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1. Introduction
Clusters are nano-sized materials between isolated molecules
and condensed macroscopic states. Some of the fundamental prob-
lems which one would like to understand about clusters are their
structures, relative stabilities, and their evolutionary regularity
as the clusters grow to condensed macroscopic states. Theoret-
ical calculations take an important key role in understanding
experimental observations due to lacking of experimentally direct
information available on their geometries. The alkali aggregates
are among the better known micro-clusters, both experimentally
and theoretically. Most of the studies of alkali clusters [1–24]
focused on the ground state which is low-spin and bonded by
electron pair. Recently the non-pairing alkali clusters [25,26] were
probed by experimental photo-association spectroscopy and found
to be weakly bound relative to the two separated ground state
atoms. According to both molecular orbital and valence bond the-
ories, singlet electron-pair is a fundamental form of bonding in
the ground state of closed-shell molecules whereas triplet cou-
pling is associated with a repulsive anti-bonding interaction. This
paradigm seems breakdown as one observed the situation on non-
pairing electron in Cs2 (3�u

+) dimer. The theoretical studies further
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showed that their bonding energy rise quite steeply as the high-
spin n+1Lin clusters increase in size, reaching 0.5 eV/atom for 13Li12
despite the lack of any electron pairs between the atoms [27–33].
These types of clusters are higher in energy than the correspond-
ing lowest-spin states, but stable with respect to isolated lithium
atoms. This is quite a surprising result as the triplet state of H2 is
not bound. Owing to the novelty of this non-pairing ferromagnetic-

bonding and its occurrence in alkali clusters, it is interest to probe
the nature of this bonding and structural characteristics by the-
oretical means. Until now some geometrical configurations of
maximum-spin pure lithium clusters [26–33] have been reported,
however, the geometries, charge distributions, and relative stabil-
ities of maximum-spin mixed lithium clusters have not been well
understood. Especially, the structures of positively charged mixed
lithium clusters may have fully different topological characteristics
relative to their neutral species and still remain unclear. So our cal-
culations focus on improving the understanding of the structures
and charge distributions of high-spin doped lithium species, which
are devoid of electron pairs but nevertheless are strongly bonded.

2. Computational details

Initial geometrical optimizations were performed on high-
spin mixed lithium clusters at the B3PW91/6-31G(d) level. The
Becke’s three-parameter (B3) exchange as well as Perdew and
Wang (PW91) correlation [34,35] were used due to their excel-
lent agreements with UCCSD(T) and UQCISD(T) calculations [28,31]
on lithium clusters in previous theoretical calculations [29,30].
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mailto:jiangzy@nwu.edu.cn
mailto:sychu@mx.nthu.edu.tw
dx.doi.org/10.1016/j.ijms.2008.04.002


2 Z.-Y. Jiang et al. / International Journal of Mass Spectrometry 274 (2008) 1–7

Table 1
Binding energies per atom (BE), basis set superposition per atom (BSSE), zero point
energies per atom (ZPE) and corrected binding energies per atom (CBE) (kcal/mol)
of all high-spin clusters

Li–Na BE BSSE ZPE CBE

3LiNa 0.24 0.03 0.04 0.17
4Li2Na 1.77 0.06 0.19 1.52
5Li3Na (Fig. 1a) 5.13 0.10 0.38 4.65
6Li4Na (Fig. 1d) 5.92 0.08 0.41 5.43
7Li5Na (Fig. 2b) 6.38 0.10 0.48 5.80
8Li6Na (Fig. 3a) 7.22 0.10 0.49 6.63
9Li7Na (Fig. 4a) 8.20 0.11 0.53 7.56
2LiNa+ 11.27 0.05 0.13 11.09
3Li2Na+ 12.99 0.05 0.24 12.70
4 +

Fig. 1. Low-lying high-spin isomers of (a–c) Li3X and (d–f) Li4X clusters.
Li3Na (Fig. 1c) 12.96 0.07 0.30 12.59
5Li4Na+ (Fig. 2a) 12.55 0.05 0.36 12.14
6Li5Na+ (Fig. 2d) 12.56 0.08 0.43 12.05
7Li6Na+ (Fig. 3d) 12.39 0.07 0.44 11.88
8Li7Na+ (Fig. 4a) 12.35 0.09 0.48 11.78

Li-K BE BSSE ZPE CBE

3LiK 0.41 0.01 0.05 0.35
4Li2K 2.13 0.03 0.19 1.91
5Li3K (Fig. 1a) 5.47 0.06 0.37 5.04
6Li4K (Fig. 1d) 6.06 0.07 0.40 5.59
7Li5K (Fig. 2b) 6.70 0.08 0.47 6.15
8Li6K (Fig. 3b) 7.47 0.08 0.47 6.92
9Li7K (Fig. 4a) 8.41 0.09 0.52 7.80
2LiK+ 6.14 0.01 0.10 6.03
3Li2K+ 8.23 0.02 0.21 8.00
4Li3K+ (Fig. 1c) 8.98 0.03 0.28 8.67
5Li4K+ (Fig. 1e) 9.36 0.06 0.40 8.90
6Li5K+ (Fig. 2d) 9.98 0.06 0.43 9.49
7Li6K+ (Fig. 3d) 10.04 0.06 0.43 9.55
8Li7K+ (Fig. 4a) 10.48 0.07 0.48 9.93

Many different geometrical configurations were tested with a vari-
ety of symmetry groups. These isomers were further optimized at
B3PW91/6-311G(d) level. After optimizations, partial charges were
obtained from Natural Population Analysis (NPA) [36,37]. The NPA
solves most of the problems of the Mulliken scheme by construc-
tion of a more appropriate set of atomic basis functions, and so
the atomic charges from NPA are reliable and usually independent
of the basis sets. Frequency analyses were also performed at the
final theoretical level to check whether the optimized structures are
transition states or true minima on the potential energy surfaces of
corresponding clusters. All of the obtained most stable neutral and
cationic high-spin clusters were characterized as energy minima

without imaginary frequencies. All calculations were carried out
using the GAUSSIAN03 program [38].

In all situations, atomic spin densities and natural charges
were checked in the output files and it was confirmed that no
polarization effects occurred. Moreover the atomic–atomic density
was checked, thus confirming the lack of bonding electron pairs
(Table 1).

3. Geometrical structures

The lowest-energy geometries of mixed lithium clusters are
shown in Figs. 1–4. Bigger and smaller ball represent X and Li
atoms, respectively. The numbers inside of the circles in Figs. 1–4
denote the atomic number and mainly used for giving information
of bond lengths in Tables 2–4 of Electronic Supporting Infor-
mation. All reported energetic differences of various isomers in
paragraph are based on SCF energy with zero-point energy cor-
rection. Fig. 2. Low-lying high-spin isomers of (a) Li4X and (b–f) Li5X clusters.
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Fig. 3. Low-lying high-spin isomers of (a–f) Li6X clusters.

3.1. 3LiX

The smallest mixed lithium clusters are dimers and in the high-
spin state (triplet) these species are only weakly bound. Details
of the nature of the triplet no-pairing bond can be found in
Ref. [28]. Our theoretical binding energies/atom of 3Li2 (3�u

+,
D∞h), 3LiNa, and 3LiK (3�g

+, C∞v) are 0.50, 0.17 and 0.35 kcal/mol,
respectively, which are expectably lower than those of correspond-
ing ground state molecules (9.28 for 1Li2, 7.93 for 1LiNa, and
6.80 kcal/mol for 1LiK). At the UQCISD(T,fc)/6-31G*//UMP2(full)/6-
31G* level of theory, a binding energy of 0.6 kcal/mol was found

Fig. 4. Low-lying high-spin isomers of (a–d) Li7X clusters.
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[27] and calculations [28] at the UCCSD(T,full)/cc-pVDZ level of
theory gave 0.7 kcal/mol for 3Li2. Studies with various theoreti-
cal levels [27–32] also further imply our computational method
is accurate and reliable. 3Li2, 3LiNa and 3LiK have longer “bond”
lengths, hereafter referred to as bond lengths, relative to their
low-spin molecules. Previous calculations [37] with Hartree-Fock
self-consistent field (HF-SCF) theory showed this no-pairing bond-
ing is not a simple outcome of s–p orbital hybridization which is
optimal at the SCF orbital level but rather than a result of essen-
tially covalent bonds, augmented by valence and dynamic electron
correlation.

2Li2+ (2�g
+, D∞h) and 2LiNa+/2LiK+ (2�g

+, C∞v) have shorter
bond lengths relative to their neutral maximum-spin states.
Their binding energies/atom are 14.35 (Li2+), 11.09 (LiNa+), and
6.03 kcal/mol (LiK+), respectively, which are much larger than those
of corresponding neutral maximum-spin states. They are also larger
than those of the corresponding neutral ground state species except
the last case. 2LiX+ holds only one valence electron and their larger
binding energies can be well explained with larger core/valence
interactions relative to the valence/valence interactions
[39].

3.2. 4Li2X

The lowest-energy state of 4Li2X (X = Li, Na and K) is triangle
configuration (4A′, D3h) for 4Li3 and (4B2, C2v) for 4Li2Na/4Li2K,
which can be viewed as capping an X atom along the trans-
verse direction of lithium dimer. The distribution of atomic
electronic charges in both 4Li3 and 4Li2Na tends to be even
due to smaller difference of the ionization potential, hereafter
referred to as IP, between sodium and lithium atoms. Potassium
atom holds much more positive charges in 4Li2K owing to its
lower IP.

Another two linear species (4�u, D∞h) and (4�, C∞v) for
4Li2Na/4Li2K are local minima with positive frequencies only,
but are considerably higher in energy than the triangle by 3.33,
8.23 kcal/mol (4Li2Na) as well as 4.02, 8.23 kcal/mol (4Li2K), respec-
tively. Interestingly, the energy of the linear with central heavy
atom (D∞h) is lower than that with peripheral heavy atom (C∞v),
which differs from our previous results [39] for low-spin mixed
lithium clusters. The overturn of energy order may result from
smaller repelling interaction between spin-parallel electrons for
linear (D∞h) with farther atomic distance.
3Li2X+ ions undergo substantial structural changes upon ion-
ization and surprisingly adopt linear form with peripheral heavy
atom, which can be considered as capping an X cation along the
radial direction of lithium dimer. Compared with 4Li2X and 1Li2X+

ion [39] with triangle topology, the significant repulsive interaction
in 3Li2X+ was found to arise from the force between spin-parallel
electrons and between positively charged terminal atoms. These
make triangle unstable and then the linear with peripheral heavy
atom is stabilized due to farther atomic interval. These types of
repelling forces unceasingly dominate the cationic geometries up
to mixed heptamer as follows. In linear 3Li2X+, the peripheral atoms
have much more positive charges so as to lower repulsive electro-
static force. Based on the reason for IP above mentioned, potassium
atom possesses much more positive charges whereas sodium holds
nearly the same ones as peripheral lithium atom.

The second triplet mixed trimer ion was found to be linear (D∞h)
with central heavy atoms, lying 3.45 (3Li2Na+) and 3.77 kcal/mol
(3Li2K+) relative to their corresponding lowest-energy high-spin
ions. The isosceles triangle (C2v) with an imaginary frequency
locates at 8.42 (3Li2Na+) and 9.48 kcal/mol (3Li2K+) higher in
energy.
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3.3. 5Li3X

The pyramid (5A1, Td) for 5Li4 and (5A1, C3v) for 5Li3Na/5Li3K
(Fig. 1(a)) can be described as capping an X atom over lithium trian-
gle 4Li3 (D3h). 5Li3X prefers to adopt three-dimensional geometry
relative to the low-spin ground state Li3X molecules with planar
rhombus [39] (Fig. 1(b)).

In the low-spin state the rhombus was predicted to be the low-
est energy structure [39] whereas at the quintet spin state this
structure (5A2, C2v) (Fig. 1(b)), lying 8.79 (5Li3Na) and 8.35 kcal/mol
(5Li3K) higher in energy above their corresponding lowest-energy
states, is a first-order saddle point with an imaginary frequency.
The imaginary frequency shows its tendency to distort towards
pyramid topology. The repulsive Pauli exclusion among four non-
pairing electrons results in the destabilization of planar rhombus
and then stabilizes the pyramid with higher symmetry and max-
imum coordination number. This type of pyramid also indicates
that the maximum-spin clusters prefer to adopt three-dimensional
form and may be applied into other maximum-spin noble metal
clusters, i.e., Aun, in which their ground states often possess planar
configurations. The third quintet is a fan-shaped planar (5A2, C2v)
with an imaginary frequency, in which Na/K atom bonds with three
lithium atoms on a plane similar to Fig. 1(b), lying 10.30 (5Li3Na)
and 10.87 kcal/mol (5Li3K) higher in energy. Their vibration direc-
tion of the imaginary frequency indicates they try to transform into
the pyramid (Fig. 1(a)).

4Li3X+ also holds linear form (4�u, D∞h) for 4Li4+ and (4�,
C∞v) for 4Li3Na+/4Li3K+ (Fig. 1(c)) analogous to 3Li2X+, which also
can be considered as capping an X cation over the lowest-energy
high-spin linear 3Li3+ ion. The significant repulsive force between
spin-parallel electrons and between positively charged terminal
atoms will make pyramid structure destabilization and further
transfer into a linear configuration. In linear 4Li3X+ ions, the periph-
eral atoms have much more positive charges so as to lower repulsive
electrostatic interaction similar to 3Li2X+. Potassium atom pos-
sesses much more positive charges relative to sodium and lithium
atoms.

The second quartet mixed cationic state was found to be a tri-
angle with a tail of heavy atom (4B2, C2v), lying 3.96 (4Li3Na+)
and 3.96 kcal/mol (4Li3K+) relative to their corresponding lowest-
energy cationic states. A linear with central heavy atom (4�,
C∞v) holds an imaginary frequency, located at 4.02 (4Li3Na+) and
4.90 kcal/mol (4Li3K+) higher in energy.
3.4. 6Li4X

A new tower-shaped geometry (6A1, C3v) for 6Li4Na/6Li4K
(Fig. 1(d)) is energetically favorable, which can be understood
as capping a Na/K atom over an apical atom for 5Li4 pyra-
mid (Td). For pure sextet lithium pentamer a bipyramid (6A2,
C2v) analogous to Fig. 1(e) was predicted to be lowest-energy
configuration, which agrees with previous calculations [29]. The
tower-shaped topology (Fig. 1(d)) is the third lowest-energy at
B3PW91/6-311G(d) level in pure sextet lithium pentamer, how-
ever both Glukhovtsev [27] and Visser [29] have not found
this isomer due to their study of neutral high-spin species
only.

These followed by two transition states. One is a tower-like con-
formation (6A2, C2v) (Fig. 1(f)), derived from capping a Na/K atom
against an edge for a Li4 pyramid (Td), just lying 0.94 (6Li4Na) and
0.50 kcal/mol (6Li4K) higher in energy. Another is a bipyramid (6A1,
C3v) (Fig. 1(e)), lying 1.82 (6Li4Na) and 0.25 kcal/mol (6Li4K) higher
in energy. We should point out these two isomers for 6Li4Na and
6Li4K hold reversal energy order. Their imaginary frequencies in
ass Spectrometry 274 (2008) 1–7

these two species lead to a distortion towards tower-shaped struc-
ture (Fig. 1(d)).

5Li5+/5Li4Na+ also adopts linear form (5�g, D∞h) for 5Li5+ and
(5�, C∞v) for 5Li4Na+ (Fig. 2(a)), which also can be considered
as capping a Li/Na atom over the lowest-energy high-spin linear
4Li4+ (4�u, D∞h) cluster. That significant repulsive force between
spin-parallel electrons and between positively charged terminal
atoms also dominates the topology in pure and sodium-doped
lithium pentamer, however for potassium-doped lithium pentamer
the role taken by this repelling force falls down. For 5Li4K+ the
cage-like bipyramid (5A1, C3v) (Fig. 1(e)) becomes the lowest-
energy high-spin cationic state. The reason for structural difference
between 5Li5/5Li4Na+ and 5Li4K+ ions results from the gradual fall
of repelling force as increase of cluster size. The larger atomic radius
of K atom make the geometrical structure of cage-like bipyramid
(Fig. 1(e)) of 5Li4K+ ions to be larger and then the interaction of
chemical bonding takes key role in stabilization. It is apparent that
strong chemical bonding is work here, rather than weak van der
Waals forces [30] due to the delocalization of individual electron.

For 5Li4Na+ the linear (Fig. 2(a)) is more stable than the bipyra-
mid (Fig. 1(e)) by 3.14 kcal/mol, and contrarily for 5Li4K+ ions
the linear (Fig. 2(a)) lies at just 0.38 kcal/mol higher in energy
relative to the bipyramid (Fig. 1(e)). The third sextet cationic
ion is the tower-like conformer (5A2, C2v) (Fig. 1(f)), located at
3.96 (5Li4Na+) and 1.19 kcal/mol (5Li4K+) higher in energy rel-
ative to their corresponding lowest-energy states. Interestingly,
the tower-like conformer (Fig. 1(f)) for 5Li4K+ is a transition
state whereas that for 5Li4Na+ is a local minimum. Its imaginary
frequency indicates its tendency to distort towards the cage-
shaped topology (Fig. 1(e)), which also supports our prediction
on lowest-energy geometrical structure for 5Li4K+. For tower-like
conformer (Fig. 1(f)) of 5Li4Na+, there exists another local min-
imum and a nearly degenerate state (5A2, C2v) (4.08 kcal/mol
higher in energy), which is derived from a substitution of a Li
at lumbar sites by a Na atom in lithium pentamer bipyramid
(D3h).

3.5. 7Li5X

For 7Li5Na/7Li5K, we found a distorted cage-like geometry
(Fig. 2(b)) as lowest-energy conformation (7A′, Cs), which can be
described as capping a Na/K atom along vertical direction to atomic
surface over the 6Li5 bipyramid (C2v) (Fig. 1(e)). It is also the lowest-
energy isomer in the low-spin neutral and cationic Li5X (X = Na

and K) cluster [39]. For heptet pure lithium hexamer this topol-
ogy cannot obtained a converged optimization in our and Visser’s
[29] calculations. We basically support Visser’s results [29] that the
most stable septuplet lithium hexamer is a degenerate pair formed
by a rectangular diamond (7B2u, D2h) and a chair (7Bu, C2h), where
both of them are a little similar octahedron (Oh). Both the rect-
angular diamond and the chair can actually be comprehended as
capping a Li atom over the base of 6Li5 bipyramid (C2v). In Visser’s
calculations the wobbly chair belongs to Ci symmetry. We choose
C2h point group rather than Ci due to higher symmetry of C2h and
the same total energy they hold.

Another three-dimensional geometry (7A1, C5v), which is
derived from capping a Na/K atom over the surface of lithium cyclic
pentamer, was found at 1.13 (7Li5Na) and 0.44 kcal/mol (7Li5K)
higher in energy, respectively. This followed by a cage-like confor-
mation (7A′′, Cs) (Fig. 2(c)) with an imaginary frequency, lying 2.01
(7Li5Na) and 1.95 kcal/mol (7Li5K) higher in energy, respectively.

Linear form is no longer lowest-energy for 6Li5X+. The repul-
sive force between spin-parallel electrons and between positively
charged atoms cannot finally dominate the topology in doped
lithium cationic ions anymore. A new bipyramid (6A1, C3v)
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(Fig. 2(d)) for 6Li5X+ (X = Li, Na and K) was energetically favorable
state, which can be viewed as capping an X atom over a apical atom
of lithium pentamer bipyramid (D3h). A shadow of the repulsive
interactions among atoms still worked here can also be observed.

The linear (6�, C∞v) with a Na/K atom at the top site (Fig. 2(e))
locates at 2.64 (6Li5Na+) and 4.21 kcal/mol (6Li5K+) above the
bipyramid (Fig. 2(d)). Another isomer (6A1, C3v) (Fig. 2(f)) is pre-
dicted to be 2.95 (6Li5Na+) and 2.01 kcal/mol (6Li5K+) higher in
energy. These two isomers for 6Li5Na+ and 6Li5K+ ions have reverse
energy order and are local minima without any negative frequency.

3.6. 8Li6X

The conformation (8A′, Cs) (8Li6Na) and (8A1, C3v) (8Li7)
(Fig. 3(a)) is energetically favored, which can be depicted as cap-
ping a Li/Na atom over the rectangular diamond 7Li6. Two isomers
(8A′, Cs), (Fig. 3(a) and (b)) for 8Li6K heptamer, are nearly degen-
erate, where structure (Fig. 3(b)) (8Li6K) is more stable by only
0.13 kcal/mol.

Two cage-like configurations (8A′, Cs) are followed. One is the
isomer (Fig. 3(c)), derived from a exchange of 1 and 7 atoms in
the isomer (Fig. 3(a)), found just at 0.50 (7Li5Na) and 0.25 kcal/mol
(7Li5K) higher in energy. Another is derived from a exchange of
1 and 2 atoms in the isomer (Fig. 3(a)), lying 0.94 (7Li5Na) and
0.38 kcal/mol (7Li5K) higher in energy. These three species actually
differ in exotically atomic positions.

There is fully dissimilarity between cationic and neutral topolo-
gies. The tower-shaped form (Fig. 3(d)) was still predicted to be
most stable configuration (7A1, C3v) for 7Li7+/7Li6X+ like the situa-
tion in 6Li5X+ ion, which can be viewed as capping a Li/X atom along
the radial direction over the apical atom of 6Li6+ (C3v) (Fig. 2(d)).
However energy difference between the isomer (Fig. 3(d)) and the
cage-like geometry (7B2, C2v) (Fig. 3(e)) is so small (0.06 kcal/mol)
and can be regarded as nearly degenerate. The repulsive inter-
actions between spin-parallel electrons and between positively
charged atoms still exert a momentous influence on the topolo-
gies for pure and sodium-doped lithium cationic ions, however
this influence basically vanishes due to increase of atomic inter-
vals at the same time reduction of average positive charges/atom
for potassium-doped lithium ions.

For 7Li6Na+ the topology (Fig. 3(f)) lies 0.63 kcal/mol higher in
energy than the lowest-energy bipyramid (Fig. 3(d)), and more
stable than the three-dimensional conformation (Fig. 3(e)) by

7 +
1.00 kcal/mol. This energy order for Li6K isomers is changed. The
configuration (Fig. 3(f)) lies 0.69 kcal/mol higher in energy relative
to the lowest-energy cage-like 7Li6K+ ion (Fig. 3(d)).

3.7. 9Li7X

The cage-shaped octamer (9A, C1) (9Li7Na/9Li7K) and (9B3, D2)
(9Li8) (Fig. 4(a)) was most favorable form, which can be compre-
hended as capping an X atom over the 8Li7 (C3v) (Fig. 3(a)).

Two isomers both with Cs symmetry at 9A′ state (Fig. 4(b)
and (c)) locate 2.45 and 3.14 kcal/mol for 9Li7Na and 2.45 and
2.83 kcal/mol for 9Li7K higher in energy relative to their corre-
sponding lowest-energy states, respectively.

The repulsive interactions above mentioned cannot anymore
take a key role in determine the topologies for doped and pure
lithium clusters due to increase of atomic intervals and reduction of
average positive charges/atom. So high-spin and low-spin as well as
cationic and neutral clusters present a geometrical similarity [39].
The cage-shaped form (Fig. 4(a)) is preserved as the most favorable
energetically configuration (8A′, Cs) for 8Li7Na+/8Li7K+ and (8B2,
D2d) for 8Li8+.
ass Spectrometry 274 (2008) 1–7 5

Fig. 5. Corrected binding energies/atom vs. cluster size.

The topology (8A1, C3v) (Fig. 4(d)) lies 1.26 (8Li7Na+) and
0.50 kcal/mol (8Li7K+) higher in energy than the lowest-energy
cage-like ion (Fig. 4(a)). A new isomer (8A′, Cs) for 8LiNa+, derived
from exchange of 1 and 2 atoms in Fig. 4(a), locates 1.38 kcal/mol
higher in energy above the lowest energy state. For 8LiK+, the iso-
mer (8A′′, Cs) (Fig. 4(b)) is the third state, lying 1.88 kcal/mol higher
in energy.

4. Relative stability

4.1. Binding energies

For the optimized structures of the neutral and ionic clusters,
binding energies per atom (BE), zero-point energies per atom (ZPE)
and basis set superposition error correction [40,41] per atom (BSSE)
were calculated and listed in Table 1 due to the existence of weak
interactions in high-spin clusters. As can been seen from this table
the BSSE lies within 0.11 kcal/mol per atom for the used basis set
and has small influence upon BEs. The ZPE increases monotonically
from 0.04 to 0.53 kcal/mol as enhance of the cluster size. Our cal-
culations should be useful for future experimental investigations
due to no available observations for these clusters at present. The
corrected binding energies per atom show a peak value for the Li3X
and Li2X+ in Fig. 5, which imply that Li3X and Li2X+ clusters possess
higher stability in this series clusters. All BEs for cationic ions are
always larger than those for neutral species, which indicates that

the influence of repulsive Pauli exclusion among non-pairing elec-
trons on cluster stability is far larger than that of static interactions
among electrons.

4.2. Second differences in energy

To describe the relative stabilities of neutral and cationic clusters
in this series, the following energy variation of reactions is defined:

2(Lin−1X) → (LinX) + (Lin−2X)
2(Lin−1X+) → (LinX+) + (Lin−2X+)

We define the second difference in energy as
D2(En) = En+1 + En−1 − 2En, so larger second difference in energy
should denote higher relative stability of cluster in this series in
term of our definition. The pronounced stability for 5Li3X, 2LiX+

and 3Li2X+ are obvious in Figs. 6 and 7. The special stability of 2Li2+

and 2LiNa+ has been well understood due to its larger core/valence
interactions relative to the valence/valence interactions [39].
According to valence bond theory previous calculations [29–31]
elucidated that maximum-spin lithium clusters tend to maximiz-
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Fig. 6. Second difference in energy of neutral clusters vs. cluster size.

Fig. 7. Second difference in energy of cationic clusters vs. cluster size.

ing the coordination number and create egg-like geometry so as to
hold larger total bond dissociation energy of non-pairing clusters,
so the super-stability of the pyramid structure for 5Li3X is easily
comprehended. 7Li6 also has higher value of second difference in
energy owing to their composition of two pyramids for rectangular
diamond or chair-like isomer. Geometry with lower symmetry
always holds some atoms with weaker chemical bonding due to
their marginal positions. It is this type of atoms that will lead to
be instable for total structure. This situation occurs for 7Li5Na and

7Li5K due to their lower symmetry. 3Li2X+ ions have a linear form
and their chemical bonding among three atoms hold stronger
interaction relative to larger cationic ions, i.e., 4Li4X+, which lead to
be relatively more stable in cationic series except 2Li2+ and 2LiNa+.
Super-stability of K5

+ cannot be obtained from our theoretical
calculations. The experimental observations [26] on high-spin K5

+

ion may result from special experimental conditions.

5. Summary

In this work, the structure and stability of the Lin−1X (X = Li,
Na and K, n = 2–8) neutral and cationic clusters were studied with
B3PW91 at the basis set of 6-311G(d). Our calculations predicted
the existence of a number of previously unknown cationic isomers.
The gradual evolution of atomic size can be viewed as a sequential
capping of an X atom over smaller clusters. Neutral clusters tend
to taking three-dimensional geometry rather than planar topol-
ogy only for high-spin clusters, rather than low-spin clusters. This
behavior has been explained and predicted based on the valence
bond model [28]. n+1Lin−1X undergo substantial structural changes

[
[
[

[
[
[

[

[
[
[
[
[
[
[
[
[
[
[
[
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upon ionization up to 8 atoms of cluster size so as to reduce the
repulsive force between spin-parallel electrons and between posi-
tively charged atoms. Smaller cationic clusters incline to adopting
linear-shaped geometrical structures whereas larger cations (n > 7)
hold cage-like topology, which has the same geometrical topology
as the low-spin lowest-energy cationic state. Larger heter-atoms
prefer to occupy outer positions in order to decrease geometrical
reconstruction. In various Lin−1X (X = Li, Na and K, n = 2–8) neutral
and cationic species, 5Li3X and 3Li2X+ (X = Li, Na and K) are pre-
dicted to be of high stability, which can be explained by valence
bond theory.
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P. Dugourd, M. Broyer, C. Guet, J. Chem. Phys. 110 (1999) 5568.
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