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Abstract

Recent work on the chemical reactivity of mass-selected small silver and gold, as well as binary silver–gold cluster ions in a temperature
controlled radio frequency ion trap arrangement is reviewed. Reactions with molecular oxygen, carbon monoxide, and mixtures of both
reactant gases are investigated, in order to reveal the possible role of these small noble metal cluster ions to act as gas-phase catalysts in the
carbon monoxide combustion reaction. The obtained gas-phase reaction kinetics enable the determination of the reaction mechanisms as well
as the energetics along the reaction pathway. A strong dependence of the chemical reactivity on cluster size, composition and charge state is
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ound and correlations between electronic structure and reactivity are discussed in terms of simple frontier orbital pictures. Specia
s put on the importance of cooperative adsorption effects on the small noble metal clusters. Through comparison of the kinetic dat
rinciples quantum chemical simulations, a comprehensive picture of the molecular details of the reaction behavior emerges. In pa
xperiments provide evidence that selected cluster ions act as active gas-phase catalysts for the oxidation of CO to CO2 by molecular oxygen
n the case of Au2−, the combination of reaction kinetics measurements with ab initio calculations even revealed the full and detailed
ycle of the catalytic gas-phase oxidation of CO.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

Chemical reactions of gas-phase metal clusters are a very
active field of research since the advent of intense cluster
sources about two decades ago[1–3]. The fascination for met-
als in the cluster state of matter originates from the fact that
the physical and chemical properties often change over orders
of magnitude by the mere addition or removal of one single
atom. Thus, the cluster properties are intermediate between
the atom and the extended bulk metal, but they cannot simply
be scaled down from the macroscopic metal characteristics
[4,5]. Moreover, in this non-scalable regime, below about
100 atoms per particle, unanticipated physical and chemical
properties of these many body systems might emerge which
lead to completely new phenomena[5].

A very prominent recent example in this respect is the
catalytic activity of highly dispersed supported gold parti-
cles and clusters. Nanometer size gold particles on metal ox-
ide supports efficiently oxidize, e.g., carbon monoxide even
at low temperatures, where the activity of common catalyst
materials is marginal[6,7]. Since gold is known as noble,
hence inert material[8], this counterintuitive observation
fostered numerous experimental and theoretical investiga-
tions on the chemical reactivity of small gold particles and

clusters. Most strikingly, in the non-scalable cluster size
regime, mass-selected gold clusters on magnesia with eight
atoms actively facilitate the oxidation of CO whereas seven
atom gold clusters are completely inert[9]. The reason for
this strong size dependence and the mechanism of the ox-
idation reaction is still unresolved. As one important fac-
tor for the catalytic activity, the charge state of the atomic
gold clusters was identified in these investigations. Elec-
tron transfer from surface defect centers to the cluster-
adsorbate complex has been found to be essential to acti-
vate catalytic properties[9]. These findings are corroborated
by gas-phase reactivity investigations with mass-selected
noble metal cluster ions as will be discussed in the next
section.

Free charged gold clusters, therefore, seem ideally suited
to model key features of heterogeneous gold CO oxidation
catalysts, in order to reveal details of the hitherto widely un-
known catalytic reaction mechanism and to uncover the influ-
ence of charge state and cluster size on the catalytic activity.
Furthermore, free gas-phase clusters are experimentally well-
defined systems and information on structural and electronic
properties are readily available (see below). In addition, due
to the finite size of clusters, a direct treatment by first princi-
ples simulations is possible and can support the quest for the
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origin of catalytic activity and detailed insight into reaction
mechanisms.

The same holds for the small clusters of silver. However,
nothing is known so far about the capabilities of atomic sil-
ver clusters to act as oxidation catalysts. Supported silver
catalysts with micrometer particle size are employed com-
mercially in large scale in the important ethylene oxidation
processes involving molecular oxygen[10,11]. But although
a great deal of information about the catalytic activity of sil-
ver is available, the details of the oxidation reaction mech-
anism remain elusive. Apparently, the rate-determining step
involves some form of oxygen bound to the silver particle
surface[11,12]. The study of the interaction of silver par-
ticles and clusters with molecular oxygen, therefore, might
aim to add to an understanding of elementary catalytic reac-
tion steps. In this case again, the experimental techniques of
modern cluster science provide two major advantages: first,
the reaction system, i.e., the number of atoms in the cluster
and the charge state, can be defined exactly in a controlled
environment. Second, due to the finite size of clusters a direct
treatment by ab initio theoretical approaches is amenable.

The investigations on the reactivity of gold, silver, and
also binary silver–gold cluster ions reviewed in the present
contribution on one hand demonstrate the unique and unan-
ticipated chemical properties of small noble metal clusters,
on the other hand they also might contribute to a possible
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and finally the few examples of catalysis by free metal cluster
ions already known in the literature are presented.

1.1. Chemical properties of free mass-selected silver
and gold clusters

Positively charged gold clusters in the size range with up
to about 20 atoms per cluster are essentially unreactive to-
ward molecular oxygen[13–15]. The same result was found
for neutral gold clusters. In contrast, gold cluster anions show
a pronounced odd–even alternation with cluster size in their
reactivity toward O2. This remarkable size and charge state
dependence of the reactivity of free gold clusters toward
small molecules was first recognized more than a decade
ago[13,16] and confirmed by several other groups later on
[17,18]. Fig. 1a presents a compilation of the results on Aun

−
reactivity toward O2. Since gold is an s1 valence electron
metal, its physical properties such as, e.g., ionization po-
tential [19] and electron affinity[20–22]also alternate with
cluster size in the small size regime. The close relation of
gold cluster electron affinity and reactivity toward molecular
oxygen has been discussed by several groups[13,17,18,23].
The reactions of gold cluster ions, positively as well as nega-
tively charged, with carbon monoxide have also been reported
[17,24–27]. However, although strong size effects in reactiv-
ity are apparent, no odd–even alternations are observed in this
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omprehension of catalytic reaction processes on cluste
ctive centers of noble metal catalysts in general. In thi
pect, the work presented provides some innovations
he experimental point of view: (i) the experimental se
nables controlled temperature dependent gas-phase k
easurements of metal cluster reactions which helps to

ify reaction mechanisms and energetics; (ii) the emplo
adio frequency (rf)-ion trap is operated as a reactor for c
sis with trapped mass-selected small metal clusters
hus permits for the first time the determination of turn-o
requencies (TOF) of catalytic metal cluster reactions in
as-phase.

One particular focus of this review will be on the ide
ification of general concepts for cluster reactivity s
s, e.g., the cooperative adsorption effects on small m
lusters. Furthermore, it will be demonstrated that
atalytic properties of silver and in particular of g
lusters are very closely related to the size and ch
tate dependent electronic structures, meaning that in
ach atom (and each electron) counts for the chem

unctionality.
To probe the catalytic activity of the small noble me

lusters, the carbon monoxide combustion is employed
odel-type catalytic reaction. Kinetic measurements are
erformed on the reactions of the clusters with the rea
ases CO and O2 separately. In the following sections
his introduction, first the results obtained by other gro
n the reactivity of mass-selected free gold and silver clu

ons toward these reactant molecules are briefly revie
ubsequently, the CO oxidation reaction itself is discu
s

ase as can be seen for Aun
− from Fig. 1b, which is based o

he results of Lee and Ervin[17] as well as of Wallace an
hetten[27].
The physical properties of small silver clusters have b

xplored in great detail experimentally and theoretic
20,21,28–32]and have been found to be as well domina
y their s1 valence electron structure, as expected.Fig. 1c
hows the reactivity of negatively charged silver cluster
ard O2 [17,33], which resembles the Aun− reactivity in

he sense that it also alternates in an odd–even fashion
luster size. However, the small gold cluster anions only
orb one or none oxygen molecule depending on cluster
hereas anionic silver clusters are able to adsorb more
ne O2, due to strong cooperative effects as will be discu

n detail below[33]. The reactions of neutral and positiv
harged silver clusters with oxygen have also been inv
ated previously. Interestingly, the neutral clusters are a
nreactive toward molecular oxygen[34,35]. Agn+, in con-

rast, show temperature dependent molecular and diss
ive adsorption of oxygen[36–39], demonstrating already t
ropensity of silver clusters to activate the oxygen molec
ond. Whereas negatively charged silver clusters have
eported to be unreactive toward carbon monoxide[17,40],
othing is known so far about the reactions of silver clu
ations with carbon monoxide.

.2. Carbon monoxide combustion reaction

The oxidation of carbon monoxide by molecular oxyge
onsidered a model surface reaction in heterogeneous



4 T.M. Bernhardt / International Journal of Mass Spectrometry 243 (2005) 1–29

Fig. 1. Compilation of experimental results from the literature on the relative
reactivity of gold and silver cluster anions in the adsorption reaction of one
O2 or one CO molecule, respectively, as a function of the cluster sizen. (a)
Reactions of Aun− with O2: (�) data from Ref.[13], (�) data from Ref.
[17], (©) data from Ref.[18]. For comparison, all data are normalized to
the reactivity of Au6−. (b) Reactions of Aun− with CO: (�) data from Ref.
[17], (©) data from Ref.[27]. Again, the data shown have been normalized
to the reactivity of Au6− toward O2. (c) Reactions of Agn− with O2: (�)
data from Ref.[17], (©) data from Ref.[33]. For comparison, in this case,
all data are normalized to the reactivity of Ag4

−.

ysis [41,42]. It is also of great practical importance, e.g.,
in automotive exhaust decontamination[41]. In the present
context, this reaction will be employed to probe the catalytic
activity of mass-selected noble metal cluster ions. The CO
combustion reaction:

2CO + O2 → 2CO2,

although exothermic by 283 kJ mol−1 [43], does not proceed
in the gas-phase under ambient conditions due to a high ac-
tivation energy barrier, which mainly results from the ne-
cessity to break the oxygen molecular bond. Thus, the ac-
tivation or cleavage of the OO bond is the major step to
facilitate the reaction. This is readily achieved by transition
metal catalysts, in particular by the platinum-group metals
[41]. The reaction on the metal catalyst surface proceeds via

Fig. 2. Two-dimensional potential energy diagram of the CO oxidation reac-
tion on a platinum(1 1 1) surface with the involved energies indicated (dark
shaded area correspond to potential energy minima; see also text). The mu-
tual O CO distance of the unreacted systemR(O CO) is plotted vs. the
CO2 Pt distanceR(M CO2). The reaction proceeds (at low coverages) via
a Langmuir–Hinshelwood mechanism. The reaction coordinate is marked
by the dashed line (adapted from refs.[41,45]). The light spheres represent
carbon atoms, dark spheres oxygen atoms.

a Langmuir–Hinshelwood (LH)-type mechanism[41], i.e.,
CO and O are first adsorbed on the surface, whereby the
spontaneous dissociation of the diatomic oxygen molecule
is presumed. The reactants subsequently diffuse on the sur-
face before forming a reactive surface complex, which leads
to the CO2 formation. Coadsorption studies reveal that re-
pulsive interactions due to the necessity of electronic charge
restructuring around the surface complex dominate the en-
counter between neighboring adsorbed CO and O particles
[44] and lead to a reaction-activation barrier. Furthermore,
the shape of the product (CO2) molecule usually differs from
the shape of the surface intermediate, i.e., the transition state
or activated complex, which is assumed to be bent in this case.
The respective reorientation of molecular orbitals (MO) will
also contribute to an activation energy barrier.

Fig. 2 presents a two dimensional representation of the
potential energy surface, where the adsorption bond length
for the CO2 product molecule is plotted on thex-axis and
the mutual distanceR(O CO) between the adsorbed reac-
tants Oad and COad is plotted on they-axis. The graphic is
based on the report by Ertl on CO oxidation on a platinum
(1 1 1) surface[45]. All energies are referred to the gaseous
reactants (CO + (1/2)O2) in molar concentrations. Starting
from the upper left, the adsorption of one mol of CO and
O is accompanied by a net energy gain of 259 kJ. Adsorbed
O and CO resides in the deep potential energy minimum
o pro-
c d line
t
f s the
a e
C llow
n the upper left side of the diagram. As the reaction
eeds, both species must move up-hill along the dashe
o reach the transition state (denoted by the symbol‡), be-
ore CO2 can actually be formed. This passage require
forementioned activation energy�ELH of about 100 kJ. Th
O2-surface complex is very weakly adsorbed in a sha
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potential well from which it can easily escape and leave the
surface (adsorption energy of∼20 kJ mol−1). The gaseous
CO2 then exhibits the well-known thermodynamic reaction
enthalpy of 283 kJ mol−1 as compared to the reactants. For
the case of free gold clusters, it has been discussed theoret-
ically, whether the CO oxidation reaction might proceed via
the surface analogous Langmuir–Hinshelwood mechanism,
involving adsorbate diffusion on the clusters[8,27], or via
an Eley–Rideal (ER)-type mechanism, in which the reactant
has to collide at the right position with the cluster-complex
to initiate the reaction[41,46]. The gas-phase kinetics mea-
surements in combination with theoretical results presented
in the present review will provide evidence to resolve this
issue.

As discussed, in general atomic oxygen is the reaction
partner of CO on transition metal surfaces. However, with a
scanning tunneling microscope, on a Ag(1 1 1) surface, tip
induced CO oxidation with molecularly adsorbed oxygen at
low temperatures has been achieved[47]. In these experi-
ments, intermediate COO2-complexes could be identified by
tunneling spectroscopy. This kind of intermediate resembles
the complexes of the same stoichiometry that have been ob-
served by infrared spectroscopy when gold atoms are con-
densed into a matrix consisting of O2 and CO at cryogenic
temperatures. In these matrix systems, even gold atom in-
duced CO formation could be identified, when the matri-
c y
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m for
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g
e n the
g
a
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a from
t n de-
d

1

y free
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c ub-
j of
m tron
r
T ne by
F e in
t
o ast
3

mal
c roup
d Pt

(n= 3–7), efficiently catalyze the oxidation of CO to CO2 by
N2O or O2 near room temperature in a combined flow tube
and gas cell reactor instrument[57]. As intermediate prod-
ucts of the catalytic reaction PtnO2

− and in particular PtnO−
ions were detected which provides evidence that in this case
O2 seems to be rather dissociatively adsorbed on the metal
cluster as oxygen atoms, than chemisorbed or physisorbed as
molecular O2. In further work of this group, the activity of
palladium cluster anions in the CO oxidation catalysis was
examined and it was found that Pdn

− also efficiently catalyzes
the CO combustion reaction[3].

Although these two examples presented by the group of
Ervin were the only thermal catalytic reaction cycles of free
metal clusters observed so far, and although only the comple-
tion of a single reaction cycle could be detected in the exper-
iments, the prospects of free metal cluster catalysis studies
appear promising. In particular, the possibility to gain in-
sight into reaction mechanisms under controlled conditions,
to study the influence of cluster size, and eventually to ap-
proach the bulk limit are definitely appealing. Interestingly,
parallel to our investigations, Ervin even suggested recently
to employ an ion trap as catalytic reactor for gas-phase metal
cluster ion catalysis studies or applications, respectively,[3]:
It is an interesting exercise to consider the possible practical
use of gas-phase metal cluster catalysis. One could, in prin-
ciple, design an ion trap reactor in which the metal cluster
i
O for
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t

2
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2
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es were warmed up to 40 K[48]. Therefore, another ke
uestion of gas-phase metal cluster CO oxidation is, wh
olecularly or atomically adsorbed oxygen is required

he catalytic CO2 formation. In this regard, recent high re
lution photoelectron spectroscopy experiments on an
old and silver clusters with adsorbed O2 provide valuable
vidence that the dioxygen remains molecularly bound o
old clusters Aun− with evenn up ton= 20 [49–52]as well
s on the small silver clusters Agn− with evenn up ton= 14

53]. From the vibrationally resolved photoelectron spec
n O O bond elongation due to electron charge transfer

he metal cluster anion to the oxygen molecule has bee
uced[51].

.3. Catalysis with free metal clusters

Several gas-phase catalytic processes promoted b
tomic metal ions have been reported[54] and two very re
ent reviews provide an excellent overview over this s
ect [55]. The first investigations on the catalytic activity

etal cluster ions have been carried out in an ion cyclo
esonance mass spectrometer by Irion and co-workers[56].
hey demonstrated the conversion of ethylene to benze
e4

+ cluster cations. However, the removal of the benzen
he final reaction step to recover the initial Fe4

+ cluster was
nly achieved by collision-induced dissociation with at le
.2 eV collision energy.

A catalytic metal cluster ion reaction cycle under ther
onditions was observed by Ervin and co-workers. This g
emonstrated that gas-phase platinum cluster anions,n

−

ons are held and through which CO and O2 reactants flow.
ur experimental realization of this concept and its use

eaction kinetics studies as well as the discovery and ana
f noble metal cluster catalytic reactions will be discusse

he following sections.

. Experimental

The guided ion beam technique employed in the pre
nvestigation is a well-established method in gas-phase
er chemistry[2,28,58]. The instrument comprises clus
eneration by sputtering of metal targets and mass-sele
s well as ion guidance via quadrupole techniques. Our e

mental approach to investigate metal cluster reactions
ists in storing the mass-selected cluster ions in a tempe
ariable rf-octopole ion trap filled with helium buffer gas a
mall partial pressures of reactant gases. The major a
ages of this approach are the precise control over rea
ime, reactant concentrations, and reaction temperature
he ion trap. The trap thus acts like a test tube for gas-p
eaction kinetics studies.

.1. rf-ion trap apparatus

The schematic layout of the experimental setup consi
f the rf-octopole ion trap inserted into a multiple quadrup
ass spectrometer arrangement is displayed inFig. 3. Metal

lusters are prepared by simultaneous sputtering of four m
argets with accelerated xenon ion beams of 12 keV kin
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Fig. 3. Experimental setup for the investigation of reaction kinetics and cat-
alytic activity of free mass-selected metal clusters. The cluster ions are sput-
tered from solid targets with a cold reflex discharge ion source (CORDIS),
mass-selected (Q1), and guided at low energies (Q0 and Q2) into the temper-
ature controllable octopole ion trap. By means of appropriate switching of
the lenses L1 and L2, the reaction products are extracted and subsequently
mass analyzed by another quadrupole mass filter (Q3).

energy. The xenon ion beams are generated by a cold reflex
discharge ion source (CORDIS)[59] and directed onto the
targets by an electrostatic lens system. The charged clusters
sputtered from the targets are steered into the first helium
filled quadrupole Q0 (cf. Fig. 3), which serves to collimate
and thermalize the cluster ions. The ion beam is further guided
into a mass-selective quadrupole filter Q1 to record and to
optimize the cluster ion distribution prepared by the sputter
source and to select one particular clusters size. Mass spec-
tra of negative cluster ion distributions obtained for different
target materials (silver, gold, or silver–gold alloy) are shown
in Fig. 4. The ion intensities in these experiments have been
optimized for the small cluster size regime.

Subsequently, the cluster ions are transferred with a third
quadrupole Q2 into the home-built octopole ion trap[36,60].
Inside Q2, the cluster beam is again thermalized by collisions
with helium buffer gas prior to entering the ion trap. The po-
tential on the entrance lens L1 of the ion trap is chosen just be-
low the kinetic energy of the ion beam so that the cluster ions
are able to enter the trap (seeFig. 3). They traverse the trap
(80 mm length) and are reflected by the repulsive potential
on the back electrode (exit lens L2) of the trap. A simulated
trajectory of an Au2− cluster ion inside the octopole ion trap
at thermal kinetic energy (25 meV) is shown inFig. 5a. This
ion path was calculated without considering collisions with
the buffer gas[61]. However, during the experiments the oc-
t re of
h uent
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v ime
w ry,
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stat
a be-
t ther-
m ved

Fig. 4. Cluster anion distributions generated by the CORDIS sputter source
from different target materials. The mass spectra were obtained by scanning
the mass-selective filter Q1 (seeFig. 3) and recording the ion currents on the
rods of transfer quadrupole Q2 acting as a Faraday collector. The ion currents
were optimized for the small cluster size regime up to 800 amu. Cluster
distributions were obtained by using (a) pure silver targets, (b) silver–gold
alloy targets with composition Ag 70%: Au 30%, and (c) pure gold targets
[70].

Fig. 5. Ion trajectory simulation inside the octopole ion trap calculated em-
ploying the SIMION software[61]. (a) Cross-section view showing the eight
rods of the trap and the trajectory of an Au2

− (394 amu) ion. The ion ki-
netic energy was chosen to be 25 meV corresponding to room temperature
thermal conditions. The ion starting point is 2 mm off center of the trap. The
conditions are assumed ideal, i.e., no buffer gas conditions are considered.
An rf-frequency of 1.06 MHz at an amplitude of about 100 V is applied to
the rods to effectively confine the cluster ion to the center of the trap. (b)
Enlarged view of a part of the ion trajectory corresponding to a propagation
time of 300�s. The ion starting point is 1 mm off center of the trap. During
this time, the ion would experience about 100 buffer gas atom collisions un-
der our experimental conditions (helium buffer gas density: 2× 1012 mm−3).
Note that each buffer gas collision would change the ion trajectory direction
and the ion energy[121].
opole ion trap is pre-filled with about 1 Pa partial pressu
elium buffer gas. Thus, the cluster ions experience freq
ollisions with the buffer gas (the collision frequency in
xperiment is about 3× 105 s−1). Fig. 5b shows an enlarge
iew of a cluster ion trajectory propagating during a t
indow of 300�s. On this excerpt of the ideal trajecto

he cluster ion would experience about 100 collisions
he buffer gas, each of which would change the propag
irection and velocity of the cluster ion.

The ion trap assembly is attached to a helium cryo
llowing variable temperature adjustment in the range

ween 20 and 350 K. The buffer gas collisions ensure that
al equilibration of the clusters entering the trap is achie
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Fig. 6. Thermalization efficiency of trimer cluster ions inside the helium
filled coolable octopole ion trap. The graphs are calculated according to
Ref. [62]. The cluster temperature is plotted as a function of the number of
cluster–helium collisions. The solid graphs represent conditions in which
the buffer gas temperature isT(He) = 100 K and the cooling process starts
from an initial cluster temperature ofT(0) = 500 or 300 K, respectively. The
dashed graphs show the evolution starting from the sameT(0) values, but ap-
proaching a final buffer gas temperature ofT(He) = 20 K. In all these cases,
thermal equilibration is achieved in less than 1000 buffer gas collisions,
which corresponds to less than a millisecond under the experimental condi-
tions.

within less than a few thousand collisions, i.e., in a few mil-
liseconds under our operating conditions.Fig. 6 presents a
simulation of the thermalization efficiency according to Ref.
[62]. The temperature of a trimer cluster is plotted as a func-
tion of the number of cluster–helium collisions. It is apparent
from this graph that the cluster assumes the trap temperature
T(He) within less than thousand buffer gas collisions, regard-
less of the initial cluster temperatureT(0) (300 or 500 K) and
also almost independent of the aspired buffer gas, i.e., ion
trap temperatureT(He) (20 or 100 K). Also the cluster size
has only a minor influence on the thermalization time. A 13-
atom cluster, e.g., was simulated to be thermalized within
less than 3000 buffer gas collisions[62]. The complete and
rapid thermalization of the clusters inside the ion trap and the
efficient translational to internal energy transfer was verified
by temperature and pressure dependent real-time laser prob
ing of the nuclear cluster dynamics. Variation of the buffer
gas pressure between 0.2 and 0.9 Pa had no influence on the
strongly temperature dependent time-resolved pump-probe
signal that reflects very sensitively the nuclear cluster dy-
namics[60]. This confirms the complete thermalization of
the cluster ions inside the ion trap. Whereas thermalization
is thus accomplished within a few milliseconds, the cluster
ions are stored in the trap for a considerably longer time pe-
riod, typically for several seconds, without significant ion
loss.

ace
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I ed
f n
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tionally switched in order to fill the trap and store the ions
in the trap. After the chosen reaction time, i.e., storage time,
all ions, reactants, intermediates, and products, are extracted
by applying an electrostatic field, and the ion distribution is
analyzed via the final quadrupole mass filter Q3 (Fig. 3). The
ion pulses are amplified by a channeltron/conversion dynode
detector and digitalized and integrated by a LeCroy 9400A
175 MHz oscilloscope. By recording all ion concentrations
as a function of the reaction time, the kinetics of the reaction
may be obtained.

2.2. Kinetic evaluation procedure

The concentrations of the reactive gases in the octopole
trap are orders of magnitude larger than the metal cluster
ion concentration and, in addition, there is a steady flow of
reactants (O2 and CO) during the reaction. Therefore, the
reactant concentrations are considered to remain constant in
the kinetic evaluation procedure[63,64]. Hence, all the pro-
posed reaction steps are assumed to follow pseudo first order
kinetics. Possible reaction mechanisms are evaluated by fit-
ting the integrated rate equations to the experimental kinetic
data. The integration of the rate equations is performed nu-
merically by using the fourth order Runge–Kutta algorithm.
The employed fitting procedure consists of an iterative non-
l ic
a
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o reac-
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ure,
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The trap is filled with gold cluster anions up to the sp
harge limit, i.e., about 104 ions per mm3. This value repre
ents the initial concentration of the metal cluster react
n addition to the helium buffer gas, a small well-defin
raction of reactive gases (CO and O2) is added to the io
rap. The absolute partial pressures inside the trap are
ured by a baratron gauge (MKS, Typ 627B). The poten
n the entrance and exit lenses, L1 and L2, can be computa
-

inear least-square method[65]. Our method is the bas
pproach to macroscopic chemical kinetics[63,64] and re-
ults in an optimized kinetic model presenting the most
le reaction mechanism with the best fit to the experime
ata. Note that in this approach more complex mechan
hich result in the same fit quality are discarded. Thus
btained reaction steps are not necessarily elementary

ion steps, as will be seen below. Furthermore, Benson’s
f chemical kinetics[63,64] applies to all deduced reacti
echanisms.
In order to demonstrate the kinetic analysis proced

rst, the reactivity of the Au2− dimer anion toward molecu
ar oxygen is presented. In agreement with previous stu
see also discussion ofFig. 1), Au2O2

− is the only produc
n this reaction[16–18,25,66]. The product ion signals, no

alized on the initial Au2− concentration and on the to
on concentration in the trap, as a function of the reac
ime tR are displayed inFig. 7 for three different tempera
ures. These kinetics can best be fitted by a straightfor
ssociation reaction mechanism:

u2
− + O2 → Au2O2

− (1)

The solid lines inFig. 7 represent the fitted integrat
ate equations for this mechanism. An excellent matc
he experimental data is observed for all temperatures
btained corresponding pseudo first order reaction rate
tantsk for a series of experiments at various temperatur
isted inTable 1. Most notably, the reaction rate appears to
rease with decreasing reaction temperature (cf. alsoFig. 7).
onsidering Arrhenius’ classical empirical equation for
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Fig. 7. Temperature dependent kinetics of the reaction of Au2
− with O2.

The open symbols represent the experimental data. The normalized concen-
trations of Au2− (�) and the reaction product Au2O2

− (©) are plotted as
a function of the reaction timetR for three different reaction temperatures.
The solid lines are obtained by fitting the integrated rate equations of the
proposed reaction mechanism Eq.(1) to the experimental data. For very fast
reactions, the ion trap filling time is relevant for the reaction time. Therefore,
in this case, the time zero of the plotted reaction timetR is slightly shifted,
in particular for the 100 K data (cf. inset)[95].

temperature dependence of reaction rates:

k(T ) = ν exp

(
− Ea

RT

)
(2)

with k being the rate constant,� the frequency factor,T the
temperature,R the gas constant, andEa the activation energy
of the reaction, the observed inverse dependence of the reac
tion rate on the temperature would require the inference of a
negative activation energyEa [64]. This is indicative for the

Table 1
Measured pseudo first order and calculated termolecular reaction rate con-
stants for the reaction of Au2

− with O2 at different reaction temperatures
T

T (K) p(He) (Pa) p(O2) (Pa) k (s−1) k(3) (10−28 cm6 s−1)a

100 1.03 0.04 5.52± 0.60 8.11± 2.03
150 1.05 0.06 2.49± 0.35 3.29± 0.55
190 1.05 0.08 1.13± 0.11 1.54± 0.19
200 1.00 0.16 1.38± 0.12 1.04± 0.10
300 1.05 0.13 0.62± 0.03 0.82± 0.07

a For the calculation ofk(3), the measured pressures have been corrected
by a thermal transpiration factor[123].

prevalence of a more complex elementary reaction scheme,
which will be detailed in the following section.

2.3. Low-pressure reaction kinetics

The total pressure inside the ion trap is on the order of 1 Pa
which means that the experiment is operating in the kinetic
low-pressure regime. Therefore, a Lindemann-type mecha-
nism has to be considered for each reaction step and the re-
action rates depend on the buffer gas pressure[63,64]. As
a consequence, the obtained pseudo first order rate constant
k contains the termolecular rate constantk(3) as well as the
concentrations of the helium buffer gas and of the reactants;
in the case of reaction(1) (Fig. 7):

k = k(3) [He][O2]. (3)

The termolecular rate constantsk(3) calculated accordingly
for this reaction are also included inTable 1. They are in
complete agreement with the rate constant measured previ-
ously by Lee and Ervin for this reaction which amounts to
3.9± 2.6× 10−28 cm6 s−1 [17].

The details of the reaction are described by the Linde-
mann energy transfer model for association reactions, which
is represented by the following equations[63,64,67]:
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u2
− + O2 �

kd
Au2O2

−∗ (4a)

u2O2
−∗ + He

ks−→ Au2O2
− + He∗. (4b)

he reaction model includes the elementary steps of the i
ormation of an energized complex Au2O2

−* (rate constan
a) and its possible unimolecular decomposition back to
eactants (kd) in competition with a stabilizing energy tran
er collision with helium buffer gas (ks). Assuming all thes
lementary reaction steps to be again of pseudo first
nd employing steady-state assumption for the interme

he overall third order rate expression is obtained to be[68]

(3) = kaks

kd + ks[He]
. (5)

As the experiment is operating in the kinetic low pres
egime the decomposition rate constant can consequen
onsidered to be much larger than the stabilization rate
tant term:kd 
 ks[He]. This leads to a simplified express
or the termolecular rate constant, which can be applie
he present experimental conditions:

(3) = kaks

kd
. (6)

he ion–molecule association rate constantka as well as
he final stabilization rate constantks are well represente
y ion–molecule collision rate coefficients as specified
angevin theory[68]. According to this theory, ion–molecu
eactions are basically charge-induced dipole interaction
xhibit no activation barrier, i.e., no temperature depend



T.M. Bernhardt / International Journal of Mass Spectrometry 243 (2005) 1–29 9

[69]. For the present example, the calculated values amount
to ka = 5.45× 10−10 andks = 5.26× 10−10 cm3 s−1, respec-
tively, independent of the reaction temperature. The observed
inverse temperarture dependence ofk(3) (cf. Table 1), there-
fore, originates from the activation barrier of the unimolec-
ular decomposition of the metastable intermediate complex
Au2O2

−* back to the reactants (kd is contained in the de-
nominator of Eq.(6)). In order to estimatekd, statistical rate
theory, such as Rice–Ramsperger–Kassel (RRK)-theory or
Rice–Ramsperger–Kassel–Markus (RRKM)-theory may be
employed[70,71]. For each reaction step, identified in the
kinetic evaluation and fitting procedure, a Lindemann-type
reaction scheme as described above has to be considered as
elementary reaction scenario.

3. Size dependent electronic structure of silver and
gold clusters

The aim of this section is to give a brief overview over the
size and composition dependent electronic properties of small
silver, gold, and binary silver–gold clusters which will prove
to be useful for the later discussion of reactive properties and
adsorption kinetics of these clusters. The experimental verti-
cal electron detachment energies (VDEs) of silver, gold, and
some silver–gold binary cluster anions with up to 10 atoms
p h
a
s ther
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t ented
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Fig. 9. Schematic representation of the evolution of molecular s orbital en-
ergies and electron occupations with cluster size and charge state up to the
trimer. Also shown are general geometric structures, which are to be expected
for the noble metal dimers and trimers in the different charge states.

silver and gold. Electronic closed shell (paired electron) clus-
ter sizes are generally more stable and exhibit higher VDEs
than open shell systems. A schematic representation of the
s-level evolution with cluster size and charge state up to the
trimer is depicted inFig. 9. Also included in this figure are
the expected general trends in geometrical structure for these
small clusters. The dimer anion has the unpaired electron in
an anti-bonding orbital resulting in the largest bond distance
with respect to the structure in the other charge states. The
same (one electron in an anti-bonding orbital) is true for the
neutral trimer, which leads in this case to a Jahn–Teller dis-
torted obtuse triangular structure. The anionic noble metal
trimers always acquire a linear geometry in the1	+

g elec-
tronic ground state. (ii) FromFig. 8, it can also be seen that the
VDE values of the gold cluster anions are in general roughly
about 1 eV higher than the VDE values of the correspond-
ing silver clusters (with the exception of Au6

− [72,75,76]).
These stronger bonding of the outermost electron in the gold
clusters is clearly a consequence of the relativistic effects
prominent in gold which lead to a contraction of the s- and p-
type electronic orbitals, and thus to a higher binding energy
for the corresponding electrons[77]. (iii) The VDE values
for the binary silver–gold clusters are somewhat located in
between the corresponding silver and gold cluster data. How-
ever,Fig. 8shows that the change in VDE in going from pure
silver to pure gold cluster anions is not continuous, as it might
b ange
w
V s
t

h sil-
v stem
a d d
s
f ds
a his
p
d ilver
a stic
e

of
t

er cluster are summarized inFig. 8. The values in this grap
re taken from selected references only[20,21,72,73], for the
ake of clarity, but similar data have been reported by o
roups[22,30,74,75]. General trends of the electronic str

ure of silver and gold clusters have already been pres
riefly in Section1.1, but three particular important issu
hich are apparent fromFig. 8, will be emphasized her

i) as mentioned earlier, the odd–even alternation in V
alues with cluster size can be attributed largely to the s1 va-
ence electron structure of group Ia transition metal elem

ig. 8. Compilation of experimental vertical detachment energies (V
rom the literature for anionic silver, gold and binary silver–gold clus
s a function of the cluster sizen. (�) Agn− VDEs from Ref.[20]; (©)
un− VDEs from refs.[20,21,72]; VDEs of AgAu− (�), Ag2Au− (♦), and
gAu2

− (�) are from Ref.[73].
e expected, e.g., from the continuous work function ch
ith composition in silver–gold alloys[78]. In particular, the
DE of AgAu2

− is almost similar to that of Au3−, wherea
he Ag2Au− value is closer to Ag3− than to Au3−.

It has been discussed by several authors that, althoug
er and gold belong to the same group in the periodic sy
nd the atomic electronic structure of both exhibit a fille
hell and a singly occupied s shell (nd10(n+ 1)s1, with n= 4
or silver andn= 5 for gold), the bonding in gold compoun
nd clusters is substantially different from that of silver. T
henomenon is referred to as ‘gold anomaly’[77,79]. The
ifferences in the physical and chemical properties of s
nd gold clusters can be attributed primarily to relativi
ffects[77,79–82].

The main relativistic effect in gold is the stabilization
he 6s1 orbital and the destabilization of the 5d10orbitals, thus
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Fig. 10. Molecular orbital (MO) energies of Au2, AgAu, and Ag2. The
occupied electrons are shown as circles. The value in parentheses are the
numbers of degenerate states of the d orbital-type MOs. The figure is taken
from Ref.[82].

bringing them energetically closer[81]. The result is a hy-
bridization of atomic s and d states in the case of gold, which
has important implications on the chemistry of gold clusters
[77,79], as will be seen below, but also on their geometrical
structure. Gold cluster anions, e.g., are planar in structure
up to a size of about 12 atoms[72,81,83], whereas silver
clusters are three-dimensional from Ag6

− on [31,84]. With
respect to the cluster geometry also the charge state plays an
important role: neutral gold clusters Aun are calculated to be
planar up to at leastn= 10[85], for Aun+, however, ion mobil-
ity measurements indicate a transition to three-dimensional
structures fromn= 8 on [86]. The differences in the bond-
ing of the dimers Ag2, AgAu, and Au2 can be seen from
the calculated molecular orbital energies[82] presented in
Fig. 10. The silver dimer has a large s–d energy difference,
which decreases considerably on going to the mixed dimer
and completely vanishes in the case of Au2. This calculated
evolution is also confirmed by in the spectroscopic proper-
ties of Au2 and Ag2. The excited states of Ag2 arise from
5s→ 5p excitation, in contrast, the excited states of Au2 arise
from 5d→ 6s promotion. While the first excited state of Au2
(3	+

u ) is identical to Ag2, all other excited states appear in a
different order[77].
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Fig. 11. Left: schematic MO picture of the interaction of molecular oxygen
with silver and gold cluster anions Mn−. O2 acts as an electron acceptor
through the�∗

g anti-bonding orbitals. Electronic charge (δ−) is transferred
out of the highest occupied molecular orbital (HOMO) of the metal cluster
anions, which is of�-type symmetry in the case of silver and gold clusters,
into the�∗

g anti-bonding orbitals. Right: schematic MO bonding scheme of
O2 [122].

imental results will be discussed by employing simple fron-
tier orbital considerations and an emphasis will be put on the
effects of cooperative adsorption of two reactant molecules
onto the trapped cluster ions.

4.1. O2 adsorption

4.1.1. Frontier orbital model of O2 adsorption
The degenerate 2p�∗

g anti-bonding orbitals of oxygen are
each occupied by an unpaired electron (cf. MO schema on the
right hand side ofFig. 11). This triplet open-shell electronic
ground state structure is rather unusual for stable molecules
and leads to an electron acceptor behavior similar to the one
found in the NOx family of free radicals[18]. Oxidative addi-
tion to the cluster requires interaction of an O2 �∗

g orbital with
the highest occupied molecular orbitals (HOMO) of the noble
metal cluster, which has�-type symmetry. This is schemati-
cally depicted inFig. 11(left hand side) for the case of neg-
atively charged silver or gold clusters Mn−. The observed
odd–even alternations in reactivity of Mn− toward O2 with
clusters size (seeFig. 1a and c) can be rationalized quali-
tatively by considering these frontier orbital interactions: In
the case of evenn clusters, the Mn− HOMO has an unpaired
electron (cf.Fig. 9) with relatively low binding energy (see
VDEs inFig. 8). In the bound complex MnO2

−, this electron
i ∗
T tive
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(
c
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t he in-
t the
a bital
o n n
s n is
b
t the
. Cluster structure and reactivity

In this section, product ion mass spectra and kinetic m
urements of noble metal cluster gas-phase adsorptio
ctions inside the rf-ion trap will be presented. O2 and CO
dsorption will be investigated separately as a functio
luster charge state, size, and composition, before the r
f coadsorption measurements will be presented. The e
s easily paired with the single electron in one O2 �g orbital.
he combination of the two orbitals results in an attrac

nteraction and a partial electron transfer to the O2 adsorbat
indicated by the symbolδ−1 in Fig. 11). In contrast, for oddn
lusters, the Mn− HOMO is doubly occupied (Fig. 9) leading
o higher VDEs (Fig. 8). Consequently, the electron trans
o the adsorbate is considerably weaker, meaning that t
eraction with the O2 �∗

g is much less attractive, because
dditional electron must be placed in the anti-bonding or
f the MnO2

− complex. As a result, the reactivity of eve
ilver and gold cluster anions toward molecular oxyge
y far superior to that of oddn clusters[17,18,33,40]. De-

ailed first principles quantum chemical calculations on
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bonding of molecular oxygen to negatively charged gold and
silver clusters[46,52,87–89]but also to positively charged
silver clusters[37,38,90]support this qualitative picture. Be-
sides providing further detailed structural information, one
major point of discussion in the theoretical contributions is
the question, whether multiple adsorption of oxygen onto the
small noble metal clusters might occur.

The consequences for the O2 adsorbate structure, deduced
from the frontier orbital picture ofFig. 11, are an OO bond
elongation resulting from the electron transfer (δ−) into the
O2 �∗

g anti-bonding orbitals. This effect evidently depends
on the amount of electron transfer and generates a superox-
ide, or superoxo (O2−)-type adsorbate species. In the case of
negatively charged silver and gold clusters, the molecular su-
peroxo structure of the adsorbed oxygen could be confirmed
by photoelectron spectroscopic experiments[49,52,53]. It is
very particular for the small silver and gold cluster anions
that O2 is bound in a molecular fashion and the strong influ-
ence of, e.g., the charge state on the adsorbate structure will
be exemplified in the next section. With respect to the con-
sequences for the metal cluster, the electron transfer (δ−) in
the MnO2

− complex leads to a depletion of electron density
in the Mn− HOMO which will be identified as an important
reason for cooperative adsorption effects.
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(1)). This is in accordance with the molecular frontier orbital
discussion presented inFig. 11. No further reaction products
are detected at any reaction temperature or partial pressure
condition in the ion trap[33]. This result is also in agreement
with previous flow tube reactor measurements[17] and the
molecular superoxo-type bonding of the adsorbate has been
confirmed spectroscopically[53].

In contrast, as can be seen fromFig. 12b, the positively
charged silver dimer adsorbs at most two oxygen molecules
at 50 K reaction temperature[36]. Adsorption of up to three
O2 ligands has been observed recently in a guided ion beam
experiment[37]. Calculated geometric structures of the ad-
sorbate complexes presented in the same reference are indi-
cated inFig. 12b as well. The O2 binding energies determined
from these experiments amount to 0.20, 0.18, and 0.15 eV
for the first, second, and third O2, respectively[37]. In our
ion trap measurements, no reaction products Ag2On+ with
n> 4 are observed for temperatures between 50 and 300 K
[36]. However, the distribution of the reaction products re-
veals a strong temperature dependence (Fig. 13). Fig. 13b
and c show two additional product mass spectra obtained at
95 and 130 K reaction temperature. The mass distribution
of the products changes drastically at these temperatures.
Whereas at 50 K, the exclusive oxidation products Ag2O2

+

and Ag2O4
+ point toward molecular adsorption (Fig. 13a),

at 95 K, the new product AgO+ appears and no AgO + is
o 30 K,

Fig. 13. Product ion mass spectra of the reaction of Ag2
+ with O2 at reaction

temperatures of (a) 50 K, (b) 95 K, and (c) 130 K[36].
.1.2. Charge state dependence—molecular versus
issociative adsorption of dioxygen

The charge state dependent adsorption behavior o2
ill be discussed for the case of the silver dimer, wh
etailed information is available for all three-charge st

17,33,34,36,38–40,53]. Neutral Ag2 has been found to b
nreactive toward O2 in a fast flow reactor at ambient temp
ture[34], which is not surprising according to the previo
iscussion considering the paired valence electron stru
f Ag2 (seeFig. 9). Reaction products of Ag2− and Ag2+

ith molecular oxygen obtained in our ion trap are displa
n Fig. 12. The anionic dimer (Fig. 12a) adsorbs one O2 in

straight forward association reaction similar to the me
ism discussed earlier for the case of Au2

− (cf. Fig. 7and Eq

ig. 12. Product ion mass spectra of silver dimer ion reactions with ox
n the rf-ion trap. (a) Ag2− + O2 at 300 K[33] and (b) Ag2+ + O2 at 50 K
36]. The calculated structure for Ag2O2

− depicted in (a) is taken from Re
33]. The calculated structures of Ag2O2

+ and Ag2O4
+ are adapted from

ef. [37].
2 2 4
bserved anymore. At an even higher temperature of 1
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Fig. 14. Product ion concentrations of the reaction Ag2
+ + O2 as a function

of the reaction timetR for T= 95, 110, and 130 K[36]. The open symbols
represent the experimental data, normalized on the initial Ag2

+ concentration
and on the total ion concentration in the trap. The solid lines are obtained
by fitting the integrated rate equations of the proposed reaction mechanism
Eqs.(7a)–(7c)to the experimental data.

Ag2O3
+ is detected as the largest product. These results indi-

cate a strongly temperature dependent reaction mechanism
In order to extract possible reaction schemes, the reactant and
product concentrations are measured as a function of the re-
action time. The results for three temperatures (95, 110, and
130 K) are depicted inFig. 14. The evolution of the Ag2+

concentration with reaction time shows a multi-exponential
decay at all temperatures. Ag2O2

+ is identified as an inter-
mediate product with maximum concentration at very short
reaction times and increasing amplitude for higher reaction
temperatures. The final product at 95 and 110 K is Ag2O+,
whereas at 130 K the new product Ag2O3

+ appears with a
delay of about 2 s.

These experimental findings suggest the following reac-
tion mechanism:

Ag2
+ + O2 � Ag2O2

+, k1, k2[Ea,1, Ea,2] (7a)

Ag2O2
+ → Ag2O+ + O, k3[Ea,3] (7b)

Ag2O+ + O2 � Ag2O3
+, k4, k5[Ea,4, Ea,5] (7c)

k1–k5 are the rate constants for the different reaction steps
andEa,1 to Ea,5 are the corresponding activation energies.
Ag2O2

+ is unambiguously identified as an intermediate (cf.
Fig. 14) and is formed in a first elementary step by molecular

adsorption of O2 onto Ag2
+. Molecular adsorption of up to

two O2 molecules is also observed at 50 K (Fig. 13a). Ag2O4
+

is, however, not a stable product at higher temperatures. In
a second elementary step, Ag2O+ is formed by dissociation
of the adsorbed O2 molecule. The dissociation of O2 is not
observed at 50 K, as the corresponding activation energy is
thermally not reached. Increasing the temperature to 130 K
results in a further product, Ag2O3

+. This third elementary
step is observed at delayed reaction times and consists of
molecular adsorption of O2 to Ag2O+.

The validity of this mechanism is tested by fitting the cor-
responding integrated rate equations simultaneously to the
experimental kinetic data of Ag2

+ and all observed reaction
products as explained in the experimental section. The solid
lines inFig. 14show that the fitted kinetics of this reaction
mechanism describe the experimental data well. In order to
further establish this mechanism, other reaction mechanisms
were also fitted to the experimental data. We particularly note
that purely consecutive reaction steps do not fit the data. This
supports the necessity of incorporating equilibrium steps for
the reaction of O2 with Ag2

+ and Ag2O+ and confirms the
molecular adsorption of O2 on these two ions.

Most interestingly, the described temperature dependence
of the product ion mass spectra and the obtained temperature
dependent kinetics clearly show that, in contrast to the O2
adsorption on negatively charged silver and gold clusters,
t
a cently
a ters
[ tion
o inate
f n of
s on
p
O ale.
T the

F dinate
f Eqs.
(

.

he molecular adsorption and the dissociation of O2 on Ag2
+

re activated processes. This has been confirmed re
lso for the case of larger positively charged silver clus

38,39,91]. Furthermore, our results allow the construc
f the potential energy surface along the reaction coord

or the established reaction mechanism of the oxidatio
ilver dimer cations.Fig. 15 shows the proposed reacti
ath starting with the total binding energy of free Ag2

+ and
2, which is defined to be the origin of the energy sc
he corresponding activation barriers are deduced from

ig. 15. Schematic potential energy surface along the reaction coor
or the Ag2

+ + O2 reaction according to the reaction mechanism of
7a)–(7c)and[36].
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Fig. 16. Product ion distributions analyzed after trapping Au−, Au2
−, and

Au3
−, respectively, inside the rf-octopole trap filled with 0.3 Pa O2 and

1.0 Pa He (200 ms trapping time). Note that no other reaction products are
observed even after 10 s trapping period. Reaction temperature,T= 100 K
[23].

temperature dependence of the rate coefficients according
to Arrhenius’ equation (Eq.(2)) or are estimated as relative
values from the temperature dependent mass spectra[36].
In this particular case of positively charged silver clusters, it
is interesting to consider for comparison the O2 adsorption
on single crystal surfaces. For the highly reactive Ag(1 1 0)
surface oxygen adsorbs in four different states, depending
on the surface temperature: below 40 K, the O2 is bound in
a physisorbed state in the range between 40 and 170 K, it
is molecularly chemisorbed, and at higher temperatures, the
molecules dissociate on the surface and chemisorb atomically
[36,39,92].

4.1.3. Size dependence
The pronounced odd–even size effects in the reactivity of

the silver and gold cluster anions with molecular oxygen have
been discussed before (cf.Fig. 1). In the following, the re-
actions of small Aun− and Agn− with O2 in the rf-ion trap
under controlled reaction conditions (partial pressures, reac-
tion time, reaction temperature) will be presented. Product
ion mass spectra for the reactions of Au−, Au2

−, and Au3−
obtained at 100 K with solely oxygen present as reactive gas
in the ion trap are displayed inFig. 16, [23]. In agreement with
the literature, only Au2− is found to react[16–18] (Fig. 1).
Au− and Au3− do not form any product ions with oxygen.
This could be confirmed over the whole temperature range
a oxy-
g s
h ection
( was
d
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s d in
F lter-
n ction
b
t
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O (cf.

Fig. 17. (a) Product ion mass spectra after reaction of Agn
− with O2.

Ion intensities are plotted as function of the number of adsorbed oxy-
gen atomsm. (b) Examples of measured oxidation kinetics for Ag2

− and
Ag3

− at 300 K. Open symbols: experimental data and solid lines: kinetic
fit. Ag2

−: p(O2) = 0.12 Pa andp(He) = 1.06 Pa; Ag3−: p(O2) = 0.23 Pa and
p(He) = 1.03 Pa[33].

Fig. 17a). No products with an odd number of oxygen atoms
are detected. The corresponding kinetic data (seeFig. 17b)
are best fitted by a sequential adsorption reaction mechanism:

Agn
− + 2O2

k1−→ AgnO2
− + O2

k2−→ AgnO4
− (8)

The fit of the integrated rate equations is represented by the
solid lines inFig. 17b. The rate constantsk1 andk2 at 300 K
are plotted inFig. 18a as a function of cluster size. Note
that the rates change over at least two orders of magnitude
when the size of the clusters is increased by a single atom.
Rate constantsk1 for the silver cluster reactions with O2 have
been reported before[17] and these results are in reasonable
agreement with our data. However, in the previous report
products with more than one O2 have not been observed for
Agn− (n= 1–5).

The interesting odd–even trend shown for Agn
− (n= 1–5)

in Fig. 17a also extends to larger cluster sizes[40]. Further-
more, a general increase in silver cluster anion reactivity to-
ward O2 with increasing size is observed. For the larger sizes
(n≥ 6), the reactions proceed too fast to be resolved in our
experiment. Trace amounts of O2, which are below the sen-
sitivity of our Baratron pressure gauge (<0.008 Pa), are suffi-
cient to completely oxidize the even numbered clusters with
n≥ 6 within a few hundred milliseconds.

s on
t of in-
t tra
r
t n-
i d
w a
m ent.
L
t
n it for
t

ccessible in our experiment. The single product ion of
en and Au2− is the dioxide Au2O2

−. The reaction kinetic
ave been presented and analyzed in the experimental s
seeFig. 7) and a simple association reaction mechanism
educed[67].

Product ion mass spectra measured after reaction of m
elected silver cluster anions with oxygen are depicte
ig. 17a. As in the case of the gold cluster anions, an a
ating size dependence is observed. However, the rea
ehavior of Agn− is in marked contrast to that of Aun− clus-

ers. Whereas Agn− with evenn adsorb only one O2 similar
o evenn Aun−, silver clusters with odd numbern of sil-
er atoms adsorb at maximum two oxygen molecules. A4

−
ven first forms Ag4O2

−, but then reacts with additional tw
2 molecules at long reaction time and low temperature
The sequential adsorption of two oxygen molecule
he odd size clusters takes place without appearance
ermediate products AgnO2

− in the product ion mass spec
ecorded at various reaction times (cf.Fig. 17a). This points
oward the adsorption of the first O2 being the rate determi
ng step, whereas the secondary O2 addition must procee
ithin the Langevin collision rate limit[69] or at least on
uch faster time scale than the resolution of our experim
ower limits for k2 are given in these cases inFig. 18a. On

he other hand, the adsorption of a second O2 onto Ag2
− is

ot observed in the experiment, therefore, an upper lim
he correspondingk2 value is estimated.
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Fig. 18. (a) Experimental termolecular rate constants obtained for the ad-
sorption of the first and second O2 molecule onto Agn− at T= 300 K. (b)
Theoretical binding energiesEb and lowest energy structures (grey spheres:
silver atoms; dark spheres: oxygen atoms). Note that the lowest energy struc-
tures of AgO2

− and Ag3O4
− contain dissociated oxygen (not shown), which

however, requires considerable activation energy not available under our ex-
perimental conditions[33].

In conjunction with these experimental reaction kinetics
results a systematic theoretical study of AgnO2m

− clusters in
the framework of density functional theory was performed by
the group of Bonǎcić–Koutecḱy [33,93]. The applied method-
ology allows to accurately determine structural properties and
binding energies, especially when the bonding with oxygen is
involved[94]. The resulting theoretical cluster complex struc-
tures and binding energies are displayed inFig. 18b. As can be
seen fromFig. 18, the experimentally obtained reaction rate
constants (Fig. 18a) compare particularly well with the trend
in the calculated O2 binding energiesEb (Fig. 2b), because,
according to statistical rate theory[64,67], Eb largely deter-
mines the rate of unimolecular decomposition of the initially
formed energized complex (kd in Eq.(4a)) in the framework
of the Lindemann model presented in Section2.3. The results
of the oxygen reaction experiment on silver cluster anions are
also in agreement with the frontier orbital picture presented
in Section4.1.1and this will be used in Section4.3.2.3in
order to trace the multiple adsorption of O2 onto Agn− to co-
operative adsorption effects on the electronic cluster complex
structure.

Finally, all reactions studied display increasing rate con-
stants with decreasing temperature. This negative tempera-
ture dependence is indicative for barrierless adsorption path-
ways as discussed in the experimental section for the case of

Fig. 19. Kinetics of the reactions of Ag2
−, AgAu−, and Au2− with molecu-

lar oxygen. The reaction temperature is 300 K. The oxygen partial pressure
in all three measurements amounts to 0.12 Pa. Plotted are the metal cluster
ion signal decays in the ion trap as a function of the reaction timetR. The
solid lines represent the fit of the integrated rate equations to the experimental
data[70].

Au2
− in reaction with O2 [64,67]. It is, however, in marked

contrast to the previous investigation of the oxidation mecha-
nism of positively charged silver dimer Ag2

+, where distinct
reaction barriers and temperature dependent reaction path-
ways could be observed[36].

4.1.4. Composition dependence
Fig. 19 shows the reaction kinetics of the dimer anions

Ag2
−, AgAu−, and Au2− with O2. For comparison, the de-

cays of the metal cluster ion concentrations are plotted only.
Interestingly, there is almost no difference between the re-
action rates of the dimers Ag2

− and AgAu− with oxygen.
Au2

−, in contrast, reacts considerably slower[70]. Hence,
the change in chemical reactivity toward O2 with composi-
tion is not linear. This is also in accord with the fact that the
VDE of AgAu− is closer to the VDE value of Ag2− than to
that of Au2

− (cf. Fig. 8, [73]). The unanticipated and dis-
continuous change of reactivity with the composition of the
small clusters is even more pronounced for the trimer anions,
because both Ag2Au− and AgAu2−, do not react with O2 at
all under our experimental conditions, similar to Au3

− [95].
A quantitative comparison of the obtained rate constants will
be presented together with the CO reaction rate constants in
Section4.2.4.
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.2. CO adsorption

.2.1. Molecular orbital model of CO adsorption
The bonding of CO (carbonyl) ligands in complexes w

ransition metals is typically classified into several com
ents. Apart from the electrostatic interaction, the major

ributions are explained classically within the� donation and
back-donation model: The s�* (also commonly labeled 5�)
lectron of the CO molecule donates to the metal valen�
ymmetry orbital and the metal d� electron back-donates
he 2p�* orbital of CO (seeFig. 20). Very minor contribu
ions from a� donor interaction between a p� CO electron
nd open metal� orbitals are in general neglected[96]. CO
onding is, therefore, particular favorable for elements
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Fig. 20. Left: schematic MO picture of the interaction of carbon monoxide
with silver and gold cluster anions Mn−. Major bonding contributions are
(a) � donation of charge (δ−) from the filled CO s�* anti-bonding orbital
into the LUMO of the metal cluster anions and (b)� back-donation from
metal cluster d orbitals into the empty p�* anti-bonding orbitals of CO.
Right: schematic, rudimentary MO energy level diagram for CO which can
be refined by inclusion of s, p-mixing. Even in its simplest form, the nature of
the HOMO (�* , anti-bonding) and the LUMO (�* , anti-bonding) is depicted
correctly[96].

partially occupied d shells, i.e., with an empty d� acceptor or-
bital and a filled d� donor orbital. For the case of group Ia met-
als, however, carbonyls are only weakly bound, because the d
shell is fully occupied. Carbonyl� donation is possible only
into an s� or a p� metal orbital and� back-donation into the
CO p�* orbital is not very favorable because of the generally
low energy of the d orbitals, in particular for silver[17,97].

The model of CO bonding to silver and gold clusters
emerging from these ideas mainly considers two factors: (i)
the cluster highest occupied molecular orbitals and lowest
unoccupied molecular orbitals (LUMOs) are constructed
from metal s orbitals. Calculated LUMO energies for silver
and gold clusters are in energy considerably above the
HOMO [31,72,81,82,98](cf. alsoFig. 10). Therefore, elec-
tron donation from the 5s orbital of CO to the cluster LUMO
will provide only a slightly attractive interaction in the case
of anions[17], which is, however, expected to increase con-
siderably when going to the neutral or even cationic clusters
according to recent calculations[99]. The charge state thus
determines the contribution of� donation to the noble metal
cluster CO bonding. (ii) The back-bonding from a metal d�
orbital, or from a cluster molecular orbital of the appropriate
symmetry to the CO 2p�* anti-bonding orbital leads to an
attractive interaction. The importance of� back-donation
to the CO bonding is supported by spectroscopic studies
on matrix-isolated small silver and gold cluster carbonyls
[ s
d tal d
o

reac-
t ed
b -, s-,
a
( ed
t er-
e gold
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Fig. 21. Product ion mass spectra of the reaction of Ag2
+ with CO in the ion

trap obtained at two different reaction times (T= 300 K andp(CO) = 0.9 Pa):
(a) tR = 100 ms and (b)tR = 1000 ms. The peak labeled with an asterix cor-
responds to Ag2(H2O)+, the one with double asterix to other unassigned
impurities. Note that in contrast to the strong reaction and fragmentation
observed for Ag2+, the negatively charged silver clusters do not react with
CO at all[103].

4.2.2. Charge state dependence
In matrix isolation experiments, carbonyls of atomic silver

and gold in positive and neutral charge state have been identi-
fied[97,100,101]. However, in case of the neutral complexes,
only for AuCO � donation and� back-donation are opera-
tive, and thus AgCO is found to be unstable[102]. In agree-
ment with these results, gas-phase reactivity measurements
showed the formation of Au2CO, but not of Ag2CO [34].
CO reactivity results for larger positively charged or neutral
silver clusters are not available. According to the bonding
model presented above, the bonding between the clusters and
CO is related to the balance between the CO to metal elec-
tron donation and the metal to CO back-donation. The CO
to metal� donation is expected to be stronger for the cation
than for the neutral atom. Similarly, the forward donation for
the neutral will be stronger than for the anion, as indicated in
recent calculations[99]. In our ion trap measurements, CO is
found to react strongly with Ag2+ leading to fragmentation
as can be seen from the product ion mass spectra presented
in Fig. 21 [103]. Already after 100 ms, the fragment ion Ag+

is observed, which itself also further reacts with up to three
CO molecules at longer reaction times (Fig. 21b). This is in
agreement with matrix isolation reaction experiments[101];
in guided ion beam experiments, adsorption of up to four CO
on Ag+ was detected[104]. The only product ion observed in
the ion trap for Ag+ is Ag (CO) + (Fig. 21b), which means
t step
i -
b o not
97,100]. The contribution of� back-donation bonding thu
epends on the relative energetic location of the me
rbitals, i.e., on the metal cluster composition.

The charge state, size, and composition dependent
ivity of silver and gold clusters toward CO is influenc
y the energy differences between the metal valence d
nd p-derived orbitals which is in contrast to the O2 bonding
Fig. 11), where the s orbital derived HOMO was identifi
o be of principal importance. This might explain the diff
nt cluster size dependent reactivity of the silver and
lusters toward the two reactants reported inFig. 1.
2 2 2
hat adsorption of the first CO is the rate determining
n the sequential formation of Ag2(CO)2+. AgCO is not sta
le, as mentioned above. Finally, silver cluster anions d
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Fig. 22. Product ion mass spectra of gold dimer ion reactions with CO in the
ion trap. (a) Au2+ + CO (T= 70 K, trace amounts of CO,p(He) = 1.13 Pa, and
tR = 1 s[14]). (b) Au2

− + CO (T= 100 K,p(CO) = 0.24 Pa,p(He) = 0.96 Pa,
andtR = 1 s[66]). Note that no fragmentation is observed in the case of the
gold dimer.

react with CO under any reaction condition in our ion trap
and are also found unreactive in flow tube reactor measure-
ments[17]. This can be understood by considering the above
statement that CO to metal� donation is very weak, if not
repulsive, for the negatively charged silver and gold clusters
in combination with the fact that the low energy of the silver
d orbitals compared to gold means that� back-bonding is
especially unfavorable for silver, preventing bonding of the
silver cluster anions with CO[17,40].

Fig. 22a displays the product ion mass spectrum of Au2
+

in reaction with trace amounts of CO at 70 K in the ion
trap. Under these conditions, Au2CO+ as well as Au2(CO)3+

are observed. Supposed that a sequential adsorption mech
anism prevails, the rate-determining step in this case is the
adsorption of the second CO molecule. The formation of car-
bonyls of larger gold cluster cations has been observed in
an ICR mass spectrometer[24]. The neutral Au2(CO)2 has
been detected again spectroscopically in matrix isolation ex-
periments[100]. For gold, strong relativistic effects lead to a
decrease in s–d orbital distance making the d derived molec-
ular cluster orbitals available for� back-donation. There-
fore, although carbonyls of the atomic gold anion are not
observed, due to repulsion of the doubly occupied metal s
orbital and the donating CO s�* orbital, the formation of
carbonyls for all larger Aun− have been reported with differ-
ent experimental approaches[17,23,25,26,66,105]. Fig. 22b
s
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4.2.3. Size dependence—influence of internal degrees of
freedom

A very striking size effect on the kinetics of previously un-
known small gold cluster carbonyls will be presented in the
following. Particular emphasis in the discussion will be put
on the correlation between electronic structure and carbonyl
complex stability as well as on the influence of the number
of internal degrees of freedom on the reaction kinetics[66].
In our experiment, no reaction products of Aun

− (n= 1–3)
with CO are detected at temperatures above 250 K. This is
in agreement with earlier reports, which investigated the size
dependent reactivity of Aun− with CO and did observe gold
anion carbonyls only for clusters withn≥ 4[25,26]. At lower
temperatures, still no reaction products for the monomer are
found, due to metal s and CO s�* orbital repulsion, as ex-
plained above. Cooling of the rf-ion trap to temperatures be-
low 250 K leads in the case of Au2

− and Au3− first to the
formation of the monocarbonyls and at the lowest tempera-
tures to a maximum adsorption of two CO molecules as can
be seen from the lower traces inFig. 23.

In order to deduce the reaction mechanism of the observed
reactions, the reactant and product ion concentrations as a
function of reaction time are recorded. The resulting kinetic
traces for Au2− as well as for Au3− at 100 K reaction tem-
perature are depicted inFig. 24. The open symbols represent
the experimental data normalized to the total ion concentra-
t
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i er 10 s
t

hows the product ion mass spectrum of Au2
− in reaction

ith CO in the ion trap. The detailed reaction kinetics
he cluster size dependence of the CO adsorption kin
f the small Aun− clusters will be discussed in the n
ection.
-

ion in the trap during reaction. The kinetic traces of Au2
−

nd Au3− have a strikingly different appearance. This is e
ore pronounced considering that the reactive gas co

ration in the ion trap inFig. 24b (Au3
−) is less that one ten

f the CO concentration inFig. 24a (Au2
−). In both cases, th

un− signal decreases exponentially, but the carbonyl p
ct concentrations show very different evolution as a func
f reaction time. In the case of Au3

−, the monocarbonyl ca
learly be identified as an intermediate with decreasing
entration at longer reaction times, whereas for Au2

− the
ono- and di-carbonyl concentrations rise simultaneous

each equilibrium.

ig. 23. Product ion distributions analyzed after trapping Au−, Au2
−, and

u3
−, respectively, inside the octopole trap filled with 1 Pa of helium

small partial pressure of carbon monoxide. Reaction temperatures
ndicated. Note that no other reaction products are observed even aft
rapping period[66].
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Fig. 24. Kinetic traces of the reaction of (a) Au2
− and (b) Au3− with CO at a

reaction temperature of 100 K. Plotted are the product ion concentrations as a
function of the reaction timetR. The open symbols represent the normalized
experimental data. The solid lines are obtained by fitting the integrated rate
equations of the reaction mechanism Eqs.(9a)and(9b) to the experimental
data. The partial pressures are (a)p(He) = 0.96 Pa andp(CO) = 0.24 Pa; (b)
p(He) = 1.08 Pa andp(CO) = 0.02 Pa.

Most interestingly, the kinetics of both, Au2
− as well as

Au3
−, are best fit by the same mechanism. This reaction

mechanism is represented by the following equations:

Aun
− + CO

k1−→ AunCO− (9a)

AunCO− + CO
k2
�
k−2

Aun(CO)2
− (9b)

k1, k2, andk−2 are the rate constants for the different reac-
tion steps. The adsorption of CO occurs sequentially with
AunCO− as an intermediate product. Purely consecutive re-
action steps do not fit the experimental data and it is, therefore,
essential to introduce a final equilibrium (Eq.(9b)). The fits
to the data are represented by the solid lines inFig. 24and
are an excellent match to the experimental results. The cor-
responding rate constants are listed inTable 2. Note that the
measured rate coefficient for the reaction of the first CO with
a gold cluster anionk(3)

1 is more than 44 times larger for the
trimer than for the dimer cluster anion.

Castleman and co-workers pointed out the important re-
lation between the product formation rate and the possibility
of intracluster energy redistribution, which is reflected by
the number of internal vibrational degrees of freedom, for
gas-phase metal cluster reactions[106]. In the case of pos-
itively charged copper clusters, this group observed a mini-
m form
i e the
e seven
a ion of
t ntly.
H ease

going from the dimer to the trimer cluster. This might be ra-
tionalized considering that the dimer has only one internal
coordinate, whereas for the trimer, the cluster potential en-
ergy surface becomes at least three-dimensional which is a
drastic change in terms of the possibility of internal energy
redistribution. Hence, the observed pronounced increase of
the reaction rate going from the gold dimer to the trimer ion
is expected to be intimately related to the rising number of
internal degrees of freedom.

In order to further quantify this conclusion, the Linde-
mann energy transfer model for association reactions pre-
sented in Section2.3has to be considered. Under the exper-
imental conditions of the ion trap experiment, the termolec-
ular rate constant is represented by Eq.(6). The association
rate constantka as well as the final stabilization rate constant
ks is, however, basically cluster size independent according
to Langevin theory[68,106]. The cluster size dependence of
k(3), is thus contained in the unimolecular decomposition rate
constantkd of the metastable intermediate complex. In order
to estimatekd, Rice–Ramsperger–Kassel-theory is employed
[66]. The RRK decomposition rate constant is[64]

kd = ν

(
E − E0

E

)S−1

(10)

for the given case that the total internal energyE, contained
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um number of seven atoms necessary for the cluster to
ts own heat bath, and thus to be able to accommodat
xcess energy released during CO adsorption. Above
toms per cluster, the reaction rate coefficients as a funct

he number of atoms per cluster did not change significa
owever, this function showed the most dramatic incr

able 2
ate constants according to Eqs.(9a)and(9b) for the adsorption reaction

luster k
(3)
1 (10−29 cm6 s−1) k

(1
2

u2
− 0.52± 0.03 13

u3
− 23 ± 6 0.4

lso listed are the equilibrium constantsK for the final reaction step Eq.(9
n S independent oscillators, is larger than the CO bin
nergy to the gold clusterE0. ν is the frequency factor[107],
hich can be considered identical for the dimer and the tr

on.
If also the assumption is made that the CO binding e

ies to Au2− and Au3− are similar, which is very reasonab
ccording to recent theoretical work[46,89,99,108], the ratio
f the termolecular rate constants can be calculated[66]:

k(3)(Au3
−)

k(3)(Au2
−)

= kd(Au2
−)

kd(Au3
−)

= (E0 + 6kBT )8

28(3kBT )3(E0 + 3kBT )5
(11)

Taking the experimental reaction temperature ofT= 100 K
nd the measured rate constant ratio of 44, the CO

ng energyE0 on the small gold clusters can be obtain
0 ≈ 0.5 eV. Note that this estimated value represen
ean value between the assumed similar CO binding
rgies to Au2− and Au3−. This binding energy compar
ell to known experimental as well as theoretical va

46,89,99,105]. Also the adsorption energy of CO on an
ended Au(3 3 2) surface has an energy in the same
0.57 eV)[109]. This good agreement supports the outst
ng importance of the increasing number of degrees of
om, on which the RRK model is exclusively based, on

rbon monoxide onto the gold dimer and trimer anion clusters

k
(1)
−2 (s−1) K= k

(1)
2 /k

(1)
−2

5.8± 0.8 2.3
2 0.087± 0.023 5.2
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rate coefficients. Hence, the factor of 44 higher rate coeffi-
cients for the trimer reaction with CO can be largely ascribed
to the considerably more efficient internal energy redistribu-
tion after initial CO adsorption in Au3− than in Au2−.

The reaction kinetics of Au2− and Au3− in Fig. 24 ap-
pear clearly dissimilar, although they can be described by the
same underlying reaction mechanism (Eqs.(9a) and(9b)).
Further inspection ofTable 2shows that the dissimilarity is
due to the different ratio (k2/k−2) of the adsorption and des-
orption rate coefficient of the second CO molecule for Au2

−
and Au3−. K=k2/k−2 is the equilibrium constant of the re-
action in Eq.(9b). K is larger than one for both cluster sizes,
but the equilibrium is located by a factor of 2.3 more on the
side of the final product Au3(CO)2− than on Au2(CO)2− (cf.
Table 2). This points toward a significantly higher stability of
Au3(CO)2− compared to all the other investigated carbonyl
compounds. To explain the enhanced stability of certain free
gold carbonyls, a simple electron-counting scheme was sug-
gested by other groups[24,25]. In this picture, Au3(CO)2−
would correspond to a stable eight electron complex. How-
ever, recent theoretical investigations emphasize the impor-
tance of sd hybridization due to relativistic effects in gold
clusters[81]. Hence, the role of the d-electrons on the bonding
in gold carbonyl complexes must not be neglected (cf. also
Sections3 and 4.2.1) and an s-electron based delocalized-
shell-type explanation of the complex stability is not justified
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Fig. 25. Experimental reaction rate constantsk(3) for all cluster ions
AgnAum− with (n+m) = 1–3 in reaction with CO as well as O2. All observed
adsorption reactions show a negative temperature dependence. In the cases
where no reaction products were observed in the mass spectra, the estimated
detection limit of the ion trap experiment is plotted (≈3× 10−31 cm6 s−1)
[70].

For the dimer anions, the trend in reactivity toward CO is con-
trary to the reactive behavior toward O2 (Fig. 25b). Ag2

− and
AgAu− do not react, i.e., the reaction rate constants are be-
low the detection limit of the ion trap experiment, which is
aroundk(3) ≈ 3× 10−31 cm6 s−1. Only Au2

− shows measur-
able reactivity toward CO (Fig. 25b).

Again, the bonding can be understood based on the energy
differences between valence orbitals of the metal atoms and
clusters. The reactivity toward O2 is determined by the rela-
tive energetic location of the metal cluster HOMO (Section
4.1.1), whereas the bonding capability of the silver and gold
cluster anions toward CO is mainly related to the energetic lo-
cation of the metal cluster d-type orbitals (cf. Section4.2.1).
In changing the cluster composition from pure silver to gold
atom by atom, the influence of relativistic effects on the chem-
istry of the clusters introduced by the increasing gold content
can be investigated. Qualitatively, the relativistic effects in-
clude the contraction and stabilization of the s and p shells,
as well as an expansion and destabilization of the d atomic
orbitals[34]. The latter is an indirect effect due to more ef-
ficient screening by the contracted s and p shells. Exactly
this destabilization of the gold d orbitals would be expected
to increase their availability for� back-donation in Aun−
81]. Another possible explanation for the comparably la
dsorption rate of CO onto Au3CO− might be found in coop
rative bonding effects leading to a structural isomeriza
f the trimer from the linear to a triangular structure indu
y the adsorption of the first CO molecule. Recent quan
hemical calculations[89] suggest that the binding ener
f the second CO to a triangular Au3

− core is about 50%
arger than to a linear gold trimer in Au3CO− (1.44 eV com
ared to 0.85 eV). Binding energies of the first and se
O to the linear Au3− are, however, comparable. It mig

herefore, be speculated that the adsorption of the firs
nto the linear Au3− leads to a charge transfer from the g
luster to the CO molecule via the� back-donation mech
nism. As a consequence of the reduced electron char

he metal trimer, an isomerization to a triangular structu
nduced[110], which in turn favors the adsorption of the s
nd CO molecule. The reaction of this complex with a t
O molecule has been predicted theoretically[89], but is no
bserved in our experiment[66]. Similar adsorbate induce
lectronic changes will be important for the coadsorptio

ects discussed below.

.2.4. Composition dependence—influence of relativist
ffects

The experimentally deduced rate constantsk(3) for all clus-
er ions AgnAum− with (n+m) = 1–3 in reaction with CO a
ell as O2 are summarized inFig. 25. All observed adsorptio

eactions show the discussed negative temperature d
ence. As explained previously, silver and gold atomic
o not react with CO and only Ag− reacts with O2 (Fig. 25a).
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association complexes resulting in the stronger bonding ob-
served. In contrast, in silver cluster anions, the d orbitals lie
much deeper below the s orbitals than in gold, consequently
the carbonyl complexes relying on a� back-donation are
significantly less stable[34] and not observed in our experi-
ment. The fact that AgAu− does not react with CO, similar
to Ag2

−, implies that the relativistic d orbital destabilization
in the mixed dimer is not sufficient and that the d-type or-
bitals of AgAu− are still not energetically available for CO
� back-bonding which is qualitatively in contradiction to the
calculated results depicted inFig. 10, [82].

In our ion trap experiment, no reactions of Agn
− with CO

were observed between 100 and 300 K for any cluster size up
to 11 atoms per cluster. Also in the earlier investigation, no re-
action products of silver cluster anions with carbon monoxide
were reported[17]. These differences in CO interactions with
silver and gold are also apparent in adsorption of CO on the
bulk metal surfaces which supports the fact that the valence
d� orbital in silver is extremely stable compared to the same
orbital in gold atoms and that the� back-donation bonding in
silver is not efficient. Heats of adsorption for CO at low cover-
age are 27–42 kJ mol−1 for silver [111] and 55–58 kJ mol−1

for gold [109,112].
In the case of the trimer anions, it is even more apparent

that the influence of relativistic effects is not necessarily pro-
portional to the gold content. The binary trimer anions both
n s
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This changed electronic complex structure, in term, might
foster (or also inhibit) adsorption and reaction of further re-
actant molecules that would otherwise not be possible. Three
examples of cooperative adsorption effects on small silver
and gold cluster ions identified in our ion trap experiments
will be presented in the following. The cases of either CO or
O2 preadsorption will be distinguished.

4.3.1. CO preadsorption
Au3

− does not react with O2 in the ion trap at any reac-
tion temperature (Fig. 16). It adsorbs a maximum of two CO
molecules at reaction temperatures below 250 K (Fig. 23).
If the gold trimer is exposed simultaneously to CO and O2
inside the octopole ion trap, still no reaction products are ob-
served at reaction temperatures above 250 K as can be seen
fromFig. 26a.Fig. 26b shows that at 200 K one CO molecule
adsorbs onto Au3−. Further cooling, however, does not lead
to adsorption of a second CO molecule as has been seen
when only carbon monoxide is in the trap, but instead results
in the additional adsorption of up to two O2 molecules un-
der formation of the coadsorption products Au3(CO)O2

− and
Au3(CO)(O2)2− (Fig. 26c) [23]. Hence, the adsorption of CO
onto Au3

− seems to change the cluster complex electronic
structure in a way that it is now able to react with oxygen. In
other words, CO preadsorption conditions the gold cluster to
e duct
f orbed
o -
c

F
O u
f
C nd (c)
1 cated
s toms,
s ms.
either react with O2 nor with CO (Fig. 25c). This mean
hat by exchange of a single silver atom in Ag3

− to Au, the
luster becomes essentially unreactive toward oxygen
ame is true for the reactivity toward carbon monoxide w
ne gold atom in Au3− is exchanged by a silver atom. A
arently, in the latter case, already one silver atom lea
high stabilization of the metal cluster d orbitals mak

hem energetically unavailable for CO� back-bonding. O
he other hand, the high VDE values (cf.Fig. 8) of all trimer
nions compared to Ag3

− (which itself already binds O2 very
eakly only[33]) are in line with their unreactivity towar

he electron acceptor O2.
Adsorption measurements with O2 and CO, therefore

eem to be suitable to draw qualitative conclusions a
he relative locations of the cluster electronic s and d le
nder the influence of relativistic effects.

.3. Cooperative coadsorption effects

Coadsorption phenomena in heterogeneous catalys
urface chemistry quite commonly consider competitive
ects between two reactants on a metal surface[41,42]. Also
ooperative mutual interaction in the adsorption behavi
wo molecules have been reported[41]. Recently, this latte
henomenon was found to be very pronounced on the
etal cluster ions too[15,23,27,113]. This is mainly due t

he fact that the metal cluster reactivity is strongly charge
ependent as discussed above and that an adsorbed m
an effectively influence the metal cluster electronic st
ure by, e.g., charge transfer effects (cf.Figs. 11 and 20).
le

nable O2 coadsorption. This temperature dependent pro
ormation demonstrates that first one CO has to be ads
nto the gold cluster before subsequent O2 adsorption be
omes possible.

ig. 26. Temperature dependent mass spectra of the reaction of Au3
− with

2 and CO. The product ion distributions are analyzed after trapping A3
−

or 500 ms inside the octopole ion trap filled with 0.02 Pa O2, 0.05 Pa
O, and 1.23 Pa He. Reaction temperatures: (a) 300 K, (b) 200 K, a
00 K[14,23]. The proposed cooperative adsorption mechanism is indi
chematically (see text for details). Large grey spheres indicate gold a
mall dark gray spheres carbon atoms, and dark spheres oxygen ato
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The following idea for a possible molecular mecha-
nism of this unexpected cooperative action of two adsorbate
molecules on the small Au3

− cluster is based on recent ab
initio simulations of CO adsorption and CO/O2 coadsorption
energetics and structures[89] as well as on previous experi-
ments on the femtosecond dynamics of noble metal clusters
initiated by a change of the charge state[32,110,114]. At tem-
peratures below 250 K, Au3− adsorbs CO under our experi-
mental conditions. The interaction of the first CO molecule
proceeds mainly through� back-bonding leading to a charge
transfer from the metal cluster to the CO molecule as depicted
in Fig. 20. From femtosecond laser spectroscopic investiga-
tions, it is known that the initially linear noble metal trimer
anions undergo bending motion to reach a triangular geome-
try, if the additional charge is reduced[110]. Therefore, it is
likely to assume that the CO adsorption might lead to a change
in the cluster complex geometry as depicted schematically in
Fig. 26. According to the theoretical simulations, the linear
Au3CO− has a high VDE of 3.37 eV and does not form stable
complexes with O2 [89]. The triangular Au3CO− complex,
however, exhibits a considerably lower VDE of only 2.83 eV
[89] and is, therefore, predicted to react with oxygen under
formation of the coadsorption complex Au3(CO)O2

−, which
has indeed been observed experimentally. Also the forma-
tion of Au3(CO)(O2)2− is confirmed by this calculations[89]
(cf. Fig. 26). Hence, the observed cooperative adsorption on
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Fig. 27. Temperature dependent mass spectra of the reaction of Au2
− with

O2 and CO. The product ion distributions are analyzed after trapping Au2
−

for 500 ms inside the octopole ion trap filled with 0.02 Pa O2, 0.05 Pa CO,
and 1.23 Pa He. (a) At a reaction temperature of 300 K, only Au2

− and
Au2O2

− are detected. No further ion signals are observed at temperatures
above 200 K. Cooling down further reveals an additional ion signal appearing
at the mass of Au2(CO)O2

− (hatched peak). Mass spectrum (b) shows the
ion distribution at 100 K[67].

4.3.2.2. Agn(CO)O2−. Also in the case of selected even
size Agn− clusters coadsorption complexes similar to
Au2(CO)O2

− could be detected. For Ag4
−, at low oxygen

partial pressure and high carbon monoxide partial pressure, a
new peak in the product ion mass spectrum could be identified
at 100 K. The mass spectrum is depicted inFig. 28a and the
hatched peak corresponds to the species Ag4(CO)O2

−. In this
case, preadsorption of O2 onto the cluster again clearly pro-
motes subsequent CO coadsorption, because Agn

− clusters
are not found to react at all with CO only.Fig. 28b shows
the mass spectrum recorded after Ag6

− to Ag8
− reacted

with oxygen and carbon monoxide in the ion trap. Coadsorp-
tion is detected for Ag6−, yielding the species Ag6(CO)O2

−
(hatched peak).

4.3.2.3. AgnO4−. In this section, the adsorption of multiple
oxygen molecules onto the odd size Agn

− clusters described
in Section4.1.3will be related to cooperative adsorbate ef-
fects. Adsorption of two O2 molecules as observed in our
experiment for Agn− (Fig. 17) had been predicted before for
the gold cluster anions[88], however, it was never observed
experimentally which lead to further discussion in the lit-
erature[115]. In combination with a systematic theoretical
study performed by the group of Bonačić–Koutecḱy [33], an
understanding of the measured rate constant evolution with
cluster size depicted inFig. 18a emerges and reasons for the
d

a by
q of
u3
− might be attributed to an adsorbate induced geom

hange of the metal cluster which in turn results in a red
OMO energy (lower VDE) enabling the subsequent O2 ad-
orption.

.3.2. O2 preadsorption

.3.2.1. Au2(CO)O2−. Au2
− reacts more than one order

agnitude faster with O2 than with CO. Accordingly, whe
he octopole ion trap is filled with similar partial pressure
oth reactive gases, O2 adsorption will most likely preced
O adsorption[67]. Product ion distributions at two diffe
nt temperatures for the case when O2 and CO are present

he trap are depicted inFig. 27. As can be seen from the
ass spectra, the dimer Au2

− forms the dioxide at 300 K, b
new additional peak at the mass of Au2(CO)O2

− appear
t a temperature of 100 K (hatched peak inFig. 27b). This

s the final, major reaction product, which shows that A2
−

learly favors the simultaneous coadsorption of both, ox
nd carbon monoxide, over adsorption of just one sort o
ctive molecule[23]. This kind of cooperative effect was a

ound for larger gold cluster anions in a flow-reactor st
27]. Furthermore, under the conditions of our experim
Fig. 27b), small amounts of Au2O2

− are present too. B
ost interestingly, no Au2CO− or Au2(CO)2− carbonyls ar
bserved at any temperature or reaction time, although
omplexes are stable products at cryogenic temperature
bsence of carbonyl complexes can be rationalized b
bove-mentioned observation that the reaction of Au2

− with
xygen appears to be considerably faster than with ca
onoxide.
istinct behavior of silver cluster anions can be given[33].
The results concerning multiple adsorption of O2 onto the

nionic silver clusters according to Eq.(8)can be assessed
ualitative frontier orbital considerations for the binding
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Fig. 28. Coadsorption products observed in the mass spectra after re-
action of Ag4− and Ag6

− with O2 and CO atT= 100 K. (a) Ag4−:
p(O2) = trace amounts,p(CO) = 0.03 Pa,p(He) = 1.25 Pa, andtR = 2 s. (b)
Ag6–8

−: p(O2) = 0.01 Pa,p(CO) = 0.03 Pa,p(He) = 1.17 Pa, andtR = 0.1 s.

molecular oxygen as discussed in Section4.1.1(Fig. 11). The
oxygen molecule, as an one electron acceptor, binds strongly
to the anionic silver clusters with odd number of electrons
(evenn) and low VDE values leading to a smallkd, and hence
to a fast reaction ratek(3) in the framework of the Lindemann
model (Eqs.(4a), (4b) and (5)). In contrast, it binds only
weakly to silver clusters with even number of electrons (odd
n) and closed shell electronic structure resulting in low re-
action ratesk(3) in these cases as can be seen fromFig. 18a.
However, recent work on reactivity of hydrated anionic gold
clusters with molecular oxygen has shown that this behavior
can be inverted by binding of a strong electron acceptor such
as the OH group[94]. Due to the electron withdrawing effect,
electron transfer from the cluster occurs leaving an unpaired
electron on the clusters with even number of electrons and in-
ducing subsequent stronger binding of the molecular oxygen
to hydrated clusters.

An analogous mechanism is proposed for the activation of
molecular oxygen and the cooperative binding of two oxy-
gen molecules on the anionic silver clusters in which the first
adsorbed O2 serves as an activator[33]. Since anionic silver
clusters have generally lower VDE values than gold clusters
(cf. Fig. 8), weaker electron acceptors such as O2 can al-
ready induce electron transfer and activate them which is not

possible in the case of Aun−. The first oxygen molecule is
bound to the silver clusters with even number of electrons
by 0.36, 0.36, and 0.53 eV for Ag−, Ag3

−, and Ag5−, re-
spectively[33]. The mechanism of the bonding involves the
electron transfer from the metal cluster into the�* MO of O2
as depicted inFig. 11. The binding of the first O2 molecule
changes the electronic structure of the cluster and induces
a stronger cooperative binding with the second O2. This re-
sults in the case of Ag3− and Ag5− in new oxide species
with doubly bound, superoxo-like O2 subunits as can be seen
from the calculated structures inFig. 18b. The cooperative
effect is reflected in larger binding energies as shown also
in Fig. 18b. Moreover, the binding of the second molecular
oxygen shows a reversed pattern being stronger for clusters
with odd number of atoms and weaker for the ones with even
number of atoms. The latter ones with one unpaired electron
bind strongly only one oxygen molecule since the electron
transfer leaves them with a closed shell electronic structure.
The above mechanism can be extended to the absorption of
three oxygen molecules, which should qualitatively exhibit
the similar behavior as the adsorption of one O2. Adsorption
of three O2 molecules has indeed been detected experimen-
tally for Ag4

− (cf. Fig. 17a).
Hence, experimental rate constant measurements in com-

bination with theoretical simulations show a pronounced size
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nd structure selective activity of anionic silver clusters
ard molecular oxygen due to cooperative effects. In

icular, for Agn− clusters with oddn a weakly bound firs
2 promotes the adsorption of a second O2 molecule which

s then (forn= 3 and 5) differently bound with the O2 bond
longated to 1.32̊A, and thus potentially activated for furth
xidation reactions such as CO combustion which wil

nvestigated in the following section.

. Catalytic CO oxidation

The possible catalytic activity of Au2− in the CO combus
ion reaction was first predicted by Häkkinen and Landma
46]. Our subsequent experimental investigation indee
ealed the catalytic reaction of the gold dimer and, in conj
ion with theory, a detailed reaction cycle could be formula
67]. Also for particular larger gold cluster anions evide
or catalytic CO2 formation has been reported[27]. In the fol-
owing, first the experimental determination of the catal
eaction cycle of Au2− will be described before results on t
atalytic activity of Agn− will be presented which demo
trate that also distinct silver clusters sizes show eviden
e active oxidation catalysts in the CO combustion reac

.1. Au2−

.1.1. Experimental reaction mechanism
As discussed above, Au2

− reacts under conditions wh
olely O2 is present in the rf-ion trap under formation of
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single product ion Au2O2
−. Analysis of the reaction kinet-

ics depicted inFig. 7reveals the straight forward association
reaction mechanism Eq.(1) with Au2

− completely reacting
to yield the oxide product within several seconds at room
temperature. If CO is added to the ion trap, no new reaction
products besides Au2

− and Au2O2
− are formed atT= 300 K

as can be seen from the mass spectrum inFig. 27a. However,
surprisingly enough, Au2− is no longer completely trans-
formed into oxide, but an offset appears in the gold cluster
concentration at long reaction times which is apparent from
the corresponding kinetics depicted inFig. 29a. The most
simple reaction mechanism that fits this data is the equilib-
rium reaction in which oxide is formed but bare gold dimer
is reformed to a certain extend:

Au2
− + O2 � Au2O2

−. (12)

However, the extend to which the gold dimer is reformed
increases with increasing CO concentration. Thus, the reac-
tion mechanism must involve more intermediate steps repre-
senting the influence of CO.

To reveal the complete reaction mechanism, the reaction
was investigated at lower temperatures. The product ion mass
spectrum recorded at 100 K with O2 and CO in the ion trap
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T
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(Fig. 27b) shows the appearance of the coadsorption complex
Au2(CO)O2

− discussed in the preceding section. This com-
plex represents a key intermediate in the reaction mechanism
of the catalytic oxidation of CO to CO2 as has been pre-
dicted in the earlier theoretical study[46]. The experimental
evidence obtained so far demonstrates that O2 adsorption is
likely to be the first step in the observed reaction mechanism.
Subsequent, CO coadsorption yields the observed interme-
diate (Fig. 27b) and finally the bare gold dimer ion must
be reformed. The further strategy to reveal the full reaction
mechanism consists in varying the available experimental pa-
rameters, i.e., reaction temperature and reactant partial pres-
sures. This procedure leads to a series of kinetic traces similar
to the one shown inFig. 29b and c,[67]. The goal then is to
find one reaction mechanism that is able to fit all experimental
kinetic data obtained under the various reaction conditions.
This kinetic evaluation method results in the most-simple
mechanism, which is able to fit the experimental data[67]. In
this way, it is possible to rule out all but one possible reaction
mechanism, which is represented by the following reaction
equations:

Au2
− + O2 → Au2O2

− (13a)

Au2O2
− + CO � Au2(CO)O2

− (13b)
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ig. 29. Product ion concentrations as a function of the reaction tim

hree different reaction temperatures and different reactant gas concentra-
ions: (a)T= 300 K, p(O2) = 0.12 Pa,p(CO) = 0.12 Pa, andp(He) = 1.2 Pa;
b) T= 150 K,p(O2) = 0.04 Pa,p(CO) = 0.04 Pa, andp(He) = 1.0 Pa; and (c)
= 100 K,p(O2) = 0.02 Pa,p(CO) = 0.03 Pa, andp(He) = 1.0 Pa. Open sym-
ols represent the normalized experimental data ((�): Au2

−; (©): Au2O2
−;

nd (�): Au2(CO)O2
−). The solid lines are obtained by fitting the integrated

ate equations of the catalytic reaction cycle (Eqs.(13a)–(13c)) to the exper-
mental data.

a
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m ic
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d o first-
o
c n-
u2(CO)O2 + CO → Au2 + 2CO2. (13c)

The solid lines inFig. 29 represent the fit of this mec
nism to the experimental data. It equally well fits all o
btained kinetic data[67]. In this catalytic reaction cycl
u2O2

− reacts with CO to form Au2(CO)O2
− which will

ither redissociate to the oxide or further react with a
nd CO molecule to reform Au2− while liberating two CO2
olecules. It should be noted that the quality of the fit is v

ensitive to the postulated reaction steps and that the k
valuation procedure that we have employed is clearly
o discriminate against alternative mechanisms, as has
emonstrated before[36,63,64]. The replacement of the eq

ibrium in reaction(13b), e.g., by a simple forward reacti
ill lead to a mechanism that yields an inadequate fit to
xperimental data. The Au2O2

− signal will then disappear
ong reaction times, which is not the case as can be seen
ig. 29c.

.1.2. Adsorption sequence
The mechanism reveals that O2 adsorption precedes C

dsorption in the catalytic reaction. This is further suppo
y the fact that no signal for the ion Au2CO− is observed
nd by the reaction kinetics of Au2

− when only O2 or CO
re present in the trap; because the adsorption of O2 is by
bout an order of magnitude faster than the adsorption o
olecules (Fig. 25) [66]. Further insight into the catalyt

eaction mechanism can be obtained from partial pre
ependent measurements. The dependence of a pseud
rder rate constant of the mechanism Eqs.(13a)–(13c)on the
oncentration of a reactant (O2 or CO) demonstrates the i
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volvement of the reactant in this particular reaction step. The
variation of the oxygen partial pressure inside the trap, e.g.,
solely affects the rate constant of reaction step(13a)and all
other rate constants remain unaffected[67]. However, most
interestingly, it appears that at very high CO partial pressures
and low temperatures CO adsorption starts to compete with
O2 adsorption in the first reaction step. This is reflected in a
systematic increase of the rate constant of reaction Eq.(13a)
with increasingp(CO) at lower temperatures. From this side
reaction, a new product Au2(CO)O2

− with different struc-
ture than the discussed intermediate in Eqs.(13a)–(13c)will
form, competing with the catalytic cycle[67].

As discussed above, the postulation of an equilibrium in
step(13b)is essential to the reaction mechanism. This in turn
has implications on the possible structure of the intermediate
species Au2(CO)O2

− in the catalytic cycle Eqs.(13a)–(13c)
which might be a simple coadsorption of the two molecules,
e.g., on different sides of Au2−, or already a reacted carbon-
ate (CO3)-like species adsorbed onto the gold dimer. Appar-
ently, the observed intermediate can have different isomers
and one of them is formed by molecular coadsorption of CO
and O2, because otherwise the possible CO loss required by
Eq. (13b)would not be feasible. Therefore, several possible
structures of Au2(CO)O2

− have been calculated by Häkkinen
and Landman which will be presented in the following.

5
plex

A ral
a -
t pect

to preformed Au2O2
−. This analysis leads to the conclusion

that structures C and D (Fig. 30) are the ones pertinent to the
observed reaction steps(13b) (equilibrium between CO as-
sociation to Au2O2

− to form Au2 (CO)O2
− and dissociation

of the latter to form Au2O2
−), and(13c)(formation of CO2).

Structures A and B correspond to molecular coadsorption
of CO and O2 to Au2

−. From the two molecularly coadsorbed
species, CO can readily (without barrier) bind to the end of
the Au Au axis (structure A) whereas a barrier of 0.2 eV was
found for CO association from the gas-phase to the AuAu
bridging site of structure B, where the AuAu bond is signif-
icantly elongated to 3.34̊A. 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 OO bond is activated to a
value typical to a superoxo-species (about 1.35Å). The sta-
bility of structure C is close to that of A. It contains a reacted
O O C O group that is attached through the carbon atom
to the gold dimer anion. The OO bond is activated to a
superoxo-state, and this species bears some resemblance to
the gold–peroxyformate complex identified in the early ex-
periments of gold atoms in cryogenic CO/O2 matrices[48].

By far the most stable structures corresponding to the mass
of Au2CO3

− are the two carbonate species D and E[67].
Both structures were proposed by Häkkinen and Landman
b −
t r.
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.1.3. Intermediate complex structure
Five structures corresponding to the mass of the com

u2(CO)O2
− were studied theoretically, and the structu

nd energetic information is given inFig. 30, [67]. The forma
ion and stability of these structures is discussed with res

ig. 30. Five optimized structures A–E of Au2(CO)O2
−, with bond length

in eV). A, B, C, and E are planar, and the two carbonate species (D
iscussed in the text. Au atoms are depicted by large large grey spher
y dark spheres[67].
efore[46]. Structure E requires a preformed Au2O2 where
he molecular axes of Au2 and O2 lie parallel to each othe
ince this structure of Au2O2

− is 1 eV less stable than t
round state discussed above (the binding energy of ox

n this configuration is 0.39 eV versus the optimal bind
nergy of 1.39 eV), it is unlikely to be formed and con

he relative stability of these structures is indicated by the numbers in
) have C2v symmetry. Structures C and D are the ones pertinent for the rea

all gray sphere corresponds to the carbon atom, and the oxygen atoicted
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quently structure E is not expected to play a relevant role in
the catalytic cycle. On the other hand, formation of the most
stable structure D by insertion of CO(g) into the OO bond
in Au2O2

− (where the O2 molecule is end-on bonded to the
gold dimer anion) requires a barrier of only 0.3 eV, which is
easily overcome under our experimental conditions.

5.1.4. Activation barriers—Eley–Rideal versus
Langmuir–Hinshelwood mechanism

In Section1.2, the general reaction mechanism of the
catalytic CO oxidation reaction was presented. On an
extended catalyst surface the reaction proceedes via a
Langmuir–Hinshelwood-type mechanism relying fundamen-
tally on the diffusion of the reactants on the catalyst surface.
From the theoretical simulations presented in the previous
section, however, it becomes apparent that a diffusion-type
motion of the coadsorbed reactants on the cluster surface is
not to be expected. The formation of structure C inFig. 30,
e.g., via a sequence of structures like A and B by CO motion
is energetically impossible under the reaction conditions in
the ion trap. Consequently, Eley–Rideal-type reaction sce-
narios are suggested for the formation of the proposed in-
termediate structures C and D (Fig. 30). Most notably, the
adsorption of O2 as well as the coadsorption of CO leading
to the peroxyformate structure C are barrierless according to
the calculations. The formation of the carbonate structure D
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Fig. 31. The energetics of the ER mechanisms of the catalytic reaction. (a)
The peroxyformate-like species Au2COO2

− (configuration C inFig. 30)
is the metastable intermediate state. The open square denotes the reaction
barrier connecting the peroxyformate-like state with the Au2CO2

− + CO2

product, and the corresponding transition state configuration is shown at the
top right. The last step of the reaction is desorption of CO2. The initial energy
level at zero corresponds to the sum of the total energies of all the reactants
(Au2

− + O2 + 2CO). (b) The carbonate species Au2CO3
− (configuration D

in Fig. 30) is the metastable intermediate state. The open squares again denote
the reaction barriers. The first reaction barrier is associated with the insertion
of CO into the O O bond of Au2O2

− (see structure on the left) leading
to formation of Au2CO3

−. Subsequently, two reaction paths are shown.
One path involves thermal dissociation of the carbonate to produce Au2O−
(see the structure shown at the top) which then reacts with CO(g) releasing
another CO2 molecule. The other path proceeds through an ER reaction of the
carbonate with CO(g) and it results in the formation of two CO2 molecules.
The latter path involves a barrier of 0.5 eV, and the corresponding transition-
state configuration is shown on the right[67].

The second scenario involves two branches (Fig. 31b)
[46]. In the first one, thermal dissociation of CO2 from the
carbonate D (which is endothermic by 1.12 eV) produces a
highly reactive species, Au2O−, which reacts spontaneously
(i.e., without an activation barrier) with CO(g) to produce
CO2. The product ion Au2O− has, however, never been ob-
served in the experiment. Therefore, the second branch is
favored consisting of an ER reaction of CO(g) with species
D to produce CO2. While this step involves a modest barrier
of 0.5 eV (denoted by an open square, with the corresponding
transition-state configuration shown on the right inFig. 31b),
it releases readily two CO2 molecules, since the remaining
Au2CO2

− species, where CO2 is bound to Au2 via one of the
oxygen atoms, is unstable under our experimental conditions
(100–300 K)[67].

The detailed catalytic reaction cycle emerging from exper-
imental and theoretical evidence for the CO oxidation by gas-
phase Au2− clusters is depicted inFig. 32. Also included are
the calculated energy barriers for the different reaction steps
and the simulated intermediate structures. In addition to a
comprehensive molecular mechanistic understanding based
on experiment and theory, the efficiency of the catalytic re-
equires only a small energy barrier as discussed above
s in excellent agreement with the experimental observ
hat all but one step of the reaction cycle shows a neg
ependence of the corresponding termolecular rate con
n the reaction temperature[67]. As discussed in Section2.3,
ithin the Lindemann model for low-pressure gas-phas
etics, this negative temperature dependence is indicat
barrierless reaction.
Only the last reaction step Eq.(13c)representing the re

rmation of Au2− and the liberation of CO2 displays a pos
tive temperature dependence of the rate constant[67]. This
emonstrates the presence of an activation barrier in thi

icular reaction step. This experimental information on
eaction energetics is again in accord with theoretical m
ling of the reaction pathway.Fig. 31shows the calculate
nergetics along the catalytic reaction path involving th

ermediate structures C (Fig. 31a) and D (Fig. 31b), respec
ively. In both cases, the mechanism proceeds via an E
ction of CO(g) with the intermediate complex structure

easing two CO2 molecules. The formation of CO2 from the
eaction between CO(g) and structure C (Fig. 31a) involves

low barrier of 0.3 eV (see the transition state config
ion in Fig. 31a), resulting in the formation of a metasta
u2CO2

− complex, where CO2 is bound to Au2 via the car
on atom (see the structure of this complex inFig. 31a).
owever, the heat of reaction (4.75 eV) evolving from

ormation of the first CO2 molecule is large enough in ord
o overcome the binding energy (0.52 eV) of the remai
O2 to Au2

−, thus facilitating its desorption from the me
luster.
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Fig. 32. Schematic representation of the gas-phase catalytic cycle for the
oxidation of carbon monoxide by gold dimer anions, based on the reaction
mechanism determined by kinetic measurements in conjunction with first-
principles simulations. The numbers denote calculated energy barriers (in
eV). Also displayed are geometrical structures of reactants and intermediate
products according to the calculations (large grey spheres: Au; small grey
spheres: C; dark spheres: O)[67].

action can be estimated from the experimental kinetic data as
presented in the following section.

5.1.5. Catalytic turn-over-frequency (TOF)
From the kinetic fit, it is possible to simulate the CO2

formation rate, and thus to obtain the turn-over-frequency
of the catalytic reaction. The simulated CO2-yield under the
reaction conditions ofFig. 29a is displayed inFig. 33. The
corresponding TOF amounts to 0.4 CO2 molecules per gold
cluster per second. For the conditions ofFig. 29c, a TOF of
0.3 CO2 molecules per gold cluster per second was estimated.
These values are in the same order of magnitude as the cat-
alytic activity of oxide supported gold cluster particles with a
size of a few nanometers, which ranges between 0.2 s−1 per
Au atom (∼2 nm diameter particles at 273 K) and 4 s−1 per
Au atom (3.5 nm particles at 350 K)[6].

In order to approach an understanding of the deduced
TOFs in the gas-phase reactor experiment, a rough estima-
tion of the number of collisions of a metal cluster with the
required reactant molecules (O2 and 2 CO) in the trap will be
given[95]. The collision frequency in the trap is about 105 s−1

[36]. The reactant gas concentrations are about 10% or less

F di-
t ime
u ins
l

of the helium concentration. Hence,∼100 collisions per sec-
ond of an Au2− ion might potentially lead to the catalytic
formation of one CO2 molecule. Considering the measured
TOFs, a reaction efficiency (successful versus total number of
collisions) of 0.3–0.5% depending on the exact reaction con-
ditions can be estimated. Baring in mind that the gas-phase
catalytic reaction proceed via an Eley–Rideal mechanism in
which the reactant molecule must collide in exactly the right
location with exactly the correct orientation in order for the
reaction to proceed, an efficiency of about 1% of all colli-
sions leading to CO2 formation can be considered surpris-
ingly large. This indicates that the TOF in the ion trap reactor
experiment is mainly limited by the collision frequency, i.e.,
the reactant partial pressures. These considerations also con-
firm the high efficiency of catalytic gas-phase clusters ion
reactions previously observed by Ervin and co-workers[57].

5.2. Agn−

5.2.1. Reactive oxide complexes AgnO4−
As the final example, the potential catalytic activity of

small silver cluster anions in the CO oxidation reaction
under the conditions of our ion trap reactor experiment will
be discussed. As explained above, O2 is more strongly bound
to Ag2

− than to Au2− (cf. Section4.1.4), which makes it
unlikely for the catalytic CO oxidation on Ag− to proceed
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ig. 33. Simulated CO2 formation (dashed line) for the experimental con
ions ofFig. 29b. The CO2 concentration increases exponentially with t
ntil the Au2

− and Au2O2
− signals reach equilibrium. The rise then rema

inear and from the corresponding slope the TOF is estimated[95].
2
nder thermal reaction conditions. In addition, no reac
f any Agn− cluster size with CO is observed. Howev
lthough the odd size Ag− and Ag3− only react very poorl
ith a first O2, as can be seen fromFig. 18, they eagerl
dsorb a second oxygen molecule to form AgnO4

− (oddn)
omplexes[33]. Theoretical calculations predict that t
econd oxygen molecule is differently bound to the s
luster anion with the O2 bond elongated in a superoxo-li
ubunit, which is activated for further oxidation reacti
see Section4.1.3). Indeed, very size selective reactio
f these AgnO4

− could be confirmed experimentally[40].
o reactions for the smallest cluster sizes withn= 1 and
have been observed, but already for the case of A5

−,
he reaction of CO with the Ag5O4

− complex is apparen
rom the product ion mass spectrum shown inFig. 34.
lso displayed inFig. 34 is the calculated structure of t
omplex with the activated second oxygen molecule
oubly bound bridging position[33]. No coadsorption of CO
nd O2 onto Ag5

− was observed, but the formation of
ragment ion Ag3CO2

− points toward a reaction betwe
O and O2 involved with the metal cluster decompositi
he observed strong fragmentation is probably due to

act that the small cluster is not able to accommodate
xcess energy liberated in the formation of the interme
nergized complex, which then is likely to decompose.

.2.2. Strongly size dependent reaction of Agn
− with O2

nd CO
For the larger sizes Agn− (n= 7–13), the most surprisin

ehavior was observed: filling the trap with CO in additio
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Fig. 34. Product ion mass spectrum after reaction of Ag5
− with O2

and CO. Reaction conditions:T= 100 K,p(O2) = 0.01 Pa,p(CO) = 0.03 Pa,
p(He) = 1.23 Pa, andtR = 1 s. The calculated structure of Ag5O4

− is indi-
cated[33]. This complex is formed first and than further reacts with CO
[40].

O2 resulted in a partial reduction or even a complete deple-
tion of AgnO4

− signals and a corresponding increase of the
bare Agn− cluster signals for oddn, while the AgnO2

− peaks
(n even) and Ag13

− remained unaffected by CO addition.
Fig. 35 shows the corresponding product ion mass spectra
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(

at 100 K and equal reaction times, but under different reac-
tion conditions: (a) when only trace amounts of oxygen are
present in the trap, odd size clusters Ag7

−, Ag9
−, and Ag13

−
do not react, Ag11

− yields some product Ag11O4
−, while

even size clusters completely react to AgnO2
− products. (b)

When the oxygen partial pressure is raised to 0.01 Pa, Ag7
−

reacts and forms the oxide Ag7O4
−, Ag9

− almost completely
disappears and the products Ag9O2

−, and Ag9O4
− are ob-

served, also the Ag11
− signal almost vanishes, and Ag11O4

−
remains. The product ion mass spectrum (c) was obtained
under conditions where partial pressures of both reactants,
O2 and CO, are present in the trap. Unexpectedly, the bare
silver cluster signals Ag9− and Ag11

− reappear, while the
corresponding oxide product intensities decrease consider-
ably. Also in the case of Ag7−, the bare to oxide cluster ratio
shifts in favor of the bare Ag7−. This pronounced signal en-
hancement of the bare metal clusters cannot be explained by
fragmentation of larger clusters, because signal intensities are
much weaker for the larger cluster sizes (cf.Fig. 35).

Considering the fact that the pure metal clusters do not re-
act with carbon monoxide, the conclusion can be drawn that
CO reacts with the oxides of Ag7

−, Ag9
−, and Ag11

−. The
observed complexes AgnO4

− are then the decisive interme-
diates in the reaction with CO. The present data thus provide
evidence that, in contrast to other cluster sizes, silver cluster
anions withn= 7, 9, and 11 activate the adsorbed oxygen to
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ig. 35. Product ion mass spectra of silver clusters Ag7–13
− obtained a

= 100 K andtR = 0.1 s with different reactant concentrations in the
rap. (a) Reaction with trace amounts of oxygen (pHe = 1.2 Pa), (b) reac
ion with oxygen (p(O2) = 0.01 Pa andp(He) = 1.17 Pa), and (c) reacti
ith oxygen and carbon monoxide (p(O2 = 0.01 Pa, p(CO) = 0.03 Pa, a

(He) = 1.17 Pa). In the case of Ag7

−, the bare to oxide cluster signal ratio is
ndicated in (b) and (c). The Ag9− and Ag11

− mass peaks (hatched) disap-
ear almost completely after reaction with oxygen and reappear when CO is
dded. The peak in (a) labeled by an asterix would correspond to the mass
f Ag12O4

−, but is only observed at extremely low oxygen partial pressures
traces) and does not appear at measurable O2 content[40].
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e able to react with CO under our reaction conditions. In
rocess, CO2 is likely to be liberated and the metal clust
re reformed to complete a catalytic reaction cycle.

. Conclusions and outlook

For the gas-phase ion chemistry of small noble metal
ers of silver and gold, the statement that “each atom co
4,5,116] is particularly true, because changes in chem
eactivity over orders of magnitude are observed when
luster size changes by a single atom. However, not onl
luster size is an important parameter for the reactive
avior of these clusters, but also the charge state. Ther

he above statement might be extended accordingly by “
lectron counts as well”. In the case of small silver cluste
ould be demonstrated that dioxygen adsorbs molecula
he negatively charged clusters, whereas dissociative a
dsorption is observed for Ag2

+. In this example, the essent
equirement of precise reaction temperature control bec
pparent because the cleavage of the oxygen bond on A2

+ is
n activated process and strongly temperature dependen
xperimental control of the reaction temperature is one m
dvantage of the rf-ion trap technique presented in this

ribution. It not only provides defined, reproducible reac
onditions, but also enables the determination of the rea
nergetic through temperature dependent kinetic mea
ents. This is particularly valuable for the comparison w

rst principles simulations as could be demonstrated fo
atalytic CO oxidation cycle on Au2−.
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Apart from the cluster electronic and geometric structure,
each atom counts also for the capability of the cluster to ac-
commodate excess reaction energy in the cluster-complex mi-
crocanonical system, in particular in the very small size range.
This could be demonstrated through kinetic measurements of
the reaction of small gold cluster anions with CO. The cluster
reactivity also strongly depends on the exact chemical com-
position. In several recent contributions, the strong influence
of relativistic effects on the bonding in gold clusters and on
their reactivity was emphasized[77,79,81]. Our ion trap mea-
surements confirm the influence of relativistic level structure
changes on the cluster reaction rates leading unexpectedly to
the non-reactivity of binary silver–gold trimer anions toward
both O2 and CO.

A further important issue emphasized in this contribution
is the influence of an adsorbate molecule, O2 or CO, on the
electronic and geometric structure of the metal cluster com-
plex. Such adsorbate induced alternations of the cluster com-
plex structure become apparent when the reactivity toward a
second adsorbate molecule is very different from that of the
bare metal clusters. It could be demonstrated that in the case
of silver and gold cluster anions, this effect often leads to
a cooperative action and results in coadsorption complexes
which could be identified in several cases to be decisive inter-
mediates of catalytic reactions. For the case of Au2

−, the ion
trap kinetic measurements in combination with first princi-
p ivity
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the molecular catalytic reaction dynamics by ultra-fast laser
spectroscopy is one major goal and the viability of this ex-
perimental scheme has been demonstrated recently[119]. Fi-
nally, the combination of ion trap reaction kinetics and ultra-
fast laser techniques might eventually not only lead to the
observation of catalytic metal cluster reactions in real time,
but also possibly to the selective control of catalytic reactions
by tailored ultra-fast laser pulses[120].
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[39] M. Schmidt, A. Masson, C. Bréchignac, Phys. Rev. Lett. 91 (2003)
243401.

[40] L.D. Socaciu, J. Hagen, J. Le Roux, D. Popolan, T.M. Bernhardt,
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Koutecḱy, J. Chem. Phys. 100 (1994) 490.

[32] S. Wolf, G. Sommerer, S. Rutz, E. Schreiber, T. Leisner, L. Wöste
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Chem. A, in preparation.
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Chem. Phys. 98 (1993) 7981;
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denreich, J. Le Roux, D. Popolan, M. Vaida, L. Wöste, V. Bonǎcić-
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