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ABSTRACT: Laser ablation generated Au,(TiO,),0,” (x =0,
1; y =2, 3; z =1, 2) oxide cluster anions have been mass-
selected using a quadrupole mass filter and reacted with CO in
a hexapole collision cell. The reactions have been characterized
by time-of-flight mass spectrometry and density functional
theory calculations. Gold—titanium bimetallic oxide clusters
Au(Ti0,),0,” are more reactive in CO oxidation than pure
titanium oxide clusters (TiOz)yOZ_. The computational studies
identify the dual roles that the gold atom plays in CO
oxidation: functioning as a CO trapper and electron acceptor.
Both factors are important for the high reactivity of
Au(Ti0,),0,” clusters. To the best of our knowledge, this is
the first example of CO oxidation by gold-containing
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heteronuclear oxide clusters, which provides molecular-level insights into the roles of gold in CO oxidation over oxide supports.

1. INTRODUCTION

The core of activity improvement of a particular catalyst is to
get a clear structure—property understanding and an
unambiguous identification of both the active sites and reaction
mechanisms that govern the reactions. Highly dispersed gold
exhibits extraordinary catalytic activity in CO oxidation at low
temperatures, which has motivated extensive research activity
since the breakthrough made by Haruta et al.' However, the
contributions in this area have not reached a consensus on the
nature of the active sites and reaction mechanisms. Some
proposals emphasized the importance of cationic,” anionic,>
zerovalent,* and low-coordinated gold centers.’ Alternatively,
some researchers attributed the activity to the perimeter sites
between gold and the oxide support,"® and convincing
evidence has pointed out the importance of the support as
anchoring sites.**’

Study of gas-phase metal oxide clusters under isolated,
controlled, and reproducible conditions is an important way to
uncover the mechanistic details in related condensed-phase
reactions.® The reactions of CO with Au,>* and Au,COyJ—’,Sw’10
(Ti0,),0” and (Zr0,),0” (y = 1-25),'' CeO%'"
COxOy,Ji3 FexO},O’J—’,lz'b’14 and many othersga"b"c"*j’lg were
extensively studied experimentally and theoretically. In general,
CO can be oxidized by the atomic oxygen radical anion
(07)1216 or CO can be first captured by the metal center and
then oxidized by a nonradical oxygen atom (0?7).'*'**78 In the
CO oxidation by a Au,0,” cluster,” %' cooperative
oxidation of two CO molecules was identified. CO oxidation
by a few heteronuclear metal oxide clusters has also been
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reported,’”” and the available examples are AIVO,*'7*

VCo00,,'"”" and YAIO,*'” In order to understand the nature
of oxide-supported gold in CO oxidation, it is important to
study gold-containing heteronuclear oxide clusters. The
reaction of CO with gold—titanium oxide cluster cations was
studied while only adsorption of CO was observed.'® Thus, the
important role that oxide-supported gold plays during the
course of CO oxidation has not been determined from the
viewpoint of cluster research. Furthermore, it is important to
point out that most of the reported clusters that can oxidize CO
are open-shell species and AuO™~ anion is the only exception,'*"
to the best of our knowledge.

In this study, we report the first example of CO oxidation by
closed-shell gold—titanium heteronuclear oxide cluster anions
in an effort to understand CO oxidation on Au/TiO,, which is a
typical type of catalyst for efficient CO oxidation at low
temperatures.19

2. METHODS

2.1. Experimental Methods. Details of the experimental setup
can be found in previous studies,'***° and only a brief outline of the
experiments is given below. The Aux(TiOZ)yOZ_ oxide cluster anions
were generated by laser ablation of an Au/Ti mixed metal disk (1:1
Au:Ti molar ratio) in the presence of O, (0.2%) seeded in a He carrier
gas (12 atm). The generated Aux(TiOZ)yOz_ oxide cluster anions were
mass-selected using a quadrupole mass filter and reacted with pure CO
or N, in a 80 mm long hexapole collision cell for about 40 ys with
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(TiOz)yOz_ clusters and for about 70 s with Au(TiOz)yOZ_ clusters.
Before the prepared gases (pure CO, N, and O,/He) were pulsed into
the vacuum system, it was useful to pass them through copper tube
coils at low temperature (~200 K, dry ice in ethanol) in order to
remove a trace amount of water from the gas handling system. The
intracluster vibrations were likely equilibrated to close to room
temperature before reacting with CO."***° The reactant and product
ions exiting from the reactor were detected by a reflection time-of-
flight mass spectrometer (TOF-MS).*%

2.2. Theoretical Methods. Density functional theory (DFT)
calculations with the hybrid B3LYP*' functional and the Gaussian 09>
program were performed to study the reaction mechanisms of
Au(Ti0,),0,” cluster anions with CO. A Fortran code based on a
genetic algorithm (GA)''® was used to generate initial guess structures
of Au(TiOz)yOz_ (y =2,3 and z = 1, 2) clusters. For each cluster, the
smaller LANL2DZ basis sets”> were adopted for all the atoms in the
GA calculations that produced more than 200 optimized structures,
among which more than 12 of the low-lying isomers were reoptimized
by employing SDD basis sets>* for Au and TZVP basis sets™ for other
atoms. This level of calculation has been tested to give reasonably
good results for Au- and Ag-containing heteronuclear oxide clusters.”®
In the reaction mechanism calculations, the relaxed potential energy
surface (PES) scan was used extensively to obtain good guess
structures for the intermediates and the transition states (TS) along
the reaction pathways. The TSs were optimized by usingg the Berny
algorithm.”” Intrinsic reaction coordinate calculations®® were also
performed so that each TS connects two appropriate local minima.
Vibrational frequency calculations were carried out to check that
reaction intermediates and TSs have zero and only one imaginary
frequency, respectively. The basis set superposition error (BSSE) was
calculated for the binding energies of a few CO—Au(TiOZ)yOz_
complexes employing the counterpoise method.”® The results
indicated that the BSSE is negligible. The zero-point vibration
corrected energies (AHg) without BSSE corrections are reported.

3. RESULTS

3.1. Experimental Results. The TOF mass spectra for the
interactions of laser ablation generated and mass-selected
Au(TiO,),0,” (x =0, 1; y = 2, 3; z = 1, 2) cluster anions with
CO are shown in Figure 1 and Figure S1 (Supporting
Information). The interaction of Ti;O,” with CO produces a
weak signal peak at the position of Ti;O4~ (Figure 1b), which is
consistent with our recent experiment that (TiOz)yO_ (y=3-
25) cluster anions can oxidize CO to generate (TiOz)y_ and
CO, in a fast flow reactor.''® In contrast, the AuTi,O,~ cluster
anions produce a strong signal peak at the position of
AuTi;O4~ (Figure le) upon the interaction with CO, which
indicates that one oxygen atom is transferred from AuTi;O,” to
CO and produces AuTi;O4~ and CO,.

AuTi,0,” + CO — AuT,O; + CO, 6))

With N, as the reactant gas, the signals of Ti;O4 and
AuTi;O4” are not observed within the experimental un-
certainties (Figure 1c,f), indicating that these species are not
the products of collision -induced dissociation. In addition, no
product peak is observed upon the interaction of Ti;O4~ with
CO (Figure 1i), implying that the Ti;Og" cluster is inert toward
CO oxidation. In contrast, the AuTi;Og4" cluster is reactive and
an apparent signal peak at the position of AuTi;O, can be
detected (Figure 11):

AuTi;O;” + CO — AuTi;O, + CO, (2)

Similar reactivity improvement is also observed upon the
interactions of AuTi,O;” and AuTi,O4  with CO in
comparison with those of Ti,05~ and Ti,O4~ with CO (Figure
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Figure 1. TOF mass spectra for reactions of mass-selected Ti;O, (a—
c), AuTi;O,~ (d—f), Ti;O5~ (h—j), and AuTi;O5~ (k—m) with CO (b,
e,i,and 1) and N, (¢, f, j, and m). The reference spectra without gas in
the reactor are given in a, d, h, and k.

S1, eqs 3 and 4). These experimental results clearly emphasize
the importance of gold atom toward CO oxidation.

AuTi,0;” 4+ CO — AuTi,0,” + CO, 3)

AuTi,O;” + CO — AuTi,0;” + CO, (4)

It should be noted that the adsorption of CO is not detected
in our experiment for the cluster anions Au(TiOZ)yOZ_. This is
different from the results in the reactions of Au,Ti,0," cluster
cations with CO, in which only CO adsorption was observed.'®
The pseudo-first-order rate constants (k;) for the reactions
between cluster ions and reactant molecules in the hexapole
collision cell can be estimated by using the equationmb’30

ky=In[(Iy + L)/L]/(p X At) (3)

in which I and I, are the signal intensities of the reactant ions
and the product ions, respectively, p is the molecular density of
the reactant gas, and At is the reaction time.””® The estimated
rate constants are given in Table 1. The reaction of AuTi;O,~
with CO (9.3 X 107" cm® molecule™ s7') is much faster than
that of Ti;0,” with CO (1.1 X 107" cm® molecule™ s7*). By
using the hard-sphere®’ and classical’®® average dipole
orientation (ADO) theories, the theoretical rate constants of
collisions (kypg) between Ti;O,” and CO are both about 7.0 X
107" ¢m® molecule™ s™. The reaction efficiency (® = k;/
kapo) of Ti;O,~ with CO is about 1.6%. Similarly, the reaction
efficiency of AuTi;O,” with CO is about 9.5%.
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Table 1. Pseudo-First-Order Rate Constants (k; in 107" cm?
molecule™" s™') for the Reactions of Clusters Au,(TiO,),0,”
(x=0,1;y=2,3;z=1, 2) with CO

cluster k, cluster k,
Ti,0,” 11 AuTi,0,” 93
TiyOf AuTi,04 3.1
Ti,04 AuTi, O 0.6
Ti,Of AuTi,Of 14

3.2. Theoretical Results. Aiming to provide insights into
the mechanistic details of the remarkable reactivity of
Au(TiO,),0,” cluster anions toward CO oxidation, the
reaction pathways of AuTi;O,~ + CO (Figure 2) and AuTi;O4"
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Figure 2. DFT calculated potential-energy profile for the reaction
AuTi;O,” + CO — AuTi;O" + CO,. The zero-point vibration
corrected energies (AH in eV) of the reaction intermediates (11—
14), transition states (TS1—TS3), and products (P: AuTi;O4~ + CO,)
with respect to the separated reactants are given. Bond lengths are
given in pm.

+ CO (Figure S4, Supporting Information) are calculated on
the singlet state PES (the corresponding triplet states are much
higher in energy). The reaction pathway of Ti;O,~ + CO has
been reported in our recent study.''® The DFT calculated
thermodynamic data for the reactions of Ti;O,, AuTi;O,,
Ti;047, and AuTi;O4" with CO are

Ti,0,” + CO = Ti,O; + CO, AHy = —0.84 ¢V
(8
AuTi,0,” + CO — AuTi,0,” + CO,
AHy = —1.98 eV 6)
Ti,0y” + CO = Ti,O,” + CO, AHy = —1.98 eV
(7)
AuTi;0," + CO — AuTi,0,” + CO,
AHy = —1.97 eV (8)

For the reaction of Ti;O,~ with CO, the oxidation proceeds
by an initial binding of the carbon atom of CO to the O~
radical in Ti;O,” (binding energy: AHy = 0.04 eV), and then
the reaction is completed through the capture of the O™ radical
to release CO,."'® In contrast, CO is trapped tightly by the
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positively charged gold atom (natural charge: +0.468e) in
AuTi;O, at the first step (Figure 2). Natural bond orbital
(NBO) analysis indicates that —0.057e negative charge is
transferred from CO to AuTi;O,” upon CO adsorption, and a
large energy is released in this process (I1 in Figure 2: AHy =
—2.09 eV; AHy = —2.03 eV with BSSE correction).

After trapping of CO, the Au atom delivers CO to one of the
terminal oxygen atoms to form a bent CO, unit (12 in Figure 2,
AHyg = —1.67 €V). This step has an absolute barrier of 0.86 eV,
which is the bottleneck of the whole reaction. The subsequent
conversions proceed easily with negligible barriers. The whole
reaction is barrierless overall, which is consistent with the
experimental result. The reaction pathways without direct
participation of the gold atom are also considered (Figure S3,
Supporting Information). It turns out that these reaction
pathways are subject to overall positive reaction barriers and are
endothermic (AHy = 1.35 eV). Thus, reaction 1 must involve
the direct participation of the gold atom (Figure 2). A similar
mechanism shown in Figure S4 (Supporting Information) can
be used to explain the high reactivity of AuTi;Og~ toward CO
oxidation (Figure 11). The DFT calculated energetically low-
lying isomers for the clusters AuTi;O4_g~ and AuTi,O, ¢ are
plotted in Figures S5—S10 (Supporting Information). The
correlation between the presence of the positively charged gold
atoms and the enhanced cluster reactivity for AuTi,Og_4~
versus Ti,Os¢™ can also be found. The reactions between a
few typical low-lying isomers of AuTi;O,_g~ and CO have also
been studied by DFT calculations (Figures S11-S14,
Supporting Information). It turns out that the CO oxidation
by these cluster isomers can follow the general mechanism
shown in Figure 2 or Figure $4 (Supporting Information).

4. DISCUSSION

4.1. CO Trapper. The existence of specific sites for binding
of reactants is thought to determine the reactivity of catalysts.
The positively or negatively charged sites have a strong
influence on the chemical and physical processes.’®> The
adsorption of CO is sensitive to the charge environment of
the reactive center. As a result, CO can be used as a probe
molecule to detect the local charge distribution on particular
systems.>* The adsorption activity of CO has been extensively
studied.”*> It has been demonstrated that CO interacts
strongly with positively rather than negatively charged
species.Zb’4b

The electrostatic potential maps (Figure 3a) indicate that the
positively charged gold atom in AuTi;O,” functions as the
preferred trapping site for CO adsorption (Figure 2). In
contrast, the negatively charged O~ radical results in the
formation of weakly bonded species.''® The lowest unoccupied
molecular orbital (LUMO) of AuTi;O, is mainly composed of
the Au 6s orbital (55%, Figure 3b), which can overlap well with
the highest occupied molecular orbital (HOMO) of CO. This
rationalizes the fact of the large energy release upon CO
adsorption. Furthermore, the good separation of the positive
and negative charges within AuTi;O,” results in a very large
dipole moment of 13.75 D. In contrast, the dipole moment of
Ti;0,” is only 2.96 D. The higher dipole moment can lead to a
local electric field and facilitate charge transfer,>® which also
contributes to the strong CO adsorption. The strong
adsorption is important for a relatively higher efficiency of
CO oxidation: @ = 9.5% for the reaction AuTi;O,” + CO
versus @ =1.6% for the reaction Ti;O,” + CO.
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Figure 3. (a) Electrostatic potential maps for clusters AuTi;O,  and
Ti;O,". Natural charges on Au" and O~ are given in e. (b) DFT
calculated molecular orbitals for AuTi;O,~ (LUMO), CO (HOMO),
and AuTi;0,CO™ (HOMO). 1 au = 27.2114 V.

4.2. Electron Acceptor. It is evident that the gold atom
accumulates significant negative charge during the course of
CO oxidation (Figure 4a). The oxidation states of the gold
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Figure 4. (a) Calculated natural charges (e) on the gold atom along
the reaction pathway of AuTi;O,” + CO — AuTi;O4 + CO, (see
details in Figure 2). (b) HOMO of AuTi;O4".

atom change from positive (+0.468¢) in AuTi;O, to nearly
neutral in I3 (of Figure 2) (—0.03%¢) and to negative
(—0.359) in AuTi;O4 . The NBO analysis also indicates that
the electronic configuration of the gold atom changes from
[65(0.77)5d(9.72)6p(0.01)] (AuTi,0,7) to [6s(1.56)5d(9.81)-
6p(0.01)] (AuTi;O4"). This pronounced electron-trapping
capabilit;r results from the strong relativistic effect in the gold
system.”” It is known that the gold atom has a contracted and
stabilized 6s orbital, which tends to accept an electron.’” The
stored valence electrons in the Au—Ti bond are mainly
localized on the Au 6s orbital (Figure 4b), which enhances the
polarization interactions between Au and Ti and results in a
strong Au—Ti bond (3.04 €V) of AuTi;O4 . In contrast, the
Au—O bond energy of AuTi;O,” is only 1.90 eV. It is
noteworthy that AuTi;Oq4 is inert toward CO oxidation and
CO can only be loosely connected at the negatively charged
gold site (binding energy AHyy = 0.03 eV; Figure S2
(Supporting Information)).

Charge transfer interactions between gold catalysts and metal
oxide sup3port are important in trapping the gold species,*® and
reductive™ and oxidative®”** support environments are both
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confirmed to stabilize and activate gold. Thus, supported gold
in different oxidation states (cationic, neutral, and anionic)*'
are often identified. Recently, we have reported the important
role of gold as an electron acceptor in the reaction of AuNbO;"
with n—C4H10,26b during which the gold atom changes its
natural charge from +0.81e to +0.16e. Metal atoms can be in
different cationic oxidation states during chemical reactions.
For example, vanadium, cerium, and iron can change oxidation
states as Vo — V3%, Ce** — Ce¥', Fe’* — Fe?*, and so on.
However, the conversion of polarity (cationic — anionic) of
metal oxidation states has never been identified in cluster
reactions. Herein, we provide good experimental and
theoretical evidence for the polarity conversion of metal
oxidation states (Figure 4a, Au'" — Au'") during the course
of CO oxidation for the first time.

4.3. Potential Electron Donor of Au'~. CO oxidation on a
bulk oxide surface may be divided into two steps: (1) oxidation
of CO by the metal oxide, leaving a reduced oxide, and (2)
oxidation of the reduced oxide by molecular oxygen. In this
work, we mainly focus on the first step: CO oxidation.
Superoxide (O,”) and peroxide (O,*”) have been identified to
be active oxygen species in low-temperature CO oxidation over
Au/TiO,* and related systems.” In the gas-phase studies, the
importance of the atomic oxygen radical O™ in CO oxidation
has been identified."'*'%'”>¢ This study is among the first to
report CO oxidation by gold-containing heteronuclear oxide
clusters that are closed-shell species and do not have O~ radical
centers. The strong CO-trapping and electron-accepting
capabilities of gold guarantee the CO oxidation to proceed
even more favorably than the CO oxidation by the O~ radical
species.

The O, activation and O—O bond dissociation are also
important in catalytic CO oxidation over oxide-supported gold.
The activation of O, by the negatively charged gold (Au') in
the AuTi;O4 cluster is considered theoretically (Figures S15
and S16, Supporting Information). The O, activation is
accompanied by electron flow into the 27* orbital, and the
stored valence electrons in the Au—Ti bond can be released in
this process (Au'~ — Au', Figure S16). The O, can be
activated into a peroxide O,> species (O—O bond 147 pm),
and it may be not hard to overcome the 0.51 eV positive barrier
(Figure S15) on the condensed-phase surfaces. The closed-shell
AuTi;O04" cluster anion is a simple model, and a single gold
anion (Au'") cannot provide enough electrons for further O—O
bond dissociation (0,*~ — O*” + O~ — 20%").

O, activation has attracted considerable attention exper-
imentally and theoretically, and many important results have
been obtained. For example, the odd—even alternation of
reactivity in the reactions of gold cluster anions with O, was
reported,** which arises from their alternating closed- and
open-shell electronic structures. The closed-shell neutral gold
cluster Aug can bind only weakly with an O, molecule, while its
doped counterpart Au;H has remarkable enhancement in
binding with O,.*> The cooperative binding of CO + 0,
and even O, + O, systems*® was reported, in which the binding
of the first molecule (CO or O,) can change the electronic
structure of the cluster and promote the approaching O,
binding. Although most of these examples demonstrate
activation of O, only to superoxide species (0,7, O—O bond
~131 pm), they provide important strategies to be considered
in O—O bond dissociation by gold-containing heteronuclear
oxide clusters. The simple model cluster AuTi;O4" can activate
0, into peroxide O,*” species directly. The open-shell
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electronic structures, doping of heteronuclear atoms, cooper-
ative interactions, and the oxide-supported multiple Au'~
species may be important issues leading to complete O—O
bond dissociation (0,*~ — O*” + O~ — 20%").

The reaction mechanisms and the important roles of gold
atom presented herein (Figures 2—4 and Figure S4) parallel the
similar behaviors of the condensed phase systems studied by
Widmann, Behm, and co-workers.*” It was proposed that bulk
TiO, supported Au nanoparticles (NPs) have two roles in the
CO oxidation reaction: accumulate CO and activate the surface
lattice oxygen close to the Au NPs. The highly stable surface
lattice oxygen at the perimeter of the Au—TiO, interface can be
removed by the reaction with CO through the proposed Au-
assisted Mars—van Krevelen mechanism.*”® This mechanism is
well supported by the picture shown in Figure 2 or Figure S4
for the gas-phase cluster reactions: gold traps CO and delivers
CO for oxidation by the “lattice” oxygen (O®”) bonded to
titanium. Furthermore, CO oxidation by FeO,-** and CeO,-
supported** gold catalysts may also follow a similar Au-assisted
Mars—van Krevelen mechanism, which can be verified at the
molecular level by studying the Au—Fe—O and Au—Ce—O
clusters in the future.

It is noteworthy that the present study of CO oxidation with
the cluster approach has the limitations of (1) small sizes of the
clusters generated by the experiment and (2) short reaction
time (40—70 us) in the collision cell.**>* Future developments
will include generating and studying large Au—Ti—O cluster
ions, particularly those with multiple gold atoms. An ion trap
reactor that has the advantage of a long reaction time is under
construction, and this equipment will be helpful to identify slow
reactions and multistep reactions such as CO oxidation and
then O, activation on atomic clusters. Our work on these topics
is in progress.

5. CONCLUSION

In summary, we report the first example of CO oxidation by
closed-shell gold-containing heteronuclear oxide clusters using
mass spectrometry experiments and density functional theory
calculations. The closed-shell cluster anions AuTi;O4,
AuTi;0,7, and AuTi,O;” are more reactive toward CO
oxidation than the corresponding open-shell bare titanium
oxide cluster anions Ti;0;~, Ti30,7, and Ti,O5~, among which
Ti;O,” even contains an oxidative oxygen radical center.
Theoretical calculations indicate that the gold atom plays dual
roles in CO oxidation, functioning as a CO trapper and
electron acceptor. Both factors are important for the high
reactivity of Au(TiO,),0,” cluster anions. For the first time, a
switch in the polarity of the metal oxidation state (cationic —
anionic) during cluster reaction has been identified. The gas-
phase reactions of Au(TiO,),0,” cluster anions with CO
parallel similar behaviors of CO oxidation on bulk TiO,-
supported gold catalysts. This study provides molecular-level
insights into the related surface reactions.
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