Chemical Physics 543 (2021) 111097

ELSEVIER

Contents lists available at ScienceDirect
Chemical Physics

journal homepage: www.elsevier.com/locate/chemphys

& CHEMICAL
PHYSICS

Check for

A modified dynamic lattice searching method for structural optimization of  [&&s"

metal oxide clusters

Di Wei®, Wen Ma®, Xia Wu ™, Longjiu Cheng*"

@ Department of Chemistry, Anhui Province Key Laboratory of Chemistry for Inorganic/Organic Hybrid Functionalized Materials, Auhui University, Hefei, Anhui 230601,

PR China

b School of Chemistry and Chemical Engineering, Anging Normal University, Anging, Anhui 246011, PR China

ARTICLE INFO ABSTRACT

Keywords:

Metal oxide clusters
Stable structures
Structural optimization
Rigid-ion model
Relative stability

The stable structures of metal oxide clusters were obtained using a modified dynamic lattice searching (DLS)
method with a classic rigid-ion model. Due to the important effect of the electrostatic charge force on the
structure of metal oxide clusters, the clusters with various formal charges of metal (), i.e., (M*zo)n, (M§2'67O4)n,
M3303)p, (M*404),, (M3°05), and (M*°05),,, were investigated. Results showed that (MO),, clusters preferred to
form highly coordinated structures, and (M3O4), clusters generally adopt cage-based structures. When g value

was larger, the lowest energy clusters tended to form some compact structures with one or two dangling M—O
bonds, even more. Finally, the relationship between the number of M—O bond and the g values were discussed.

1. Introduction

Metal oxide clusters have attracted wide interest owing to their
interesting properties, such as catalytic, electronic, and optical proper-
ties [1]. For instance, ZnO, a semiconductor with a band gap of 3.37 eV
at 300 K and a high exciton binding energy of 60 meV, has been
recognized as a valuable optical material in the ultra violet and light-
emitting devices [2]. TiO also has a large band gap (3-3.2 eV), and it
has been widely applied in photoelectrolysis of water as photocatalytic
materials [3]. Furthermore, metal oxide clusters have been successfully
fabricated and used as nanoscale sensors and transducers [4-6]. Though
they have been developed into various applications, the atomic struc-
tures of clusters formed by metal oxides are still not fully studied. It is
well known that the evolution from clusters to bulk solids involves
structural reconstruction and variations in properties. In order to clarify
the properties of metal oxide clusters, it is necessary to have a thorough
study of their configurations and growth rules.

Studies relative to metal oxide clusters were developed both exper-
imentally and theoretically. The structures of (ZnO).1g clusters were
studied based on gradient-corrected density-functional theory (DFT),
and it was found that the lowest-energy structures evolved from ring
toward cage or tube [7]. The structure of (ZnO);2 was a truncated oc-
tahedron composed of six (ZnO); and eight (ZnO)3 rings with T, sym-
metry. Based on this structure, Zhang et al. introduced a beaded ZnO
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nanocluster as a novel stand-alone system, and found that it had higher
chemical reactivity during the growth process [8]. Moreover, for
(MgO)si clusters, the hexagonal tubes were the most stable structures at
k = 1-5, which were proved by theoretical prediction and spectral ex-
periments [9,10]. The (V20s), clusters were predicted to have poly-
hedral cage structures, which can be used as an ideal molecular model
for oxide surfaces and catalysts [11,12]. In addition, TiO3 [13-16], WO3
[17,18], GeaO3 [19], FeoO3 [20]and other metal oxide clusters [21-31]
were also investigated. However, it was found that the structures of
clusters with higher metal charge tended to carry the terminal O-atoms,
but the clusters with lower metal charge were not. Whether this phe-
nomenon was only related to the charge of metal attracted our attention.
Previously, Johnston et al. studied the structures of MgO clusters and
found that their structural types depended on ionic charges of both
metal and oxygen: a cubic motif for lower formal charges and hollow
cages for higher formal charges [32]. This result showed that charge
played an important role in the growth of structures of metal oxide
clusters.

On the other hand, it was also a challenge to determine the ground
states of metal oxide clusters. Many global optimization algorithms have
been extensively developed to understand the lowest-energy structures
of metal oxide clusters [22,33-36]. The basin hopping (BH) [37] method
and its variants were adopted to study Ce;9035 [38], [Cr6019]2' [39] and
other clusters [40-43]. Based on genetic algorithm (GA), a variety of
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codes were written for the study of ZnO [7], MgO [10,32], BeO [22],
TiOz [15], and Al;Os3 clusters [44]. Moreover, the particle swarm opti-
mization algorithms (PSO) and artificial bee colony algorithms
(ABCluster) were also developed for the optimization of metal oxide
clusters, e.g, MgO [45], TiO5 [16], and FeO [46]. The dynamic lattice
searching (DLS) method showed good efficiency in optimizing monoa-
tomic clusters, such as Lennard-Jones (LJ) clusters [47-49], Morse
clusters [50], Al clusters [51-53] and (Cgg),, clusters [54], and binary
clusters, e.g., binary LJ clusters [55] and Au-Pd clusters [56]. Moreover,
DLS method was also adopted into the fuzzy global optimization algo-
rithm [57] to improve efficiency. The idea of DLS algorithm was to
construct vacant dynamic lattice (DL) around the structures, and the
lowest energy structure was found by lattice searching operation.
However, for metal (M) oxide system, the M-type atoms are generally
near the O atoms due to the influence of Coulomb force, and the original
DL in DLS algorithm needs to be modified.

In the present work, the DLS method was modified to study the stable
structures of metal oxide clusters. The classical interatomic potentials
[23] was applied to geometrical optimization of metal oxide clusters
with different metal charges, and the stable structures of (M*ZO),I (n=
1-60), (M32%704), (n = 1-15), (M3°03), (n = 1-20), (M"*02), (n =
1-40), (M3°0s), (n = 1-15) and (M*®05), (n = 1-30) clusters were
obtained. The growth rules of metal oxide clusters with different metal
charges were studies, and the differences of between structures and
relative stability were discussed.

2. Methods
2.1. Potential energy function
The rigid-ion model was applied to describe the interaction of metal

oxide clusters [32]. The total energy E and the pair potential of two
atoms V(r) was calculated by

E= Z?Fl Z;V:Hl V(r[/-) (€8}

V(ry) =24

A C —ry

v ij ij

where r;; was the distance between two atoms, and N was the number of
atoms in clusters. In the equation, the first term was simply the coulomb
contrubution between point charges g; and g;, in which the charge of O
atom is —2|e|, and the charges of M atoms were +2|e|, +2.67|e|, +3|e|,
+4|e|, +5|e| and +6|e| in MO, M304, M203, MO,, M20s and MOs,
respectively. The latter terms were the standard Lennard-Jones and
Born-Mayer terms. The parameters of A, B, C, and p were given in
Table 1.

The curves of the different pair interactions of MO clusters are shown
in Fig. 1. It is clear that in the figure the curve of coulomb contribution is
similar to that of the pair potential. It means that the energy of MO
clusters is mainly contributed by coulomb interaction. Therefore, it is
necessary to investigate the influence of the charges of M atoms on the
structures. The parameters of last three terms in Eq. (2) take the same
values, and the values between aluminum and oxygen ions investigated
previously are used for simplicity [21,23].

Table 1

Parameters of the potential energy function for metal (M) oxide (O) clusters.
Pair potential parameters A(evA??) p(A) B(eV) C(evA®)
M—M 1.0 / 0.000 0.000
M—0 10.0 0.2649 2409.505 0.000
0—0 1.0 0.1490 22764.000 27.88
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2.2. Structural optimization of metal oxide clusters by the modified DLS
method

The DLS method can be derived from the fact that only specific po-
sitions will be located after local minimization (LM) when one atom is
added to a N-atom cluster. Therefore, on the surface of the N-atom
cluster, the atom may occupy many lattice positions, and all possible
lattice points are vacant DL. The DLS algorithm consists of three steps.
The first step is to randomly generate one structure of a cluster, which
will be further locally minimized by the limited-memory quasi-Newton
method (L-BFGS). Then, the DL sites are constructed on the structure.
Next, the DL searching operation is carried out to find the candidates
with lower energy by moving the atoms with higher energy in the cluster
to the DL sites with a lower energy. If a new structure with lower energy
can be obtained, it will be taken as the starting structure, and the
repetition of “DL construction” and “DL searching” is performed to find
global minimal structures. Finally, the optimization will stop and the
current best structure is taken as the result of this calculation.

In our previous DLS method, vacant DL sites are generated by per-
forming LM on the sites of a large Mackay icosahedral shell covering the
current cluster. In detail, a probe atom is put into each site, and the
single atom is operated by LM, named as sub-LM, to determine the lat-
tice position.

For the structural optimization of metal oxide clusters by DLS
method, the modification is on the construction of vacant DL sites.
Because there are two types of atoms, i.e., M- and O-type, the type of
vacant DL sites should be considered. Near an M-type atom, the vacant
DL site should be occupied by a O-type atom, and the corresponding
ones around a O-type atom should be a M-type atom. For each atom, the
Cartesian coordinates (x;, y;, 2;) of its probe atoms are calculated by the
following equations [58]

1
g I

x; = 4/1 —z*cos(2migp™") ©)
y; = /1 —z*sin(27ig™")

Xi X;- X
Yi| =1Tp y; + Y C)]
Zi 7 Z

i

where I is the number of the probe atoms for each atom in clusters, and i
is an integer between 0 and I. The ¢~ defined as (v/5 —1)/2. The ry is a
positive constant, and its value is less than the half of M—O bond length
(rp,t = 0.6 in this work). The X, Y, Z are Cartesian coordinates of each
atom in clusters. If the value of I is bigger, the ability to search the lattice
location will be better. In fact, when I = 3, all lattice locations can be
found in this work. Therefore, 3 N probe atoms are generated. The M-
and O- type probe atoms are obtained by this way, and they are further
optimized by sub-LM. The process of construction of vacant DL sites is
plotted in Fig. 2a. Fig. 2b plots the structural variation of metal oxide
clusters during the optimization by a run of the modified DLS method.
The modified DLS method is used to determine the stable structures of
metal oxide clusters.

3. Results and discussion
3.1. Efficiency of the method for metal oxide clusters

The efficiency of the modified DLS method for each metal oxide
cluster was investigated, and the studied sizes of clusters ranged from 49

to 77. Fig. 3 shows the average number of local optimization required for
obtaining the lowest energy of different metal oxide clusters within
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Fig. 1. The curves of the different pair interactions of metal (M) oxide (O) clusters. The Born-Mayer potential (a), the Lennard-Jones potential (b), the coulomb
contribution (the formal charge of M is +3) (c), and pair potential energy V; (d).
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Fig. 2. Formation of vacant DL sites around the structure of a cluster (a), and
the structural variation of metal oxide clusters during the optimization by a run

of the modified DLS method (b).
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Fig. 3. The average number of local optimization (AN ) required for obtaining
the global minimum of different metal oxide clusters with N atoms using the
modified DLS method within 10,000 independent runs.

10,000 independent runs. In addition, the average number of local
optimization and the hit number are provided in Supplementary mate-
rial (see Table S1-S6). From Fig. 3 it can be seen that the average
numbers of local optimization for MO clusters are significant lower than
those for other metal oxides. This can be explained by the higher success
rate for the structural optimization of MO clusters (see Table S1). Hence,
the modified DLS method is suitable for locating the structures of MO
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clusters with large sizes. However, for other metal oxide clusters, the
efficiency of the algorithm is relatively low. Compared to other sto-
chastic optimization algorithms, e.g., GA method [21], the modified DLS
method still has advantages in convergence speed. It can be explained by
the fact that DLS method takes the advantage of the modeling strategy
and stochastic optimization [49]. In the DLS method, a simple greedy
method (SGM) is utilized to optimize the surface atoms instead of the
whole structure.

3.2. Structural optimization of metal oxide clusters

(MO),, clusters. The stable structures of (MO), (n = 1-60) clusters
with formal ionic charges of M>*0%" are obtained by the modified DLS
method and plotted in Fig. 4. Their point groups are also listed in the
figure. From Fig. 4, it can be seen that these structures can be catego-
rized into four classes, i.e., hexagonal tube, cage, cubic, composite
structure of tube and cubic (e.g., n = 14). Atn =6, 9, 12, 15 and 21,
clusters have hexagonal tube structures composed of six-member ring.
The result is consistent with previous studies about (MgO), clusters
[9,10]. Atn =7, 8 and 11, clusters take cage structures. However, this
cage structures disappear in large size (MO), clusters. In Fig. 4, the
dominant motif of (MO), (n = 31-60) clusters is cubic. They can be
approximately divided into three classes, i.e., prefect-cubic (e.g., n =
32), imperfect-cubic (e.g., n = 41), and composite structure of tube and
cubic. In addition, it is clear that there is a trend from tube to perfect-
cubic structures, and cubic structures are energetically preferable for
large size clusters.

M0y clusters. The putative stable structures of (M3O4), clusters (i.e.,
with the atomic ratio 3:4) are also optimized, in which the formal charge
of metal set at + 2.67. Due to the limited search ability of the algorithm,
the maximum size of optimization sets at n = 15. These stable structures
of (M304), (n = 1-15) clusters are shown in Fig. 5. It is clear that
(M304), clusters generally adopt cage-based structures. Compared to
previous study on Fe3Oy4 clusters [59], there was significant difference

13C,, 14 C,
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¢, 12¢ 13 ¢, 14 C, 15C,

Fig. 5. Putative stable structures of (M304), (n = 1-15) clusters.

between structures of (M304), and (Fe304), clusters. Within the smaller
cluster sizes (n = 2-5), the Fe304 clusters took non-hollow structures,
while hollow spherical cage for M3O4 clusters are favored in this study.
Among the studied (M304), clusters, two highly symmetrical structures
are found, (M3O4)2 with Op symmetry and (M3O4)4 cluster with T
symmetry. When n reaches 6, the cage structures transform from hollow
sphericity to non-hollow flat pattern. In addition, except for (M304)7
with C; symmetry, these clusters have C; symmetry.

M503 Clusters. The structures of (M203), clusters (n = 1-20) have
been optimized, and their stable structures were plotted in Fig. 6.
Considering that (M303), clusters adopt the parameters for (Al2O3),
clusters, the efficiency of the modified DLS algorithm can be verified by
structural comparison. It was found that (M303);.15 and (AlxO3)1.15
clusters had the same structures [21]. The (M3Os3);, (M303)2 and
(M203)3 clusters are kite-shaped, cage and tea-cozy motifs, respectively.
The (M203)4 structure is the superimposed by two surfaces, in which

54 D,,

7¢,  8GC, 9Dy, 10 Dy, e o 12Dy,
19 C, 20 Gy, 21 Dy, 22C;

55 C, 56 D,, 57, 58C, 59 C,

Fig. 4. Putative stable structures of (MO), (n = 1-60) clusters, and O-atoms are represented by red spheres.
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18C, 19,

Fig. 6. Putative stable structures of (Mz03), (n = 1-20) clusters.

each surface consists of three deformed-hexagons. For (M303), (n = 6-7)
clusters, the structures take tower layer motifs. A tetrahedral cage
structure with Dy, point group is found for (M303)g cluster. For large size
clusters i.e., n = 10-20, the structural fragments of small size clusters
can be found. For instance, the (M203)11 and (M20Os3)17 clusters are
similar to (M2O3)7 cluster, and the structures of (M203):5 and (M203)29
clusters are also similar to those of (M203)9 and (M303)g clusters,
respectively. In addition, the structure of (M203)14 is found to be a heart-
shaped one with D, symmetry. It can be seen that the structural types of
the (M503), clusters are more diverse than those of (MO), and (M304),
clusters.

MO, Clusters. The stable structures of (MO»),, (n = 1-40) clusters are
further investigated as shown in Fig. 7. It can be seen that these studied
structures include rhombus and deformed-triangle units, and they
contain a large number of rhombic fragments. Especially, for small size
clusters, i.e., n = 1-7, the lowest energy structures are incomplete closed
motifs with one or two terminal O atoms (so-called dangling M—O

34,

35C,
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bond) [15]. Interestingly, when n reaches 8, (MO3), cluster become
closed structure, and the most stable structure of (MO)g is a hollow
closed cage motif with Cop, symmetry. Furthermore, for larger clusters, i.
e., n = 9-40, most of the clusters are disordered (or amorphous) struc-
tures. However, at (MO3),3 cluster, a highly symmetric structure with
point group Sy is found, and there are three tower layer motifs as lowest
energy structures at n = 36-38. Among the three tower layer structures,
although they have only C; symmetries, their structures have only one
subunit, which is similar to (M03); cluster.

M>05 Clusters. The putative stable structures of (M30s), (n = 1-15)
clusters are plotted in Fig. 8. From the figure, it is clear that M—O bonds
are often found in these structures. Unlike (MO,), clusters, with
increasing sizes, the M—O units do not disappear, but their number
increases to 3 or 4. For (M20s)2 cluster, the structure takes cage motif
(T4 symmetry) with four M—O bonds on the four sides, which is similar
to (M203)q cluster. It is interesting to note that the clusters with n = 3-5
still take this motif that is similar to (M203), as the structural unit, in
which the number of the unit is two, three and four, and the number of
the dangling bond is four, three and four, respectively. Starting fromn =
7, the lowest energy structures are disordered. It is possible that the
program does not fully explore the potential surface of (M2Os), clusters.

MOgs Clusters. The stable structures of the investigated (MO3), (n =
1-30) clusters are shown in Fig. 9. For the small size clusters, i.e., n =
1-5, the lowest energy structures have three or four M = O bonds. A
highly symmetric structure with point group Oy is found at (MOs)g,
which is a hollow spheroidal cage structure with six M = O bonds.

26 C,

2
LR

36 C,

Fig. 7. Putative stable structures of (MO5), (n = 1-40) clusters.
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AP A A O

1 Dy, 2 Dy, 3Dy, 4Gy, 5G,
11 Dy 12 ¢ 13C, 14 C,
21 C, 22 C, 23 C, 24 C, 25 C,

60, 8D,y 10D,

16 C, 17¢,

26 C, 27,

Fig. 9. Putative stable structures of (MO3), (n = 1-30) clusters.

Except for (MO3)g cluster, the number of M—O bonds is also six for the
clusters with n = 7-11. The most stable structure of (MO3)g cluster takes
hollow cage with D4y symmetry, having eight M—O bonds. The struc-
tures owning eight M—O bonds are also found at n = 12-16 and18.
When n = 19, the number of M—O bond is more than eight. It was found
that compared with (M2Os), clusters, the (MOs), clusters have more
dangling bonds, and the number of the bonds increases with the
increasing size n. In addition, the bond length of M—O in (MOs3),

-8 T T r T T T T

0 2 4 6 8 10 12 14

Cluster size (n)

clusters is approximately 1.2 A, and it is shorter than those of previous
studies on MOgs clusters (e.g., the corresponding values for Cr, Mo and W
are approximately 1.55 A,1.69A,and1.71 A, respectively). Considering
that the parameters of the model potential are used here, the difference
of bond lengths between the model potential and the real systems is
reasonable.

Cluster size (n)

Fig. 10. The second finite difference (A3E) of the energy of (MO), (a), (M304), (b), (M203), (c), (MO), (d), (M20s), (e) and (MO3), () clusters.
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3.3. Relative stability of metal oxide clusters

To investigate the stability of metal oxide clusters comparing to their
neighbors, the second finite difference (A3E) of the energy is applied as a
quantitative function, and defined as follow:

ME(n) =E(m+1)+E(n—1)—2E(n) (5)

where E(n + 1), E(n — 1) and E(n) are the potential energies of n + 1, n-1
and n- atom metal oxide clusters, respectively. Fig. 10 plots the AyE
values for (MO),, (n = 1-60), (M304), (n = 1-15), (M503), (n = 1-20),
(MOy),, (n = 1-40), (M20s),, (n = 1-15) and (MO3), (n = 1-30) clusters.
In the figure, some positive peaks appear on specific cluster sizes, which
correspond to particularly stable structures with respect to their neigh-
bors. From the curve of (MO), clusters (Fig. 10a), the positive peaks are
found atn =6, 9, 12, 15 18, 24, 30 and 56). It can be clearly found that
the stacked hexagonal rings occupy those peaks at smaller clusters, i.e.,
n = 1-17, while the larger size clusters tend to take cuboidal structures.
At (MO)2; cluster, although the structure is also stacked hexagonal ring,
the A,E is negative, indicating that the structure is unstable with respect
to its neighbors. The results are in agreement with previous studies
about (MgO), clusters [10]. For large clusters, i.e., n = 30-60, the
perfect-cuboids are relatively more stable. However, this conclusion is
not applicable to all (MO), clusters. For instance, in the studied (ZnO),
clusters by Woodley [35], cage motifs were almost found though their
clusters with hexagonal rings also tended to have lower energies as in
this study.

On the other hand, (MO), clusters with higher symmetry tend to be
relatively more stable as seen in Fig. 10. From the Fig. 10c, eight positive
peaks, i.e., n = 2, 4, 8, 11, 14, and 17, are found in (M203), clusters.
These clusters have higher point group symmetry, e.g., T4 for (M303)o,
D34 for (M203)4, Dog for (M2O3)g, and D5 for (M2O3)14. In addition, T for
(M304)4 in (M304),, S4 for (MO3)13 in (MOy), clusters, T4 for (M205)2 in
(M2Os),, clusters, and Oy, for (MO3)g in (MO3), clusters are also found.
Exceptionally, the (MO),; cluster with D3, symmetry is less stable than
(MO)22 cluster with Cs symmetry. Though (M03)17 cluster is only C;
symmetry, it is more stable than (M303)16 cluster with C; symmetry.

3.4. Geometrical evolution of metal oxide clusters with the formal charge
of metal

The investigated metal oxide clusters are divided into two types
according to the formal charge of metal, that is, lower and higher g value
clusters. The lower g value clusters include (MO),, (M3O4),, and
(M203),, and the remaining structures are considered higher q value
clusters. Fig. 11 plots the variation of the structural motifs with respect
to q value. The lower g value clusters correspond to three straight lines
with zero ordinates in the figure, which means that no M—O fragments
in structures. However, when the g value reaches + 4, the structures
with M—O fragments emerge at small size, while M=—O fragments
disappear at larger clusters. When g = +5, all (M20s), clusters own
M—=—O0 fragments, and the numbers are two, three or four. When the g
value reaches +6, the number of M—O fragments of (MOs); clusters is
three, and there exists an upward trend on the whole with the increasing
value of n in (MOs3), clusters. Therefore, in metal oxide clusters with
larger q values, M—O fragments are often found.

4. Conclusion

In this paper, a modified dynamic lattice searching (DLS) method
was developed to study the stable structures of metal oxide clusters. To
adapt to coexistence of M- and O-type atoms, a new method of con-
structing dynamic lattice sites was proposed. The classical empirical
potential was applied to explore the effects of q value (i.e., formal charge
of metal) on the structures of metal oxide clusters systematically. The
investigated metal oxide clusters included (M+20)n (n = 1-60),

Chemical Physics 543 (2021) 111097

i + M0
12 * ok '
x x x | Lower ¢ M;*250,
w) 1
5 10 * ook Kk |
?0 * * * i Y
£ !
Ol 81 *oomk Kok Higher ¢ ® M;”0;
‘2 * * ! * M0,
W 64 * ok '
1)
g *
g 4 4 eexe *
s * A0 00000 00
[f 2 o000 e
00
04
T T T T T T T T T T T T 1
0 10 20 30 40 50 60

Cluster size (n)

Fig. 11. Schematic diagram of the evolution of metal oxide clusters with
respect to q values.

M329704), (n = 1-15), (M3°03), (n = 1-20), (M™*02), (n = 1-40),
(M3°05), (n=1-15) and (M03),, (n = 1-30) clusters. The growth rules
of MO clusters for different q values were studied, and the differences of
structures and relative stability were discussed. Results showed that the
(MO),, clusters are favorable to form highly coordinated structures. For
higher g value clusters, e.g., (M20s), and (MOs), clusters, the structures
tend to carry multiple M—O fragments, and the number of M—O frag-
ments increases with the increasing q values.
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