
International Journal of Mass Spectrometry 233 (2004) 99–101

Gas-phase studies of AunOm
+ interacting with carbon monoxide
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Abstract

The results of reactions between preformed cationic gold oxide clusters and carbon monoxide have been investigated utilizing a fast-flow
reactor mass spectrometer. From these studies, it was found that all AunOm

+ produced in the cluster source disappeared with CO addition at
the reactant gas inlet. Furthermore, with CO addition, intermediate peaks of the form AunOm(CO)x+ (n = 1–2,m = 0–3,x = 0–2) were
produced, with some of the species continuing to react at higher CO flows.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon monoxide oxidation has been an area of exten-
sive research of late[1–4], with its conversion to CO2 en-
compassing numerous practical applications[5]. Therefore,
is has become necessary to find a suitable catalyst to pro-
mote this reaction. The oxidation of carbon monoxide in
the presence of gold cluster ions has been investigated both
on supports and in the gas phase[5–15]; interest in this
area has been prompted, in part, by the findings of Haruta
et al. [5,14,15] who have found that supported gold clus-
ters can effect the catalytic oxidation of carbon monoxide.
There have been some studies in both supported as well
as the gas state on the reactions of anionic species[6–13],
but the effect of charge state on this reaction has not been
extensively studied. There exist a few reports on the lim-
ited activity of gas-phase gold cations for reactions between
CO and oxygen with Aun+ [16,17]. However, recent reports
from Kung and coworkers propose a reaction mechanism in
which supported gold cations take part in the catalytic ox-
idation of CO[18–20]. Furthermore, various other studies
propose that gold cations at the metal-support interface play
a unique role in catalytic reactions[8,21]. Therefore, it is
thought that active sites consisting of charged gold centers
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may be the answer to gold’s ability in catalyzing various
reactions[22,23].

It has been reported that gas-phase clusters may func-
tion as models for the “cluster-like” assemblies of atoms on
catalytic surfaces, thus providing complimentary informa-
tion to surface science studies[24,25]. This suggestion has
prompted the investigations, reported herein, of the reactions
between preoxidized gas-phase gold cluster cations and car-
bon monoxide, with the goal of facilitating the further un-
derstanding of the role of charge state on the mechanisms
involved in the oxidation of CO by gold.

2. Experimental details

These studies were performed utilizing a fast-flow reac-
tor mass spectrometer, which has been discussed in detail
previously[26–28]. Briefly, preoxidized gold cluster cations
are produced in a laser vaporization source by passing oxy-
gen seeded in helium over the metal plasma formed from
the ablation of a gold rod. Carbon monoxide in increasing
amounts is introduced to the preoxidized gold cluster cations
via a reactant gas inlet which is located downstream of the
cluster source. Most of the species and the buffer gas are
pumped off by a high volume roots blower, but the surviving
species are sampled through a 1-mm orifice and analyzed
by a quadrupole mass spectrometer. The products are sub-
sequently detected utilizing a channel electron multiplier.
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3. Results and discussion

Here we present results for the oxidation of CO in the
presence of gold cluster cations in the gas phase. Due to
the method of oxygen introduction, we observe gold oxide
species in which oxygen is bound in both the molecular and
atomized forms to Au+ and Au2+. This allows for the CO
oxidation reactions to be performed on these small cationic
species. Our results for the oxidation of CO in the presence
of the gas-phase atomic anion have been reported previously
[28]. Briefly, we found that AuO− and AuO3

− promote the
oxidation reaction. This conclusion was reached based on the
decreasing intensity or the disappearance of the gold oxides
coupled with the increase in intensity of the bare atomic gold
anion. However, the production of CO2 was not observed
in any of the studies due to the inability to detect neutral
species. In contrast, we observe that all of the preoxidized
gold cluster cations formed in our cluster source react with
the CO added at the reactant gas inlet. Furthermore, species
of the form AunOm(CO)x+, wheren = 1–2,m = 0–3, and
x = 0–2, are produced upon CO addition. Some of these
species then continue to react with higher CO flows as dis-
cussed below. Typical reaction spectra are shown inFig. 1.

These spectra are for 1–2% oxygen seeded in helium at
the source and 0–50 sccm (standard cubic centimeters per
minute) of 0.3% CO in helium added downstream at the
reactant gas inlet. From these spectra, it is seen that with
increasing CO addition the gold oxide species of the form
AunOm

+, which are preformed in the source, decrease in in-
tensity, and in some cases, they completely disappear. More-
over, in successive spectra, intermediate product peaks ap-
pear and either increase in intensity or continue to react.

The further reactions of the intermediate AunOm(CO)x+
species are particularly interesting observations. Examples
of these reactions are presented inFig. 1afor AuO2CO+ and
more dramatically for AuO3CO+. As observed, upon CO
addition, the peak corresponding to AuO2CO+ gradually de-
creases in intensity, while that of AuO3CO+ appears to prac-
tically disappear. With higher CO flow rates (not shown for
the sake of not overcomplicating the mass spectrum), these
peaks continue to disappear. The same trend is observed to
occur for Au2CO+ and Au2OCO+ with the disappearance
dominating over the appearance of the peak at flow rates
near 50 sccm (0.3%) CO. (cf.Fig. 1b) A summary of the
behaviors of the various peaks with CO addition is given in
Table 1.

The trends presented inTable 1show that all of the species
of the form AunOm

+ decrease in intensity, and most of the
peaks disappear with CO addition. Furthermore, interme-
diate peaks appear and either undergo further reaction or
remain constant. For instance, AuCO+ increases upon ini-
tial CO addition but decreases with higher CO flows, and
while it is evident that a reaction is taking place, it is not
clear what this species is reacting to form. Another exam-
ple, Au(CO)2+, reacts away upon further CO addition, but
Au(CO)3+ is not observed in the mass spectrum; therefore,

Fig. 1. Reactions of CO with (a) AuOy+ and (b) Au2Oy
+. Top spectra

in each represent oxygen introduced at the source, and successive spectra
are for increasing amounts of CO added at the reactant gas inlet. The
peaks are labeled as follows: (a) (1) AuO+, (2) AuO2

+, (3) AuO3
+,

(4) AuO4
+, (5) AuO5

+, (6) AuCO+, (7) AuOCO+, (8) Au(CO)2+, (9)
AuO2CO+, (10) AuO3CO+; (b) (1) Au2O+, (2) Au2O2

+, (3) Au2O3
+,

(4) Au2O4
+, (5) Au2O5

+, (6) Au2CO+, (7) Au2OCO+, (8) Au2O(CO)2+,
(9) Au2O2CO+.

Table 1
Behavior of peaks with co addition

Species Behavior upon initial
CO addition

Behavior upon
further CO addition

AuO+ ↓ d
AuO2

+ ↓ d
AuO3

+ ↓ d
AuO4

+ ↓ d
AuO5

+ ↓ d
AuCO+ ↑ ↓
AuOCO+ ↑ rc
Au(CO)2+ ↑ ↓(sl)
AuO2CO+ ↑ ↓
AuO3CO+ ↑ ↓, d
Au2O+ ↓(sl) ↓
Au2O2

+ ↓ d
Au2O3

+ ↓ d
Au2O4

+ ↓ ↓
Au2O5

+ ↓ ↓
Au2CO+ ↑ d(s)
Au2OCO+ ↑ d(s)
Au2O(CO)2+ ↑ rc
Au2O2CO+ ↑(sl) ↑, rc

↓: decreases;↑: increases; d: disappears; (sl): slight; rc: remains constant;
(s): slow.
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Au(CO)2+ does not simply add another CO molecule. There
are also a few species which either remain constant or con-
tinue to increase in intensity with further CO addition. As
an example, Au2O(CO)2+ increases in intensity with ini-
tial CO addition, and then the intensity remains constant.
Au2O2CO+, however, continues to increase in intensity with
higher flows of CO.

4. Conclusion

These results for the reactions between carbon monoxide
and gas-phase gold clusters display significant differences
in the reaction mechanisms which arise due to charge state.
From the studies reported herein and more extensive exper-
imental and theoretical investigations of the atomic anion
[28], we find the following results. All preformed cationic
gold oxides decrease in intensity and disappear with CO
addition, while AuO− and AuO3

− are the only atomic an-
ion species to promote the oxidation reaction[28]. Further-
more, intermediate peaks of the form AunOm(CO)x+ are
produced with CO addition, but no intermediates are ob-
served in the anion studies[28]. Moreover, with further CO
addition, some intermediate peaks undergo further reactions
in the cation studies.

The preliminary data presented herein are promising, and
with continuing experimental and theoretical investigations,
more insight into the mechanisms and the nature of the active
site on gold catalysts will be obtained.
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[1] A. Bielański, J. Haber, Oxygen in Catalysis, Marcel Dekker, Inc.,
New York, 1991, and references therein.

[2] J.A. Anderson, J. Catal. 142 (1993) 153.
[3] V. Nehasil, I. Stará, V. Matolı́n, Surface Sci. 352/354 (1996)

305.
[4] T. Tanaka, H. Nojima, T. Yamamoto, S. Takenaka, T. Funabiki, S.

Yoshida, Phys. Chem. Chem. Phys. 1 (1999) 5235.
[5] M. Haruta, Catal. Today 36 (1997) 153.
[6] G.C. Bond, D. Thompson, Gold Bull. 33 (2000) 41, and references

therein.
[7] D. Thompson, Gold Bull 31 (1998) 111, and references therein.
[8] G.C. Bond, D.T. Thompson, Catal. Rev.-Sci. Eng. 41 (1999) 319,

and references therein.
[9] W.T. Wallace, R.L. Whetten, J. Am. Chem. Soc. 124 (2002)

7499.
[10] J. Hagen, L.D. Socaciu, M. Elijazyfer, U. Heiz, T.M. Bernhardt, L.

Wöste, Phys. Chem. Chem. Phys. 4 (2002) 1707.
[11] K.J. Taylor, C. L Pettiette-Hall, O. Cheshnovsky, R.E. Smalley, J.

Chem. Phys. 96 (1992) 3319.
[12] Y.D. Kim, M. Fischer, G. Ganteför, Chem. Phys. Lett. 377 (2003)

170.
[13] D. Stolcic, M. Fischer, G. Ganteför, Y.D. Kim, Q. Sun, P. Jena, J.

Am. Chem. Soc. 125 (2003) 2848.
[14] M. Haruta, S. Tsubota, T. Kobayashi, H. Kageyama, M.J. Genet, B.

Delmon, J. Catal. 144 (1993) 175.
[15] M. Haruta, N. Yamada, T. Kobayashi, S. Iijima, J. Catal. 115 (1989)

301.
[16] T.H. Lee, K.M. Ervin, J. Phys. Chem. 98 (1994) 10023.
[17] D.M. Cox, R. Brickman, K. Creegan, A. Kaldor, Z. Phys. D 19

(1991) 353.
[18] C.K. Costello, M.C. Kung, H.-S. Oh, Y. Wang, H.H. Kung, Appl.

Catal. A 232 (2002) 159.
[19] H.H. Kung, M.C. Kung, C.K. Costello, J. Catal. 216 (2003)

425.
[20] C.K. Costello, J.H. Yang, H.Y. Law, Y. Wang, J.-N. Lin, L.D. Marks,

M.C. Kung, H.H. Kung, Appl. Catal. A 243 (2003) 15.
[21] J. Guzman, B.C. Gates, J. Phys. Chem. B 106 (2002) 7659.
[22] R.J. Davis, Science 301 (2003) 926.
[23] A. Sanchez, S. Abbet, U. Heiz, W.-D. Schneider, H. Häkkinen, R.N.

Barnett, U. Landman, J. Phys. Chem. A 103 (1999) 9573.
[24] E.F. Fialko, A.V. Kikhtenko, V.B. Goncharov, K.I. Zamaraev, J. Phys.

Chem. B 101 (1997) 5772.
[25] G.A. Somorjai, Introduction to Surface Chemistry and Catalysis,

John Wiley and Sons, New York, 1994.
[26] A.W. Castleman Jr., K.G. Weil, E. Sigsworth, R.E. Leuchtner, R.G.

Keesee, J. Chem. Phys. 86 (1987) 3829.
[27] R.E. Leuchtner, A.C. Harms, A.W. Castleman Jr., J. Chem. Phys.

92 (1990) 6527.
[28] M.L. Kimble, A.W. Castleman, Jr., C. Bürgel, R. Mitrić, V.
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