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Abstract An all-electron scalar relativistic calculation was
performed on Au,H,O (n=1-13) clusters using density
functional theory (DFT) with the generalized gradient
approximation at PW91 level. The calculation results reveal
that, after adsorption, the small gold cluster would like to
bond with oxygen and the H,O molecule prefers to occupy
the single fold coordination site. Reflecting the strong
scalar relativistic effect, Au, geometries are distorted
slightly but still maintain a planar structure. The Au—-Au
bond is strengthened and the H-O bond is weakened, as
manifested by the shortening of the Au—Au bond-length
and the lengthening of the H-O bond-length. The H-O-H
bond angle becomes slightly larger. The enhancement of
reactivity of the H,O molecule is obvious. The Au—O bond-
lengths, adsorption energies, VIPs, HLGs, HOMO (LUMO)
energy levels, charge transfers and the highest vibrational
frequencies of the Au—O mode for Au,H,O clusters exhibit
an obvious odd-even oscillation. The most favorable
adsorption between small gold clusters and the H,O
molecule takes place when the H,O molecule is adsorbed
onto an even-numbered Au, cluster and becomes an
Au,H,O cluster with an even number of valence electrons.
The odd—even alteration of magnetic moments is observed
in Au,H,0 clusters and may serve as material with a
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Introduction

Water adsorption onto metal surfaces is one of the fundamental
topics in surface science, and is considered relevant to the better
understanding of surface phenomena such as heterogeneous
catalysis, corrosion of materials and surface electrochemistry
[1-8]. Theoretical investigations of adsorption behavior in
catalysis mechanisms are difficult to perform, primarily
because the reactions involved occur only at infinite surfaces.
This required researchers to find compromises between solid
state physics and molecular physics. One common solution is
to use metal clusters as models for infinite metal surfaces, and
this has been used in numerous theoretical investigations into
atomic and molecular adsorption in metallic systems [9—11].
Among various metal clusters, nano-sized gold clusters
have attracted much attention from both industrial and
scientific areas due to their unique physical and chemical
properties, which are strongly dependent on cluster size
[12—14]. Although bulk gold is one of the most chemically
inert metals, gold clusters—the size of which can be as
small as 2-3nm—are efficient catalysts for various chem-
ical reactions [15—-18]. Previous studies have reported that
nano-sized gold catalysts can be applied to many oxidation
and hydrogenation reactions at low temperatures. These
reactions include CO and NO oxidations [19], partial
oxidation of propylene [20], partial hydrogenation of
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acetylene [21], hydrogenation of ethylene [22], and so on.
Indeed, there are some studies on the adsorption behavior
of water molecules surrounding gold nanoparticles of
different sizes or inside a gold nanotube [23-25]. Ju [23]
performed a molecular dynamics simulation to investigate
the adsorption of water molecules surrounding gold nano-
particles of various sizes in a parallel computing environ-
ment. Observation of the distribution of oxygen and hydrogen
atoms shows that the adsorption of water molecules creates
two shell-like formations of water in close vicinity to the gold
nanoparticle surface. These shell-like formations are found to
be more pronounced around smaller gold nanoparticles. The
rearrangement of water molecules in this region reduces the
local hydrogen bond strength. Chang et al. [24] also
performed a molecular dynamics simulation to investigate
the adsorption mechanism of water molecules surrounding
gold nanoparticles of different sizes. For larger gold nano-
particles, hydrogen bonding of water molecules adsorbed
onto the surface of the gold nanoparticles are arranged in a
two-dimensional structure, while those adsorbed on the edge
of the surface of the gold nanoparticles are arranged in a
three-dimensional structure. Water molecules that are
adsorbed on the larger gold nanoparticles tend to be arranged
irregularly, while those adsorbed onto the smallest gold
nanoparticles tend to adopt a regular arrangement. Mean-
while, Wen et al. [25] have performed a molecular dynamics
simulation to study the adsorption of water molecules inside
a gold nanotube. The interaction energy of the gold nanotube
wall has a direct influence on the distribution of water
molecules inside the gold tube, and the numbers of hydrogen
bonds per water molecule affect the orientational order
parameter g. In addition, the phenomenon of a group of
molecules bonded inside the tube can be observed as the
number of hydrogen bonds increases.

From the overview above, we find that almost all
research in this field is focused on the interaction between
water molecules and gold nanoparticles or gold nanotubes;
few theoretical studies are available to show the interaction
between small gold clusters and water molecules. Com-
pared with its bulk counterpart and gold nanoparticles,
small gold clusters exhibit drastically different fundamental
properties, which may be exploited in a variety of
applications such as catalysis, chemical- and bio-detectors,
advanced drug delivery systems, enhanced computing
systems and optoelectronics [26]. The absolute value of
interaction energy between water molecules and gold
nanoparticles is reduced when the water molecules
surround a nanoparticle of larger diameter [23]. This
observation implies that a stronger adsorption effect might
exist between smaller gold clusters and water molecules.
Furthermore, a previous study [27] indicates that the reason
for the preference for planar structures by gold clusters up
to large size may be attributed to the scalar relativistic effect
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of outer shell electrons causing a shrinking of the size of the
s orbital and thus enhancing s-d hybridization. Thus, it is
necessary to carry out a study on the adsorption behavior of
water molecules onto small gold clusters by including the
scalar relativistic effect. In this paper, an all-electron scalar
relativistic (AER) calculation on the interaction between water
molecules and small gold clusters (n=1-13) was performed
by using density functional theory (DFT) with the general-
ized gradient approximation at PWO91 level. This study
attempts to locate the ground state geometrical structures and
to analyze the energy and electronic structures, magnetic
properties of Au,H,O (n=1-13) clusters in order to obtain a
qualitative understanding of the interaction between water
molecules and small gold clusters.

Computational methods and cluster model

The geometrical structures and electronic properties of
Au,H,O (n=1-13) clusters are calculated using DFT.
Under the framework of DFT, the scalar relativistic effect
is included for the reason described above. The numerical
atomic orbitals are used in the construction of molecular
orbitals. In many previous cases, as an approximation, only
the outer shell atom-orbitals were employed to generate the
valence orbitals, and the rest of the core orbitals were
frozen. Although calculations involving the AER method are
more difficult to perform due to the huge computational
expense, they are generally thought to provide better accuracy
than those involving only all-electron (AE) and effective core
potentials. The advantages of the AER calculation over
effective core potential (ECP) and AE calculations have been
demonstrated by some early works [28—30]. Considering the
above factors, and in order to improve calculation accuracy,
we chose to carry out AER calculations and use the
corresponding high quality double numeric plus (DNP) basis
set despite the huge computational expense.

The PW91 form of the generalized gradient approximation
(GGA) for the exchange-correlation functional is adopted in
the calculations and the self-consistent field (SCF) tolerance is
setat 1.0x10°° eV. To accelerate the calculations, the direct
inversion in iterative subspace (DIIS) approach is used, with
the smearing value set at 0.005Ha. During structure
optimizations, spin is unrestricted and the symmetry of the
structure has no constraints. The convergence tolerance of
maximum force, energy and displacement is 0.002Ha/A,
1.0x10 °Ha and 0.005 A, respectively. During structure
relaxations, spin multiplicities are considered to be at least 2,
4 and 6 for odd-electron Au,H,O clusters (n=1, 3, 5,7, 9, 11
and 13) and 1, 3, and 5 for even-electron Au,H>O clusters
(n=2, 4, 6, 8, 10 and 12). If the total energy decreases with
increasing spin multiplicity, the high spin state will be
considered until the energy minimum with respect to spin
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multiplicity is reached. In addition, the stability of the
optimized geometry is confirmed without any imaginary
frequencies by computing vibrational frequencies at same
level of theory.

The choice of initial geometry is important to obtain the
lowest energy structures. In this work, we obtained the initial
structures by the following approaches. First, considering
previous studies on the configurations of pure Au, clusters
[31-35], we optimized the structures of pure Au, clusters
using the same methods and parameters. On the basis of the
optimized equilibrium geometries of pure gold clusters, we
obtained the initial structures of Au,H,O clusters by bonding
H,0 molecules directly on each possible nonequivalent site
of the Au, cluster, including three possible bonding patterns:
bonding with oxygen, bonding with hydrogen, or bonding
with both oxygen and hydrogen. All these initial structures
are fully optimized by relaxing the atomic positions until the
force acting on each atom is negligible (typically
|F;| < 0.002Ha/A°) and by minimizing the total energy.

In order to check the intrinsic reliability and accuracy of the
computational method, we chose AuH,O', Au,, Aus, Aus
and Au,; as examples to calculate some properties (the
corresponding experimental data of these clusters are
available) by using the AER, AE and ECP methods. From
the data listed in Table 1, it can be seen that the results
obtained with the AER method are clearly closer to the
available experimental data [34—38] than the results obtained
with the AE and ECP methods. This indicates that the AER
method is more reliable and more accurate than the AE and
ECP methods for the study of Au,H,O clusters.

Results and discussion

Geometrical structures

In order to obtain the initial geometries of Au,H,O clusters,
we optimized pure Au, clusters and single H,O molecules

first. The lowest energy geometries of Au,, (n=2—13) clusters
shown in Fig. 1 are in good agreement with previous
available works [31-35]. Then, based on these optimized
lowest energy geometries, we performed an extensive lowest
energy geometries search for H,O molecule adsorption onto
small gold clusters as described in Computational methods
and cluster model. The lowest energy geometries of Au,H,O
(n=1-13) clusters and some isomers that have higher energy
or imaginary frequencies are also displayed in this figure.
For single H,O molecules, the calculated O—H bond-length
and H-O-H bond angle, which are adapted to compare with
those of H,O after adsorption, are in good agreement with
experimental values [39].

To obtain the average Au—Au bond-lengths of pure Au,
clusters and Au,H,O (n=1-13) clusters, all Au—Au bond-
lengths of each cluster are added together and divided by the
number of Au—Au bonds. The average Au—Au bond-length
and Au-O, H-O bond-lengths (in angstrom) are shown in
Fig. 1. From these figures, we find that the H,O molecule
prefers to occupy the single fold coordination site in all
Au,H,O0 clusters. The small gold cluster prefers to bond with
oxygen rather than to bond with hydrogen or with both
hydrogen and oxygen. Compared with pure Au,, clusters and
single H,O molecules, the Au, geometries in all lowest
energy Au,H,O clusters and isomers are distorted slightly
but still maintain a planar structure. This situation is believed
to reflect the strong scalar relativistic effect in small gold
clusters mentioned in previous studies [27], and is different
from carbon monoxide adsorption onto small copper
clusters, in which the most stable geometries of small copper
clusters change obviously after bonding with a carbon
monoxide molecule [40, 41]. The H,O structures in all
Ay, H,0 clusters are slightly perturbed, and still keep their
single HO molecule-like structure. The bonded oxygen
atom locates in the same plane as the Au, structure for all
Au,H,O clusters. For Au,H,O clusters (n=1-5), the two
bonded hydrogen atoms locate to the same side of the
Au,—O plane perpendicularly, but for other Au,H,O clusters

Table 1 Comparison of results

of all-electron scalar relativistic Cluster Property AER AE ECP Experimental data
(AER), all-electron (AE), and
effective core potential (ECP) AuH,0" Ey, (eV/atom) 1.621 1.424 1.595 1.649
calculations for some properties Au, R (nm ) 0.2487 0.2780 0.2624 0.2470
of AuH>0", A, Aus, Aus and Ey (¢V/atom) 1210 0.7657 0.9476 1.150
Auy clusters
VIP(eV) 9.370 73149 9.2052 9.500
v(em™) 183.1 122.6 158.0 191.0
Auy VIP (eV) 7.443 5.585 7.279 7.500
Aus 7.728 5.853 7.588 8.000
Auy VIP (eV) 171.1 102.9 149.2 165
v(em™) 192.3 119.4 164.0 185
v (cm™) 208.2 132.7 179.7 203
v(cm’l)
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Fig. 1 Optimized geometries
for pure Au, (n=2-13) clusters,
single H,O molecules and
Au,H,0 (n=1-13) clusters. The
average Au—Au bond-length,
Au-0, H-0 bond-lengths (in
angstrom), H-O—H bond angles
and energy are shown
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the two bonded hydrogen atoms locate to both sides of the
Au,—O plane perpendicularly. After adsorption, the average
Au-Au bond-length in the Au,H,O cluster is shorter than
that in the corresponding pure gold cluster, and the H-O
bond-lengths in all Au,H,O clusters are longer than the H-O
bond-length in single H,O molecules, and the H-O-H bond
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angle becomes larger. It is inferred that the Au—Au
interaction is strengthened and the H—O interaction is
weakened after adsorption. The enhancement of reactivity
of H,O molecule is obvious. This situation can be explained
in terms of electron donation from the prt* orbital of the H,O
molecule to the do+sp hybridized orbital of Au, and electron
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Fig. 1 (continued)

AU6H20

AU.7H20

AllgHzO

AU.gHzO

back donation from the occupied drt orbital of Au to the
unoccupied p7t* orbital of the H,O molecule [42], which
results in better overlap between these orbitals and enhance-
ment of the interaction between small gold clusters and H,O
molecules. Meanwhile, from Fig. 1, we can also see that the
Au—-O bond-length in even-numbered Au,H,O clusters is
obviously shorter than that in adjacent odd-numbered
Auy,H,O clusters. The Au-O bond-lengths for Au,H,O
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clusters exhibit an odd-even oscillation, indicating that the
Au-O interaction in even-numbered Au,H,O clusters is
stronger than that in adjacent odd-numbered Au,H,O clusters.

Energy and electronic structure

The binding energies Ej, adsorption energies E,4, highest
occupied molecular orbital (HOMO) and lowest unoccupied
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Fig. 1 (continued)
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molecular orbital (LUMO) energy levels, HOMO-LUMO
gaps (HLG), and vertical ionization potentials (VIP) for
Au,H,O clusters are listed in Table 2, where we define:
E, = [#nE(Au) + E(O) +2E(H) — E(Au,H,0)]/(n + 3),
E.a = [E(Au,) + E(H,0) — E(Au,H,0)] and VIP =
E(Au,H,0)"— E(Au,H,0), respectively. Generally
speaking, the binding energy of a given cluster is a
measurement of its total thermodynamic stability. From
Table 2 and Fig. 2, it can be seen that the binding energy
of Au,H,O cluster is obviously larger than that of
corresponding pure gold cluster, and with the increasing
number of gold atoms, the binding energy of pure gold
cluster increases gradually and reaches a maximum value of
2.481 eV at n=13. Meanwhile, the binding energy of the
Ay, H,O0 cluster decreases gradually and reaches a minimum
value of 3.543 eV at n=13 too. But, the binding energy
difference between Au,H,O and Au, clusters gradually
becomes smaller. This indicates that the adsorption of
water molecule enhances the energetic stability of pure
gold cluster. With increasing number of gold atoms, the
stability of Au,H,O cluster decreases gradually despite
the increasing stability of pure gold clusters. But, the
stability enhancement effect of water molecule adsorption
is weakened gradually with the increasing size of the
Au,H,0 cluster.
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Adsorption energy is an important index with which to
examine the adsorption strength and the interaction between
adsorbent and adsorbate, and has been used in some
previous studies on H,, NO and CO adsorption onto small
gold clusters [42-44]. From the adsorption energies
displayed in Table 2, we can see that, with increasing
number of gold atoms, the adsorption energy of even-
numbered Au,H,O cluster is larger than that of adjacent
odd-numbered Au,H>O cluster. The odd-even oscillation of
adsorption energies for Au,H,O clusters is clearly evident
(Fig. 3). It is suggested that the adsorption strength and
Au,—H,O0 interaction in even-numbered Au,H,O cluster are
stronger than those in adjacent odd-numbered Au,H,O
cluster. The H,O molecule is more relatively more likely to
be adsorbed by even-numbered small gold clusters. Com-
paring with the available data of previous studies, we find
that the adsorption energy of Au,H,O clusters is smaller
than the adsorption energy of Au,,CO clusters (n=1-6) [43]
and larger than the adsorption energy of Au,H, (n=1-10)
[44] and Au,NO (n=1-6) [42] clusters. This indicates that,
for small gold clusters, the adsorption strength toward water
molecules is weaker than the adsorption strength toward
carbon monoxide molecule, and stronger than the adsorp-
tion strength toward hydrogen and nitric monoxide
molecules.
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Table 2 Some calculated energy data for Au,H,O clusters. £}, Binding energy, E,q adsorption energy, HOMO highest occupied molecular orbital,
LUMO lowest unoccupied molecular orbital, HLG HOMO—-LUMO gap, VIP vertical ionization potential

Cluster Ey, (eV/atom) Eaq HOMO LUMO HLG VIP
Au,, Au,H,0 (V) V) V) V) V)
AuH,0 0.000 6.054 0.354 —4.950 —4.240 0.710 8.256
Au,H,0 1.214 5.442 0.922 -5.311 —3.002 2.309 8.477
AuzH,0 1.391 4.798 0.758 —4.157 —3.588 0.569 6.659
AuyH,0 1.742 4.520 0.814 —5.187 —3.286 1.901 7.426
AusH,0 1.925 4.251 0.516 —4.760 —4.434 0.326 6.916
AugH,0 2.155 4.161 0.659 —5.230 —3.455 1.775 7.288
AusH,0 2.189 3.955 0.610 —4.903 —4.666 0.237 6.831
AugH,0 2.258 3.880 0.750 =5.190 —4.035 1.155 7.010
AugH,0 2.293 3.758 0.605 —4.851 —4.639 0.212 6.643
Au; o H,0 2.377 3.712 0.624 —5.322 —4.159 1.163 6.921
Au;1H,O 2.402 3.632 0.559 —5.136 —4.966 0.170 6.784
Au,H,0 2.473 3.610 0.623 —5.420 —4.386 1.034 7.097
Au3H,0 2.481 3.543 0.568 —4.881 —4.747 0.134 6.500

The VIP is often used to investigate the chemical
stability of small clusters; the larger the VIP, the deeper
the HOMO energy level, which leads to less reactivity or
higher chemical stability. HLG is another useful param-
eter for examining the electronic stability of a cluster.
The larger the HLG, the higher the energy required to
excite the electrons from valence band to conduction
band, corresponding to higher stability of the electronic
structure. From the data listed in Table 2, we find that the
VIP and HLG of even-numbered Au,H,O cluster are
larger than those of adjacent odd-numbered Au,H,O
cluster. Meanwhile, the HOMO (LUMO) energy levels
of even-numbered Au,H,O cluster is deeper (higher) than

6.5

6.0 —=— Binding energies of pure gold clusters

5.5 —e— Binding energies of Au H,O clusters
5.0+

4.5
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3.0+
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Number of gold atoms in cluster

Energy (eV)

Fig. 2 Size dependence of binding energy for Au,H,O and Au,
clusters

that of adjacent odd-numbered Au,H,O cluster. The VIPs,
HLGs and HOMO (LUMO) energy levels of Au,H,0
clusters show a clear odd-even oscillation (see Fig. 4). It is
thought that even-numbered Au,H,O cluster might be
more stable than the adjacent odd-numbered Au,H,O
clusters, both electronically and chemically. This odd-even
oscillation can also be observed in H-binding onto small
gold clusters, and explained in terms of the electron
pairing effect [45].

For any cluster, the number of electrons in the HOMO
determines its ground-state electronic configuration. By
orbital occupation analysis, we find that the HOMOs of
even-numbered Au,H,O clusters with even numbers of
valence electrons are fully occupied by the majority spin

1.0

‘ —=— Adsorption energies of AunH20O clusters ‘

0.8 /'

3 071 / .\
& N -
L?Cj 0.6 / \/\.
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Fig. 3 Size dependence of adsorption energy for Au,H,O clusters

@ Springer



2012

J Mol Model (2011) 17:2005-2016

9
8.
7-
6.
8 4
5 — = HOMO
w34 —e— LUMO
5] —aVIP
—v— HLG
14
0.
0 2 4 6 8 10 12 14

Number of gold atoms in cluster

Fig. 4 Size dependence of vertical ionization potentials (VIP),
HOMO-LUMO gaps (HLG), highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels for Au,H,O clusters

and minority spin electrons, which leads to the ground state
of these clusters have closed electronic shells and are
remarkably stable. But, the HOMOs of odd-numbered
Au,H,O clusters with odd number of valence electrons
are occupied only partially by majority spin electrons and
have open electronic shells (see Table 3). According to the
Jahn-Teller theorem, these clusters have the tendency to
distort further toward slower symmetry in order to reduce
or remove their degeneracies and lower their energies.
However, we must point out that open shell clusters may

also increase their degeneracies, and that they have high
spin multiplicity if the total energy is decreased. This
depends on a compromise between the decrease in total
energy and the increase in degeneracy. This compromise
will decide whether, and to what extent, the Jahn-Teller
distortion may take place [46].

The interaction between a small gold cluster and a H,O
molecule can also be reflected through charge transfers. We
performed a Mulliken charge analysis of Au,H,O clusters
and list the effective charges on Au,, H and O in Table 3.
The values of charge transfers are favorable to the
mechanism of electron donation, i.e., charge transfer from
the H,O molecule to the gold cluster. Further analysis
indicates that, after adsorption, the charges are transferred
not only from two hydrogen atoms to the oxygen atom but
also from the two hydrogen atoms to Au,. Compared with
single H,O molecules, the value of charge transfer from
two hydrogen atoms to the oxygen atom in Au,H,O
clusters becomes small. This situation of charge transfer
provides more pairing chances for electrons of Au,, and less
pairing chances for electrons of H,O. It strengthens the Au—
Au bond and weakens the H-O bond, appearing as a
shortening of Au—Au bond-length and a lengthening of H—
O bond-length, as illustrated clearly in Fig. 1. It also favors
reactivity enhancement of the water molecule. Remarkably,
greater charge transfer often leads to larger adsorption
energy. The charge transfer between Au, and the H,O
molecule in even-numbered Au,H,O cluster with larger
adsorption energy is greater than that in adjacent odd-
numbered Au,H>O cluster with smaller adsorption energy.
The charge transfers of Au,H,O clusters also exhibit an

Table 3 Charge transfers, electronic configuration, spin multiplicity (M) and magnetic moment for Au,H,O clusters

Cluster Charge Electronic configuration M Magnetic moment (tg)
Au, H H (0} Au, H,0 Total

H,0 0.247 0.247 —0.494 Closed 1 0 0
AuH,O —-0.144 0.281 0.281 -0.418 Open 2 0.910 0.090 1
Au,H,O —-0.183 0.300 0.300 -0.417 Closed 1 0 0 0
AuzH,O —-0.143 0.293 0.293 —0.443 Open 2 0.996 0.004 1
AuyH,O —-0.186 0.302 0.302 -0.418 Closed 1 0 0 0
AusH,O —-0.136 0.292 0.292 —0.448 Open 2 0.962 0.038 1
AugH,O —0.160 0.296 0.296 —0.432 Closed 1 0 0 0
Au,H,O —0.142 0.295 0.295 —0.448 Open 2 0.984 0.016 1
AugH,O -0.172 0.300 0.300 —0.428 Closed 1 0 0 0
AugH,0 —0.139 0.298 0.298 —0.457 Open 2 0.985 0.015 1
AuoH,O —0.164 0.294 0.294 —0.424 Closed 1 0 0 0
Au; H,0O —-0.140 0.296 0.296 —-0.452 Open 2 0.977 0.023 1
Au;,H,0 -0.162 0.293 0.293 —0.424 Closed 1 0 0 0
Au3H,0 —-0.150 0.296 0.296 —0.442 Open 2 0.991 0.009 1
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obvious odd-even oscillation. This situation resembles that
of NO adsorption onto small gold clusters [42], and
indicates that the charge transfer is more favorable to H,O
molecule adsorption onto even-numbered Au,, clusters.

In order to understand the nature of chemical bonding in
these systems, we plotted the spatial orientations of HOMO
for Au,H,0 clusters in Fig. 5. At first glance, the HOMOs
of these clusters are obviously delocalized, with a contri-
bution from almost all atoms in the cluster. The strong s-d
orbital hybridization among gold atoms in HOMO is very
obvious. Besides the strong s-d hybridization in Au atoms,
spd hybridization between the s orbital of the Au atom and
the s, p orbital of the H;O molecule also exists and is very
strong in most Au,H,O clusters. The overlap between the
frontier orbitals of H and O, or cloud overlap between the
pr* orbital of H,O and the do+sp hybridized orbital of Au
for some of the Au,H,O clusters are also illustrated. The
unpaired electrons in the Au, cluster will have more chance
to be paired with s and p electrons of H,O. This picture was
also observed for oxygen adsorption onto small gold
clusters [47], in which the pmt* orbital of oxygen and the
do+sp hybridized orbital of Au clearly overlap.

Frequency analysis

Since many experiments on the adsorption behavior of
small gold clusters are based on the Fourier transform
infrared spectroscopy (FTIR) method, we focused on the
vibrational frequencies of different modes in the adsorption
system. Table 4 lists the highest frequencies of Au—Au,
Au-0, and H-O-H mode for Au,H,O clusters and Au—Au,
and H-O-H modes for pure Au, clusters and single H,O
molecule. It can clearly be seen that the highest vibrational
frequency of Au—-O mode for even-numbered Au,H,O
cluster is higher than that of Au—O mode for odd-numbered
Au,H,O cluster—an obvious odd-even oscillation of the
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Fig. 5 Spatial orientations of HOMO for Au,H,0 (n=1-13) clusters

Table 4 Calculated highest vibrational frequencies of Au—Au, Au—-O
and H-O—H modes for Au,H,O clusters, pure Au, clusters and H,O
molecules

Cluster VAu-Au (cm’l) VAu0 (cm’l) VH-O-H (cm'l)
H,0 3,842.7
AuH,O 422.5 3,783.4
Au,H,O 289.9 569.5 3,754.5
Au, 183.1

AuzH,0 275.0 525.4 3,778.8
Au, 172.2

AusH,O 275.5 538.1 3,785.4
Auy 174.2

AusH,0 231.9 489.2 3,781.3
Aus 198.9

AugH,O 234.7 532.4 3,786.6
Aug 186.0

Au,H,O 253.4 521.3 3,766.0
Au, 208.2

AugH,O 256.0 558.9 3,785.8
Aug 220.1

AugH,0 241.7 516.7 3,782.0
Aug 203.7

Au;oH,0 229.0 528.7 3,772.1
Auyg 199.3

Au;H,0 234.1 513.3 3,746.5
Auyp, 202.7

Au,H,0 230.8 525.7 3,778.8
Auy, 209.0

Au3H,0 232.1 509.9 3,779.5
Auys 205.3

highest vibrational frequencies of Au—O mode is observed
(Fig. 6). This size dependence of frequencies is approxi-
mately parallel to the size dependences of adsorption
energies, charge transfers, VIPs, HLGs, and HOMO energy
levels (see Figs. 3, 4), again proving that the Au-O
interaction in even-numbered Au,H,O cluster is relatively
stronger than that in adjacent odd-numbered Au,H,O
clusters. Meanwhile, we also find that the highest vibra-
tional frequencies of the H-O-H mode for all Au,H,O
clusters are obviously lower than the highest vibrational
frequency of H-O-H mode for single H,O molecule, and
that the highest vibrational frequency of Au—Au mode for
the Au,H,O cluster is obviously higher than that of Au—Au
mode for the corresponding pure Au, cluster. This
characteristic of frequency variation indicates that, after
adsorption, the Au—Au interaction is strengthened and the
H-O-H interaction is weakened in all Au, H,O clusters, and
the reactivity of the H,O molecule is obviously enhanced.
This is perfectly consistent with the shortening of Au—Au
bond-length and the lengthening of O—H bond-length.
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Fig. 6 Spatial orientations of
HOMO for Au,H20 (n=1-13)
clusters

Au 10H20

Magnetic properties

Finally, we will discuss the magnetic properties of Au,H,O
clusters. From Table 3, we can see that all the Au,H,O
clusters prefer low spin multiplicity (M=1 for even-
numbered Au,H,O clusters, and M=2 for odd-numbered
Au,H,0 clusters). The even-numbered Au,H,O clusters are
found to exhibit zero magnetic moment, and the odd-
numbered Au,H,O clusters are found to possess a magnetic
moment with the value of 1 pg (contributed mainly by
Au,). The odd-even alteration of magnetic moments for
Ay, H,O clusters is very obvious and may be served as a
material with a tunable code capacity of “0” and “1” [48].
This situation can be simply understood by considering the
electron pairing effect. Based on the valence electron
configuration of Au6s', 02s*2p* and Hls', respectively,
as H,O molecules are adsorbed onto even-numbered Au,
clusters, the even number of 6s electrons from the gold
cluster and the even number of s, p electrons from the H,O
molecule prefer to form a closed electronic structure
according to Hund’s rule, so these Au,H,O clusters show
zero magnetic moment according to Pauli repulsion in the
case of the electron pairing. As a HO molecule is adsorbed
onto an odd-numbered Au,, cluster, the odd number of 6 s
electrons from the gold cluster and the even number of s, p
electrons from the H,O molecule prefer to form a open
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electronic structure according to Hund’s rule, and possess a
magnetic moment of lug with one unpaired electron.
Previous studies [49-51] have shown that the charge
transfer and hybridization of valence electrons stemming
from the host, as well as impurities, influence the local
magnetic moment significantly. The local magnetic moment
of a scandium-doped gold system is quenched because of
the strong pairing effect between the scandium 3d electrons
and gold 6s electrons. This is similar to the situation of the
pairing effect between the 6s electrons of the Au atom and
the s, p electrons of the H,O molecule in Au,H,O clusters
in our work.

Considering all the factors mentioned above, we find
that even-numbered Au,H,O clusters have larger adsorp-
tion energy, higher VIP, larger HLG, greater charge transfer,
and stronger Au—O interactions compared with the adjacent
odd-numbered Au,H,O clusters. The most favorable
adsorption between small gold clusters and H,O molecule
seems to takes place when the H,O molecule is adsorbed
onto an even-numbered Au,, cluster and becomes a Au,H,O
cluster with an even number of valence electrons. This
situation can be explained in terms of the factors mentioned
above, but the adsorption process cannot be explained
equally based on these characteristics. Adsorption of an
H,O molecule onto a cluster with an even number of
valence electrons can be seen to partly involve an excitation
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of the formerly unoccupied orbital in the cluster, since the
open shell has to be “pushed up” when the cluster—H,O
bond is formed. This situation does not occur in the case of
H,0 molecule adsorption onto a cluster with odd number of
valence electrons, where the net effect of the adsorption is
that the formerly open cluster orbital becomes doubly
occupied. The same argument can also be found in
connection with the bond preparation method used in the
cluster surface model [52].

Conclusions

In this paper, AER calculation on Au,H,O (n=1-13)
clusters was performed using DFT with the generalized
gradient approximation at PW91 level. The main conclu-
sions can be summarized as follows:

(1) After adsorption, the small gold cluster would like to
bond with oxygen, and the H,O molecule prefers to
occupy the single fold coordination site in all Au,, (n=
2—13) clusters. Reflecting the strong scalar relativistic
effect, the Au, geometries are distorted slightly but
still maintain planar structures. The Au—Au bond is
strengthened and the H-O bond is weakened, appear-
ing as the shortening of Au—Au bond-length and the
lengthening of H-O bond-length. The H-O-H bond
angle becomes slightly larger. The reactivity enhance-
ment of the H,O molecule is obvious.

The Au-O bond-lengths, adsorption energies, VIPs,
HLGs, HOMO (LUMO) energy levels, charge trans-
fers and the highest vibrational frequencies of the Au—
O mode for Au,H,O clusters exhibit a clear odd-even
oscillation. The most favorable adsorption between
small gold cluster and H,O molecule takes place when
the H>O molecule is adsorbed onto an even-numbered
Au,, cluster and becomes Au,H,O cluster with an even
number of valence electrons.

The odd-even alteration of magnetic moments ob-
served in Au,H,O clusters may serve as a material
with a tunable code capacity of “0” and “1” by
adsorbing a H,O molecule onto an odd or even-
numbered small gold cluster.
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