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Theoretical Prediction for the Structures of Gas Phase
Lithium Oxide Clusters: (Li,O),, (n = 1-8)

Yuan Yuan and Longjiu Cheng*

We apply genetic algorithm combining directly with density
functional method to search the potential energy surface of
lithium-oxide clusters (Li,O), up to n = 8. In (Li,O), (n = 1-8)
clusters, the planar structures are found to be global minimum
up to n = 2, and the global minimum structures are all three-
dimensional at n > 3. At n > 4, the tetrahedral unit (TU) is
found in most of the stable structures. In the TU, the central Li
is bonded with four O atoms in sp® interactions, which leads
to unusual charge transformation, and the probability of the
central Li participating in the bonding is higher by adaptive

Introduction

Clusters are microscopic or submicroscopic aggregates which
are composed of several to hundreds of atoms or molecules.
Because of the outstanding physical and chemical properties,
studies on clusters have gradually evoked great interest in
recent years. Research on cluster is developing rapidly, which is
an interdisciplinary of atomic physics, molecular physics, solid
state physics, surface physics, quantum chemistry, and many
other disciplines.” As clusters have excellent catalytic proper-
ties, biological activity, optical properties, superconducting
properties, and so forth, most countries make clusters as focus
of researches, especially, the nano-clusters. With the continuous
development of cluster theory, optimization of the structure of
clusters can not only reveal law of the changes for structures in
the growth of clusters but also can find the formation mecha-
nism and conditions of the structures of cluster-specific.
Through predicting the structure of cluster can guide to experi-
ment further, improve the conditions and provide a theoretical
basis for the design and development of new materials.

At present, many advances have been done in understand-
ing of metallic and semiconductor clusters, the study of metal-
oxide clusters plays a fundamental role in many physical and
chemical processes. In recent years, some studies have been
done on metal-oxide clusters, such as magnesium-oxide
(Mg0),>® calcium-oxide (Ca0),”# barium-oxide (Ba0),*'?
cesium-oxide (Cs,0),['>' silicon-oxide (5i,0),/">'! titanium-
oxide (Ti,0),'%2°221  zirconia (Zr0,),2%%2  |ithium-oxide
(Li—0),1%72! and so forth. In particular, small clusters of lith-
ium-oxide can attract more interest. In 1993, Bréchignac
et al®® studied nonstoichiometric lithium-oxide clusters
(Li,Om 0 < n < 10,0 < m < 6) and made a conclusion that
the odd-even oscillations which are generally seen in abun-
dance spectra and ionization potentials in metallic clusters,
progressively weaken and vanish when the oxygen content
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natural density partitioning analysis, so the central Li is in
particularly low positive charge. At large cluster size, distortion
of structures is viewed, which breaks the symmetry and may
make energy higher. The global minimum structures of (Li,O),,
(Li,0)s, and (Li;O); clusters are the most stable magic
numbers, where the first one is planar and the later both have
stable structural units of tetrahedral and C,. © 2012 Wiley
Periodicals, Inc.

DOI: 10.1002/qua.24274

increases. Then, in 1996, Finocchi and Noguera®” studied
ground-state properties of stoichiometric lithium-oxide clusters
(LiznOp, n = 2, 3, 4, 6) by means of ab initio molecular-dynam-
ics simulations, in conjunction with a global optimization strat-
egy. They found several stable isomers for each cluster size
and presented a remarkable variety of bonding configurations.
In the conclusion, they shown that it is possible to characterize
the global bonding properties of a Li,,0,, cluster at given size
despite the structural differences among the various isomers.
Next, in 1997, Finocchi et al.®® applied density functional
theory (DFT) to calculate the electronic structure. In 2005,
Viallon et al.??! studied electronic properties of mixed lithium-
oxide clusters by experimental methods.

Li,O crystallizes in the antifluorite structure (Fig. 1) with a
face-centered  cubic lattice and belongs to the Fm3m (O3)
space group,? lithium being in the tetrahedral coordination.
The structure of crystal Li,O is different from (Li,O), cluster
completely.

Geometric global optimization is to determine the structural
organization for a set of atoms that minimizes the total poten-
tial energy by searching the whole potential energy surface
(PES), which is a nondeterministic polynomial-time-hard prob-
lem. Determining the lowest energy structures is an important
piece of information, which can help in understanding
the properties. Lithium-oxide cluster is the most simple
metal-oxide cluster. However, searching the ab initio PES of
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Figure 1. The crystal structure of lithium oxide, Li black, O light gray.

lithium-oxide clusters is still of great challenging even at small
cluster size. In some binary clusters, such as (BN), and (MgO),
in ratio of 1:1, the structures can be easily modeled with cer-
tain growth patterns. (Li,0), clusters are in ratio of 2:1, so the
growth patterns are irregular and the structures are often
unexpected and cannot be modeled.

Because of the difficulty in determining the global minimum
structures, although some theoretical and experimental works
have been done as mentioned above, the structural features
of lithium-oxide cluster and how the structure changes as the
size increases are still not so clear. Therefore, in this work, we
perform an unbiased global search of the ab initio PES of
(Li,0),, clusters up to n = 8 using genetic algorithm (GA) com-
bined directly with DFT method. The other groups performed
global optimization of Si,®" and HCI(H,0),5? clusters using
Monte Carlo approaches directly at the DFT level. The GA-DFT
method was also applied to search the PES of Ag,,?* Li,>%
and (Ti0,),?? clusters. As the smallest metal-oxide cluster, lith-
ium-oxide cluster can act as a benchmark, so the study of lith-
ium-oxide cluster also has some significance.

Computational Details
Global optimization method

To have a systemic study of (Li,0), clusters, GA was applied to
search the PES with DFT method. All DFT computations were
completed by the GAUSSIAN 09 package.* Our cluster GA-
DFT method can be summarized as follows:

a Generate npop structures randomly to form the starting
population of GA. Relax each structure in the population
by DFT method at the B3LYP/3-21G®*3% level with a
loose convergence criterion (1072 Hartree in the total energy,
0.0017 Hartree/A for the force, and 0.0067 A for the
displacement).

b For kth iteration, choose two structures from the popula-
tion randomly and perform Deaven-Ho crossover®*¥ operation
to generate one child structure. After mutation operation,
relax the child structure by DFT method at the B3LYP/3-21G
level with a loose convergence criterion. Input the relaxed
structure to the structural bank. Update the population based
on similarity™®® and energy.

(@WILEY i@ ONLINE LIBRARY

c Increase k by 1. If k reaches a presetting number, termi-
nate current calculation. Otherwise, go to step b).

Because GA cannot promise to find the global minimum
structure in one calculation, for each case, five independent
GA runs are carried out and the relaxed structures are
recorded in one structural bank. Only small basis set can be
used by global search procedure because of calculation time.
The energetic sequences of the isomers may change at larger
basis sets, so as many as low-lying isomers in the structural
bank are considered. For instance, in optimization of (Li,O)g,
the population size is 30, and the maximum iteration number
is 2000. The rate of hitting the global minimum structure is 2/
5. After similarity checking™® of the topological structure, the
top 150 lowest energy B3LYP/3-21G isomers in the structural
bank are resorted by the single point energy of high level
TPSSh/6-3114+G*.*" Finally, the top 30 lowest energy isomers
are fully relaxed at TPSSh/6-311+G* level of theory. The num-
ber of considered isomers is enough, for example, the top 50
lowest energy B3LYP/3-21G isomers involve all the top 10 low-
est energy TPSSh/6-311+G* isomers.

Benchmark calculations

A benchmark calculation on (Li,O)s clusters is completed by
B3LYPP3# Mo06,“? BPW91,*** and TPSSh™*! functionals
with 6-311+G* basis set, and the high-level MP2™! and
CCSD(T)™®4”! methods with aug-cc-pVDZ basis set, in addition
to zero-point energy (ZPE) at TPSSh/6-311+4+G*. From Table 1,

Table 1. Comparison of computed energies for isomers of (Li,O)3
clusters (Fig. 2).1

Method Basis set 3A 3B 3C 3D 3E

B3LYP 6-311+g* —271.232835 —0.05 0.15 0.14 0.29
MO06 6-3114+g* —271.084243 —-0.04 0.11 0.10 0.33
BPW91 6-311+g* —271.134809 0.00 016 0.15 0.33
MP2 aug-cc-pvdz —270.318453 003 015 0.15 033
CCSD(T)  aug-cc-pvdz ~ —270.333268 0.10 0.18 0.18 042
TPSSh 6-3114+g* —271.192088 010 020 024 049
ZPE 6-3114-g* —271.170092 0.06 017 020 042

[a] Energies for 3A are in atomic units, other energies are relative to
this in eV.

we can make some conclusions. First, the relative ZPE changes
little, so it does not change the energetic sequences of the
five isomers. Second, TPSSh functional and MP2 method are
consistent with CCSD(T) method in the energetic sequences of
the five isomers. The relative energy gaps between TPSSh
functional and CCSD(T) method is smallest in this benchmark.
As a result, the calculations with TPSSh functional are reliable
for (Li,O), clusters.

Results and Discussion
Geometries
The GA-DFT is applied to the global optimization of (Li,0), (n

= 1-8) clusters. We locate the global minimum structures and
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Table 2. Symmetry, electronic state, binding energy, relative energy,
the HOMO-LUMO energy gap, bond number, bond length, and binding
energy per Li—O bond of (Li;0), (n = 1-8)clusters.

Ep E AEy Ri—o®

n PG ES® (@) (ev) (V) N (A) Eo™
1A D.oh ! Eg —4.61  0.00 2.80 2 1.62 —-2.30
1B Gy 3B 2.09 2 1.81 ~1.26
2A Dy, Ay —1197 000 266 6  1.63-179 —2.00
2B G, A 0.31 7 165-191 —167
3A G, 'A, —1945 000 134 13 1.66-207 —1.50
3B Dy A 0.11 10  1.63-1.80 —1.94
3¢ Gy A 0.20 12 1.64-197 —1.60
3D ¢ AN 0.24 1 1.64-2.03 —1.75
3E Dy A/ 0.49 9  163-179 -2.11
4A G W 2757 0.0 1.60 19 1.65-2.00 —1.45
B G, A 0.10 17 167-209 —1.62
aC G 'Ag 0.10 16 1.64-2.02 —1.72
D G A 0.15 16 1.64-206 —1.71
A Gy A 0.21 18 1.78-2.11 —1.52
4F Gy A 0.52 16 1.64-1.96 —1.69
5A Cs W -3596 0.00 3.21 21 1.78-2.00 —1.71
5B Ca A 0.05 25 1.66-2.00 —1.44
5C Cs Y 0.14 21 1.66-2.07 —1.71
5D C w 0.15 21 1.77-195 —1.71
5B G A 0.21 22 1.75-189 —1.63
5F Cs W 0.24 22 1.65-1.99 —-1.62
6A C W —4443 0.0 3.23 31 1.80-2.18 —1.43
6B Cs W 0.12 28 1.77-2.07 —1.58
6C ¢ A 0.45 28 1.65-2.25 —157
6D C A 0.56 27 1.66-2.19 —1.63
7JA G 'A; —5272 000 3.14 34 178-198 —155
7B C N 0.09 36 1.79-2.15 —1.46
7C G A 0.20 35 1.78-2.13  —1.50
DG N 0.21 34 1.77-219 154
7E G A 0.22 34 1.78-2.09 -—1.54
7F G A 0.22 34 1.77-212 —1.54
8A (G A —60.91 0.00 3.37 41 1.77-2.22 —-1.49
8 ¢ A 0.01 4 1.77-221  —1.49
8C ¢ N 0.08 40  1.76-218 —1.52
8D G A 0.09 40 1.77-210 —1.52
8E ¢ W 0.12 38 1.76-212  —1.60
8F  ( A 0.16 39 1.79-205 —1.56
[a] PG: point group. [b] ES: electronic state. [c] E,: binding energy. [d] E:
relative energy. [e] AEy: the HOMO-LUMO energy gap. [f] Nj;—o: bond
number. [g] Ri—o: bond length. [h] E;—o: binding energy per Li—O
bond.

some relative stable isomers. The structures are indexed in al-
phabetical order (such as 3A, 3B, 3C, ... for (Li,O)3) by the
energy from low to high. The symmetry, electronic state, bind-
ing energy, total energy, highest occupied molecular orbital
(HOMO), and lowest unoccupied molecular orbital (LUMO)
energy gap, Li—O bond number, bond length, and binding
energy per Li—O bond of lithium-oxide clusters are listed in
Table 2.

Two isomers of (Li,O); clusters are plotted in Figure 2. The
ground state 1A is linear, singlet state with D_ symmetry,
electronic state of 'Z,, Li—O bond length of 1.62 A. Under the
consideration of the triplet excited state, the structure 1B is
obtained. 1B is a V-type, triplet state with G, symmetry, elec-
tronic state of >B;, Li—O bond length of 1.81 A. 1B is unstable
and higher than 1A in energy by 2.09 eV. We predict the rea-
son for the linear structure of 1A is that the structure may
have delocalized molecular orbitals (MOs).
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(Li,0), clusters (Fig. 2) have a planar global minimum 2A
and a three-dimensional (3D) configuration 2B, which are con-
sistent with previous study.*”’ 2A is in Do, symmetry, which is
composed of a rhombic unit (RU) decorated by two Li atoms
at the O corners. 2B is in C3, symmetry, which is higher than
2A by 0.31 eV in energy. Bond number of 2A is 6 and less
than the one of 2B. The planar 2A may also have delocalized
MOs.

Five isomers of (Li,O)s clusters are plotted in Figure 2. 3A
and 3B are same with previous study.”” The global minimum
3A is in Gy, symmetry. 3B is in Dyq symmetry, which is com-
posed of two vertical RUs. 3C is in Cp, symmetry and higher
than 3A by 0.20 eV in energy. 3D is in C; symmetry and higher
than 3A by 0.24 eV in energy. 3E is a planar structure with a
six-membered ring and has a high symmetry (Ds;), but is poor
in stability.

Six isomers of (Li,0), clusters are plotted in Figures 2. 4C
and 4D are same with previous study.?”? The global minimum
structure is 4A in this study, but the ground state in previous
study is 4D. 4A is in C; symmetry and the O atoms are located
at the corners of a flattened tetrahedron and its right half part
has a close resemblance with 4C. 4B has a high symmetry
(Gsy), which has a tetrahedral unit (TU) plus one Li. In a TU,
there are four O in the vertices, six Li in the edges, and one Li
in the central. 4C is in G, symmetry and the O atoms lie in a
plane. It is close to 4B in energy and composed of five RUs.
4D is in Cy, symmetry and the O atoms are at the corners of a
regular tetrahedron. 4E is in C,, symmetry and the O atoms lie
in a plane. 4F (C,,) is an eversion of 4C (C,,) and the eversion
changes the symmetry and makes energy higher by 0.42 eV.

Six isomers of (Li,0)s clusters are listed in Figures 3. 5A is in
Cs symmetry and it is a close shell structure (CSS). In a CSS,
each Li is bonded with at least two O. 5B is in C4, Symmetry

Q
.}.65
1.62 [+ -] ]‘.63 01.79 1.91
o oo B0 -]
1.8he’ Oiua
IA.D%,‘ZL 1B, C2|..3BI ZA,D%,‘A! 2B, CJ\.,IAI
0.00 2.09 0.00
0.31
3 °
r'y I a
P oo #%° oo o« ¢ e
(nﬁ v ¢ o R, Aok
) o b )
3A,C,, JA, 3B,Dy,'A, 3C,Cy A, 3D,CA" 3g poia
0.00 0.11 0.20 0.24 0.49
oo o-;— -
b 'y ‘c}v” et N9 Lhde 22l 00
i 5 2 ° o8¢
4A,C, A’ 4B, C,, A, 4C, Gy 'A,
0.00 0.10 0.10
S ; .
e ! *a q \ oae o
go-a o9 'S¢ &d pP0 o oo™ e
° ° o-e0 o« e M. ¢ e o o¥ o
4D, 0 1A 4E, Gy, 'A, 4F, Gy, 'A,
0.15 0.21 0.52

Figure 2. The global minimum and low-energy isomers for (Li,O), (n = 1-
4) clusters at the TPSSh/6-311+G* level. Labeled are the point groups, elec-
tronic state and relative energies in eV. Li purple, O red. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(C). 5C is an open shell structure

;m oi ; 0_! ) N o o o (OSS). In an OSS, there is at least one
0—&6 > P Li bonded with only one O. 5D is in C
symmetry and higher than 5C only
A, C, A 5B, C,,, 'A, 0.01 eV in energy. 5E is in C3, symme-
0.00 0.05 0.14 try, which is composed of two TUs, but
Q {g P ° it is too strained and not stable. 5F (C)
» Q'}-.* @ %ﬁ °‘C;,%:° is an union of 4B and 4C, that is, TU

© *-§-o 4 plus RU.
Four types of geometries of (Li,O)s
SD, G, ‘A SE. G, lAl clusters are plotted in Figure 3. The

0.15 0.21

global minimum 6A is C; symmetry,
which is an union of a TU and a C,,
structural unit. It is also the global min-

imum in previous study.*”’ 6B is C;

symmetry and has one TU, which is

same with that in the previous

' / study.?” 6C (C;) and 6D (C;) both are

6A, C,, 'A 6B,C,, 'A 6C, C,, 'A 6D, C,, 'A 0SS and are much higher than the for-

0.00 - .

. . 0.12 ) ,0'45 0.56 mer CSS in energy. Thus, we can con-
Figure 3. The global minimum and low-energy isomers for (Li,O), (n = 5-6) clusters at the TPSSh/6- lude th csS i ble th
3114-G* level. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. clude that a Is more stable than
com.] an OSS at cluster size n > 6.

To (Li,0); clusters (Fig. 4), we list six
@ L §avs é § i
‘ 1

geometries. The ground state 7A has a
higher symmetry (C,,) and it is composed
AL K, 7B, C,,'A’
0.00 0.09

of two TUs and a C,, structural unit. 7B is
in C; symmetry and has a TU. 7C is in G,
symmetry and higher than 7A by 0.20 eV
in energy. 7D is in C; symmetry and it
has a TU. 7E is in C; symmetry and it has
two TUs. 7F is in C; symmetry and it is
very close to 7E in energy.

In the structures of (Li,O)g clusters (Fig.
4), 8A (C;) has one TU. 8B is in C; sym-
metry. 8C (C) has two TUs, which looks
like a butterfly. 8D is in C; symmetry. The
first four isomers (8A, 8B, 8C, and 8D) are
within 0.09 eV in energy and they all can
be global minimum. 8E (C;) is composed
of two TUs. 8F is in C; symmetry and
higher than 8A by 0.16 eV in energy. 8A,
8B, 8D, and 8F are like the changed

-2
S48 .

8A, Cl 1A 8B, &, IA shape of butterfly. 8F is a distortion of
0.00 0.01 8C, where the distortion breaks the sym-
o-a-R metry from C; to C; and makes energy
P 4 o i

- o_ o o higher by 0.08 eV.
o“_y’zo a@ o From what has been discussed above,
‘&fo we can conclude that the structure of
" cluster will become more complex as
8D, G,,'A 8E,C,,'A’ 8F,C,,'A cluster size increases. At n < 4, the
0.09 0.12 0.16 global minimum structures are open shell

Figure 4. The global minimum and low-energy isomers for (Li,O), (n = 7-8) clusters at the TPSSh/6-

) ) o 22in W } o< in geometry, that is, there are Li atoms
311+G* level. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

bonded with only one O atom. However,
the structures are close shell at n > 5.
and the O atoms are located at the corners of a tetragonal  The stable CSSs usually have a TU. In a TU, the central Li atom
pyramid. The structure of 5B is defined as C,, structural unit. is bonded with four O atoms, which is very different from bulk
One inner Li of 5A is moved outer of the structure to form 5C  lithium-oxide, where each Li atom is bonded with eight O
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4 5 6 7 8
Cluster size, N

Figure 5. The dependence of binding energy per Li,O unit E,/n (a) of the
ground state in (Li;0), clusters as cluster size n and binding energy of the
global minima of lithium oxide clusters relative to E,. (b), a fit to the bind-
ing energies of the global minima at size ratio of 1 < n < 8 using the
form —9.0768 + 20.83429*n'® — 9.42675*n*> — 6.98794*n, which repre-
sents the average energy of the global minima. The dependence of
HOMO-LUMO energy gaps Ey (c) of the ground state in (Li,O), (n = 1-8)
clusters as a function of the cluster size n. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

atoms. Comparing with other 1-2 nanoclusters (SiO,, TiO,,
ZrO,, and MgF,), the global minimum structures of (Li,O),
clusters are in agreement with the ones of (Si0,),">'¥ clus-
ters at n = 1, n =2, and n = 3, and the global minimum struc-
tures of (SiO,), clusters are open shell in geometry. For
(TiO,),1'62°722 and (Zr0,),12%%*7! clusters, the open shell to
close shell structural transition occurs at n = 8. The global
minimum structures of (Li,0), clusters are consistent with the
ones of (MgF,),*® clusters at n = 1, n =2, and n = 3, and the
open shell to close shell structural transition occurs at n = 9
for (MgF,), clusters with a semiempirical method.

Binding energies and stability

In this part, we analyze the binding energies and stability of the
ground state structures of (Li,O), (n = 1-8) clusters. The de-
pendence of the binding energy per Li,O unit of (Li,O), clusters
(Ex/n) and the difference (E, — E...) between binding energy
and average energy as a function of the cluster size n are shown
in Figures 5a and 5b. The binding energy Ey, is defined as:

Eb:Edust—1/2*E(02)*N0—E(Li)*NU (1)

where E(O,) and E(Li) are the energies of O, molecule and Li
atom, respectively; Equs: is the total energy of the cluster; No
and Ny; represent the number of O and Li, respectively. Figure
5a shows that the binding energy per Li,O unit decreases with
cluster size n. Moreover, the energies are depicted in Figure 5b
in a manner that emphasizes particular stable minima or
“magic numbers.” Note that the binding energy is lower than
the average when n = 2, 6, and 7, so it can be concluded that
the ground states of (Li,O),, (Li;O)s, and (Li;O); clusters are
most stable “magic numbers”. 2A and 7A have high geometric
symmetry, where the former may be stabilized by the delocal-
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ized © MOs, and the stability of the later may due to the two
TUs. 6A has stable structural units of TU and C,, which may
lead to the stability.

Electronic structure

Here, we only analyze the electronic structures of the ground
state. The HOMO-LUMO energy gap (AEy,) of cluster is an im-
portant quantity related to the stability of (Li,O), clusters. As
shown in Figure 5¢, the HOMO-LUMO energy gaps at n < 4
are lower than the ones at n > 5, we believe the reason is
that the structures are open shell at n < 4 and the structures
are close shell at n > 5.

Moreover, we find that some electronic structures of (Li,0),
clusters are very particular. Because Li atom is bonded with O
atom by ionic bond, so it is difficult to analyze by Lewis bond-
ing theory. As a result, we apply a new tool named adaptive
natural density partitioning (AdNDP) for obtaining patterns of
chemical bonding. The method was recently developed by
Zubarev and Boldyrev.*?" AdNDP is based on the concept of
the electron pair as the main element of chemical bonding
models, which recovers both Lewis bonding elements (1c-2e
and 2c-2e objects) and delocalized bonding elements (nc-2e).
Because 1A is a linear structure, 2A and 3E are planar struc-
tures and 4B has a TU, so we analyze the electronic structures
of 1A, 2A, 3E, and 4B by AdNDP. The results of the AdNDP
analysis are plotted in Figure 6.

There are 2c-2e ¢ bonds (with occupancy number ON = 1.99
le]) and two 3c-2e 7 bonds (ON = 2.00 |e|) in 1A (Fig. 6a). 2A
(Fig. 6b) consists of six ¢ bonds and two 6c-2e © bonds (ON =
2.00 |e]). The ¢ bonding is represented as a combination of two
2c-2e ¢ bonds (ON = 1.99 |e|, superimposed on the single mo-
lecular framework), two 3c-2e ¢ bonds (ON = 1.99 |e|, superim-
posed on the single molecular framework) and two 6c-2e o
bonds (ON = 2.00 |e|). 3E (Fig. 6¢) includes nine ¢ bonds and
three delocalized 9c-2e = bonds (ON = 2.00 |e|). The ¢ bonding
is represented as a combination of three 2c-2e ¢ bonds (ON =
1.96 |e|, superimposed on the single molecular framework), three
3c-2e ¢ bonds (ON = 1.99 |e|, superimposed on the single mo-
lecular framework), and three 9c-2e ¢ bonds (ON = 2.00 |e]).
However, the planar structure 3E is very poor in stability. 4B (Fig.
6d) includes four 2c-2e ¢ bonds (ON = 1.95-1.94 |e|) and 12
4c-2e ¢ bonds (ON = 1.99-1.96 |e|). The probability of the Li
atom in the center of 4B participating in the bonding is higher
than others, which may lead to the charge of central Li lower.

In addition, 2A has four m-electrons. According to the
(4n+-2) Huckel's rule, 2A should be antiaromatic. Nucleus-inde-
pendent chemical shifts (NICS)®® value is a popular measure-
ment for aromaticity (negative NICS values mean aromaticity
and positive NICS values mean antiaromaticity). However, NICS
value at the center reveals that 2A is aromatic (NICS = —3.80
ppm) comparing to benzene (NICS = —8.19 ppm), which may
be due to the effect of the ¢ bonds.

Unique charge of the central lithium

We find that mulliken charges of some central lithium atoms
are very high up to about +5.0 e, which is wrong. As we
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Figure 6. The results of the AANDP localization for 1A (a), 2A (b), 3E (c), and 4B (d), respectively (molecular vis-
ualization was performed using MOLEKEL 5.4). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

know, the charge of lithium atom should be near +1.0 e. Next,
we analyze natural charge of lithium atom by natural popula-
tion analysis (NPA). The dependence of charges as cluster size
is shown in Figure 7 (the ground states of (Li,O), clusters).
From this graph, we see that the maximum natural charge

0.8 qma\
- l—*—" \-—-—-'
= I .
3 851 4 ; L]
ﬂs ‘(.) ° L] ?
04 1 [ ) Yh
&D o '+'> \ oy
2 B \S7 B .
“02- . e " Ymin

L
T T T T T T T T T T T T T T

4 5 6 7 8 9
Cluster size, N

Figure 7. The dependence of natural charge as cluster size, the maximum
charge gmax (the minimum charge g;n) in black (red) line representation,
the central lithium atom in blue ball representation. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

(Gmax) is close to the minimum one (gmin) When n < 4, the
maximum is +0.82 e and the minimum is +0.50 e at n = 4.
However, gmin decreases rapidly when n is 5, especially the
one is extremely low at n = 5, which is +0.15 e far from +1.0
e, and gmin is also much less than +1.0 e at n = 6-8. It is
found that the Li atom with extremely low charge is in the
center of the TU. But why it happened? We suggested that Li
element has a large sp interaction due to the lack of p orbital
in the core. When the structure has a TU, the central Li atom
in the TU is interacted with four O atoms, so the central Li

(@WILEY i@ ONLINE LIBRARY

6¢-2e m-bonds ON = 2.00 |e|

Aﬁﬁoa Aessd

9¢-2e 7-bonds ON = 2.00 |e]

atom is in sp® interactions and
the lone-pair electrons of O is
filled with the four vacant sp®
orbitals of Li. Such a unique
charge transformation leads to
the unusual low positive charge
of the central Li. Similar charge
transformation is viewed in lith-
ium clusters, where electrons are
also transformed to the central
Li® The central Li atom is sp?
interactions by NPA for 4B, 5A,
and 6A, and so forth. 4B has a
TU but is not the global mini-
mum, and the natural charge of
the central Li in 4B is also very
low in 4+0.16 e. The reason is
i atom in the center of 4B partici-
pating in the bonding is higher
than others.

Discussion of global
optimization methods

There are 24 atoms in (Li,O)g
clusters. If using an empirical/
semiempirical method, 24 atoms is not a challenging cluster
size, but it is very difficult for GA-DFT method, and the calcula-
tion time for larger clusters becomes intolerable. To study
larger size of (LiO), clusters, it is better to combine an empiri-
cal/semiempirical method with DFT method. Our GA is not a
standard one, where the Deaven-Ho crossover® is adapted
and the offspring is generated one by one instead of genera-
tions. Such a method is better classified as evolutional algo-
rithm. However, to be consistent with the literatures,®>**! we
still named our method as “genetic algorithm”.

GA used in this work is one of the most applicable global
search tools, but its performance is not so high for structural
optimization problems. There are some newly developed struc-
tural global optimization methods with much higher perform-
ance than GA. For example, the funnel-hopping method®™* is
much faster than GA when applied to the optimization of the
benchmark problems, Lennard-Jones clusters. As we know, the
“basin-hopping’™ is a two-phase global optimization method,
that is, global optimization (GO) phase plus local optimization
(LO) phase. Most successful cluster global optimization methods,
such as GA, simulated annealing,”® and so forth, can be taken
as basin-hopping in concept. However, in the “funnel-hopping”
method, by inserting the cluster surface smoothing approach
into the gradient-based LO-phase and the GO-phase as a sec-
ond LO-phase, the GO-phase can focus on the global informa-
tion of the PES over the various funnels. The “funnel-hopping”
method can locate global minima of clusters with much lower
costs compared to the basin-hopping methods, but is much
more complex and hardly combined with DFT. For the global
search of ab initio PES for larger cluster size, a more efficient
global search method (such as funnel-hopping) should be
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adopted directly combined with DFT method, which is the goal
of our group in the near future.

Conclusions

Theoretical properties of stoichiometric lithium-oxide clusters
(Li0O), (n = 1-8) have been studied by means of GA, in conjunc-
tion with DFT, relying on B3LYP and TPSSh functionals. We ana-
lyze the geometry, binding energy, electronic structure, some
unique charge of the central lithium and make some conclu-
sions. (i) In (Li,O), (n = 1-8) clusters, the planar structures are
global minimum up to n = 2, but the structures of clusters are
all 3D at n > 3. It can be seen as cluster size increases, the struc-
tures of cluster are more complex. (ii) The most stable structure
is obtained at low spin multiplicity. (ii) The global minimum
structures of (Li,0),, (Li,O)s, and (Li,0); clusters are more stable
than the others. Because the ground state of (Li,O), clusters has
delocalized MOs, so the electronic structure is very stable. The
ground state of (Li,O)s has stable structural units of tetrahedral
and G,,. The ground state of (Li,O), clusters is composed of two
TUs and a C,, structural unit, so the geometry is very stable. (iv)
The natural charge of central lithium atom is lower because of
charge transfer. The natural charges of the central lithium in 4B,
5A, and 6A, and so forth are relative low and the reasons are as
follows: their structures have the TU where the central lithium is
connected with four oxygen atoms and the large p orbital of Li
leads to unexpected stable structures. Besides, the probability of
the Li atom in the center of 4B participating in the bonding is
higher than others. (v) In crystal Li,O, each Li is bonded with
eight O and each O is bonded with four Li. However, for (Li,0),
clusters, the Li is bonded with four O in the TU.
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