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Exploring the Low-lying Structures of Au,(CO)* (n = 1-10):
Adsorption and Stretching Frequencies of CO on Various
Coordination Sites

Jie Wang® ® ¢, Qing-Bo Yan®, Jun Ma?, Xizi Cao? Xiaopeng Xing*? and Xuefeng Wang?

The low lying structures of Aun(CO)* (n = 1-10) within 1.0 eV from their global minima were explored using a
structure searching program (Atomic Global Minimum Locator) and density functional theory (DFT) calculations.
According to general chemical intuitions, CO should prefer to stay on the lowest coordination sites of gold frames.
However, our calculations showed that this preference becomes very weak in large Au,(CO)*, and even negligible for
their compact three dimensional structures. This character relates to the intrinsic fluxionality of gold cluster frames,
which apparently readjust their bond parameters after CO adsorption. The stretching frequency of a terminal-bonded
CO decreases with increasing cluster size, and structural details of the adsorption sites have insignificant influences.
The bridge-bonded COs, on the contrary, has far low stretching frequencies mainly determined by structural details of
the two bridge sites. The frequency variation of CO relates to the electron donation and back-donation between gold
and CO. Since all the above regularities on the adsorption and frequency of CO were summarized from large amount

of low lying structures rather than some specific ones, they can be used to understand adsorption of CO on active

sites of real gold catalysts, whose structures are diversiform and usually unclear.

Introduction

The catalytic properties of dispersed gold species in CO
oxidization reactions were discovered about two decades ago.V ?
This finding has inspired enduring efforts to explore the structures
and reactivity of small gold species. Model gold species were
prepared on metal oxides and characterized using various surface
techniques.>® These experiments have shown the effects of clusters'
sizes, charges, band gaps, and the defects of supporting substrates.

However, the structural details of the active sites are usually unclear.

Additionally, the fluxionality of small gold species has been noticed
in various experimental and theoretical studies.”® This character
could make structures of gold sites diversiform and strongly
dependent on the specific surroundings. This complexity makes it
even more challenging to clearly understand interactions of CO with
real gold catalyst at molecular level.

Naked gold clusters were generated in the gas phase and well
characterized using different strategies. For example, the structures
of Au,” were determined by combinations of theoretical calculations
and various experiments including the ion mobility technique,!! the
photoelectron spectroscopy??* and the trapped ion electron
diffraction.’>'” The structural information of Au,* mainly comes
from ion mobility measurement and theoretical calculations.82°
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Experiments in the gas phase show that O, tends to be an electron
acceptor while CO acts as an electron donor when they interact
with gold clusters.?*?” Consequently, CO prefer to stay on cationic
gold sites, while O, tend to be activated by anionic gold species. The
full catalytic circles of CO oxidation were observed on some gold
clusters?> 28 and theoretical works proposed many possible reaction
mechanisms.242 |n spite of all those valuable clues from the gas
phase studies, there are still many challenges to understand the real
catalytic processes on surfaces. A significant one is that the lowest
lying structures in gas phase are usually not what they are in real
catalysts. An example is that Aug on an F-center of MgO, which has a
different structure*® from the lowest lying ones of the naked
cationic, anionic or neutral Aug.'™ '® % |n order to obtain more
profound and accurate understanding on how real gold catalysts
work, some general regularities applicable for various gold
structures are of great meaning.

Reaction of Au,* (n=1-65) with CO has been studied in the gas
phase. Kinetic measurements obtained the bond energies of CO on
different cluster sizes.*> The subsequent work indicated that these
bond energies are strongly dependent on the net positive charge
around the adsorption sites.?®> The infrared photo dissociation
spectra of saturated Aun(CO)m* (n = 1-10) gave the CO stretching
frequencies around 2120-2180 cm?, and additionally showed a 3D
to 2D transition of the gold frames during adsorption processes.’
There have been many theoretical works on adsorptions of CO on
cationic gold species.” 2> 36 41, 42, 4548 Vst of these studies focused
on predicting the global minima which possibly present in the gas
phase experiments. The CO adsorptions on supported cationic gold
species also attracted great attentions. The IR bands around 2150
cm? in surface studies have been empirically assigned to those on
cationic gold sites,* 4% %0 which is slightly higher than those of COs

on small neutral gold clusters (2050-2150 cm™).5?
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In this work, we explored the low lying structures of [Aua(CO)]*
(n = 1-10) using a structure searching program (Atomic Global
Minimum Locator) and density functional theory (DFT) calculations.
Other than making great efforts to determine the global minimum
of each size, we considered the characters and properties of a large
amount of low lying structures within 1.0 eV energy range. This
energy value is roughly the order of interacting energies between
substrates and small metal species. Our results revealed some
general regularities about CO adsorption and stretching frequency
on different coordination sites of gold. The obtained conclusions
should be useful to understand what happens on the active gold
sites in real catalysts.

Calculation methods

All calculations were performed using the GAUSSIAN 09 suite
package® and a structure searching program of Atomic Global
Minimum Locator.>® This searching program has been used to locate
the lowest structures of metal clusters and organic complexes.>*>®
Firstly, we combined the simulated annealing algorithm method in
Atomic Global Minimum Locator and the DFT method based on the
hybrid Becke-Lee-Yang-Parr functional (B3LYP)®” 58 in GAUSSIAN 09
to locate the low lying structures of [Au,(CO)]* (n = 1-10). The B3LYP
method has been shown to be reliable in predicting the structures
of small gold species, evaluating the relative energies of different
isomers, and calculating the stretching frequencies of CO adsorbed
on gold.?> 47 5965 |n the structural searching processes, the lanl2dz
basis set was used for Au and the 6-31G(d) basis set for C and O
(level 1). As supplementary to this first structural searching strategy,
we manually designed structures by putting CO on each of the
possible adsorption sites of all previously reported structures of
Au,*/0/- 11, 12, 18, 19, 66 gnd also optimized them at aforementioned
level |. After removing the duplicated ones from these two
structural locating strategies, the frequencies of all structural
candidates were analyzed to make sure they are real minima. For
Au,(CO)* (n=1-5), the optimized structures from level | were further
optimized using B3LYP method with larger basis sets, Aug-cc-PVTZ-
pp for Au®” 8 and Aug-cc-PVTZ for C and O (level 11).5% 7° The CO
frequencies were calculated using analytic second derivatives at
both level | and level Il. For Au,(CO)* (n=6-10), the single point
energies of the optimized structures at level | were recalculated at
level Il and the CO frequencies were only calculated at level .

Results and discussion
A. Large quantities of low lying structures of Au,(CO)*

For Au,(CO)* (n=1-5), the optimization at both level | and level II
got consistent structures and roughly same relative energies. The
low lying structures from these two levels were displayed in Figure 1,
which are sequenced according to the relative energies at level Il.
The determined global minima for Au,CO* (n=1-6) are consistent
with those reported in ref 4> %8, The second lowest lying structures
for both Au,CO* and Au3CO* contain a bridge-bonded CO, which are
0.6-0.8 eV and 1.5-1.6 eV higher than their global minima,
respectively. For Aus(CO)*, the structures 2-5 are within 1.0 eV from
its lowest lying structure 1, and the structure 5 contains a bridge-
bonded CO. For Aus(CO)*, the structures 1-4 are within the 1.0 eV
energy range, and their energy sequence is consistent with that in
ref 45,

The isomer populations of Au,(CO)* increase enormously from
n=6. Since the results of Au,CO* (n=1-5) indicate that further
optimization at level Il does not apparently change the structures
from level I, Aun(CO)* (n=6-10) were only optimized using level | and

2 | J. Name., 2012, 00, 1-3

only the single point energies were recalculated at level Il. All the
structures of Aun(CO)* (n=6-10) within 1.0 eV energy range were
summarized in supporting materials Figure S1-S5. They were
grouped as terminal adsorption complexes and bridge adsorption
ones. Each group was sequenced separately according to the
relative energies from level Il. In Figure 2, we further classified the
low lying structures of Aun(CO)* (n=6-10) according to structural
details of their adsorption sites. The nomenclature and the symbols
of each type were shown in Figure 2a. The 2D-Il, 2D-Ill and 2D-IV
means that the adsorption happens on a two dimensional gold site,
in which the gold atom bonding CO connects with 2, 3 and 4 other
gold atoms, respectively. Similarly, the 3D-Ill, 3D-IV, 3D-V and 3D-VI
means that the adsorption gold site is three dimensional and the
gold atom bonding CO connecting with 3, 4, 5 and 6 other gold
atoms, respectively. The bridge symbol means CO bridges on two
gold atoms. The geometries of the three lowest lying ones for each
type (if they are within the 1.0 eV energy range) were listed inside
the figure panels. For Aug(CO)*, twenty low lying structures were
shown in Figure S1 and Figure 2b. The structures 1-3 correspond to
the three lowest lying ones predicted in ref 4>, while their relative
energies are slightly different. The forth structure of Aug(CO)*
reported in ref %° is not a real minimum at two theoretical levels in
this work. There are fourteen low lying structures of Au,(CO)* in
Figure S2 and Figure 2c. The structures 1-4 correspond to the four
lowest lying ones in ref %5, and there are only a small differences on
the structural details and energy intervals. For Aug(CO)*, forty seven
isomers were located and shown in Figure S3 and Figure 2 d. The
three lowest lying ones 1-3 are same as those reported in ref %,
while the forth lowest lying structure of Aug(CO)* in ref 4
corresponds to the structure 11 of this work. The two lowest lying
structures 1 and 2 of Aug(CO)* are predicted to be planar even that
of naked Aus* were determined to be three dimensional. For
Aus(CO)*, there are thirty two structures listed in Figure S4 and
Figure 2e. Structures 1 and 4 correspond to the lowest lying Aug*
structure with CO adsorbed on different sites. For Auig(CO)*, there
are totally eighty five structures displayed in Figure S5 and Figure 2f.
Structures 1-5 are within 0.1 eV and the ones 1-3 correspond to the
lowest lying Auio* structure with CO on different adsorption sites.

B. A weak preference of CO on the lowest coordination sites
According to Figure 1 and 2, most of the global minima of
Au,(CO)* have the CO on their lowest coordination sites, which
means the terminal gold atom for n =1 and 2 and the 2D-II type
(shown in Figure 2a) for n = 3, 5, 6, and 8-10. This is consistent with
the general chemical intuitions that CO tend to be adsorbed on the
lowest coordination site of metals. However, when we considered
all low lying isomers of Au,(CO)* within 1.0 eV from the global
minimum, we found that the ratio of the structures with CO on high
coordination sites increases noticeably with the increase of cluster
sizes. For Au1o(CO)*, the isomer populations belonging to 2D-Il, 3D-
Il and 3D-IV types are nearly equal. Even the bridge type of
Au1p(CO)* have 6 isomers and the lowest lying one is only 0.2 eV
higher than the global minimum. The energy levels are quite close
for the low-lying structures of Aun(CO)* (n=1-10) in this report and
those of Aun(CO)* (n=1-6) in previous reports* “ with CO on
different coordination sites. According to this observation, we can
say there is indeed a preference of CO on the lowest coordination
site on small gold clusters, however this preference becomes weak
when cluster size increases. We found this argument is especially
true for the compact three dimensional structures, as shown by the
representative examples in Figure 3. The three structures of
Aug(CO)* (11, 12 and 13 from Figure S3) correspond to the lowest
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lying 3D structure of Aug*® with CO on the different sites, and their
energy differences are within 0.05 eV. Similarly, the structures of
Aug(CO)* (1 and 4 from Figure S4) correspond the global minimum
of Aug**® with CO on its different sites, and their energy difference is
0.07 eV; the three structures of Au1o(CO)* (1, 2 and 3 from Figure S5)
correspond to CO adsorption on different sites of the global
minimum of Auye*,*® and their energy differences are within 0.08 eV.
In a previous theoretical studies, CO was put on all possible sites of
Aux:* and the bond energies are shown dramatically different.?> The
physical origin of that large differences were attributed to different
positive charges on various adsorption sites. We noticed that the
gold frame was fixed in that calculation, therefore the results show
a clear relation between the bonding energies and the positive
charge of various sites. In this work, every structures were fully
relaxed and optimized after CO was added, and we saw apparent
readjustment of the bond parameters of the gold frames.
Combining the figures revealed in ref 2 and this work, we can say
that the net positive charges on individual cite indeed play an
important role for adsorbing CO, while a small 3D gold cluster can
adjust its frame, arriving structures with nearly same energies even
the CO is initially put on its different sites. This character can be
attributed to the intrinsic fluxionality of gold, which has been
considered as one of the physical origins for their catalytic
properties.

C. Calculating the stretching frequencies of COs in various
structures

We calculated the CO stretching frequencies of all structures of
Au,(CO)* (n =1 -5) in Figure 1 using both level | and level Il theories.
Two scaling factors, 0.9703 and 0.9710, were obtained when
dividing the experimental frequency (2143cm™) of a free CO
molecule by the two calculated ones, 2208.6 cm™ and 2207.1 cm?,
at level | and level I, respectively. We also tested these two
theoretical levels by calculating the CO frequency in Aus3(CO)s*, and
got the scaled frequencies of 2187 cm™ and 2178 cm™, respectively.
Both of them are reasonably consistent with the experiment one
(2182 cm?) in ref °. Table 1 lists the calculated CO stretching
frequencies in Aun(CO)* (n =1 - 5). Those of the terminal-bonded CO
at level | are slightly higher than those at level Il. The differences are
within 15 cm™. The values of AuCO" in table 1 (2237 cm™ and 2234
cm?) are also very close to that (~2250 cm™) predicted using CCSD
methods.”! For most of the bridge-bonded COs, the stretching
frequencies from the two levels are also very close. The only
exception is the structure 5 of Au,(CO)* (See Figure 1 and Table 1).
The difference between CO frequencies from these two levels is
about 50 cm™. However, the frequency sequences from two levels
are always consistent. For Au,(CO)* (n = 6 - 10), we only used level |
calculating their CO stretching frequencies. In order to make a
systematical comparison, Figure 4 lists all CO frequencies of
Aun(CO)* (n = 1-10) from level I. The structures were classified
according to the type of the adsorption sites, same as what has
been done in Figure 2. The new dash symbol ' - ' for Au,(CO)* (n =1,
2 and 4) stands for the structures where CO bonds on a terminal
gold atom.

D. Dependence of CO stretching frequencies on the adsorption
sites

In Figure 4, the frequencies of all terminal-bonded COs are
higher than that of a free CO. This blue shift has been observed in
various cationic gold carbonyls, such as Au,(CO)n* in the gas phase
and Au®* on oxide surfaces.* * 4% 7% 72 The & orbital of CO has
partially anti-bonding characters, and the polarization of this orbital
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toward cationic gold species leads to an enhancement of the C-O
bonding, and therefore the blue shift of the CO stretching frequency.
With increasing cluster size, the positive charge is diluted and the
pulling of CO o orbital by gold sites decreases, making the blue shift
decreases. For various isomers of Au,(CO)* (n = 4-8), there is an
unapparent trend that the CO frequency decreases with increasing
coordination number of the adsorption site, and this trend nearly
disappears for Aug 10(CO)*. Generally, bridge-bonded COs have lower
frequencies than those of terminal-bond ones.! In Figure 4, the
frequencies of bridge-bonded COs expand from lower than 1900
cm? to around 2100 cm™. These values seem independent on the
cluster sizes, while strongly dependent on the structural details of
the bridge sites. For example, the CO bridging on the planar
structures in Au4(CO)*-6, Aus(CO)*-5, Aug(CO)*-19, Au7(CO)*-14,
Aug(CO)*-47, Aug(CO)*-31, Aus(CO)*-32 or Auip(CO)*-82 has
frequencies around 2050 cm™; the CO bridging on a terminal gold
atom and another one belonging to any other type, like that in
Auy(CO)*-2, Au3(CO)*-2, Aus(CO)*-5, Aug(CO)*-20 or Auo(CO)*-85 has
frequencies around 1950 cm™; the CO bridging on three
dimensional sites of gold has frequencies around 1900 cm, like
those in Au(CO)*-80, 81 and 83. The diluting of positive charges
along with increasing cluster size does not have significant effects
on the frequencies of these bridge-bonded COs.

Usually, the stretching frequencies of adsorbed COs are closely
related to the electron donation to and back-donation from metal
moieties. We analyzed the frontier molecular orbitals in three
representative structures Auio(CO)*-80, 82 and 1, which have a
bridge CO on 3D sites (Figure 5a), a bridge CO on 2D sites (Figure 5b)
and a terminal-bonded CO on a 2D-ll site (Figure 5c), respectively.
The HOMO orbitals in Figure 5a and 5b indicate electron back
donation from the gold moieties to the n* of CO, and therefore lead
to red-shifts of the CO stretching frequency. Qualitatively, the back
donation in the structure of Figure 5a is more significant than that
of Figure 5b, which leads to the lowest vibration frequency of CO
bridging on 3D sites. The HOMO in Figure 5c comes mainly from
gold moiety and no back donation exists in this case. The HOMO-1
in Figure 5c correspond to polarization of the o orbital of CO
(partially anti-bonding) toward the gold, causing the apparent blue-
shift relative to that of a free CO.

Conclusions

We systematically searched the low lying structures of Aun(CO)*
(n = 1-10) using Atomic Global Minimum Locator and DFT
calculations. Using the large amount of structures as model systems,
we summarized some general regularities on CO adsorption and
stretching frequencies on various coordination sites of gold species.
Firstly, the preference of CO staying on the lowest coordination sites
decreases with increasing cluster size. For the compact 3D gold
frames of Aug*, Aus*, and Auyg*, the structures with CO on different
coordination sites have nearly degenerated energies. The
frequencies of terminal-bonded COs decrease with increasing
cluster sizes and diluting of positive charge. There is a very weak
dependence of these CO frequencies on the structural details.
Those of bridge-bonded COs, on the contrary, are mainly
determined by the structures of their two bridging sites. Those
bridging on 3D gold sites have apparently lower frequencies than
those on 2D or dangling gold atoms. The weak preference of CO on
certain coordination sites and the variation trend of CO stretching
frequencies were well rationalized using the intrinsic fluxionality of
gold and the electron transfer mechanism, respectively. Usually, the
structural details of real catalysts are diversiform and unknown. The
above regularities from large amount of various gold structures
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should be applicable for understanding adsorption of COs on
cationic gold sites in real catalysts.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant No. 21103226 and 21273278), the
Fundamental Research Funds for the Central Universities, and
Science & Technology Commission of Shanghai Municipality
(14DZ2261100). The calculations were carried out on the
Deepcomp7000 of Supercomputing Center, Computer Network
Information Center of Chinese Academy of Sciences, and the
computing server in Department of Chemistry, Tongji University.

Figure Captions

Figure 1

The theoretical low lying structures of Au,(CO)* (n=1-5). Their
electronic states and geometries are indicated. The numbers inside
and outside of the parentheses indicate the relative energies from
level | and level Il, respectively. Level |: B3LYP method with lanl2dz
basis set for Au and 6-31G(d) basis sets for C and O. Level IIl: B3LYP
method with Aug-cc-PVTZ-PP basis set for Au and Aug-cc-PVTZ basis
sets for Cand O.

Figure 2

The theoretical low lying structures of Au,(CO)* (n=6-10). The
structures were optimized at level | and their relative energies were
recalculated at level Il. All the structures are classified according to
the geometries of CO adsorption sites. The classification and the
nomenclature are shown in (a). The results of Au,(CO)* (n=6-10) are
shown in (b)-(f), respectively. In each panel of (b)-(f), the horizontal
axis stands for different types of adsorption sites and the vertical
axis stands for the relative energy. The three lowest structures for
each type of adsorption site (if there are) are displayed. The
structures of each size are sequenced and numbered according to
their relative energies at level I, which were included in supporting
materials Figure S1-S5.

Figure 3

The representative structures of Aun(CO)* (n=8-10), in which the
gold moieties are compact three dimensional with CO on various
adsorption sites. Their electronic states and geometries are
indicated. The numbers inside and outside of the parentheses
indicate their energies relative to the global minimum from level |
and level I, respectively. The series numbers for these structures
come from supporting materials Figure S3-S5.

Figure 4

The stretching frequencies of CO in low lying structures of Au,(CO)*
(n=1-10) (at level I). The classification and the nomenclature of
these structure are same as that in Figure 2(a). The dash symbol '-'
indicates CO on a terminal gold atom. The horizontal dashed line
indicates the stretching frequency of a free CO molecule. The
structures with a bridge-bonded CO are displayed and their series
numbers come from supporting material Figure S1-S5.

Figure 5

The frontier molecular orbitals (at level I) of three representative
structures of Auio(CO)*, which have a bridge-bonded CO on two 3D
sites (a), a bridge-bonded CO on two 2D sites (b) and a terminal-

4| J. Name., 2012, 00, 1-3

bonded CO on the lowest coordination site (c), respectively.

Table 1
Theoretical frequencies of the low lying structures of Au,(CO)* (n=1-
5) in Figure 1. Level I: B3LYP method with lanl2dz basis set for Au
and 6-31G(d) basis sets for C and O. Level Il: B3LYP method with
Aug-cc-PVTZ-PP basis set for Au and Aug-cc-PVTZ basis sets for C
and O.

Structures CO stretching frequencies (cm™)

Level | Level Il

Au(CO)* 2237 2234
Au,(CO)* 2215 2206
1918 1935

Aus(CO)* 1 2198 2189
2 1994 2000

Aus(CO)* 1 2186 2173
2 2188 2174

3 2193 2181

4 2190 2179

5 1948 2000

6 2025 2019

Aus(CO)* 1 2183 2169
2 2183 2170

3 2171 2160

4 2188 2176

5 2018 2010
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Adsorption of CO on cationic gold clusters is insensitive to the structural

details of the adsorption site.
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