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ABSTRACT: CO chemisorption onto the Au,  cluster is investigated
using photoelectron spectroscopy (PES) and ab initio calculations. It is
found that CO binding can induce previously unreported 2D—3D—2D
structural changes. The gold motif in the most stable structure of COAu, ™ is
an intermediate between the two known stable 2D isomers of Au, . Two
minor isomers are observed in the PES of (CO),Au, ; one is due to an
unprecedented 3D Au;  species with C; symmetry. This 3D C; Au; motif
becomes a major isomer in (CO);Au; . The most stable isomers of
COAu; and (CO),Au; are planar with identical Au, motifs; the stable
planar isomers of (CO);Au; include not only the global-minimum
structure of Au, but also a planar hexagonal Au, motif. The PES spectrum
of (CO),Au, is markedly different, and its most stable structure consists of
the global-minimum structure of Au, , three terminal CO, and one
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bridging CO.
SECTION: Dynamics, Clusters, Excited States

ince the discovery of high catalytic activities for CO oxidation

by gold nanoparticles," > a growing list of important reactions
has been found to be catalyzed by gold nanoparticles, such as
epoxidation,“’5 hydrogenation/ reduction,6 C—C bond formation,’
and water—gas shift.” Extensive research has been devoted to the
CO oxidation reaction.”'® Many factors have been reported to
influence the rate of CO oxidation, including cluster size,' 12
shape, and oxidation/charge state,"~ "> as well as support and
methods for preparation of gold nanoparticles.>'®”'® Numerous
models have been proposed, but the exact mechanisms of CO
oxidation are still under debate.*''** Many studies have been
focused on CO or O, binding to structurally well-defined gold
clusters. For example, small-sized gold clusters in anionic,”°
neutral,”’ and cationic®® states show good CO binding ability.
Corner or apex atoms are found to be the preferred sites for the CO
binding,29 for example, on Aug, Au;g, and Au20.36740 In general,
gold clusters are capable of binding more than one CO molecules.
The binding efficiency can be altered, depending on the flexibility
of the geometry.

Previous studies have shown that the gold clusters are usually
robust against adsorption of a single CO molecule without major
structural transformation,”******* although adsorption of multi-
ple COs on gold clusters has been observed to induce significant
structural changes.25’37’38 For example, Aus~ can maintain its
triangular structure even when it binds up to three CO molecules.*

v ACS Publications ©2011 american chemical Society

To our knowledge, there have been few instances where a coinage
metal cluster exhibits a significant structural change while binding to
a specific ligand. For Aug , for example, we showed in previous
studies that chemisorption of at least four CO molecules was
required to induce a major structural change.”” For Ags", Manard
et al. have shown that at least three C,H, molecules are required to
induce a major structural change.*"*” In this Letter, we show
experimental and theoretical evidence that the anionic gold hepta-
mer Au, is an unusually flexible cluster; upon binding with 1—4
CO molecules, isomers of the cluster can exhibit 2D to 3D and then
back to 2D transitions.

The PES experiments were carried out using a magnetic-
bottle-type apparatus equipped with a laser vaporization super-
sonic cluster source.* Briefly, the (CO),Au;  (n = 1—4) cluster
anions were generated using laser vaporization of a pure gold
target in the presence of a He carrier gas seeded with 2% CO.
(CO),Au,,  clusters were analyzed using a time-of-flight mass
spectrometer. The (CO),Au; (n = 1—4) clusters of interest
were each mass selected and decelerated before being photo-
detached by a 193 nm (6.424 eV) laser beam. Photoelectrons
were collected at nearly 100% efficiency by the magnetic bottle
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and analyzed in a 3.5 m long electron flight tube. The photo-
electron spectra were calibrated using the known spectra of Au™
and Ru", and the energy resolution of the apparatus was AE,/E.
~ 2.5%, that is, 25 meV for 1 eV electrons.

In the theoretical study, we used the basin-hopping (BH)
global search method* *® coupled with density functional
theory (DFT) to search for low-lying isomers of (CO),Au;
(n = 1—4). Generalized gradient approximation (GGA) in the
Perdew—Burke—Ernzerhof (PBE) functional form was used for
the DFT optimization. Multiple structures were used as the initial
input for the BH search. After a few hundred BH steps, the
program generated a consistent set of a few tens of low-energy
isomers for each species. Between 6 and 12 low-lying isomers
(typically within 0.3—0.7 eV from the lowest-energy isomer)
were used to compute the photoelectron spectra. Next, all low-
lying structures were reoptimized at the PBEQ/ CRENBL level of
theory implemented in the NWChem 5.1.1 package,*” followed
by single-point energy calculations at the PBE0/CRENBL level
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Figure 1. Optimized structures of low-lying isomers of Au; [i],
COAu;  [ii], (CO),Au, [iii], (CO);Au; [iv], and (CO),Au,  [v].
The color bars correspond to those used in the computed spectra in
Figure 2 and theoretical VDEs in Table 1.

of theory with the inclusion of the spin—orbit (SO) effects for
computing the PES spectra. We have recently shown that
inclusion of the SO effects can yield nearly quantitative agree-
ment between the experimental and computed PES spectra.” >
The first vertical detachment energy (VDE) of an anionic isomer
was calculated as the difference between the energy of the neutral
and anionic species of each isomer at the corresponding anion
geometry. The binding energies of the deeper occupied orbitals
of the anion were then added to the first VDE to approximate
higher binding energy features. Each computed VDE was fitted
with a Gaussian of 0.035 eV width to yield the computed PES
spectra. Evidently, the first VDE generated the X peak in the
computed spectra shown in Figure 2, and thereafter, the second,
third, and fourth VDEs gave rise to A, B, and C peaks,
respectively. For several species [(CO),Au; , (CO)3;Au; , and
(CO)4Au, ], the computed PES spectra of two or more isomers
were needed to interpret the experimental data. In these cases,
the peaks generated by the minor isomers were labeled as X/, A/,
B/, X", A”, and so forth. Lastly, to examine the relative stability of
different isomers, a meta-GGA functional (M06)>*** was used
with a large basis set (cc-pVTZ-pp).*>*° It has been recently
shown that the M06 functional is very accurate 1n predicting the
relative stability of small-sized gold clusters.>>>* To confirm the
MOG results, the relative stability between the 2D and 3D isomers
of (CO),Au; (n = 1—4) were also examined at the ab initio
coupled cluster level of theory. Indeed, as shown in Table S1
(Supporting Information), the relative stabilities predicted based
on the MO06 calculations are in very good agreement with those
based on the coupled cluster level of theory.

The Au; cluster has been recently shown to exist as a mixture of
two stable isomers in the cluster beam.* Both isomers (a) and (b)
(Figure 1i) have C,, symmetry. The experimental and computed
PES spectra of isomers (a) and (b) are shown in Figure 2i and ii,
respectively, for comparisons. The first peak (X) and the third peak

Table 1. Values of the First VDEs Which Correspond to Peaks Marked in the Experimental and Computed Photoelectron Spectra

(Figure 2)°
Exp® Theory
Peaks VDE (eV) VDE (eV)
) X 3.46+0.02° 3.230
Auy 4 4.45+0.03° 4229
by 3.92+0.03° 3.588
) X 332 3.169
COAu; 4 450 4246
B 4.68 4.419
X 3.08 3.000 3.009

4 411 3.927
(COxAu; B 449 4283
X 338 3.306
A' 3.62 3.575

X 272 265267201
4 3.85 3.810
(CO)sAuy B 454 4.403
X 3.08 3.065
4 3.52 3.454
X 2.70 2723
(CO)sAu; A 4.30 4.235
B 458 4.508
A 3.99 3.929

“ Experimental uncertainties are £0.05 €V, if not specified.  From ref 49. * The theoretical VDEs are color coded (see color bars in Figure 1) to

differentiate isomers.
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Figure 2. Experimental photoelectron spectra (left panel) and computed photoelectron spectra (right panel) for isomers of Au, ™ [i, ii], COAu, " [ii,
iv], (CO),Au;  [v,vi], (CO)3Au;  [vii, viii], and (CO),Au;  [ix, x]. The color codes in the theoretical PES correspond to those used in the color bars

shown in Figure 1 and the theoretical VDEs in Table 1.

(A) in the low-binding-energy region (3.0—4.5 eV) of the experi-
mental spectrum are from the more stable isomer (a); the second
peak (X') represents the first VDE of the minor isomer (b). VDEs
of these peaks are given in Table 1.

Upon chemisorption of a single CO, the experimental spectrum
of COAu,  becomes somewhat simpler (Figure 2iii), suggesting
there is only one major isomer present in the cluster beam. The
peak X (experimental VDE: 3.32 eV) of COAu,  is slightly red-
shifted relative to that of Au, . Following a large energy gap, the
next two peaks (A and B) are closely spaced at binding energies of
~4.6 V. The minor feature X’ present in the spectrum of Au,
disappears in the experimental spectrum of COAu; . All of these
observations suggest that the structure of the COAu;  cluster may
be significantly different from that of the parent Au, .

Upon binding with two CO molecules, the major peaks (X, A, B)
in the spectrum of (CO),Au, (Figure 2v) are red-shifted appre-
ciably compared to those of COAu, . Moreover, the gap between
peaks A and B becomes larger in the spectrum of (CO),Au;  than
in that of COAu, . Several minor features (X", X', and A’) arise as
well, which suggest the presence of minor isomers. Upon adsorption
of three CO molecules, the VDE of the peak X in the spectrum of
(CO)3Au, is further red-shifted (Figure 2vii). The PES spectrum
of (CO);Au, is quite different from that of (CO),Au, . Notice-
ably, the minor X’ and A’ features observed in the latter become
stronger in the (CO);Au;  spectrum, resulting in four nearly
equally spaced features. This implies the occurrence of two isomers
with comparable stabilities. The PES spectrum of (CO),Au;
(Figure 2ix) looks also very different from that of (CO);Au; . A
wide gap separates the first and second major peaks in the spectrum
of (CO),Au; , suggesting that the minor isomer of (CO);Au, ",

Scheme 1. Interchange of the Two Major Isomers of Au,
(a) and (b), Ilustrated to Proceed via an Intermediate
Structure (iv)”
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“ Structures (i), (ii), (iii), (v), and (vi) represent incrementally changed
geometries along a transformation pathway. The first CO is adsorbed at
the top obtuse corner site of (iv).

responsible for the X' and A’ peaks, may no longer exist upon
binding to the fourth CO. Moreover, the fourth CO does not induce
a red shift in the first VDE or the X peak in the spectrum of
(CO)4Au; relative to that in (CO);Au; .

Table 1 compares the experimental and theoretical first VDEs
for all of the major and minor isomers along with the second or
third VDE in some cases. For COAu; , the predicted global
minimum (Figure 1ii) can reproduce all of the main experimental
features (X, A, B, C, D) (see Figure 2iii and iv), providing
considerable credence for the identified structure for this
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chemisorbed cluster. Furthermore, the computed spectra of
several other low-lying isomers of COAu;,  are given in Figure
S1 (Supporting Information). These low-lying isomers can be
ruled out because of the poor agreement between the computed
spectra and the experimental data or due to their relative high
energies (Table S1, Supporting Information). Interestingly, the
Au; motifin the structure of COAu, ™ is totally different from the
two known isomers of Au;” [(a) or (b) in Figure 1i]. Thus, the
first CO chemisorption induces a major structural change to the
Au; substrate in COAu, (Figure lii). We have identified
pathways for the interconversion between the two structures of
Au;” (a) and (b) and the Au, moiety in COAu; (Scheme 1).
The intermediate (iv) in Scheme 1, which is the structure of Au,
in COAu, ", can be reached from either (a) or (b).

The computed spectra of low-lying isomers of (CO),Au;  are
given in Figure S2 (Supporting Information). Isomer (a) in
Figure liii reproduces the three main features (X, A, and B) of the
experimental spectrum. Hence, it is considered as the major
isomer in the cluster beam. A minor feature X", namely, the long
tail to the left of the peak X in the experimental spectrum
(Figure 2v) is attributed to the third most stable isomer [(c) in
Figure 1iii]. The Au, motif of both isomers (a) and (c) in
(CO),Au, is the same as that in COAu, ; the two CO
molecules bind to the corner sites of the planar Au,, substrate.”~>¢
However, we find that none of the planar isomers of COAu,  can
reproduce the minor features between peaks X and A in the
experimental spectrum. Rather, a 3D isomer with C; symmetry
[(b) in Figure liii] is identified, whose computed spectrum nicely
reproduces the observed minor features X’ and A’. The energy of
the 3D isomer at the SO-PBEO/CRENBL level is slightly higher
(0.074 eV) than isomer (a). At the M06/cc-pVTZ-pp level of
theory, the 3D C, isomer (b) is 0.068 eV lower in energy,
compared to the lowest-energy 2D isomer. The CCSD(T)
calculation further confirms the higher stability of the 3D isomer
(b), which is 0.14 eV lower in energy than the most stable 2D
isomer (a) (Table S1, Supporting Information). We thus con-
clude that all three isomers (a)—(c) are likely coexisting in the
cluster beam. The observation of the 3D isomer (b) suggests a
2D to 3D structural transition upon chemisorption on Au; by
two CO molecules.

The experimental spectrum of (CO)3Au; ™ is very different
from that of (CO),Au; , indicating emergence of isomers with
new structures upon binding with the third CO on Au, . Indeed,
the isomers (2), (b), and (c) of (CO)3Au;  [Figure liv] possess
different 2D structures compared to that of COAu, or
(CO),Au, . Isomer (a) and (b) have identical Au, skeletons
as the global minimum of the parent Au,  [Figure 1i, isomer
(a)]. Surprisingly, not all three corner sites are bonded with CO
ligands in isomers (a) and (b). Instead, a bridge CO is observed
in both isomers. To our knowledge, that a bridged site is
preferred over a sharp corner site by a ligand has not been
reported in gold clusters, even though CO is largely known to
prefer the corner (apex) sites.”? 3% In the case of isomer (c), the
Au; substrate becomes a hexagon with one central Au. Two CO
molecules are bound adjacent to each other in the hexagon (the
ortho- and meta-positions), while the third CO is located on the
para-position. The fourth isomer (d) [with C, symmetry]
possesses a geometry very similar to the minor 3D isomer (b)
of (CO),Au; . Here, the third CO prefers to occupy a corner site
at the same layer that contains the first two CO. The computed
first VDEs of isomers (a), (b), and (c) are in good agreement
with the experimental X peak (Figure 2vii and viii; Table 1).

Isomers (a) and (b) also possess a large gap (>1.7 eV) between
the first and second VDE. Isomer (c) has a gap of ~1.1 eV, which
is in excellent agreement with the gap observed between the two
strong experimental peaks X and A (Figure 2vii). The computed
spectrum of the 3D isomer (d) reproduces nearly perfectly the X’
and A’ features observed in the experimental spectrum. Thus, all
the four isomers (a)—(d) must be coexisting, considering the
relative intensities of the X, X/, A, and A’ features. The relative
abundance of the three planar isomers (a)—(c) cannot be
determined because their most characteristic features (X) over-
lap with each other. However, isomer (d) can be viewed as one of
the dominant species as the relative intensities of X' and A’ are
close to those of X and A features. As shown in Table S1
(Supporting Information), at the M06/cc-pVTZ(pp) level, the
3D C, isomer (d) is about 0.09 eV lower in energy compared to
the lowest-lying 2D isomer, whereas at the CCSD(T) level, it is
about 0.2 eV lower in energy. We conclude that the 2D isomers
(a), (b), and (c) and the 3D isomer (d) of (CO);Au, are all
present in the cluster beam.

For (CO)4Au; ", the predicted global minimum [isomer (2) in
Figure 1v; see Table S1, Supporting Information] can reproduce
the main experimental peaks X, A, and B quite well. The Au,
motif of isomer (a) is the same as that of the major isomer of the
bare Au,  and isomer (a) and (b) of (CO);Au, . In addition,
the minor features, X' and A/, are found to be best described by
the second lowest-lying isomer [(b) in Figure 1v] (Figure $4,
Supporting Information), which comes from another contribut-
ing isomer (b) of (CO);Au; . We notice however that there is a
very weak peak at about 3 eV binding energy of the experimental
spectrum [Figure 2ix]. As shown in Figure S4 (Supporting
Information), it is possible that this very weak peak is due to a
3D isomer 3 whose Au; skeleton structure may be viewed as a
distortion from that of isomer (a). Nevertheless, even though this
3D isomer is present in the cluster beam, its population is
extremely small. Indeed, the MO06 level of theory shows that
the 2D isomers (a) and (b) of (CO)4Au;,  are the two lowest-
energy isomer (Table S1, Supporting Information). It is indeed a
surprise that the 3D isomer similar to isomer (d) of (CO);Au,
is absent in the population upon adding the fourth CO. One
possible explanation for this 3D to 2D transition is that upon
adding the fourth CO, the last vacant corner site of the planar
isomer (a) or (b) of (CO)3;Au, is now occupied. Hence, the
symmetry of the original bare Au, ™ cluster is now recovered due
to the full coverage of edge sites by CO molecules, which renders
this isomer energetically highly favorable.

In conclusion, our study reveals a number of previously
unreported features regarding ligand-binding-induced structural
transition in coinage metal clusters. (1) Even with chemisorption
of a single CO, a major structural change occurs in Au; . (2) The
apex sites in the parent Au; cluster are not always the most
preferred sites for the CO chemisorption. (3) A 3D isomer
emerges as a minor species in the case of (CO),Au; , and it
becomes one of the major species in the case of (CO);Au; .
Surprisingly, the 3D isomer nearly disappears in the case of
(CO)4Au, . This unique 2D—3D—2D structural transition
suggests that the Au,  cluster is extremely flexible and its
structures are strongly dependent on CO chemisorption and
coverage. Structural flexibility has been suggested to be impor-
tant during catalytic reactions. The Au;  cluster may be a unique
example to study structural flexibility in small 2D gold clusters
and how their structures can adapt to different reaction condi-
tions to enable catalytic reactions.
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