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ABSTRACT: Titanium and zirconium oxide cluster anions
with dimensions up to nanosize are prepared by laser ablation
and reacted with carbon monoxide in a fast low reactor. The
cluster reactions are characterized by time-of-flight mass
spectrometry and density functional theory calculations. The
oxygen atom transfers from (TiO2)nO

− (n = 3−25) to CO and
formations of (TiO2)n

− are observed, whereas the reactions of
(ZrO2)nO

− (n = 3−25) with CO generate the CO addition
products (ZrO2)nOCO

−, which lose CO2 upon the collisions
(studied for n = 3−9) with a crossed helium beam. The
computational study indicates that the (MO2)nO

− (M = Ti, Zr;
n = 3−8) clusters are atomic radical anion (O−) bonded
systems, and the energetics for CO oxidation by the O− radicals to form CO2 is strongly dependent on the metals as well as the
cluster size for the titanium system. Atomic oxygen radical anions are important reactive intermediates, while it is difficult to
capture and characterize them for condensed phase systems. The reactivity pattern of the O−-bonded (TiO2)nO

− and (ZrO2)nO
−

correlates very well with different behaviors of titania and zirconia supports in the low-temperature catalytic CO oxidation.

1. INTRODUCTION

Low-temperature oxidation of carbon monoxide by molecular
oxygen has quite a few potential applications, such as air
purification, pollution control, and fuel gas cleanup.1 For
example, titania-supported gold is well-known to catalyze CO
oxidation at temperatures down to −60 °C.2 This catalytic
system along with other closely related ones (e.g., Au/ZrO2,
Au/CeO2, etc.)

3−7 has been studied for decades in order to
understand the molecular origin of its high activity. However,
the mechanistic details and the nature of active sites as well as
support effects that have been proposed by different
investigations are often controversial.4c As to the low-
temperature CO oxidation by O2 over Au/TiO2 or other
catalysts such as Co3O4,

1b it is agreed upon that reactive oxygen
species (ROS) are involved.1,4−8 Superoxide radicals (O2

−),
peroxide species (O2

2−), and atomic oxygen radical anions
(O−) are three typical ROS that are generally proposed as
intermediates in the O2 activation and dissociation process: O2
→ O2

− → O2
2− → O− → O2−.9

The superoxide and peroxide species have been identified to
be involved in the low-temperature CO oxidation over Au/
TiO2

7 and related systems6 by Raman, infrared, and/or electron
spin resonance spectroscopic methods. In sharp contrast, so far

there is no convincing evidence for the involvement of atomic
oxygen radical anions in catalytic reactions, although one would
expect that the reaction of O2

− with CO under participation of
gold10 can generate O−:

+ → +− −O CO O CO2
Au

2 (1)

Furthermore, the generated O− together with the redox couple
Ti4+/Ti3+ can oxidize a second CO molecule over Au/TiO2:

+ + → +− + +O CO Ti CO Ti4
2

3
(2)

In this study, we report good experimental evidence to support
the above hypothesis.
Recently, it has been demonstrated that the study of metal

oxide clusters11 in the gas phase under well-controlled
conditions provides an alternative way to reveal mechanistic
details involved with the surface chemistry of ROS, especially
for the highly reactive O− radicals,12 which may have too short
lifetimes and too low concentrations to be effectively
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characterized in condensed-phase systems.9a,13 The reaction
between CO and the free O− anion in the gas phase has been
well-studied:14

+ → +− −O CO CO e2 (3)

In this work, the titanium and zirconium oxide cluster anions
(MO2)nO

− (M = Ti, Zr; n = 3−25) with dimensions up to a
nanosize15 are prepared and reacted with CO in the gas phase
in order to uncover the mechanisms that are operative at a
molecular level. Previously, it had been suggested that charge
transfer between gold and the oxide support under oxidative
(working) conditions generates positively charged gold and
negatively charged oxide species.16 Recently, convincing
evidence has been provided that in the oxidation of CO over
Au/TiO2 and Au/ZrO2 catalysts, the titania and zirconia
supports participate directly in the reaction by supplying active
oxygen species at the perimeter of the gold−oxide interface.4

Moreover, well comparative studies indicated that Au/TiO2
2

and Au/ZrO2
5 catalysts behave quite differently in the CO

oxidation; for example, the former is superior to the latter in
terms of activity and stability. Thus, the study of free,
unsupported titanium and zirconium oxide cluster anions
serves as a first step to interpret support effects that have been
extensively studied for the catalytically active Au/TiO2 and Au/
ZrO2 systems.2,4a,5,17 While titanium and zirconium oxide
clusters have been extensively studied,18−20 the gas-phase
reactivity of nanosized systems has not yet been explored
experimentally.

2. METHODS
2.1. Experimental Methods. The details of the experimental

setup can be found in the previous studies,12e,20b and only a brief
outline of the experiments is given below. The MxOy

− clusters (M =
Ti, Zr) are produced by laser ablation of a Ti (Zr) disk in the presence
of 1% N2O seeded in He carrier gas. The so-generated clusters react in
a downstream fast-flow reactor with pulsed-in gases (10% CO or N2 in
He) for about 60 μs. Before pulsing the prepared gases (N2O/He,
CO/He, and N2/He) into the vacuum system, it is 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 instantaneous total gas pressure in the reactor is
around 220 Pa at T = 298 K and this corresponds to a collisional rate
of about 5 × 107 s−1.20b The intracluster vibrations are equilibrated to
close to room-temperature before reacting with diluted CO.12e,20b The
reactant and product ions exiting from the reactor are detected by
either a high-resolution reflectron time-of-flight mass spectrometer
(TOF-MS)12e or a separate TOF/TOF-MS for collision-induced
dissociation (CID). The mass resolution of the secondary TOF-MS
employed in this work for the CID has been improved from the
previous one20b by using two identical reflectors with a Z-shaped
configuration.
2.2. Computational Methods. Density functional theory (DFT)

calculations with the hybrid B3LYP21 functional and the Gaussian 03
program22 are performed to study the structures of (MO2)nO

− (M =
Ti, Zr and n = 3−8) clusters. Metal oxide clusters with more than 10
atoms can have a high number of possible geometries. A Fortran code
based on a genetic algorithm (GA) is developed and tested to well
reproduce the global minimum (GM) structure of Al8O12

+ in the
literature.23 Such a code is used to generate initial guess structures of
(TiO2)nO

− and (ZrO2)nO
− (n = 4−8). For each cluster, the smaller

LanL2DZ basis sets24 are adopted for Ti, Zr, and O atoms in the GA
calculations that produce more than 200 optimized structures, among
which more than 20 of the low-lying isomers are reoptimized by
employing the larger TZVP basis sets25 for Ti and O atoms and a
D95V basis set combined with the Stuttgart/Dresden relativistic
effective core potential26 (denoted as SDD in Gaussian software) for

Zr atoms. The results reported in this work are all from B3LYP
calculations with basis sets of TZVP for Ti and O (as well as C and H,
see below) and SDD for Zr and Au.

The DFT calculations are also performed for the detailed reaction
mechanisms of Ti3O7

− + CO → Ti3O6
− + CO2 and HAu2TiO4 + CO

→ HAu2TiO3 + CO2. This involves geometry optimizations of
reaction intermediates and transition states (TSs) for which the Berny
algorithm27 is adopted. Intrinsic reaction coordinate calculations28 are
also performed so that a TS connects two appropriate local minima.
The variational transition state theory (VTST)29 is used to calculate
the rate constants for CO2 desorption from (MO2)nOCO

− (M = Ti,
Zr and n = 3−5) intermediates that carry vibrational energies of
(MO2)nO

− and CO (Evib), center-of-mass kinetic (Ek), and binding
energies (Eb) between (MO2)nO

− and CO. The Evib and Eb are taken
from the DFT calculations and Ek = μv2/2, in which μ is the reduced
mass and v is the cluster beam velocity (≈1 km/s). The VTST
calculations involve geometry optimizations of (MO2)nOCO

− by fixing
the distance between (MO2)n and CO2 moieties at various values. The
density and number of states required for VTST calculations are
obtained with direct count method30 by using the DFT-calculated
vibrational frequencies under approximation of harmonic vibrations
(see ref 31 for details).

3. RESULTS
3.1. Experimental Results. Selected TOF mass spectra for

interactions of the laser ablation generated TixOy
− and ZrxOy

−

with CO in the reaction cell are shown in Figure 1 (see Figures

S1 and S2 in the Supporting Information for complete spectra).
Both titanium and zirconium have several stable isotopes. The
experimentally observed isotopic patterns of Ti5O11

− (Figure
1b) and Zr4O9

− (Figure 1f) agree with the simulated ones
(Figure 1a,e) very well, indicating that the H2O adsorption that
often occurs in the distributions of metal oxide clusters12a,32 is
negligible in this work. Upon the interaction with CO in the
reactor (Figure 1c,g), the signal magnitudes of Ti5O11

− and
Zr4O9

− clusters decrease significantly, while those of the more

Figure 1. Selected TOF mass spectra for reactions of Ti5Oy
− (c) and

Zr4Oy
− (g) with 1.4 and 0.6 Pa CO in the reaction cell, respectively.

The complete spectra are given in Figures S1 and S2 (Supporting
Information). The numbers x,y denote MxOy

− in which M = Ti (left)
or Zr (right). The reference spectra with N2 in the reactor (b, f), the
difference spectra (d = c − b, h = g − f), and the simulated Ti5O11

−

and Zr4O9
− isotopomers (a, e) are shown.
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oxygen-rich clusters Ti5O12
− and Zr4O10,11

− do not change
within the experimental uncertainties. The difference spectrum
of Figure 1d (spectrum of Figure 1c minus the one of Figure
1b) clearly shows that the main part of the signal depletion of
Ti5O11

− results in the signal appearance of Ti5O10
−. In sharp

contrast, the signal depletion of Zr4O9
− results in the signal

appearance of Zr4O9CO
− rather than Zr4O8

− (Figure 1h).
It turns out that the reactivity patterns of (TiO2)nO

− (n = 3−
25) and (ZrO2)nO

− (n = 3−25) cluster series (difference
spectra shown in Figure 2 for n = 10−20) are very similar to

those of Ti5O11
− and Zr4O9

−, respectively. The experiments
thus suggest channels of oxygen atom transfer (eq 4) and CO
adsorption (eq 5) over titanium and zirconium oxide systems,
respectively:

+ → + = −− − n(TiO ) O CO (TiO ) CO ( 3 25)n n2 2 2
(4)

+ → = −− − n(ZrO ) O CO (ZrO ) OCO ( 3 25)n n2 2 (5)

Note that the above reactions may also take place over further
larger (MO2)nO

− (M = Ti, Zr; n > 25) clusters (Figures S1 and
S2, Supporting Information), while the experimental identi-
fication suffers from low abundances of these nanoparticles15 in
the cluster source. The CO association products of
(ZrO2)nOCO

− (n = 3−9) are mass-selected and characterized
by subjecting them to CID. The evaporation of CO2 (eq 6)
dominates the CID spectra (see Figure S3 of the Supporting
Information for examples), which suggests that reaction 5
corresponds to an oxidative adsorption of CO molecules on the
zirconium oxide clusters:

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +

= −

− Δ −

n

(ZrO ) OCO (ZrO ) CO

( 3 9)
n n2

(CID with He)
2 2

(6)

It is noteworthy that for titanium series (TiO2)nO
−, only the

Ti4O9
− (n = 4) cluster can pick up CO in the reaction cell to

form the CO association product Ti4O9CO
− (Figure S1,

Supporting Information). However, loss of CO rather than

CO2 is observed in the CID of Ti4O9CO
− (Figure S3,

Supporting Information). In addition, the Ti4O10
− and

(TiO2)n
− (n = 3−14) clusters can also pick up the CO

molecules (Figures 2 and S1, Supporting Information). The
formation of these CO association products can be due to
relatively strong Ti−CO interaction, which is not the main
topic of this study, and a brief interpretation is given in the
Supporting Information.
The pseudo-first-order rate constants (k1) for the cluster

reactions in fast-flow reactor can be estimated31 and the k1
values for reactions 4 and 5 are on the order of 10−11 cm3

molecule−1 s−1. For example, k1(Ti5O11
−+CO) and

k1(Zr5O11
−+CO) are about 3 × 10−11 and 7 × 10−11 cm3

molecule−1 s−1, respectively. By using the hard sphere33 and
classical34 average dipole orientation (ADO) theories, the
theoretical rates of collisions (kADO) between Ti5O11

− and CO
can be calculated to be 7.3 × 10−10 and 6.9 × 10−10 cm3

molecule−1 s−1, respectively. The reaction efficiency (k1/kADO)
of Ti5O11

− with CO is around 4%. Similarly, the efficiency is
estimated to be 10% for the reaction of Zr5O11

− with CO.
3.2. Computational Results. The DFT-calculated lowest-

lying isomeric structures of (MO2)nO
− (M = Ti, Zr and n = 3−

8) are shown in Figure 3, and the information on low-lying

isomers for each of the n ≥ 4 clusters is given in Figures S4−
S13 (Supporting Information). The structures of Ti3O7

−,
Zr3O7

−, and Zr4O9
− have been reported previously.18b,21,35 The

lowest-lying isomer of Zr4O9
− reported here differs only slightly

from the one of ref 18b, where a structure similar to IS2 in
Figure S9 (Supporting Information) was given. As shown in
Figure 3, the topological stucutures of (TiO2)nO

− and

Figure 2. The difference spectra (similar to d and h in Figure 1) for
reactions of Ti10−20Oy

− (a) and Zr10−20Oy
− (c) with CO. Peaks marked

with asterisks in spectrum a can be assigned as (TiO2)nCO
− (n = 10−

14). A portion of the spectrum in a is expanded and shown (b).

Figure 3. DFT calculated structures and unpaired spin density
distributions for the lowest-lying isomers of (MO2)nO

− (M = Ti, Zr; n
= 3−8). Bond lengths (in pm) and unpaired spin densities (in μB and
in the parentheses) on the oxygen atoms are shown.
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(ZrO2)nO
− are identical at n = 3, 6, and 7 or similar to each

other at n = 4 and 5. The DFT studied largest (n = 8) clusters
Ti8O17

− and Zr8O17
− have very different lowest-lying structures:

the former (close to C3v symmetry) has four Ti−O terminal
bonds, while the latter is more compact and has only one Zr−O
terminal bond. Each of the structures shown in Figure 3
contains one oxygen atom that possesses an unpaired spin
density (UPSD) value of about 1 μB located on one O2p orbital.
These oxygen atoms have essentially the same UPSD
distributions as the free O− anion. The UPSD distributions
for almost all of the low-lying cluster isomers in Figures S4−
S13 (Supporting Information) are also similar: one of the O
atoms in each isomer has the UPSD of about 1 μB. As a result,
the (TiO2)3−8O

− and (ZrO2)3−8O
− clusters are atomic oxygen

radical anion bounded particles.
The detailed mechanism for the reaction of CO with the

cluster bonded O− radical anion is studied for Ti3O7
− + CO

(Figure 4a). An encounter complex (IM1) with a small binding

energy (0.04 eV) is located. Further approach of CO to the O−

radical that leads to oxidation of CO to CO2
−, and formation of

the intermediate IM2 is facile. The oxidation process (CO + O−

→ CO2
−) releases a large amount of energy (1.67 eV) that

drives the desorption of a CO2 molecule from the reaction
complex (IM2 → IM3 → Ti3O6

− + CO2). It is noteworthy that
the IM1 and TS1 in Figure 4a are probably not real species,

because they are of the energy of the van der Waals clusters and
may not be properly described by the DFT calculations.
The DFT calculations are also performed to optimize the

structures of the reaction complexes (MO2)nOCO
− (such as

IM2 in Figure 4a) that correspond to oxidative adsorption of
CO onto the lowest-lying isomers of (MO2)nO

− in Figure 3,
and the energetics involved are listed in Table 1 and shown in
Figure 4b for a comparison of Ti8O17

− + CO with Zr8O17
− +

CO reaction systems. The second column of Table 1 indicates
that energies released in the oxidative CO adsorption are
similar for both the Ti (1.5−1.7 eV) and Zr (1.7−1.8 eV)
systems. While the oxidations of CO by both (TiO2)nO

− and
(ZrO2)nO

− to form CO2 are exothermic (ΔHTotal < −0.5 eV,
see the third column of Table 1), they differ largely with regard
to the desorption of CO2, which is generally much more
difficult to achieve from (ZrO2)nOCO

− (ΔHD‑CO2 ≥ 0.96 eV,
see the fourth column of Table 1 and Figure 4b) as compared
with (TiO2)nOCO

− (ΔHD‑CO2 ≤ 0.83 eV). In each of the CO
adso rp t i on comp l e xe s o f (T iO2) 3− 8OCO− and
(ZrO2)3−8OCO

− (such as IM2, 1 and 1′ in Figure 4), the
CO2 unit has a bent bond angle (∠O−C−O = 132°−134°) and
UPSD of about 1 μB, so the CO2 moiety is the CO2

− radical
anion, which is tightly bonded in the cluster species (see the
fifth column of Table 1). During the desorption of CO2 from
(MO2)nOCO

−, the net charge (e−) of CO2
− is transferred to

the (MO2)n moiety to reduce one of the M4+ (M = Ti or Zr)
ions to M3+ [see Figure 4a for Ti4+ + e− (IM2) → Ti3+ (IM3)].
The orbital analysis (Figures S15 and S16, Supporting
Information) finds that in the process of (MO2)n + e− →
(MO2)n

−, the electron fills into the lowest unoccupied
molecular orbital (LUMO) of (MO2)n that is primarily
composed of one 3dz2(M=Ti) or one 4dz2(M=Zr) atomic
orbital. Because the energy of 3dz2 is lower than that of 4dz2 (see
the LUMO energies in the ninth column of Table 1), the
electron affinities (EAs) of (TiO2)n are all higher than those of
(ZrO2)n for n = 3−8 (see the sixth column of Table 1 and notes
in ref 36). As a result, the desorption of CO2 can be much more
difficult from (ZrO2)nOCO

− than from (TiO2)nOCO
− (see

Figure 4b for one example). The seventh column of Table 1
indicates that due to larger EAs of (TiO2)n versus (ZrO2)n, the
relaxation energies of the former are also slightly higher than
that of the latter, which further favors the CO2 desorption from
(TiO2)nOCO

− rather than from (ZrO2)nOCO
− (compare 3→4

with 3′→4′ in Figure 4b).
The rate constants (kd) for CO2 desorption from

(MO2)nOCO
− (M = Ti, Zr; n = 3−5) intermediates are

estimated with the VTST calculations29 and the results are
listed in Table 2. The kd values of (TiO2)nOCO

− are large
(108−1011 s−1) while those of (ZrO2)nOCO

− are much smaller
(105−107 s−1). As the rate of collision between the clusters and
He bath gas amounts to 5 × 107 s−1 (see Methods), the
(ZrO2)nOCO

− intermediates can be collisionally stabilized37 in
contrast to (TiO2)nOCO

−, which will rather dissociate into
(TiO2)n

− and CO2. We note that the DFT-calculated energetics
and the estimated rate constants (kd) are in good agreement
with the experimental results [reaction 4 versus 5; loss of CO2
from (ZrO2)nOCO

− in the CID, reaction 6].

4. DISCUSSION
4.1. Importance of Studying Large-Sized Transition

Metal Oxide Clusters. The reactivity of transition metal oxide
(TMO) clusters11 is actively studied in order to understand
molecular level mechanisms of catalytic processes over related

Figure 4. DFT calculated (a) reaction pathway for Ti3O7
− + CO →

Ti3O6
− + CO2 and (b) simplified potential energy profiles for oxidative

CO absorption and CO2 desorption in the reactions of CO with
M8O17

− (M = Ti, Zr). Bond lengths are in picometers. The zero-point
vibration corrected energies (ΔH0K in eV) of the reaction
intermediates (IM1−IM3; 1 and 1′), transition states (TS1 and
TS2), and products (Ti3O6

− +CO2; 4 and 4′) with respect to the
separated reactants are given. The energies of 2/3 and 2′/3′ are
calculated with the geometric parameters of M8O16 being fixed at the
values of the M8O16 moiety in 1 and 1′, respectively.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja311695t | J. Am. Chem. Soc. 2013, 135, 2991−29982994



bulk oxides. The TMO clusters with oxygen-centered radicals
(the O− radical anion)12 are able to oxidize various small
molecules12,38 including CO18,20b,39 efficiently under thermal
collision conditions. This result is in contrast with the fact that
the studied TMO clusters without the O− centers are usually
inert under the same experimental conditions,12a,e,20,38c−e,39c

indicating the importance of oxygen-centered radicals in the
low-temperature oxidation reactions. However, most of the
TMO clusters studied are small, typically with three to five
metal atoms. Researchers of cluster sciences as well as other
related areas such as practical catalysis should care very much
about one important question: is the chemistry of oxygen-
centered radicals from study of small clusters really applicable
for interpretation of bulk materials or at least nanoparticles?
This study of large titanium and zirconium oxide clusters with a
nanosize15 is making an effort to address this question.
The experiments have provided experimental data for

(MO2)nO
− (M = Ti, Zr) clusters with n = 3−25. Note that

with the densities of bulk titania and zirconia, the diameters of
Ti25O51

− and Zr25O51
− are 1.15 and 1.20 nm, respectively.15

The computations (Figure 3) interpreted that the reactivity
pattern observed (reactions 4−6) are due to the oxidation of
CO by the cluster bonded O− radical anions for (MO2)nO

−

clusters with n = 3−8. It is very difficult at present to determine
the reliable global minimum structures for further larger
(MO2)nO

− (n > 8) clusters. However, on the basis of the

results that all of the lowest-lying (Figure 3) and the majority of
low-lying isomers (Figures S4−S13, Supporting Information)
of (MO2)3−8O

− contain O− radicals, it is reasonable to propose
that the reactivity of large (MO2)nO

− clusters (n > 8) is also
due to the presence of these structural motifs. An overall
positive answer to the important question (applicability of small
cluster chemistry) is fortunately reached with the present study.
Although there is an overall positive answer to the above

question, the fourth column of Table 1 tells that the energetics
data for large and small titanium cluster systems can be very
different: desorption of CO2 from Ti8O16OCO

− requires much
smaller energy (0.13 eV) than that from Ti3O6OCO

− (0.83
eV). As the cluster size increases (n = 3 → 8), the energy
decrease for desorption of CO2 from (TiO2)nOCO− is
correlated with the general increase of the electron affinity of
(TiO2)n (ΔEEA, the sixth column of Table 1). While the ΔEEA
values in this work are calculated with the unrelaxed structures
of the (MO2)n moieties in (MO2)nOCO

−, these theoretical
electron binding energies of (TiO2)n are in good agreement
with the photoelectron spectroscopy (PES) determined vertical
electron detachment energies (VDEs) of (TiO2)n

− by Zhai and
Wang:19b the experimental VDEs of (TiO2)n

− increases from
3.15 eV at n = 3 to 4.70 eV at n = 8. The relative positions of
the Ti 3d and O 2p derived bands as well as the energy gaps
measured from the PES study of (TiO2)n

− at n = 8, 9, and 10
are almost the same (±0.1 eV),19b implying that the energetics

Table 1. DFT Calculated Energies (in eV) for (MO2)nO
− + CO (M = Ti, Zr)a

1 2 3 4 5 6 7 8 9

n ΔHA‑CO
b ΔHTotal

b ΔHD‑CO2
b ΔEc ΔEEA

c ΔERelaxc ΔEADE
b ELUMO

d

M = Ti
3 −1.67 −0.84 0.83 4.02 3.10 0.09 3.02 −4.78
4 −1.66 −1.28 0.38 3.82 3.10 0.34 3.27 −4.68
5 −1.53 −1.21 0.32 4.60 4.13 0.15 4.00 −5.67
6 −1.54 −1.24 0.30 4.29 3.84 0.15 3.32 −5.27
7 −1.52 −1.34 0.28 4.39 3.93 0.18 3.06 −5.31
8 −1.55 −1.42 0.13 5.09 4.78 0.18 4.64 −6.14

M = Zr
3 −1.78 −0.60 1.18 4.13 2.94 0.01 2.74 −4.51
4 −1.72 −0.63 1.09 4.11 2.99 0.03 2.40 −4.53
5 −1.78 −0.76 1.02 3.74 2.68 0.04 2.40 −4.16
6 −1.71 −0.70 1.01 4.41 3.34 0.06 3.14 −4.83
7 −1.70 −0.74 0.96 4.34 3.32 0.06 2.59 −4.79
8 −1.85 −0.55 1.30 3.44 2.05 0.09 1.60 −3.41

aColumns are numbered for easy reference to the text discussion. bEnthalpy changes for (MO2)nO
− + CO → (MO2)nOCO

− (ΔHA‑CO), (MO2)nO
−

+ CO → (MO2)n
− + CO2 (ΔHTotal), (MO2)nOCO

− → (MO2)n
− + CO2 (ΔHD‑CO2), and (MO2)n

− → (MO2)n + e− (ΔEADE) at T = 0 K. cEnergy
differences between [(MO2)n]Fix + CO2 + e− and (MO2)nOCO

− (ΔE), [(MO2)n]Fix + e− and [(MO2)n
−]Fix (ΔEEA), and [(MO2)n

−]Fix and (MO2)n
−

(ΔERelax). The geometric parameters of [(MO2)n]Fix and [(MO2)n
−]Fix are fixed at the values of the (MO2)n moiety in (MO2)nOCO

−. See Figure 4
for examples of the (MO2)nOCO

− structures (IM2, 1, and 1′). dEnergy of the lowest unoccupied molecular orbital of neutral [(MO2)n]Fix.

Table 2. Estimated Rate Constants (in s−1) for CO2 Desorption
a

clusters (T = 298 K)b bulkc

1 2 3 4 5 6 7

n = 3 n = 4 n = 5 T = 230 K T = 298 K T = 418 K

Ti 1.9 × 108 3.6 × 1011 3.1 × 1010 >1012 >1012 >1012

Zr 1.1 × 107 5.6 × 106 6.0 × 105 1.2 × 10−10 3.6 × 10−4 70
aColumns are numbered for easy reference to the text discussion. bFrom VTST calculations for (MO2)nOCO

− → (MO2)n
− + CO2 (M = Ti, Zr); see

Computational Methods. cCalculated with (kBT/h)e
−ΔG/kBT, in which ΔG is free energy barrier, and kB and h are the Boltzmann and Plank constants,

respectively. The ΔG is estimated by the DFT-calculated Gibbs free energy difference between M8O16
− + CO2 and M8O16OCO

− (see Figure 4b for
structures). The ΔG values for zirconium species at T = 230, 298, and 418 K are 1.03, 0.96, and 0.84 eV, respectively. These energies are negative
(−0.14 to ca.−0.33 eV) for titanium species.
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shown in Figure 4b for reaction of Ti8O17
− + CO may be

adaptable to larger reaction systems (TiO2)nO
− + CO (n > 8).

For zirconium system, the fourth column of Table 1 tells that
the large CO2 desorption energy (ΔHD‑CO2) decreases by only
0.22 eV as cluster size increases from n = 3 to 7. The ΔHD‑CO2
value is increased to 1.30 eV at n = 8, which can be due to a
large structural change of (ZrO2)nO

− at n = 7→ 8: the (ZrO2)n
moiety at n = 8 has no Zr−O terminal bonds and becomes
compact (Figure 3; see also ref 36a). The big difference of the
CO2 desorption energy (0.13 versus 1.30 eV) from the large
titanium and zirconium oxide cluster systems implies that bulk
titania and zirconia can be quite different in terms of CO
oxidation.
4.2. A Correlation with the Condensed Phase System.

The titanium and zirconium oxide cluster anions with
dimensions up to a nanosize may well be used to mimic the
negatively charged oxide supports than can be generated from
charge transfer16 within the Au/TiO2 and Au/ZrO2 catalysts. It
has been evidenced that in the oxidation of CO over Au/TiO2
and related catalysts, the oxide supports participate directly in
the reaction by supplying active oxygen species at the perimeter
of the gold−oxide interface.4 In addition, the Au/TiO2 and Au/
ZrO2 catalysts behave quite differently in the CO oxida-
tion.2,4b,5 Thus, on the basis of the present findings we propose
a fundamental mechanistic difference between the Au/TiO2
and Au/ZrO2 catalysts with regard to low-temperature CO
oxidation (Figure 5). For the former system the reaction of CO

with the O− radical anions (generated from reaction 1) does
not proceed through the long-lived surface-adsorbed CO2. This
feature is reserved for the zirconium system.
Of course, the gas-phase cluster and condensed phase surface

reactions can differ substantially. To begin with, in the gas
phase the energy released in bond formation is not quickly
dissipated to the environment; thus, small cluster systems
increase their effective temperature.40 Nevertheless, the insight
provided by the gas phase cluster study may well be useful to
interpret surface reactions. The fifth and sixth columns of Table
2 indicate that CO2 desorption over bulk surfaces at room
temperature and below (230 K) can be very fast for the
titanium and rather sluggish for the zirconium systems. As a
result, surface adsorbed CO2 (or CO2

−) over zirconia at low
temperature can desorb into gas-phase CO2 only inefficiently;
consequently, deactivation of the catalyst due to the occupation
of the catalytically active sites may occur as the generated CO2

−

can react with O2− [CO2
− + O2− + Mx+ → CO3

2− + M(x−1)+]41

and accumulates to form surface carbonates (Figure 5, right
cycle).

The comparative studies of Konova et al. on Au/TiO2
2 and

Au/ZrO2
5 catalysts for CO oxidation indicate that the two

catalysts are active at temperatures down to 213 and 230 K,
respectively. Moreover, the Au/TiO2 catalyst is apparently
more active and more stable than Au/ZrO2. For example, at
room temperature, the CO conversion >90% lasts for 150 min
for Au/TiO2 while the initial CO conversion of only 83% on
Au/ZrO2 is followed by a quick deactivation of the catalyst
(within 50 min). Through carbon balance analysis, the
adsorption of CO and its accumulation as carbonates have
been proposed as a major reason for the deactivation of Au/
ZrO2.

5 The mechanism proposed in Figure 5, involving O2
−

and O− radicals, is not only in line with the observed activity of
both Au/TiO2 and Au/ZrO2 for the low-temperature CO
oxidation; more importantly, it also rationalizes why the former
system is superior to the latter.
Further support for the mechanisms depicted in Figure 5

comes from a different corner. In a recent study4a employing
the technique of temporal analysis of products (TAP, at T =
418 K) and using the isotope switching method, for the Au/
ZrO2 catalyst it was shown that, starting with 13CO, one detects
13CO2 products even 50 pulses (∼30 min) after a switch to
12CO, and the intensity of the 12CO2 isotopomer increases only
slowly and has not yet reached its final value even after 50
pulses. In sharp contrast, on the Au/TiO2 catalyst, there is
almost no build-up of carbon-containing surface species
(CCSS) at the beginning, and the small amount of reversibly
stored CCSS present during the reaction is exchanged
completely within the first five pulses after the switch.4a The
slow disappearance of 13CO2 over Au/ZrO2 in the TAP
measurements corresponds to the “slow desorption” of CO2
from zirconia as revealed by the present cluster study (Figure 5;
see also the last column of Table 2).
The reactivity (reaction 4 versus 5) of the O− radicals

present in Ti and Zr oxide clusters correlates with the different
behaviors of titania and zirconia supports in the catalytic CO
oxidation. It is noteworthy that the ceria-supported gold
catalyst also has a comparable, high activity as well as good
stability for the low-temperature CO oxidation as the Au/TiO2
does.6 This is well-consistent with previous experiments that
the reactions of (CeO2)nO

− (n = 4−21) with CO follow the
reactivity pattern of (TiO2)nO

− (reaction 4) rather than that of
(ZrO2)nO

− (reaction 5).42

To further support the hypothesis (reactions 1 and 2) that an
“atomic” oxygen radical anion is indeed involved in the low-
temperature CO oxidation using Au/TiO2 and closely related
catalysts,2−7 the mechanism of reaction 1 that involves the O−
O bond activation is interpreted by a DFT study of CO
oxidation by a model cluster HAu2TiO4 that contains a
superoxide (O2

−) and a metallic Au2 unit. An overall barrierless
pathway is obtained (Figure S19, Supporting Information), and
the product HAu2TiO3 can contain the O− radical anion, which
is expected to react with another CO through reaction 2. One
should be aware of the fact that the real Au/TiO2 catalysts
should be much more complex than HAu2TiO4, and further
experimental and theoretical investigations on gold-doped
titanium oxide clusters19h are important to discover the nature
of gold in low-temperature CO oxidation. The study of
titanium and zirconium oxide clusters free of gold in this work
provides good evidence for involvement of atomic oxygen
radical anions (Figure 5) in this important reaction, which can
be a good clue for future investigations.

Figure 5. Proposed catalytic cycles involving O2
− and O− radicals for

low-temperature CO oxidation over titania (left) and zirconia (right)
supported gold. Gold may participate in the O−O bond activation
(reaction 1 and Figure S19, Supporting Information).
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5. CONCLUSIONS
The reactions of two series of cluster anions (TiO2)nO

− and
(ZrO2)nO

− with CO have been studied by mass spectrometry
(n = 3−25) and density functional theory calculations (n = 3−
8). The atomic radical anions (O−) bound to the clusters
oxidize CO to form free CO2 and cluster surface adsorbed CO2
in the titanium and zirconium reaction systems, respectively.
The different reactivity correlates with the difference in the
orbital energies of titanium 3d versus zirconium 4d, as one d
orbital accepts the electron from the net reaction CO + (O−)ad
→ CO2 + (e−)ad in each cluster system. The energy required for
desorption of CO2 from the CO oxidatively absorbed
intermediate (MO2)nOCO

− decreases significantly as the
cluster size (n) increases for the titanium (M = Ti) system
while such an energy variation is not apparent for zirconium (M
= Zr) counterpart. The reactivity pattern of the O− bonded
(TiO2)nO

− and (ZrO2)nO
− correlates very well with different

behaviors of titania and zirconia supports in the low-
temperature catalytic CO oxidation, which provides good
evidence that the atomic oxygen radical anions are involved in
this important catalytic reaction. Further, the reaction of CO
with O− plays an important role because desorption of the
reaction product (CO2) is directly associated with the
regeneration or the deactivation of the catalyst, being strongly
dependent on the nature of the oxide supports. This insight
represents an important step toward a better mechanistic
understanding of the low-temperature CO oxidation as well as
the nature of atomic oxygen radical anions on oxide-based
catalysts in general.
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44, 2336−2354. (c) Schröder, D.; Schwarz, H. Proc. Natl. Acad. Sci. U.
S. A. 2008, 105, 18114−18119. (d) Gong, Y.; Zhou, M. F.; Andrews,
L. Chem. Rev. 2009, 109, 6765−6808. (e) Roithova,́ J.; Schröder, D.
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