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ABSTRACT

Brass (Cu-Zn) is one of the typical Hume-Rothery alloys, which is extensively used in material science
and industry. Earlier studies revealed that the structures of Cu-Zn alloys correlate with the average
number of valence electrons or the electron-per-atom (e/a) ratio, but structural evolution rule still re-
mains unclear. In this work, the Cu-Zn nanoalloy clusters (elementary cells of bulk brass) are studied to
reveal the evolutional rule of their structures with sizes. Systematic unbiased global search is performed
for structural prediction of CuxZny nanoalloys in a size range (x + y = 3—10) by using genetic algorithm
with density functional theory. The global minimum and low-lying isomers of the series of nanoalloy
clusters are obtained, and the structural phase diagrams are plotted depending on the relative energy.
The results show that geometric structures of Cu-Zn nanoalloys are also determined by the total number
of valence electrons (n*), just as in bulk brass. Cu-Zn nanoalloys with same n* have similar geometric
motifs. When n*=6, the clusters adopt planar motif, which have c-aromaticity following the (4n+2)
rule. When n*=8, 18 and 20, the clusters keep spherical motifs, which satisfy the magic numbers of
Jellium model and could be viewed as stable superatoms. In most of cases for n*= 10, 12 and 14, the
clusters adopt prolate motifs, which have similar electronic structures to N, Oy, and F, molecules,
respectively, based on the super valence bond model. Moreover, in some cases for n* = 10 and 12, the
clusters can be seen as an 8e-superatom combined with one (8e+2e) or two (8e+2e+2e) separate Zn

atoms.

© 2018 Published by Elsevier B.V.

1. Introduction

Brass (Cu-Zn) is one of the oldest and most common alloys, of
which the phase stability mechanisms are decided by the electronic
effects [1—6]. The difference between the structures of brass is
interesting as the structural transformation occurs when one half of
the Cu atoms are replaced by Zn, which has one extra electron as
compared to Cu. On the Cu-rich side with low valence electron to
atom ratio (e/a) of the phase diagram, a face-centered-cubic (fcc)
solid solution is stable. On the Zn-rich side, there is a series of
partially ordered phases [7—10]. However, the structural descrip-
tion of solid solutions is complicated. Brass CusZng is the most
common example, which is treated as an assembly of 26-atom
nested polyhedral cluster composed of four interpenetrating ico-
sahedra [11,12].

Properties of the alloys could be improved by structural
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adjustment at nanoscale. Reducing the particle size is one of the
effective ways, and it has been the hot subject of nanotechnology
studies in recent years. By now, a mixture of different phases of
brass nanoparticles including a, B, Y and e has been obtained by
several fabrication methods [13—17]. Recently, Jagirdar et al. pre-
pared Cu/Zn@Cu core-shell nanocomposites and demonstrated a
structural evolution of various Cu-Zn bimetallic nanophases start-
ing from bulk brass [15]. Although a number of experimental
studies of bulk brass have been reported, there are little studies on
brass alloys with the atomic-scale structures. Thus, exploring the
structural transformation rule connected with different composi-
tions in Cu-Zn clusters makes a great sense.

There have been a number of theoretical reports devoted to
bimetallic clusters. For instance, Johnston et al. [18] obtained the
structures of the global minima (GM) for eight atom bimetallic
CuAg and CuAu neutral clusters using a genetic algorithm (GA)
approach at the density functional theory (DFT) level. Yoshiyuki
and co-workers [19] reported a high-spin icosahedral ground state
for Al;Cu in accordance with the Hund's rule of maximum spin at
half-filling. Soon after that, the Al;;Cu superatom as a stable
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building block for ionic salts was reported [20]. Kiwi et al. studied
structural and electronic properties of 13-atom Ag-Au nanoalloys
using DFT method, focusing on their 2D to 3D structural trans-
formation [21]. In addition, a series of 13-atom Cu-Zn nanoalloy
clusters was also studied by DFT calculations, and the results
indicate that structures of copper rich clusters tend to be compact,
often icosahedral, whereas zinc rich clusters have compact copper
cores surrounded by an incomplete shell of solvated Zn atoms [22].

Metal clusters with a certain number of valence electrons
exhibit high electronic and structural stability owing to a specific
electronic shell filling rule - just as simple atoms, which were
regarded as superatoms by Jena and Khana [23—26]. The superatom
model has been successfully used in explaining the stability of
metal clusters with closed-shell electronic structure [19,27—30].
However, the superatom model is based on a spherical field asso-
ciated with spherical cluster motifs, so it cannot be used to explain
the shell orders of non-spherical clusters. In 2013, the super valence
bond (SVB) [31] and the superatom network (SAN) [32] concepts
were proposed by Cheng and Yang. In SVB model, a non-spherical
metallic cluster can be viewed as a superatomic molecule
composed by spherical superatoms via sharing atomic nuclei and
valence electrons [33—35]. More recently, a quintuple super bond
between superatoms of metallic clusters was reported based on the
SVB model [36].

Here we started our explorations of the size-dependent growth
behavior of the bimetallic CuxZny (x + y = 3—10) nanoalloys related
to their geometric and electronic properties. Due to the huge
number of local minima (each one corresponding to a possible
cluster structure) and homotops (isomers with the same geometry
and composition, but with a different arrangement of the two types
of atoms), binary clusters present a complex potential energy sur-
face (PES) [37—40]. Therefore, we scan the PES of the clusters by
using GA with DFT, to gain the most reliable structures of Cu-Zn
systems. Our results show great diversity and flexibility in geo-
metric and electronic structures for Cu-Zn binary clusters. The
electronic stability and chemical bonding patterns are also dis-
cussed in this work.

2. Computational details

The GM and low-energy structures of CuyZn, (x + y=3-10)
nanoalloy clusters are located by the combination of GA and DFT
methods, which were successfully applied to structural predictions
of a number of cluster systems [18,41—43]. GAs belong to a large
class of evolutionary algorithms, which generate solutions to
optimization problems using techniques inspired by natural evo-
lution, such as inheritance, mutation, selection, and crossover
[44,45]. In this work, more than 1000 samplings are optimized by
DFT at each constitution. In global research of the PES, a small basis
set (LANL2DZ) [46] is used for saving time. After global optimiza-
tion, the low-lying candidates are fully relaxed at the BP86-D3/
def2-TZVP [47,48] level of theory, and the frequencies are also
calculated at this level to ensure that they belong to true local
minima. Energies of the structures reported herein include the
contribution of zero point energy (ZPE) corrections. Furthermore,
the adaptive natural density partitioning (AdNDP) [49,50] method
is used to study the chemical bonding of Cu-Zn clusters. All quan-
tum chemical calculations are performed with the Gaussian 09 [51]
suite of programs and molecular orbital visualization is performed
by Molekel 5.4.

To verify the reliability of the DFT methods used in this work, a
benchmark calculation is carried out by comparing relative stability
of the four low-energy isomers of CusZn; cluster calculated in
different methods. Table 1 gives the results of the benchmark
calculation for DFT/def2-TZVP and CCSD(T)/def2-QZVPP. It can be

Table 1
Comparison of single point energies for the four low-lying isomers of Cu4Zn; (see
structures in Fig. S1).2

Method 4-11 4-111 4-1111 4-11vV
CCSD(T) —8336.282225 0.152 0.150 0.184
TPSSH —8341.581246 0.125 0.193 0.158
TPSS —8341.732135 0.104 0.178 0.177
TPSS-D3 —8341.743943 0.069 0.180 0.176
PBEO —8340.332750 0.205 0.187 0.142
PBEO-D3 —8340.341312 0.180 0.187 0.141
B3LYP —8341.818048 0.351 0.147 0.190
B3LYP-D3 —8341.836823 0.279 0.150 0.190
MO06 —8341.399938 0.240 0.110 0.261
MO062x —8341.311138 0.312 0.147 0.182
BP86 —8342.903033 0.230 0.154 0.196
BP86-D3 —8342.922754 0.166 0.160 0.196
B97D3 —8345.547746 0.291 0.141 0.187
PBE —8340.361718 0.188 0.160 0.183

2 Energies for 4-11 are in atomic units, while other energies are relative to this in
eV.

seen that, gaps of the relative energies for the four CusZn; isomers
optimized in BP86-D3 functional are in good agreement with those
in CCSD(T) method. Accuracy of the DFT functionals was also
checked by the calculated bond length of Cu, dimer. As listed in
Table 2, the calculated bond length in BP86-D3 functional is 2.25 A,
in good agreement with the experimental value (2.22 A). Moreover,
the calculated binding energy of Cu, dimer at BP86-D3/def2-TZVP
(48.60 kcal/mol) is also in good agreement with the experimental
value (47.9 kcal/mol) [52], indicating high reliability of the
computational method.

3. Results and discussion

The GM and low-energy isomers of CuxZny, (x + y=3-10)
nanoclusters are fully relaxed at the BP86-D3/def2-TZVP level of
theory, which are given in Figs. S1 and S2 in the Supporting Infor-
mation. All isomers are verified to be true local minima by fre-
quency check. Bare Cu, and Zn,, clusters have been explored by DFT
method in literatures [53—56], and all the predicted structures are
reproduced in this work.

3.1. Geometric structures and structural phase diagrams

To give a direct view of the structural evolution of the Cu-Zn
binary systems, the structural phase diagrams (SPDs) are plotted
in Fig. 1 and Fig. 2, 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:

Table 2
Bond lengths (in A) of Cu-Cu dimer.

Bond lengths (A)
2.25% 2.26°, 2.28° 2.274, 2.41¢, 2.26", 2.25%, 2.29", 2.31', 2.22)

Dimer

Cu-Cu

2 TPSS.

b TPSSH.

° PBEO.

4 PBE.

¢ MOG62x.
f Mos.

¢ BP86-D3.
h B3LYP.

i ccsD(T).
I Exp.
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Fig. 1. Structural phase diagrams (SPDs) of CuxZny (x + y = 3—6) clusters. The GM structures are also labeled.
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Fig. 2. Structural phase diagrams (SPDs) of CuyZny, (x + y = 7—10) clusters. The GM structures are also labeled.
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Ee] = E(CuxZny) — XE(Cuy)/2 — yE(Zn),

wherein E(Cu,Zny), E(Cup) and E(Zn) are energies of CuxZny, Cup
molecule and Zn atom, respectively. 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%). The magnitude of Er represents relative stability of the
cluster, that is, a cluster with greater positive E.e| is more stable. Eye
is a key indicator for stability of a Cu-Zn cluster, and is useful to
compare the relative stability of Cu-Zn clusters at different com-
positions. The peaks of E. correspond to particularly stable
structures, which are labeled by green circles in the figures. The GM
structures are also labeled in the SPDs.

Fig. 1a plots the SPD of the trimers, which is quite simple. Zn3
has an equilateral triangle structure with D3, symmetry. Cus also
has a triangle structure, but the symmetry is G, due to the Jahn-
Teller effect. Cu1Zny and CuyZn; are both linear structures.

Fig. 1b plots the SPD of the 4-atom clusters. Zng with 8 valence
electrons is a tetrahedron with Tq symmetry. CuZn; has a tetrag-
onal planar structure with Doy symmetry. CusZn; and Cuy are also
planar structures.

Fig. 1c plots the SPD of the 5-atom clusters. Zns is a trigonal
bipyramid with D3, symmetry. CupZns cluster exhibits a spherical
structure, owing to a specific electronic shell filling. The planar
structure of CusZn; can be obtained via doping Cus with Zn atom.

Fig. 1d plots the SPD of the 6-atom clusters. Zng, CuzZns, CugZn,
and CusZn; are octahedral structures. CuiZns is a pentagonal py-
ramidal structure with one central Cu atom. The irregular structure
of CuyZnyg is composed of a compact spherical CuyZnsz and a sepa-
rate Zn atom.

Fig. 2a plots the SPD of the 7-atom clusters. Zn; is a trigonal
bipyramid with C; symmetry. There is a 6-atom octahedron unit in
CuiZng, CuzZng, CusZns and CusZn,. CuyZns can be considered as
one compact spherical structure plus two separate Zn atoms.
CueZn; and Cuy are pentagonal bipyramids.

Fig. 2b plots the SPD of the 8-atom clusters. Cu1Zn7 and CuyZng
adopt similar motifs, where Cu atoms have a high coordination. The
structural frameworks of CugZn;, CusZng and CusZns are based on
the 6-atoms octahedra, while CusZns is based on the pentagonal
bipyramid Cuy structure. The capped octahedron of Cu;Zn; can be
obtained via doping Cug with one Zn atom.

Fig. 2c plots the SPD of the 9-atom clusters. Zng with 18 valence
electrons is a tricapped trigonal prism with D3, symmetry. CusZns
is a prolate body-fused bi-octahedron. For CusZns, Cu;Zny and
CugZn;,, the structures are based on 6-atoms octahedra. Cug is a
prolate structure with Gy, symmetry.

Fig. 2d plots the SPD of the 10-atom clusters. Znyg is a square
antiprism with Cs, symmetry, which can be obtained by capping
one Zn atom on Zng. CuiZng and CuyZng are cage structures. For
CugZn; and Cujp, the structures are based on the pentagonal
bipyramid Cuy cluster. Furthermore, the body-fused bi-octahedron
also appears in CusZns, CugZng, CuyZn3 and CugZny clusters.

Overall, small-sized Cu clusters favor planar structures, whereas
bimetallic Cu-Zn and pure Zn clusters prefer 3D structures. The Cu-
rich clusters tend to have compact geometries, and Cu atoms show
a trend to settle in a high-coordination site. Moreover, there are
obviously odd-even behaviors in the SPDs, indicating that the
clusters with even-numbered electrons are more stable.

3.2. Electronic structures

As shown in the SPDs, Cu-Zn nanoalloy clusters with the same
number of valence electrons (n*) usually have similar geometries
despite their different compositions, of which the ones with certain

n* number (as labeled by green circles in the SPDs) exhibit high
stability. In order to reach understanding of this phenomenon, we
focus on the electronic characteristics and bonding features of
these clusters.

3.2.1. 6e compounds
As shown in Fig. 3, in the case of n*=6, all the clusters (Zns,
CuyZny, CuygZng and Cug) are in planar motifs. Chemical bonding

6¢ (S)

A o 2

Zn, (D) 33-26; G 2X3c-2eo
ON=2.00 |e| ON=2.00 |e|

Cu,Zn, (Dyh) 43—26 c 2 ><_40-2e c
ON=2.00 e| ON=2.00 e

Cu,Zn, (C,) 5c-2ec 2X5c-2ec
ON=2.00 |e| ON=2.00 [e|

6¢c-2e o 2X6c-2eo

Cug (D) ON=2.00 [¢] ON=2.00 fe|

Fig. 3. Structures and AANDP localized natural bonding orbitals of the 6e (Zns, CuyZn,,
CuygZn; and Cug) clusters.

8e (S) (an Pys Pz)
4c-2¢0 3X4c-2ec
Zny (T) ON=2.00 ¢ ON=2.00 le|
Cu,Zn; (Ds) 5c-2ec 3X5c-2ec
ON=2.00 |¢| ON=2.00 |¢|
6¢c-2¢ 6 3X6¢c-2e 0
Cu,Zn, (C.
Uz (C2) N2 2.00 le| ON=2.00 |¢|
Tc-2e 6 3X7c-2ec
CugZn; (Cs,)  ON=2.00 |e| ON=2.00 |¢|
8c-2e o

3X8c-2e0
ON=2.00 |e|

Cus (Da) ON=2.00 |¢|

Fig. 4. Structures and AANDP localized natural bonding orbitals of the 8e (Zn4, CuyZns,
CugZn,, CugZng and Cug) clusters.
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analysis by AANDP reveals that Zns cluster has three 3c-2e o-bonds
with occupancy number ON =2.00 |e|. The occupation number
represents the number of electrons involved in a bond. This in-
dicates that the six valence electrons are delocalized over the three-
atomic cycle, which is responsible for c-aromaticity satisfying
Hiickel's 4n+2 rule. Similarly, CuyZn,, CusZny, and Cug have three
4c-2e, 5c-2e, and 6¢-2e o-bonds (ON = 2.00|e|), respectively. Thus,
each cluster forms closed-shell electronic structure following 6-
electron principle to make it stable.

3.2.2. 8e compounds

Fig. 4 plots the spherical structures of Zng, CuyZns, CusZny,
CugZny and Cug clusters. They are eight-electron clusters satisfying
the magic number in Jellium model. AANDP analysis reveals that

@ go=5 Super N,
B two LPs (S) one ¢ two m
Zny(Dy) de-2¢ (ON=2.00 ) 4c-2¢ (ON=2.00 [¢) 3 X Se-2e (ON=2.00 e])
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@ o S G

2 (s 4c-2¢ (ON=1.93 [¢)  4c-2¢ (ON=1.98 Je]) 3 X 8c-2¢ (ON=2.00 [e])
CugZn, (€) 4c-2¢ (ON=1.93[¢))  Sc-2¢ (ON=197 [e]) 3 X 9¢-2¢ (ON=2.00 [e])
Cuyo (Dyg) Sc-2¢ (ON=1.95[c)) ~ Sc-2¢ (ON=1.95 [e]) 3 X 10c-2¢ (ON=2.00 [¢])
®)  get2e Super Ne LP
one LP (S) three LPs (P,, P,, P,) Zn-4s
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Cu,Zns (C,) 6¢-2¢ (ON=2.00 [e]) 3 X 6e-2¢ (ON=1.98-2.00 [e]) Zn-4s (ON=1.54 [e])

Fig. 5. Structures and AANDP localized natural bonding orbitals of the 10e clusters: (a)
Zns, CugZny, CugZn; and Cuyg; (b) CupZny and CugZns.

(@) 6e=6¢ four LPs (S, P,)

Zny cluster has four delocalized 4c-2e 6-bonds, which can be clearly
viewed as one super S-type lone pair (LP) orbital and three super P-
type LP orbitals. Thus, Zng cluster has a completely filled supera-
tomic shell (SP?), and can be considered as a stable spherical
superatom. The electronic structures of CuyZns, CusZny, CugZn; and
Cug are also similar (SP?).

3.2.3. 10e compounds

There are two different types of motifs for the 10e compounds.
Zns, CugZny, CugZni and Cuyg are prolate structures. Based on the
SVB model of superatomic molecule, a prolate cluster can be seen as
an integration of two spherical superatoms sharing valence pairs.
As shown in Fig. 5a, Zns can be seen as an integration of two 4c-5e
spherical superatoms sharing three Zn atoms. AANDP analysis re-
veals one 4c-2e super LP in each superatom with occupancy
number ON = 2.00 |e| (S), one 5c-2e super c-bond (ON = 2.00 |e|),
and two 5c-2e super m-bonds (ON = 2.00 |e|), which resembles N,
molecule in bonding frameworks. The situations in CugZn,, CugZn;
and Cuyg are also similar.

However, as shown in Fig. 5b, CuyZng and CugZns are spherical
compact structures linked to one separate Zn atom. Chemical
bonding analysis by AANDP reveals that CuyZny cluster has four 5c-
2e super LPs (SP?), and one 4s-LP for the separate Zn atom with
occupancy number ON = 1.57 |e|. The situation in CugZns is also
similar, which can be seen as a 6¢-8e spherical superatom con-
nected to one separate Zn atom. The interaction between the 8e
superatom and the separate Zn atom is non-bonding, which can be
verified by the binding energy. It should be noted that the calcu-
lated binding energies of Cu,Zn3-Zn and CuyZn;-Zn are only 0.66 eV
and 0.77 eV, respectively, much lower than the calculated binding
energy of Cuy (2.11 eV).

3.2.4. 12e compounds

Similar to the 10e compounds, Fig. 6 also shows two different
motifs for the 12e compounds. CugZns and CugZn; adopt prolate
structures. AANDP analysis shows that CugZns has four 6¢-2e super
LPs, one 10c-2e super 6-bond, and one 10c-2e super t-bond, which
is similar to the singlet O, molecule in bonding framework. CugZn;
cluster has four 6¢-2e super LPs, one 10c-2e super ¢-bond, and one
10c-2e super m-bond. Such a bonding framework also shows that

Super O,

one 6 one m

WG D W O

CugZns (C) 2 6e-2e (ON=1.94-1.99 [e])  2X 6c-2¢ (ON=1.94-1.99 [e])  9c-2¢ (ON=2.00]¢])  9c-2e (ON=2.00 [e])

< @ @ @ @ @ O
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BN »»»033@&@
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Cu,Zn, (C,,) 6¢-2¢ (ON=2.00 |¢]) 3 X 6c-2e (ON=1.93-1.99 [e]) Zn-4s (ON=1.57 |¢|)

Fig. 6. Structures and AANDP localized natural bonding orbitals of the 12e clusters. (a) CugZns, and CugZny; (b) CuyZns and CusZng.
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CugZn, can be viewed as a superatomic molecule from the elec-
tronic structure point of view.

For CuzZn4 and CugZns, each cluster is composed of a spherical
compact structure plus two separate Zn atoms. AANDP analysis
reveals that CuyZns has four 5c-2e super LPs (SP?) and two Zn-4s
LPs (ON = 1.52—1.54|e|). Similarly, there are four 6c-2e super LPs
(SP?) and two Zn-4s LPs (ON = 1.57|e|) in CusZny. This indicates that
the electronic structures of CuyZns and CugZng can be viewed as an
8e superatom connected to two separate Zn atoms.

3.2.5. 14e compounds

Fig. 7 plots the structures and chemical bonding patterns of the
14e (Zn7, CuyZng, CusZns and CugZng) clusters, which adopt prolate
motifs. According to the SVB model, the bonding frameworks of 14e
compounds are similar to F, molecule. AANDP analysis shows that,
the 14 electrons of Zn; are delocalized in both tetrahedral

Te-Te

six LPs (S, P

767

superatoms, including two S-type super LPs, four P-type super LPs,
and one super c-bond. Similar bonding features have also been
identified in CuyZng, CugZns and CugZngy clusters.

3.2.6. 18e and 20e compounds

The 18e (Zng and CuyZng) and 20e (Znyg) are cage clusters with
high symmetries, which are in electronic shell-closure following
the Jellium model. Fig. 8 plots 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 typical 1D orbitals. Thus, e electronic shells of
the 18e compounds are (15)%(1P)%(1D)'°. Similarly, electronic shells
of the 20e Znyg cluster are (15)%(1P)%(1D)!(2S)?. Each cluster has
completely filled shells, which is consistent with the magic species
of Jellium model.
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Fig. 7. Structures and AANDP localized natural bonding orbitals of the 14e (Zn; CuyZng, CusZns, and CugZng) clusters.
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4. Conclusions

In summary, GM and low-energy structures of CuxZny, nanoalloy
clusters in a size range (x + y = 3—10) were located by using the
GA-DFT method. The located structures were fully relaxed at the
BP86-D3/Def2-TZVP level of theory, where the DFT method was
verified to be reliable by benchmark calculations. The SPDs were
given to investigate structural evolution of the nanoalloy clusters. It
was found that the structures of Cu-Zn nanoalloy clusters are
determined by their total number of valence electrons, and clusters
with even valence electron numbers are more stable. The 6e
compounds (Zns, CuyZn;, CusZng and Cug) have planar motifs, and
each cluster has three delocalized o-bonds following the Huckel
rule of planar aromaticity. The 8e compounds (Zng4, CuyZns, CusZny,
CugZny and Cug) have spherical compact structures, and AANDP
analysis reveals four delocalized o-bonds in accordance with the
superatom model. The 10e compounds have two different bonding
features. One (Zns, CugZn,, CugZn; and Cuyg) resembles N, mole-
cule in electronic structures, and the other (Cu;Zn4 and CugZns) can
be viewed as an 8e superatom (Ne) connected to one separate Zn
atom. The 14e compounds (Zn7, CuyZng, CugZns and CugZng) have
prolate structures, which resemble F, molecule in bonding frame-
works. Furthermore, the 18e and 20e compounds (Zng, CuZng and
Znyp) are proved to be stable superatoms by MO diagrams following
the Jellium model.

Bulk brass exhibit peculiar nested icosahedral structures. Ac-
cording to the electronic structures of the Cu-Zn nanoalloy clusters,
the basic icosahedral units in bulk brass could be viewed as
superatoms. Thus, it could be inferred that these superatomic
crystals should be composed of icosahedral superatoms through
super valence bond. Our study could give references for further
studies on cluster-assembling materials and make sense in nano-
material science.
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