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a b s t r a c t

We obtained the geometrical structures of (Al2O3)n (n = 1–7) clusters via genetic algorithm plus density
functional theory method. Benchmark calculations show that the B3LYP/6-311 + G� method is reliable
compared to CCSD(T)/aug-cc-pVTZ. However, the basis sets have great effect on relative energies of dif-
ferent structures. The global minimum structures are kite-shaped, cage and tea-cozy in structure for
n = 1, 2 and 3 respectively, disordered at n = 4 and 5. At n = 6 and 7, a number of lower-energy isomers
are obtained compared to the most stable structures obtained by Rahane et al. (J. Phys. Chem. C 115
(2011) 18111–18121). With increasing cluster size, structures show preference of disorder and some
new configurations are derived.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In bulk, alumina occurs in several different polymorphs due to
the variety of packing modes for Al and O atoms, such as a-alu-
mina, b-alumina, c-alumina and h-alumina, in which the valence
electrons of Al atoms are transferred to the O atoms consequently
producing close-shell Al trications and O dianions [1]. The most
stable isomer is a-alumina among these multiple configurations,
which is the main component of corundum. In the crystal lattice
of a-Al2O3, O ions form a hexagonal close-packed structure with
aluminum ions filling the octahedral sites. O ions are nearly face-
centered cubic close-packed with the tetrahedral and octahedral
sites being irregularly filled with Al ions in the phase of c-alumina.
Due to high melting and boiling point, a-Al2O3 is widely used as
flame retardants and refractory materials. Because of pores and
strong adsorption properties, c-alumina is utilized in catalysts
and adsorbents.

Alumina clusters are intermediates in size between molecules
and bulk solids. They are of significant interest in atmospheric
chemistry [2] and solid catalysts [3] because of their reduced size.
Research has suggested that the gas-phase clusters and bulk of alu-
mina are substantially different in structure. The isomer with D3d

symmetry for (Al2O3)4 was presumed to be the global minimum
and it was also used as a model for the bulk and surface of
a-alumina [4–8]. However, Sierka et al. [9] proved that neither
All rights reserved.
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the bulk-like nor the caged structure is the global minimum by
experiments and theoretical computation. In 2003, Heijnsbergen
et al. [10] discovered the large abundance of AlO�(Al2O3)15 cluster
cation in the mass spectrum of gas phase aluminum oxide clusters,
which stands comparison with that of C60. However, the structure
has not been determined so far because of searching a structure
with large size for AlO�(Al2O3)15 clusters being beyond the current
computing ability. In comparison, many studies on structures of
alumina clusters with small size have been performed by different
methods [1,11–14]. Sun et al. [15] constructed the structures of
(Al2O3)n with n = 1–10, revealing that cage structures are the global
minimum at n = 1–5, cage-dimer structures at n = 6–9. Woodley
[16] obtained the structures of (Al2O3)n with n = 1–5 by density
functional theory (DFT), where the initial structures are located
by an evolutionary algorithm with an interatomic potential. Rah-
ane et al. [17] derived the structures of (Al2O3)n with n = 5–10
using DFT simulated annealing.

Although a mass of investigations on alumina clusters have
been performed, some problems have not been resolved, for in-
stance, the mechanism of structural transformations from small
molecular clusters towards bulk solids is still not clear. So it is nec-
essary to make a systematic research. In this paper, we obtained
the structures of (Al2O3)n (n = 1–7) clusters by performing an unbi-
ased global search of the DFT potential energy surface with genetic
algorithm (GA) [18–20]. Most of structures are consistent with
those obtained by Woodley [16] at n = 1–5 and some new low-
energy isomers are reported. At n = 6 and 7, a number of new struc-
tures are located, which are lower in energy than the ones reported
by Rahane et al. [17].
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2. Computational details

2.1. Global optimization method

To have a systemic study of (Al2O3)n clusters, the cluster genetic
algorithm (GA) was employed to search the potential energy sur-
face directly using DFT method. All DFT computations were accom-
plished by the GAUSSIAN 09 package [21] using the hybrid B3LYP
[22–24] functional. Our cluster GA-DFT method can be summa-
rized as follows:

(a) Randomly generate npop structures to form the starting pop-
ulation of GA. Relax each structure in the population via DFT
method at the B3LYP/6-31G�//B3LYP/3-21G level with a
loose convergence criterion.

(b) For k-th iteration, randomly choose two structures from the
population and perform Deaven–Ho crossover [19] to gener-
ate one child structure. After mutation, relax the child struc-
ture via DFT method at the B3LYP/6-31G�//B3LYP/3-21G
level with a loose convergence criterion (10�4). Input the
relaxed structure to the structural bank. Update the popula-
tion based on similarity [25] and energy.

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

GA cannot promise to find the global minimum structure in one
calculation, so for each case, five independent GA runs are carried
out and the relaxed structures are recorded in one structural bank.
The energetic sequences of the isomers may change at higher level
DFT method, so a large population size is used and as many as low-
lying isomers in the structural bank are considered. For example, in
the optimization of (Al2O3)5, the population size is 100, and the
maximum iteration number is 2000. The rate of hitting the global
minimum structure is 3/5. Then the top 200 lowest-energy B3LYP/
6-31G�//B3LYP/3-21G isomers are resorted by the single point en-
ergy of high level B3LYP/6-311 + G�. Finally, the top 50 lowest-en-
ergy isomers are fully relaxed at B3LYP/6-311 + G� level of theory.
Although the basis set affects the energetic sequences greatly, the
top 10 lowest-energy B3LYP/6-311 + G� isomers are all involved in
the top 100 B3LYP/6-31G�//B3LYP/3-21G isomers.
2.2. Benchmark calculations

To verify the reliability of the B3LYP functional, taking (Al2O3)2

as a test case, in Table 1, we compared the relative energies calcu-
lated by various functionals (B3LYP, TPSSh [26], PBE0 [27], BP86
[28,29], M06 [30], BPW91 [31]) and the high-level CCSD(T) (cou-
pled-cluster method with single, double and perturbative triple
excitations) [32] method. It can be seen that, the gaps of different
functionals are small (less than 0.26 eV) and B3LYP/6-311 + G�
Table 1
Comparison of computed energies for low-lying isomers of (Al2O3)2 (Fig. 2)a.

Method 2A 2B 2C 2D

B3LYP �1421.797590 0.48 1.19 1.20
TPSSh �1421.768518 0.33 1.31 1.03
BP86 �1421.802678 0.37 1.13 1.05
PBE0 �1420.788664 0.34 1.30 1.06
M06 �1421.480235 0.59 1.35 1.27
BWP91 �1421.681001 0.37 1.13 1.04
CCSD(T)b �1419.382902 0.40 1.23 1.13

a Energies for 2A are in atomic unit, other energies are relative to this in eV.
Results are single point energies with 6-311 + G� basis set for the B3LYP/6-311 + G�

geometry.
b The basis set is aug-cc-pVTZ for CCSD(T).
method is reliable compared to CCSD(T)/aug-cc-pVTZ method
(within 0.08 eV). Gaps of the relative energies between 2C and
2D in different methods are higher than that of 2A and 2B, but
the gap between B3LYP/6-311 + G� and CCSD(T)/aug-cc-pVTZ
methods is also acceptable (�0.1 eV).
3. Results and discussion

Using the combination of GA and DFT, we obtained a series of
structures for (Al2O3)n (n = 1–7) clusters at B3LYP/6-311 + G� level.
The low-lying isomers are shown in Figs. 1–5. The relative energy
and geometrical parameters of structures are available in the sup-
plementary information. Most of structures in our results are con-
sistent with those reported by Woodley [16] at n = 1–5, but a
number of lower-energy isomers are derived at n = 6 and 7. In
the following we will discuss the geometrical structures in detail.
3.1. Structures of (Al2O3)n (n = 1–7) clusters

(Al2O3)n (n = 1–3): As shown in Fig. 1, the global minima for
n = 1, 2, and 3 are kite-shaped, cage and tea-cozy respectively.
For Al2O3, the kite-shaped isomer (1A) is a triple state with C2v

symmetry, which is also reported in Ref. [33]. The liner isomer
(1B) is 0.1 eV higher in energy with shorter Al–O bond lengths.
For (Al2O3)2, the global minimum (2A) is a cage with Td symmetry
agreeing with that of Sun et al. [15]. 2B is 0.49 eV higher in energy
than 2A, in which four O and two Al atoms forming a planar linking
two AlO units. It is also a low-lying isomer of (Fe2O3)2 clusters [34].
Our results are in agreement with Woodley [16] in the top three
isomers, but 2B is ranked first in their work. For (Al2O3)3, the top
four isomers are nearly degenerate in energy. 3A is a tea-cozy
structure with C1 symmetry and is also the global minimum of
(Fe2O3)3 clusters [34]. Our results are in agreement with Woodley
[16] in the five lowest-energy isomers with difference only in the
order of 3C and 3E.

(Al2O3)4: 20 isomers are plotted in Fig. 2, in which the top 11
isomers are within 0.5 eV. The global minimum (4A) is formed by
three 4-membered rings interconnected with an AlO3 unit con-
necting the 4-membered rings from above and below, which is first
reported by Sierka et al. [9] and is also the global minimum of
(Fe2O3)4 clusters [34]. 4B is 0.12 eV higher in energy, which can
be considered as 3B added by one Al2O3 unit. The superimposed
isomer (4C) that was assumed to be the global minimum is
0.19 eV higher in energy than 4A. The top three isomers are consis-
tent with the low-energy structures in Ref. [16], but 4C is taken as
the global minimum in that work. 4D, 4E and 4F are nearly degen-
erate in energy with C1 symmetries. The cage isomer (4G) that is
reported to be the global minimum in Ref. [15] is 0.37 eV higher
in energy than 4A. 4H is a chiral structure with C3 symmetry, which
is 0.37 eV higher in energy. 4T that is a low-energy isomer in Ref.
[16], becomes now 1.3 eV higher in energy than 4A.

(Al2O3)5: 21 isomers are plotted in Fig. 3, in which the first 20
isomers are within 0.4 eV. The global minimum (5A) is a low-sym-
metry structure. The hat-like isomer (5C) with C3v symmetry is
0.08 higher in energy than 5A. 5A and 5C are consistent with the
first two structures of Woodley [16]. 5B is a newly located struc-
ture being 0.06 eV higher in energy than 5A, which has a fraction
of a hat-like structure. The global minimum in Ref. [17] is only
the seventh configuration (5G) being 0.23 eV higher in energy than
5A. 5D and 5E are disordered with 0.11 and 0.12 eV higher in en-
ergy than 5A respectively. The cage-like structure is not found in
the global optimization procedure due to its high energy (1.27 eV
higher in energy than 5A).

(Al2O3)6: 18 low-lying isomers within 0.5 eV are plotted in
Fig. 4. Both 6A and 6B are the lowest-lying isomers with nearly
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identical energies. 6A has a bottom of five 6- and one 4-membered
rings, which consists of one Al3O4 unit. 6B has two tetrahedrons
connected by two ‘V-shaped’ O–Al–O–Al–O patterns. The most sta-
ble structure reported by Rahane et al. [17] is only the 13th isomer
(6M) in our results, which is 0.43 eV higher in energy than 6A. 6C is
a low-symmetry structure, which consists of one Al3O4 unit. 6D has
a bottom of 6-, 4- and 8-memdered rings with one Al3O4 unit,
which is 0.11 eV higher in energy with Cs symmetry. 6E is a
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low-symmetry structure, which is 0.18 eV higher in energy. 6F is
similar to 6A in structure with 0.24 eV higher in energy. 6G is sim-
ilar to 6C in atomic packing.

(Al2O3)7: 14 low-lying isomers within 0.5 eV are plotted in
Fig. 5. The most stable isomer (7A) has a bottom of 4-, 6- and 8-
membered rings, which connect other three 4-membered rings
that are each linked to the two other 4-membered rings by one
Al and one O vertex. 7G that is reported to be the most stable iso-
mer in Ref. [17] becomes now 0.38 eV higher in energy. The second
isomer (7B) with C1 symmetry can be considered as 6L added by an
Al2O3 unit, which is 0.22 eV higher in energy than 7A. 7C is a low-
symmetry structure being 0.24 eV higher in energy than 7A. 7D
belongs to C2 symmetry with 0.25 eV higher in energy. 7E can be
considered as 4C added by three Al2O3 units, and is 0.31 eV higher
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in energy than 7A. 7F is similar to 7A in atomic packing. Other iso-
mers are 0.4 eV higher in energy with C1 symmetries (except for 7 J
with C2 symmetry).

3.2. The effects of basis sets on the relative stability

Although most of structures for (Al2O3)1–5 are consistent with
those reported by Woodley [16], the energetic sequences of various
isomers are significantly different from ours. The benchmark calcu-
lations show that the effects of different functionals on the relative
energy are very small. One may wonder if the basis sets affect the
energetic sequences. For this reason, we took (Al2O3)4 clusters as a
test case and the relative energies at the 6-311 + G�, 6-31G�, 3-21G
and STO-3G basis sets with the B3LYP functional are shown in
Fig. 6. It is visible that the basis sets show great impact on the rel-
ative energies of various structures, e.g., the energy gaps between
4C and 4G are about 0.18, 0.45, 2.58, and 8.59 eV at the
6-311 + G�, 6-31G�, 3-21G and STO-3G basis sets respectively.
The isomers (4 J, 4P, 4R and 4T) containing more 4-membered rings
Fig. 6. Relative energies of the isomers for (Al2O3)4 of B3LYP functional with various basis
taken as zero (base line) under each basis set, where a negative value indicates that the ge
the geometry is unstable.
with more Al–O bonds are relatively lower in energy at small basis
sets. While the isomers with less 4-membered rings (4B, 4K, 4M
and 4Q) and the fullerene-like structure (4G) are higher in relative
energy at small basis sets. 4C is indeed the global minimum for
(Al2O3)4 at small basis sets, which agrees with the previous studies,
but it is not the lowest-energy structure at large basis sets possibly
because the repulsion between the nearest same atoms (O–O and
Al–Al in the 4-membered rings) is undervalued at small basis sets.

3.3. Comparison of cage and non-cage structures

Sun et al. [15] summarized that the fullerene-like structures of
(Al2O3)n (n = 1–5) clusters are the global minima. However, some
previous studies [9,13,17] suggested that cage-like structures are
not stable. Our results also suggest that the fullerene-like struc-
tures are increasingly unstable with the increase of cluster size
and are global minimum only at n = 2. To qualitatively interpret
the instability of cage structures, we made a comparative study
for the lowest-energy non-cage and cage structures at n = 2–5.
sets, STO-3G, 3-21G, 6-31G�, and 6-311 + G�. The energy of the first structure (4A) is
ometry is more stable than 4A under such a base set, and a positive value means that



Table 2
The NICS values in cluster centers of cage (Al2O3)n clusters (n = 2–5) and benzene at
the B3LYP/6-311 + G� level.

Species Symmetry NICS

(Al2O3)2 Td �1.44
(Al2O3)3 D3h �0.10
(Al2O3)4 D3d �0.95
(Al2O3)4 Oh �0.35
(Al2O3)5 D5h �0.34
Benzene D6h �7.91

130 R. Li, L. Cheng / Computational and Theoretical Chemistry 996 (2012) 125–131
The binding energies were calculated by Eb = [(2nE(Al) + 3nE(O2/
2) � E(A2nO3n)]/n. From Fig. 7a, it can be seen that the binding en-
ergy increases with increasing cluster size. Fig. 7b exhibits the ten-
dency of relative stability of cage structures revealing that cage
structures are increasingly instable with increasing cluster sizes.
Fig. 7c compares the number Al–O bonds for non-cage and cage
structures. Obviously, non-cage structures have more bonds and
the gap of bond number increases with the further increase of clus-
ter size compared to the cage structures.
3.4. Discussion

Nucleus-independent chemical shifts (NICS) value [35] is a pop-
ular measurement for aromaticity. To quantitatively analyze the
aromaticity, Table 2 gives the NICS values in the cage centers of
the cage structures. The NICS value for 2A (Td cage) is only
�1.44 ppm demonstrating that 2A shows very little aromaticity
(as a comparison, the NICS value of benzene is �7.91 ppm). The
NICS values for 3C (D3h cage), 4C (D3d cage), 4G (Oh cage) and 5T
(D5h cage) are �0.10, �0.95, �0.35, and �0.34 ppm respectively,
which suggests that these cage structures are non-aromatic. Aro-
maticity is one of the reasons which results in the stability of cage
structures and the cage alumina clusters are unstable because of
non-aromaticity.

Alumina clusters are similar to iron oxide clusters not only be-
cause they have the same metal to oxygen ratio (2:3) but also be-
cause as bulk solids [34]. In order to study relative stability of cage
alumina and iron oxide clusters, we make a comparison in relative
energy. The energetic gap of the lowest-energy cage and non-cage
isomers is �0.01, 0.33, 0.83, and 0.99 eV, respectively, for (Fe2O3)n

clusters [34] and �0.48, 0.04, 0.37, and 1.27 eV, respectively, for
(Al2O3)n clusters at n = 2–5. Meanwhile, it can be seen that the cage
structures for iron oxide clusters are relatively more unstable than
that for alumina clusters at n = 2–4. However, the gap of cage and
non-cage isomers for alumina clusters (1.27 eV) is greater than
that for iron oxide clusters (0.99 eV) at n = 5. The located lowest-
energy structure at n = 5 may not be the real global minimum
due to the difficulty of computation, and the low-lying isomers
of (Al2O3)5 may also be the global minimum of (Fe2O3)5. Cage
structures for alumina clusters are instable, however, they are rel-
atively more stable than those of iron oxide clusters.
Fig. 7. (a) Binding energies (Eb) for the noncage and cages structures of (Al2O3)n

(n = 2–5), where Eb = [(2nE(Al) + 3nE(O2/2) � E(A2nO3n)]/n. (b) The gap of binding
energies for the noncage and cage structures. The gap is defined by DEb = Eb(global
minimum) � Eb(cage). (c) The difference of the number of Al–O bonds for the
noncage and cage structures. The difference is clarified by DNb = Nb(global
minimum)-Nb(cage).
4. Conclusions

Stoichiometric (Al2O3)n (n = 1–7) clusters are investigated theo-
retically via GA plus DFT. The global minimum structures are kite-
shaped, cage and tea-cozy in structure for n = 1, 2 and 3 respec-
tively, disordered at n = 4 and 5. At n = 6 and 7, twelve and six low-
er-energy isomers are found respectively compared to those
obtained by Rahane et al. The structures show preference of disor-
der and many new configurations are found with increasing cluster
size, in which some isomers are nearly degenerate in energy.
Benchmark calculation demonstrates that the effects of various
functionals on energetic sequences are small. However, the basis
sets have great impact on the relative energies of various struc-
tures. It is proved that the D3d cage (4C, seen as a fragment of
a-alumina solid) is the lowest-energy structure of (Al2O3)4 only
at small basis sets. With increasing cluster size, it is expected that
alumina clusters will also favor disorder at larger cluster sizes be-
cause of the degree of structural disorder increasing.
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