-

materials,1a,b has become one of the main subjects in cluster
science.1c−f An equally important task is to explore simple
models to understand the origin of their enhanced stability. In
cluster science, there are several electron counting rules or
models that have been utilized effectively to design stable metal
clusters and synthesize cluster-assembled materials.2 Among the
various models, the electronic closed-shell model is perhaps the
most widely used tool to account for the special stability of
metal clusters.3 In this model, valence electrons from individual
atoms in the cluster exist in a uniform background potential,
and clusters containing a magic number of electrons (2, 8, 18,
20, ...) will have closed shells and enhanced stability. The
“magic” Al13

− cluster is a popular example, which has 40 valence
electrons.4 Another well-known model is aromaticity, which has
historically been applied to organic systems that are planar,
cyclic, and stabilized by (4n + 2) π electrons. Only recently has
this concept been extended by Li et al. to all-metal systems,
which makes this boundary between organic and inorganic
chemistry flexible.5 Subsequently, the concept of all-metal
aromaticity has been employed in many studies to account for
the enhanced stability of magic metal clusters.6 While these
models have been useful in explaining cluster stabilities, one
may ask whether there is a possibility of synthesizing a cluster
that is more stable than its closed-shell and aromatic analogues.
Additionally, s-p hybridization is a fundamental concept in
organic chemistry, where the s- and p-orbitals are mixed to
form hybridized orbitals beneficial to producing stable species.

May a similar concept occur in the molecular orbitals of clusters
to stabilize inorganic metal clusters?
We explored these questions by investigating the electronic

structures of small Al-Mg clusters through a synergistic
approach combining velocity map imaging (VMI) and ab initio
calculations. Photoelectron spectroscopy (PES), especially the
VMI technique, combined with high-level theoretical calcu-
lations has been demonstrated to be a powerful tool for directly
probing the electronic properties of clusters.7 Herein, we
present experimental and theoretical evidence on the existence
of unexpectedly triplet ground states of two small Al-Mg
clusters, namely AlMg2

− and Al2Mg. Particularly, 3AlMg2
− is

more stable than its closed-shell and aromatic 1AlMg2
−

counterpart, showing the limitations of the conventional
electronic closed-shell model and aromaticity. The stabilization
of these open-shell Al-Mg clusters is proposed to originate from
the S-P molecular orbital coupling (the uppercase S and P refer
to molecular orbitals, while the lowercase s and p refer to
atomic orbitals throughout the whole paper), leading to highly
stable species with increased HOMO−LUMO gaps, akin to s-p
hybridization in the organic carbon atom. The introduction of
the coupling effect highlighted here not only extends the
fundamental function of hybridization to all-metal clusters but
also may stimulate further efforts in designing valuable building
blocks.
A typical mass spectrum (Figure 1) of small AlnMgm

− clusters
synthesized in our cluster source (see the Supporting
Information) shows that, in the case of the AlnMgm

− cluster
series, AlMg2

− stands out as the more abundant species,
indicating an enhanced stability which is discussed below. The
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Figure 1. Collected mass spectrum of small Al-Mg cluster anions.
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VMI experiments were focused on the two most intense
AlnMgm

− peaks, which are AlMg2
− and Al2Mg−. The photo-

electron images and corresponding photoelectron spectra
(Figure 2) were obtained at 532 nm. Two prominent peaks

(X and A) were observed in the spectrum of AlMg2
− (Figure

2A). The photoelectron angular distribution (PAD) of band X
is preferably oriented parallel to the laser polarization, and the
measured anisotropy parameter (β) is 0.9, indicating that the
detachment process likely occurs from a molecular orbital
(MO) composed mainly of the σ-type orbital.8 In the case of
Al2Mg− (Figure 2B), three primary transitions, designated X, A,
and B, were detected, in which feature B is a shoulder to A. The
experimentally measured adiabatic detachment energies
(ADEs), vertical detachment energies (VDEs), and β values
(see Table S1 in the Supporting Information) are compared to
the results of ab initio calculations discussed below.
We performed electronic structure calculations (see the

Supporting Information) to search for the lowest energy
structures (Figure S1) of the small Al-Mg clusters, in order to
draw a clearer picture of the structural and electronic properties
and the relative stability. The Al−Mg bond length in neutral
AlMg is calculated to be 2.930 Å, which is in excellent
agreement with the recently reported value of 2.94 Å.9

Additionally, the PES bands (Figure 2) serve as an electronic
fingerprint for the clusters, allowing comparison with
theoretical ADEs and VDEs to validate optimized structures.
Good agreement is seen between experimental and theoretical
ADEs and VDEs of AlMg2

− and Al2Mg− (see Table S1 in the
Supporting Information), providing confidence in our calcu-
lated ground-state structures and spin multiplicities.

Our mass distribution (Figure 1) shows an enhanced stability
of AlMg2

−, as mentioned earlier. To gain insights into the magic
numbers of the small Al-Mg clusters, we now turn our attention
to their relative stability. One criterion to explore is the energy
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), termed
the H-L gap. A large gap is a signature of enhanced stability and
reduced reactivity.10 Calculated H-L gaps (see Figure S2A in
the Supporting Information) are plotted versus number of
valence electrons. As suggested in previous studies,9,11 we
determined the number of valence electrons, N(e−), by simply
counting Al and Mg atoms as having three and two valence
electrons, respectively. Among the neutral series, Al2Mg has the
largest H-L gap of 1.68 eV, which is close to the values of the
C60 cluster (1.70 eV)

12 and the superatomic species Al13
− (1.87

eV).1e,13 As for the anions, the largest H-L gap belongs to
AlMg2

−, indicating an enhanced stability, which is consistent
with our mass distribution. As a further probe of the relative
stability, we calculated the fragmentation behavior of these Al-
Mg clusters, providing the thermodynamic stability (Figure
S2B). The AlMg2

− and Al2Mg clusters have the largest
fragmentation energies in their respective cluster series, which
are 0.80 and 0.93 eV, indicating the enhanced stability.
It is evident that, in both cluster series, the chemical and

energetic stability of the clusters is maximized at 8 e−, which is a
magic number in the electronic closed-shell framework.3b,14

Moreover, Al5Mg2
− and Al11Mg3

− have 20 and 40 e−,
respectively, and they have been found to exhibit enhanced
stability, which can be rationalized within an electronic closed-
shell model.11 These findings make us suspect that the model
may be applied again to these smaller triatomic systems. It is
surprising, however, that the experimentally and theoretically
verified ground-state structures of AlMg2

− and Al2Mg have
unexpectedly triplet multiplicities, implying the electronic shells
are not closed, inconsistent with the shell-closing model. To
further verify that the ground state of AlMg2

− is triplet, the
VDE of the singlet AlMg2

− was also calculated, marked as a
blue line in Figure 2A, while that of 3AlMg2

− is marked as a red
line for comparison. The result from 3AlMg2

− matches the
experimental data better than that from 1AlMg2

−.
Thus, interesting questions arise: what is the energy splitting

(ΔEs‑t) between 1AlMg2
− and 3AlMg2

−, and does metastable
1AlMg2

− follow the electronic closed-shell configuration? We
answer these questions by calculating the one-electron energy
levels and the associated electronic orbitals of AlMg2

− (Figure
3A,B). Based on the present theoretical level, 1AlMg2

− is 0.11
eV higher in energy than 3AlMg2

−. The HOMO (Figure 3B) of
3AlMg2

− is a σ-type MO, implying that it is the σ-type orbital
from which detachment occurred in 3AlMg2

−, leading to
2AlMg2. This is consistent with our experimentally measured
PAD and β value mentioned earlier. In contrast, the HOMO of
1AlMg2

− (Figure 3A) is a delocalized π-type orbital, which is
not supported by our experiments. Such a result gives further
evidence that the ground state of AlMg2

− is triplet. Prior to
investigating the origin of enhanced stability in 3AlMg2

−, we
focus on the electronic properties of 1AlMg2

−. In 1AlMg2
−, all

eight valence electrons are filled in the highest four occupied
orbitals. Starting around −0.20 eV is a delocalized orbital well
spread over the cluster, which could be regarded as a 1S orbital
in closed-shell framework. Following this, three orbitals
representing p-type states can be marked as the Px, Py, and Pz
orbitals. Above these are the unfilled MOs: the first unfilled one

Figure 2. Photoelectron images and corresponding photoelectron
spectra for (A) AlMg2

− and (B) Al2Mg− obtained at 532 nm. Laser
polarization is vertical in the plane of the page.
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is nearly symmetric and could be labeled as a 2S shell, followed
by the 1D-type orbitals.15 The orbital shapes of 1AlMg2

− nicely
match the electronic closed-shell configuration. So the 1AlMg2

−

can be considered as an electronic closed-shell species.
Moreover, as evidenced in Figure 3A, the HOMO of

1AlMg2
− is a typically delocalized π orbital with two electrons,

satisfying the (4n + 2) π electron Hückel rule for aromaticity.
To further verify whether the aromatic concept is applicable, we
calculated the nucleus-independent chemical shift (NICS) (see
Table S2 in the Supporting Information), which is one of the
most popular approaches for diagnosing aromaticity, proposed
by Schleyer et al.16 Systems with negative NICS are aromatic,
while those with positive NICS are antiaromatic. The negative
NICS values are evidence for the aromaticity of 1AlMg2

−. In
addition to NICS values, the magnetic susceptibility anisotropy
Δχ is often used as a probe of aromaticity.17 Similar to NICS,
aromatic clusters possess negative Δχ. The theoretical Δχ value
for 1AlMg2

− is −91.0 cgs-ppm calculated at the B3LYP/6-311+
+G(3df,3pd) level of theory, which further confirms its
aromatic character. Therefore, 1AlMg2

− seems to satisfy both
the electronic closed-shell model and all-metal aromaticity,
implying that it could be expected to be very stable.

Surprisingly, such a closed-shell and aromatic species
1AlMg2

− is not the ground state of AlMg2
−. So what governs

the unexpected stability of the open-shell 3AlMg2
−? Comparing

the MOs of 1AlMg2
− and 3AlMg2

− (Figure 3A,B), one 1Pz
(minority) orbital in 3AlMg2

− is pushed up in energy, becoming
the LUMO, and simultaneously one 2S (majority) orbital is
stabilized as the HOMO, substantially increasing the H-L gap
to form a stable open-shell cluster. Interestingly, the spacing
between the HOMO (S-like) and HOMO-1 (P-like) MOs in
3AlMg2

− is very small (0.25 eV), which may induce coupling
between them, analogous, although not exactly identical, to the
s-p hybridization in organic carbon chemistry, followed by the
splitting of the HOMO and LUMO orbitals.
The s-p hybridization of orbitals in organic carbon chemistry

is greatly favored in that hybridized orbitals could form more
bonds than their unhybridized and separated counterparts,
which is beneficial to form more stable compounds. Similarly,
the S-P molecular orbital coupling observed here efficiently
stabilizes the orbital energy (Figure 3B), leading to a more
stable open-shell triplet cluster with increased H-L gap. The
credence for the existence of such S-P coupling can be further
probed by examining the MOs of 3Al2Mg (Figure 3C). In
Al2Mg, the calculated energy splitting between singlet and
triplet states is even larger (0.21 eV). As expected, the S-P
coupling is stronger in 3Al2Mg, as evidenced by the smaller
spacing between H and H-1 orbitals (0.11 eV, Figure 3C),
which also corresponds to a larger H-L gap (1.68 eV).
Therefore, it demonstrates that stronger S-P coupling better
stabilizes the triplet state of the cluster and induces enhanced
stability (larger H-L gap). To shed light on this suggestion, we
calculated the S-P coupling dependence of the H-L gap (Figure
4) in 3AlMg2

−. By gradually decreasing the spacing between the

S- and P-like orbitals (stronger S-P coupling), achieved by
changing the Al-Mg bond length in 3AlMg2

−, we observed
larger H-L gaps. Thus, there exists significant correlation
between these two variables, supporting our proposed
mechanism.
It is necessary to note that the ground states of metal clusters

that possess triplet or higher spin multiplicity are not a surprise
to the chemistry community.18 However, the most important
finding in the present study is that the singlet AlMg2

−, satisfying
both the electronic closed-shell model and all-metal aroma-
ticity, is not the most stable electronic configuration of AlMg2

−,

Figure 3. One-electron energy levels and orbital isosurfaces (isoval =
0.01 au) for the (A) 1AlMg2

−, (B) 3AlMg2
−, and (C) 3Al2Mg clusters.

The continuous lines correspond to the occupied states, and the
dashed lines represent unoccupied levels. The up and down arrows
indicate the majority (up) and minority (down) spin states,
respectively. Energy is in units of eV.

Figure 4. S-P coupling (blue circle) dependence of the H-L gap (red
square) in 3AlMg2

−. Energy is in units of eV.
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which is unusual based on the well-accepted closed-shell and
aromaticity models. The novel finding highlighted here is that
the most stable electronic state of AlMg2

− is not only triplet but
also more stable than its closed-shell and aromatic counterpart
1AlMg2

−. Additionally, since the S-P coupling effect has been
evidenced to account for the enhanced stability of the open-
shell triplet Al-Mg clusters as discussed above, it would be
beneficial if we could determine the magnitude of this coupling
effect quantitatively, which is beyond the scope of this
Communication and our ability. Therefore, novel and higher-
level theoretical methods considering electron correlation and
multireference character are urgently desired to quantitatively
describe such an important coupling effect.
In summary, the current investigation presents evidence on

the existence of unexpectedly stable open-shell Al-Mg clusters.
The 3AlMg2

− cluster is found to be more stable than its closed-
shell and aromatic 1AlMg2

− counterpart. A new model, namely
S-P molecular orbital coupling, is observed to play an important
role in stabilizing the open-shell clusters, analogous to the s-p
hybridization in organic carbon chemistry. The enhanced
stability of the open-shell clusters observed here shows the
limitations of the conventional electronic closed-shell model
and aromaticity. We believe that the introduction of S-P
coupling in metal clusters highlighted here will stimulate further
efforts to explore new mechanisms governing cluster stability,
which will be of value in designing valuable building blocks in
the application of cluster-assembled nanomaterials. The present
two cluster systems (3AlMg2

− and 3Al2Mg) offer the first
example of this novel coupling effect. In addition, other clusters
featuring the same coupling effect have already been found in
our group, and will be discussed in another individual work.
This convinces us that such a coupling effect may broadly exist
in metal clusters. Moreover, due to the involvement of d or f
electrons in heavier metal elements, similar coupling effects (P-
D or D-F type coupling) may also exist in heavier metal
clusters, which could produce stable open-shell species of larger
sizes.
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