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Abstract. In this paper, we present results from our joint experimental and theoretical study of the re-
activity of anionic gold oxide clusters Auz30;_, towards CO. We provide clear evidence that, although
0O-0O bond weakening/dissociation is important to enable CO oxidation, the presence of atomic oxygen
can be favorable but is not always sufficient. Furthermore, we show that with the addition of a single gold
atom the reactivity channels can be changed. As a consequence, in contrast to CO oxidation in the case of
anionic gold dimer oxides, association of CO or replacement of Oz by CO become the dominant reaction
channels for Ausz0O,,. This demonstrates the nonscalable properties of gold clusters in the size regime in

which each atom counts.

PACS. 31.15.Qg Molecular dynamics and other numerical methods — 31.15.Ar Ab initio calculations

1 Introduction

Due to the findings of Haruta and coworkers [1-4] the ox-
idation of CO in the presence of gold has been a topic
of numerous condensed and gas-phase studies [5,6]. How-
ever, the roles of size, charge state, support effects, the
nature of the active site, and responsible mechanisms are
still not fully clear. Many past studies have focused on the
weakening of the molecular oxygen bond to promote the
oxidation reaction. The general view is that neutral gold
clusters alone cannot activate the O—O bond without in-
fluences from the substrate such as a charge transfer [7].
Recent literature has revealed that gold oxides with
both atomic and molecular oxygen may play a role as the
active site in supported gold catalysts [8—10]. Therefore, a
fundamental question can be raised as to whether it is suf-
ficient to have an atomic oxygen in order for the oxidation
reaction to proceed. Our joint experimental and theoreti-
cal study is aimed at examining the role of atomic oxygen
in the oxidation reaction. Our findings presented herein
offer evidence of the fundamental processes and charac-
teristics that accompany the oxidation of CO in the pres-
ence of Aup 30, (n = 1—4). Furthermore, theoretical ex-
ploration allows the identification of reactive centers and
the proposal of viable general reaction mechanisms. Along
with previously reported results for the CO oxidation re-
action in the presence of AuQO,; [11] we wish to show that
a peripheral O-atom is the most effective center for the ox-
idation reaction. Moreover, while O—O bond weakening/
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dissociation is important to enable CO oxidation [7], we
provide clear evidence that the presence of atomic oxygen
is not always sufficient.

2 Experimental and computational

A fast flow reactor and a guided ion beam mass spectrome-
ter were utilized to experimentally investigate the interac-
tions between CO and gold oxides with both atomized and
molecular oxygen [11,12]. Preoxidized gold oxide cluster
ions were formed by passing oxygen seeded in helium over
the metal plasma in the laser vaporization source. With
the fast flow reactor, the gold oxides were then subjected
to increasing amounts of CO (0—200 std cm?® min~1)
added at a reactant gas inlet (RGI) located downstream
of cluster formation. Moreover, fluctuations in ion inten-
sity were monitored by alternating between the CO be-
ing turned on and off over the course of the reaction.
The guided ion beam apparatus was employed to confirm
the results from the flow tube studies and allowed mass-
selected species to undergo reactions with CO. Collisional
studies were used to confirm the presence of atomic versus
molecular oxygen in the guided ion beam mass spectrome-
ter. In these experiments, the gold oxides produced in the
laser vaporization source were subjected to a flow of inert
nitrogen in the octopole.

The resulting fragments verified structural features,
such as the existence of molecular or atomized oxygen. Ge-
ometrical properties and the reactivity of the gold oxide
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Fig. 1. “On/off” plots of the intensity of (a) Auy, (b) AusO~,
and (c) AuzOj . In the plots, “0” always represents when CO
is being added at the RGI and corresponds to the labels on the
z-axis. The points not labeled represent when no CO is added.
Other plots for AusO5 and AupOj are similar to (b), having
a decreasing pattern as CO is added, indicative of a species
reacting away.

clusters Au,,O;, (m = 2, 3; n = 1-5) have been studied
using a DFT method with the B3LYP [13,14] functional
employing the Stuttgart scalar relativistic 19-electron ef-
fective core potential (19e~ RECP) with corresponding
basis set for gold [15] and 6-311G* basis set for C and O.
The choice of functional, effective core potential, and AO
basis set allows for a proper description of binding en-
ergies and reactivity patterns as has been demonstrated
for the adsorption of Oy and OH onto anionic gold clus-
ters [16] and the oxidation reaction of gold oxide clusters
with CO [11,17]. The reaction mechanism has been also
revealed by performing ab initio MD simulations.

3 Results and discussion

Our flow tube experiments revealed that AusO~, Aup Oy,
and Aup O, decrease in intensity with CO addition, while
the intensity of AupO5 remains relatively unaffected [17].
Furthermore, the intensity of Au; increased with CO ad-
dition. Experiments were also conducted in which CO was
turned on and off in order to confirm that reactions are
occurring for AuzO7 3 4. As shown in Figure 1, the inten-
sity of those species considered to be reactive decreases
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Fig. 2. (Color online) MD snapshots for the reaction of (a)
Aux07, (b) Auz03, (¢) AuzO; and (d) AusO; with CO.
(a), (b), and (c) show CO reacting with a peripheral oxygen
atom on the gold oxide cluster to produce COz. Note in (d) for
AuzO;, the CO molecule does not react with the peripheral
oxygen.

when the CO is flowing. This is the case for the example
of AusO~. There is no consistent oscillatory pattern for
the unreactive species in the “on/off” plots (cf. Fig. 1c for
Auy0; ). Notice the overall ion signal decreases slightly
for all species as the gold rod is ablated.

In order to determine the specific type of reaction tak-
ing place, we present our theoretical results. Based on
the structural properties of the gold oxides reported else-
where [17], three kinds of reaction centers are considered
for the oxidation reaction of CO with gold oxide clusters.
These include a peripheral O-atom, a bridging O-atom,
and a molecular Os-group. We previously reported that
AuO~ and AuOj react to promote CO oxidation via
transfer of a peripheral oxygen atom [11]. Since the lowest
energy structures of AusO~, AupO3, and AupO, possess
a peripheral O-atom, these species are also good candi-
dates for the CO oxidation reaction. We present MD snap-
shots for Au,O~, AuyO;3, and Auy Oy in Figures 2a—2c.
These snapshots illustrate that the CO oxidation reaction
also proceeds for these species.

As illustrated in Figure 3, the oxidation reactions fol-
low a general mechanism which is also valid for the anionic
gold monomers [11]. The oxidation channel involves initial
formation of complex I with a weakly bound CO molecule,
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followed by a charge transfer from the cluster to CO, giv-
ing rise to the formation of structure II with a CO2 sub-
unit. Subsequently, this complex fragments via either ro-
tation of the O—CO group (TS3) or a bond rearrangement
channel which involves breaking of the Au—O bond and
simultaneous formation of a Au—C bond. The final ema-
nation of COs is accompanied by a charge transfer from
the CO32 subunit back to gold.

The theoretical oxidation channel has been confirmed
by mass selected experiments involving individual clus-
ter species [17]. The findings for AusO~ show that the
reaction is selective for the oxidation of CO. As will be
reported in a longer detailed paper [17], mass selected
experimental plots also support an oxygen atom transfer
pathway for AupO3 and Au, Oy .

The fact that the presence of a peripheral oxygen
atom is not sufficient in promoting the oxidation reaction
is most evident for AuzO;, for which DFT calculations
show that the stable structures possess a peripheral oxy-
gen atom [17]. Even though the overall reaction of this
species would be exothermic, the energy of the transition
state is higher than those of the reactants and thus cre-
ates a bottleneck for the reaction. This is evidenced by
MD snapshots in Figure 2d which show repulsion of CO
in the presence of AuzO,, and it is further supported
by mass selection experiments in which no reaction has
been found. Moreover, in spectra recorded by our flow
tube technique, no increase in the intensity of the possible
product species, AuzO~, has been observed. In the case of
Auz Oy, no oxidation has been observed or predicted [17].
To summarize, although the presence of a peripheral oxy-
gen atom is an important feature, it is the synergistic effect
with the energy barriers that is crucial for the oxidation
of CO.

A second type of reactive center, the bridging O-atom,
seems to be less effective for the oxidation reaction. In the
case of AugO~, no oxidation reaction has been observed
experimentally [17]. Calculations find that the transition
states are comparable in energy with the reactants, which
suggests that, if a reaction involving a bridging oxygen
atom occurs, it will be very slow. In the case that the
Au—0 bond strength is enhanced due to a polarization
effect introduced by binding an electron acceptor group
to the gold atom (e.g. O-atom, Og-group), the reaction
will not proceed.

The third type of reactive center is the molecular
Og-group. For Auy O3, the reaction in which a single CO
is oxidized by a molecular Oy cannot proceed under our
experimental conditions due to the high barriers necessary
to break the strong O—O bond (3.19 eV), as identified by
DFT calculations. If cooperative effects are not present,
the barriers involved in the oxidation reaction are too
high to be surmounted. In accordance, our experiments
have not shown any oxidation reactions involving species
with the molecular Oz-group. However, they can be ob-
served under different experimental conditions [17-19] in
which cooperative effects can take place. There are other
possible reaction pathways involving association onto the
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Fig. 3. (Color online) Reaction profile for the reaction of
Au0~ with CO. Local minima are labeled with I-III, tran-
sition states with T'S;-TS3. The atom colors are: green for C,
red for O, and yellow for Au. Energies in eV relative to the
reactants are given in parenthesis.

AuzO,, and/or replacement of a molecular oxygen group
which will be considered in a later paper [17].

4 Conclusion

In conclusion, we propose a mechanism and have revealed
structure-reactivity relationships in which the presence of
a peripheral oxygen atom is necessary, under our experi-
mental conditions, for the oxidation of CO to take place
in the presence of gold cluster anions. However, the exis-
tence of a peripheral oxygen atom does not ensure that
the reaction will proceed. Hence, it is the presence of the
peripheral oxygen atom along with surmountable reaction
barriers that enables the oxidation of CO in the presence
of gold oxide cluster anions. Only those species with a fa-
vorable TS with respect to the reactants can react to oxi-
dize CO. Our joint gas phase experimental and theoretical
results presented herein provide valuable insight into the
role of gold and atomic oxygen in the oxidation of CO.
Moreover, our results show that the effect of “each atom
counts” is present in going from dimer to trimer oxide
clusters; by adding a single gold atom, different reaction
channels, such as association and replacement as opposed
to oxidation, can be preferable. Furthermore, these stud-
ies have shed light onto some of the fundamental processes
and relationships that may be essential for the reactions
to proceed.

M.L.K., N.A.M., and A.W.C. gratefully acknowledge the De-
partment of Energy, Grant Number DE-FG02-92ER14258,
for their financial support. C.B., R.M., and V.B.K. acknowl-
edge the Deutsche Forschungsgemeinschaft (SFB 450). We also
thank Grant E. Johnson for discussions.



208
References
1. M. Haruta, Catal. Today 36, 153 (1997)
2. M. Haruta, N. Yamada, T. Kobayashi, S. Iijima, J. Catal.
115, 301 (1989)
3. M. Haruta, S. Tsubota, T. Kobayashi, H. Kageyama, M.J.
Genet, B. Delmon, J. Catal. 144, 175 (1993)
4. M. Daté, M. Haruta, J. Catal. 201, 221 (2001)
5. G.C. Bond, D.T. Thompson, Catal. Rev.-Sci. Eng. 41, 319
(1999)
6. T.M. Bernhardt, Int. J. Mass. Spectrom. 243, 1 (2005)
7. A. Sanchez, S. Abbet, U. Heiz, W.D. Schneider,
H. Hakkinen, R.N. Barnett, U. Landman, J. Phys. Chem.
A 103, 9573 (1999)
8. H.S. Oh, C.K. Costello, C. Cheung, H.H. Kung, M.C.
Kung, Stud. Surf. Sci. Catal. 139, 375 (2001)
9. C.K. Costello, H.H. Kung, M.C. Kung, J. Catal. 216, 425
(2003)
10. L. Fu, N.Q. Wu, J.H. Yang, F. Qu, D.L. Johnson, M.C.

Kung, H.H. Kung, V.P. Dravid, J. Phys. Chem. B 109,
3704 (2005)

11.
12.
13.
14.
15.
16.

17.

18.

19.

The European Physical Journal D

M.L. Kimble, A.W. Castleman Jr, R. Mitri¢, C. Biirgel,
V. Bonacié¢-Koutecky, J. Am. Chem. Soc. 126, 2526 (2004)
R.C. Bell, K.A. Zemski, D.R. Justes, A.W. Castleman Jr,
J. Chem. Phys. 114, 798 (2001)

A.D. Becke, Phys. Rev. A 98, 3098 (1988)

A.D. Becke, J. Chem. Phys. 98, 5648 (1993)

D. Andrae, U. Haeussermann, M. Dolg, H. Stoll, H. Preuss,
Theor. Chim. Acta 77, 123 (1990)

W.T. Wallace, R.B. Wyrwas, R.L. Whetten, R. Mitri¢,
V. Bonacié¢-Koutecky, J. Am. Chem. Soc. 125, 8408 (2003)
M.L. Kimble, N.A. Moore, G.E. Johnson, A.W.
Castleman Jr, C. Biirgel, R. Mitri¢, V. Bonagi¢-Koutecky,
J. Chem. Phys. 125, 204311 (2006)

L.D. Socaciu, J. Hagen, T.M. Bernhardt, L. Woste,
U. Heiz, H. Hékkinen, U. Landman, J. Am. Chem. Soc.
125, 10437 (2003)

V. Bonaci¢-Koutecky, R. Mitrié¢, C. Biirgel, B.
Schéfer-Bung, Comput. Mat. Sci. 35, 151 (2006)



