JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Catalytic CO Oxidation by Free Au: Experiment and Theory
Liana D. Socaciu, Jan Hagen, Thorsten M. Bernhardt,
Ludger Wste, Ulrich Heiz, Hannu Hkkinen, and Uzi Landman
J. Am. Chem. Soc., 2003, 125 (34), 10437-10445+ DOI: 10.1021/ja027926m « Publication Date (Web): 05 August 2003
Downloaded from http://pubs.acs.org on March 29, 2009

-2C02 Au2-
+0
-CO, 0.5 i
0.52| [+CO 02“202-
Au,CO; 0.3
03X ™ Au,CO; ¥ //-CO

-CO;™ +CcO™ Au,CO00;

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 25 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja027926m

JIAICIS

ARTICLES

Published on Web 08/05/2003

Catalytic CO Oxidation by Free Au ,: Experiment and Theory

Liana D. Socaciu,™ Jan Hagen," Thorsten M. Bernhardt,*' Ludger Woste,’
Ulrich Heiz,¥ Hannu Hakkinen,® and Uzi Landman$
Contribution from the Institut fluExperimentalphysik, Freie Upérsita Berlin, Arnimallee 14,
D-14195 Berlin, Germany, Abteilungrf®berflachenchemie und Katalyse, Usisita Ulm,

D-89069 Ulm, Germany, and School of Physics, Georgia Institute of Technology,
Atlanta, Georgia 30332-0430

Received July 30, 2002; E-mail: tbernhar@physik.fu-berlin.de

Abstract: Temperature-dependent rf-ion trap mass spectrometry and first-principles simulations reveal the
detailed reaction mechanism of the catalytic gas-phase oxidation of CO by free Au,™ ions in the presence
of O,. A metastable intermediate with a mass of Au,CO3;~ was observed at low temperatures. Two alternative
structures corresponding to digold carbonate or peroxyformate are predicted for this intermediate. Both
structures are characterized by low activation barriers for the formation of CO,. These combined experimental
and theoretical investigations provide a comprehensive understanding of the kinetics, energetics, and atomic
arrangements along the reaction path, thus allowing a formulation of the catalytic cycle for the oxidation
reaction.

Introduction Motivated by this prediction we performed experiments in
which mass-selected Auions are exposed to a CO/Ble gas
mixture inside an rf-octopole ion trap at a defined reaction
temperature. These measurements provided evidence for cata-
éytic CO, formation inside the ion trap. Furthermore, product

Until quite recently gold has not been considered relevant
for the design of new materials for heterogeneous catalysis,
because of its inert nature. However, reduction of the particle
size to the nanoscale opened a new perspective on the catalyti ) . N
propensities of gold. Indeed, during the past few years new ion analysis as a function of the reaction time, temperature, and

catalysts based on highly dispersed nanoscale gold particles Weréeactlv_e gas c_oncentranons n_avealed the detalled_ kln_etlcs of t_he
developed which show superior performance to commonly catalytic reaction. On the basis of the observed kinetics, and in

employed materials in important catalytic reactions, such as CO conjunc.tion with first-principles theorgticgl calcula'tions of the
oxidation and the partial oxidation of hydrocarbons, especially energencs and structures O_f the reaction mter_medlatgs along the
at low temperatures? A detailed mechanistic understanding reaction path, _the m_eCh‘?“'ST“ of the catalytic r_eactlon can be
of this unique behavior is currently emerging, largely due to dedu_ced. This is the first kinetic study on a catalytic metal clustgr
controlled UHV studies of model nanocatalysts as well as reaction and one of only a few examples where a full catalytic
theoretical modeling and simulations. Most recently it was found cycle has been demonstrated experimentally for gas-phase metal

that mass-selected deposited gold clusterg Am = 2—20) clusters:

on thin .films of MgQ(lOO? exhibit extremely sepsitive size  Experimental Procedure

effects in the catalytic oxidation of CO. In particular, only

clusters with eight or more atoms catalyze this reaction, and The experimental setup consists of an octopole ion trap inserted into

the CQ yield was found to exhibit a nonlinear dependence on a multiple quadrupole mass spectrometer arrangefnienbrief, the

cluster size fon > 8. A concurrent theoretical study revealed gold cluster ions are sputtered from gold metal targets by a Cold Reflex
- Discharge lon Source (CORDISOne particular cluster size is selected

the importance of cluster charging by electron transfer from by a first quadrupole mass filter. Subsequently, the monodisperse cluster
surface defects (oxygen vacancy F centers) of the MgO support. peam is thermalized by collisions with helium buffer gas prior to
In addition, a subsequent theoretical study predicted that evenentering the ion trap. The octopole ion trap is prefilled with about 1 Pa
negatively charged free gold dimers, Auare able to catalyze  partial pressure of helium buffer gas and a small, well-defined fraction
the gas-phase oxidation reaction of carbon monoxide to carbonof reactive gases (CO and)OThe absolute pressure inside the trap is

dioxide in the presence of molecular oxygen. measured by a Baratron gauge (MKS, Typ 627B). The ion trap assembly
is attached to a helium cryostat, allowing variable temperature
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adjustment in the range between 20 and 350 K. Thermal equilibration supercell is used), thus allowing accurate calculations on both neutral
of the clusters entering the trap is achieved within a few thousand and charged system5Our calculations give an accurate description
collisions with the buffer gas, i.e., in a few milliseconds under our of the bonding properties of neutral and anionic dimers of And
operating condition$.The cluster ions are stored in the trap for a AuO as well as those of CO,£and CQ molecules. All the structures
considerably longer time period, typically for several seconds, without shown here are obtained via unconstrained optimizations of the spatial
significant ion loss. The trap is filled with gold cluster anions up to atomic arrangements and of the spin configurations.
the space charge limit, i.e., about*i6ns per mm. After the chosen In our investigation of the reactions paths we determined several
reaction time, all ions, reactants, intermediates, and products arereaction barriers for the formation of intermediate complexes as well
extracted by applying an electrostatic field, and the ion distribution is as for the formation and release of €Ohe reaction barriers were
analyzed via a second quadrupole mass spectrometer. By recording albbtained by constrained optimizations, where the reaction coordinate
ion concentrations as a function of the reaction time, the kinetics of xs (e.g., the distance between judiciously chosen atoms, or between an
the reaction may be obtained. The ion trap operates in the kinetic low- approaching atom and the center of mass of another group of atoms,
pressure regime, which means that a Lindemann-type mechanism hastc.), was varied by increments of 8:0.2 A, with all other degrees
to be considered for each reaction step and that the rate depends omf freedom fully relaxed for each value @k. This procedure yields
the buffer gas pressufeSince the concentrations of the reactive gases the shape of the reaction barrier along the reaction path, and with the
and the buffer gas in the octopole trap are orders of magnitude higher discretization oks used here the barrier height (and the transition state)
than the Ay~ concentration, these concentrations are considered to is estimated within 0.1 eV. In certain cases the connectivity between
remain constant in the kinetic evaluation proceduktence, all the the transition state and the product was verified using first-principles
proposed reaction steps are assumed to follow pseudo-first-orderdynamical simulations, releasing the system from the transition state.
kinetics. Possible reaction mechanisms are evaluated by fitting the
integrated rate equations to the experimental kinetic data. The integra-
tion of the rate equations is performed numerically by using the fourth-  Experimental. First, we investigated the reactivity of Au
Order.RUng.eKUtta. algorithm. The employed f|tt|ng proce.dure COﬂSjStS Separate'y toward Q)r CO. In agreement W|th previous recent
of an iterative nonlinear least-squares mettfdur method is the basic gy djes no reaction with CO was observed at room temperature,
approach to macroscopic chemical Igne‘tmsd results in an optimized ;10 Au,O,~ was the only product in the reaction with.&19
kinetic model presenting the most simple reaction mechanism with the . . . .
The product ion concentrations as a function of the reaction

best fit to the experimental data. Note that in this approach more . for th . ith disol din Fi h
complex mechanisms which result in the same fit quality are discarded. timetg for the reaction with @are displayed in Figure 1a. The

Thus, the obtained reaction steps are not necessarily elementary reactioiN€tics can best be fitted by a straightforward association
steps. Benson'’s rule of chemical kinefiepplies to all deduced reaction ~ reaction mechanism:
mechanisms.

Results and Discussion

Au, + O,— Au,0O, (1a)

Computational Method

The interaction of Ay~ with CO and Q as well as the complete
catalytic cycle was investigated via density functional theory. The
Kohn—Sham (KS) equations were solved using the Baddppenheimer
(BO) local-spin-density (LSD) molecular dynamics (MD) method (BO-
LSD-MD), "t including generalized gradient corrections (GGAith
nonlocal norm-conserving pseudopotentisfer the 5d° 6<', 28 217,
and 28 2p* valence electrons of the Au, C, and O atoms, respectively.
Relativistic effect¥* are prominent in gold clustetdand we have used
here a scalar-relativistic treatment of the pseudopotéhtidlich has
been verified to yield results in close agreement with a full relativistic
approach’

The BO-LSD-MD method is particularly suited for this study, since
it does not employ periodic replication of the ionic system (that is, no

The solid lines in Figure la represent the fitted integrated
rate equations for this mechanism. As explained in the Experi-
mental Procedure, our experiment operates in the kinetic low-
pressure regime, therefore the obtained pseudo-first-order rate
constantk contains the termolecular rate constéfit as well
as the concentrations of the helium buffer gas and of the reactant:

k= K9[He][O,] (1b)
The details of the reaction are described by the Lindemann

energy transfer model for association reactions which is
represented by the following equatiohs:

(8) Westergren, J.; Gnbeck, H.; Kim, S.-G.; Toriaek, D.J. Chem. Phys.

1997, 107, 3071. Westergren, J.; Gibeck, H.; Rose, A.; Nordholm, S. Au, +0O,=Au0, * (1c)
J. Chem. Phys1998 109, 9848. Hess, H.; Kwiet, S.; Socaciu, L.; Wolf,
S.; Leisner, T.; Wete, L.Appl. Phys. B200Q 71, 337. % — - *

(9) Steinfeld, J. I.; Francisco, J. S.; Hase, W. Chemical Kinetics and AUZOZ +He AUZOZ + He (1d)

Dynamics 2nd ed.; Prentice Hall: Upper Saddle River, NJ, 1999. Laidler,
K. J. Chemical Kinetics3rd ed.; HarperCollins: New York, 1987.

(10) IBM. Chemical Kinetics Simulatprl.0 ed.; IBM Corporation: 1995.
Schumacher, EDETMECH-Chemical Reaction Kinetics Softwardni-
versity of Bern: Chemistry Departement, 1997 (http://iacrsl.unibe.ch/
~chemsoft/).

(11) Barnett, R. N.; Landman, WPhys. Re. B 1993 48, 2081. This method
does not use periodic boundary conditions for the ionic system.

(12) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865.

(13) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993. The core radii
(in &) are as follows: Au: s(2.50), p(3.00), d(2.00); C: s(1.50), p(1.54);
O: s(1.45), p(1.45), with Au(s), C(p), and O(p) as local components. The
Kohn—Sham orbitals are expanded in a plane-wave basis with 62 Ry energy
cutoff.

(14) PyykKg P.Chem. Re. 1988 88, 563.

The intermediate, energetically excited iamolecule complex
Au,0,~* can decompose back to the reactants, if no stabilizing
collisions with a background helium atom take place. For each
similar reaction step identified in the kinetic evaluation and
fitting procedure, such a Lindemann-type reaction scheme has
to be considered as elementary reaction scenario.

Next, partial pressures of both reaction gasesa@d CO,
were introduced into the ion trap. This changes the kinetics of

(15) H&kinen, H.; Moseler, M.; Landman, Phys. Re. Lett.2002 89, 033401.

(16) Kleinman, L.Phys. Re. B 180, 21, 2630. Bachelet, G. B.; Schluter, M.
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2001, 16, 29.
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B. E.; Wallace, W. T.; Whetten, R. IChem. Phys200Q 262 131. Wallace,
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Figure 1. Concentration of all product ions observed duringAteaction inside the octopole ion trap as a function of the reactionttirfar different CO

partial pressures: (a) no CO in the trggCO) = 0; (b) p(CO) = p(Oy); (c) p(CO) = 2p(0Oy). Reaction temperaturtr = 300 K; p(O2) = 0.12 Pa;p(He)

= 1.2 Pa. The open symbols represent the experimental data, normalized to the initimloAgentration and to the total ion concentration in the trap. The
solid lines are obtained by fitting the integrated rate equations of the proposed reaction mechanisms to the experimental data ((a) mechamitey equati
(b), (c) mechanism equation 2, see text).

the reaction with Ay~ drastically. We will start to discuss the (2)300 K Auz'oz'
observed ions and kinetics at room temperature before presenting Au”
the temperature-dependent investigations that lead to the 2

observation of a reaction intermediate and the inference of a
full catalytic cycle. The room-temperature kinetics are displayed
in Figures 1b and 1c for differentLLO pressure ratios. No
further product ions besides AD,™ are detected. However, an
offset in the Ay~ signal is observed at long reaction times,
indicating a more complex reaction mechanism. The simplest
reaction mechanism that is able to fit the experimental data is
an equilibrium reaction:

(b)100 K

Intensity [arb. units]

Au,(CO)O;

.
<

k
AU, + 0,5 Au0;” @)

350 400 450 500
Here k; and k—; are the rate constants for the forward and Mass [amu]
backward reactions, respectively. Note that the Acoffset is Figure 2. Mass spectra of product ion distributions analyzed after trapping
: : - . Auy~ for 500 ms inside the octopole ion trap filled with 0.02 Pg @05

_Only observed V\_Ihen COIs present in the ion trap, although Fhls Pa CO, and 1.23 Pa He. (a) At a reaction temperature of 300 K ordy Au
is not reflected in eq 2. The influence of the CO concentration and AwO,~ are detected. Cooling down reveals an additional ion signal
on the Ay~ offset, i.e., the equilibrium concentration of Ay appearing at the mass of ACO)O,. Mass spectrum (b) shows the ion
can be seen from a comparison of the kinetic traces in Figuresdistribution at 100 K.

1b and 1c: InFi 1b, the ratiif CO)/p(0O,) = 1 d
and 1c: In Figure 1b, the ragCO)p(O,) > compare and this complex represents a key step in the path toward

to p(CO)p(O2) = 2 in Fi 1c. Correlated with this, the rate . S . . .
cog(stan)ﬂip( ?t)eq 2) Idoulgll;;eincﬁgu:;efc covr\rlllparelc?,to th;t in catalytic CO oxidation to C&as has been predicted in an earlier
Figure lb_lHence increasing the CO partial pressure enhancest,heoretical study(the preferred tendency of small gold cluster
the backward reaction step. Consequently, the above indicatesg;]Ioer:?r;gnigﬁd?;r?hgOo?;?rzi2;:2?\1559;%lilgg rceocnef:tr;;ed
that eq 2 fails to provide a complete description of the reaction P y g

and that an appropriate description involves more complex for larger Au").
. pprop P P Having identified this reaction intermediate, we monitored
reaction steps.

the concentrations of all ions observed fAUAU,O,, and

To obtain further insight into the mechanism of this reaction, Aux(CO)0,7) as a function of the reaction time, under a
we recorded the reaction products as a function of the reactionyytitude of different reaction conditions. The dependencies of
temperature. Figure 2a shows a mass spectrum of the productne kinetics on the variation of the different reaction parameters
ion distribution under room-temperature conditions with both (reaction temperatur®s, CO partial pressurg(CO), O, partial
reactive gases present in the trap.,Aand ApO,~ are the  pressurep(0,)) were investigated. The aim of this exploration
only ions detected. Cooling the ion trap down below room was to find a reaction mechanism that fits all the obtained data,
temperature surprisingly revealed the appearance of an additionahs well as one that is in accord with the room-temperature
signal. Figure 2b displays the corresponding mass spectrum akinetics represented in Figures 1b and 1c. The most simple
100 K. The new ion signal emerges at the mass assigned to theeaction mechanism that fulfills these prerequisites, and fits all
species with a stoichiometry of A(CO)O,~. Obviously, at the kinetic data measured under all the different reaction
lower temperatures we were able to isolate an intermediate
product of the reaction mechanism. The ion stoichiometry clearly (20) Hagen J.; Socaciu, L. D.; Elijazyfer, M. Heiz, U.; Bernhardt, T. M:stdo

. L. Phys. Chem. Chem. Phy002 4, 1707.
shows that CO and £are able to coadsorb on an Audimer, (21) Wallace, W. T.; Whetten, R. L1. Am. Chem. So@002 124, 7499.
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Figure 3. Product ion concentrations as a function of the reaction time for three different reaction temperatures and different reactant gas concentrations.
(a) Tr = 225 K; p(O2) = 0.09 Pa;p(CO) = 0.10 Pa;p(He) = 1.07 Pa. (b)Tr = 150 K; p(O2) = 0.04 Pa;p(CO) = 0.04 Pajp(He) = 1.0 Pa. (c)jTr = 100

K; p(Oz) = 0.02 Pa;p(CO) = 0.03 Pajp(He) = 1.0 Pa. (d)Tr = 150 K; p(O;) = 0.04 Pa;p(CO) = 0.06 Pajp(He) = 1.01 Pa. (e)lr = 100 K; p(Oz) =

0.08 Pap(CO) = 0.04 Pap(He) = 1.03 Pa. Open symbols represent the normalized experimental data. The solid lines are obtained by fitting the integrated
rate equations of the catalytic reaction cycle (eq 3) to the experimental data. Note that the reactant gas concentrati(@)sier@kept constant and equal

for the different temperatures within the error limits of our experimet.008 Pa). The helium concentration could not be maintained constant for the
different temperatures due to the limited pressure range for ion trapping.

conditions, is described by the reaction equations given below: e.g., by a simple forward reaction will lead to a mechanism
that yields an inadequate fit to the experimental data. The
Kk . . . . . .
Au, + Oz_l’Auzoz_ (3a) Auzoz signal will then disappear at Iong reaction times, which
is not the case as can be seen from Figure 3.

Au,0,” + COk<='k22 Au,(CO)O,” (3b) Fig_ures_ 3aL_e show examples of _the dependence of the
- reaction kinetics on the reactant partial pressures. The depen-
dence of a pseudo-first-order rate constant on the concentration
of a reactant (@or CO) demonstrates the involvement of the
reactant in this particular reaction step (cf. eq 1b and Table 1).
A set of pseudo-first-order rate constants for the mechanism
equations 3 obtained for different experimental conditions is

k.
Au,(CO)Q,” + CO—~Au, + 2CO, (3¢)

Kinetic traces of the catalytic reaction at three different reaction
temperatures as well as at different@hd CO partial pressures
are shown in Figure 3. The fit of the integrated rate equations . .
of this mechanism (eqgs 3) is represented by the solid lines. Asl'Sted in Table 1. The shown grror valuesikglandk; are mainly

can be seen from the graphs in Figure 3, an excellent agreemenflU€ 0 the error in the partial pressures. kog and ks the

with all the measured kinetic data has been achieved. It shouldPossible variation of the rate constants resulting in the same fit
be noted that the quality of the fit is very sensitive to the duality is larger than the partial pressure uncertainty and thus
postulated reaction steps and that the kinetic evaluation proce-determines the error bars of the rates in these cases. Figures 4
dure that we have employed is clearly able to discriminate and 5 show graphical representations of this data set. In the
against alternative mechanisms, as has been demonstratetbllowing we will discuss in detail some important implications
before®® The replacement of the equilibrium in reaction 3b, of reaction mechanism equations 3 based on these results:

10440 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003
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Table 1. Pseudo-First-Order Rate Constants Obtained by Fitting the Reaction Mechanism Equations 3 to the Kinetic Data under Various
Experimental Conditions
TIK] p(0) [Pa] p(CO) [Pa] p(He) [Pa] ki[s77] ka[s™] k2[s7] ks [s77]
100 0.02 0.03 1.01 32 38+ 10 10+ 2 0.10+ 0.09
0.04 0.04 1.03 62 46+ 9 11+3 0.30+£0.15
0.04 0.08 1.02 &2 77+ 8 30+ 6 0.55+ 0.25
0.08 0.04 1.03 1x2 27+ 6 8+2 0.40+ 0.20
150 0.04 0.04 1.00 1203 1.9+ 04 0.8+ 0.2 0.05+ 0.04
0.04 0.06 1.00 1503 3.0+04 2.0+ 04 0.35+ 0.15
0.04 0.16 1.00 2205 144+ 0.8 23+5 0.65+ 0.15
0.06 0.07 1.03 3.205 7.0+ 0.8 2.5+ 0.5 0.45+ 0.15
0.06 0.11 1.05 3.205 14+ 1 10+ 2 0.55+ 0.15
0.12 0.05 1.04 403 3.0+ 0.5 1.8+ 0.4 0.65+ 0.15
190 0.07 0.07 1.05 1402 2.4+0.3 0.5+ 0.1 0.30+ 0.10
0.08 0.16 1.04 2.20.3 4.0+ 0.2 2.4+ 05 0.45+ 0.15
0.15 0.08 1.04 3.%+0.2 3.2+ 04 1.7+ 0.4 0.30+ 0.10
225 0.09 0.10 1.07 1502 0.84+ 0.07 1.4+0.3 0.80+ 0.40
300° 0.13 0.13 1.05 0.94 0.06 0.34+ 0.02 <0.1 >10
0.13 0.26 1.05 0.94 0.06 0.67+ 0.02 <0.1 >10
0.26 0.13 1.05 1.6% 0.05 0.44+ 0.03 <0.1 >10

aNote that at 300 K no intermediate product is observed. To be able to fit reaction mechanism equations 3 in this case, an intermediate prodtiohconcentra

below the detection limit of the experiment is assumed.

100 K 150 K
1% (a) E L
P 4 i 7’ *
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Figure 4. Reactant partial pressure dependence of rate constzaitd 00

K (a—c) and 150 K (ef). (@) and (d)
dependence db. (b,e) and (c,f) show the

show the ©partial pressure
CO partial pressure dependences

of ky andks, respectively. The dashed lines represent linear fits to the data

and are drawn as guide to the eye.

(1) The mechanism reveals that @sorption precedes CO
adsorption in the catalytic reaction. This is further supported the rate constarkt; as can be seen from Table 1. In fact, all

by the fact that no signal for the i

on AQO ™ is observed and

by the reaction kinetics of Ao when only Q or CO are present

‘TH ~\£ (a)k1 .1k2A
co; 107 T~ 1
g 1 4
= "‘”i“‘:‘~@---
e 1 N
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ng 1_; .. |
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Figure 5. Temperature dependence of the rate constants of reaction
mechanism equations 3 (cf. Table 2) in double logarithmic representation.
(a) Termolecular rate constanits and ky. (b) Bimolecular rate constant
k—». (c) Bimolecular rate constakg. Dashed lines are drawn as a guide to

the eye.

in the trap; the adsorption of Oss by about an order of
magnitude faster than the adsorption of CO molectfles.

(2) Varying the oxygen partial pressure inside the trap affects

other rate constants remain unaffected by the variatiq{@©f)
within the confidence limits of the data (cf. Table 1). From

J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003 10441
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Table 2. Termolecular Rate Constants k;® and k), as Well as Bimolecular Rate Constants k—»@ and ks® Deduced from the
Pseudo-First-Order Values in Table 12

TIK] p(O,) [Pa] p(CO) [Pa] p(He) [Pa] ki@ [10-28 cmf s71] k@ [10-28 cmf s71] k_,@ [10-* cmP s~ k@107 cm3 s~
100 0.02 0.03 1.01 F2 24+ 7 1.4+ 0.3 0.5+ 0.4
0.04 0.04 1.03 2.80.6 21+ 5 1.4+ 0.3 1.0+ 0.6
0.04 0.08 1.02 3.80.8 18+ 2 4.1+0.9 0.9+ 0.5
0.08 0.04 1.03 29203 12+ 3 1.1+ 0.3 1.4+ 0.7
150 0.04 0.04 1.00 1303 20+ 04 0.16+ 0.04 0.3+ 0.2
0.04 0.06 1.00 1.604 2.1+ 0.3 0.41+ 0.08 1.2+ 0.6
0.04 0.16 1.00 2405 3.9+ 0.2 5+1 0.8+0.2
0.06 0.07 1.03 2604 4.2+ 0.5 0.5+ 0.1 1.3+ 0.5
0.06 0.11 1.05 2%#04 5.0+ 04 20+ 04 1.0+ 0.3
0.12 0.05 1.04 1501 25+ 04 0.36+ 0.08 2.7+ 0.7
190 0.07 0.07 1.05 1£0.2 2.2+0.3 0.13+0.03 1.1+0.4
0.08 0.16 1.04 1.80.2 1.65+ 0.09 0.61+ 0.02 0.7£0.3
0.15 0.08 1.04 1.3# 0.08 2.7£0.3 0.43+ 0.09 1.1+ 04
225 0.09 0.10 1.07 1%50.2 0.76+ 0.06 0.41+ 0.09 25+13
300 0.13 0.13 1.05 1.1& 0.08 0.43+0.03 <0.04 >32
0.13 0.26 1.05 1.18 0.08 0.42+ 0.02 <0.04 >16
0.26 0.13 1.05 1.0 0.04 0.55+ 0.04 <0.04 >32

aNote that deviations at high(CO) are due to side reaction effects (see also text).

Figures 4a and d it can be seen tlkatrises linearly with implications on the possible structure of the intermediate species
increasingp(0.) as expected. Auy(CO)O,™ in the catalytic cycle equations 3 which might be

(3) An increase in the carbon monoxide partial pressure results@ simple co-adsorption of the two molecules, e.g., on different
at room temperature in an increasing back reactionkatén sides of Ay~ or already a reacted carbonate ke species

eq 2, i.e., the Apr offset (the Ay~ equilibrium concentration) ~ adsorbed onto the gold dimer (see also Theoretical section).
is increasing, as can be seen from the Figures 1b and 1c.Apparently, the observed intermediate can have different isomers
Resolving the kinetics at lower temperatures also reveals anand one of them is formed by molecular coadsorption of CO
increase of the Aar offset with increasing(CO) (Figures 3b  and Q, because otherwise the possible CO loss required by eq
and d). This is reflected in the fact that boka,andks (in egs 3b would not be feasible.
3), increase at larggr(CO) as illustrated in Figures 4t at (6) Further insight into this issue and the reaction energetics
100 K as well as in Figures 4¢ at 150 K. The relation between  can be gained from temperature-dependent measurements as
k-2 (eq 3b) andp(CO) is more complicated. In particular, it shown in Figure 3ac. We observe that with decreasing
appears that at higher CO partial pressures and low temperaturegemperature the final equilibrium concentration ofAC0)0,~
CO adsorption starts to compete with &lsorption in the first  increases, whereas the offset in the;Aooncentration as well
reaction step. This leads to the observed systematic increase ofs the AyO,~ concentration decrease. This is reflected in the
ki with p(CO) at lower temperatures (cf. Table 1). From this different termolecular and bimolecular rate constants as a
side reaction, a new product, X€O)O,~, with a structure  function of reaction temperature, which are listed in Table 2.
different than that of the discussed intermediate in eqs 3 will The values are calculated from the pseudo-first-order rates in
form, competing with the catalytic cycle. The observed large Table 1. Figure 5 presents plots of the rate constants as a
increase ok, at higherp(CO) (cf. Table 1) can be assigned  function of temperature. In general, good agreement is obtained
to the decomposition of this structurally different intermediate for the bi- and termolecular rate constants measured at the same
resulting from first CO and then Ladsorption. temperature but different reactant gas concentrations, as ex-

(4) As the experiment is conducted in the kinetic low-pressure pected. Deviations are observed at high CO partial pressures,
regime, stabilizing or activating collisions have to be considered in particular for the rate constanig® and k_,. These
in the elementary reaction steps according to the Lindemanndeviations can be understood by considering the influence of
model. Hence, the elementary reaction steps of reaction equatiorthe side reaction introduced above which is in competition with
3a are considered to be equal to those of egsdld’he same the catalytic cycle at high(CO). From Figure 5a it can be seen
is true for the forward reaction stepy) of reaction equation  that the rate constantg® andk,® decrease with increasing
3b. For the backward reaction step ) of reaction equation  temperature. This negative temperature dependence is indicative
3b, a Lindemann mechanism for unimolecular decompositions of a barrierless reaction and can be explained in the framework
has to be considerétesulting in an overall bimolecular rate  of the Lindemann theor§1° Most importantly, however®
constant. Reaction equation 3c represents a bimolecular reactionncreases with increasing temperature (Figure 5c¢). Hence, an
with more than one product (no association reaction), and no activation barrier is involved in reaction step 3c. This corre-
further intermediates could be identified. Therefore, the involve- sponds to the increasing AC0)O,~ signal and the decreasing
ment of a He collision in the elementary reaction scenario is Au,~ offset with decreasing temperature and agrees well with
not required. In particular, in this reaction step (eq 3c), the first- our theoretical calculations as will be discussed below. The case
principles calculations described in the following section help of k_,@ is again more complicated: As the forward reaction
to provide insight into the structure and energetics along the of eq 3b k) has been identified to be barrierless, an activation
reaction path on a molecular basis. barrier and thus a positive temperature dependende £%

(5) As discussed above, the postulation of an equilibrium in would be expected for the back reaction step of reaction 3b.
step 3b is essential to the reaction mechanism. This in turn hasHowever, from Figure 3b a negative trend of the temperature
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dependence df_,@ is detected. This observation also points
toward the participation of different isomers of the intermediate
in the catalytic cycle equations 3. At room temperature, the most

stable isomers, such as the carbonate structure (cf. Theoretical 20

part), are populated, but do not dissociate back tg0Au. More

weakly bound isomers that are able to redissociate are preferably

populated at lower temperatures. The relative concentration of
stable and weakly bound, dissociating isomers gives rise to the
observed negative temperature dependende#%. Possible
structures of the intermediate XCO)O,~ will be presented in

the Theoretical section.

(7) Finally, from the kinetic traces of the room-temperature
catalytic reaction in Figure 1c, we calculated the catalytic turn-
over-frequency (TOF) to be 0.5 G@olecules per gold cluster
per second. This is in the same order of magnitude as the
catalytic activity of oxide-supported gold cluster particles with
a size of a few nanometers, which ranges between G.per
Au atom (~2 nm diameter particles at 273 K) and 4 per Au
atom (3.5 nm particles at 350 Ky?

Theoretical. The interaction and bonding of Au with O,
and CO has been discussed by some of us béforthe optimal
configuration Q is bonded to Ay~ end-on (i.e. a planar [Ad
Au—O—0]~ configuration), with interatomic distances of
d(Au—Au) = 2.58 A, d(Au—0) = 2.11 A,d(0—0) = 1.34 A,
and angles](Au—0O—0) = 115.6 andd(Au—Au—0) = 180C°.
The bonding mechanism involves partial electron transfer (0.4
e) from the metal cluster to the antibondingorbital of the
oxygen molecule, making the oxygen molecule a superoxo-like
species. The binding energy is 1.39 eV, and molecular adsorp-
tion is energetically favored over dissociative adsorption.
Furthermore, the molecular binding is a nonactivated process,
i.e., a barrierless reaction channel exists for the approaching
oxygen molecule leading to the adsorption configuration
described above. This result correlates well with the observed
direct (fast) association reaction (eq 3a) which initiates the
catalytic CQ formation cycle. The binding energy of CO to
Auz~ (in a planar end-on configuration similar to the one
described for the oxygen moleculed(Au—Au) = 2.64 A,
d(Au—C) = 2.04 A, d(C—0) = 1.19 A, the anglél(Au—C—
0O) = 132.2 andO(Au—Au—C) = 180C) is 0.96 eV, which is
in an excellent agreement with a recent photodesorption
experiment where a value of 0.91 eV has been meagie
stronger binding of @to Au,~ explains the observation that
high CO partial pressures are required before CO adsorption
can compete with @adsorption as the first reaction step. Five
structures corresponding to the mass of the complexC&y~

were studied, and the pertinent structural and energetic informa-

tion is given in Figure 6 and Table 3. In the following we discuss
the formation and stability of these structures with respect to
preformed AyO, . This analysis leads us to conclude that
structures C and D (see Figure 6) are the ones pertinent to th
observed reaction steps 3b (equilibrium between CO associatio
to AuxO;~ to form Aw, (CO)G;, ™, and dissociation of the latter
to form AwO, ) and 3c (formation of Cg).

Structures A and B correspond to molecular co-adsorption
of CO and Q to Au,~. From the two molecularly co-adsorbed
species, CO can readily (without barrier) bind to the end of the

(22) Vvalden, M.; Lai, X.; Goodman, D. WSciencel998 281, 1647.
(23) Littgens, G.; Pontius, N.; Bechthold, P. S.; Neeb, M.; EberhardBhys.
Rev. Lett. 2002 88, 076102.
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Figure 6. Five optimized structures (AE) of Au,CO;™, with bond lengths

in angstroms. The relative stability of these structures is shown in Table 2.
A, B, C, and E are planar, and the two carbonate species (D and E) have
Cy, symmetry. Structures C and D are the ones pertinent for the reactions
discussed in the text. Au atoms are depicted by large yellow spheres, a
small gray sphere corresponds to the carbon atom, and the oxygen atoms
are depicted by red spheres.

1.27

Table 3. Stability (AE) Relative to the Structure Marked D (a
Lower Value Corresponds to a Species of Higher Stability),
Vertical Electron Detachment Energy (VDE), Binding Energy (to
the Gold Dimer Anion) of CO (BE(CO), with O, Preadsorbed) and
of O, (Be(Oyz), with CO Preadsorbed) for the Five Structures
(A—E) of AuaCO3~ Shown in Figure 6

structure AE (eV) VDE (eV) BE(CO) (eV) BE(O,) (eV)
A 2.80 2.82 0.93 1.34
B 2.94 3.32 0.78 1.20
C 2.82 3.82 0.91 1.32
D 0 4.67 3.72 4.14
E 1.04 3.38 2.69 3.10

Au—Au axis (structure A) whereas a barrier of 0.2 eV was found
for CO association from the gas phase to the-Aw bridging

site of structure B, where the AtAu bond is significantly
elongated to 3.34 A. The barrier for forming B from A via
displacement of CO from the end of the complex to the-Au
Au bridge is rather high (on the order of 0.9 eV). In both
structures A and B the ©0 bond is activated to a value typical

to a superoxo-species (about 1.35 A). The stability of structure
C is close to that of A. It contains a reacteed-O—C—0O group

that is attached through the carbon atom to the gold dimer anion.
The O-0O bond is activated to a superoxo-state, and this species
bears some resemblance to the ggderoxyformate complex
identified in the early experiments of gold atoms in cryogenic
CO/Q, matrices** We studied the formation of this species (C)
via two routes: (i) a LangmuirHinshelwood (LH) mechanism
that involves migration of the preadsorbed CO from the bridging

eposition in structure B and (ii) an EleyRideal (ER) mechanism

where CO(g) approaches the preformed,®@¢r. The LH
mechanism has a high activation barrier of 1.1 eV, and since
the barrier is of the order of the activation energy for CO
desorption from structure B (1 eV), formation of C from B is
unlikely. An alternative LH process leading to the formation
of structure C starting from A can also be excluded, since it
will involve first a transformation from structure A to that in
B, with the latter involving (as aforementioned) a barrier of

(24) Huber, H.; Mcintosh, D.; Ozin, G. Anorg. Chem.1977, 16, 975.
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] ] ] ] Figure 8. Energetics of the ER mechanism of the reaction where the
Figure 7. Energetics of the ER mechanism of the reaction, where the carbonate species AQO;~ (configuration D in Figure 6) is the metastable

peroxyformate-like species AGOO,™ (configuration C in Figure 6) isthe  intermediate state. The open squares denote the reaction barriers. The first
metastable intermediate state. The open square denotes the reaction barrigeaction barrier is associated with the insertion of CO into theOCbond
connecting the peroxyformate-like state with the8®,~ + CO, product, of Au,0,~ (see structure on the left) leading to formation of B@;".

and the corresponding transition state configuration is shown at the top Subsequently, two reaction paths are shown. One path involves thermal
right. The last step of the reaction is the desorption of,CThe initial dissociation of the carbonate to produce®u (see the structure shown at
energy level at zero corresponds to the sum of the total energies of all the the top) which then reacts with CO(g) releasing anothep G@lecule.
reactants (Agr + O + 2CO). The other path proceeds through an ER reaction of the carbonate with CO-

(g) and it results in the formation of two G@nolecules. The latter path
about 0.9 eV (which is close to the binding energy of CO in involves a barrier of 0.5 eV, and the corresponding transition-state
structure A). Consequently, we conclude that the ER mechanismc0nfiguration is shown on the right.

is the favorable one for the formation of structure C. Interest- -2CO -
ingly, the ER mechanism (ii) does not involve an activation 2 Auz
barrier. -C02 +02

By far the most stable structures corresponding to the mass 0.5
of Au,CO;~ are the two carbonate species D and E. Both Au.O.;
structures were discussed by some of us bef@eucture E 0.52] (+CO 2=2
requires a preformed A®,~ where the molecular axes of Au Au.CO- +CO
and Q lie parallel to each other. Since this structure ob@gr ULy, _0'3 co
is 1 eV less stable than the ground state discussed above (the ‘0(3\ Au,CO, B
binding energy of oxygen in this configuration is 0.39 eV vs -002 +CO AUZCOOE

the optimal binding energy of 1.39 eV), it is unlikely to be

formed and consequently we do not expect structure E to play Figure 9. Schematic depiction of the gas-phase catalytic cycle for oxidation

. . of carbon monoxide by gold dimer anions, based on the reaction mechanism
a rele\_lant role in the catalytic cycle. On the other har_1d, determined by kinetic measurements in conjunction with first-principles
formation of the most stable structure D by an ER mechanism caiculations.

with the insertion of CO(g) into the ©O bond in AyO,~
(where the @ molecule is end-on bonded to the gold dimer overcome the binding energy (0.52 eV) of the remaining. CO
anion) requires a barrier of only 0.3 eV, which is easily to Auy™, thus facilitating its desorption from the metal cluster.
overcome under our experimental conditions. The second scenario involves two branches (FigurelB).
The absence of the complex ApO,~ in the experimental the first one, thermal dissociation of G®om the carbonate D
mass spectrum, as well as the calculated high barriers for co(Which is endothermic by 1.12 eV) produces a highly reactive
migration along the AtrAu axis, suggest an ER mechanism SPecies, AgO™, which reacts spontaneously (i.e., without an
for the final reaction step (eq 3c). It is also worth noting that activation barrier) with CO(g) to produce GOThe second
other intermediates, such as Ar and AwCO,~, are not branch consists of an ER reaction of CO(g) with species D to
observed experimentally. Consequently, two scenarios areproduce CQ. While this step involves a modest barrier of 0.5
suggested for the final reaction step (3c): (i) an ER reaction of €V (denoted by an open square, with the corresponding
CO(g) with structure C (see Figure 6), (ii) an ER reaction of transition-state configuration shown on the right in Figure 8),
CO(g) with structure D; in both cases the reaction proceeds to it releases readilfwo CO, molecules, since the remaining
completion releasing 2GAnolecules. The energetics of the CO  Au2CO;~ species, where CQOs bound to Ay via one of the
oxidation reaction involving the two mechanisms are shown in 0Xygen atoms, is unstable; under our experimental conditions
Figures 7 and 8, respectively. The formation of Jf@m the (100—-300 K), this reaction branch is the favorable one.
reaction between CO(g) and structure C (scenario (i), Figure 7) Summary
involves a low barrier of 0.3 eV (see the transition state ] ] )
configuration in Figure 7), resulting in the formation of a !N this paper we presented experimental and theoretical
metastable AyCO,~ complex, where C@is bound to Ay via evidence for a catalytlc cycle of CO oxidation by gas-phase
the carbon atom (see the structure of this complex in Figure 7). AU2™ clusters (see Figure 9)
However, the heat of reaction (4.75 eV) evolving from the B _
formation of the first C@ molecule is large enough in order to Au, +0,+2CO0—Au, +2CG
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The experiments consisted of measurements of the kinetics0.5 eV) for the formation of Cg) thus facilitating the observed
of the reaction in the temperature range of 100 to 300 K in an low-temperature catalytic activity of AQ.
ion trap setup. A key metastable intermediate with a mass of
AuzCO;~ was observed. First-principles simulations provided — Acknowledgment. The theoretical work (H.H and U.L.) was
a comprehensive understanding of the energetics and atomicgpnorted by the U.S. Air Force Office for Scientific Research.
structures of all the reaction intermediates. The theoretically Computations were performed at the Georgia Tech Center for
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like structures). The peroxyformate-like species can be formed Berkeley Laboratory. The experimental work was supported by

without an activation barrier and is assumed to be able to .
redesorb CO as observed in the experiment. Both the peroxy-the Deutsche Forschungsgemeinschaft (SFB 450).

formate and carbonate species have low activation barriers (0.3 JA027926M
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