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Abstract: Investigations on the reactivity of atomic clusters
have led to the identification of the elementary steps involved in
catalytic CO oxidation, a prototypical reaction in heteroge-
neous catalysis. The atomic oxygen species O~ and O°~
bonded to early-transition-metal oxide clusters have been
shown to oxidize CO. This study reports that when an Au,
dimer is incorporated within the cluster, the molecular oxygen
species O~ bonded to vanadium can be activated to oxidize
CO under thermal collision conditions. The gold dimer was
doped into Au,VO,~ cluster ions which then reacted with CO in
an ion-trap reactor to produce Au,VO; and then Au,VO, .
The dynamic nature of gold in terms of electron storage and
release promotes CO oxidation and O—O bond reduction. The
oxidation of CO by atomic clusters in this study parallels
similar behavior reported for the oxidation of CO by supported
gold catalysts.

Oxide-supported gold catalysts have attracted significant
interest after the discovery of their extraordinary activity for
catalytic CO oxidation at low temperature.'* The mecha-
nistic details proposed in several reports regarding the nature
of active sites, the catalytic role of gold, as well as the oxide
supports are often controversial.>®! An important topic in the
mechanistic study is the activation of molecular oxygen and
the catalytically active oxygen species that are present under
the working conditions of gold catalysis.**” Superoxide
radicals (O,7), peroxides (O,*”), atomic oxygen radicals
(O"), and lattice oxygen (O?") are four typical oxygen species
(OS) involved in the O, activation and dissociation processes:
0,—0,”—0,"" =20~ —20* B It has been proposed that
the OS are usually supplied by the oxide supports in gold
catalysis.>**!1% The reactions of CO with various OS can be
characterized by Raman, infrared, and electron spin reso-
nance spectroscopic methods in condensed-phase studies.
However, these techniques would not be suitable to follow the
elementary reactions proposed in Equations (1)—(4).
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Gas-phase studies of CO oxidation by atomic clusters
under well controlled and reproducible conditions using state-
of-the-art mass spectrometry (MS) and quantum chemistry
calculations provide an alternative approach to understand-
ing the elementary reactions (1)-(4) at the molecular level
(ML).!"! To investigate the ML mechanism of CO oxidation
on oxide-supported gold (Au/MO,), it is important to study
not only the gold clusters (Au,”)!" "l and the homonuclear
oxide clusters (M,O,; where, for example, M = Ti, V)" *I but
also the gold-containing heteronuclear oxide clusters
(AuM,0.%)."" Cluster studies have identified that reac-
tion (3) can take place on many -early-transition-metal
(ETM) oxide clusters, such as (TiO,),0~, (ZrO,),*, and
V,0,", under thermal collision conditions.®) So far, no
convincing evidence for reactions (1), (2), and (4) on homo-
nuclear ETM oxide clusters has been reported.*! By
studying ETM clusters AuTiO,” doped with a single
Au atom we have recently identified that reaction (4) is
promoted by the gold monomer.*! This study reports that
the cluster Au,VO, ", doped with a gold dimer, can activate
the peroxide species O,>~ bonded to the ETM to oxidize
CO molecules [Eq. (2)] under thermal collision conditions.

The Au,V'®O, cluster ions (x =3 and 4) were generated
by laser ablation, mass-selected, thermalized, and then
reacted with C'°O in an ion-trap reactor.” The interactions
of Au,VO,  with N, generate the weak collision-induced
dissociation (CID) product VO,  (Figure 1al), suggesting
that an Au, unit is only weakly bonded in the cluster. Upon
the interaction of Au,VO,” with CO, products Au,VO;™ and
Au, VO, were produced (Figure 1a2). Most of the Au,VO;~
product ions could convert into Au,VO, at high CO pressure
(Figure 1a3). Using the compound Au,VO;~ as the cluster
source in reaction with CO, Au,VO,” was formed (Figur-
es 1b2 and 1b3). The products Au,VO;~ in Figure 1a2 and
Au,VO, in Figure 1b2 were not generated in the cluster
interactions with N, (Figures 1al and 1b1), which indicates
that these products are due to the chemical reactions shown in
Equations (5) and (6) rather than the CID processes:

Au,VO,” + CO — Au,VO;~ + CO, ®)

AwVO,~ + CO — Au,VO,” + CO, (6)
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Figure 1. Time-of-flight mass spectra for the reactions of mass-selected
a) Au,V'®0,” and b) Au,V'®0;~ with gases C'°O (a2, a3, b2, and b3)
and N, (al and b1) under different reactant gas pressures. The
numbers above the mass spectral signals denote the numbers of
atoms of Au, V, and O (x,y,2) in the compounds Au,V,'*0,”. The
reaction time is 0.94 ms. Two signals marked with A and & can be
assigned to V'30,'°0 ~ and V'®0™0, ", respectively.

In addition to the Au,VO;™ and Au,VO,  products, the
VO;  cluster was also generated from the reaction of
Au,VO,” with CO (Figures 1a2 and 1a3). *O/'°O exchange
between V*0,~ and C'®O as well as other minor reaction
channels are described in the Supporting Information.

The pseudo-first-order rate constants (k;) for the reac-
tions of Au,VO, and Au,VO; with CO were estimated on
the basis of a least-square fitting procedure (Figures S7
and S8).1"*I Reactions (5) and (6) have rate constants of (9 +
3)x 107" and (10 £3) x 10" cm*molecule 's™!, which corre-
spond to reaction efficiencies (¢ =k,/kapo, in which k,pq is
the collision rate constant computed on the basis of the
average dipole orientation theory)!'® of (13 44) % and (14 +
4) %, respectively. The Au,VO;~ cluster may be slightly more
reactive than Au,VO, .

Density functional theory (DFT) calculations indicated
that the lowest-lying isomer of Au,VO,  (Figure 2a and
Figure S11) is a closed-shell species with one gold dimer, two
O* ions, and a peroxide unit (O,>"). The Au, dimer is bonded
to an O”~ ion in the cluster. The negatively charged gold atom
(Aul with a charge of —0.364 e¢) in Au,VO,~ can capture CO
with a binding energy of 0.84 eV (Figure 2 a, intermediate I1).
The Au, dimer can deliver CO for oxidation by O*~ (I1—12—
13) or by O, (I1—12—1I3). Oxidation by O*" (TS2=
—0.14 eV) is slightly more favorable than oxidation by O,*
(TS2'=—-0.06 eV). Reaction intermediate I3 rearranges into
14 with a small barrier (0.19eV) and then the O,” unit
cleaves into two separate O*~ ions (14 —I5). The CO, can be
easily lost from IS5 or I3'. The experimental observation of
reaction (5) in Figure 1a2 is thus well supported by the DFT
calculations, with the reaction calculated to be highly
exothermic (AH,=-2.60¢V, Figure2a) and all of the
transition states (TSs) lower in energy than the separate
reactants (Au,VO,~ + CO). It is noteworthy that the Au,VO;~
cluster formed in reaction (5) can have enough energy
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Figure 2. DFT-calculated potential energy profile for CO oxidation by
a) Au,VO,™ and b) Au,VO;™. The numbers given are the zero-point
vibration corrected energies (eV) of the reaction intermediates (11-19),
transition states (TS1-TS7), and products, with respect to the sepa-
rated reactants. The structures of TST-TS7 can be found in the
Supporting Information. Product nomenclature: Au,V,0,~ (denoted
2,1,4); Au,V,05” (2,1,3); V;05™ (0,1,3); and Au,V;0,™ (2,1,2).

(2.60 eV) to dissociate Au, from VO;~ (Au,VO;"—=VO; +
Au,, AH;=2.09 eV). This result explains the generation of
VO;™ in Figure 1a2.

The mechanism of CO oxidation by Au,VO;~ (Figure 2b)
is similar to that by Au,VO, . Although the oxidation of CO
by Au,VO; is less exothermic than by Au,VO, (AH,=
—1.15eV versus —2.60 ¢V), the former is kinetically more
favorable as can be seen from the critical TS energies
(AH\(TS6)=—-0.36 eV versus AH,(TS2)=—-0.14eV). This
calculation is consistent with the experimental result that
reaction (6) is faster than reaction (5). As in Au,VO,~, the
gold dimer in Au,VO; is bonded to one O atom, while the
Au—Au bond is cleaved and two Au—V bonds are formed
during the late stage (I8 —19) of reaction (6).

The oxidation of CO by atomic clusters has been
extensively studied'™ and the investigations on the oxide
clusters of ETMs as well as main-group metals all emphasized
the importance of the O~ radicals (reaction (3)). For exam-
ple, the clusters containing O, specifically (MO,), 0~ (M =
Ti, Zr, Ce),2 vO, 1 YAI0;*,! VAIO, ™ and many
others,"!! can react with CO through the O~ radical centers.
In contrast, their oxygen-rich counterparts containing O, ,
0%, and possibly O,> species did not undergo reaction with
CO in the reported experiments. Recent MS and DFT studies
have identified that when the clusters had single Au atoms,
CO oxidation by O*" (reaction (4)) on closed-shell clusters
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such as AuTi;O,; can be driven by conversion of the Au—O
bonds into gold-metal bonds (such as Au-Ti).'" Tt is
noteworthy that in our experiments several vanadium oxide
cluster anions doped with a single gold atom, such as AuVO;~
and AuV,;0q,~ (Figures S3-S5), could also react with CO to
generate products in which one oxygen atom has been lost,
although this study focused on the gold dimer system. The
DFT study indicated that the conversion of one Au,—O bond
into two Au—V bonds could also drive the oxidation of CO by
O* in the closed-shell species Au,VO;~ (Figure 2b). How-
ever, VO; and VO, clusters without gold do not oxidize CO
(see the Supporting Information for more discussion).

The presence of a single gold atom (within the cluster) can
promote the oxidation of CO by atomic OS on ETM oxide
clusters. This result contrasts with previous cluster studies
which indicated that it is difficult to activate molecular OS
such as O,”" towards CO oxidation. For example, the O,>~
unit in the AuTi;O4™ cluster remains in the product cluster
upon the oxidation of the first CO molecule (AuTi;O5 +
CO—AuTi;0; + CO,) and the resulting AuTi;O, is inert
towards CO.' In sharp contrast, cluster Au,VO,~ doped
with an Au, dimer and having an O, species can oxidize two
CO molecules consecutively. The O, species can oxidize CO
directly (I2—I3’ in Figure 2a) or indirectly by activation
through cleavage into two atomic OS O* (14—15, followed
by reaction (6) in Figure 2b). The DFT calculations predicted
that the indirect process is more favorable.

The nature of gold bonding in the Au, dimer reaction
system (Figure?2) is very dynamic. To deliver CO for
oxidation by the O*" species on the cluster support, the V—
O—Au2—Aul bond in Au,VO, is changed to V-O—Aul—Au2
in Au,VO; . Upon oxidation of two CO molecules, the
polarity of the gold oxidation state switches twice (anionic—
cationic—anionic) and three times (cationic—anionic—
cationic—anionic) for the Aul and Au2 atoms, respectively
(Figure 3). The Au—Au bond can be strongly polarized
(Au®"—Au’") in systems such as Au,VO,” and Au,VO;~
clusters. However, in the cases of intermediates I1 and I6,
the polarization of the Au—Au bond is relatively small.
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Figure 3. DFT-calculated natural charges on the gold atoms in the
reaction intermediates (11-19; structures shown in Figure 2) and
compounds Au,V,0,~ (denoted 2,1,4), Au,V,0;~ (2,1,3), and Au,V,0,~
(2,1,2).
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The dynamic nature of gold bonding?®” in terms of
electron storage and release promotes adsorption and oxida-
tion of CO as well as reduction of the O,” species. During the
CO adsorption (2,1,4—11 or 2,1,3—16 in Figure 3), significant
negative charge (> 0.1 e) is transferred from the Au’~ atom to
the neighboring Au’" atom and the VO, support. The
Au, dimer in the Au,VO, reaction system stores a large
negative charge (0.44 e) during the first CO oxidation (I1—
12—13—14). Additionally, the Au,~O bond is converted into
the Au,~V bond which is reductive enough to cleave
a peroxide O—O bond (I4—I5) and then oxidation of
a second CO is possible. In contrast, the Au;-Ti bond in the
previously studied AuTi;O3CO™ complex is unable to activate
the O,> species.!'*¥ It can be concluded that incorporation of
a gold dimer in the cluster is superior to the incorporation of
a gold monomer in the activation of molecular OS.

For comparison with the gas-phase results reported
herein, two well-established condensed-phase mechanisms®*
for the oxidation of CO on bulk-oxide-supported gold
nanoparticles (NPs) are depicted in Figure 4. Upon consid-
eration of the data, it is clear that the gas-phase and
condensed-phase mechanisms parallel each other quite well.
The condensed-phase studies have proposed that bulk-oxide-
supported Au NPs (where TiO, is the bulk oxide) accumulate
CO and activate the surface lattice oxygen (O*") close to the
Au NPs in the CO oxidation reaction (Figure 4a). The highly
stable O~ species at the perimeter of the Au-TiO, interface
are removed by reaction with CO through the Au-assisted
Mars van Krevelen mechanism and the resulting vacancies
can subsequently be replenished by molecular oxygen.! This
mechanism parallels that shown in Figure 4c¢ based on the
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Figure 4. A comparison of the mechanisms of CO oxidation from
previous studies of bulk-oxide-supported gold nanoparticles (a, b) and
results on oxide-cluster-supported gold dimers (c, d) reported herein.
Panels (a) and (b) are adapted from Refs. [3] and [4], respectively.
Panels (c) and (d) are derived from Figure 2a.
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results obtained herein for the gas-phase study. In this case,
the gold dimer captures and then delivers CO for oxidation by
the O®" species on the cluster support and the molecular OS
0,>" then dissociates to supply additional O*~ for further CO
oxidation. Moreover, Raman spectroscopy measurements
have indicated that the bulk-oxide support (CeO,) can
participate directly in CO oxidation by supplying molecular
OS (superoxides and peroxides) at the perimeter of the gold—
oxide interface (Figure 4b).") This mechanism then parallels
that depicted in Figure 4d: the peroxide species O,>~ can
react directly with CO trapped by the gold dimer. This cluster
study (Figure 2a) suggests that the direct participation of
molecular OS in CO oxidation (Figure 4b,d) can be slightly
less favorable than the indirect mechanism (Figure 4a,c).
Additionally, this work reveals that the dynamic nature of
gold bonding is important for both CO oxidation and O—O
reduction.

In conclusion, the consecutive oxidation of two CO
molecules by an atomic cluster (Au,VO,”) with a closed-
shell electronic structure has been demonstrated for the first
time. The nature of gold bonding in the Au,-doped oxide
cluster is very dynamic, which promotes both oxidation of CO
and reduction of the peroxide species O,*". The oxide cluster
containing a gold dimer is found to be superior to that
containing a single gold atom in the activation of molecular
oxygen species bonded to the ETM center. The mechanism of
CO oxidation by the Au,-doped oxide cluster Au,VO,”
corresponds well to the behavior of related condensed-
phase systems. These results provide new insight into the
elementary reactions governing the behavior of gold in oxide-
supported gold catalysts for catalytic CO oxidation.

Experimental Section

The Au,VO;™ and Au,VO, clusters were generated by laser ablation
of an Au/V mixed metal disk (mole ratio Au:V=1:1) in the presence
of 0.5% O, in He carrier gas (8 atm). The clusters of interest were
selected by mass using a quadrupole mass filter (QMF). To separate
A, VO, from AuV;0, 4 and increase the ion transmittance of the
QMF, "0, was used as the oxygen source to generate the clusters
(Figure S1). The mass-selected cluster ions entered into a linear ion-
trap reactor where they were thermalized by collisions with a pulse of
He gas for about 1.0 ms, followed by interactions with a pulse of C'°O
for a period of time. A reflectron time-of-flight mass spectrometer
was used to detect the cluster ions.™ The details of the DFT
calculations are given in the Supporting Information.
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