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Gold clusters, which display a variety of unusual geometric struc-
tures due to their strong relativistic effects, have attracted much
attention. Among them, Au,g has a high-symmetry tubular struc-
ture (Dgq) wWith a large HOMO-LUMO energy gap, but its electronic
stability still remains unclear. In this paper, the electronic nature of
the Auye cluster is investigated using the density functional theory
method. Depending on the super valence bond model, the tubular
Auye cluster with 26 valence electrons could be viewed as a
superatomic molecule composed of two open cages based on
spherical aromaticity, and its molecule-like electronic shell closure
is achieved via a super triple bond (s, 2n) between the two cages.
Based on this new cage—cage superatomic structural model, a
series of similar tubular clusters are predicted from the Au,¢ skel-
eton. The two capped Au atoms are replaced by Cu, Ag and In
atoms, respectively, to form tubular Dggy Au,sCu, and Au,sAg;
(26e) and Auy4ln, (30e) clusters, where the super triple bonds also
exist. Moreover, tubular Dsyq Auygln; (26e€) is obtained by replacing
hexatomic Aug rings in the bulk of Au,4ln, with pentagonal Aus
rings. Chemical bonding analysis reveals that there is a super quin-
tuple bond (o, 27, 25) between two open (Auygln) cages, in accord-
ance with the 26e LioMgs superatomic molecule composed of
two icosahedral superatoms. Our study proposes the new cage—
cage structural model of superatomic molecules based on spheri-
cal aromaticity, which extends the range of the super valence
bonding pattern and gives inferences for further study of super-
atomic clusters.
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Introduction

Nanoscale gold clusters possess unique physical and chemical
properties and are widely used as catalyts and electronic
devices and in the biochemical industry.'™ These fascinating
properties arise from the strong relativistic effects of gold,
which result in significant s-d hybridization relative to that of
other coin metals®® and lead to unusual geometric structures
of gold clusters.”™® The structures of small-sized gold clusters
have been well established which display remarkable planar
(2D) structures up to n = 13,7 while even more exotic struc-
tures are possible with medium-sized clusters, such as the
golden pyramid'®"® and hollow golden cages.”*>*

The spherical cage is a popular structural pattern among
the gold clusters, such as Aus,.>>?® It is one of the classical
gold clusters, which exhibits an icosahedral (I;,) hollow cage
structure with the energy gap of 2.49 eV between the highest
occupied molecular orbital and the lowest unoccupied mole-
cular orbital (HOMO-LUMO). The geometric shell closure and
a remarkably large HOMO-LUMO gap indicate its superatomic
character.”” Moreover, there are 32 valence electrons in the
superatomic orbitals of this cluster, which satisfy the 2(N + 1)
rule of spherical aromaticity (see Fig. S1 in the ESIf). Similar
golden cages, such as Aus, and Auy,, also follow the same
rule.”®>° For these superatoms with hollow cage structures,
the valence electrons are delocalized on the surface of the
cages which could be viewed as a nodal plane,** and follow
the aromatic 2(N + 1) rule for the electronic shell closure, in
which the magic electronic numbers are 2, 8, 18, 32..., with
different values of N. This is different from the classical
Jellium model*>® and three-dimensional aromaticity,>*** in
which the valence electrons are delocalized in the whole
cluster.

Among the diversity of gold clusters, Au,s is one of the
special species, for which there is a long lasting debate regard-
ing its geometric structure. Dong et al.*® point out that a high-
symmetry Dgq tubular structure is due to the possible ground
state of the cluster which could be viewed as the combination
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of four Aug rings with two more Au atoms in the center of the
two side faces, while another theoretical report indicates that
Au,s adopts an fec-like structure.’” Later, Wang and co-
workers carried out extensive structure predictions and
demonstrated that the Au,e cluster is a fluxional system with a
large number of metastable isomers within a narrow energy
window.*® More recently, Joshi et al.*® reveal that the tubular
structure is most thermally stable among the four confor-
mations (three compact or core-shell structures and a high
symmetry tubular structure).

The tubular Au,e cluster attracts much interest due to its
peculiar geometric structure which could be the embryo of an
Au nanotube.?® The closed-shell geometry and large HOMO-
LUMO energy gap indicate that this cluster would have a mole-
cule-like electronic shell closure. However, the electronic char-
acter of this cluster still remains unclear. It cannot be
described by the superatom model of spherical aromaticity
due to its non-spherical structure. Recently, the super valence
bond (SVB) model was proposed by Cheng and Yang to explain
the electronic stability of non-spherical metallic clusters.” In
the SVB model, a prolate cluster could be divided into two
spherical blocks sharing the atomic nucleus at the border, of
which each block is viewed as a superatom following the elec-
tronic shells in the Jellium model, and molecule-like electronic
shell-closure is achieved by the sharing of electron pairs
between the two superatoms. The SVB model has been suc-
cessfully used in explaining the stability of the non-spherical
superatomic molecules.”>>® In addition to the super covalent
bonds between the superatoms, another kind of superatomic
bond - the super hybrid bond - is revealed in gold
clusters,”*®* such as the Auy, cluster composed of hybrid SP>
Aue superatomic units.®® A recent study reveals an 8e
[Auy,(SR)e]>~ cluster with a hybrid SP* core, which exhibits the
special bonding and optical properties.®®

In this paper, we try to explain the electronic structure of
the tubular Au,¢ through the SVB model. Due to the prolate
structure of the typical superatomic molecules, it is inferred
that the Au, cluster could be divided into two spherical open
cages which form the electronic shell-closure through super
valence bonds. These separated cages should be described as
superatoms based on the spherical aromaticity, which extends
the range of the spherical superatom-superatom structural
pattern based on the Jellium model used in former SVB
studies. Chemical bonding analyses are discussed in the fol-
lowing section to verify our inference, and similar tubular
superatomic molecules are designed based on this new
bonding model.

Computational method and details

Geometry optimizations and subsequent calculations are per-
formed using the non-empirical hybrid GGA functional PBE0®®
with the def2-TZVP basis set®! by the density functional theory
method. The vibrational frequencies are checked to ensure
that the structures are true local minima at the same theo-
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retical level. Chemical bonding analyses are carried out using
the adaptive natural density partitioning (AANDP) method to
reveal the molecular orbitals (MOs) of the clusters,*®® which
is a generalized natural bonding orbital (NBO) search method
to discuss the localized and delocalized multicenter bonds
(coded as nc-2e, that is, an n-center two-electron bond). All cal-
culations are performed using the Gaussian 09 package,®” and
molecular visualization is performed using MOLEKEL 5.4
software.®®

Results and discussion

Electronic character of the Au,s superatomic molecule

The optimized tubular DggAu,s cluster*® with the HOMO-
LUMO energy gap (Eu) of 1.34 eV is shown in Fig. 1a. The
large gap indicates high electronic stability. However, gold
with 26valence electrons dissatisfies the 2(N + 1)* rule for
spherical aromaticity. We find that the tubular structure can
be divided into two spherical cages, where each cage has 13
valence electrons. As the magic numbers are 2, 8, 18, 32... for
the superatomic cage cluster with spherical aromaticity, could
this Auy; cage be viewed as an open shell superatom? In order
to verify our inference, the closed shell Au;,In, cluster with 18
valence electrons is built from the Au,; open cage by removing
its central Au atom in the side face and capping the rest of the
Au,, double ring with two In atoms. The optimized geometric
structure of the Au;,In, cluster is plotted in Fig. 1b, and the
vibration frequency is checked to verify that it is a true local
minimum on the potential energy surface. This cluster main-
tains the Dgq symmetry and has a fairly large HOMO-LUMO
energy gap of 2.76 eV, suggesting its superatomic character.
Moreover, the AANDP results reveal that the 18 valence elec-
trons of the Auy,In, cluster fill nine MOs, which could be
viewed as the super SP°D” orbitals from their shapes (Fig. 1b).
These valence electrons distributed on the surface of the cage
follow the 2(N + 1)* rule of spherical aromaticity, which indi-
cates its electronic closed shell structure and confirms the
superatomic character of the spherical cage. Therefore, Au,;

Auyg, Eyp 1 1.34eV Auyg Auyy
(b) §
Aup,Iny, By :2.76 eV S

PP, P
D, D»

D, Dpp D

Xy xz

Fig.1 (a) Di-superatomic model for the tubular Auye cluster. (b)
Structure and MO diagrams of the Auj,ln; cluster.
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with the same skeleton also could be viewed as a superatomic
cage, but it exhibits both geometric and electronic open shell
characteristics.

Based on the superatomic character of Au,s, it could be
inferred that the Au,e cluster is a superatomic molecule com-
posed of two Auy; cages which achieve the electronic shell
closure through the super valence bonds. To verify this infer-
ence, the canonical molecular orbitals (MOs) of the Au,s cluster
are investigated as shown in Fig. 2a, and further AANDP analysis
shown in Fig. 2b gives a more clear description of the super-
atomic molecular framework of Au,s. The AANDP results reveal
that there are five 13c-2e super lone pairs (LPs) in each Auj;
cage (S, Py, P, Dy, and D,._,.) which correspond to five
bonding orbitals (o5, 27py, y, 28dxy, x2—y2) and five antibonding
orbitals (6%, 27,y y, 28*dxy, x2—y2) in MO diagrams. The remain-
ing three occupied MOs (o, 2n) could be viewed as one 26¢c-2¢
super o-bond composed of two P, orbitals and two double-
degenerate n-bonds formed by D,,-D., and D,,-D,, interactions.
Therefore, the two superatomic cages form a super triple
bonding system in this 26e Au,¢ cluster, but its electronic struc-
ture is different from another typical 26e superatomic molecule
composed of two superatomic spheres - the double-icosahedral
LioMg; cluster,”® in which there is a super quintuple bond (o,
2w, 28) between the two icosahedra.

Prediction of new cage-cage superatomic molecules

The new cage-cage structural model of superatomic molecules
is revealed from the electronic nature of the Au,q cluster,

27 (ON=1.98 [e])

5 (ON=1.98 |e])

Fig. 2 (a) Structure and the MO diagrams of the Au,e cluster. (b)
AdNDP localized natural bonding orbitals of the Aue cluster.
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based on the rule of spherical aromaticity. Then a series of
similar cage-cage superatomic molecules are designed from
the skeleton of Ause.

To obtain superatomic molecules with different valence
electrons, the two capped Au atoms in the center of the top
and bottom layers of Au,e are replaced by other metal atoms.
The isoelectronic Au,,Cu, and Au,,Ag, clusters (Fig. S21) are
built by replacing the capped Au atoms with Cu and Ag atoms,
respectively. After relaxation, these two clusters maintain the
Dg¢q symmetries with large HOMO-LUMO energy gaps. As they
are isoelectronic clusters of Au,e, super triple bonds also exist
in these clusters as shown in Fig. S2,1 which are confirmed by
the AANDP analyses.

The 30e superatomic molecule was investigated in a former
study on the Li;sMg;Al, cluster’® composed of two super-
atomic spheres, which is another kind of a typical superatomic
cluster. Therefore, we also design the 30e cage-cage super-
atomic molecule in this section by replacing the capped Au
atoms with In atoms. This Au,,In, cluster maintains the Dgq
symmetry with the HOMO-LUMO gap of 2.50 eV after relax-
ation, as shown in Fig. 3. AANDP calculations reveal that there
is a super triple bonding system in the Au,,In, superatomic
molecule. Compared with Au,e, this cluster has two more
super P, LPs, and its super ¢ bond is supposed to be formed
by D,.-D.. interactions in the two superatomic units, which is
different from the Au,s cluster. Due to the long and thin struc-
ture of AuyyIn,, the P, superatomic orbitals in the (Auj,In)
cages could not interact with each other and exist as lone elec-
tronic pairs. Therefore, in this 30e cage-cage superatomic
Au,,In, molecule, each superatomic cage achieves the 18e elec-
tronic closed shell structure through the super triple bonding
framework with a fairly large HOMO-LUMO gap. It is also
different from the Li;gMg3Al, cluster with the double-icosa-
hedral structure based on the Jellium model, in which the
molecule-like electronic shell closure is achieved via quintuple
super bonding (o, 27, 28) between the two icosahedra.

Besides the Aug rings, pentagonal Aus rings are also poss-
ible structural units of nanotubes. Therefore, the Au,,In,
superatomic molecule is designed by replacing the hexatomic

4X13c-2e super LPs (S, P3) in each superatom

S(ON=2.00fe)) P, (ON=1.98Je)  P,(ON=1.95 |e))

3X26¢-2e super triple bonding (627)

4X13¢-2e super LPs

o (ON=2.00 |e])

21 (ON=2.00 [e])

Dyy2,2 (ON=1.85 [e])

Fig. 3 Structure and AANDP localized natural bonding orbitals of the
Auy4ln; cluster.
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Aug ring in the bulk of the Au,,In, cluster with the pentagonal
Aus ring, in order to change the structural framework of the
cage—cage superatomic molecule. The optimized Au,ln,
cluster maintains good stability with the Dsq symmetry, as
shown in Fig. 4. Unbiased global searches are performed by
using the genetic algorithm (GA-DFT) implemented by our
group.®’® The global minimum and low-energy isomers of
the Au,oln, cluster are displayed in Fig. S3.f We found that
isomers N.1 and tubular Ds4 N.2 are nearly degenerate with
N.1 being 0.02 eV more stable. Moreover, the tubular Au,oIn,
cluster is verified to have good thermal stability by ab initio
molecular dynamics (AIMD) simulations.”"””® Details for the
AIMD simulations are shown in Fig. S4.f Further MOs
(Fig. S57) and AANDP analyses reveal that this cluster with 26
valence electrons contains four 11c-2e super (SP*) LPs in each
cage (AujoIn) and a 22c-2e super quintuple bond (o, 2z, 28)
between cages, which resembles the Li,,Mg; superatomic
molecule in the bonding framework. Similarly, the 26e
Au,oGa, cluster with a pentagonal tubular structure is also
studied to confirm the reliability of this structural pattern, and
chemical bonding analysis reveals that its bonding framework
is the same as the Au,ln, cluster (Fig. S67).

To further confirm the existence of super bonding, bond
energies (Ep) and Mayer bond orders’* (MBO) are also calcu-
lated using different methods and listed in Table 1. The values
of E, and MBO increase from the super triple bond to the
super quintuple bond, which are in accordance with their
bonding characteristics. It is worth noting that the Ej, values
are strongly influenced by the dispersion correction D3.”
Moreover, due to the significant aurophilic interaction in the

4 X 11c-2e super LPs (S, P?) in each superatom

S (ON=2.00 [e]) P, (ON=1.99 [¢]) P,(ON=1.95 [¢])

5X22¢-2e super five-fold bonding (62728)

25 (ON=2.00 [e])

21 (ON=2.00 e]) 6 (ON=2.00 [e])

Fig. 4 Structure and AdNDP localized natural bonding orbitals of the
Auypln; cluster.

Table 1 The bond energies (E,) and Mayer bond orders (MBO) between
the two superatomic units for Au,e and Aupln, clusters calculated using
different methods

Ey (eV) PBEO PBE PBE-D3 MBO
Auy5-Aug s 8.82 8.72 9.96 5.9
Au,oIn-Au;oIn 10.21 9.88 11.05 6.0
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Au clusters, the bond order between the two cages is relatively
large.

Conclusions

In summary, the new cage—cage superatomic structural pattern
is revealed from the electronic nature of the tubular Au,g
cluster based on the SVB model. Chemical bonding analysis
reveals that this cluster is a superatomic molecule composed
of two Au,; superatomic open cages with spherical aromaticity,
and its molecule-like electronic shell closure is achieved via
super triple bonds (o, 21) between the two cages. Based on this
new superatomic structural pattern, a series of cage-cage
superatomic molecules are predicted from the skeleton of
Auye. 26 Au,,Cu,, Auy,Ag, and 30e Auyyln, are designed by
replacing the capped Au atoms by Cu, Ag and In atoms, where
the super triple bonds also exist. Moreover, the hexatomic Aug
rings in Au,,In, are replaced by pentagonal Aus rings to form
the 26e Au,gln, cluster, in which there is a super quintuple
bond (o, 2x, 28) between the two (Au,eIn) cages, similar to the
26e LioMg; superatomic molecule composed of two icosa-
hedral superatoms.

Our study reveals the electronic nature of the tubular Au,e
cluster, which extends the community of super valence
bonding patterns and gives inferences for the further investi-
gation of superatomic clusters.
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