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Abstract

Cu—Zn brasses are one kind of the typical Hume-Rothery alloys, of which the phase stability mechanisms are decided by
the electronic effects. Cu—Zn clusters can be considered as a sort of alloys with a particle size at nanometer scale. The
structures of small-sized Cu—Zn clusters have been well established up to 10 atoms, but the structural evolution behavior of
larger clusters is still not well-known. In this work, the geometric structures of Cu,Zn, clusters in a size range (x + y =
11 — 13) are investigated by using a method combining the genetic algorithm with density functional theory. A series of
relevant structures of the clusters are obtained, and the structural evolution diagrams are plotted depending on the relative
energy. It was found that the Cu—Zn clusters with even number of valence electrons (n*) exhibit high stability. When
n* =12 and 14, the clusters adopt prolate motifs, which have similar electronic structures to O, and F, molecules,
respectively, based on the super valence bond model. When n* = 18 and 20, the clusters keep spherical cage motifs, which

satisfy the magic numbers of Jellium model and could be viewed as stable superatoms.
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Introduction

Metallic clusters have attracted much attention due to their
large range of unusual physicochemical properties and
many promising applications [1-7]. The study of clusters
represents one of the fields of greatest growth in nanos-
tructured materials science. Particularly, the development
of superatom clusters consisting of metal atoms that mimic
the chemical behavior of elements has been explored
extensively in recent years [§—16]. They can be used not
only as building blocks for assembling materials but also as
new functional materials themselves by manipulation of
their composition, shape, and size [17, 18]. In general,
superatoms are typified by complete geometric and elec-
tronic shell closings [19]. The electronic shells in
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superatoms are expressed by superatomic orbitals, named
1S, 1P, 1D, 28, 1F, 2P, and so on in order of orbital energy.
Thus, the electron counts that achieve a particularly
stable configuration are 2, 8, 18, 20, 34, 40, 58, and 92...
This theory of superatom has achieved great success in
explaining the stability of spherical metal clusters [20-26].

However, clusters are not always spherical. In 2003,
Cheng et al. developed the super valence bond (SVB)
model [27, 28], which gives one more generalized insight
into the electronic structures of superatomic clusters. In this
model, a prolate cluster is divided into two spherical blocks
sharing nucleus and valence pairs at the border to achieve
electronic closed shell. This bonding pattern between
superatoms is defined as the SVB which has the similar
characteristics as the bonding pattern between simple
atoms [29-34]. Taking the prolate Li;o cluster as an
example [27], it could be viewed as the union of two 7c-5e
(seven-center five-electron) spherical superatoms sharing a
four-nucleus tetrahedron and three covalent pairs, which is
the analogues of F, in bonding framework.

Cu—Zn alloys have a variety of crystal structures. Earlier
studies revealed that the structures of Cu—Zn alloys cor-
relate with the average number of valence electrons or the
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electron-per-atom (e/a) ratio [35-40]. Cu—Zn clusters can
be considered as a sort of alloys with a particle size at
nanometer scale. Very recently, we found that, just as in
bulk brass, the structures of Cu,Zn, clusters in a size range
(x + y =3 — 10) are determined by the total number of
valence electrons (n*), where the clusters with same n*
have similar geometric motifs [41]. Due to the complexity
of potential energy surfaces, especially for large size
clusters, the global minimum search is specially challeng-
ing. Botticelli et al. have studied 13-atom Cu—Zn clusters
[42], and the results indicate that the Cu-rich clusters tend
to have compact geometries, often icosahedral, such as
CugZn; and CugZns. However, the electronic structures of
the clusters were not analyzed.

Hence, we started our explorations of the size-dependent
growth behavior of the Cu,Zn, (x + y = 11 — 13) clusters
related to their geometric and electronic properties. To gain
the most reliable structures of Cu—Zn systems, the potential
energy surfaces of the clusters are scanned by using genetic
algorithm (GA) [43, 44] with density functional theory
(DFT). Our results show great diversity and flexibility in
geometric and electronic structures for the Cu—Zn clusters.
The electronic stability and chemical bonding patterns are
also discussed.

Computational Methods

The geometries of Cu,Zn, (x + y = 11 — 13) clusters are
located by unbiased global search of the DFT potential
energy surface with GA directly using the BP86-D3
functional [45] that was proven to give reasonably accurate
energetic properties of the small Cu—Zn clusters [41]. At
the global optimization procedure, a small basis set (def2-
SVP) and a loose convergence criterion are adopted for
saving calculation time. After global optimization, the low-
lying candidates are fully relaxed at the BP86-D3/def2-
TZVP [46]. Energies of the structures reported herein
include the contribution of zero point energy (ZPE) cor-
rections. All first principle calculations in this work are
carried out on the GAUSSIAN 09 package [47], and
molecular visualization is performed using MOLEKEL 5.4
software [48].

Results and Discussion

Using the combination of GA and DFT, we obtained a
series of relevant structures for Cu,Zn, (x +y = 11 — 13)
clusters at the BP86-D3/def2-TZVP level. The vibrational
frequencies are checked to ensure that the structures are
true local minima at the same theoretical level.
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Geometric Structures and Structural Evolution
Diagrams

To give a direct view of the structural evolution of the Cu—
Zn binary systems, the structural evolution diagrams
(SEDs) are plotted in Fig. 1, presenting information of
stability versus composition. To give a reasonable measure
of stability of the Cu,Zn, clusters, the relative energy (E.)
is calculated by taking Cu, molecule and Zn atom as
references:

Erl = XE(Cuy) /2 + yE(Zn) — E(Cu,Zn,),

wherein E(Cu,Zn,), E(Cu,) and E(Zn) are energies of
Cu,Zn,, Cu, molecule and Zn atom, respectively. E is a
key indicator for stability of a Cu—Zn cluster, and is useful
to compare the relative stability of Cu—Zn clusters at dif-
ferent compositions. Here we take Cu, molecule as the
reference instead of Cu atom, because Cu atom has half-
filled 4s' orbital and usually has higher binding energy than
Zn atoms (4s%). Hence base lines of the curves of E, are
obliquely upward with number of Cu atoms. To further
evaluate the relative stability of these clusters, the curves of
E.; are fitted by the form E,,. = a + bx as the base lines. It
is seen that the peaks of E.; correspond to particularly
stable structures and are labeled by green circles in the
figure. The global minimum (GM) structures are also
labeled in the SEDs.

Figure 1a plots the SED of the 11-atom clusters. Zn;;
with D3, symmetry can be obtained by two Zn atoms
capped on tricapped trigonal prism (TTP) Zng [49]. The
structure of Cu;Zn;q with C,, symmetry is built from
Cu,Zny cage by adding one Zn atom, connected to Cu.
CuyZng is in Cg symmetry. CusZng, CuyZn; and CusZng
adopt similar motifs, which are spherical cages. For Cug.
Zns and Cu,Zny, the structures are based on body-fused bi-
octahedron. CugZnj;, Cu¢Zn,, Cu;oZn; and Cu;; have
similar prolate structures.

Figure 1b plots the SED of the 12-atom clusters. Zn,
can be seen as the distorted Zng plus three-capped Zn
atoms. The structure of Cu,Zn;; with C; symmetry is built
from the Cu,;Zng with Zn, linked to the cage. The structure
of Cu,Zn;g is based on the Cu,Zng, while Cu3Zng is based
on the Cu;Zng. CuyZng is in Cg symmetry. CusZn;, CugZng
and Cu,Zns are icosahedral cages. CugZn,, CugZns, Cuyg.
Zn,, Cuy Zn; and Cuy, are prolate structures.

Figure 1c plots the SED of the 13-atom clusters. Zn;3
can be seen as the distorted Zng plus four-capped Zn atoms.
Cu;Zn;, with Cg symmetry is a distorted pillar structure.
The structural frameworks of Cu,Zn;; and CusZn;, are
based on the Cu,Zng and CuyZn,, respectively. CuyZng is
in C,, symmetry. CusZng, CugZn,; and Cu,Zng are icosa-
hedral cages linked to one separate Zn atom. CugZns and
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Fig. 1 Structural evolution
diagrams (SEDs) of
ax+y=11,bx+y=12and
¢ x+y=13 of CuZn,
clusters. The curves of E,. are
fitted by the form

E.,. = a + bx as the base lines
which are represented by red
dash lines. Cu-brown; Zn-gray
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CugZn, adopt similar motifs. Cuy;Zn,, CujZn; and Cu;
are prolate structures.

However, geometry optimizations at the PBE/
LANL2DZ level reveal that the most stable structures of
CueZn; and CugZns clusters are icosahedra [42]. Figure 2
displays the newly located GM and low-energy isomers of
CugZny and CugZns at the BP86-D3/def2-TZVP level. The
symmetry point groups and relative energies of the clusters
are also given. It can be seen that the structures of these
isomers are in accord with the rule formulated by Teo et al.
[50]. Moreover, isomers 6-7A and 8-5A are more
stable than icosahedral 6-7E and 8-5H by 0.23 eV and
0.37 eV, respectively. To further verify the reliability of
different functionals of DFT methods, a benchmark cal-
culation is carried out by comparing the relative stability of
five isomers of CugZns cluster. Table 1 gives the results of
the benchmark calculation at the DFT and CCSD(T) levels
with the def2-TZVP basis set. 8-5(I-1V) are four cage
structures, and 8-5 V is an icosahedral structure. Note that
BP86, BP86-D3, PBE, PBEO, and PW91 functionals are
consistent with CCSD(T) method in the energetic sequen-
ces of the four cage isomers. However, the relative stability
of the icosahedral 8-5 V is highly overestimated by DFT
functionals except M062x and TPSS. The comparison
suggests that BP86-D3/def2-TZVP method is reliable in
predicting relative stability of CugZns cluster.

6-7A, G5, 6-7C, C,

0.10

S\ P2
8-5G, C, 8-5H, C, 8-51, C, 8-51, C, 8-5K,C,  8-5L,C,
0.26 0.37 0.42 0.47 0.48 0.49

Fig. 2 Optimized structures and relative stability of a CugZn,; and
b CugZns at BP86-D3/def2-TZVP level. Labeled are symmetry and
energy (eV) relative to the global minimum one. Cu-brown; Zn-gray
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Table 1 CugZns isomer relative energies at the CCSD(T) and DFT
levels with the def2-TZVP basis set

Method 8-51 8-511 8-5111 8-5IV 8-5V
CCSD(T) 0.00 0.08 0.22 0.23 0.08
BP86 0.00 0.08 0.20 0.26 0.57
BP86-D3 0.00 0.10 0.19 0.26 0.37
PBE 0.00 0.10 0.20 0.26 0.37
PBE-D3 0.00 0.11 0.20 0.26 0.28
PBEO 0.00 0.09 0.24 0.27 0.40
PBEO0-D3 0.00 0.10 0.24 0.28 0.32
B3LYP 0.00 0.03 0.25 0.25 0.94
B3LYP-D3 0.00 0.05 0.24 0.25 0.72
TPSSh 0.00 0.14 0.20 0.25 0.03
TPSS 0.03 0.19 0.21 0.28 0.00
TPSS-D3 0.14 0.31 0.32 0.39 0.00
Mo6 0.00 0.07 0.28 0.24 0.60
MO062x 0.00 0.13 0.34 0.24 0.10
PWO1 0.00 0.10 0.20 0.26 0.46
Ref* 0.06 0.11 0.34 0.25 0.00

*Energies are calculated at the PBE/LANL2DZ level from Ref. [42]

Electronic Structures

As shown in the SEDs, Cu—Zn clusters with certain n*
number (as labeled by green circles in the SEDs) exhibit
high stability. In order to reach understanding of this
phenomenon, we focus on the electronic characteristics and
bonding features of these clusters.

As shown in Fig. 3, the 12e (CuygZn; and Cu;,) and 14e
(CugZny and Cu;,Zn;) are prolate clusters. Based on the
SVB model of superatomic molecules, a prolate cluster can
be seen as an integration of two spherical superatoms
sharing atomic nuclei and valence electrons. To give a
straight forward view on the chemical bonding of these
clusters, we employ the adaptive natural density parti-
tioning (AdNDP) method as a tool for analysis [51-53].
The AANDP 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). Figure 3a plots the structures and chemical
bonding patterns of the 12e clusters. AANDP analysis
reveals that Cu;oZn; has four super lone pairs (LPs) with
occupancy number ON = 1.85-1.96 lel, one 11c-2e super
o-bond (ON = 2.00 lel), and one 1lc-2e super m-bond
(ON = 2.00 lel), which resembles the singlet O, molecule
in bonding framework. The situation in Cuy, cluster is also
similar.

Figure 3b plots the structures and chemical bonding
patterns of the 14e clusters. AANDP analysis shows that,
the 14 electrons of CugZn; are delocalized in two
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Fig. 3 Structures and AANDP (a) Super O,
localized natural bonding _
orbitals of a: the 12e (Cu;oZn, 6e=6e four LPs (S, PX) one 6 one m
Cu;, and O,) clusters and b: the
14e (CU8ZH3, CuIZan, and F2) @
clusters
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— @ & 0-9-9 -o-
F, 3X2¢-2e (ON=2.00 |e|) 3X2c-2e (ON=2.00 |e|) 2¢-2e (ON=2.00 |e|)

superatoms, including two S-type super LPs, four P-type
super LPs, and one super o-bond. Thus, CugZn; is an
analogue of F, molecule. Similar bonding feature has also
been identified in Cu;,Zn, cluster.

The 18e (CuyZn;, CugZng and CugZns) are spherical
clusters which are in geometric shell closure. Based on the
Jellium model, a metal cluster can be considered as a
superatom since valence electrons confined in a jellium-

like potential field are accommodated in a series of quan-
tized orbitals. Figure 4 plots structures and the molecular
orbital (MO) diagrams of the three clusters. For the 18e
compounds, the lowest MO has 1S character, and the next
three MOs exhibit dominant 1P character, then followed by
five nearly degenerate 1D orbitals. Thus, electronic shells
of the 18e compounds are (IS)Z(IP)G(lD)lo.

<

CuyZn,, G, CugZng, Cs, CugZns, C
eV eV
4 - eV . -
-8 L M *e
w i 1D i;‘:—ﬂ-j'\\;
* 1D bttty
64 “ . ‘ Q o )
-6 4
-8 -8 1
v 4.;. “ ‘ 8] "
e R R Y Y "B
-10 104 -10
1S -

Fig. 4 Structures and the MO diagrams of the 18e (CusZn;, CugZng and CugZns) clusters
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Fig. 5 Structures and the MO diagrams of the 20e (Cu,Zng, CuyZng and CugZn,) clusters

Figure 5 plots structures and the MOs of the 20e (Cu,.
Zng, CuyZng and CugZn;). It can be seen that the 20
valence electrons of the clusters are distributed on super-
atomic shells resembling atomic orbitals involving 1S
orbital, three 1P orbitals, five 1D orbitals and 2S orbital.
Thus, electronic shells of the 20e compounds are
(IS)Z(IP)6(1D)1°(ZS)2. Each cluster has completely filled
shells, which is consistent with the magic species of Jel-
lium model.

Conclusions

In summary, the geometric and electronic structures and
chemical bonding of a series of Cu,Zn, clusters in the size
range (x +y =11 — 13) were investigated by using the
GA-DFT method. Benchmark calculations indicate that the
method (BP86-D3/Def2-TZVP) used in this work is reli-
able in predicting the energetic sequences of different
isomers of CugZns clusters compared to CCSD(T) method.
The SEDs that depend on the relative energy were given to
investigate structural evolution of the clusters. It was found
that the Cu—Zn clusters with even valence electron num-
bers exhibit high stability. The 12e (Cu;oZn; and Cu;,) and
14e (CugZn; and Cuj,Zn;) have prolate structures, which
resemble O, and F, molecule in bonding frameworks,
respectively. The 18e (CuyZn;, CugZng and CugZns) and
20e (CuyZng, CuyZng and CugZn,) adopt spherical cage
motifs, where each cluster satisfies the magic number of
Jellium model and could be viewed as a stable superatom.
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