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Abstract: We report the study of small lithium clusters Lin0/+1/-1 (n ) 5-7), performed via the

novel Gradient Embedded Genetic Algorithm (GEGA) technique and molecular orbital analysis.

GEGA was developed for searching of the lowest-energy structures of clusters. Results of our

search, obtained using this program, have been compared with the previous ab initio calculations,

and the efficiency of the developed GEGA method has thus been confirmed. The molecular

orbital analysis of the found Lin0/+1/-1 (n ) 5-7) clusters showed the presence of multiple (σ
and π) aromatic character in their chemical bonding, which governs their preferable shapes

and special stability.

I. Introduction
The Genetic Algorithm (GA) is an optimization strategy
based on the Darwinian evolution process.1 Genetic Algo-
rithms, simple methods which do not include the calculation
of derivatives, were successfully used in many areas of
science and technology when global optima for complex,
many-parameter functions are needed to be found.2,3 The
search for global minima of chemical systems belongs to
this class of problems and has been approached via GA
techniques.4-28 We developed a novel ab initio Gradient
Embedded Genetic Algorithm program (GEGA), which
combines the efficient features of the ab initio accuracy of
obtained relative energies and geometries with a fast
convergence rate. This was achieved by the application of
the gradient-following technique and implementation of a
specific mutation process. The algorithm was illustrated by
its application to the search for global minima of small
cationic, anionic and uncharged clusters of lithium Lin (n )
5-7). The energies and geometries of the found lowest-
energy structures were further refined using more accurate
ab initio methods. Finally, analysis of the chemical bonding
in the found global minimum species was performed.

The lithium clusters considered in this work have been
previously studied experimentally29,30and, primarily, theoret-
ically.29-56 The first ionization potentials of the neutral cluster
have been evaluated in photoelectron spectroscopic experi-
ments.29,30 Most of the authors agree on the structure of the
global minima of such small clusters. Thus, the chosen
clusters can serve as good testing systems for the developed
GEGA program.

After the global minimum structures are found, the
chemical bonding within them is analyzed, and the origin
of their specific shapes is elucidated. Specifically, we
introduce the concepts of aromaticity and antiaromaticity to
the description of the chemical bonding in the considered
alkali metal clusters. The concept of aromaticity was
originally proposed for certain organic compounds possessing
high symmetry and planar shape and containing (4n+2)
electrons in theirπ-molecular orbital system (Huckel’s rule).
Recently, the concept was advanced into organometallic57-61

and all-metal systems.62-71 Robinson’s aromatic metal
clusters57-61 are only π-aromatic, while the all-metal
clusters62-71 are bothπ- and σ-aromatic. These examples
have already shown the usefulness of the aromaticity concept
in metal clusters, and we believe that the advances of the
aromaticity concept further into metal and nonmetal clusters* Corresponding author e-mail: boldyrev@cc.usu.edu.
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will help us better understand chemical bonding, structure,
and stability in these species as well as serve as a better
interpretation of spectroscopic data. In our recent work, we
presented our interpretation of the chemical bonding in small
clusters of lithium and magnesium on the basis of the concept
of pureσ-aromaticity.72 In the current study, we extend the
concepts of aromaticity and antiaromaticity of bothσ- and
π-types to larger lithium clusters, explaining their shape and
stability.

II. Theoretical Methods
1. Genetic Algorithm Method. The GA-based search for
the global minimum is performed in the 3N configurational
space with the energy value as a criterion of the fit. Initially,
for all individuals (structures) in the population (group of
structures), the size of which is user-defined, the random
generation of 3N Cartesian coordinates in the range [Rmin;
Rmax] is performed. TheRmax is calculated on the basis of
the average interatomic distance in the cluster, defined by
the user, and is adjusted to the dimensionality of the
generated cluster. The minimum interatomic distanceRmin

is the smallest allowed interatomic distance, introduction of
which prevents the program from generating unphysical
solutions. The user can also specify the expected topology
of the system (‘compact’, ‘medium’, or ‘open’) in order to
adjust the [Rmin; Rmax] interval accordingly: theRmax evalu-
ated by the program will be the smallest for ‘compact’
topologies, larger for ‘medium’, and the largest for ‘open’
topologies. This rough adjustment at the beginning of the
execution allows faster convergence of the algorithm.
However, it can only be done if there is some preliminary
information available about preferable geometries of the
studied type of systems. By default, the topology of the
cluster is assumed to be ‘open’. For homoatomic systems,
such as lithium clusters, the initial generation of the
population is performed in two steps. At first, a group of
planar individuals, with one linear species included pur-
posely, is randomly created. In the second step, three-
dimensional individuals are generated. The two-step gen-
eration of the population is introduced, because the chance
of planar and especially linear species to be randomly
generated in the 3N space is very low compared to 3-D
species. Our experience showed that such generation pro-
cedure guarantees a saturation of the population with planar,
linear, and 3-D individuals and accelerates the overall
convergence of the algorithm. Employing the Gaussian 03
package,73 single-point energies are computed for all the
species at the chosen level of theory (the user can define
the method and the basis set). We used the (U)B3LYP74-76

level with a small valence-split basis set 3-21G. Our
experience showed that even using this level of theory,
GEGA can predict the global minimum and the collection
of the lowest-energy isomers quite accurately. Although the
assignment of the global minimum structure may not always
be accurate at this low level of theory in GEGA, we believe
that the true global minimum will be among these low-energy
isomers and may be identified later on by more sophisticated
calculations following the GEGA search. The described
meticulous initial selection of individuals is somewhat

reminiscent of the Monte Carlo simulation.77 The size of the
population is recommended to be no less than 40 individuals
for clusters containing up to seven atoms, in agreement with
the previously suggested population size for this type of
problem when the gradient-following technique is employed.5

As we found, larger population size is computationally
demanding while not necessary for the systems of such size.
The population size should be increased for larger systems.
At the moment we do not have detailed information about
the performance of the GEGA depending on the population
size. The criterion maintained in the code suggests the
population size to be equal to or greater than 5N, whereN
is the number of atoms in the cluster. If the requested
population size is smaller, then the warning message is
printed out in the output file.

All the structures of the thus constructed initial population
are then optimized to the nearest stationary points on the
potential energy surface. If a saddle point is encountered,
then the normal mode of the first imaginary frequency is
followed until a local minimum is found. Further, the
population, composed of the thus selected good individuals,
undergoes breeding and mutations. The mating implemented
in GEGA is performed on the basis of the robust technique
originally proposed in 1995 by Deaven and Ho,13 in which
some of the geometrical features of good individuals in the
population (parents) are combined and passed to new
individuals (children). Parents are local minimum structures
obtained either during the initial or subsequent iterations.
Children are new structures made out of two parent
structures. Probabilities to be bred (to produce child struc-
tures) are assigned to parents according to the best-fit (lowest-
energy) criterion. Based on the probabilities, couples of
parents are randomly selected. Figure 1A shows a typical
breeding procedure on the example of selected structures of
the Li5- cluster. The geometries of parents are cut by a
random cutting plane (XY, YZ, or ZY), and the obtained
halves (genes) are then recombined either in a simple or in
a head-to-tail manner, forming a child. Figure 1A illustrates
the case when the XY plane is chosen, and the recombination
of the halves occurs in the simple manner, i.e., the part of
geometry of the parent 1 taken from above the cutting plane
is recombined with the part of geometry of the parent 2 taken
from below the plane. The number of atoms in the newly
generated geometry is checked, and the child is optimized
to the nearest local minimum. If the number of atoms in the
child is incorrect, the cutting plane is shifted so that the
correct number of atoms results. After the number of
individuals in the population is doubled within the breeding
process, the best-fit group is selected and convergence of
the algorithm is checked. The GEGA is considered converged
if the current lowest-energy species (global minimum or, at
least, a very stable local minimum) remains leading for 20
iterations. If the convergence is not yet met, the highest-
energy species in the population undergo mutations. The
mutation rate is set to 33.33%. Mutations are shifts of random
atoms of a species in random directions, with the purpose
of changing the initial geometry so as to push the structure
out of the current local minimum to another well on the
potential energy surface (see Figure 1B). Mutants are
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optimized to the nearest local minima. After mutations the
algorithm proceeds with a new cycle of breeding. All low-
lying isomers are detected and stored throughout the execu-
tion, and they are reported to the user at the end of the run.
A few runs of GEGA are done on the system in order to
confirm the found global minimum structure.

If high multiplicity states can be expected for a certain
species, the GEGA search should be performed with different
multiplicity values. For simpler systems it may be more
reasonable to find the global minimum and isomers with the
lowest possible multiplicity value and further manually check
the lowest-energy structures with higher multiplicities.

According to our observations, the GEGA performance
strongly depends on the calculated [Rmin; Rmax] interval. If
the Rmax is too small, imposing an unphysical restraint on
the system, the global minimum will not be found. If the
Rmax is chosen to be too large, it is most likely that the
convergence will eventually be met, but it will take much
longer for the algorithm to converge. In the case of lithium

clusters, as will be shown shortly, the geometries of the
clusters are rather compact. Thus the specification of
topology as ‘compact’ led to faster convergence to global
minima. When ‘medium’ or ‘open’ topologies were chosen,
the convergence was harder to reach. For example, in the
case of the Li7+ cluster, ‘compact’ topology specification
permitted the algorithm to converge within 22 iterations,
while in the case of ‘open’ topology, 25 iterations were
needed. Accurate average interatomic distance is always
necessary for properRmax assignment. On the other hand, if
the Rmin chosen by the user is very large, the performance
of the GEGA can slow tremendously. This happens because
many randomly generated geometries will have atom-atom
distances falling within a largeRmin and must therefore be
discarded. As the number of atoms in the cluster increases,
the likelihood of atom-atom distances falling withinRmin

increases, so GEGA can get stuck trying to generate
physically eligible geometries. However, if theRmin is too

Figure 1. Illustration of the GEGA procedure: A. Breeding, when the XY plane is randomly chosen, geometries of two selected
parents are cut by XY, and the parts of parents (the part of the parent 1 from above the plane and the part of the parent 2 from
below the plane) are recombined in a simple manner; the obtained child will then be optimized to the nearest local minimum. B.
Mutation, when the random number of kicks is introduced to distort the structure strongly enough to cross the barrier on the
potential energy surface, the obtained mutant is then optimized to the local minimum.

Figure 2. Global minimum and lowest in energy structures of Li5+, Li5, and Li5- clusters found using the Genetic Algorithm.
Shown geometries are refined at the CCSD(T)/6-311+G* level of theory. CCSD(T)/6-311+G(2df) ∆Es are given with ZPE
corrections obtained at the CCSD(T)/6-311+G* level. The NPA atomic charges at the B3LYP/6-311+G* level are shown.
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small, quantum chemical calculations may not reach SCF-
convergence for some of the species.

So far, due to limited computational resources, we were
not able to test our program on very large systems. However,
the largest clusters to which GEGA was applied contained
nine atoms (in the B3LYP/3-21G run) and 13 atoms (in the
semiempirical run). With a new computer cluster (128 dual
processors) we expect to extend the number of atoms in the
GEGA search up to 20 or may be even 30 atoms.

2. Other Methods. After the global minima and lowest-
energy isomers are found using the Genetic Algorithm
program, geometries and energies of species are refined at
the (U)B3LYP74-76 and the coupled cluster (U)CCSD(T)78-82

levels of theory with the more extended 6-311+G* basis
set. The energies of the species are further refined at the
(U)CCSD(T)/6-311+G(2df)+ ZPE/CCSD(T)/6-311+G*
level of theory. The first vertical and adiabatic ionization
potentials were computed for all neutral and anionic global
minima and compared to the available experimental data.29,30

Chemical bonding analysis was performed using molecular
orbital pictures (at the (U)HF/6-311+G* level) made with
the MOLDEN program,83 using natural population analysis
(NPA)84 at the (U)B3LYP/6-311+G* level and using the
nucleus-independent chemical shifts (NICS)85 calculated at
the (U)B3LYP/6-311+G* level of theory. The diamagnetic
and paramagnetic effects of the ring currents, associated with
aromatic and antiaromatic compounds (i.e. shielding and
deshielding of nuclei), respectively, can be measured by a
simple criterion viz. NICS introduced by Schleyer and co-
workers in 1996.85 We employed NICS indices as a probe
of aromaticity in our clusters in addition to the MO-analysis.
All calculations were done using Gaussian 03 package.

III. Identified Lithium Clusters
We applied the designed GA for the search for the global
minima of uncharged, cationic, and anionic small lithium
clusters. The global minimum structures of the pentaatomic,
hexaatomic, and heptaatomic clusters and their isomers found
within 10 kcal/mol above the global minima, elucidated using
the GEGA program, are shown in Figure 2-4, respectively.
All calculated molecular properties are collected in Tables
1-9. The agreement between computational results obtained
at the B3LYP and CCSD(T) methods is noteworthy.

Most of the previous theoretical works on the pentaatomic
lithium clusters were devoted to the neutral Li5 species (see
for instance refs 33, 39, 41, and 47). All structures of Li5

identified in this study have been found before, while their
relative energies, depending on the applied computational
method, varied.

The bipyramidalD3h (1A1′) global minimum structure was
found by the GEGA to be the global minimum of the Li5

+

cluster (structure I, Figure 2). Its electronic configuration is
1a1′21a2′′2. The second isomer of the Li5

+ cluster is the
twistedD2d (1A1) structure. It was found to be 3.5 kcal/mol
above the global minimum at the CCSD(T)/6-311+G(2df)
+ ZPE/CCSD(T)/6-311+G* level of theory (structure II,
Figure 2). The electronic configuration of this isomer is 1a1

2-
1b2

2.
TheC2V (2B1) isomer III was detected as a global minimum

for the neutral Li5 cluster at the B3LYP/3-21G level during
the execution of the GEGA. From the GEGA calculations
we found that the neutral Li5 cluster has two low-lying
isomers: the global minimumC2V (2B1) (structure III, Figure
2) and isomer IV (C2V, 2A1). At the highest CCSD(T)/6-
311+G(2df)+ ZPE/CCSD(T)/6-311+G* level of theory the
energy difference between these two isomers is 1.5 kcal/

Figure 3. Global minimum and lowest in energy structures of Li6+, Li6, and Li6- clusters found using the Genetic Algorithm.
Shown geometries are refined at the CCSD(T)/6-311+G* level of theory. CCSD(T)/6-311+G(2df) ∆Es are given with ZPE
corrections obtained at the CCSD(T)/6-311+G* level. The NPA atomic charges at the B3LYP/6-311+G* level are shown.
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mol. The global minimum species has the 1a1
21b2

21b1
1

electronic configuration. The electronic configuration of the
C2V (2A1) species is the following: 1a1

21b2
22a1

1.

The GEGA run for the triplet state of the Li5
- cluster

revealed the bipyramidalD3h species V to be the most stable.
In the run of the GEGA for the singlet state we found the
pyramidalC4V species VI to have the lowest energy and the
C2V species VII to be the second isomer. At our highest level
of theory (CCSD(T)/6-311+G(2df) + ZPE/CCSD(T)/6-
311+G*) the global minimum of the Li5

- cluster is the
bipyramidalD3h (3A1′) structure V (Figure 2), having the
1a1′21a2′′21e′2 electronic configuration. The CCSD(T) cal-
culation predicts structure VI (Figure 2) to be the second
lowest-energy species (0.6 kcal/mol less stable than the
global minimum) and structure VII to be 0.9 kcal/mol less
stable. At this level of theory we cannot predict with certainty
which of the structures V, VI, or VII is more stable. We
conclude that the Li5

- anion has three nearly degenerate most
stable structures.

According to GEGA and calculations at higher levels of
theory, the global minimum structure of the Li6

+ cluster has
C2V (2B2) symmetry and the following electronic configura-
tion: 1a1

22a1
21b2

1 (structure IX, Figure 3). This structure has
also been found previously by Boustani et al.47

The neutral Li6 cluster was found to have two low-energy
isomers differing in energy by 4.2 kcal/mol at the CCSD-
(T)/6-311+G(2df) + ZPE/CCSD(T)/6-311+G* level of
theory. The global minimum species (structure X, Figure 3)

hasD4h (1A1g) symmetry and the 1a1g
21eu

4 electronic con-
figuration. The second isomer hasC5V, 1A1 symmetry and
corresponds to structure XI (Figure 3). The triplet species
XII (C 2V, 3B1) is the third most stable structure of the neutral
Li 6 cluster (∆E) 5.5 kcal/mol at the CCSD(T)/6-311+G-
(2df) + ZPE/CCSD(T)/6-311+G* level). The planarD3h

species XIII was found to be 10.2 kcal/mol (at CCSD(T)/
6-311+G(2df) + ZPE/CCSD(T)/6-311+G*) above the glo-
bal minimum. All detected structures were previously found

Figure 4. Global minimum and lowest in energy structures
of Li7+, Li7, and Li7- clusters found using the Genetic
Algorithm. Shown geometries are refined at the CCSD(T)/6-
311+G* level of theory. CCSD(T)/6-311+G(2df) ∆Es are
given with ZPE corrections obtained at the CCSD(T)/6-
311+G* level. The NPA atomic charges at the B3LYP/6-
311+G* level are shown.

Figure 5. Molecular orbital picture of low-energy pentaatomic
lithium clusters.

570 J. Chem. Theory Comput., Vol. 1, No. 4, 2005 Alexandrova and Boldyrev



by various research groups,7,33,39,41,50even though there were
some contradictions on which one is the actual global
minimum. However, the agreement between results obtained
by the B3LYP/3-21G (GEGA run) and other higher levels
of theory makes us more confident in our assignment of the
relative energies of the Li6 isomers. As we were about to
send this paper to press, an article by Temelso and Sherrill
came out.56 The results of this work on the neutral, anionic,
and cationic Li6 clusters are in almost quantitative agreement
with ours. Both cationicC2V and anionicD4h global minimum
species found by the authors are the same as in our work.
For the neutral Li6 cluster the authors predicted theD4h

bipyramidal structure (analogous to our structure X, Figure
3) to be the most stable. TheC5V species was identified as
the second isomer being 5.6 kcal/mol above theD4h cluster
at the most accurate CCSD(T)/cc-pCVQZ level, which is in
good agreement with our number of 4.2 kcal/mol (CCSD-
(T)/6-311+G(2df)+ ZPE/CCSD(T)/6-311+G* level). The
planarD3h species was found 7.6 kcal/mol higher in energy
than the global minimum compared to our 10.2 kcal/mol
(CCSD(T)/6-311+G(2df)+ ZPE/CCSD(T)/6-311+G* level).

For the anionic Li6- cluster the global minimum structure
is a tetragonal bipyramidD4h, 2A2u (structure XIV, Figure

3). The bipyramidD4h, 2A2u structure XIV can be traced to
the bipyramidD4h, 1A1g structure X upon addition of an
electron to the LUMO of the neutral cluster. As the result
of this addition, the tetragonal bipyramid is extended along
the C4 axis, and it approaches an octahedral structure.

GEGA identified the global minimum structures of the
Li 7

+, Li7, and Li7- clusters all as pentagonal bipyramidals
with D5h symmetry (in Figure 4, structures XV, XVI, and
XVII, respectively). This result was proved at the B3LYP/
6-311G*, CCSD(T)/6-311+G*, and CCSD(T)/6-311+G(2df)
+ ZPE/CCSD(T)/6-311+G* levels. The electronic configu-
rations of the cationic, neutral, and anionic species are
1a1′21e1′4, 1a1′21e1′41a2′′1, and 1a1′21e1′41a2′′2, respectively.
The anionic species also has a low-lying second isomer
XVIII (C 3V, 1A1) being just 1.2 kcal/mol above the global
minimum. Its electronic configuration is 1a1

22a1
21e4. The

found bipyramidal shape of the species agrees with previous
reports.39,41,47

We have also calculated various properties of the found
species. The predicted first ionization potentials for neutral
species were found to be in a good agreement with the
experimental photoelectron spectra.29,30 For the distorted
bipyramidal structure of the Li5 cluster the calculated vertical

Table 1. Molecular Properties of the Li5+ Lowest-Energy Isomers

Li5+, D3h, 1A1′ Li5+, D2d, 1A1

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G*
Etotal, au -37.428945 -37.145886a -37.425738 -37.13911b

ZPE, kcal/mol 2.9 2.9 2.3 2.2
geometry R(Li1-Li2) ) 3.15 Å R(Li1-Li2) ) 3.16 Å R(Li1-Li2) ) 3.07 Å R(Li1-Li2) ) 3.11 Å

R(Li2-Li3) ) 2.69 Å R(Li2-Li3) ) 2.77 Å R(Li2-Li3) ) 2.82 Å R(Li2-Li3) ) 2.85 Å
frequencies ω1(a1′) 350 (0)c ω1(a1′) 329 ω1(a1) 318 (0)c ω1(a1) 314

ω2(a1′) 237 (0) ω2(a1′) 236 ω2(a1)139 (0) ω2(a1)135
ω3(a2′′) 300 (0) ω3(a2′′) 304 ω3(b1) 30 (0) ω3(b1) 32
ω4(e′) 278 (22) ω4(e′) 257 ω4(b2) 329 (1) ω4(b2) 326
ω5(e′) 150 (2) ω5(e′) 154 ω5(b2) 271 (60) ω5(b2) 264
ω6(e′′) 136 (0) ω6(e′′) 156 ω6(e) 219 (28) ω6(e) 208

ω7(e) 41 (4) ω7(e) 44
a At the CCSD(T)/6-311+G(2df) level the Etotal ) -37.151522 au. b At the CCSD(T)/6-311+G(2df) level the Etotal ) -37.1444574 au. c Infrared

intensities in km/mol are shown in parentheses.

Table 2. Molecular Properties of the Li5 Lowest-Energy Isomers

Li5, C2v, 2B1 Li5, C2v, 2A1

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G*
Etotal, au -37.580450 -37.292976a -37.578921 -37.291709b

ZPE, kcal/mol 2.7 2.6 2.5 2.5
geometry R(Li1-Li2) ) 2.97 Å R(Li1-Li2) ) 2.98 Å R(Li2-Li4) ) 2.97 Å R(Li2-Li4) ) 2.96 Å

R(Li1-Li3,4) ) 2.63 Å R(Li1-Li3,4) ) 2.72 Å R(Li1-Li2,3) ) 2.85 Å R(Li1-Li2,3) ) 2.94 Å
R(Li2-Li3) ) 3.05 Å R(Li2-Li3) ) 3.07 Å R(Li1-Li4,5) ) 2.98 Å R(Li1-Li4,5) ) 2.99 Å
R(Li3-Li4) ) 3.02 Å R(Li3-Li4) ) 3.07 Å R(Li2-Li3) ) 3.05 Å R(Li2-Li3) ) 3.11 Å

frequencies ω1(a1) 348 (6)c ω1(a1) 329 ω1(a1) 319 (20)c ω1(a1) 292
ω2(a1) 245 (1) ω2(a1) 244 ω2(a1) 289 (0) ω2(a1) 267
ω3(a1) 209 (10) ω3(a1) 205 ω3(a1) 184 (1) ω3(a1) 185
ω4(a2) 178 (0) ω4(a2) 171 ω4(a1) 130 (3) ω4(a1) 133
ω5(b1) 160 (19) ω5(b1) 167 ω5(a2) 69 (0) ω5(a2) 69
ω6(b1) 128 (1) ω6(b1) 96 ω6(b1) 78 (8) ω6(b1) 65
ω7(b2) 284 (13) ω7(b2) 288 ω7(b2) 277 (0) ω7(b2) 342
ω8(b2) 183 (1) ω8(b2) 186 ω8(b2) 224 (5) ω8(b2) 236
ω9(b2) 162 (0) ω9(b2) 161 ω9(b2) 184 (0) ω9(b2) 182

a At the CCSD(T)/6-311+G(2df) level Etotal )-37.298767 au. b At the CCSD(T)/6-311+G(2df) level Etotal ) -37.296434 au. c Infrared intensities
in Km/mol are shown in parentheses.
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ionization potential (IP) is 4.14 eV, and the theoretically
predicted adiabatic IP is 4.00 eV. The experimental IP value
was reported as 4.02( 0.1 eV.29,30 The VDE1 of the Li5-

global minimum isomer V is 0.94 eV and the ADE) 0.87
eV. For the hexaatomic neutralD4h bipyramid Li6 the
calculated vertical IP) 4.44 eV can be compared to the
experimental IP) 4.20 ( 0.1 eV.29,30 The VDE and ADE
values for the Li6- D4h (2A2u) structure XIV are 1.00 and
0.87 eV, respectively. For the pentagonal bipyramid Li7 (D5h,
1A1′) the theoretical vertical IP) 4.08 eV and adiabatic IP
) 3.95 eV can be compared to the experimental IP) 3.94
( 0.1 eV.29,30Li7

- (D5h, 1A1′) has VDE) 1.13 eV, and ADE
) 0.80 eV.

Our calculated atomization energies per atom of the species
are the following: Li5+ (D3h, 1A1) - 1.02 eV, Li5 (C2V, 2B1)
- 0.75 eV, Li5 (C2V, 2A1) - 0.55 eV, Li5- (D3h, 3A1′) -
0.85 eV, Li6+ (C2V, 2A1) - 1.04 eV, Li6 (D4h, 1A1g) - 0.86
eV, Li6 (C5V, 1A1) - 0.83 eV, Li6- (D4h, 2A2u) - 0.92 eV,
Li 7

+ (D5h, 1A1′) - 1.12 eV, Li7 (D5h, 2A2′′) - 0.92 eV, and
Li7

- (D5h, 1A1′) - 0.98 eV. These values can be compared
to the atomization energy per atom of Li2 - 0.52 eV.86 They
clearly show the enhanced stability in all clusters.

IV. Chemical Bonding in Lithium Clusters
To elucidate the nature of the chemical bonding in lithium
clusters we used the molecular orbital analysis and NICS
indices.

Li 5
+1/0/-1. Figure 5 contains MO pictures of the low-energy

pentaatomic lithium clusters. The set of valence molecular
orbitals of the bipyramidalD3h global minimum structure of
Li 5

+ is shown in Figure 5a. The HOMO-1 (1a1) is a
completely bondingσ-molecular orbital composed mostly
of 2s-atomic orbitals on all five Li atoms. The HOMO (1a2)
is a completely bonding molecular orbital ofπ-character. It
is composed of 2p atomic orbitals of three Li atoms in the
base of the pyramid and 2s atomic orbitals of the two apex
Li atoms. To prove theπ-character of the HOMO, we
calculated the cluster composed of three Li atoms in the base

of the pyramid and two positive charges substituting the apex
Li atoms. The molecular orbitals of this model system are
shown in Figure 5b. As one can see the overall look of the
molecular orbitals of the Li3

- triangular base of the pyramid
with two positive point-charges above and below the plane
is the same as the look of the orbitals of the Li5

+ pyramidal
cluster. Both theπ-character of the HOMO and theσ-char-
acter of the HOMO-1 are preserved when the contribution
from 2s-functions on the apex Li atoms are completely
excluded. This fact shows that the chemical bonding in the
global Li5+ minimum can be described in terms of 2σ and
2π electrons present. Thus, according to the (4n+2) Hückel’s
rule, the species is bothσ- and π-aromatic.87 The doubly
aromatic character87 of the chemical bonding is responsible
for the extra stability of the Li5

+ global minimum isomer.
What is unusual about chemical bonding in this cluster is
an early occupation of theπ-MO, i.e., theπ-MO is occupied
before the full set ofσ-orbitals, required for the classical
2c-2e bonding among equatorial Li atoms, has been popu-
lated. However, such early occupation ofπ-MO in metal
systems was already observed in the Al4

2- cluster.92

Molecular orbitals of the second isomer of the Li5
+ cluster

are shown in Figure 5c. Both molecular orbitals of the twisted
D2d structure haveσ-character. In fact the structure is a result
of the fusion of two Li3+ triangular motifs sharing one atom.
The Li3+ cluster has been reported to have only one
completely bondingσ-molecular orbital and to beσ-aromat-
ic.72 The HOMO and HOMO-1 are linear combinations of
the two completely bondingσ-molecular orbitals of the Li3

+

units. Thus, the system can be defined as island aromatic,
in the sense that the fusion of the two aromatic fragments is
observed, and both individual aromatic units preserve their
aromaticity inside the Li5

+ D2d structure.

Molecular orbitals of the (C2V, 2B1) global minimum isomer
of the neutral Li5 cluster are shown in Figure 5d. Two
molecular orbitals (HOMO-1 (1b2) and HOMO-2 (1a1)) are
reminiscent to HOMO (1b2) and HOMO-1 (1a1), respec-
tively, of the Li5+ D3h pyramidal species. However, the

Table 3. Molecular Properties of the Li5- Lowest-Energy Isomers

Li5-, D3h, 3A1′ Li5-, C4v, 1A1 Li5-, C2v, 1A1

level of
theory

B3LYP/6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G*

Etotal, au -37.610893 -37.324953a -37.608082 -37.323435b -37.608840 -37.324138c

ZPE,
kcal/mol

2.8 2.8 2.5 2.4 2.3 2.3

geometry R(Li1-Li2,3,4) ) 2.97 Å R(Li1-Li2,3,4) ) 3.01 Å R(Li1-Li2) ) 2.78 Å R(Li1-Li2) ) 2.84 Å R(Li2-Li4) ) 3.22 Å R(Li2-Li4) ) 3.24 Å

R(Li2-Li3) ) 2.85 Å R(Li2-Li3) ) 2.93 Å R(Li2-Li3) ) 3.21 Å R(Li2-Li3) ) 3.21 Å R(Li1-Li2,3) ) 2.89 Å R(Li1-Li2,3) ) 2.94 Å

R(Li1-Li4,5) ) 2.96 Å R(Li1-Li4,5) ) 2.99 Å

R(Li2-Li3) ) 2.95 Å R(Li2-Li3) ) 2.95 Å

frequencies ω1(a1′) 299 (0)d ω1(a1′) 287 ω1(a1) 298 (9)d ω1(a1) 292 ω1(a1) 285 (24)d ω1(a1) 285

ω2(a1′) 226 (0) ω2(a1′) 218 ω2(a1) 150 (4) ω2(a1) 150 ω2(a1) 219 (4) ω2(a1) 222

ω3(a2′′) 259 (18) ω3(a2′′) 262 ω3(b1) 180 (0) ω3(b1) 182 ω3(a1) 182 (19) ω3(a1) 180

ω4(e′) 240 (0) ω4(e′) 241 ω4(b2) 221 (0) ω4(b2) 210 ω4(a1) 121 (0) ω4(a1) 123

ω5(e′) 201 (0) ω5(e′) 231 ω5(b2) 73 (0) ω5(b2) 55 ω5(a2) 93 (0) ω5(a2) 88

ω6(e′) 132 (1) ω6(e′) 131 ω6(e) 277 (27) ω6(e) 266 ω6(b1) 82 (1) ω6(b1) 61

ω7(e) 134 (3) ω7(e) 128 ω7(b2) 298 (147) ω7(b2) 298

ω8(b2) 200 (3) ω8(b2) 198

ω9(b2) 149 (12) ω9(b2) 144
a At the CCSD(T)/6-311+G(2df) level Etotal ) -37.331652 au. b At the CCSD(T)/6-311+G(2df) level Etotal ) -37.330154 au. c At the CCSD(T)/

6-311+G(2df) level Etotal ) -37.329635 au. d Infrared intensities in km/mol are shown in parentheses.
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HOMO (1b1) in theC2V global minimum structure of Li5 is
a nonbondingσ-molecular orbital. It belongs to the quasi-
degenerate pair ofσ-molecular orbitals, with counterpart as
the LUMO. A Jahn-Teller distortion, thus imposed, results
in the lowerC2V symmetry of the cluster. The system contains
two π-electrons analogous to the Li5

+ D3h species, obeys the
(4n+2) rule, and, consequently, isπ-aromatic. The described
partial occupation of theσ-set (the completely bonding
HOMO-2 and the nonbonding HOMO) makes the system
σ-antiaromatic. Adding an electron leads to the double
population of the degenerate HOMO and a gain ofσ-aro-
maticity.

The pattern of the molecular orbitals in the secondC2V

(2A1) isomer of Li5 is very similar to theC2V isomer VII of
the Li5- cluster, which has an electronic configuration
1a1

21b2
22a1

2. The neutral and anionic clusters only differ in
the number of electrons occupying the HOMO. Let us first
consider the chemical bonding in the closed-shell anionic
species.

The planarC2V, 1A1 species is the third lowest-energy
isomer of the Li5- cluster (structure VII, Figure 2). The
molecular orbitals of this cluster are shown in Figure 5g.

All three occupied molecular orbitals haveσ-character. The
HOMO-2 is a completely bondingσ-molecular orbital, while
the HOMO and the HOMO-1 are partially bondingσ-MOs.
The set of bondingσ-molecular orbitals in this isomer of
Li 5

- is completely filled by 6σ-electrons, which, at first
glance, should lead to perfectD5h symmetry andσ-aroma-
ticity due to the (4n+2) rule. However, the perfectly
symmetricD5h structure is a second-order saddle point on
the potential energy surface, and the imaginary frequency
normal mode leads to the foundC2V species. This contradic-
tion has been resolved via the analysis of the composition
of the molecular orbitals in the species. It showed that all
molecular orbitals, although mostly composed of 2s-atomic
orbitals of Li atoms, have a significant contribution from
2p-atomic orbitals, and thus should be considered as hybrid-
ized. The hybridization enhances the overlap and the overall
bonding character of the HOMO and HOMO-1. In the
HOMO a large contribution to the bonding comes from the
overlap of theσ-cloud on atoms Li2 and Li3 with the pz-
atomic orbital of the Li1 atom perpendicular to this cloud,
which can be observed from the molecular orbital picture.
If no 2p-contribution would occur, there would be no bonding

Table 4. Molecular Properties of the Li6+, C2v, 2B2 Global Minimum Structure

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G*
Etotal, au -44.960548 -44.618696a

ZPE, kcal/mol 3.6 3.6
geometry R(Li1-Li2) ) 3.08 Å R(Li2-Li5) ) 3.36 Å R(Li1-Li2) ) 3.10 Å R(Li2-Li5) ) 3.44 Å

R(Li1-Li3,4) ) 3.06 Å R(Li3-Li4) ) 2.53 Å R(Li1-Li3,4) ) 3.00 Å R(Li3-Li4) ) 2.61 Å
R(Li2-Li3,4) ) 2.93 Å R(Li2-Li3,4) ) 3.10 Å

frequencies ω1(a1) 349 (4)b ω7(a2) 144 (0) ω1(a1) 330 ω7(a2) 142
ω2(a1) 266 (22) ω8(b1) 176 (6) ω2(a1) 261 ω8(b1) 175
ω3(a1) 253 (18) ω9(b1) 153 (0) ω3(a1) 251 ω9(b1) 155
ω4(a1) 190 (0) ω10(b2) 304 (19) ω4(a1) 187 ω10(b2) 305
ω5(a1) 88 (0) ω11(b2) 212 (1) ω5(a1) 81 ω11(b2) 215
ω6(a2) 212 (0) ω12(b2) 194 (4) ω6(a2) 219 ω12(b2) 198

a At the CCSD(T)/6-311+G(2df) level Etotal ) -44.624912 au. b Infrared intensities in km/mol are shown in parentheses.

Table 5. Molecular Properties of the Li6 Lowest-Energy Isomers

Li6, D4h, 1A1g Li6, C5v, 1A1 Li6, C2v, 3B1

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G*

Etotal, au -45.116806 -44.774798a -45.111046 -44.768332b -45.110032 -44.767231c

ZPE, kcal/mol 3.8 3.7 3.3 3.2 3.8 3.7

geometry R(Li1-Li2) ) 3.05 Å R(Li1-Li2) ) 3.08 Å R(Li1-Li2) ) 2.79 Å R(Li1-Li2) ) 2.87 Å R(Li1-Li2) ) 2.91 Å R(Li1-Li2) ) 2.95 Å

R(Li2-Li3) ) 2.80 Å R(Li2-Li3) ) 2.81 Å R(Li2-Li3) ) 3.14 Å R(Li2-Li3) ) 3.14 Å R(Li1-Li3,4) ) 2.97 Å R(Li1-Li3,4) ) 3.02 Å

R(Li2-Li3,4) ) 2.86 Å R(Li2-Li3,4) ) 2.92 Å

R(Li2-Li5) ) 3.03 Å R(Li2-Li5) ) 3.11 Å

R(Li3-Li4) ) 2.85 Å R(Li3-Li4) ) 2.94 Å

frequencies ω1(a1g) 352 (0)d ω1(a1g) 326 ω1(a1) 254 (2)d ω1(a1) 257 ω1(a1) 310 (4)d ω1(a1) 302

ω2(a1g) 227 (0) ω2(a1g) 206 ω2(a1) 85 (4) ω2(a1) 109 ω2(a1) 277 (14) ω2(a1) 274

ω3(a2u) 205 (5) ω3(a2u) 206 ω3(e1) 345 (1) ω3(e1) 323 ω3(a1) 245 (10) ω3(a1) 236

ω4(b1g) 270 (0) ω4(b1g) 263 ω4(e1) 178 (2) ω4(e1) 182 ω4(a1) 205 (1) ω4(a1) 197

ω5(b2g) 121 (0) ω5(b2g) 114 ω5(e2) 203 (0) ω5(e2) 197 ω5(a1) 97 (0) ω5(a1) 95

ω6(b2u) 179 (0) ω6(b2u) 179 ω6(e2) 192 (0) ω6(e2) 192 ω6(a2) 246 (0) ω6(a2) 240

ω7(eg) 254 (0) ω7(eg) 251 ω7(e2) 58 (0) ω7(e2) 45 ω&(a2) 125 (0) ω&(a2) 125

ω8(eu) 331 (3) ω8(eu) 328 ω8(b1) 250 (13) ω8(b1) 244

ω9(eu) 60 (0) ω9(eu) 51 ω9(b1) 155 (15) ω9(b1) 167

ω10(b2) 302 (28) ω10(b2) 309

ω11(b2) 219 (2) ω11(b2) 223

ω12(b2) 197 (0) ω12(b2) 202
a At the CCSD(T)/6-311+G(2df) level Etotal ) -44.782932 au. b At the CCSD(T)/6-311+G(2df) level Etotal ) -44.774803 au. c At the CCSD(T)/

6-311+G(2df) level Etotal ) -44.774103 au. d Infrared intensities in km/mol are shown in parentheses.
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character between the Li1 atom and theσ-cloud on atoms
Li2 and Li3, because in the originalσ-molecular orbital they
are divided by a nodal plane. Thus, the hybridization brings
an additional bonding to the system across the nodal plane
of the HOMO and causes a structural distortion fromD5h

symmetry to C2V by drawing Li1 toward Li2 and Li3.
Quantitatively, this phenomenon can be described by the
expansion of the HOMO in terms of AOs on atoms. At the
RHF/6-311+G* level the portion of the expansion coming
from the Li1 atom is the following: 0.002(1s)+ 0.028(2s)
- 0.046(2pz) -0.069(3s)- 0.093(3pz) - 0.015(4s)- 0.039-
(4pz) - 0.199(5s)+ 0.109(5pz) + 0.012(6d0) + 0.008(6d2+),
which shows that the majority of electron density on Li1
comes from the pz-originated atomic orbitals. In the HOMO-
1, Li1 carries a py-contribution across the nodal plane. Li1
brings the following portion to the expansion of the HOMO-1
(RHF/6-311+G* level): 0.07(2py) + 0.150(3py) - 0.187-
(4py) + 0.081(5py) - 0.004(6d-1). It is important, that if no
p-character would exist in HOMO-1, the coefficients in the
HOMO-1 expansion, corresponding to the functions on the
Li1 atom, would be zero. To check the validity of such an
explanation of the chemical bonding in Li5

- (C2V, 1A1), we
artificially removed the p-functions from the atoms and
calculated theD5h perfectly symmetric structure. In this case,
when there are no p-contributions to molecular orbitals, the
Li 5

- D5h species is a true minimum on the potential energy
surface.

The chemical bonding in the previously mentioned second
C2V isomer of the Li5 neutral cluster (structure IV, Figure
2), having a similar structure to the third isomer of Li5

-,
can be described in the same manner. The s-p hybridization
leads to the strong distortion of the cluster towardC2V

symmetry. However, this structural rearrangement is smaller
than in the third isomer of Li5

- (see Tables 2 and 3 to
compare geometries), because the HOMO in Li5 is populated
with one electron only, and thus the bonding brought to the
system by the HOMO is less.

At the highest applied level of theory (CCSD(T)/6-311+G-
(2df)) the global minimum of the Li5

- cluster is a bipyramidal
structure V (Figure 2). The 1a1′21a2′′21e′2 electronic config-
uration of the species corresponds to the population of the
σ-bonding set of molecular orbitals (Figure 5e) in the base

of the bipyramid. The completely bonding HOMO-2 and the
doubly degenerate nonbonding HOMO contain fourσ-elec-
trons. The bipyramidal global minimum isσ-aromatic
according to the 4n rule for triplets.93 However, this structure
is also aπ-aromatic system due to the doubly occupied
HOMO-1, and thus overall it is a doubly aromatic system.
The pyramidalC4V isomer VI (Figure 2) contains six electrons
in threeσ-molecular orbitals (Figure 5f). Thus this closed-
shell cluster isσ-aromatic according to the regular 4n+2
Hückel’s rule.

We also used NICS indices as additional criteria of
aromatic or antiaromatic character of the identified global
minima. The computed indices are shown in Table 10.
However, as one may see, in the case of pentaatomic lithium
clusters, our conclusion about the double aromaticity of Li5

+

(D3h, 1A1′ species I, Figure 2), theσ-antiaromaticity and
π-aromaticity of Li5 (C2V, 2B1 species III, Figure 2), and the
double aromaticity of the triplet Li5

- (cluster V, Figure 2)
completely disagrees with the obtained NICS values (nega-
tive NICS indices correspond to aromatic character, positive
to antiaromatic).

Li 6
+1/0/-1. MOs of hexaatomic clusters are given in Figure

6. Let us first consider chemical bonding in the neutral Li6

cluster.
The global minimum of the neutral Li6 (D4h, 1A1g) cluster

X has a completely bondingσ-molecular orbital HOMO-1

Table 6. Molecular Properties of the Li6-, D4h, 2A2u Global
Minimum Structure

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G*
Etotal, au -45.147179 -44.806674a

ZPE, kcal/mol 3.6 3.6
geometry R(Li1-Li2) ) 2.81 Å R(Li1-Li2) ) 2.88 Å

R(Li2-Li3) ) 3.34 Å R(Li2-Li3) ) 3.35 Å
frequencies ω1(a1g) 301 (6)b ω1(a1g) 301

ω2(a1g) 156 (3) ω2(a1g) 141
ω3(a2u) 191 (2) ω3(a2u) 236
ω4(b1g) 248 (0) ω4(b1g) 286
ω5(b2g) 143 (0) ω5(b2g) 130
ω6(b2u) 166 (0) ω6(b2u) 233
ω7(eg) 254 (0) ω7(eg) 238
ω8(eu) 298 (3) ω8(eu) 292
ω9(eu) 89 (1) ω9(eu) 84

a At the CCSD(T)/6-311+G(2df) level Etotal ) -44.815330 au.
b Infrared intensities in km/mol are shown in parentheses.

Table 7. Molecular Properties of the Li7+, D5h, 1A1′ Global
Minimum Structure

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G*
Etotal, au -52.506609 -52.108467a

ZPE, kcal/mol 4.7 4.5
geometry R(Li1-Li2) ) 2.78 Å R(Li1-Li2) ) 2.74 Å

R(Li2-Li3) ) 3.06 Å R(Li2-Li3) ) 3.02 Å
frequencies ω1(a1′) 364 (0)b ω1(a1′) 338

ω2(a1′) 245 (0) ω2(a1′) 239
ω3(a2′′) 174 (1) ω3(a2′′) 168
ω4(e1′) 304 (37) ω4(e1′) 298
ω5(e1′) 171 (2) ω5(e1′) 168
ω6(e2′) 213 (0) ω6(e2′) 224
ω7(e2′) 198 (0) ω7(e2′) 207
ω8(e2′′) 227 (0) ω8(e2′′) 187
ω9(e2′′) 133 (0) ω9(e2′′) 129

a At the CCSD(T)/6-311+G(2df) level Etotal ) -52.116856 au.
b Infrared intensities in Km/mol are shown in parentheses.

Table 8. Molecular Properties of the Li7, D5h, 2A2′′ Global
Minimum Structure

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G*
Etotal, au -52.652085 -52.253634a

ZPE, kcal/mol 4.7 5.7
geometry R(Li1-Li2,3,4,5) ) 2.91 Å R(Li1-Li2,3,4,5) ) 2.97 Å

R(Li2-Li3) ) 3.02 Å R(Li2-Li3) ) 3.06 Å
frequencies ω1(a1′) 301 (0)b ω1(a1′) 288

ω2(a1′) 235 (0) ω2(a1′) 218
ω3(a2′′) 165 (28) ω3(a2′′) 217
ω4(e1′) 304 (29) ω4(e1′) 495
ω5(e1′) 184 (4) ω5(e1′) 202
ω6(e2′) 237 (0) ω6(e2′) 231
ω7(e2′) 208 (0) ω7(e2′) 230
ω8(e2′′) 254 (0) ω8(e2′′) 301
ω9(e2′′) 104 (0) ω9(e2′′) 181

a At the CCSD(T)/6-311+G(2df) level Etotal ) -52.262340 au.
b Infrared intensities in km/mol are shown in parentheses.
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(1a1g) (see Figure 6b). The doubly degenerate HOMO has
σ-character too with a major contributions from the 2s-
functions of the equatorial Li atoms. The system thus
contains sixσ-electrons and isσ-aromatic.

Figure 6c depicts the molecular orbitals of the second
quasi-planar isomer XI (Figure 3) (C5V, 1A1) of the Li6 cluster.
As one may see all electron density in the species is
concentrated on the base of the pyramid, while no electron
density is observed at the apex Li atom. All molecular
orbitals haveσ-character and align in the plane of the base
of the pyramid. The completely bonding HOMO-1 (1a1) and
the partially bonding doubly degenerate HOMO (1e1) form
the σ-bonding set. Having sixσ-electrons occupying these
molecular orbitals the system isσ-aromatic.

Now we can easily interpret molecular orbitals of the
global minimum Li6+ species (C2V, 2A1 structure IX, Figure
3), which are shown in Figure 6a. We can relate the MOs in

Li 6
+ IX to the MOs in Li6 X. HOMO in Li6

+ is originated
from HOMO in Li6, HOMO-1 in Li6+ is originated from
HOMO′ in Li 6, and HOMO-2 in Li6+ is originated from
HOMO-1 in Li6. The occupation by three electrons of the
doubly degenerate HOMO in theD4h structure leads to a
Jahn-Teller distortion toward theC2V, 2A1 structure IX,
Figure 3.

The global minimum of Li6- has molecular orbitals (shown
in Figure 6d) very similar to its neutral structural analogue
X (Figure 3). In this case the LUMO in Li6 (which is the
last member of the triply degenerate set of molecular orbitals)
is occupied with one electron. The system approaches the
perfect octahedral symmetry with atoms Li1 and Li6 being
found farther apart than in the neutral species X. The system
still possessesσ-aromatic character of the chemical bonding
due to the occupation of the HOMO-2 (1a1g) and HOMO-1

Figure 6. Molecular orbital picture of low-energy hexaatomic lithium clusters.
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(1eu), and it also has one electron on theπ-HOMO (1a2u)
and thus this anion could be considered as partiallyπ-
aromatic.

In the case of charged and neutral Li6 clusters, the
computed NICS indices agree with our interpretation of the
chemical bonding. The aromaticity of Li6 and Li6- (negative
NICS) and antiaromaticity of Li6

+ (positive NICS) are
identified.

Li 7
+1/0/-1. MOs of heptaatomic clusters are shown in Figure

7. The molecular orbitals of the Li7
+ global minimum species

are shown in Figure 7a. They have a distinctσ-character.
1a1′ HOMO-1 is a completely bonding MO, while the doubly
degenerate 1e1′ HOMO has one nodal plane and possesses
partially bonding character. This provides a sufficient number
of electrons for the five-member ring of the system to be
σ-aromatic and, consequently, to possess extra stability.

The global minimum isomer of the neutral Li7 cluster,
havingD5h, 2A2′′ symmetry, is very similar to the cationic

Table 9. Molecular Properties of the Li7- Global Minimum and the Second Lowest-Energy Isomer

Li7-, D5h, 1A1′ Li7-, C3v, 1A1

level of theory B3LYP/6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G*
Etotal, au -52.680731 -52.289214a -52.679888 -52.282973b

ZPE, kcal/mol 4.4 4.3 4.3 4.3
geometry R(Li1-Li2,3,4,5) ) 2.98 Å R(Li1-Li2,3,4,5) ) 3.04 Å R(Li6-Li1,2,5) ) 2.94 Å R(Li6-Li1,2,5) ) 2.97 Å

R(Li2-Li3) ) 2.89 Å R(Li2-Li3) ) 2.92 Å R(Li1-Li2) ) 3.03 Å R(Li1-Li2) ) 3.11 Å
R(Li1-Li3) ) 2.88 Å R(Li1-Li3) ) 2.93 Å
R(Li3-Li4) ) 3.08 Å R(Li3-Li4) ) 3.12 Å

frequencies ω1(a1′) 275 (0)c ω1(a1′) 269 ω1(a1) 306 (2)c ω1(a1) 302
ω2(a1′) 140 (0) ω2(a1′) 145 ω2(a1) 263 (0) ω2(a1) 260
ω3(a2′′) 189(12) ω3(a2′′) 197 ω3(a1) 211 (1) ω3(a1) 212
ω4(e1′) 279 (1) ω4(e1′) 276 ω4(a1) 182 (5) ω4(a1) 174
ω5(e1′) 191 (1) ω5(e1′) 186 ω5(a2) 188 (0) ω5(a2) 185
ω6(e2′) 170 (0) ω6(e2′) 166 ω6(e) 276 (0) ω6(e) 277
ω7(e2′) 250 (0) ω7(e2′) 269 ω7(e) 251 (3) ω7(e) 249
ω8(e2′′) 267 (0) ω8(e2′′) 239 ω8(e) 180 (1) ω8(e) 183
ω9(e2′′) 91.(0) ω9(e2′′) 77 ω9(e) 131 (2) ω9(e) 129

ω10(e) 101 (3) ω10(e) 101
a At the CCSD(T)/6-311+G(2df) level Etotal ) -52.298875 au. b At the CCSD(T)/6-311+G(2df) level Etotal ) -52.296998 au. c Infrared intensities

in km/mol are shown in parentheses.

Figure 7. Molecular orbital picture of low-lying heptaatomic lithium clusters.

576 J. Chem. Theory Comput., Vol. 1, No. 4, 2005 Alexandrova and Boldyrev



species XV described above. Out of the four occupied
molecular orbitals depicted in the Figure 7b, HOMO-1 (1e1′)
and HOMO-2 (1a1′) have the same shapes as the HOMO
and HOMO-1, respectively, in the Li7

+ global minimum
moiety. For the reason explained above the species is
σ-aromatic. The singly occupied HOMO (1a2′′) also con-
tributes to the overall stabilization of the system. This is a
completely bonding molecular orbital ofπ-character. The
system, even though having only oneπ-electron, can be
called partially π-aromatic. Thus, the species is doubly
aromatic.

The electronic configuration of the global minimum of
the Li7- (D5h, 1A1′) cluster differs from the Li7 (D5h, 2A2′′)
system only by the double population of the HOMO (1a2′′).
The molecular orbital picture is identical to the one in Figure
7b. Using the same arguments, we conclude that the global
minimum of the Li7- has doubly aromatic character of the
chemical bonding due to the presence of sixσ-electrons and
two π-electrons. The four valence molecular orbitals in the
Li 7

- D5h cluster can also be considered as affective s
(HOMO-2, 1a1′), px (HOMO-1, 1e1′), py (HOMO-1′, 1e1′),
and pz (HOMO, 1a2′′) orbitals of the superatom, and complete
occupation of these orbitals corresponds to major electron-
shell closure (compare for example to Ne). And this result
is also similar to the jellium model prediction forn ) 8.94

From Figure 7c, where the populated molecular orbitals
of the C3V, 1A1 Li 7

- species are shown, one may see that
there is no electron density observed on the lithium atom

coordinated at the face of the pyramid. The completely
bonding HOMO-2 (1a1) contains twoσ-electrons and makes
the systemσ-aromatic according to the (4n+2) Hückel’s rule.
The remaining three molecular orbitals have an obvious triply
degenerate nature of the octahedrally symmetric unit, which
lost its symmetry due to the presence of the coordinated Li
atom changing the point group of the cluster to theC3V. The
1e HOMO and the 2a1 HOMO-1 are mostly composed of
the 2p-atomic orbitals of the four Li atoms with 2s-
contribution from the other two apex Li atoms and have
primarily π-character. The complete occupation of this quasi-
triply degenerate set leads to the symmetry, stability, and
three-dimensional aromaticity of the cluster.

On the basis of negative NICS indices (see Table 10), the
assigned aromaticity of all pentagonal bipyramids Li7

+, Li7,
and Li7- receives additional confirmation. Moreover, ac-
cording to NICS values, the aromatic character of the clusters
grows upon addition of electrons to the aromaticπ-MO
(HOMO in Li7 and Li7-), which is also in accordance with
our conclusion about the gain ofπ-aromaticity.

V. Conclusions
We demonstrated on the small lithium clusters Lin

0/+1/-1 (n
) 5-7) that the novel Gradient Embedded Genetic Algo-
rithm (GEGA) technique can be successfully used for
identifying the lowest-energy structures. Results of our
search, obtained using this program, have been compared
with the previous ab initio calculations and experiments, and

Table 10. Calculated Nucleus-Independent Chemical Shift (NICS) Values for the Global Minima of the Lin0/+1/-1 (n ) 5-7)
Clusters (B3LYP/6-311+G* Level)

NICS, ppm

Li5+ D3h,
1A1′

Li5 C2v,
2B1

Li5- D3h,
3A1′

Li5- C4v,
1A1

Li6+ C2v,
2A1

Li6 D4h,
1A1g

Li6- D4h,
1A2u

Li7+ D5h,
1A1′

Li7 D5h,
2A2′′

Li7- D5h,
1A1′

1 15.495a -378.466b 37.042a 4.846c 2.868d -1.522a -10.426a -6.598a -10.336a -27.621a

2 14.596 -375.088 37.164 4.820 2.158 -1.450 -10.425 -6.544 -10.506 -27.162
3 12.071 -375.614 37.311 4.663 1.370 -1.165 -10.391 -6.546 -10.726 -25.704
4 8.517 -376.467 37.353 4.395 0.598 -0.765 -10.267 -6.669 -10.671 -23.126
5 4.015 -372.000 36.947 4.013 0.074 -0.656 -10.002 -6.515 -10.079 -19.591
6 0.561 -359.617 35.908 3.486 3.534 -1.048 -9.549 -5.849 -8.968 -15.688
7 -378.466 3.650
8 -384.207 3.112
9 -394.547 2.016
10 -406.860 1.122
11 -417.223 2.373
12 -417.144 0.756
13 -1.396
14 -3.364
15 -4.593

a The first index is computed at the center of the symmetry of the polyhedron. The subsequent indices are computed at the points lying
equidistantly on the line connecting point 1 and the center of the circle circumscribed around the face of the polyhedron so that points 2-4 are
inside of the cluster, point 5 is at the center of the circumscribed circle, and point 6 is outside of the cluster. b The first index is computed at the
center of the polyhedron. Indices 2-6 and 7-12 are computed at the points lying equidistantly on the lines connecting point 1 and the center
of the circle circumscribed around the face Li1-Li2-Li3 and around the face Li1-Li3-Li4, respectively. Points 2-4 and 7-10 are inside of the
cluster, points 5 and 11 are at the centers of the circumscribed circles, and points 6 and 12 are outside of the cluster. c The first index is
computed at the center of the base of the pyramid. The subsequent indices are computed at the points lying equidistantly on the line connecting
point 1 and the center of the circle circumscribed around the face of the pyramid so that points 2-4 are inside of the cluster, point 5 is at the
center of the circumscribed circle, and point 6 is outside of the cluster. d The first index is computed at the point between atoms Li3 and Li4,
structure IX, Figure 3. Indices 1-5 are computed at the points lying on the line orienting downward from point 1. Indices 6-10 and 11-15 are
computed at the points lying equidistantly on the lines connecting point 1 and the center of the circle circumscribed around the face Li3-Li2-Li5
and around the face Li3-Li5-Li6, respectively. Points 6-8 and 11-13 are inside of the cluster, points 9 and 14 are at the centers of the
circumscribed circles, and points 10 and 15 are outside of the cluster.
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the efficiency of the developed GEGA method has thus been
confirmed. We plan to use the GEGA method for search for
global minimum and low-lying structures of many main
group elements’ clusters. From the MO analysis of the
chemical bonding in the clusters, found via the novel GEGA
program, the significant role of multiple aromaticity as a
major stabilizing effect in alkali-metal clusters has been
elucidated. Our interpretation of aromatic or antiaromatic
character of lithium clusters does not always agree with the
assignments based on the computed NICS indices. In our
previous work we reported the smaller systems of alkali and
alkaline Earth metals and showed the importance of the
σ-aromaticity concept in the description of the chemical
bonding within them.72 In this work we extend our knowl-
edge about clusters of alkali metals, increasing the size of
the considered systems.
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