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Due to their strong relativistic effects, Au clusters exhibit many unusual geometric structures. Among
them, Au;~, Aug and Aug™ have 18 valence electrons satisfying the magic numbers in the jellium model,
respectively, but these three non-spherical clusters are not superatoms. In general, a single dopant atom
can drastically change the structural and electronic properties of Au clusters. Here, we searched
structures of NiAu;~, NiAug and NiAug™ clusters using the genetic algorithm program (GA) combined
with density functional theory (DFT). It was found that the alloy clusters are all 3D spherical structures.
The molecular orbitals and density of states analysis indicate that they have completely filled
superatomic shells (15%1P®), in which the electronic structure of the Ni atom is d'°. Then, the
electrostatic potential surfaces of the alloy clusters are analyzed, and the calculated results show that
the NiAug superatom has remarkable c-holes with positive potential regions. Moreover, these electron-
deficient regions can be considered as interaction sites with some electron donors. After a Lewis base
CO gas molecule is adsorbed on the Au-based superatom, we found that the C-O bond distance
becomes slightly elongated and its stretching frequency presents a significant red-shift. This is due to
the fact that 5d electrons of the Au atom of the NiAug transfer towards the anti-bond = orbitals of the
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CO molecule. Hence, this is an effective strategy for finding new types of superatoms and potential

rsc.li/pccp catalysts for covalent bond activation.
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1. Introduction

Gold clusters have been the focus of widespread research interest
for decades in cluster science because of their potential applica-
tions in the fields of catalysis, electronic devices, biolabeling, and
so on."® Au clusters exhibit many unique properties due to the
significant s-d hybridization of Au atoms in comparison to that of
other coin metals.”** Among the interesting properties, including
chemical reactivity, exceptional stability, and the ability to man-
ufacture them in a large range of sizes and shapes, their size-to-
size structures are fascinating.>'>™* In particular, the relativistic
effects and metallophilic interactions of Au lead to gold clusters
that have unusual geometric structures.">'® For example, gold
clusters adopt two-dimensional (2D) structures even at relatively
large sizes, whereas the corresponding Cu and Ag clusters are
three-dimensional (3D)."""” In fact, the geometries of small-sized
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Au clusters have been well located that display planar structures
within 13 atoms, while even more exotic structures possibly
appeared at medium size, such as the Au,, pyramid and ico-
sahedral Auj, cages.'®'? For Au cluster cations and anions,
similar 2D-to-3D structural transitions can also be viewed, but
the transition sizes are different.>**!

A single dopant atom drastically changes the structural and
electronic properties of Au clusters.>>>* Several theoretical and
experimental works have been devoted to the influence of
doping on the stability patterns of Au clusters, which are based
on different numbers of electrons that can be delocalized
depending on the electronic configurations of the dopant
atoms. Medel and Khanna found that CrAu,', ScAus’, and
TiAus® are magic species that are revealed by photo-
fragmentation experiments, where the Cr, Sc, and Ti atoms
delocalize 2, 3, and 4 electrons, respectively.>* Bouwen et al.
suggested that the stabilities of Au clusters can be improved by
doping transition metal Y atoms.>® Pyykko’s group suggested
that the icosahedral WAu,, cluster showed high chemical
stability with a large HOMO-LUMO gap (3.0 €V) and is an 18-
electron superatom.>® Recently, Zhao and Park investigated
structure evolutions of transition metal-doped gold clusters
MAu;, (M = 3d-5d) by systematic DFT calculations.””

For metal clusters, they are usually described using a jellium
model.”®?° The central content of the model is that the cluster’s
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entire nuclei and innermost lone-pair electrons assumed a
uniform background potential of positive charge, where
valence electrons of the metal cluster can be free-moving and
are controlled by the external charge potential. Hence, the
whole cluster can be considered as a superatom, and the energy
levels of valence-electron orbitals are filled by 1S*1P°
1D'°28*1F"*2P° and so on, associated with magic numbers 2,
8, 18, 34, 40 etc. The jellium model is very successful in
explaining the stabilities of metal clusters with spherical
structures.**** There is an well-known example of the icosahe-
dral Al,;, where it has 39 valence electrons and needs one extra
electron to close the 2P° superatomic shells.**

Besides the unusual structural characteristics, gold clusters
have become attractive due to their diverse catalytic
applications.>®’” For example, Pei and co-work performed a
comprehensive study of the reaction mechanism of styrene-
selective oxidation to benzaldehyde and styrene epoxide on
gold clusters, and the major focuses of the work are the
intrinsic catalytic selectivity and size-dependent activities of
gold clusters toward styrene oxidations.*® Zeng et al. observed
that there is a superoxo to peroxo chemisorption transition of
0, on gold clusters at Aug~ by photoelectron spectroscopy.®®
Au-based bimetallic clusters also show wonderful catalytic
performances in the catalytic oxidation reaction of the CO
molecule, water gas conversion and fuel cell reactions in the
chemical industry.**** Gao et al. reported that the Auy;Cu;,
icosahedron has prospectively catalytic activities for CO oxida-
tion and selectivities for styrene oxidation.*® In fact, alloy
clusters have uneven distributions of charge over their geome-
trical surfaces and result in the formation of complementary
Lewis acid and Lewis base sites that can make clusters reactive.
Rodriguez-Kessler and Munoz-Castro found that the PtsAgs
cluster possesses a closed shell superatom structure, and the
stable superatom can act as a promising catalytic candidate in
the hydrogenation reaction.”® Recently, Khanna et al. demon-
strated that the complementary active sites of superatom
clusters are not only very active for breaking the O-H bonds
of alcohols and H,O, but can also break stronger covalent
bonds.**

Among the Au clusters, Au, , Aug and Auy’ have 8 valence
electrons satisfying the magic numbers in the jellium model,
respectively, but these three non-spherical clusters are not
superatoms.”*® In general, the way in which heteroatoms are
introduced can greatly change the geometries and electronic
properties of Au clusters. Moreover, the electronic structure of
the Ni atom in clusters is 3d"® or 3d®4s®, and may not change
the delocalized electron number of doped clusters.*® Therefore,
we searched the structures of NiAu, , NiAug and NiAu," clus-
ters using the genetic algorithm program (GA) combined with
density functional theory (DFT). The results show that the three
clusters transform into spherical structures and have comple-
tely filled superatomic shells (1S*1P°), in which the electronic
structures of Ni atoms are indeed d'°. Particularly, we reported
the adsorbed behavior that can be analyzed from the Au-based
superatom upon Lewis base CO molecule adsorption. The
major attention is paid to the fact that the Au-based
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superatoms may serve as potential catalysts for covalent bond
activation.

2. Computational details

In this study, the global minimum (GM) and low-lying struc-
tures of NiAu,~, NiAug and NiAu," clusters are searched by an
unbiased global method of GA algorithm directly using the DFT
functional. The strategy has been frequently used to predict
geometric structures of alloy clusters.””*® The GA algorithm
vests in one search heuristic of evolutionary strategies that
mimics the natural evolutionary process to generate successful
projects for optimization and search problems. Here, there are
more than 1000 samplings that are calculated by the DFT
methods in the optimization procedure at each component.
In GA-DFT procedures, we scan potential energy surfaces of the
alloy clusters at the TPSS/Def2-SVP level*® to save time, and
spin multiplicities are set to 1 (even electrons) or 2 (odd
electrons). The search strategy can be summarized as follows:
(a) generate npop structures randomly to form the starting
population of GA. Relax each structure in the population by
DFT method at the TPSS/Def2-SVP level with a loose conver-
gence criterion. (b) For kth iteration, choose two structures
from the population randomly and perform crossover opera-
tion to generate one child structure. After mutation operation,
relax the child structure by the DFT method at the TPSS/
Def2-SVP level with a loose convergence criterion. (¢) Input
the relaxed structure to the structural bank. Update the popula-
tion based on similarity and energy. After optimizations of the
global search, all isomers ordered by energies are reoptimized
at the theoretical TPSS/Def2-TZVP level, and spin multiplicities
are set to (1, 3, and 5) or (2, 4, and 6) to find the most stable
isomers.>® The vibration frequencies of them are also checked
at the same level to verify that they belong to true local
minimums of potential energy surfaces. The molecular electro-
static potential V(r) is adopted to analyze charge distributions
on the surfaces of the clusters, and it is rigorously defined from
ref. 51. Furthermore, all quantum chemistry computations are
performed with the GAUSSIAN 09 package.>” The visualization
of the molecular orbitals (MO) is realized using the MOLEKEL
5.4 program.>®

3. Results and discussion

3.1 The structures and superatomic characters of NiAu; ,
NiAug and NiAu,® clusters

We have summarized the literature on geometric structures of
the small-sized Au clusters, and found that the anion Au,™
cluster is in C,, symmetry."*>* Although the cluster has 8
valence electrons, the planar geometry does not satisfy the
spherical superatomic model. In comparison, isoelectronic
Cu,” and Ag, have spherical structures.®® Since the Au,~
cluster satisfies the magic number of the Jellium model, it is
possible to transform the current structure into a 3D structure
by doping one atom without changing the total numbers of
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delocalized electrons of the cluster. Of course, there is a
prerequisite to ensure that the doped atom does not contribute
excess delocalized electrons to the Au-based cluster.

The 3d electrons of the Ni atom as lone pairs can be
completely localized, and donate zero electron to cluster bonding.
Such a situation can be seen in some Ni-alloy clusters.*® Further-
more, we retrieved the relevant literature and did not find that
anyone has reported the structure of NiAu,  before. Following the
above idea, we started to use the GA-DFT program developed by our
research group to perform an unbiased global search on the
structure of NiAu, clusters. All obtained isomer structures are
finally determined at the theoretical level of TPSS/Def2-TZVP. This
functional with the basis set has been widely used in many Au
cluster systems, and it has been strictly proven to be reliable. Due to
the fact that Ni is a magnetic atom, we have considered possible
high-spin configurations during the sampling of the structures.

Fig. 1 shows the isomer shapes of the NiAu, cluster and
their point group symmetry, and relative energies are arranged
in order from low to high. Vibration frequency analyses show
that these isomers indeed correspond to real local minimums
on the potential energy surfaces. Among NiAu, isomers, the
lowest energy is a cap structure with C,, symmetry, and the Ni
atom is in the endohedrally high coordination. The electronic
state of the C,, structure was singlet. The other isomers are also
3D spherical structures. We reoptimized the isomers of the
NiAu, ™ cluster using other density functionals and found that
the C,, structure is still a global minimum. In addition, there
are geometric configurations with the same structural skeleton
but different types of atoms in different positions in the
isomers, indicating that the search program we used can

C,0.13 C,0.17
Cy 1,0.00 C,, 0.08 C,0.12 C,,0.15

Fig.1 The low-energy isomers of NiAu;  cluster at different density
functional levels. Labeled are symmetry, energy (eV) relative to the GM
one and spin multiplicities.
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handle the HOMOTOP problem in binary clusters well.”® In
comparison, the optimal structure of the ground state of Au, ™~
and most of the isomers reported in previous literature belong
to the 2D geometries.’*” Obviously, the doping of the Ni atom
significantly modulates the structure of the pure Au,  cluster.
Moreover, we found that the embedding energies (EE) of the Ni
atom within Au-based clusters are very large,”® and the details
of EE calculations are shown in Table S1 (ESIt). The good news
is that regardless of whether the electronic structure of the
NiAu;, " cluster finally conforms to the superatomic model, only
judging from the geometric structure is the result we want.

Since the geometric structure of the NiAu, cluster con-
forms to our expectation, does its electronic structure also
satisfy the superatomic model? We know that each Au atom
has one valence electron, and the Ni atom has 10 valence
electrons. So the NiAu, cluster has 18 valence electrons in
total. Do these 18 valence electrons really contribute to the Au
alloy superatom? Fig. 2a shows the molecular orbitals (MOs) of
NiAu,, from which one S-type and three P-type superatomic
orbitals can be easily identified. The details of MO diagrams
and orbital energies (a.u.) of the NiAu, cluster are given in
Fig. S1 (ESIT). Among them, there are five d-type lone pairs that
are completely localized on the Ni atom in terms of orbital
shapes and energies (HOMO, HOMO—1, HOMO—2, HOMO-3,
HOMO—4, HOMO-5). So, it is clear that the eight Au atoms
provide eight delocalized electrons required by the NiAu,™
superatom, while the electrons from the Ni atom do not
contribute. To further confirm this result, we also calculated
the density of states (TDOS) of the NiAu,~ superatom. As shown
in Fig. 2b, within the energy range of the four superatomic
orbitals (15*1P°), the TDOS of the NiAu, is almost entirely
derived from Au atoms, while the contribution of Ni atom at
this time is almost negligible, which is exactly consistent with
the above MO analysis results.

It has been confirmed that the NiAu,  cluster has the 18e
superatomic properties, and the calculated results are consis-
tent with our assumptions, indicating that the research idea
and calculation method are feasible. Importantly, we found
that the electronic structure of the Ni atom in the doped cluster
is d'°, which indicates that its 10 valence electrons are com-
pletely localized. By following the same strategy, more new
types of Au-based superatoms can be found. Therefore, we
searched the geometric structures of NiAug and NiAu," clusters
at the same theoretical level, respectively. Fig. 3a shows the
isomer shapes of the NiAug cluster and their point group
symmetry, and relative energies are also arranged in order
from low to high.

For the neutral NiAug, the lowest energy structure of all the
searched isomers is also in C,, symmetry, in which the transi-
tion metal Ni atom also located at high coordination. The
isomers that are nearly degenerate in energy with the ground
state structure are 3D spherical. After careful comparison, it is
found that NiAug and NiAu, have different structural frame-
works, though the former structure can be obtained by attach-
ing one Au atom to the latter. Then, we used the same method
to calculate the molecular orbitals of NiAug after the structure
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Fig. 2 (a) The molecular orbitals (MOs) and (b) density of states of the NiAu;~ cluster. The isosurface value is 0.02.
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Fig. 3 (a) Optimized geometries of the low-energy isomers and (b) the
MOs of NiAug cluster at the TPSS/Def2-TZVP level. Labeled are symmetry,
energy (eV) relative to the GM one and spin multiplicities. The isosurface
value is 0.02.

was determined. As shown in Fig. 3b, eight valence electrons of
Au atoms occupy four superatomic orbitals (1S*1P°) respec-
tively. So the NiAug cluster also satisfies the jellium model and
can be regarded as a stable 18e superatom. Compared with the
NiAu, , the three P-type superatomic orbitals are different in
the order of energy levels.

Fig. 4a shows the isomer shapes of the NiAu," cluster and
their point group symmetry, and relative energies are arranged
in order from low to high. The lowest energy of all the isomers
of NiAuy' is a spherical structure with C; symmetry, in which
the Ni atom is still highly coordinated. After the structure was
precisely determined, we also calculated the molecular orbitals
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Fig. 4 (a) Optimized geometries of the low-energy isomers and (b) the
MOs of the NiAug™ cluster at the TPSS/Def2-TZVP level. Labeled are
symmetry, energy (eV) relative to the GM one and spin multiplicities. The
isosurface value is 0.02.

of the NiAu," cluster. As shown in Fig. 4b, the eight valence
electrons of Au atoms occupy 4 superatomic orbitals (15*1P°)
respectively. Therefore, the cation NiAuy' also satisfies the
jellium model and can be regarded as a stable 18e superatom.
Overall, the transition metal Ni atom in the compact Au-based
clusters presents one full-filling electron structure of d'°. In
other words, the 10 valence electrons of the Ni atom are
completely localized. When the valence electrons of Ni atoms
do not contribute to the doped clusters, the geometric struc-
tures of the Au clusters can still be significantly changed. So
this is an effective strategy for finding new types of metal
superatoms.
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The adiabatic ionization potentials, adiabatic electron affi-
nities and HOMO-LUMO gaps of these three clusters are listed
in Table S2 (ESIT), respectively. We note that NiAu," and NiAug
have relatively large ionization potentials, while NiAu,  and
NiAug have relatively lower electron affinities. In particular, the
small HOMO-LUMO gaps of the alloy clusters indicate that
they may possess activation potentials. Moreover, the geometric
structures of other neighboring sizes [NiAu, (n = 6-10)] are also
observed, and their isomers are shown in Fig. S2 (ESI{). It is
found that the structures of pure Au clusters are significantly
altered by an additionally doped Ni atom.

3.2 Adsorption properties of Ni atom doped Au clusters

The research of gold-based alloy nanostructures to catalyze CO
molecules has attracted more and more attention not only
because of their influences on environmental processes, but
also because of their simple adsorption behaviors.*>*" How-
ever, there are plenty of possible sites for adsorption of CO
molecules on the surface of one cluster. So it is indispensable
that several basic rules for quickly finding these sites are
summarized. In general, metal clusters consisting of two kinds
of difference metal atoms result in an uneven distribution of
charge over all surfaces of the clusters. Calculating the mole-
cular electrostatic potential V(r) is a well-developed method for
analyzing inter-molecular interactions, charge distributions on
the surfaces of the clusters and chemical bonding very
intuitively.>® In comparison with other charge distribution
descriptors, the V(r) method is an intuitively physical observa-
ble that is calculated from a theoretical and experimental
electron density distribution. The value of the V(r) of one atom
is positive everywhere due to the fact that it is spherically
symmetrical, while the value will be monotonically decreasing
toward zero when leaving away from its nucleus. Finally, the
formation of metal clusters will cause rearrangements of their
electron densities toward more electronegative metal atoms
and generate the corresponding negative regions. Therefore,
the computation of the surface electrostatic potentials is very
effective for quickly determining the adsorption sites of mole-
cules on metal clusters. In other words, the V(r) surfaces have
been shown to be useful to characterize catalytic sites on
metallic clusters, and detailed information of the intrinsic local
reactivity at different sites can be obtained.

Fig. 5 plots the electrostatic potential V(r) surfaces of the
NiAu, ", NiAug and NiAu," clusters, in which these alloy supera-
toms have geometrical and electronic shell closure structures.
The positive regions of V(r) surfaces are indicated in blue, and
the negative regions are shown in red. Among them, the
surfaces of NiAu,  and NiAu,' clusters distributed negative
and positive charges, respectively. In comparison, the NiAug
cluster possesses remarkable o-hole sites with positive
potential regions where they are regions of depleted electron
density. The c-hole sites are the favored positions for electro-
statically driven interactions with electron donating molecules.
Hence, already from this analysis, there are indications that
such site with c-hole can be directly correlated with interaction
strengths for one CO molecule that is a Lewis base. These also
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NiAug, G,
NiAu,*, C,

Fig. 5 Electrostatic potential surfaces of NiAu,~, NiAug and NiAug* clus-
ters. Positive surfaces (o-holes) are depicted in blue, and negative in red.

indirectly indicate that the reactivity of different interaction
sites of the systems is sensitive to chemical elements on cluster
surfaces exhibiting a local reactivity.

The optimized isomers of the closed-shell NiAug with CO
molecule are illustrated in Fig. 6, and the vibration frequencies
are calculated to check that they are real local minima on the
potential energy surfaces. We considered more adsorption sites
to evaluate the effectiveness of using c-hole to determine the
optimal adsorption sites, involving top sites, the hollow and
bridge sites. Many adsorption structures have imaginary fre-
quencies, or can’t converge to stable structures. Among these
isomers, the c-hole adsorption structures are quickly identified
as belong to true local minimums. Here, it shall be pointed out
that, although there are perhaps existences of other local
minima, we are focused on an important minimum wherein
a Lewis bases molecule can approach one significant c-hole
site in the V(r) surfaces of the NiAug. Dissecting the interactions
in more detail, the Lewis base, CO molecules, interact prefer-
entially with the most positive regions of V(r) surfaces of the
cluster, because one lone pair electrons localized on the C atom
can be regarded as the active electron donor. In fact, it has
previously been shown that the values of the V() on the C atom
of CO are more negative than that of the O atom. Therefore, the
C head of the CO molecule binds to electron-deficient regions
more easily than the O head. The MO diagrams of the adsorbed
structure are also given in Fig. S3 (ESIY), in which the HOMO—1

o-hole
sites

other
sites

0.06 0.07 0.19

Fig. 6 The optimized isomers of the NiAug—CO structure. Labeled is the
energy (eV) relative to the o-hole adsorption structure.
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Fig. 7 The structure and infrared spectra (IR) of the NiAug—CO cluster.

and HOMO-3 orbitals illustrate the donor-acceptor interac-
tions between the alloy superatom and the CO molecule. The
results show that the 6-hole site indeed can cause a significant
red-shift of the C-O bond.

We calculated the infrared spectra (IR) of the NiAug-CO
structure, and the result is shown in Fig. 7. The C=0 bond
distance is 1.15 A, which is slightly elongated than that of free
CO molecules (1.128 A). This is because that 5d electrons of the
Au atom of the alloy superatom transfer towards the anti-bond
1 orbital of the CO molecule, as shown in the HOMO-—3 orbital
of the NiAug-CO. Furthermore, we find that the interaction
energy between CO and the superatom is 1.21 eV, and the major
interaction is the o-donation coordination from the 5c orbital
of the CO molecule to the alloy cluster. The vibration frequency
of the CO molecule (2071.1 cm ') is less than that of the free
CO (2208 cm™1),°® which also further verifies transfers of 5d
electrons in the superatom to the anti-bond & orbitals of the CO
molecule. The result is in a significant red-shift for the C=0
vibration frequency. The analysis shows that the classical
metals bind the CO ligand via donor-acceptor interactions.
Hence, the cluster may serve as one potential catalyst for the
C-0 covalent bond activation.

4. Conclusions

In summary, we investigated the effects of one Ni atom on the
structures and properties of Au clusters. First, we searched
the structures of NiAu, , NiAug and NiAu,' clusters using the
GA-DFT method, and found that these alloy clusters are all 3D
spherical structures. The molecular orbitals and density of
states analysis indicate that they have completely filled supera-
tomic shells (1S*1P®), in which the electronic structures of Ni
atoms are all d'°. Electrostatic potential calculations show that
the NiAug superatom has remarkable o-holes with positive
potential regions, and these electron-deficient regions can be
considered as interaction sites with some electron donors.
When a Lewis base CO gas molecule is adsorbed on the
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Au-based superatom, we found that the C-O bond distance
becomes slightly elongated and its stretching frequency pre-
sents a significant red-shift. This is due to the fact that 5d
electrons of the Au atom of the NiAug superatom transfer
towards the anti-bond n orbital of the CO molecule. Hence,
this is an effective strategy for finding new types of superatoms
and potential catalysts for the covalent bond activation.
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