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Endohedral Cluster of Li10O with Td Symmetry
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A detailed numerical study of several isomers of the Li10 cluster has been done. The analysis of the electronic
localization function and the analysis of energy diagrams revealed the existence of one cluster with an inner
space capable to suit a heteroatom. The perfect candidate is the Li10O cluster due to the experimental evidence
of the [Li6O]4+ core, the same core present in Li10O. In order to check the thermodynamic stability of this
cluster, an analysis of its dissociation channels has been done. The IR and UV-vis spectra have been calculated
to help in the further identification of this new cluster.

Introduction

Designing novel chemically stable clusters has become more
important as a part of the strategy to make nanostructured
materials. Since the discovery of the shell structure in the alkali
metal clusters,1 the theoretical and experimental study of them
has led to a good understanding of their fundamental properties.
Among them, lithium clusters are the most studied. Lithium is
the lightest element that is metallic under normal conditions
and, because of having only three electrons, is computationally
less demanding to study than the other alkali atoms. It has only
one single s valence electron and the energy hypersurface of
their clusters present many flat minima and no tendency to form
directional bonding as the elements with p and d electrons. More
recently, several works have studied binary clusters. In particu-
lar, there have been some studies of clusters formed by mono-
or divalent metallic elements combined with a more electro-
negative element. Examples are CsnOm,2 LinHm,3,4 MgnOm,5 and
CanOm.6 All of them are dominated by stoichiometric ionic
bonding and, in some cases, segregation takes place into a purely
ionic localized part and a metallic delocalized part.

In this work, we will concentrate in a particular lithium oxide
cluster, Li10O. The first experimental evidence of a lithium oxide
cluster was the Li3O system discovered by Wu et al.7 The same
research group confirmed later the existence8 of Li4O and Li5O.
On a different line, the [Li6O]4+ ion has been found as a core
of a dilithium phosphanediide with a perfect Oh symmetry.9 The
same core has been also found in a lithium-benzamidinates
crystals.10 However, the neutral Li6O cluster has not been
isolated and calculations predicted a D3d symmetry.11 In all of
these systems, the octet rule for second period elements is not
followed, and the term “hypervalent oxygen” has been coined.
Indeed, early calculations by Schleyer et al.12 predicted that
lithium oxide clusters have the oxygen atom located in the center
and that these clusters are thermodynamically stable with respect
to the loss of a lithium molecule or a lithium atom. Oxygen

being more electronegative localizes two electrons of the lithium
atoms skeleton, and the two positive charges are distributed
among the lithium atoms. Hence, the geometry should be such
as to alleviate the electrostatic repulsion contributing to the
thermodynamic stability. Jones et al.13 have done a computa-
tional study of Lin (n ) 2-10) and LinO (n ) 1-9) clusters,
and Bonačić- Koutecký et al.14 have studied the small members
of the series LinO (n ) 3,4). The hyperlithium molecules have
been studied by Schleyer and co-workers.12,15 They signed out
the importance of these systems to understand the new class of
nonstoichiometric molecules. Experimentally, the lithium oxide
family of clusters has been produced by a laser vaporization
source and the ionization potentials have been measured.16-18

The ionization potentials measured in ref 17 show clearly a
maximum at Li6O and Li10O which have been nicely explained
by the shell model.

However, as far as we know, the cluster Li10O, the subject
of this work, has not been, in a detailed way, studied before. In
a systematic study19 of pure alkali metal clusters, we found a
special Li10 cluster with a perfect tetrahedral, Td, geometry,
which is approximately 15.0 kcal/mol higher in energy than the
most stable one. This Td cluster represents a perfect pyramid.
The importance of being tetrahedral has been emphasized before.
Pyykkö has found a whole series of tetrahedral cadmium
clusters.20 A tetrahedral Au20 cluster has been isolated experi-
mentally,21 and later it has been observed in solution, coordi-
nated with eight PPh3 (Ph ) phenyl) ligands22 and a bipyramidal
Al30 cluster has also been proposed.23 This prompted us to take
a careful looking at the properties of the pyramidal Li10. It was
found that it has a negative charge of almost two electrons at
the center of the pyramid. Further, the electronic configuration
is a1

2t2
6a1

2Td
2Td

2Td
2a1

2 which suggests that taking out two
electrons a closed shell will appear opening the band gap and
increasing the stability. Hence, in this work, the possible stability
of a cluster with an oxygen atom at the center of the structure,
the Li10O cluster, is proposed.
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Computational Details

The geometry optimization of the set of Li10 and LinO clusters
were performed using the Kohn-Sham method and the B3LYP
hybrid functional24-27 with the polarized split-valence basis set
6-311++G(3df,3pd)28-33 using the Gaussian03 package.34 A
vibrational analysis was performed to discriminate between
minima and transition states in the potential energy surface and
confirm the stability of the structures. To calibrate the accuracy
of the results, most of the calculations were also done with the
B3PW91 functional and also using a small basis set without
finding significant differences. For the most important clusters,
Li10 and Li10O, CCSD(T)/6-311++G(d) single point calculations
at the B3LYP optimized geometry have been done. Natural
population analysis (NPA) was performed using the Gaussian03
implementation of the NBO program.35 The topological analysis
of ELF36-38 was done using the TOPMOD package,39 the ELF’s
isosurfaces and molecular graphics images were produced using
the UCSF Chimera40 and PyMOL41 packages. The ELF is
defined36 in terms of the excess of local kinetic energy density
due to the Pauli exclusion principle,

where D is expressed in terms of the local kinetic energy density,
Ts, of the actual noninteracting fermionic system, and the von
Weiszäcker functional, TW,

and Dh is the kinetic energy density of a homogeneous electron
gas with a density equal to the local density,

where CF is the Fermi constant. The ELF can take values in
the range of 0 to 1, with 1 corresponding to a perfect localization
(i.e., antiparallel spin electron pair or single electron picture)
and 0.5 corresponding to a perfect delocalization (a situation
analogous to that of the homogeneous electron gas, i.e., jellium
model). From this approach, it is clear that the ELF can be used
to study the bonding nature and electron behavior on different
regions of a cluster.42-44

Results and Discussion

The main geometric parameters and relatives energies at
B3LYP/6-311++G(3df,3pd), B3LYP/6-311++G(d), and CCS-
D(T)/6-311++G(d) levels of Li10 clusters are shown in Table
1. The D2d isomer is the most stable followed very close in
energy by the Cs. The C4V and the Td isomers are higher in
energy by about 13 and 15 kcal/mol, respectively. It is important
to note that the Td cluster has not been proposed before.
Moreover, the Td cluster is the most compact one. The average
distance among neighbor atoms is the shortest.

In the study of Li10 clusters, we found that, out of the four
isomers, three of them (D2d, C4V, and Td) present an inner
“empty” space in their structures capable of suit one heteroatom
in order to form a cage-like cluster. The ELF analysis, using
an isosurface of 0.85 (Figure 1), shows that the Td cluster is the
best choice because it is the only one with a basin in the center

with a population of two electrons. The other clusters do not
show this inner basin. This isomer has four other basins with
peaks between atoms in the vertices of the tetrahedral external
subunits, with a population of two electrons. The isosurface
analysis shows multicentric and multielectronic bonds, of the
type four centers, two electrons (4c-2e). The scenario for the
isomer D2d is completely different to that of Td, being character-
ized by the existence of eight basins with an electronic
population roughly between 1.17 and 1.27 electrons. Four of
these basins are located in the tetrahedral subunits that are at
the top and the bottom of the cluster, and the other four are in
the tetrahedral subunits that are part of the interior. The
isosurface analysis reveals multicentric bonds, of four centers,
containing something more than one electron each one, for inner,
upper, and lower bonds. In the Cs isomer, it can also be noted
the existence of tetrahedral subunits and three basins, one in
the upper tetrahedral subunit, with an electronic population of
two electrons, the other in the subunit at the interior with a
population of approximately five electrons and the lower one
located at the pyramidal subunit with a population of ap-
proximately three electrons. The isosurface analysis reveals the
existence of three groups of delocalized bonds, 4c-2e, multi-
centric-5e, and 5c-3e for the upper, interior, and lower subunits,
respectively. The C4V isomer presents five basins, with peaks
between atoms in the vertices of the tetrahedral external subunits,
revealing bonds of the type 4c-2e for each one.

The analysis of the energy diagram (Figure 2) of the Li10

isomers supports the choice of the isomer with Td symmetry
since the removal of an electronic pair results in a more stable
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TABLE 1: Structures, Relative Energies, and Bond
Distances of Li10 Clusters

a B3LYP/6-311++G(3df,3pd). b B3LYP/6-311++G(d). c CCSD
(T)/6-311++G(d).
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cation (leading to a state with a triple degenerate frontier
molecular orbital) with a gap increase of 1.38 eV. The
removal of an electronic pair in the other isomers leads to a
double degeneracy for the D2d cluster with a gap increase of
0.13 eV, and a quasidegeneracy in the C4V isomer with a
difference of 0.0016 eV between one a1 and two e orbitals.
The gap increase for this isomer is 1.68 eV. In the case of
the Cs cluster, the removal of the electronic pair results in a
transition state (one imaginary frequency of 12.9i cm-1).

The existence of an inner basin with two electrons and
the increase in the gap value when two electrons are removed
in the Td isomer suggests the possibility of the inclusion of
an atom capable to take the two “inner” electrons to form a

cage-like cluster. The perfect candidate should be an atom
from group VI of the periodic table, since it needs only two
electrons to complete their outer shell. We choose the oxygen
atom because of the experimental evidence9 of [Li6O]4+,
which can be used as a core for the growing of a Li10O
cluster. The experimental Li-O distances in the [Li6O]4+

aggregate are around 1.81-1.90 Å, whereas in our calcula-
tions, they are of 1.87 Å, which is in concordance with the
experimental values. We ran calculations on Li10S, but this
cluster has a triple degenerated imaginary frequencies of 81.4i
cm-1 at B3LYP/6-31G(d) level. Descending in group I of
the periodic table, we found that the clusters Na10O and K10O
are stable clusters, despite the fact that according to our
calculations there are no Na10 and K10 clusters with a Td

symmetry, showing the importance of oxygen atom as a
stabilizer center.

The main geometric and electronic parameters of Li10O are
shown in Table 2 in comparison with the ones of Li6O (Oh).
As can be seen in Table 1 and Table 2, the distances between
Li atoms are the same for both clusters, Li10 and Li10O, 2.639
Å for horizontal bonds and 3.181 Å for the bonds located at
the edges of the tetrahedron, while the distances between the
Li atoms and Li and O atoms are 1.9% shorter than in the cluster
Li6O. It is remarkable that the inclusion of an oxygen atom
inside the Li10 cluster does not increase the Li-Li bond
distances.

To check whether the Li10O Td was a low-lying isomer, we
performed a search using a “Big-Bang”19,45-48 stochastic search
algorithm. In this algorithm, we created 10 000 random con-
figurations of 10 atoms in a highly compressed space, in the
order of the molar volume, and then letting these supercom-
pressed structures expand in a process of “explosion”,
relaxing to the minima of the local surface energy using the
semiempirical package MSINDO.49-51 After this process,
there is a selection of those grouped in sets of energy whose
differences are lower than 0.17 eV. The structures and relative
energies of the Li10O clusters found by this approach are
reported in Table 3. As can be seen, the Td isomer is, in
fact, a low-lying isomer, with only 5.5 kcal/mol above the
most stable one (C1) at B3LYP/6-311++G(3df,3pd) level,
and at CCSD(T)/6-311++G(d) level with only 2.6 kcal/mol,

Figure 1. ELF’s isosurfaces of Li10 clusters.

Figure 2. Energy diagram of Li10 clusters (neutral and cationic). The dashed line corresponds to the unoccupied states (LUMO). Values between
parentheses are the gap increase as a result of the removal of an electronic pair.
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becoming the second stable one. This energy difference is
so small that it is impossible to exclude its presence at room
temperature. It is also interesting to take a look at the
geometrical and electronic structure of those isomers. Besides
the Td isomer, two of them, the most stable one with C1

symmetry and the fourth one with C2V symmetry, contain the
oxygen atom at the center of the cage structure; see Table 3.
Following the electronic shell model, they should also tend
to have only eight electrons on the surface. To study them
further, the oxygen atom was dropped and the Li10 skeleton
geometry relaxed. However, they do not correspond to a
minimum but a saddle point with one and two imaginary
frequencies, respectively. Even though they do not represent
a minimum, the ELF of the fixed Li10 skeleton was calculated,
and only the C2v structure presents a basin at the center of
the cage like the Td isomer. One can note that the Td and the
C2v structures are the only ones with a perfect octahedral
Li6 substructure. This great symmetry can explain why the
electronic shell model works only for those isomers. It is
known that the electronic shell model works much better for
the more symmetrical structures. Here, it is then clear that,
among all stable isomers of Li10, only the one of Td symmetry
presents a basin at the center of the cage.

To study further the possible existence of the Li10O cluster,
we explored the dissociation channels of Li10O. As the ionic
oxygen-lithium bond is the strongest one, we studied all of
the possibilities of the type Li10O f Li10-nO + Lin. In order
to do that, we first optimized the structures of the Lin and
Li10-nO clusters using the same methodology as before.

For Lin, our isomers are similar from those obtained in
the calculations by Jones et al.,13 except in the case of Li7,
Li8, Li9, and Li10. For Li7, they reported a C3V structure, and
in this work, we found a D5h structure as the most stable
one, coinciding with the structure reported by Boustani et
al.14 in HF-based calculations. In the case of Li8, Jones et
al.13 reported a D5h structure, whereas we found as the most
stable structure the Td isomer, coinciding, again with the work
of Boustani et al.14 For Li9, they considered it unwise to make
a prediction of the most stable isomer; in this work, we report
the C4V as the stable structure for this number of Li atoms.
In Li10 cluster, Jones et al.13 reported a C1 isomer; we have
found a D2d isomer as the most stable one.

For LinO, the isomers found in this work agrees more with
those found by Lievens et al.16 than those of Jones et al.,13

except in the case of Li7O, where they reported a C2V structure
and we found a Cs isomer (coinciding with Jones et al.13).
The structures presented by Viallon et al.17 are, in general,
more symmetric.

The energies associated with all possible dissociation
channels are presented in Table 4. In all cases the Li10O
cluster shows a great stability toward the dissociation in its
constituent clusters. The dissociation channels are highly
endothermic. Hence, once the cluster is formed, it should be
thermodynamic stable.

The natural population analysis (NPA) data for the Li10O
and the dissociation clusters are summarized in Table 5. The
ionic character of the Li-O bond in these clusters is clearly
shown. The natural charges for the oxygen atom vary in the

TABLE 2: Structures and Bond Distances of the Li10O and
Li6O Clusters

TABLE 3: Structures and Relative Energies of Li10O
Clusters

a B3LYP/6-311++G(3df,3pd). b CCSD(T)/6-311++G(d).

TABLE 4: Dissociation Channels of the Li10O (Td) Cluster

∆E (kcal/mol)

Li10O (Td) f LiO (D∞h) + Li9 (C4V) 136.02
Li10O (Td) f Li2O (D∞h) + Li8 (Td) 71.19
Li10O (Td) f Li3O (D3h) + Li7 (D5h) 47.52
Li10O (Td) f Li4O (Td) + Li6 (D4h) 35.67
Li10O (Td) f Li5O (C2v) + Li5 (C2v) 42.50
Li10O (Td) f Li6O (D2d) + Li4 (D2h) 66.35
Li10O (Td) f Li7O (Cs) + Li3 (C2v) 42.79
Li10O (Td) f Li8O (Cs) + Li2 (D∞h) 27.08
Li10O (Td) f Li9O (C2v) + Li 26.11
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range of -0.95 for LiO to -2.03 for Li10O, becoming
stabilized around -1.9 for the rest of LinO dissociation
products. It is interesting to note the increase in the charge
on oxygen atom just for the Li10O cluster. The differences
in the charge distribution are due to the dependency of charge
with the symmetry of the cluster.

The ionization potential constitutes one the most important
quantities amenable of experimental measurements. For the
lithium oxides family, there are two independent experiments
with very similar results.16,17 The calculations reported here are
in reasonable agreement with them. For instance, for Li6O, we
calculated an ionization potential of 4.66 eV, whereas the
experimental value17 is of 4.70 eV. For Li10O, the calculation

for the most stable isomer yields 4.17 eV, and the experimental
measurement17 is of 4.05 eV. The Td isomer presents an
ionization potential of 4.67 eV, being clearly a manifestation
of the great stability with respect to the loss of an electron. The
reliability of the calculated ionization potentials has already been
shown for the bare lithium clusters.52

Figure 3 shows the IR spectra for the Li10O cluster; there is
a large peak at 326.5 cm-1 involving the central oxygen atom
and the lithium atoms bonded to it because of the wagging
vibration of these atoms.

Figure 4 shows the UV-vis spectra of Li10O; as can be seen,
there is absorption at the visible region of the spectrum,
specifically at 774 nm with oscillator strength of 0.05, corre-
sponding to a transition from singlet to T2 state. Both spectra
can be taken as a prediction and as a way to experimentally
confirm the existence of this cluster.
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