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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 th
carbon monoxide combustion reaction. The obtained gas-phase reaction kinetics enable the determination of the reaction mechanisms as wel
as the energetics along the reaction pathway. A strong dependence of the chemical reactivity on cluster size, composition and charge state is
found and correlations between electronic structure and reactivity are discussed in terms of simple frontier orbital pictures. Special emphasis
is put on the importance of cooperative adsorption effects on the small noble metal clusters. Through comparison of the kinetic data with first
principles quantum chemical simulations, a comprehensive picture of the molecular details of the reaction behavior emerges. In particular, the
experiments provide evidence that selected cluster ions act as active gas-phase catalysts for the oxidation of 6yonmI@Cular oxygen.

In the case of Ay, the combination of reaction kinetics measurements with ab initio calculations even revealed the full and detailed reaction
cycle of the catalytic gas-phase oxidation of CO.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction clusters. Most strikingly, in the non-scalable cluster size

regime, mass-selected gold clusters on magnesia with eight

Chemical reactions of gas-phase metal clusters are a veryatoms actively facilitate the oxidation of CO whereas seven
active field of research since the advent of intense clusteratom gold clusters are completely ing®. The reason for
sources about two decades §tye3]. The fascination formet-  this strong size dependence and the mechanism of the ox-
als in the cluster state of matter originates from the fact that idation reaction is still unresolved. As one important fac-
the physical and chemical properties often change over ordergor for the catalytic activity, the charge state of the atomic
of magnitude by the mere addition or removal of one single gold clusters was identified in these investigations. Elec-
atom. Thus, the cluster properties are intermediate betweertron transfer from surface defect centers to the cluster-
the atom and the extended bulk metal, but they cannot simplyadsorbate complex has been found to be essential to acti-
be scaled down from the macroscopic metal characteristicsvate catalytic propertig®]. These findings are corroborated
[4,5]. Moreover, in this non-scalable regime, below about by gas-phase reactivity investigations with mass-selected
100 atoms per particle, unanticipated physical and chemicalnoble metal cluster ions as will be discussed in the next
properties of these many body systems might emerge whichsection.
lead to completely new phenomejti. Free charged gold clusters, therefore, seem ideally suited

A very prominent recent example in this respect is the to model key features of heterogeneous gold CO oxidation
catalytic activity of highly dispersed supported gold parti- catalysts, in order to reveal details of the hitherto widely un-
cles and clusters. Nanometer size gold particles on metal ox-known catalytic reaction mechanism and to uncover the influ-
ide supports efficiently oxidize, e.g., carbon monoxide even ence of charge state and cluster size on the catalytic activity.
at low temperatures, where the activity of common catalyst Furthermore, free gas-phase clusters are experimentally well-
materials is marginal6,7]. Since gold is known as noble, defined systems and information on structural and electronic
hence inert material8], this counterintuitive observation properties are readily available (see below). In addition, due
fostered numerous experimental and theoretical investiga-to the finite size of clusters, a direct treatment by first princi-
tions on the chemical reactivity of small gold particles and ples simulations is possible and can support the quest for the
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origin of catalytic activity and detailed insight into reaction and finally the few examples of catalysis by free metal cluster
mechanisms. ions already known in the literature are presented.
The same holds for the small clusters of silver. However,
nothing is known so far about the capabilities of atomic sil- 1.1. Chemical properties of free mass-selected silver
ver clusters to act as oxidation catalysts. Supported silverand gold clusters
catalysts with micrometer particle size are employed com-
mercially in large scale in the important ethylene oxidation Positively charged gold clusters in the size range with up
processes involving molecular oxyggi®,11] But although to about 20 atoms per cluster are essentially unreactive to-
a great deal of information about the catalytic activity of sil- ward molecular oxygefl3—15] The same result was found
ver is available, the details of the oxidation reaction mech- for neutral gold clusters. In contrast, gold cluster anions show
anism remain elusive. Apparently, the rate-determining step a pronounced odd—even alternation with cluster size in their
involves some form of oxygen bound to the silver particle reactivity toward Q. This remarkable size and charge state
surface[11,12] The study of the interaction of silver par- dependence of the reactivity of free gold clusters toward
ticles and clusters with molecular oxygen, therefore, might small molecules was first recognized more than a decade
aim to add to an understanding of elementary catalytic reac-ago[13,16] and confirmed by several other groups later on
tion steps. In this case again, the experimental techniques 0f17,18] Fig. 1a presents a compilation of the results onAu
modern cluster science provide two major advantages: first, reactivity toward Q. Since gold is an’svalence electron
the reaction system, i.e., the number of atoms in the clustermetal, its physical properties such as, e.g., ionization po-
and the charge state, can be defined exactly in a controlledtential [19] and electron affinity20—22]also alternate with
environment. Second, due to the finite size of clusters a directcluster size in the small size regime. The close relation of
treatment by ab initio theoretical approaches is amenable. gold cluster electron affinity and reactivity toward molecular
The investigations on the reactivity of gold, silver, and oxygen has been discussed by several gr¢L(pd7,18,23]
also binary silver—gold cluster ions reviewed in the present The reactions of gold cluster ions, positively as well as nega-
contribution on one hand demonstrate the unique and unan-ively charged, with carbon monoxide have also been reported
ticipated chemical properties of small noble metal clusters, [17,24—-27] However, although strong size effects in reactiv-
on the other hand they also might contribute to a possible ity are apparent, no odd—even alternations are observed in this
comprehension of catalytic reaction processes on cluster-likecase as can be seen for&Aufrom Fig. 1b, which is based on
active centers of noble metal catalysts in general. In this re- the results of Lee and Ervifi7] as well as of Wallace and
spect, the work presented provides some innovations fromWhetten[27].
the experimental point of view: (i) the experimental setup  The physical properties of small silver clusters have been
enables controlled temperature dependent gas-phase kineticexplored in great detail experimentally and theoretically
measurements of metal cluster reactions which helps to iden{20,21,28-32nd have been found to be as well dominated
tify reaction mechanisms and energetics; (ii) the employed by their $ valence electron structure, as expectéig. 1c
radio frequency (rf)-ion trap is operated as a reactor for catal- shows the reactivity of negatively charged silver clusters to-
ysis with trapped mass-selected small metal clusters, andward & [17,33], which resembles the AU reactivity in
thus permits for the first time the determination of turn-over- the sense that it also alternates in an odd—even fashion with
frequencies (TOF) of catalytic metal cluster reactions in the cluster size. However, the small gold cluster anions only ad-
gas-phase. sorb one or none oxygen molecule depending on cluster size,
One particular focus of this review will be on the iden- whereas anionic silver clusters are able to adsorb more than
tification of general concepts for cluster reactivity such one @, due to strong cooperative effects as will be discussed
as, e.g., the cooperative adsorption effects on small metalin detail below[33]. The reactions of neutral and positively
clusters. Furthermore, it will be demonstrated that the charged silver clusters with oxygen have also been investi-
catalytic properties of silver and in particular of gold gated previously. Interestingly, the neutral clusters are again
clusters are very closely related to the size and chargeunreactive toward molecular oxygé®4,35] Agn®, in con-
state dependent electronic structures, meaning that indeedrast, show temperature dependent molecular and dissocia-
each atom (and each electron) counts for the chemicaltive adsorption of oxygef86—39] demonstrating already the
functionality. propensity of silver clusters to activate the oxygen molecular
To probe the catalytic activity of the small noble metal bond. Whereas negatively charged silver clusters have been
clusters, the carbon monoxide combustion is employed as areported to be unreactive toward carbon monoxid&40],
model-type catalytic reaction. Kinetic measurements are alsonothing is known so far about the reactions of silver cluster
performed on the reactions of the clusters with the reactantcations with carbon monoxide.
gases CO and separately. In the following sections of
this introduction, first the results obtained by other groups 1.2. Carbon monoxide combustion reaction
on the reactivity of mass-selected free gold and silver cluster
ions toward these reactant molecules are briefly reviewed. The oxidation of carbon monoxide by molecular oxygenis
Subsequently, the CO oxidation reaction itself is discussed considered a model surface reaction in heterogeneous catal-
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to the CQ 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 (GPmolecule usually differs from

the shape of the surface intermediate, i.e., the transition state
or activated complex, which is assumed to be bentin 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
ysis [41,42] It is also of great practical importance, e.g., for the CQ product molecule is plotted on theaxis and
in automotive exhaust decontaminatieri]. In the present  the mutual distanc®O—CO) between the adsorbed reac-
context, this reaction will be employed to probe the catalytic tants Qg and CQgq is plotted on they-axis. The graphic is
activity of mass-selected noble metal cluster ions. The CO pased on the report by Ertl on CO oxidation on a platinum
combustion reaction: (111) surfacd45]. All energies are referred to the gaseous
2CO + Oy — 2CO,, reactants (CO +(1/2)§) in molar concentrations. Starting

from the upper left, the adsorption of one mol of CO and
although exothermic by 283 kJ mdi [43], does not proceed

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
O, or one CO molecule, respectively, as a function of the clustensi@®
Reactions of Ay~ with O,: (l) data from Ref[13], (A) data from Ref.
[17], (O) data from Ref[18]. For comparison, all data are normalized to
the reactivity of A ™. (b) Reactions of Ay~ with CO: (M) data from Ref.
[17], (O) data from Ref[27]. Again, the data shown have been normalized
to the reactivity of Ag~ toward Q. (c) Reactions of Ag~ with Oy: (H)

data from Ref[17], (O) data from Ref[33]. For comparison, in this case,
all data are normalized to the reactivity of Ag

O is accompanied by a net energy gain of 259 kJ. Adsorbed
in the gas-phase under ambient conditions due to a high ac-O and CO resides in the deep potential energy minimum
tivation energy barrier, which mainly results from the ne- on the upper left side of the diagram. As the reaction pro-
cessity to break the oxygen molecular bond. Thus, the ac-ceeds, both species must move up-hill along the dashed line
tivation or cleavage of the -@ bond is the major step to  to reach the transition state (denoted by the synihdbe-
facilitate the reaction. This is readily achieved by transition fore CQ, can actually be formed. This passage requires the
metal catalysts, in particular by the platinum-group metals aforementioned activation energye, 1 of about 100 kJ. The
[41]. The reaction on the metal catalyst surface proceeds viaCO,-surface complex is very weakly adsorbed in a shallow
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potential well from which it can easily escape and leave the (n=3-7), efficiently catalyze the oxidation of CO to €0y
surface (adsorption energy 6f20 kJmot1). The gaseous  N»O or O; near room temperature in a combined flow tube
CO, then exhibits the well-known thermodynamic reaction and gas cell reactor instrumej7]. As intermediate prod-
enthalpy of 283 kJmol! as compared to the reactants. For ucts of the catalytic reaction f@,~ and in particular RO~
the case of free gold clusters, it has been discussed theoretions were detected which provides evidence that in this case
ically, whether the CO oxidation reaction might proceed via O, seems to be rather dissociatively adsorbed on the metal
the surface analogous Langmuir—Hinshelwood mechanism,cluster as oxygen atoms, than chemisorbed or physisorbed as
involving adsorbate diffusion on the clustgBs27], or via molecular Q. In further work of this group, the activity of
an Eley—Rideal (ER)-type mechanism, in which the reactant palladium cluster anions in the CO oxidation catalysis was
has to collide at the right position with the cluster-complex examined and itwas found thatfPdalso efficiently catalyzes
to initiate the reactiofd1,46] The gas-phase kinetics mea- the CO combustion reactidB].
surements in combination with theoretical results presented  Although these two examples presented by the group of
in the present review will provide evidence to resolve this Ervin were the only thermal catalytic reaction cycles of free
issue. metal clusters observed so far, and although only the comple-
As discussed, in general atomic oxygen is the reaction tion of a single reaction cycle could be detected in the exper-
partner of CO on transition metal surfaces. However, with a iments, the prospects of free metal cluster catalysis studies
scanning tunneling microscope, on a Ag(111) surface, tip appear promising. In particular, the possibility to gain in-
induced CO oxidation with molecularly adsorbed oxygen at sight into reaction mechanisms under controlled conditions,
low temperatures has been achieyéd]. In these experi-  to study the influence of cluster size, and eventually to ap-
ments, intermediate CQEcomplexes could be identified by — proach the bulk limit are definitely appealing. Interestingly,
tunneling spectroscopy. This kind of intermediate resembles parallel to our investigations, Ervin even suggested recently
the complexes of the same stoichiometry that have been ob-+o employ an ion trap as catalytic reactor for gas-phase metal
served by infrared spectroscopy when gold atoms are con-cluster ion catalysis studies or applications, respectij&ly,
densed into a matrix consisting ob@nd CO at cryogenic  Itis an interesting exercise to consider the possible practical
temperatures. In these matrix systems, even gold atom in-use of gas-phase metal cluster catalysis. One could, in prin-
duced CQ formation could be identified, when the matri- ciple, design an ion trap reactor in which the metal cluster
ces were warmed up to 40 48]. Therefore, another key ions are held and through which CO and @actants flow
question of gas-phase metal cluster CO oxidation is, whetherOur experimental realization of this concept and its use for
molecularly or atomically adsorbed oxygen is required for reaction kinetics studies as well as the discovery and analysis
the catalytic CQ formation. In this regard, recent high res- of noble metal cluster catalytic reactions will be discussed in
olution photoelectron spectroscopy experiments on anionic the following sections.
gold and silver clusters with adsorbed @rovide valuable
evidence that the dioxygen remains molecularly bound on the
gold clusters Ay~ with evenn up ton=20[49-52]as well 2. Experimental
as on the small silver clusters Agwith evenn up ton=14
[53]. From the vibrationally resolved photoelectron spectra,  The guided ion beam technique employed in the present
an O-0O bond elongation due to electron charge transfer from investigation is a well-established method in gas-phase clus-
the metal cluster anion to the oxygen molecule has been deter chemistry[2,28,58] The instrument comprises cluster

duced[51]. generation by sputtering of metal targets and mass-selection
aswell asion guidance via quadrupole techniques. Our exper-
1.3. Catalysis with free metal clusters imental approach to investigate metal cluster reactions con-

sists in storing the mass-selected cluster ions in a temperature
Several gas-phase catalytic processes promoted by freevariable rf-octopole ion trap filled with helium buffer gas and
atomic metal ions have been reporféd] and two very re- small partial pressures of reactant gases. The major advan-
cent reviews provide an excellent overview over this sub- tages of this approach are the precise control over reaction
ject[55]. The first investigations on the catalytic activity of time, reactantconcentrations, and reaction temperature inside
metal cluster ions have been carried out in an ion cyclotron the ion trap. The trap thus acts like a test tube for gas-phase
resonance mass spectrometer by Irion and co-wofkéis reaction kinetics studies.
They demonstrated the conversion of ethylene to benzene by
Fes* cluster cations. However, the removal of the benzene in 2.1. rf-ion trap apparatus
the final reaction step to recover the initialsFeluster was
only achieved by collision-induced dissociation with atleast ~ The schematic layout of the experimental setup consisting
3.2eV collision energy. of the rf-octopole ion trap inserted into a multiple quadrupole
A catalytic metal cluster ion reaction cycle under thermal mass spectrometer arrangement is displayédgn3. Metal
conditions was observed by Ervin and co-workers. This group clusters are prepared by simultaneous sputtering of four metal
demonstrated that gas-phase platinum cluster aniops, Pt targets with accelerated xenon ion beams of 12 keV kinetic
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- A P 100
'. e
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300
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 (, and guided at low energies §@nd Q) into the temper-
ature controllable octopole ion trap. By means of appropriate switching of
the lenses L and Ly, the reaction products are extracted and subsequently 0
mass analyzed by another quadrupole mass filtg). (Q

200

100+

lon intensity [pA]

2000
energy. The xenon ion beams are generated by a cold reflex 1500 Auy”
discharge ion source (CORDI$9] and directed onto the 10001
targets by an electrostatic lens system. The charged clusters Aug”
sputtered from the targets are steered into the first helium 500+
filled quadrupole @ (cf. Fig. 3), which serves to collimate 0 © J
andthermalize the clusterions. Theion beamis further guided 0 200 400 600 800

into a mass-selective quadrupole filtef @ record and to Mass [amu]

optimize the cluster ion distribution prepared by the sputter Fig. 4. Cluster anion distributions generated by the CORDIS sputter source

source and_to select one p_arti_cular C|U5ter§ size. Ma_‘ss SPECrrom different target materials. The mass spectra were obtained by scanning
tra of negative cluster ion distributions obtained for different the mass-selective filter@seeFig. 3) and recording the ion currents on the

target materials (silver, gold, or silver—gold alloy) are shown rods of transfer quadrupole@cting as a Faraday collector. The ion currents

in Fig 4. The ion intensities in these experiments have been ere optimized for the small cluster size regime up to 800 amu. Cluster

e . . distributions were obtained by using (a) pure silver targets, (b) silver—gold
optlmlzed for the small C|USt€T Slze regime. . . alloy targets with composition Ag 70%: Au 30%, and (c) pure gold targets
Subsequently, the cluster ions are transferred with a third 7q;.

quadrupole Qinto the home-built octopole ion trgp6,60].
Inside @, the cluster beam is again thermalized by collisions
with helium buffer gas prior to entering the ion trap. The po-
tential on the entrance leng bfthe 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 (sEmg. 3). They traverse the trap
(80 mm length) and are reflected by the repulsive potential
on the back electrode (exit lens)Lof the trap. A simulated
trajectory of an Ay~ cluster ion inside the octopole ion trap
at thermal kinetic energy (25 meV) is shownHig. 5a. This
ion path was calculated without considering collisions with
the buffer ga$61]. However, during the experiments the oc- @) mm (b)
topole ion trap is pre-filled with about 1 Pa partial pressure of
helium buffer gas. Thus, the cluster ions experience frequentrig. 5. lon trajectory simulation inside the octopole ion trap calculated em-
collisions with the buffer gas (the collision frequency in our ploying the SIMION softwar¢61]. (a) Cross-section view showing the eight
experiment is about 8 10° S_l). Fig. 5b shows an enlarged rod§ of the trap and the trajectory of an ﬁu(394amu) ion. The ion ki-
view of a cluster ion trajectory propagating during a time netic energy was chose_n to be 25 mey c_orrespondlng to room temperature
. . . ’ thermal conditions. The ion starting point is 2 mm off center of the trap. The
window of 300us. On this excerpt of the ideal trajectory, conditions are assumed ideal, i.e., no buffer gas conditions are considered.
the cluster ion would experience about 100 collisions with An rf-frequency of 1.06 MHz at an amplitude of about 100V is applied to
the buffer gas, each of which would Change the propagationthe rods to effectively confine the cluster ion to the center of the trap. (b)
direction and velocity of the cluster ion. Enlarged view of a part of the ion trajectory corresponding to a propagation

. . . time of 300ws. The ion starting point is 1 mm off center of the trap. During
Th_e 1on trap assembly IS atta(_:hEd to a_ helium cryostat this time, the ion would experience about 100 buffer gas atom collisions un-
allowing variable temperature adJUStme_nt in the range be- ger our experimental conditions (helium buffer gas density 122 mm-3).
tween 20 and 350 K. The buffer gas collisions ensure that ther-Note that each buffer gas collision would change the ion trajectory direction

mal equilibration of the clusters entering the trap is achieved and the ion energj1 21].
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50047(0)=500K T ] tionally switched in order to fill the trap and store the ions
in the trap. After the chosen reaction time, i.e., storage time,
4003 ] all ions, reactants, intermediates, and products, are extracted
by applying an electrostatic field, and the ion distribution is
30047(0) = 300K ] analyzed via the final quadrupole mass filter(Big. 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

T(He) = 20K as a function of the reaction time, the kinetics of the reaction
- may be obtained.

2007 "\
T(He) = 100 K

Cluster temperature [K]

=
o
o

0 200 400 600 800 1000 1200 1400
Number of cluster-helium collisions

. o - _ . _ 2.2. Kinetic evaluation procedure
Fig. 6. Thermalization efficiency of trimer cluster ions inside the helium

filled coolable octopole ion trap. The graphs are calculated according to Th . fth . in th |
Ref.[62]. The cluster temperature is plotted as a function of the number of e concentrations of the reactive gases In the octopole

cluster—helium collisions. The solid graphs represent conditions in which trap are orders of magnitude larger than the metal cluster
the buffer gas temperature T§He) = 100K and the cooling process starts  ion concentration and, in addition, there is a steady flow of
from an initial cluster temperature @{0) = 500 or 300K, respectively. The  regctants (@ and CO) during the reaction. Therefore, the

dashed graphs show the evolution starting from the s@)evalues, butap- o5 tant concentrations are considered to remain constant in
proaching a final buffer gas temperatureT@fie) = 20 K. In all these cases,

thermal equilibration is achieved in less than 1000 buffer gas collisions, the kinetic evaluation procedu[§3,64]. Hence, all the pro-
which corresponds to less than a millisecond under the experimental condi- POSed reaction steps are assumed to follow pseudo first order
tions. kinetics. Possible reaction mechanisms are evaluated by fit-
. . S . ting the integrated rate equations to the experimental kinetic
within less than a few thousand collisions, i.e., in a few mil- - yat5 The integration of the rate equations is performed nu-
liseconds under our operating conditiofisg. 6 presents & arically by using the fourth order Runge—Kutta algorithm.
simulation of the thermalization efficiency according to Ref. | o employed fitting procedure consists of an iterative non-
[62]. The temperature of a trimer cluster is plotted as a func- linear least-square methd65]. Our method is the basic
tion of the number of cluster—helium collisions. It is apparent approach to macroscopic chemical kinei68,64] and re-
from this graph that the cluster assumes the trap temperature < in an optimized kinetic model presenting the most sim-
T(He) within less than thousand buffer gas collisions, regard- q reaction mechanism with the best fit to the experimental
less of the initial cluster temperatuf€d) (300 or 500K)and  g5t5 Note that in this approach more complex mechanisms,

also almost independent of the aspired buffer gas, I1.€., 10N \yhich result in the same fit quality are discarded. Thus, the
trap temperatur&(He) (20 or 100K). Also the cluster size  ,piqined reaction steps are not necessarily elementary reac-
has only a minor influence on the thermalization time. A 13- tion steps, as will be seen below. Furthermore, Benson's rule

atom cluster, e.g., was simulated to be thermalized within ot chemical kineticg63,64] applies to all deduced reaction
less than 3000 buffer gas collisiofé2]. The complete and mechanisms.

rapid thermalization of the clustersinside the iontrapand the |, Jder to demonstrate the kinetic analysis procedure
efficient translational to internal energy transfer was verified fot the reactivity of the A~ dimer anion toward molecu- '
by temperature and pressure dependent real-time laser probp, oy qen is presented. In agreement with previous studies
ing of the nuclear cluster dynamics. Variation of the buffer (see also discussion 6ig. 1), AuO,~ is the only product
gas pressure between 0.2 and 0.9.Pa had no influence on thﬁ1 this reactior{16—18,25,66] The product ion signals, nor-
sj[rongly temperature dependgpt time-resolved pump-probejized on the initial Au~ concentration and on the total
S|gn§1I that refle_cts very sensitively the nuclear Qlus_ter dY- ion concentration in the trap, as a function of the reaction
namics[60]. This confirms the complete thermalization of time tr are displayed irFig. 7 for three different tempera-

the cluster ions inside the ion trap. Whereas thermalization 5 These kinetics can best be fitted by a straightforward
is thus accomplished within a few milliseconds, the cluster association reaction mechanism:

ions are stored in the trap for a considerably longer time pe-
riod, typically for several seconds, without significant ion  Ay,~ + 0, — Au,0,~ Q)
loss.

The trap is filled with gold cluster anions up to the space  The solid lines inFig. 7 represent the fitted integrated
charge limit, i.e., about T0ons per mra. This value repre- rate equations for this mechanism. An excellent match to
sents the initial concentration of the metal cluster reactants.the experimental data is observed for all temperatures. The
In addition to the helium buffer gas, a small well-defined obtained corresponding pseudo first order reaction rate con-
fraction of reactive gases (CO an@d)3Js added to the ion  stantskfor a series of experiments at various temperatures is
trap. The absolute partial pressures inside the trap are mealisted inTable 1 Most notably, the reaction rate appearsto in-
sured by a baratron gauge (MKS, Typ 627B). The potentials crease with decreasing reaction temperature (cf.Ftp07).
on the entrance and exit lenseg,and Ly, can be computa-  Considering Arrhenius’ classical empirical equation for the
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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 presf®e64] As
a consequence, the obtained pseudo first order rate constant
k contains the termolecular rate constifit as well as the
concentrations of the helium buffer gas and of the reactants;
in the case of reactiofl) (Fig. 7):

k = k® [He][O2]. (3)

Normalized ion signal

The termolecular rate constarks) calculated accordingly
for this reaction are also included fable 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+2.6x 10 8cmPs1[17].

The details of the reaction are described by the Linde-
mann energy transfer model for association reactions, which
is represented by the following equatid68,64,67]

Reaction time f; [s]
ka
Fig. 7. Temperature dependent kinetics of the reaction of Awith O,. Auy” + 02
The open symbols represent the experimental data. The normalized concen- kg
trations of Ay~ (OJ) and the reaction product A@,~ () are plotted as &
a function of the reaction time for three different reaction temperatures.  AusOo ™ * + He —> Au,0,~ + He*. (4b)
The solid lines are obtained by fitting the integrated rate equations of the
proposed reaction mechanism Eb).to the experimental data. For very fast ~ The reaction modelincludes the elementary steps of the initial
reactions, the ion trap filling time is relevant for the reaction time. Therefore, formation of an energized complex éﬁz_* (rate constant
in thls_case, the time zero of the plptted reaction timeés slightly shifted, ks) and its possible unimolecular decomposition back to the
in particular for the 100K data (cf. ins€85]. . " . e
reactantsKy) in competition with a stabilizing energy trans-
fer collision with helium buffer gask§). Assuming all these

Au,0r™* (4a)

temperature dependence of reaction rates: elementary reaction steps to be again of pseudo first order
Eq and employing steady-state assumption for the intermediate,
k(T) = vexp <—ﬁ) ) the overall third order rate expression is obtained t{oia

with k being the rate constant,the frequency factofT the JAC) - & (5)
temperatureRthe gas constant, artt} the activation energy ka + ks[He]
of the reaction, the observed inverse dependence of the reac-  As the experiment is operating in the kinetic low pressure

tion rate on the temperature would require the inference of a regime the decomposition rate constant can consequently be
negative activation enerdya [64]. This is indicative for the  considered to be much larger than the stabilization rate con-
stant termky > ks[He]. This leads to a simplified expression

Table 1 ) ) for the termolecular rate constant, which can be applied to
Measured pseudo first order and calculated termolecular reaction rate con-,

stants for the reaction of A0 with O, at different reaction temperatures the present eXpe”memal conditions:
T

(3) _ kaks
T(K) p(He) (Pa) p(O2) (Pa) k(s1) K3 (10-28cmf s~ 1)a k= K (6)
100 1.03 0.04 552 0.60 8.11+ 2.03 . -
150  1.05 0.06 249 0.35 3.294 0.55 The ion—-molecule association rate constkptas well as
190 105 0.08 113 011 1.54+ 0.19 the final stabilization rate constakg are well represented
200  1.00 0.16 138 0.12 1.04+0.10 by ion—molecule collision rate coefficients as specified by
300  1.05 0.13 0.6 0.03 0.82+ 0.07 Langevin theory68]. According to this theory, ion—molecule

a For the calculation ok®, the measured pressures have been corrected reactions are basically charge-induced dipole interactions and
by a thermal transpiration factfit23]. exhibit no activation barrier, i.e., no temperature dependence
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[69]. For the present example, the calculated values amount MPOMDOM; M MS M MM M
t0 ka=5.45x 10710 andks=5.26x 10" 1%cm3s 1, respec- —_—t———y -
tively, independent of the reaction temperature. The observed &
inverse temperarture dependencé®¥ (cf. Table 9, there- — 4 & ;

fore, originates from the activation barrier of the unimolec- y

ular decomposition of the metastable intermediate complex e ‘H‘l

Au,0,~" back to the reactantk{ is contained in the de- % -‘H;
nominator of Eq(6)). In order to estimatky, statistical rate . 28 g dab

theory, such as Rice—Ramsperger—Kassel (RRK)-theory or
Rice-Ramsperger—Kassel-Markus (RRKM)-theory may be Fig. 9. Schematic representation of the evolution of molecular s orbital en-
employed[70,71] For each reaction step, identified in the ergies and electron occupations with cluster size and charge state up to the
kinetic evaluation and fitting procedure, a Lindemann-type trimer. Also shown are general geometric structures, which are to be expected
reaction scheme as described above has to be considered def the noble metal dimers and trimers in the different charge states.
elementary reaction scenario.

silver and gold. Electronic closed shell (paired electron) clus-

ter sizes are generally more stable and exhibit higher VDEs
3. Size dependent electronic structure of silver and than open shell systems. A schematic representation of the
gold clusters s-level evolution with cluster size and charge state up to the

trimer is depicted irFFig. 9. Also included in this figure are

The aim of this section is to give a brief overview over the the expected general trends in geometrical structure for these

size and composition dependent electronic properties of smallsmall clusters. The dimer anion has the unpaired electron in
silver, gold, and binary silver—gold clusters which will prove an anti-bonding orbital resulting in the largest bond distance
to be useful for the later discussion of reactive properties andwith respect to the structure in the other charge states. The
adsorption kinetics of these clusters. The experimental verti- same (one electron in an anti-bonding orbital) is true for the
cal electron detachment energies (VDES) of silver, gold, and neutral trimer, which leads in this case to a Jahn—Teller dis-
some silver—gold binary cluster anions with up to 10 atoms torted obtuse triangular structure. The anionic noble metal
per cluster are summarizedfing. 8. The values in this graph  trimers always acquire a linear geometry in ﬂﬁg elec-
are taken from selected references qaly,21,72,73]for the tronic ground state. (i) Frorig. 8, it can also be seenthat the
sake of clarity, but similar data have been reported by other VDE values of the gold cluster anions are in general roughly
groups[22,30,74,75] General trends of the electronic struc- about 1 eV higher than the VDE values of the correspond-
ture of silver and gold clusters have already been presentedng silver clusters (with the exception of At [72,75,76).
briefly in Sectionl.1, but three particular important issues, These stronger bonding of the outermost electron in the gold
which are apparent frorfig. 8, will be emphasized here: clusters is clearly a consequence of the relativistic effects
(i) as mentioned earlier, the odd—even alternation in VDE prominentin gold which lead to a contraction of the s- and p-
values with cluster size can be attributed largely to theas type electronic orbitals, and thus to a higher binding energy
lence electron structure of group la transition metal elementsfor the corresponding electroffig7]. (iii) The VDE values

for the binary silver—gold clusters are somewhat located in

T T T T T T T 1 . T between the corresponding silver and gold cluster data. How-
4 ‘:A AU i ever,Fig. 8shows that the change in VDE in going from pure
] gau, silver to pure gold cluster anions is not continuous, as it might
] \ / be expected, e.g., from the continuous work function change
= 3 JAg,AL P \ with composition in silver—gold alloy|§8]. In particular, the
R o \ VDE of AgAu,~ is almost similar to that of AgI", whereas
W o A ﬂ/ A the AgAu~ value is closer to Ag~ than to A~
g 24 "o \ — \ / . It has been discussed by several authors that, although sil-
§A9AU A ' A9y, ver and gold belong to the same group in the periodic system
] A\D and the atomic electronic structure of both exhibit a filled d
14 A shell and a singly occupied s sheitf%(n+ 1)s', with n=4
e — for silver andn =5 for gold), the bonding in gold compounds
1 2 3 4 5 6 7 8 9 10 and clusters is substantially different from that of silver. This

Cluster size n phenomenon is referred to as ‘gold anomdl§7,79] The
differences in the physical and chemical properties of silver

Fig. 8. Compilation of experimental vertical detachment energies (VDEs) gnd gold clusters can be attributed primarily to relativistic
from the literature for anionic silver, gold and binary silver—gold clusters

. . _ _ effects[77,79-82]
as a function of the cluster size (A) Agn~ VDEs from Ref.[20]; (O) Th . lativistic effect i Id is the stabilizati f
Aun~ VDES from refs[20,21,72] VDESs of AgAu~ (00), AgoAu— (0), and € main relatvistic efrect in gold Is the stabilization o

AgAu,~ (V) are from Ref[73]. the 6< orbital and the destabilization of the¥arbitals, thus
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Fig. 11. Left: schematic MO picture of the interaction of molecular oxygen
with silver and gold cluster anions M. O, acts as an electron acceptor

8.0}F 66 through thery anti-bonding orbitals. Electronic chargir{ is transferred
$.18(1) out of the highest occupied molecular orbital (HOMO) of the metal cluster
-3.(1) anions, which is ofr-type symmetry in the case of silver and gold clusters,
90l oa into thew’é anti-bonding orbitals. Right: schematic MO bonding scheme of
-9.02(1) 0, [122].
Au Au;  Au  AuAg Ag Agy Ag

Fig. 10. Molecular orbital (MO) energies of AuAgAu, and Ag. The imental results will be discussed by employing simple fron-
occupied electrons are shown as circles. The value in parentheses are th¢ier orbital considerations and an emphasis will be put on the

numbers of degenerate states of the d orbital-type MOs. The figure is takeneffects of cooperative adsorption of two reactant molecules
from Ref.[82]. onto the trapped cluster ions.

bringing them energetically clos¢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 4.1.1. Frontier orbital model of @adsorption

[77,79], as will be seen below, but also on their geometrical The degenerate 2@ anti-bonding orbitals of oxygen are
structure. Gold cluster anions, e.g., are planar in structureeagch occupied by an unpaired electron (cf. MO schema on the

4.1. & adsorption

up to a size of about 12 atonfg2,81,83] whereas silver
clusters are three-dimensional from gxkgon [31,84] With

right hand side oFig. 11). This triplet open-shell electronic
ground state structure is rather unusual for stable molecules

respect to the cluster geometry also the charge state plays a@nd leads to an electron acceptor behavior similar to the one

important role: neutral gold clusters Aare calculated to be
planar up to at least= 10[85], for Au,*, however, ion mobil-

found in the NQ family of free radical$18]. Oxidative addi-
tion to the cluster requires interaction of apfg); orbital with

ity measurements indicate a transition to three-dimensionalthe highest occupied molecular orbitals (HOMO) of the noble

structures froorm=8 on[86]. The differences in the bond-
ing of the dimers Ag, AgAu, and Ay can be seen from
the calculated molecular orbital energi@] presented in

metal cluster, which has-type symmetry. This is schemati-
cally depicted irFig. 11(left hand side) for the case of neg-
atively charged silver or gold clusters,M. The observed

Fig. 10 The silver dimer has a large s-d energy difference, odd—even alternations in reactivity ofvl toward G with
which decreases considerably on going to the mixed dimer clusters size (seBig. 1a and c) can be rationalized quali-

and completely vanishes in the case obAlihis calculated

tatively by considering these frontier orbital interactions: In

evolution is also confirmed by in the spectroscopic proper- the case of evenclusters, the M~ HOMO has an unpaired

ties of A, and Ag. The excited states of Agarise from
5s— 5p excitation, in contrast, the excited states of Atise
from 5d— 6s promotion. While the first excited state of Au
3z is identical to Ag, all other excited states appear in a
different ordef77].

4. Cluster structure and reactivity

electron (cf.Fig. 9) with relatively low binding energy (see
VDEs inFig. 8). In the bound complex WD, ™, this electron

is easily paired with the single electron in ong@ orbital.

The combination of the two orbitals results in an attractive
interaction and a partial electron transfer to thea@sorbate
(indicated by the symbal1 in Fig. 11). In contrast, for odd
clusters, the M~ HOMO is doubly occupiedKig. 9) leading

to higher VDESs Fig. 8). Consequently, the electron transfer
to the adsorbate is considerably weaker, meaning that the in-

In this section, product ion mass spectra and kinetic mea- teraction with the @ wg; is much less attractive, because the
surements of noble metal cluster gas-phase adsorption readditional electron must be placed in the anti-bonding orbital

actions inside the rf-ion trap will be presentec &d CO

of the M O~ complex. As a result, the reactivity of even n

adsorption will be investigated separately as a function of silver and gold cluster anions toward molecular oxygen is
cluster charge state, size, and composition, before the resultby far superior to that of odd clusters[17,18,33,40] De-
of coadsorption measurements will be presented. The exper4ailed first principles quantum chemical calculations on the
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bonding of molecular oxygen to negatively charged gold and
silver clusterd46,52,87—89Jbut also to positively charged
silver clusterg37,38,90]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 @dsorbate structure, deduced
from the frontier orbital picture ofig. 11, are an G-O bond
elongation resulting from the electron transf&r) into the
O my anti-bonding orbitals. This effect evidently depends

11

(1)). This is in accordance with the molecular frontier orbital
discussion presented ifig. 11 No further reaction products
are detected at any reaction temperature or partial pressure
condition in the ion trafi33]. This resultis also in agreement
with previous flow tube reactor measuremefifg] and the
molecular superoxo-type bonding of the adsorbate has been
confirmed spectroscopical[$3].

In contrast, as can be seen fréfig. 12, the positively
charged silver dimer adsorbs at most two oxygen molecules
at 50K reaction temperatu{d6]. Adsorption of up to three
O ligands has been observed recently in a guided ion beam

on the amount of electron transfer and generates a superoxexperimen{37]. Calculated geometric structures of the ad-

ide, or superoxo (@ )-type adsorbate species. In the case of

negatively charged silver and gold clusters, the molecular su-

sorbate complexes presented in the same reference are indi-
cated irFig. 12 as well. The @binding energies determined

peroxo structure of the adsorbed oxygen could be confirmedfrom these experiments amount to 0.20, 0.18, and 0.15eV

by photoelectron spectroscopic experimgag;52,53] It is
very particular for the small silver and gold cluster anions
that G is bound in a molecular fashion and the strong influ-

for the first, second, and third Qrespectively{37]. In our
ion trap measurements, no reaction products@gJ with
n>4 are observed for temperatures between 50 and 300K

ence of, e.g., the charge state on the adsorbate structure wil[36]. However, the distribution of the reaction products re-

be exemplified in the next section. With respect to the con-
sequences for the metal cluster, the electron tran&fgri

the MO2~ complex leads to a depletion of electron density
in the M,~ HOMO which will be identified as an important
reason for cooperative adsorption effects.

4.1.2. Charge state dependence—molecular versus
dissociative adsorption of dioxygen

The charge state dependent adsorption behaviorof O
will be discussed for the case of the silver dimer, where
detailed information is available for all three-charge states
[17,33,34,36,38-40,53Neutral Ag has been found to be
unreactive toward @in a fast flow reactor at ambient temper-
ature[34], which is not surprising according to the previous

discussion considering the paired valence electron structure

of Ag, (seeFig. 9). Reaction products of Ag and Ag*
with molecular oxygen obtained in our ion trap are displayed
in Fig. 12 The anionic dimerKig. 12a) adsorbs one £in

a straight forward association reaction similar to the mecha-

nism discussed earlier for the case obAYcf. Fig. 7and Eq.

Agy0,

7 :
£ b
3
-}
h
=,
oy
0
1=
Q
£

200 250 300 200 250 300
(a) Mass [amu] (b) Mass [amu]

Fig. 12. Production mass spectra of silver dimer ion reactions with oxygen
in the rf-ion trap. (a) Ag~ + O at 300K [33] and (b) Ag* + O, at 50K

[36]. The calculated structure for A@,~ depicted in (a) is taken from Ref.
[33]. The calculated structures of A@." and AgO,* are adapted from
Ref.[37].

veals a strong temperature dependerkig.(13. Fig. 13
and c show two additional product mass spectra obtained at
95 and 130K reaction temperature. The mass distribution
of the products changes drastically at these temperatures.
Whereas at 50K, the exclusive oxidation products®@sf
and AgO4* point toward molecular adsorptiofFif. 13),
at 95K, the new product AgD" appears and no A@," is
observed anymore. At an even higher temperature of 130K,

n=01234
. i
AgZOn
7
£ | ©130 K’J
=1
£
&
2
[7]
c
[}
£
(b) 95 K J U\,
o
100 150 200 250 300 350
Mass [amu]

Fig. 13. Production mass spectra of the reaction af'Agith O at reaction
temperatures of (a) 50K, (b) 95K, and (c) 13036].
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adsorption of @ onto Ag*. Molecular adsorption of up to
two O, molecules is also observed at 50/Kd. 13a). AgpO4™*

is, however, not a stable product at higher temperatures. In
a second elementary step, AY is formed by dissociation

of the adsorbed ©molecule. The dissociation of s not
observed at 50K, as the corresponding activation energy is
thermally not reached. Increasing the temperature to 130K
results in a further product, A@s*. This third elementary
step is observed at delayed reaction times and consists of
molecular adsorption of £to Ag,O*.

The validity of this mechanism is tested by fitting the cor-
responding integrated rate equations simultaneously to the
experimental kinetic data of AgJ 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 @ with Ag>* and AgO™ and confirms the
molecular adsorption of £on these two ions.

2 X - Most interestingly, the described temperature dependence

012345678 910 of the product ion mass spectra and the obtained temperature
Reaction time tg [s] dependent kinetics clearly show that, in contrast to the O

adsorption on negatively charged silver and gold clusters,

o Ag,* O Ag,0,"
A Ag,0" O Ag,04"

Normalized ion signal

Fig. 14. Product ion concentrations of the reactionAgO, as a function . . o +
of the reaction timeg for T=95, 110, and 130 K36]. The open symbols the molecular adsorption and the dissociation 900 Agy

represent the experimental data, normalized on the initigf A&gncentration are activated processes. ThIS'haS been Confl_rmed recently
and on the total ion concentration in the trap. The solid lines are obtained also for the case of larger positively charged silver clusters
by fitting the integrated rate equations of the proposed reaction mechanism[38,39,91] Furthermore, our results allow the construction
Egs.(7a)—(7c)to the experimental data. of the potential energy surface along the reaction coordinate

Ad,O<* is detected as the | t product. Th lts indi for the established reaction mechanism of the oxidation of
920" IS detected as the largest product. Theseresults Indl- oo gimer cationsFig. 15 shows the proposed reaction

cate a strongly temperature dependent reaction mechanism ath starting with the total binding energy of free Agnd

In order to extract possible reaction schemes, the reactant an% o . L

product concentrations are measured as a function of the re- 2, Which is defmed t(_) be_: the ongin of the energy scale.
T The corresponding activation barriers are deduced from the

action time. The results for three temperatures (95, 110, and

130K) are depicted ifFig. 14 The evolution of the Ag'

concentration with reaction time shows a multi-exponential A
decay at all temperatures. Q" is identified as an inter- =
mediate product with maximum concentration at very short g
reaction times and increasing amplitude for higher reaction g
temperatures. The final product at 95 and 110K is®@g o
Ll

whereas at 130K the new product Ao* appears with a
delay of about 2 s.

These experimental findings suggest the following reac- H I H .

tion mechanism: v Voo
+ le/Ar + K y v !
Ag," + Oz = Ag,02", ki, ko[Ea1, Ea2] (7a) Ag, + 0, £25 Ag,0, o v |“ ":
Ag,0' -

Ag,02" — Ag,0" + O, k3[Eag] (7b) ? Ag,0,’
Agy0" + 02 = AQ,03*, k4. ks[Ea 4. Eqs] (7c)
ki—ks are the rate constants for the different reaction steps Reaction coordinate g

and Eaf_to Ea,5 ar_e the Co_rresp_o_ndlng actlyat|on er_1erg|es. Fig. 15. Schematic potential energy surface along the reaction coordinate
AQZOZ IS Unammguo_USIy _|dent|f|ed as an intermediate (cf. 5 ihe Ag* +0, reaction according to the reaction mechanism of Egs.
Fig. 14 and is formed in a first elementary step by molecular (7a)-(7c)and[36].
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Fig. 16. Product ion distributions analyzed after trapping Adu,—, and (a) (b) Reaction time tg [s]

Auz~, respectively, inside the rf-octopole trap filled with 0.3 Pa &d

1.0 Pa He (200 ms trapping tim_e). Notg that no qther reaction products are Fig. 17. (a) Product ion mass spectra after reaction of Awith O,.
observed even after 10 trapping period. Reaction temperdtare00 K lon intensities are plotted as function of the number of adsorbed oxy-

[23]. gen atoman. (b) Examples of measured oxidation kinetics for,Agand
. . Ags~ at 300K. Open symbols: experimental data and solid lines: kinetic
temperature dependence of the rate coefficients accordingit. ag,—: p(0,)=0.12 Pa angy(He) = 1.06 Pa; Ag~: p(O2) =0.23 Pa and

to Arrhenius’ equation (Eq2)) or are estimated as relative  p(He) =1.03 P433].
values from the temperature dependent mass spi3tita

In this particular case of positively charged silver clusters, it

is interesting to consider for comparison the &isorption
on single crystal surfaces. For the highly reactive Ag(110
surface oxygen adsorbs in four different states, depending
on the surface temperature: below 40K, thei®©bound in . L
a physisorbed state in the range between 40 and 170K, itAg,” + 20, BN Ag,02" + O2 =2 Ag, 04~ (8)

is molecularly chemisorbed, and at higher temperatures, the

molecules dissociate on the surface and chemisorb atomically =~ Thefit of the integrated rate equations is represented by the

Fig. 17a). No products with an odd number of oxygen atoms
) are detected. The corresponding kinetic data fGgel7)
are best fitted by a sequential adsorption reaction mechanism:

[36,39,92] solid lines inFig. 1. The rate constanig andk; at 300 K
are plotted inFig. 18 as a function of cluster size. Note
4.1.3. Size dependence that the rates change over at least two orders of magnitude

The pronounced odd—even size effects in the reactivity of when the size of the clusters is increased by a single atom.
the silver and gold cluster anions with molecular oxygen have Rate constantg for the silver cluster reactions withxbave
been discussed before (&fig. 1). In the following, the re- been reported befof@7] and these results are in reasonable
actions of small Ay~ and Ag,~ with O3 in the rf-ion trap agreement with our data. However, in the previous report
under controlled reaction conditions (partial pressures, reac-products with more than onex®ave not been observed for
tion time, reaction temperature) will be presented. Product Ag,~ (n=1-5).
ion mass spectra for the reactions of AlAu, ™, and A~ The interesting odd—even trend shown for,Agn=1-5)
obtained at 100 K with solely oxygen present as reactive gasin Fig. 17a also extends to larger cluster sizé48]. Further-
intheiontrap are displayedkig. 16 [23]. Inagreementwith ~ more, a general increase in silver cluster anion reactivity to-
the literature, only Ap™ is found to reacf16—-18](Fig. 1). ward QG with increasing size is observed. For the larger sizes
Au~ and Ay~ do not form any product ions with oxygen. (n> 6), the reactions proceed too fast to be resolved in our
This could be confirmed over the whole temperature range experiment. Trace amounts obQvhich are below the sen-
accessible in our experiment. The single product ion of oxy- sitivity of our Baratron pressure gauge (<0.008 Pa), are suffi-
gen and Ay~ is the dioxide AgO,~. The reaction kinetics  cient to completely oxidize the even numbered clusters with
have been presented and analyzed in the experimental section > 6 within a few hundred milliseconds.

(seeFig. 7) and a simple association reaction mechanismwas The sequential adsorption of two oxygen molecules on
deduced67]. the odd size clusters takes place without appearance of in-
Production mass spectra measured after reaction of masstermediate products A@-~ in the product ion mass spectra
selected silver cluster anions with oxygen are depicted in recorded at various reaction times (€fg. 17a). This points
Fig. 17a. As in the case of the gold cluster anions, an alter- toward the adsorption of the firsb®eing the rate determin-
nating size dependence is observed. However, the reactioning step, whereas the secondary &ldition must proceed

behavior of Ag~ is in marked contrast to that of AU clus- within the Langevin collision rate limif69] or at least on a
ters. Whereas Ag with evenn adsorb only one @similar much faster time scale than the resolution of our experiment.
to evenn Au,~, silver clusters with odd numbaer of sil- Lower limits for ko are given in these caseshig. 18a. On

ver atoms adsorb at maximum two oxygen moleculeg™/Ag the other hand, the adsorption of a secondo@to A~ is
even first forms AgO,~, but then reacts with additional two  not observed in the experiment, therefore, an upper limit for
O2 molecules at long reaction time and low temperature (cf. the corresponding, value is estimated.
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Fig. 19. Kinetics of the reactions of Ag, AgAu—, and Ay~ with molecu-
16 lar oxygen. The reaction temperature is 300 K. The oxygen partial pressure
1.4 in all three measurements amounts to 0.12 Pa. Plotted are the metal cluster
i ion signal decays in the ion trap as a function of the reaction tim&he
’ solid lines represent the fit of the integrated rate equations to the experimental
% 1 data[70].
208
06 Auz~ in reaction with Q [64,67]. It is, however, in marked
0.4 contrast to the previous investigation of the oxidation mecha-
- nism of positively charged silver dimer At, where distinct
reaction barriers and temperature dependent reaction path-
0 ways could be observda6].
(b) Agn02"(0)/ Agn0y4™ (V)

4.1.4. Composition dependence
Fig. 18. (a) Experimental termolecular rate constants obtained for the ad- Fig. 19 shows the reaction kinetics of the dimer anions

sorption of the first and second,@nolecule onto Ag~ at T=300K. (b) = _ . .
Theoretical binding energids, and lowest energy structures (grey spheres: Ag2, AgAU™, and A~ with O,. For comparnson, the de-

silver atoms: dark spheres: oxygen atoms). Note that the lowest energy struc-Cays Of the metal cluster ion concentrations are plotted only.
tures of AgQ ~ and AgsO4~ contain dissociated oxygen (notshown), which  Interestingly, there is almost no difference between the re-

however, requires considerable activation energy not available under our ex-gction rates of the dimers Ag and AgAu- with oxygen.
perimental condition{33]. Auy~, in contrast, reacts considerably sloyj@@]. Hence,

the change in chemical reactivity toward @ith composi-

In Conjunction with these experimenta| reaction kinetics tion is not linear. This is also in accord with the fact that the

results a systematic theoretical study ofy®3m~ clustersin ~ VDE of AgAu™ is closer to the VDE value of Ag™ than to
the framework of density functional theory was performed by that of A~ (cf. Fig. 8 [73]). The unanticipated and dis-
the group of Bon&ic—Kouteck [33,93] The applied method- ~ continuous change of reactivity with the composition of the
ology allows to accurately determine structural properties and Small clusters is even more pronounced for the trimer anions,
binding energies, especially when the bonding with oxygen is because both Agu™ and AgAw ™, do not react with @ at
involved[94]. The resulting theoretical cluster complex struc-  all under our experimental conditions, similar togAu[95].
tures and binding energies are displayeim 1&. As can be A quantitative comparison of the obtained rate constants will
seen fronFig. 18 the experimentally obtained reaction rate b€ presented together with the CO reaction rate constants in
constantsKig. 18a) compare particularly well with the trend ~ Section4.2.4
in the calculated @binding energie&y, (Fig. 2b), because,
according to statistical rate thedi§4,67), E, largely deter- 4.2. CO adsorption
mines the rate of unimolecular decomposition of the initially
formed energized complekdin Eq. (4a) in the framework 4.2.1. Molecular orbital model of CO adsorption
of the Lindemann model presented in Secd® The results The bonding of CO (carbonyl) ligands in complexes with
of the oxygen reaction experiment on silver cluster anions aretransition metals is typically classified into several compo-
also in agreement with the frontier orbital picture presented nents. Apart from the electrostatic interaction, the major con-

in Section4.1.1and this will be used in Sectiof.3.2.3in tributions are explained classically within th@onation and
order to trace the multiple adsorption of Gnto Ag,~ to co- w back-donation model: Thes (also commonly labeled®
operative adsorption effects on the electronic cluster complexelectron of the CO molecule donates to the metal valence
structure. symmetry orbital and the metadcelectron back-donates to

Finally, all reactions studied display increasing rate con- the 2pr” orbital of CO (seeFig. 20. Very minor contribu-
stants with decreasing temperature. This negative temperations from amw donor interaction between arpCO electron
ture dependence is indicative for barrierless adsorption path-and open metat orbitals are in general neglectf@b]. CO
ways as discussed in the experimental section for the case obonding is, therefore, particular favorable for elements with
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Fig. 20. Left: schematic MO picture of the interaction of carbon monoxide
with silver and gold cluster anions M. Major bonding contributions are
(a) o donation of charges() from the filled CO &” anti-bonding orbital
into the LUMO of the metal cluster anions and ¢b)ack-donation from
metal cluster d orbitals into the emptyrp 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 g ; . : :
the HOMO ¢, anti-bonding) and the LUMOX, anti-bonding) is depicted 100 150 200 250 300
correctly[96]. Mass [amu]

partially occupied d shells, i.e., with an emptyacceptor or- Fig. 21. Production mass spectra of the reaction af*Agith CO in the ion

bital and afilled dr donor orbital. For the case of group lamet-  trap obtained at two different reaction tim@s<{(300 K andp(CO) =0.9 Pa):

als, however, carbonyls are only weakly bound, because the f® & =100ms and (b} =1000ms. The peak labeled with an asterix cor-
responds to Ag(H,O)", the one with double asterix to other unassigned

,She” is fully occupied. Car_bony* donation is pqssﬂ;le only impurities. Note that in contrast to the strong reaction and fragmentation

Into ang orap metal orbital andr back-donationintothe  opserved for Ag*, the negatively charged silver clusters do not react with

CO pr orbital is not very favorable because of the generally CO at all[103].

low energy of the d orbitals, in particular for silvig7,97]

The model of CO bonding to silver and gold clusters
emerging from these ideas mainly considers two factors: (i) 4.2.2. Charge state dependence

the cluster highest occupied molecular orbitals and lowest |y matrix isolation experiments, carbonyls of atomic silver
unoccupied molecular orbitals (LUMOs) are constructed and gold in positive and neutral charge state have been identi-
from metal s orbitals. Calculated LUMO energies for silver fied[97,100,101]However, in case of the neutral complexes,
and gold clusters are in energy considerably above theonly for AUCO ¢ donation andr back-donation are opera-
HOMO [31,72,81,82,98]cf. alsoFig. 10. Therefore, elec-  tive, and thus AgCO is found to be unstafl€2]. In agree-
tron donation from the 5s orbital of CO to the cluster LUMO ment with these results, gas-phase reactivity measurements
will provide only a slightly attractive interaction in the case showed the formation of ACO, but not of AgCO [34].
of anions[17], which is, however, expected to increase con- CO reactivity results for larger positively charged or neutral
siderably when going to the neutral or even cationic clusters sjlver clusters are not available. According to the bonding
according to recent calculatiofi89]. The charge state thus  model presented above, the bonding between the clusters and
determines the contribution ofdonation to the noble metal cO is related to the balance between the CO to metal elec-
cluster CO bonding. (ii) The back-bonding from a metal d  tron donation and the metal to CO back-donation. The CO
orbital, or from a cluster molecular orbital of the appropriate o metalo donation is expected to be stronger for the cation
symmetry to the CO 2p anti-bonding orbital leads to an  than for the neutral atom. Similarly, the forward donation for
attractive interaction. The importance ef back-donation  the neutral will be stronger than for the anion, as indicated in
to the CO bonding is supported by spectroscopic studiesyecent calculationf99]. In our ion trap measurements, CO is
on matrix-isolated small silver and gold cluster carbonyls found to react strongly with Ag leading to fragmentation
[97,100} The contribution ofr back-donation bonding thus  as can be seen from the product ion mass spectra presented
depends on the relative energetic location of the metal din Fig. 21 [103] Already after 100 ms, the fragment ion Ag
orbitals, i.e., on the metal cluster composition. is observed, which itself also further reacts with up to three
The charge state, size, and composition dependent reacCO molecules at longer reaction timdésg. 21b). This is in
tivity of silver and gold clusters toward CO is influenced agreement with matrix isolation reaction experimethesl];
by the energy differences between the metal valence d-, s-,in guided ion beam experiments, adsorption of up to four CO
and p—derived orbitals which is in contrast to thg @ndlng on Ag+ was detecte{'ﬂ_04]_ The 0n|y product ion observed in
(Fig. 11), where the s orbital derived HOMO was identified  the jon trap for Ag* is Ago(CO)* (Fig. 21b), which means
to be of principal importance. This might explain the differ- that adsorption of the first CO is the rate determining step
ent cluster size dependent reactivity of the silver and gold in the sequential formation of AGCO)*. AgCO is not sta-
clusters toward the two reactants reporte&im 1 ble, as mentioned above. Finally, silver cluster anions do not
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4.2.3. Size dependence—influence of internal degrees of
freedom
Avery 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 kindtés.
In our experiment, no reaction products of Au(n=1-3)
with CO are detected at temperatures above 250K. This is
in agreement with earlier reports, which investigated the size
AU, dependent reactivity of A{T with CO and did observe gold
S anion carbonyls only for clusters witte 4 [25,26] At lower
N temperatures, still no reaction products for the monomer are
found, due to metal s and C@&sorbital repulsion, as ex-
Pl M) TV e plained above. Cooling of the rf-ion trap to temperatures be-
200 20 e ramuy %0 %0 low 250K leads in the case of Au and Aw~ first to the
formation of the monocarbonyls and at the lowest tempera-
Fig. 22. Production mass spectra of gold dimer ion reactions with COinthe tures to a maximum adsorption of two CO molecules as can
iontrap. (a) Ay* + CO (T=70K, trace amounts of C@(He) = 1.13 Pa, and be seen from the lower traceskig. 23
tr=1s[14]). (b) Au,” + CO (T=100K, p(CO) =0.24 Pap(He) = 0.96 Pa, In order to deduce the reaction mechanism of the observed
andtg = 1s[66]). Note that no fragmentation is observed in the case of the . . .
gold dimer. reactions, the reactant and product ion concentrations as a
function of reaction time are recorded. The resulting kinetic
traces for Ag— as well as for Ag— at 100 K reaction tem-
perature are depicted Kig. 24 The open symbols represent
react with CO under any reaction condition in our ion trap the experimental data normalized to the total ion concentra-
and are also found unreactive in flow tube reactor measure-tion in the trap during reaction. The kinetic traces of,Au
mentg17]. This can be understood by considering the above and Ay~ have a strikingly different appearance. This is even
statement that CO to metaldonation is very weak, if not  more pronounced considering that the reactive gas concen-
repulsive, for the negatively charged silver and gold clusters tration in the ion trap ifrig. 24 (Auz™) is less that one tenth
in combination with the fact that the low energy of the silver of the CO concentration iRig. 24a (Aw ™). In both cases, the
d orbitals compared to gold means thaback-bonding is  Aup~ signal decreases exponentially, but the carbonyl prod-
especially unfavorable for silver, preventing bonding of the uctconcentrations show very different evolution as a function
silver cluster anions with C@17,40] of reaction time. In the case of Au, the monocarbonyl can
Fig. 22a displays the product ion mass spectrum ofAu  clearly be identified as an intermediate with decreasing con-
in reaction with trace amounts of CO at 70K in the ion centration at longer reaction times, whereas fopAthe
trap. Under these conditions, 400" as well as Ay(CO)* mono- and di-carbonyl concentrations rise simultaneously to
are observed. Supposed that a sequential adsorption mechreach equilibrium.
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 - Au,”
an ICR mass spectrometi24]. The neutral A4(CO), has Au,+CO Au,CO"
been detected again spectroscopically in matrix isolation ex-
perimentd100]. For gold, strong relativistic effects lead to a 250 K 200 K
decrease in s—d orbital distance making the d derived molec-
ular cluster orbitals available for back-donation. There- Auy’
fore, although carbonyls of the atomic gold anion are not
observed, due to repulsion of the doubly occupied metal s
orbital and the donating CQu$ orbital, the formation of
carbonyls_ for all larger Ay~ have been reported Wl_th differ- 500 300" 400 =00 600 250
ent experimental approachg¥,23,25,26,66,105Fig. 22 Mass [amu]
shows the product ion mass spectrum ohAun reaction
with CO in the ion trap. The detailed reaction kinetics and Fig- 23. Product ion distributions analyzed after trapping A&uz~, and
the cluster size dependence of the CO adsorption kinetiCSAuai’ respectively, inside the octopole trap filled with 1 Pa of helium and

f th I - ¢l il . in th a small partial pressure of carbon monoxide. Reaction temperatures are as
of the small A~ clusters will be discussed in the next indicated. Note that no other reaction products are observed even after 10s

section. trapping period66].

(b)

lon signal [a. u.]
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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-
Fig. 24. Kinetic traces of the reaction of (a) Auand (b) Aw~ with CO ata sented in Sectio@.3 has to be considered. Under the exper-
reaction temperature of 100 K. Plotted are the product ion concentrations as aimental conditions of the ion trap experiment, the termolec-
function of the reaction timt. The open symbols represent the normalized ylar rate constant is represented by E&). The association
experi_mental data. The solid Iines_ are obtained by fitting the intggrated rate rate constark, as well as the final stabilization rate constant
equations of the reaction mechanism E§s)and(9b) to the experimental ks is, however, basically cluster size independent according
data. The partial pressures are [§éhie) = 0.96 Pa an@(CO) =0.24 Pa; (b) S - ! .
p(He) = 1.08 Pa ang(CO) = 0.02 Pa. to Langevin theory68,106] The cluster size dependence of

K3, is thus contained in the unimolecular decomposition rate

Most interestingly, the kinetics of both, An as well as constanky of the metastable intermediate complex. In order

Aus~, are best fit by the same mechanism. This reaction to estimatey, Rice—Ramsperger—Kassel-theory is employed

O Au’
O Au,CO
vV Au,(CO),

8§ 100 2 4 6 8 10
Reaction time ty [s]

mechanism is represented by the following equations: [66]. The RRK decomposition rate constanfGg]
_ k1 _ S—-1
E—E
Au,” + CO—> Au,CO (9a) kg = v( o) (10)
Au,CO™ + COk:Au” (COR (9b) for the given case that the total internal enekgyontained

in Sindependent oscillators, is larger than the CO binding
energy to the gold clustéi. v is the frequency factdd07],
which can be considered identical for the dimer and the trimer

ki, ko, andk_» are the rate constants for the different reac-
tion steps. The adsorption of CO occurs sequentially with
Au,CO™ as an intermediate product. Purely consecutive re- .
action steps do notfitthe experimental dataanditis, therefore,I
essential to introduce a final equilibrium (E§b)). The fits
to the data are represented by the solid lineBigm 24 and
are an excellent match to the experimental results. The cor-
responding rate constants are listedable 2 Note that the
meaﬁjunlad ;ate coe;f(lc)lent for tht?1 rea;:z(?[n of trlle first fCOthwnh k®(Auz")  ka(Auz™) (Eo + 6kgT)® 1)
a gold cluster aniok;™ is more than imes larger for the
tn?nerthan for the dllmer cluster anion. ° KO(ALT) — ka(Aus”) 28(3kBT)3(E0 +3ke )’
Castleman and co-workers pointed out the important re-  Taking the experimental reaction temperatur€sfL00 K
lation between the product formation rate and the possibility and the measured rate constant ratio of 44, the CO bind-
of intracluster energy redistribution, which is reflected by ing energyEg on the small gold clusters can be obtained:
the number of internal vibrational degrees of freedom, for Eg~0.5eV. Note that this estimated value represents a
gas-phase metal cluster reactigh86]. In the case of pos- mean value between the assumed similar CO binding en-
itively charged copper clusters, this group observed a mini- ergies to Ay~ and Ay ™. This binding energy compares
mum number of seven atoms necessary for the cluster to formwell to known experimental as well as theoretical values
its own heat bath, and thus to be able to accommodate thg46,89,99,105]Also the adsorption energy of CO on an ex-
excess energy released during CO adsorption. Above severiended Au(3 32) surface has an energy in the same range
atoms per cluster, the reaction rate coefficients as afunction of(0.57 eV)[109]. This good agreement supports the outstand-
the number of atoms per cluster did not change significantly. ing importance of the increasing number of degrees of free-
However, this function showed the most dramatic increase dom, on which the RRK model is exclusively based, on the

If also the assumption is made that the CO binding ener-
giesto Ay~ and Ay~ are similar, which is very reasonable
according to recent theoretical wge6,89,99,108]the ratio

of the termolecular rate constants can be calculggé

Table 2

Rate constants according to E¢@a)and(9b) for the adsorption reactions of carbon monoxide onto the gold dimer and trimer anion clusters
Cluster K (102 cmb s71) KD (s7h) K (s71 K=k /KD
Auy~ 0.52+ 0.03 13.2+ 1.0 5.8+ 0.8 2.3

Auz™ 23+ 6 0.45+ 0.12 0.087+ 0.023 5.2

Also listed are the equilibrium constarkdor the final reaction step Eb).
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rate coefficients. Hence, the factor of 44 higher rate coeffi- 107 a ]
cients for the trimer reaction with CO can be largely ascribed ::o g:ggE
to the considerably more efficient internal energy redistribu- o e
tion after initial CO adsorption in A4I" than in Aw . e

The reaction kinetics of Air and A~ in Fig. 24 ap- §10>3°.
pear clearly dissimilar, although they can be described by the
same underlying reaction mechanism (E@=&) and (9b)).
Further inspection ofable 2shows that the dissimilarity is (@) f‘ "
due to the different ratiokg/k_») of the adsorption and des- 107 9
orption rate coefficient of the second CO molecule fopAu B————mu
and A~. K=ky/k_> is the equilibrium constant of the re- 10 \
action in Eq.(9b). K is larger than one for both cluster sizes, 0 ok @300K
but the equilibrium is located by a factor of 2.3 more on the S0 —ak @100K
side of the final product A4(CO),~ than on Ag(CO),~ (cf. % °
Table 2. This points toward a significantly higher stability of 10%
Auz(CO)~ compared to all the other investigated carbonyl A
compounds. To explain the enhanced stability of certain free (b) Ag, AgAu Au,
gold carbonyls, a simple electron-counting scheme was sug- —
gested by other groug24,25] In this picture, Ag(CO)~ —B—k, @100K
would correspond to a stable eight electron complex. How- _ 107 : A ke, @ 100K :
ever, recent theoretical investigations emphasize the impor- K
tance of sd hybridization due to relativistic effects in gold .5 107
clusterg81]. Hence, therole of the d-electrons on the bonding %
in gold carbonyl complexes must not be neglected (cf. also 1074
Sections3 and 4.2.) and an s-electron based delocalized- o B a o
shell-type explanation of the complex stability is not justified © Ag,  AgAu  AgAu,  Au,

[81]. Another possible explanation for the comparably large
adsorption rate of CO onto ACO™ might be found in coop- Fig. 25. Experimental reaction rate constakt® for all cluster ions
erative bonding effects leading to a structural isomerization A9nAum™ with (n+m) = 1-3inreaction with CO as well a0\l observed
of the trimer from the linear to a triangular structure induced adsorption reaetlons show a negative temperature dependence. In the cases
) . where no reaction products were observed in the mass spectra, the estimated
by the adsorption of the first CO molecule. Recent quantum yetection limit of the ion trap experiment is plotted3 x 10-3Lcmf s-1)
chemical calculation§89] suggest that the binding energy [70].
of the second CO to a triangular A&u core is about 50%
larger than to a linear gold trimer in ACO~ (1.44 eV com- For the dimer anions, the trend in reactivity toward CO is con-
pared to 0.85eV). Binding energies of the first and second trary to the reactive behavior toward @-ig. 2%). Ag,~ and
CO to the linear Ay~ are, however, comparable. It might, AgAu~ do not react, i.e., the reaction rate constants are be-
therefore, be speculated that the adsorption of the first COlow the detection limit of the ion trap experiment, which is
onto the linear Ay~ leads to a charge transfer from the gold aroundk® ~ 3 x 1031 cmfs~1. Only Au,~ shows measur-
cluster to the CO molecule via the back-donation mech-  able reactivity toward CORjig. 2%).
anism. As a consequence of the reduced electron charge on Again, the bonding can be understood based on the energy
the metal trimer, an isomerization to a triangular structure is differences between valence orbitals of the metal atoms and
induced110], which in turn favors the adsorption of the sec- clusters. The reactivity toward s determined by the rela-
ond CO molecule. The reaction of this complex with a third tive energetic location of the metal cluster HOMO (Section
CO molecule has been predicted theoreticiB], but is not 4.1.1), whereas the bonding capability of the silver and gold
observed in our experimeff6]. Similar adsorbate induced cluster anions toward CO is mainly related to the energetic lo-
electronic changes will be important for the coadsorption ef- cation of the metal cluster d-type orbitals (cf. Secto®.1).
fects discussed below. In changing the cluster composition from pure silver to gold
atom by atom, the influence of relativistic effects on the chem-
4.2.4. Composition dependence—influence of relativistic  istry of the clusters introduced by the increasing gold content
effects can be investigated. Qualitatively, the relativistic effects in-
The experimentally deduced rate constéf®or all clus- clude the contraction and stabilization of the s and p shells,
ter ions AgAum~ with (n+m) =1-3 in reaction with CO as  as well as an expansion and destabilization of the d atomic
wellas @ are summarized iRig. 25 All observed adsorption  orbitals[34]. The latter is an indirect effect due to more ef-
reactions show the discussed negative temperature deperficient screening by the contracted s and p shells. Exactly
dence. As explained previously, silver and gold atomic ions this destabilization of the gold d orbitals would be expected
do not react with CO and only Agreacts with Q (Fig. 25). to increase their availability fotr back-donation in Ag™
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association complexes resulting in the stronger bonding ob- This changed electronic complex structure, in term, might
served. In contrast, in silver cluster anions, the d orbitals lie foster (or also inhibit) adsorption and reaction of further re-
much deeper below the s orbitals than in gold, consequentlyactant molecules that would otherwise not be possible. Three
the carbonyl complexes relying onta back-donation are  examples of cooperative adsorption effects on small silver
significantly less stablg34] and not observed in our experi- and gold cluster ions identified in our ion trap experiments
ment. The fact that AgAT does not react with CO, similar  will be presented in the following. The cases of either CO or
to Agz—, implies that the relativistic d orbital destabilization O, preadsorption will be distinguished.

in the mixed dimer is not sufficient and that the d-type or-
bitals of AQAuU™ are still not energetically available for CO
7 back-bonding which is qualitatively in contradiction to the
calculated results depicted ig. 1Q [82].

In our ion trap experiment, no reactions of Agwith CO
were observed between 100 and 300 K for any cluster size up
to 11 atoms per cluster. Also in the earlier investigation, nore-
action products of silver cluster anions with carbon monoxide
were reporteftl 7]. 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
dm orbital in silver is extremely stable compared to the same
orbital in gold atoms and that theback-donation bonding in
silveris not efficient. Heats of adsorption for CO at low cover-
age are 27-42 kJ mot for silver[111] and 55-58 kJ mof
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
neither react with @ nor with CO {ig. 25). This means
that by exchange of a single silver atom insgAgto Au, the
cluster becomes essentially unreactive toward oxygen. The
same is true for the reactivity toward carbon monoxide when
one gold atom in Agr is exchanged by a silver atom. Ap-

4.3.1. CO preadsorption

Aus~ does not react with ®in the ion trap at any reac-
tion temperatureRig. 16). It adsorbs a maximum of two CO
molecules at reaction temperatures below 25Ig.(23.
If the gold trimer is exposed simultaneously to CO and O
inside the octopole ion trap, still no reaction products are ob-
served at reaction temperatures above 250K as can be seen
from Fig. 26a.Fig. 26 shows that at 200 K one CO molecule
adsorbs onto Agr-. 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,®nolecules un-
der formation of the coadsorption productssf00)0,~ and
Auz(CO)(Op)2~ (Fig. 26c) [23]. Hence, the adsorption of CO
onto Az~ 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
enable Q coadsorption. This temperature dependent product
formation demonstrates that first one CO has to be adsorbed
onto the gold cluster before subsequent &sorption be-
comes possible.

parently, in the latter case, already one silver atom leads to Auy

a high stabilization of the metal cluster d orbitals making

them energetically unavailable for Cback-bonding. On (a) 300 K B +0, —»
the other hand, the high VDE values (Efg. 8) of all trimer

anions compared to Ag (which itself already binds ©very l+ CO (<250 K)

weakly only[33]) are in line with their unreactivity toward

the electron acceptorO o g

Adsorption measurements with,Gand CO, therefore, ) 200K ;év OV 0, >/
seem to be suitable to draw qualitative conclusions about
the relative locations of the cluster electronic s and d levels l

under the influence of relativistic effects.

+O(m§) @
® POy

I

4.3. Cooperative coadsorption effects

Coadsorption phenomena in heterogeneous catalysis and

surface chemistry quite commonly consider competitive ef- Gy
fects between two reactants on a metal surfdéet?] Also W

. . . . . . ass [amu] $
cooperative mutual interaction in the adsorption behavior of - Q%

two molecules have been reportfdd]. Recently, this latter

phenomenon was found to be very pronounced on the smallrig. 26. Temperature dependent mass spectra of the reactiorsofwith

metal cluster ions tofil5,23,27,113] This is mainly due to 0O, and CO. The product ion distributions are analyzed after trapping Au

the fact that the metal cluster reactivity is strongly charge state for 500ms inside the octopole ion trap filled with 0.02Pg, 0.05Pa

dependent as discussed above and that an adsorbed molecuf%o’ and 1.23 Pa He. Reaction temperatures: (a) 300K, (b) 200K, and (c)
. . . 0 K[14,23] The proposed cooperative adsorption mechanism is indicated

can effectively influence the metal cluster electronic struc- schematically (see text for details). Large grey spheres indicate gold atoms,

ture by, e.g., charge transfer effects (Efgs. 11 and 20 small dark gray spheres carbon atoms, and dark spheres oxygen atoms.
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The following idea for a possible molecular mecha- " T AU-O.-
nism of this unexpected cooperative action of two adsorbate 272
molecules on the small A0 cluster is based on recent ab Auy
initio simulations of CO adsorption and CQJ/@oadsorption
energetics and structurf9] as well as on previous experi-
ments on the femtosecond dynamics of noble metal clusters
initiated by a change of the charge st@2,110,114] At tem-
peratures below 250 K, A0 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- (b)
try, if the additional charge is reducgtil0]. Therefore, it is 100K
likely to assume that the CO adsorption might lead to achange . . . !
in the cluster complex geometry as depicted schematically in 350 400 450 500
Fig. 26 According to the theoretical simulations, the linear Mass [amu]

AusCO™ has a high VDE of 3'3_7 eV and does not form stable Fig. 27. Temperature dependent mass spectra of the reactiorpofwith
complexes with @ [89]. The triangular AgCO™ complex, 0, and CO. The product ion distributions are analyzed after trapping Au
however, exhibits a considerably lower VDE of only 2.83 eV for 500 ms inside the octopole ion trap filled with 0.02 Pg @05 Pa CO,
[89] and is, therefore, predicted to react with oxygen under and 1.23Pa He. (a) At a reaction temperature of 300K, only Aand
formation of the coadsorption complex 4€0)0;~, which AuxO,~ are detegted. No further ion signals are Qbseryed gt temperatqres
has indeed been observed experimentally. Also the forma_above 200K. Coollngdow_nfurtherrevealsan additional ion signal appearing
. ) . . . at the mass of A¢(CO)O,~ (hatched peak). Mass spectrum (b) shows the
tion of Auz(CO)(Qy)2~ is confirmed by this calculatiori89] ion distribution at 100 K67].

(cf. Fig. 26). Hence, the observed cooperative adsorption on

Ausz~ might be attributed to an adsorbate induced geometry 4.3.2.2. Ag(CO)O,~. Also in the case of selected even
change of the metal cluster which in turn results in areduced size Ag,~ clusters coadsorption complexes similar to
HOMO energy (lower VDE) enabling the subsequepta@- Auz(CO)O,~ could be detected. For Ag, at low oxygen

(a)
300 K

Intensity [arb. units]

Au,(CO)O,”

sorption. partial pressure and high carbon monoxide partial pressure, a
new peak inthe production mass spectrum could be identified
4.3.2. Q preadsorption at 100 K. The mass spectrum is depictedrig. 28 and the

4.3.2.1. AY4(CO)O,~. Auz~ reacts more than one order of hatched peak corresponds to the specieg@@)0, . Inthis
magnitude faster with @than with CO. Accordingly, when  case, preadsorption ofx@nto the cluster again clearly pro-
the octopole ion trap is filled with similar partial pressures of motes subsequent CO coadsorption, becausg Atusters
both reactive gases, dsorption will most likely precede  are not found to react at all with CO onliig. 2& shows
CO adsorptiorj67]. Product ion distributions at two differ-  the mass spectrum recorded aftergAgto Ags~ reacted
ent temperatures for the case whenadd CO are presentin  with oxygen and carbon monoxide in the ion trap. Coadsorp-
the trap are depicted iRig. 27. As can be seen from these tion is detected for Ag, yielding the species AGCO)0,~
mass spectra, the dimer Auforms the dioxide at 300K, but  (hatched peak).

a new additional peak at the mass of ADO)O,~ appears

at a temperature of 100K (hatched peakFig. 27). This 4.3.2.3. AgO4~. Inthis section, the adsorption of multiple
is the final, major reaction product, which shows thabAu  oxygen molecules onto the odd sizeAgclusters described
clearly favors the simultaneous coadsorption of both, oxygen in Section4.1.3will be related to cooperative adsorbate ef-
and carbon monoxide, over adsorption of just one sort of re- fects. Adsorption of two @ molecules as observed in our
active moleculé¢23]. This kind of cooperative effectwas also  experiment for Ag~ (Fig. 17) had been predicted before for
found for larger gold cluster anions in a flow-reactor study the gold cluster anion88], however, it was never observed
[27]. Furthermore, under the conditions of our experiment experimentally which lead to further discussion in the lit-
(Fig. 2M), small amounts of A#O,~ are present too. But  erature[115]. In combination with a systematic theoretical
most interestingly, no A4CO~ or Auz(CO),~ carbonylsare  study performed by the group of Batie—Kouteck [33], an
observed at any temperature or reaction time, although thesaunderstanding of the measured rate constant evolution with
complexes are stable products at cryogenic temperatures. Theluster size depicted iRig. 18 emerges and reasons for the
absence of carbonyl complexes can be rationalized by thedistinct behavior of silver cluster anions can be gi{&8i.
above-mentioned observation that the reaction of Awith The results concerning multiple adsorption gf@to the
oxygen appears to be considerably faster than with carbonanionic silver clusters according to E8) can be assessed by
monoxide. qualitative frontier orbital considerations for the binding of



T.M. Bernhardt / International Journal of Mass Spectrometry 243 (2005) 1-29 21

Agy possible in the case of Au. 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 Ags~, and Ag,—, re-

Ag,CO0," spectively[33]. The mechanism of the bonding involves the
4 2 electron transfer from the metal cluster into tHeMO of O

l as depicted ifFig. 11 The binding of the first @ molecule
| changes the electronic structure of the cluster and induces
a stronger cooperative binding with the second This re-
sults in the case of Ag- and Ag;~ in new oxide species

with doubly bound, superoxo-likeZubunits as can be seen
2 from the calculated structures Kig. 1&. The cooperative

. . . ; effect is reflected in larger binding energies as shown also

300 400 500 600 in Fig. 1&. Moreover, the binding of the second molecular

(a) Ag; 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 @dsorption

of three @ molecules has indeed been detected experimen-

tally for Ags~ (cf. Fig. 17a).

Hence, experimental rate constant measurements in com-
bination with theoretical simulations show a pronounced size
and structure selective activity of anionic silver clusters to-
ward molecular oxygen due to cooperative effects. In par-
ticular, for Ag,~ clusters with oddch a weakly bound first

o~
o

<

(@)]
<

AgzCO0,’

AggOy’ l

x10

600 700 800 900
(b) Mass [amu]

Fig. 28. Coadsorption products observed in the mass spectra after re-

action of Ag~ and Ag~ with O, and CO atT=100K. (a) Ag: O, promotes the adsorption of a secongl@olecule which
p(O2) =trace amountsp(CO)=0.03 Pap(He)=1.25Pa, andr=2s. (b) is then (forn=3 and 5) differently bound with the £bond
Age-g: P(O2) =0.01 Pap(CO) =0.03 Pap(He) = 1.17 Pa, antk =0.1s. elongated to 1.34, and thus potentially activated for further

oxidation reactions such as CO combustion which will be
molecular oxygen as discussed in Sectidh1(Fig. 11). The investigated in the following section.

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 smk}, and hence ¢ Catalytic CO oxidation
to a fast reaction ratd® in the framework of the Lindemann

model (Egs.(4a) (4b) and (5)). In contrast, it binds only The possible catalytic activity of AT inthe CO combus-
weakly to silver clusters with even number of electrons (0dd +ion reaction was first predicted byakkinen and Landman

n) and cIose(g).f,heII electronic structure resulting in low re- 1461 our subsequent experimental investigation indeed re-
action ratek™ in these cases as can be seen flaq1 1&.  yegjed the catalytic reaction of the gold dimer and, in conjunc-
However, recent work on reactivity of hydrated anionic gold {5 with theory, a detailed reaction cycle could be formulated
clusters with molecular oxygen has shown that this behavior 571 also for particular larger gold cluster anions evidence
can be inverted by binding of a strong eleptron aqceptor suchsg, catalytic CQ formation has been report¥]. In the fol-

as the OH groufB4]. Due to the electron withdrawing effect,  |4ing, first the experimental determination of the catalytic
electron transfer from the cluster occurs leaving an unpaired ¢4 ction cycle of Au~ will be described before results on the
electron on the clusters with even number of electrons and i”'catalytic activity of Ag,~ will be presented which demon-
ducing subsequent stronger binding of the molecular oxygengyate that also distinct silver clusters sizes show evidence to

to hydrated clusters. o be active oxidation catalysts in the CO combustion reaction.
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 5.1. Ay~

adsorbed @serves as an activatf83]. Since anionic silver

clusters have generally lower VDE values than gold clusters 5.1.1. Experimental reaction mechanism

(cf. Fig. 8), weaker electron acceptors such as can al- As discussed above, AU reacts under conditions when
ready induce electron transfer and activate them which is notsolely G is present in the rf-ion trap under formation of the



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

single product ion ApO,~. Analysis of the reaction kinet-  (Fig. 270) shows the appearance of the coadsorption complex
ics depicted irFig. 7reveals the straight forward association Auz(CO)O;~ discussed in the preceding section. This com-
reaction mechanism E@L) with Au,~ completely reacting  plex represents a key intermediate in the reaction mechanism
to yield the oxide product within several seconds at room of the catalytic oxidation of CO to Cfas has been pre-
temperature. If CO is added to the ion trap, no new reaction dicted in the earlier theoretical stuf§6]. The experimental
products besides AT and ApO,~ are formed af =300 K evidence obtained so far demonstrates thaa@sorption is

as can be seen from the mass spectruRidn27a. However, likely to be the first step in the observed reaction mechanism.
surprisingly enough, A is no longer completely trans-  Subsequent, CO coadsorption yields the observed interme-
formed into oxide, but an offset appears in the gold cluster diate Fig. 27) and finally the bare gold dimer ion must
concentration at long reaction times which is apparent from be reformed. The further strategy to reveal the full reaction
the corresponding kinetics depicted firg. 2%. The most mechanism consists in varying the available experimental pa-
simple reaction mechanism that fits this data is the equilib- rameters, i.e., reaction temperature and reactant partial pres-
rium reaction in which oxide is formed but bare gold dimer sures. This procedure leads to a series of kinetic traces similar

is reformed to a certain extend: to the one shown ifrig. 2% and c[67]. The goal then is to
find one reaction mechanism that is able to fit all experimental
Auz™ + Oz 2 Au02. (12) kinetic data obtained under the various reaction conditions.

This kinetic evaluation method results in the most-simple

~ However, the extend to which the gold dimer is reformed ochanism, which is able to fit the experimental d&#. In
increases with increasing CO concentration. Thus, the reac-ys way; it is possible to rule out all but one possible reaction

tion mechanism must involve more intermediate steps répre-mechanism, which is represented by the following reaction
senting the influence of CO. equations:

To reveal the complete reaction mechanism, the reaction
was investigated at lower temperatures. The production massAu,™ + O, — Au0,~ (13a)
spectrum recorded at 100 K withp@nd CO in the ion trap

Au202™ + CO = Aup(CO)O™ (13b)

1.044 Auz(CO)>,~ +CO — Auz™ +2CO,. (13c)

oe The solid lines inFig. 29 represent the fit of this mech-

06 . anism to the experimental data. It equally well fits all other

0.4 o 1 obtained kinetic dat§67]. In this catalytic reaction cycle,

0.2] o | Au202~ reacts with CO to form Apg(CO)O,~ which will

0ol either redissociate to the oxide or further react with a sec-

1047 = = ; ond CO molecule to reform Aa while liberating two CQ
g . molecules. It should be noted that the quality of the fitis very
@ . sensitive to the postulated reaction steps and that the kinetic
= 061 evaluation procedure that we have employed is clearly able
So4) XZ : to discriminate against alternative mechanisms, as has been
£ DS demonstrated befof86,63,64] The replacement of the equi-
2 librium in reaction(13b), e.g., by a simple forward reaction

will lead to a mechanism that yields an inadequate fit to the
experimental data. The A®,~ signal will then disappear at
long reaction times, which is not the case as can be seen from
Fig. 2%.

5.1.2. Adsorption sequence
. S =W The mechanism reveals thap @dsorption precedes CO
0 1 2 3 4 & adsorption in the catalytic reaction. This is further supported
Reaction time f [s] by the fact that no signal for the ion AGO™ is observed

) ) ) ] o and by the reaction kinetics of Au when only G or CO
chlg. 29: Product |on_ concentrations as a furlctlon of the reaction time for are present in the trap; because the adsorptiona®y

ree different reaction temperatures and different reactant gas concentra- ! .
tions: (a) T=300K, p(Oz)=0.12 Pap(CO)=0.12 Pa, ang(He)=1.2 Pa; about an order of magnitude faster than the adsorption of CO
(b) T=150K, p(O2) = 0.04 Pap(CO) = 0.04 Pa, anf(He)=1.0Pa; and () ~ Molecules Fig. 25 [66]. Further insight into the catalytic
T=100K,p(02) =0.02 Pap(CO) =0.03Pa, and(He)=1.0Pa. Opensym-  reaction mechanism can be obtained from partial pressure
bols represent the normalized experimental dafix fu,™; (O): Au202™; dependent measurements. The dependence of a pseudo first-
and (A): Au(CO)O; 7). The solid lines are obtained by fitting the integrated order rate constant of the mechanism E#8a)—(13cpn the

rate equations of the catalytic reaction cycle (E@8a)—(13c)to the exper- . .
imental data. concentration of a reactant {@r CO) demonstrates the in-
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volvement of the reactant in this particular reaction step. The to preformed AgO, ™. This analysis leads to the conclusion
variation of the oxygen partial pressure inside the trap, e.g., that structures C and OF{g. 30 are the ones pertinent to the

solely affects the rate constant of reaction qtEga)and all
other rate constants remain unaffecféd]. However, most

observed reaction stelf$3b) (equilibrium between CO as-
sociation to AgO,~ to form Aw, (CO)O,~ and dissociation

interestingly, it appears that at very high CO partial pressuresof the latter to form AyO, ™), and(13c)(formation of CQ).
and low temperatures CO adsorption starts to compete with  Structures A and B correspond to molecular coadsorption
O, adsorption in the first reaction step. This is reflected in a of CO and Q to Au,~. From the two molecularly coadsorbed

systematic increase of the rate constant of reactior{ )
with increasingp(CO) at lower temperatures. From this side
reaction, a new product A(CO)O,~ with different struc-
ture than the discussed intermediate in Egj8a)—(13cwill
form, competing with the catalytic cyc[67].

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-Aw
bridging site of structure B, where the AAu bond is signif-
icantly elongated to 3.34. The barrier for forming B from

As discussed above, the postulation of an equilibrium in A via displacement of CO from the end of the complex to
step(13b)is essential to the reaction mechanism. Thisinturn the Au-Au bridge is rather high (on the order of 0.9 eV).
has implications on the possible structure of the intermediate In both structures A and B, the-@ bond is activated to a

species Ag(CO)0,~ in the catalytic cycle Eqg13a)—(13c)

value typical to a superoxo-species (about 1&;35I’ he sta-

which might be a simple coadsorption of the two molecules, bility of structure C is close to that of A. It contains a reacted

e.g., on different sides of Ao, or already a reacted carbon-

O—0O—-C-0 group that is attached through the carbon atom

ate (CQ)-like species adsorbed onto the gold dimer. Appar- to the gold dimer anion. The-@ bond is activated to a
ently, the observed intermediate can have different isomerssuperoxo-state, and this species bears some resemblance to
and one of them is formed by molecular coadsorption of CO the gold—peroxyformate complex identified in the early ex-
and Q, because otherwise the possible CO loss required byperiments of gold atoms in cryogenic CQ/@atriceg48].

Eq. (13b)would not be feasible. Therefore, several possible

structures of Ag(CO)O,~ have been calculated byakkinen
and Landman which will be presented in the following.

5.1.3. Intermediate complex structure

By far the most stable structures corresponding to the mass
of Au,COs™ are the two carbonate species D andi6E].
Both structures were proposed byakkinen and Landman
before[46]. Structure E requires a preformed Adp~ where
the molecular axes of Auand Q lie parallel to each other.

Five structures corresponding to the mass of the complex Since this structure of AD,~ is 1 eV less stable than the

Auz(CO)O,~ were studied theoretically, and the structural
and energetic information is givenfiig. 30, [67]. The forma-

ground state discussed above (the binding energy of oxygen
in this configuration is 0.39 eV versus the optimal binding

tion and stability of these structures is discussed with respectenergy of 1.39eV), it is unlikely to be formed and conse-

2.80
1.168
2.01
2.56 "

2.94

| 1.193

2.82

2.60

2.10 3
217 ;
_—, 1.34
1.35 ' () 2.42
(A) (B) 9
1.25
1.34
I l 2.16
‘ '2'59 ~ ‘ 1.04
(E)

Fig. 30. Five optimized structures A—E of ALCO)O,~, with bond lengths ird. The relative stability of these structures is indicated by the numbers in italics

(in eV). A, B, C, and E are planar, and the two carbonate species (D and E) haggrimetry. Structures C and D are the ones pertinent for the reactions
discussed in the text. Au atoms are depicted by large large grey spheres, a small gray sphere corresponds to the carbon atom, and the oxygeicedms are dep
by dark spheref67].
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quently structure E is not expected to play a relevant role in 0-—Au'_\

the catalytic cycle. On the other hand, formation of the most TN © o

stable structure D by insertion of CO(g) into the-O bond o *‘“205\-/_‘3?

in Au,0,~ (where the @ molecule is end-on bonded to the 3 7 T e

gold dimer anion) requires a barrier of only 0.3 eV, which is 3 | N

easily overcome under our experimental conditions. L?:u’ & } (zucoz,
*‘-l____\‘) ./.

5.1.4. Activation barriers—Eley—Rideal versus -84 Au,CO; (+C0,) |

Langmuir—Hinshelwood mechanism (a)

In Sectionl1.2, the general reaction mechanism of the 0'—A:_\ e
catalytic CO oxidation reaction was presented. On an 2 g—0 * czozn
extended catalyst surface the reaction proceedes via a S - 05 %\
Langmuir—Hinshelwood-type mechanism relying fundamen- 2 ] T Y
tally on the diffusion of the reactants on the catalyst surface. & o 2 K/
From the theoretical simulations presented in the previous L%’ 64 Au,CO; \ i
section, however, it becomes apparent that a diffusion-type AU'5 (+2¢0,)
motion of the coadsorbed reactants on the cluster surface is (b) -8

not to be expected. The formation of structure Gig. 30 _ _ _ _ _
e.g., viaa sequence of structures like A and B by CO motion Fig. 31. The energetics of the ER mechanisms of the catalytic reaction. (a)

. . . . . L . The peroxyformate-like species ADOO,;~ (configuration C inFig. 30
IS energetlcally ImpOSSIbIe under the reaction conditions in is the metastable intermediate state. The open square denotes the reaction

the ion trap. Consequently, Eley—Rideal-type reaction sce- parrier connecting the peroxyformate-like state with the®@,~ + CO;
narios are suggested for the formation of the proposed in- product, and the corresponding transition state configuration is shown at the
termediate structures C and Big. 30. Most notably, the top right. The last step of the reaction is desorption 0pCKkbie initial energy
adsorption of @ as well as the coadsorption of CO leading Ievelftt zero corresponds to the sum of the t'otal enejgles of all th'e reactants
to the peroxyformate structure C are barrierless according to(Auz +02+2CO0). (b) The carbonate species@Ds~ (configuration D

. . in Fig. 30 is the metastable intermediate state. The open squares again denote
the calculations. The formation of the carbonate structure D tne reaction barriers. The first reaction barrier is associated with the insertion
requires only a small energy barrier as discussed above. Thisf CO into the G-O bond of AyO,~ (see structure on the left) leading
is in excellent agreement with the experimental observation to formation of AyCO;™. Subsequently, two reaction paths are shown.

that all but one step of the reaction cycle shows a negative One path involves thermal dissociation of the carbonate to produg®Au
dependence of the Corresponding termolecular rate Constantésee the structure shown at the top) which then reacts with CO(g) releasing
nother C@molecule. The other path proceeds through an ER reaction of the

on the reaction temperatu@]. As discussed in Sectidh3, carbonate with CO(g) and it results in the formation of two,Gblecules.
within the Lindemann model for low-pressure gas-phase Ki- The latter path involves a barrier of 0.5 eV, and the corresponding transition-
netics, this negative temperature dependence is indicative ofstate configuration is shown on the rig&7].

a barrierless reaction.

Only the last reaction step E€f.3c)representing the ref- The second scenario involves two branchEgy.( 31b)
ormation of Ay~ and the liberation of C@displays a pos-  [46]. In the first one, thermal dissociation of g@om the
itive temperature dependence of the rate cong@djt This carbonate D (which is endothermic by 1.12 eV) produces a

demonstrates the presence of an activation barrier in this par-ighly reactive species, A®~, which reacts spontaneously
ticular reaction step. This experimental information on the (i.e., without an activation barrier) with CO(g) to produce
reaction energetics is again in accord with theoretical mod- CO,. The product ion AgO~ has, however, never been ob-
eling of the reaction pathwayig. 31shows the calculated served in the experiment. Therefore, the second branch is
energetics along the catalytic reaction path involving the in- favored consisting of an ER reaction of CO(g) with species
termediate structures ig. 31a) and D Fig. 31b), respec- D to produce CQ. While this step involves a modest barrier
tively. In both cases, the mechanism proceeds via an ER re-of 0.5 eV (denoted by an open square, with the corresponding
action of CO(g) with the intermediate complex structures re- transition-state configuration shown on the righfig. 31b),
leasing two CQ molecules. The formation of Gdrom the it releases readily two COmolecules, since the remaining
reaction between CO(g) and structureRig( 31a) involves Au>CO,~ species, where C£s bound to Ay via one of the

a low barrier of 0.3eV (see the transition state configura- oxygen atoms, is unstable under our experimental conditions
tion in Fig. 31a), resulting in the formation of a metastable (100-300K)[67].

Auo,CO,~ complex, where C®is bound to Ay via the car- The detailed catalytic reaction cycle emerging from exper-
bon atom (see the structure of this complexFig. 31a). imental and theoretical evidence for the CO oxidation by gas-
However, the heat of reaction (4.75eV) evolving from the phase Ag™ clusters is depicted iRig. 32 Also included are
formation of the first C@ molecule is large enough in order the calculated energy barriers for the different reaction steps
to overcome the binding energy (0.52 eV) of the remaining and the simulated intermediate structures. In addition to a
CO, to Aup—, thus facilitating its desorption from the metal comprehensive molecular mechanistic understanding based
cluster. on experiment and theory, the efficiency of the catalytic re-
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o0 of the helium concentration. Hence100 collisions per sec-
-2CQ, Au,- ond of an Ay~ ion might potentially lead to the catalytic
T 4 10, formation of one C@ molecule. Considering the measured
‘ o- TOFs, areaction efficiency (successful versus total number of
o 0.52[ |+CO +Cguz z collisions) of 0.3-0.5% depending on the exact reaction con-
0 T Au,CO; 0.3 ditions can be estimated. Baring in mind that the gas-phase
.,\v'“b Ej\ Au,CO4 G0 catalytic reaction proceed via an Eley—Rideal mechanism in
-C0;" +CcO™ Au,C00; which the reactant molecule must collide in exactly the right
Y e location with exactly the correct orientation in order for the
ﬁ‘ o'® rgaction to_ proceed, an eff_iciency of about_l% of all cqlli-
% sions leading to C®formation can be considered surpris-

ingly large. This indicates that the TOF in the ion trap reactor
Fig. 32. Schematic representation of the gas-phase catalytic cycle for theexperiment is mainly limited by the collision frequency, i.e.,
oxidation of carbon monoxide by gold dimer anions, based on the reaction the reactant partial pressures. These considerations also con-
mechanism determined by kinetic measurements in conjunction with first- firm the high efficiency of catalytic gas-phase clusters ion

principles simulations. The numbers denote calculated energy barriers (in reactions previously observed by Ervin and co-worker:
eV). Also displayed are geometrical structures of reactants and intermediate p y y Ikﬁ 3

products according to the calculations (large grey spheres: Au; small grey
spheres: C; dark spheres: [BY]. 5.2. Ag™

action can be estimated from the experimental kinetic data as5.2.1. Reactive oxide complexes,8g~

presented in the following section. As the final example, the potential catalytic activity of
small silver cluster anions in the CO oxidation reaction
5.1.5. Catalytic turn-over-frequency (TOF) under the conditions of our ion trap reactor experiment will

From the kinetic fit, it is possible to simulate the €0  be discussed. As explained above i©more strongly bound
formation rate, and thus to obtain the turn-over-frequency to Ag2~ than to A~ (cf. Section4.1.4, which makes it
of the catalytic reaction. The simulated g@ield under the  unlikely for the catalytic CO oxidation on Ag to proceed
reaction conditions oFig. 2% is displayed irFig. 33 The under thermal reaction conditions. In addition, no reaction
corresponding TOF amounts to 0.4 £@olecules per gold  of any Ag,™ cluster size with CO is observed. However,
cluster per second. For the conditionsFag. 2%, a TOF of ~ although the odd size Agand Ag~ only react very poorly
0.3 CQ molecules per gold cluster per second was estimated.with a first O;, as can be seen froffig. 18 they eagerly
These values are in the same order of magnitude as the catadsorb a second oxygen molecule to form,@g~ (oddn)
alytic activity of oxide supported gold cluster particles witha complexes[33]. Theoretical calculations predict that this
size of a few nanometers, which ranges betweend.per second oxygen molecule is differently bound to the silver
Au atom (~2 nm diameter particles at 273 K) and4-ger cluster anion with the @bond elongated in a superoxo-like
Au atom (3.5 nm particles at 350 K§]. subunit, which is activated for further oxidation reactions

In order to approach an understanding of the deduced(see Sectiomt.1.3. Indeed, very size selective reactions
TOFs in the gas-phase reactor experiment, a rough estimaof these AgO4~ could be confirmed experimental[g0].
tion of the number of collisions of a metal cluster with the No reactions for the smallest cluster sizes with 1 and
required reactant molecules{@nd 2 CO) inthe trap willbe 3 have been observed, but already for the case af Ag
given[95]. The collision frequency in the trap is abouPx! the reaction of CO with the Ag4~ complex is apparent

[36]. The reactant gas concentrations are about 10% or lesfrom the product ion mass spectrum shownFiy. 34
Also displayed inFig. 34is the calculated structure of the

complex with the activated second oxygen molecule in a

£ coymyi Aus o e )
31 Jisz 2yl Z i:“zo ) doubly bound bridging positiof33]. No coadsorption of CO
2 0.8 ;e 1252 and G onto Ags~ was observed, but the formation of the
8 o6l 0 °OAOL®°°“°V§OO SN fragment ion AgCO,~ points toward a reaction between
E CO and Q involved with the metal cluster decomposition.
g 041 e 2 pjagucf@bd:ﬂcg“é The observed strong fragmentation is probably due to the
So021¢ / % fact that the small cluster is not able to accommodate the
0olbs / T=300K excess energy liberated in the formation of the intermediate
0 5 4 6 8 10 energized complex, which then is likely to decompose.

Reaction time [s]

.2.2. Strongly siz ndent reaction of Awvith
Fig. 33. Simulated C®formation (dashed line) for the experimental condi- 5 Strongly s edEpe dent reaction o 9ith Oz

tions of Fig. 2%. The CQ concentration increases exponentially with time and CO . o
until the A~ and AwO, ™~ signals reach equilibrium. The rise then remains For.the larger sizes Ag _(n =7-13), the mOSF Surpr]?'ng
linear and from the corresponding slope the TOF is estinj@sid behavior was observed: filling the trap with CO in addition to
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Fig. 34. Product ion mass spectrum after reaction ogAgvith O;
and CO. Reaction condition3:=100 K, p(O2) =0.01 Pap(CO) =0.03 Pa,
p(He)=1.23Pa, antk =1s. The calculated structure of 4@, is indi-
cated[33]. This complex is formed first and than further reacts with CO
[40].

O resulted in a partial reduction or even a complete deple-
tion of AghO4~ signals and a corresponding increase of the
bare Ag,~ cluster signals for odd, while the Ag,0>~ peaks

(n even) and Agz~ remained unaffected by CO addition.
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at 100K and equal reaction times, but under different reac-
tion conditions: (a) when only trace amounts of oxygen are
presentin the trap, odd size clusters;AgAge—, and Agis~
do not react, Agy~ yields some product AgO4—, while
even size clusters completely react to,®g~ products. (b)
When the oxygen partial pressure is raised to 0.01 Pa; Ag
reacts and forms the oxide AQ4~, Agg— almost completely
disappears and the productsg&—, and AgO,~ are ob-
served, also the Ag~ signal almost vanishes, and A®4~
remains. The product ion mass spectrum (c) was obtained
under conditions where partial pressures of both reactants,
O, and CO, are present in the trap. Unexpectedly, the bare
silver cluster signals Ag- and Ag 1~ reappear, while the
corresponding oxide product intensities decrease consider-
ably. Also in the case of Ag', the bare to oxide cluster ratio
shifts in favor of the bare Ag . 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 fy. 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 Ag, Agg—, and Ag1~. The
observed complexes A@4~ are then the decisive interme-
diates in the reaction with CO. The present data thus provide

Fig. 35shows the corresponding product ion mass spectraevidence that, in contrast to other cluster sizes, silver cluster

Ag/-

(a) O, traces

(b) +02]

T l. T T
1000 1200 1400
Mass [amu]

T
800

Fig. 35. Product ion mass spectra of silver clusterg_Ag obtained at
T=100K andtg =0.1s with different reactant concentrations in the ion
trap. (a) Reaction with trace amounts of oxyg@ne(=1.2 Pa), (b) reac-

tion with oxygen p(O2) =0.01Pa ang(He)=1.17 Pa), and (c) reaction
with oxygen and carbon monoxid@(Q, =0.01 Pa, p(CO)=0.03 Pa, and
p(He)=1.17 Pa). In the case of Ag, the bare to oxide cluster signal ratio is
indicated in (b) and (c). The Ag and Ag 1~ mass peaks (hatched) disap-
pear almost completely after reaction with oxygen and reappear when CO is

added. The peak in (a) labeled by an asterix would correspond to the mass

of Ag1204~, butis only observed at extremely low oxygen partial pressures
(traces) and does not appear at measuraplec@tent40].

anions withn=7, 9, and 11 activate the adsorbed oxygen to
be able to react with CO under our reaction conditions. In this
process, CQis likely to be liberated and the metal clusters
are reformed to complete a catalytic reaction cycle.

6. Conclusions and outlook

For the gas-phase ion chemistry of small noble metal clus-
ters of silver and gold, the statement that “each atom counts”
[4,5,116]is particularly true, because changes in chemical
reactivity over orders of magnitude are observed when the
cluster size changes by a single atom. However, not only the
cluster size is an important parameter for the reactive be-
havior of these clusters, but also the charge state. Therefore,
the above statement might be extended accordingly by “each
electron counts as well”. In the case of small silver clusters, it
could be demonstrated that dioxygen adsorbs molecularly on
the negatively charged clusters, whereas dissociative atomic
adsorption is observed for Ag. In this example, the essential
requirement of precise reaction temperature control becomes
apparent because the cleavage of the oxygen bond ghigg
an activated process and strongly temperature dependent. The
experimental control of the reaction temperature is one major
advantage of the rf-ion trap technique presented in this con-
tribution. It not only provides defined, reproducible reaction
conditions, but also enables the determination of the reaction
energetic through temperature dependent kinetic measure-
ments. This is particularly valuable for the comparison with
first principles simulations as could be demonstrated for the
catalytic CO oxidation cycle on AT .
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Apart from the cluster electronic and geometric structure, the molecular catalytic reaction dynamics by ultra-fast laser
each atom counts also for the capability of the cluster to ac- spectroscopy is one major goal and the viability of this ex-
commodate excess reaction energy in the cluster-complex mi-perimental scheme has been demonstrated redéagy. Fi-
crocanonical system, in particular in the very small size range. nally, the combination of ion trap reaction kinetics and ultra-
This could be demonstrated through kinetic measurements offast laser techniques might eventually not only lead to the
the reaction of small gold cluster anions with CO. The cluster observation of catalytic metal cluster reactions in real time,
reactivity also strongly depends on the exact chemical com- but also possibly to the selective control of catalytic reactions
position. In several recent contributions, the strong influence by tailored ultra-fast laser puls§s20].
of relativistic effects on the bonding in gold clusters and on
their reactivity was emphasiz€g7,79,81] Our ion trap mea-
surements confirm the influence of relativistic level structure acknowledgements
changes on the cluster reaction rates leading unexpectedly to
the non-reactivity of binary silver—gold trimer anions toward | am most grateful to Professor Ludgerddte for his
both & and CO. strong support of the research work described in the present
~ Afurtherimportant issue emphasized in this contribution paper. His enthusiasm and his passion for the world of small
is the influence of an adsorbate molecule,ddCO, onthe  metal clusters is tremendously motivating. The fruitful and
electronic and geometric structure of the metal cluster com- yost helpful collaboration with Professor Ueli Heiz is grate-
plex. Such adsorbate induced alternations of the cluster com-ly acknowledged. The experimental results described in
plex structure become apparent when the reactivity toward athjs review were obtained as a part of the Ph.D. thesis's of
second adsorbate molecule is very different from that of the py, | jana D. Socaciu-Siebert and Dr. Jan Hagen. | am very
bare metal clusters. It could be demonstrated that in the casgyrateful for their significant contributions. | am also greatly
of silver and gold cluster anions, this effect often leads to jhgepted to the Diploma and Master students Maryam Eli-
a cooperative action and results in coadsorption complexesjazyfer, Denisia M. Popolan, and Mihai Vaida for their con-
which could be identified in several cases to be decisive inter- yripytions and help. Experimental support from Briine Le
mediates of catalytic reactions. For the case of Auheion  Roux and DrStefan Vajda is also gratefully acknowledged.
trap kinetic measurements in combination with first princi- Fyrthermore, | would like to thank Dr. Hanniékkinen and
ples simulations lead to the discovery of the catalytic activity professor Uzi Landman for theoretical support and fruitful
of this particular ion and provide a comprehensive molecular giscussions concerning the gold cluster experiments. In the
picture of the reaction mechanism and energgd46s67} case of the silver cluster reactions, support and helpful discus-

A particularly appealing experimental advantage of rf-ion  gjons with Professor Vlasta Botia-Kouteck, Dr. Roland
trap technique consists in the use of the trap as a gas-phasgyjtri ¢, and Holger Noack are acknowledged. | also thank Dr.
catalytic reactor as proposed previously by Eri8i The  Bert Stegemann and Dr. Roland Métfor critical reading of
metal cluster ions can be stored inside the trap while reactantihe manuscript. Finally, the financial support by the Deutsche

gases flow through and are converted into desired products. Inegrschungsgemeinschaft is gratefully acknowledged.
this way, from the kinetic evaluation, the catalytic turn-over-

frequency can be estimated and compared, e.g., to supported
cluster catalyst materials.

Future prospects of the presented ion trap technique in
application to catalytic reactions of noble metal clusters are
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