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We report on experiments probing the reactivity of neutra) &lusters,n = 9—68, with carbon monoxide.

The gold clusters are produced in a pulsed laser vaporization cluster source, operated at room temperature
(RT) or at liquid-nitrogen temperature (LNT), pass through a low-pressure reaction cell containing CO gas,
and are subsequently laser ionized. The reaction probabilities are determined by recording mass abundance
spectra with time-of-flight mass spectrometry. The main observations are a strong temperature dependence
and a remarkable size dependence. Upon cooling of the cluster source to LNT, the reactivity increases
substantially. At LNT, the reaction probabilities for Awith the first CO molecule are about a factor 10
higher than at RT. Moreover, adsorption of two, three, and even four CO molecules is observed, in contrast
to RT clusters which at most adsorb one CO molecule. This temperature dependence is related to the lifetime
of the cluster-molecule complexes, being much longer for cold clusters. The observed striking size dependence
is similar at both temperatures and is discussed in terms of the electronic structure effects.

Introduction Several studies on the reactivity of gold clusters have been
reported previously. The major part of the gold nanoparticles
research is attributed to the investigation of the reactivity of
deposited gold clusters. Several attempts have been made to
clarify the catalytic behavior shown by small gold particles
classified as a transition metal. On the other hand, gold showsSUppo.rted on metal oxideg. In those investigations, attention is
especially drawn to the size and support dependence, to the

properties similar to alkali metals due to its single valesce idati tate of th " Id - d to th ibl

electron. The delocalization of these valence electrons gives rise?! ﬁ'oh state o | z act'r\]’e g0 t.;%ege:, art1f 0 the possible

to a shell structure, resulting in the appearance of so-called mechanisms INvolved In the reéactiofis.’= Apart irom experi-
mental research, also theoretical work on supported gold

magic numbers, corresponding to electronic shell clostnés. ) .
For pure gold clusters, the shell closings occurring for clusters nanoclu;ters h?S recgntly bgen done: calculations on structural,
with 2, 8, 18, 20, 34, 58, etc. delocalized valence electrons are &l€ctronic, and impurity-doping effects were perforné "

reflected in cluster properties such as stability, electron affinity, ~AS an understanding of the involved mechanisms remains a
ionization potentials, and ionization efficienty® Second, gold ~ challenge, also the reactivity of gas-phase gold clusters toward
clusters have been found to adopt geometries different from reactants of interest needs to be investigated. Several coadsorp-
clusters of most other metals. Two-dimensional structures havetion studies have been carried G8t? and in some cases
been observed or predicted as the most stable isomers for anioni€xperimental evidence for catalytic formation of £@as

and neutral gold clusters up to a size of around 13 afdm3. found39.40.43.44qowever, most studies on the free clusters deal
For Auy there is experimental evidence for a tetragonal With the reactivity toward one specific molecule, and ©®
structure4 and a cage structure has been proposed fap.&u probably the most extensively investigated. With the exception
In the 20- to 60-atom size range also chiral and low-symmetry of Auj, O, was found to only adsorb onto anionic Awith
structures have been predictéénd recent experimental results  evenn.3%404548 The higher reactivity of the odd-electron gold
have also been interpreted in this directiéiThird, nanoscale clusters can be explained by a more efficient charge transfer
gold particles are extremely interesting due to their potential from the singly occupied orbital of the gold cluster into the
use as nanocatalysts to many reactions. Although gold is almostsingly occupiedz* orbitals of O,. In addition, the charge transfer
chemically inert as bulk material, supported nanosize gold is expected to be facilitated by a lower electron affinity of the
particles are found to show a remarkable catalytic activity for odd-electron clusters. This mechanism of oxygen bonding to
many reactions, such as CO combustion, propylene epoxidationgold clusters has also essentially been verified and further
NOy reduction, methanol synthesis, and water-gas &hit2 quantified in computational studié%.53 When an odd-electron
Despite the importance of heterogeneous catalysis by nanoscalepecies such as OH was preadsorbed onto the gold cluster
gold particles, the reasons for the enhancement of catalyticanions, the odgteven pattern im was reversed so that the
activity are not yet completely understood. Au,OH~ with odd n and an odd number of electrons became
the more reactive oné3An odd—even variation was also found
*To whom correspondence should be addressed. E-mail: jn the HS reactivity with Ay with odd-electron clusters

M?ﬁﬁdferiizz@fy'ma'mers'se' being more reactive, in most cases to form®u>* For methane

* Chalmers University of Technology and @borg University. and H adsorption onto A,T,i there are significant size-to-size

Gold nanoclusters recently have attracted a rapidly growing
interest for a variety of reasons. First, gold as a coinage metal
is interesting because of its specific electronic structure. It has
the atomic configuration [Xe] #44d1%s! and therefore is
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fluctuations and an overall trend of decreasing reactivity with 0 et it
increasing size up to= 152°Larger sizes appeared unreactive. CChaITe piaths
In the same study fwas found to adsorb only onto two sizes
n = 3 and 7 of neutral Ay and to none of the anions.
Computational studies also include investigations of the adsorp-
tion of molecular hydrogef? atomic hydroge®58 or pro-
pene>® The focus of the studies of methanol and ethanol . N .
adsorbed onto gold clusters has been to characterize the bonc Tooling | 3550532 nm NGYAG  reacive gases
character and the vibrational frequency of the adsorbed L
molecules’?-63

The experimental investigations of CO on gold clusters have
so far been restricted to ionic specf@g9:46.6469 except for an e |2
investigation of the neutral dimé®.In contrast to the CO e
reactivity of most transition metal clustefs;® which with only
a few exceptions such as A/°Co,® and Cu’6:64.72.808%exhibit
a relatively weak cluster size dependence above a threshold size
pronounced size-variations in the CO adsorption efficiency was :
detected for the gold cluster ions. In computational studies e, - et i
properties such as adsorption geometries, binding energies, anc Tursopump Turbopump
vibrational frequenCieS have been calculated for small gOld Figure 1. The cluster beam experimental setup.
clusters of different charge stat®$8:69.82By performing CO
adsorption studies on neutral gold clusters in the gas phase, wdong and ha a 1 mmentrance and a 1.2 mm exit aperture. The
aim at providing important information regarding the size, shape, Small apertures ensure a high pressure ratiacf) between
and electronic structure dependence in order to extend thethe reaction cell and the surrounding chamber, preventing
know]edge gained from the reactivity experiments on ionic collisions with gas molecules outside the cell. In the experiment,
clusters, to reveal further details of the reaction and bonding CO gas was leaked into the reaction cell, maintaining a pressure
mechanisms. in the cell in the range % 1072to 1 x 107! Pa. The pressure

In this paper we report on reactivity experiments on neutral Was measured by a capacitance gauge on the gas inlet tube and
Auj, clusters with CO. The reactivity is measured with the cluster corrected for the pressure drop between the measuring point
source at room temperature (RT) and liquid-nitrogen temperature@nd the reaction cell. At the applied pressures, the average
(LNT) and found to be considerably higher at the lower number of collisions expgrlenced by 'the clusters during their
temperature. This temperature dependence is ascribed to thé@ssage through the cell is less than five. The actual number of
stabilization of the reaction products, this in turn related to c_oII|S|ons for the individual clusters follows a Poisson distribu-
comparison of binding energy and internal thermal energy of 10N . o
the cluster. Furthermore, the reactivity is found to exhibit similar ~ After passing through the cell, the beam enters the ionization
size dependent behavior at both temperatures. The observe@nd detection region. To achieve efﬂmgnt ionization of the gold
reaction probabilities point at electronic properties governing Clusters, 7.89 eV photons from a Excimer laser were used,
this effect: counting the number of delocalized electrons in and afilter was introduced to block the red light in the ionizing
reacted species reveals a correlation between reactivity andPhoton beam. The intensity was kept low to minimize mul-
cluster electronic shell closings, and edeven staggering in  tiphoton absorption, and no evidence of CO desorption or

the reaction probabilities as a function of the number of atoms fragmentation was observed at the used intensities, i.e., the ratio
is observed. between pure and reacted clusters was independent of the laser

light intensity and no oddeven variations in the total abundance
were observed. The clusters were detected in a linear time-of-
flight mass spectrometer with mass resolutiviiAM, 300.

A. Cluster Production and Mass Spectrometry.A detailed The laser vaporization source is operated at room temperature
description of the employed setup and methods for evaluation or at liquid-nitrogen temperature. The exact cluster temperature
of the reaction probability in cluster-reactivity experiments is is not known, but is assumed to be approximately the temper-
given elsewher& Here only a brief overview will be given.  ature of the cluster source. Since temperature is an important
The experimental setup is shown in Figure 1. It consists of two factor in cluster reactivity experiments, cluster source parameters
vacuum chambers, one for cluster production and the other onewere carefully optimized for stable production and good
for the detection of the clusters. thermalization. The temperature of the cluster source also affects

The clusters are produced in a pulsed laser vaporizationthe beam velocity, which is estimated to 1500 and 700 m/s for
source. A high-energy laser pulse (third harmonic of a Nd:YAG the source at RT and LNT, respectively. This corresponds to
laser, 355 nm) vaporizes the surface of a solid metal disk, which average center-of-mass impact energies of 0.25 and 0.07 eV
is continuously rotated and translated. Simultaneously, a high-for the collisions with CO molecules in the reaction cell.
pressure inert gas pulse is introduced into the source, inducing For evaluation of the reaction probability, we recorded mass
cooling of the hot metal vapor plume and initiating cluster spectra at about 20 different pressures of CO gas in the reaction
aggregation. Subsequently, the mixture of atoms, clusters, andcell, for both source temperatures.
inert gas is expanded into vacuum and enters the second B. Models and Procedures for Data Evaluation Initially
chamber throulg a 1 mmdiameter skimmer, which skims off  there is one peak for each cluster size in the mass spectra, and
most of the helium and defines a narrow cluster beam. when introducing the reactive gas in the reaction cell, additional

In the second chamber, the cluster beam passes through th@eaks appear, as can be seen in Figure 2, showing mass spectra
reaction cell, which contains the reactive gas at room temper- of Au, clusters produced at LNT and reacted with CO
ature. The cell is cylindrical, 6 mm in diameter, and 50 mm molecules. AWCO), species are indicated as,If). Bare
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Figure 2. Mass spectra of Aiclusters ( = 31—35) produced at LNT Number of Au atoms in the cluster

and reacted with CO. The AMCO), species are indicated agi). (a) Figure 4. The reaction probability of As+Augss with the first CO
No CO in the reaction cell. Only pure Awelusters are observed. (b)  molecule,S,, for the source at RT.
0.032 Pa CO in the reaction cell. The firsh & 1) reaction product

with CO can be observed, shifted to the right of the bare cluster peak.A The radius of CO was taken to be 1.9 A. The reaction

&ggg{gigpﬁgdigsmc?ﬁ tr)iaggggr\sgl(:l.. Firet & 1) and secondnt = 2) probability is, thgg, the reactive'cross-section divided by this
hard-sphere collision cross-section.
10— In collisions with CO molecules the clusters are scattered,
e I which may cause deflection of clusters out of the beam and
981 thus out of the detection region. To obtain accurate relative
07 SNy intensities of unreacted and reacted clusters of each cluster size,
98 we must correct the intensities for the fraction deflected. The
deflection probability per average collisioD, is determined
by measuring the decrease in total amount of clusters, bare ones
and reaction products, reaching the detection region as a function
. of the average number of collisions, i.e., reaction-cell pressure.
.o ] A (CO)y — The intensities of the A{CO),, products are corrected for the
o e T Ao, fraction deflected in the reactive collision by dividing the
o obe  obe  oio oz om0 intensit_y_ by (L — D)™ It is assumed that the ionization
Reaction cell pressure (Pa) probability is equal for the bare and reacted clusters. If that

Figure 3. Relative abundance of Agi(a) and its reaction products \lNaS ngt ftlhe case, tft;ebr_el_sulft haﬁ been an ap_pare_ntly higher or
AUSCO (), AUs(CO), (@), Auss(CO); (v), and AwCO; (W) as a ower deflection probability for the most reactive sizes, some-
function of cell pressure, produced at LNT. The lines represent fits thing that was not seen.
with a pseudo-first-order kinetic model. It should be noted that the sticking probability determined

) by comparing the relative abundance of pure and reacted clusters
clusters (= 0) as well as clusters with CO molecules adsorbed an fitting the first-order kinetic model depends on the formation
(m > 0) can be observed. The relative abundance of pure andof stable products and will thus be the combined probabilities
reacted clusters can, thus, be determined for each CO pressurgg 5 cluster-molecule complex formation and this complex being

in the reaction cell. B ~ sufficiently long-lived (104 s) to be detected.
Under few-collision conditions, where each collision is

regarded as an individual event, the successive addition of pog its

adsorbed molecules can be described with a statistical pseudo-

first-order kinetic modet2 To evaluate the reactivity, the relative Figure 4 shows the reaction probabiliti®&swith the first CO
abundance of clusters with 0, 1, 2, 3, or up to 4 adsorbed molecule of Ay—Aug clusters, produced with the cluster source
molecules is plotted vs cell pressure, or average number ofat RT. The error bars represent the uncertainties in fitting the
collisions, and the kinetic expressions are fitted to the experi- kinetic model to the experimental data. They reflect the
mental data, as illustrated in Figure 3, showing the kinetic model scattering of the results using different subsets of the data and
fitting for Ausg produced at LNT. The fitting parameters are are given as the upper limit in each size range. There is also an

0.5

Relative intensity

the individual reaction probabilities, S, S, and S for the uncertainty in the absolute probability values of about 20%
successive adsorption of the first, second, third, and fourth originating from the pressure measurement and deflection
molecule. correction, which is size-independent or only weakly size-

The average number of collisions experienced by a cluster dependent and is not included in the error bars. The reaction
passing through the cell at a certain pressure is determined usingrobabilitiesS for i > 1 and the source at RT are all taken to
the ideal gas law and assuming a hard-sphere model for thebe zero, as in the mass spectra of,Aeacted with CO gas, no
cross-section of the clusters and the CO molecules. The hard-Au,(CO), complexes withm > 1 are observed. For the
sphere radius of the clustdR;, is calculated by assuming that adsorption of the first CO molecule, a remarkable size depen-
the cluster has the same density as the bulk metal and by addinglence is measured, as can be seen in Figure 4. For clusters
a constant valued, to account for surface roughness and smaller thann = 15, no peaks that with certainty can be
interaction outside the hard-core cross-section. The radius of aidentified as reaction products are observed. Those clusters
cluster consisting of atoms is thuRR, = n3r, + d. Herein probably are unreactive or at least less reactive than can be
I, is the radius of an atom with bulk metal density, 1.59 A for observed due to the detection limitQ.005) of the setup. It is
gold. For the correction factat, we used a typical value of 0.5 improbable, but cannot be excluded, that the ionization potential
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Figure 5. The reaction probability of Au(n = 9-68) clusters
produced with the source at LNT for reactivity with CO molecules.
(a) Reaction probabilitys, (W) with the first CO molecule at LNT.
The corresponding, values at RT ©), shown in Figure 3, are also
added. (b) Reaction probabiliti&s (¢) with the second CO molecule
at LNT. The S, values at LNT [0) are added for comparison. (c)
Reaction probabilitiess; (a) and S, (¥) with respectively the third
and fourth CO molecule at LNT. Th& (O) values are also added.

Veldeman and Andersson

Although the reactivity increases substantially upon cooling
of the cluster source to LNT, the striking size selectivity for
CO adsorption and the odaven variations observed at RT
are preserved at lower temperature. For the reaction probabilities
S (Figure 5(a)), we get the following size dependence. Fnom
= 10 on, all clusters are reactive. Actually, ag@® product
could also be observed; however, the absence of the puye Au
peak, due to its too high ionization potential, did not allow
reaction probability determination of the Aaluster. Maxima
in reaction probabilitiess; are found in the size regions=
16—-18 andn = 30—32 and give rise to two humps located
around the most reactive RT clusters 1AuAu.s, and Auo.
Between those regions, odéven staggering is found, as was
also the case at RT.

Reaction probabilitie$ are shown in Figure 5(b). We do
not observe any ACO), complexes fon < 23, but all clusters
with more than 23 constituent atoms are clearly able to adsorb
a second CO molecule. In the size ramge 29—41 striking
odd—even variations can again be observed, showing a maxi-
mum for Aus,. An exceptionally lowS; is measured for Ags,
the same size for which a lo®; at RT was found. For larger
clusters f > 41) the size variation ir%; is flattened, and for
these cluster size& values higher than the correspondiBg
values are observed.

The threshold sizes for adsorption of a third and a fourth CO
molecule are around = 39 andn = 54, respectively (Figure
5(c)). The main trend in the reaction probabilit&sand S, is
the increase with increasing cluster size. In addition, some
structure can be observed. T8gvalues show a hump around
n = 44 and two enhanced values at 54 and 56, respectively.
The reaction probability with the fourth CO molecule has a clear
maximum forn = 56.

Discussion

of some reacted species, due to adsorption of a CO molecule, A. Temperature Dependence of the CO Reactivity A
has increased and therefore has become higher than théhigher reactivity with lower temperatures is characteristic for a
employed photon energy of 7.89 eV, resulting in those speciesreaction where the reaction probability is limited by the

not being detected using the 157-nm ionization laser light. In
the size range = 16—18, the reactivity is much higher, and
particularly high reactivity is observed for Agland Aug. The
reaction probability of the RT clusters in the size ramge
19-28 is overall very low, close to the detection limit, and
possibly zero within the error estimates. The only exceptions
to this are Ay, and Auws, for which a low but measurable
reactivity is observed. In the size range= 16—28, also a
pronounced odédeven staggering, evenclusters showing the
highest reactivity, is found. For all Awlusters in the size range

n = 2934, there is a relatively high reaction probability with
a local maximum for Agp. A remarkably low reaction prob-
ability can be observed for Agl For larger cluster sizes, >

35, again a relatively high reaction probability is found.

stabilization of the reaction products. When the binding energy
is low, a cluster-molecule complex can form, but it may
decompose before detection if the thermal energy in the cluster
is sufficiently high compared with the binding energy. This is
particularly the case in our experiment where no stabilizing
buffer gas is present and the chemisorption energy, the impact
energy in the reactive collision, and any energy transferred in
inelastic unreactive collisions need to be contained in the cluster.
The higher reactivity measured for clusters produced at LNT
is consequently an effect of the lifetime of the clusterolecule
complexes being much longer than for the RT-produced clusters.
Besides the fact that the initial internal energy is lower in the
cluster, also the impact energy in the clusterlecule collisions
is lower. Other factors which also could contribute to the higher

The reaction probabilities measured with the cluster source reaction probability of the cooler clusters are a higher initial

at LNT were found to be considerably higher, as indicated by trapping probability of the CO molecule and that a trapped
Figure 5, showing the reaction probabilities of LNT gold clusters molecule may have a longer residence time during which it can
with CO molecules. First, comparing the reaction probabilities find an optimum binding site. Previous reports on CO adsorption
S, for the LNT clusters (Figure 5(a)) with the corresponding on copper and gold clusters have led to the same conclusion
values for RT clusters (Figure 4, and also added to Figure 5(a)) that product stabilization can be a limiting facf§16:69.80.81.84
reveals that clusters produced with the source at LNT are at The observation of threshold sizes for stable binding of two,
least 10 times more reactive. Second, clusters of several sizeshree, and four molecules, is typical for cases where the balance
which appeared unreactive at RT form stable products on LNT between the internal energy of the cluster and the adsorbate
clusters. Third, in contrast to RT clusters, adsorbing at most binding energy is critical. The adsorption of a molecule leads
one CO molecule, LNT clusters can adsorb two, three, and evento an increase in the internal energy, which is reflected in a
four CO molecules, as revealed by the reaction probabilities higher vibrational temperature. In a larger cluster with more
S, S, andS,, shown in Figure 5(b) and (c). vibrational degrees of freedom this temperature increase is
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smaller, and thus more molecules can be adsorbed withoutandn = 30—32, located around Aw, Auig, and A, the most
reaching the temperature required for desorption of the CO reactive RT clusters. Evidence for electronic properties govern-
molecule on the experimental time scale. In this context it is ing size-dependent properties at both temperatures is also given
also understandable that there are more size-variations in a rangey the occurrence of odeeven staggering as a function of the
close to the threshold size; for example, for clusters produced number of gold atoms, with evenspecies being more reactive.
at LNT, S, has distinct variations fon = 10—30 and$; for n For these findings to be consistent with the expected enhanced
= 24—40, but less for larger sizes. stability of complexes with an even number of delocalized
Since the adsorption of several molecules was not possibleelectrons, CO should indeed act as a two-electron donor.
or less efficient on small clusters, it appears surprising that with  In addition to the shell filing, also the symmetry of
increasing cluster size the reaction probability becomes higher delocalized valence orbitals can enhance the adsorbate bond
for the second, and later also for the third molecule, than for strength, an effect which was analyzed in an earlier study where
the first one. This behavior can be seen in cases where isomershe reactivity of neutral Guclusters with CO was investigatéd.
with high and low reactivity are present. In such a caseould A strong size selectivity, with Gy exhibiting the highest
probe the average reactivity of the different isomers, whereas reactivity, was reported. Due to an efficient symmetry matching
$ only probes the addition of a second molecule to the more petween the highest occupied molecular orbital (HOMO) of CO
reactive isomer. It is, however, not likely that for an extended and the lowest unoccupied molecular orbital (LUMO) of a metal
size range there are more and less reactive isomers present ig|yster two sizes below a shell closing, both havincharacter,
about the same fraction. One effect that we cannot exclude isgng petween the HOMO of the cluster and the LUMO of CO
the presence of a fraction of not well thermalized clusters. In having character, efficient charge transfer (donation and back-

the source, the clusters grow by picking up gold atoms or gonation, respectively) occurs, resulting in a high CO reaction
coalescence with other clusters. In this process the clusters argropapility.

heated by the binding energy of the added gold atoms, but the
collisions with the He atoms thermalize the clusters to the source
temperature. There might however be a small fraction of clusters

which have picked up gold atoms just before exiting the source |. L )
and did not have time to undergo the number of collisions with likely. The binding energy of CO to different gold structures

He atoms required to cool to the source temperature. The higherhas t_)een ca_lculaté’av?san_d itwas found that the blnd_lng energy
reaction probability with the second molecule could also be a was Increasing when going from an extended low-index single-
real effect. After the adsorption of a molecule, the cluster is CTVS‘a”'“_e s_urface to a stepped surface ora small cluster. The
expected to have a dipole moment from the adsorbed CO hlgher binding energy at the Ic_)w-_dlmensmnal stru_ctures was
molecule. In addition it could have a higher polarizability, as attributed tp the presence C.’f plndlng to Iovy-coordmatgd gqld
was predicted for copper clusters with CO adsorfiedhe atoms. An increasing CO binding energy with decreasing size
increased polarizability and the dipole moment is expected to down to 1.8 nm for gqld CIUSterS.SUpported on Tias also
enhance the long-range interaction between the cluster and een_me_asured expenmentaﬁWJ_smg thg argyme_nt that CO-
CO molecule increasing the trapping probability. It was recently onding is stronger at low-coordinated sites, implies that planar
pointed out that the high oscillator strength of a CO molecule Structures would form more stable products than three-
adsorbed onto a gold cluster was important for the efficiency dimensional ones. However, the maximum in reactivity we
of product stabilization by radiative coolif8.and with more  OPServe for Age—Auss appears in a range where the transition
molecules adsorbed the total emission efficiency should be om 2-D to 3-D structures is expected to have occutfetf
higher. However, the time between reaction and detection is 1N€ré is also no obvious correlation between our measured
several orders of magnitude different between our experiment "€activity and what could be expected for geometries proposed

and that of Neumaier et &.and radiative cooling is expected ~ for Augo' and Au,, 15 respectively. A tetragonal Aghas four
to play a smaller role in our case. low-coordinated corner atoms, which could be expected to be

good binding sites for CO, but Agidoes not show a particularly
high reactivity in our experiment. The high reactivity measured
for Ausy is difficult to explain by geometry arguments based

The possibility that particular geometries or geometrical
growth patterns are the reason for the size dependence of the
'CO reactivity should also be considered, even if it seems less

B. Size Dependence, Electronic Structure Effects, and
Charge State Dependencélhe size dependence of the reaction
probabilities is, based on the conclusions from the temperature . . . :
dependence, most likely reflecting a variation in product stability ona cage-sha_lped cIu_ster with only equivalent high-coordinated
and, thus, CO adsorption energy of the different cluster sizes. Sites. In _a‘_’d'“on’ with our present knowledge about_ gold
The particularly high reaction probability of the RT-produced ClUSters it is much less likely that the odeven staggering
Auzs, A, and Aw, presented in Figure 4 points at a correlation observed over extended size ranges could be attributed to

between reactivity and cluster electronic shell structure. When 980Metry effects, than to the electronic structure. Still the
electron-counting rules are applied, it is assumed that CO individual geometry of each cluster will of course influence its
molecules in a chemisorption process act as two-electron ability to bind the CO molecule, but the main trends in the size-

donorst46586 making the number of delocalized electrons in evolution of the CO reactivity have their origin in the electronic

the reaction products AgCO, AtgCO, and Ag,CO equal to  Structure.

the magic numbers 18, 20, and 34, respectively, indicating that ~ Since the interpretation that CO contributes two electrons to
there is a tendency toward closed shell structures formation. the shell filling is emanating from studies of gold cluster ions,
Further analysis of the adsorption probability plots, especially it is interesting to compare our results with earlier studies of
Figure 4 and Figure 5(a), enabling direct comparison between CO adsorption on gold clusters. There are several experimental
RT and LNT conditions, reveals that the importance of electronic investigations of CO reactivity with free gold clusters carried
properties, found for the cluster source at RT, is preserved atout by different groups. For neutral clusters, only CO adsorption
lower temperatures. Evidence for this statement is the striking onto the dimer was studi€d.The CO adsorption on positive
size dependence in the reaction probabilities at LNT (Figure gold cluster ions has been investigated in ion trap experiments.
5(a)), showing high reactivity in the size regions= 16—18 There is one early study focusing on the characteristics around
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the electronic shell closings of 8, 18, and 20, and it was found
that Aul and Au, formed the most stable produétsin a

Veldeman and Andersson

of Neumaier et al. but also the same number of atoms gs Au
exhibiting a high reactivity in both studies of cations.

more recent study Neumaier et al. have measured the CO |ee and Ervirfé Balteanu et aF? and Neumaier et & report

adsorption on Afi up ton = 655° For n = 5—25, all clusters
react, with local maxima at = 7, 15, 19, and 21. For larger
clusters, only a few sizes, = 30, 31, 32, 41, 48, and 49, are
reactive. The reaction efficiency was interpreted in terms of a
higher CO binding energy at the more reactive cluster sizes.
The coinciding maxima at Aliand Auj, are in agreement with
the electron counting rules and the Auluster has the same
number of valence electrons as the neutrakgAwhich we
identify as the most reactive. However, in the study of Nygren
et al. there is no indication of a high reactivity of Auand
Neumaier et al. find a local minimum at this size, being
isoelectronic with neutral Ay, for which we observe a high
reactivity. Neither do the maxima at= 15 and 21 coincide
with maxima at the same sizes or their isoelectronic neutral

counterparts of our study. The presence of reactive islands

around Ad;, Au;,, and Aug is a very interesting observation,
and we note that the first one of these overlaps with the;Au
Aug, range for which we measure a high reactivity.

absolute values for the reaction probability or rate constants,
but the comparison of our results with these numbers should
be made with care since the conditions (temperature, collision
energy, presence of buffer gas, and experimental time scale)
are not the same in the different experiments. Lee and Ervin
report rates corresponding to a reaction probability of single
percent, which is similar to our values for RT-produced clusters.
Somewhat higher values are reported for the most reactive
cationic clusters in the study by Neumaier et al., who measure
rate constants that are more than 10% of the Langevin rate
constant. The reaction probabilities determined by Balteanu et
al. are less than a tenth of a percent. This is a few orders of
magnitude lower than we measure, although they inject clusters
with an estimated temperature of about 40 K, which is even
cooler than our LNT-produced clusters. However, they also
report that they initially observe a higher reactivity, but it is
reduced as the clusters are heated by multiple collisions in the
trap. In an experiment where the binding energy controls the
presence of stable products, the measured reactivity can be

There are several investigations of gold cluster anions reac“”gexpected to be lower for the anions and higher for the cations
with CO. Two of them only include sizes smaller than were o to polarization effects as predicted by Wu etal.

covered in our present study. Lee and Ervin measured the CO

adsorption on Ay to Au;~ in a flow tube reactor in which He
gas is present to stabilize the produttsThey observe an
increasing reactivity with increasing cluster size, and bimolecular
rates show a reaction efficiency of up to a few percent, though

the bimolecular rates were pressure-dependent, indicating tha

product stabilization through third-body collisions is critical.
The study of Hagen et &f.only includes Ay~ to Aus™, and
thus direct comparisons with our results are difficult to make.

Wallace and Whetten measured the CO reactivity of Au
up ton = 19 using a fast-flow reactor. They find almost all
clusters reactive and measure a particularly high reactivity of
Aui;, Augs, and Aug .55 Balteanu et al. used an FT-ICR ion
trap and covered the size range up ta&un their investigation
of CO adsorption on gold cluster aniofisThey find an
enhanced reactivity of AU to Aui;~ with a distinct maximum
at Aup;~. The latter is in agreement with the finding of Wallace
and Whetten, but no maximum at A0 was observed by
Balteanu et al. Our results do not indicate any particularly high
reactivity neither for Agy nor for Aui. Augz is at LNT more
reactive than Ay, and Augs but does not appear special

The comparison between the CO adsorption onto different
charge state gold clusters can be summarized as that there are
several coinciding maxima at clusters with the same number of
valence electrons, correlating to electron shell closures, but for
the ionic clusters also additional local maxima are present.

tAlthough the maxima in almost all cases occur for even-electron

clusters, it is only for the neutral clusters that we observe strong
odd—even variations.

C. The Character of the Au—CO Bonding. The electronic
shell model and electron counting rules are powerful in their
simplicity, ability to provide a qualitative understanding, and
applicability to extended size ranges, but for a deeper analysis
and understanding of the cluster-molecule interaction more
detailed models are required. Even though many properties
exhibit a size dependence characteristic of an electronic shell
structure, gold is not an ideal free-electron metal. An analysis
of the electronic structure of gold clusters shows that there is a
significants—d hybridization also at levels close to the Fermi
level 111790 |t is expected that this presence of states with
d-character close to the Fermi level enhances the bonding of
CO8” For example, silver has compared to copper and gold

compared with its even-numbered neighbors and does not haveower lying d-states and less—d hybridization, and in our

a measurable reactivity when produced at RT. One should
however bear in mind that in this size range a transition from
planar geometries to three-dimensional ones is expéétéd.

This transition occurs at a larger size for the anions than for
the cations, and although calculations predict the transition to

experiment we do not observe any reaction (detection I8nit

~ 0.01) between CO and Agneither did Lee and Ervin for
Agn~.*8 The s—d hybridization at the Fermi level has been
calculated for individual cluster siz&5° but whether there is

a systematic size dependence has to our knowledge not been

occur at the same size for neutral and anionic clusters, this haSinvestigated_ However, in an analysis of photoelectron spectra

not been verified experimentally. A reason for the lack of a
corresponding maximum for the neutral Au, might thus be

of gold cluster cations it was concluded that for clusters with
more than 20 atoms the location of tHébands varied much

that the geometry and therefore also the electronic structure isless with cluster size than the location of thstates and in

fundamentally different. At~ is isoelectronic with Ay, SO a
high reactivity for these sizes is in agreement with models

particular of the HOMO level.lt is possible that a larger degree
of s—d hybridization at the Fermi level of the even-electron

predicting stable products at clusters containing two electrons clusters enhances the CO bonding of these species. Clusters with
fewer than required for a shell closing. On the other hand, there just-opened electronic shells, such as,Au;, and Aws, are

is no indication of a high reactivity of Ay, which would
correspond to the maximum in reactivity/product stability of
Auig and Al Instead, Wallace and Whetten measure a high
reactivity of Aug -, which actually contains the same number
of electrons as Ajj, displaying a high reactivity in the study

expected to have a particularly high lying HOMO, and indeed
these sizes are the least reactive or among the least reactive
ones in their respective size range.

Detailed calculations of the size-dependent, as well as charge-
state-dependent, CO adsorption have been made for Auk,82
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clusters smaller than investigated in our experiment. The CO to n = 5. It would be interesting to analyze if the SOMO is
binding energy differs significantly for the different charge similarly inactive in the CO bonding, since there are also
states, but no strong size-to-size fluctuations, similar to the-odd differences between the CO and propene, the HOMO of the
even staggering measured in our experiment, were found in themolecules haves vs w character, and besides the forward
computational study. Highest binding energy was calculated for donation from the HOMO of CO there is a significant back-
the cations, followed by the neutral clusters and the anions. donation of charge in the CO bonding. However, calculated
However, the binding energy to the cationic clusters is decreas-binding energies of C8 and propen® on small gold clusters

ing with increasing size, while it is increasing for the anions, are very similar. Local geometry effects were also analyzed by
showing a converging trend with increasing size. From the Yuan and Zeng in a computational study of CO adsorption on
ordering of the binding energy between the cation, neutral, and Au,~, n = 2—7.42 They found that the CO-bonding involved a
anion, the authors conclude thabonding (forward donation) ~ net charge transfer to the molecule and low-coordinated Au
dominates overr-bonding (back-donation) as the main bonding atoms, initially having a large fraction of the excess negative
mechanism. Even if there are no evident oscillations in the charge, provided good binding sites for the CO molecules.
binding energy, an oddeven variation was calculated for the However, the presence or absence of a particularly favorable
internal C-O vibrational frequency with a higher frequency binding site would not be enough to explain the size dependence
calculated for CO bound to even-electron clusters compared towe measure, since there is an overall good agreement between
its odd-electron neighbors. A higher© vibrational frequency ~ the size variations observed for the first and the second CO
was also generally calculated for cationic/Aand a lower GO molecule.

vibrational frequency on anionic clusters, thus showing a As discussed there are several effects, such as orbital
correlation between high-0 vibrational frequency and a high ~ occupation numbers—d hybridization ando vs 7 bonding,

CO adsorption energy. The higher frequency at the cationic Which could give rise to an odeeven variation in CO binding
complexes was attributed to a polarization efféctThis energy, but the results presented here are not sufficient to
correlation between the vibrational frequency and the binding determine their relative importance. In addition, it is not
energy also points at the importance of thbonding in these established that it actually is the optimum binding energy that
small gold-CO complexes. controls the reactivity, particularly in view of most computa-
tional studies not finding an everodd variation. It could for
example be possible that a different degree of charge transfer
or o vs x interaction could affect the probability for the CO
molecule to find its optimum binding site. Neither do we have
the answer to why the odeeven variations are prominent for
the neutral clusters but apparently absent for the ionic ones. A
possibility could be that polarization and/or the direction of
charge transfer is more similar from size to size for the ionic
esystems than for neutral clusters.

Besides measuring the reactivity of CO on gold cluster cations
and experimentally determining the binding energy from an
analysis of that data, Neumaier et al. also calculated binding
energies for CO on AlAug .%° Superimposed on the trend
with decreasing binding energy with increasing cluster size, they
find a clear ode-even variation with a higher binding energy
to the even-electron clusters. A detailed analysis of the origin
of the odd-even variation was not provided, but the authors
addressed the important issue of whether the clusters can b
expected to adopt the lowest-energy isomer after reaction, and
they concluded that the barriers involved were likely to be much
smaller than the CO chemisorption energy. However, inastudy We have investigated the reactivity of neutral Azlusters
of hydrogen addition to small gold clusters the formation route with CO molecules with the cluster source kept at room or liquid
was thought to be of importané&CO bonding to neutral Au nitrogen temperature. Although the observed reaction prob-
up to sizen = 13 has been calculated by Phala etdfor the abilities of cooled clusters are found to be much higher,
smaller clusters, the trends in binding energy with size are attributed to a more efficient product stabilization at the lower
similar to the results of Wu et &.Forn > 6, the calculations  temperature, a strong size selectivity is found for both temper-
were done for gold clusters with three-dimensional geometries. atures of the cluster source. The size dependence is discussed
Neither in this size range the calculations predict any-edd qualitatively in terms of electronic shell structure. Apart from
even staggering for the binding energy, but there is a tendencyenhanced reactivities for Awlusters forming closed shell Au
that the ode-even variations in CO vibrational frequency (CO), structures, evidence for electronic properties of the
continue. The authors suggest orbital overlap, rather thanproduced species governing the size dependence of the reaction
energetic matching between orbitals, being important for CO probabilities, is also given by odeeven staggering, observed
bonding to gold. This importance of the character of the frontier as well at RT as at LNT. Detailed calculations of the electronic
orbitals was also found in calculations for similar systems such and geometric structures of the here studied(80), species
as CO on Cif® and propene on Aif° where propene like CO  would help to understand the reaction mechanisms and hopefully
acts as an electron donor. The molecule is found to bind mostclarify issues such as the contribution of the carbon lone pair
strongly to a site with matching orbital symmetries and/or where electrons to the electronic shells, the relative importance of
the orbitals protrude the most from the cluster. Thus, the local and = bonding, the role of the SOMO in the odd-electron
geometry of the electronic orbitals, rather than the atom clusters, the influence af—d hybridization, and the character
locations, at the binding site is contributing to the potential of of the local adsorption sites.
the cluster to bind a CO molecule. For the bonding of propene  Our results show both similarities and differences with CO
to the gold clusters it was found that the HOMO of propene adsorption measured on gold cluster anions and cations. There
interacted with the empty LUMO of the gold clusters, i.e., for is generally a better agreement if one compares the number of
odd-electron gold clusters there was no interaction with the valence electrons rather than the number of atoms, and electronic
singly occupied molecular orbital (SOMO). The physical reason shell effects show up for all charge states. However, all maxima
for this was not clearified but a very good correlation between are not reproduced for both neutral, anionic, and cationic
CO binding energy and LUMO orbital energy was found for clusters, and the strong odléven variations we observe for
cations, anions, and neutrals in the investigated size range upneutral Ay were not present in the measurements on ionic

Conclusion
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clusters. This comparison demonstrates the importance of the (40) Hagen, J.; Socaciy, L. D.; Elijazyfer, M.; Heiz, U.; Bernhardt, T.

availability of data for clusters in different charge states, as wel
as of experimental configurations with different reaction condi-

tions, to obtain a more complete description of the reaction.
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