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We report the vibrational spectra of the carbonyl complexes of anionic gold clusters in the range of the CO
stretching frequency as measured in the gas phase using IR multiple photon dissociation spectroscopy. The
investigated complexes contain between 3 and 14 Au atoms and up to 7 CO ligands. Special attention is
given to the complexes that exhibit saturation CO coverage as well as to the monocarbonyl species. In
conjunction with data from the corresponding cationic complexes we quantify how the CO stretching frequency
varies with the charge state of the gold cluster. Our results provide a size- and charge-dependent basis to
interpret values of the CO stretching frequency measured for CO on deposited gold clusters in terms of the
charge states of the clusters.

Introduction electron density on the metal center. For transition metals, the
o . . Blyholder model ofo-donation andr*-back-donation provides
The findings of Harutathat nanometer sized gold particles 5 qualitative understanding of how the charge at the metal center
are effective catalysts for oxidation reactions have triggered (g|ates ta/(CO)& An empirical, but more quantitative, approach
many studies to elucidate the origin of the enhanced reactivity assessing the charge of supported clusters f@0) relies

of those nanoparticles. These studies are often fopused OMyn baseline measurements ®(CO) in small isolated metal
systems resembling “real” catalysts such as deposited gold.arhony| species. This approach is originally based on low-

clusters, nanocrystals, or films on metal oxide substrates.iemperature matrix studies of neutral, cationic, and anionic
Investigations on gas-phase clusters allow for insights into complexes of metal atoms with COA more reliable, size-
reaction mechanisms and aid development of theory. selective approach is to base the calibration on gas-phase values
The charge state and the charge distribution are thought toof (CO) of cluster complexes. For instance, we have recently
play a central role in the reactivity of Supported gOld clusters. demonstrated a Strong' cluster-size dependengm) on the
In the gas phase, the sensitivity to the charge state is well charge state for monocarbonyls of rhodium clustergOR¥©"—,
established. Here, for instance, distinct differences are foundin the size range af = 3—151° The so obtainea(CO) values
in the reactivity of cationic and anionic gold clusters with can then be used to assign the charge of deposited clusters.
molecular oxygen, with the cationic clusters being much less  |n this work we extend our earlier studies on the vibrational
reactive and a pronounced odelven oscillation in the reactivity  spectroscopy of cationic gold cluster carbofyts the anionic
of the anions: Accordingly it has been proposed that the gold  species. The kinetics of the reaction of anionic gold clusters
species catalyzing the CO oxidation by uld be an initially ~ with CO have been studied earlf@3Whetten and co-workers
partially negatively charged clustéf.On MgO surfaces such  have studied the formation of anionic gold cluster carbonyls
a charge transfer is suggested to originate from an interactionay,(CO),~ and the occurrence of pronounced CO saturation
of the gold clusters with an oxygen vacancy (F-center). The numberans,:4-16 Zhai and Wang have reported chemisorption
presence of partially negatively charged gold clusters is also saturation numbers for smaller clusters= 2 to 5) obtained
proposed for gold deposited on Ti® Depending on the  from photoelectron spectroscopy (PES)n contrast to the
substrate, positively polarized clusters can be identified as cationic systems, the saturation stoichiometries are not easily
well.>® How this charging affects the reactivity of deposited explained by the underlying geometrical structures of the
nanosized gold particles is still under discussion. clusters. Here we use IR multiple photon dissociation (IR-MPD)
Most of the information about the charge states of deposited spectroscopy to measure the vibrational spectra of gas-phase
metal particles is derived from the measurement of IR spectra Au,(CO),~ in the range of the/(CO) vibrations. We obtain
of adsorbed CO. A comprehensive overview of vibrational information on the binding situation of the CO ligands in the
frequencies found for CO adsorbed on Au particles is given in anionic gold cluster carbonyls and discuss how{@0) values
a review on the surface chemistry of catalysis by gold by Freund can be used as reference values of complexes with a defined
and co-workerg.In these adsorbates the-© bond strength charge state for comparison with other systems, e.g., deposited
and thereby its stretching frequeneyCO), is sensitive to the  clusters.
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TABLE 1: Saturation Compositions of Aup(CO)m~
a Complexes and CO Stretching Frequencies;(CO) in cm™1.2
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$ order of£10 cnT. b This is the largest complex we observe forsAu
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LU USRI S L L may occur at highp(CO) but is masked by congestion in the mass
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Figure 1. Mass spectra of anionic gold cluster carbony|$(@0D)y; addition can go on, leading to additional, but less pronounced
the numbersr(m) are indicated. The upper trace (a) shows a mass

spectrum of gold clusters Au, partially complexed with CO. The signals for some higher complexes. The highest coverage is
middle spectrum (b) is taken at highCO) where saturation coverage ~ Observed at A{CO)s~, Aug(CO);~, and Aw(CO),", although
is established. The lower spectrum (c) is obtained when the distribution the assignment becomes difficult for complexes containing 7
shown in part b is irradiated at 2030 cin or more CO molecules due to overlap in the mass spectra.
The lower trace in Figure 1 illustrates the changes in the mass
spectrum if the complexes are irradiated with IR light that is in
resonance with IR active absorptions in the complexes, i.e., when
absorption of multiple IR photons leads to fragmentation
characterized by CO loss. By recording the mass spectrometric

spectrum.

Briefly, the clusters are produced by pulsed laser ablation. For
complex formation, CO is introduced via a second pulsed valve
into a short extension (flow reactor) attached to the cluster
source. The molecular beam containing the gold cluster CO

complexes is overlapped with a pulsed IR beam produced byintensity of a selected complex as a function of the frequency

the Free Electron Laser for Infrared eXperiments (FEL1X). of the IR light, size specific IR-MPD spectra are obtained. These

The overlap region is confined by an aperture that is placed in spectra are shown in Figure 2 for selected carbonyl complexes
the molecular beam between the focus of the IR beam and the: P 9 y P

I :
extraction region of a time-of-flight mass spectrometer. IR-MPD in the 1706-2200 cnr* range and the peak frequencies,

estimated by visual inspection of the spectra, are listed in Table
spectra are generated _from mass spectra that are recor_ded  The spec){ra of the rfr)]onocarbonyl sF:)ecies were recorded by
the FELIX wavelength is scanned incrementally. The IR light

s produced by FELIX in macropulses ofa duration, at a8 © T 0 B, o e e e
repetition rate of 5 Hz. Each macropulse consigta @ GHz y

- . . - avoid distortion of the absorption spectra by depletion of
train of micropulses of typically 2 ps duration. For the . .
experiments reported here the macropulse energy was attenuate%omplexes W|th_more_ than one CO. The absorption bands are
t0 ~10 mJ In a range tha.t.ls typlcgl fqr atop pound carbqnyl complexes.
’ The band positions shift slightly with cluster size from about

Results 1957 cnt? for Aug(CO),~ to 2028 cnr? for Auio(CO)~.

Addition of CO in the flow reactor leads to formation of CO  pigcussion
complexes of the anionic gold clusters. By varying the back-
pressure and/or the opening time of the valve, the amount of High CO Coverage ComplexesHigh partial pressures of
complexation can be adjusted ranging from the monocarbonyls CO result in saturated A(CO),,~ complex compositions that
Au,CO™ to a cluster size specific saturation composition. The are in close agreement with those reported previously by
upper mass spectrum in Figure 1 shows a distribution where Wallace and Whette#. The reactor aspects of the experiments
for some cluster sizes saturation is already reached. Anwere quite similar and, like them, we estimate pressures of
indication of saturation is an enhanced intensity at the saturatedseveral tens of Torr in the reactor channel and residence time
composition, e.g. ACO),~, and the absence of higher of tens of microseconds. The reactions are expected to be in
complexes. By adding more CO (middle trace) this saturation the high-pressure limit and are, as they discuss, likely under
effect becomes more apparent. Enhanced intensities are founcequilibrium control. Small differences between our results and
for cluster complexes with the compositionss&O -, Auy(CO), those of Wallace and Whetten are the following: (i) we observe
Aus(CO)~, Aug(CO)~, Au7(CO)~, Aug(CO)~, Aug(CO), formation of the AyCO~ complex (Ay~ appeared unreactive
and Auo(CO)~ (Table 1). However, for the bigger clusters under their conditions); (ii) we observe saturation o@O),~
(n = 7) those compositions are not necessarily the limits of atm = 6 and not aim = 4; and (iii) we observe some further
CO binding, but correspond to an intermediate saturation. CO addition of CO to the saturated complexes at very tpbO)
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Figure 3. Ground-state structures of Auanionic clusters from ref

21 as identified by ion mobility measurements, vertical electron
detachment energies, and DFT calculations. These experiments cannot
distinguish between two possible structures ofAand both are shown.

The structures shown in bold identify the structures deduced from this
study.
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the anions, these rules predict from the ion mobility structures
the following saturation compositions of ACO),~, Aus(CO),
Aug(CO)%~, Au/(CO)~, Aug(CO),~ (structure 1), and Ag(CO),~
(structure 11). For structure | AgT it is assumed that the four-
coordinated edge sites are similar to the central atom of the
Figure 2. IR multiple photon dissociation spectra of anionic gold X-shaped isomer of A4l and also do not bind CO. Out of those
cluster carbonyls, AYCO), . s . . : _ _
compositions we identify experimentally XCO),~, Aug(CO),
for n = 7. Such small differences are not surprising, as both Aug(CO),~, and Ag(CO);~ as (intermediate) saturation com-
experiments use a second pulse valve to introduce the CO andpositions of anionic carbonyls. In agreement with the PES result
it is difficult to quantify p(CO) as well as the reaction time in  of Zhai and Wan§ we identify Au(CO),~ rather than
this situation; it might well be that our experimental setup allows Aus(CO)~ as the saturation composition when= 5. To
higher maximump(CO) values and/or longer reaction times. rationalize this composition on a geometric basis, the binding
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Both experiments conclude that XCO)~, Auz(CO),, rules would have to be revised to preclude binding at the four-
Aug(CO)~, Aug(CO)~, and Aug(CO)~ show (intermediate) coordinated edge site, as proposed by Zhai and Wang; however,
saturation and our study adds AGO),~ and Au(CO)s~ to this this cannot be general for the anions as such sites are occupied
list. The AbCO~ complex that we observe is not necessarily a in, for example, Ag(CO)™.

saturated complex and highg(CO) might result in further CO In the case of the cations there is evidence that successive

addition. In this regard we note that ACO),~ has been CO addition can result in a change in the cluster structure to
observed as the saturated product following addition of CO to accommodate more CO. An indication for such reorganization
Auz~ in an ion trapg® and that the same species has been is found for the carbonyls of Aa: at intermediate CO pressure
identified as the saturated chemisorption product by PHBe Aug(CO),~ shows a pronounced intensity, but at high@ZO)

PES study is also in agreement with our saturation g{@0),~ CO addition goes on to form A(CO);”. This transition would
at m = 4 but differs in findingm = 3 rather than 4 for be consistent with a reorganization of theg&luster core from
Aus(CO)y. structure | to structure Il. A similar effect is found for the

The underlying mechanisms that determine saturation cover-saturation of the cation A(CO)," atm = 7 that is thought to
ages remain unclear in the case of the anions. Wallace andbe due to the gold cluster reorganizing to adopt the same planar
Whetten discussed electron counting rules but came to no clearstructure (Il). For other cluster sizes we find no evidence for
conclusions? We have recently shown in a study of cationic such reorganization.

Au,(CO),," complexes wittn < 10 that CO saturation coverages For several cluster sizes the observed saturation compositions,
can be attributed to geometric effects that determine the numbere.g., Au(CO),~, Aug(CO)~, or Au;o(CO)~, cannot be ex-

of available active siteX. In that study, the observed saturation plained on the basis of the bare cluster structures. Inspection of
behavior is in agreement with the structures of;Aglusters the low-lying excited-state geometries discussed by Furche et
determined by ion mobility studies in combination with DFT al2! shows no obvious candidate structures either. It is
calculationg? Similar information is now available for the particularly hard to rationalize the saturation of Alatm = 4
anionic clusterg! in terms of available binding sites. For this cluster there are no

The structures of Ay (n = 3—10) as determined from ion  low-energy isomers, the ground-state structure shown in Figure
mobility measurements are shown in Figure 3. From the studies3 lies 0.5 eV below the next highest energy structure. In
of CO saturation of cationic clusters three rules have been conclusion, for the anionic carbonyls we find a correlation
derived for the CO binding to the gold atoms: (i) CO binds between geometric structure and the saturation nunmgy,
only to gold atoms with coordination up to 4, (ii) each gold for some clusters only and the saturation behavior does not seem
atom can accommodate at the most one CO ligand, and (iii) to be a general tool for structure analysis for those clusters.
gold atoms in the center of planar clusters are unreactive From the IR spectra of the high-coverage &CO)y,~
(including four-coordinated sites such as that found in the center complexes given in Figure 2 we find thetCO) is in the range
of the X-shaped isomer of Atl).!! If applied analogously to  from 1950 to 2030 cmt (Table 1). In all cases thgCO) value
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is indicative of CO bound atop?!, to a single Au atom and we
find no evidence fop?- or u®-bridge-bound CO. The changes

of »(CO) with charge, size, and coverage can be understood in

terms of how CO binds and are discussed below. In addition
we find no evidence for the dimerization of CO on the cluster
surface to form a “glyoxylate”-C(=0)-C(=0)—, species. This

possibility has been raised in response to the observation that

the saturated AYCO)~ compositions favor even numbers of

CO ligandst* We can rule this out, as such a species is expected

to absorb well below the observed valuesy¢E0O) (¥(CO) in
glyoxal is at 1745 cmb).

We do not resolve structure in th¢CO) bands, although all
the bands are wider than the IR laser bandwidt2@ cnt?).
Single, narrow peaks are indicative of the CO ligands occupying

equivalent or similar sites in the saturated complexes. Thus the

relatively narrow peak observed for CO),~ is consistent
with CO binding at the 4 apex atoms of structure | shown in
bold in Figure 3. The A¢(CO),~ complex also shows a narrow

peak; however, there is no obviuous structural candidate for
this stoichiometry, adding to the puzzle this complex presents.

The Aus(CO)~ complex has a broad absorption extending from
2050 to 1900 cm!. The corresponding cationic complex,
Aug(CO)™, exhibits a similar extender{CO) absorption, but

resolved into two peaks that we attributed to CO adsorbed at

the apex atoms of the triangular structure shownnfer 6 in
Figure 3 and at the 4-fold coordinated edge sti€khis pattern
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Figure 4. Comparison of the values o{CO) for anionic and cationic
gold cluster carbonyls, ACO),~, as a function of cluster siza, and

CO uptakem. The monocarbonyl complexes& 1) are represented

by joined+ symbols and the saturated complexes by solid circles. The
saturated stoichiometries, as given hyr), are (4,4), (5,4), (6,6), (7,4),
(8,4), (9,6), and (10,6) for the anions and (3,3), (4,4), (5,4), (6,5), (7,6),
(8,7), (9,8), and (10,6) for the cations. In the cases of intermediate

13 15

appears to be repeated for the anionic complex, reinforcing the saturation the higher complexes formed at hg80O) are represented
stoichiometric argument and indicating that the anion adopts by open triangles¥). For complexes with several absorption features,

the same triangular structure.
Dependence o#(CO) on Coverage.In surface studies, the

all values are depicted. The absolute uncertainties of the values are
typically +10 cnm?, but relative shifts can be determined more precisely.
The dashed line indicates th¢CO) value for CO adsorbed on gold

coverage dependence of the CO stretching frequency can oftersurfaces.
be described in terms of the Blyholder model. There, an increase

of the number of the adsorbed CO molecules leads to competi-

tion for the electrons available for back-donation from the metal,
effectively reducing the occupancy of the antibonding
orbitals of the CO ligands andcreasingthev(CO) frequency.

o-donation can be observed. The brbital may be slightly
antibonding in the CO bond and a lower amount of donation
for increasing coverage, associated with competition for acceptor

Such a dependence on coverage is observed for CO adsorbedrbitals, would explain the observed negative sHifts.

on most transition metal surfaces, in coordination compounds,

Dependence ofv(CO) on Cluster Size.As seen in Figure

and also in the carbonyls of neutral rhodium clusters where the 4, »(CO) increases with cluster siza, for both the mono-

v(CO) bands are slightly blue-shifted with increasing number
of CO moleculeg?

However, for CO interacting with gas-phase gold clusters a

carbonyl as well as the saturated ADO),,~ complexes. This
trend can be largely understood in terms of charge dilution. The
negative charge decreases the CO bond strength and hence

different dependence is found. For the carbonyls of anionic and »(CO) via two mechanisms. First, the negative charge is

cationic gold clusters we find that th€CO) frequencies slightly

available for back-donation, and second, there is an electrostatic

decrease with coverage (Figure 4). The shift varies with cluster effect that lowers(CO) through the interaction of the CO dipole

size, and is usually on the order s# cnm! per CO molecule.

A similar effect is observed for CO adsorbed on gold surfaces.
There, the shift is interpreted in terms of two contributing
mechanisms, the “chemical shift”, i.e., the effect of the metal
CO binding onv(CO), and the dipolar coupling of CO ligands.
These contributions affeet(CO) in opposite directions, with
the chemical shift being dominating over&ll.A negative
chemical shift corresponds to a weakening of the CO bond with
increasing coverage that points to deviations from the Blyholder
model. In fact, for cationic gold clusters, the d-type orbitals are
low in energy relative to the* orbitals of the CO making any
Au—s* interaction wealk Therefore, back-donation is much
less important for the binding compared to the earlier transition
metals and donation from thes®rbital is the more important
contribution to CO bonding to Cu, Ag, and Au centers. In most
transition metal complexes the shift fCO) is dominated by
a*-back-donation and insensitive to the degree-afonation?*
However, when the contribution of*-back-donation is low,

with the nearby negative charge. In the case of the cations we
estimated the electrostatic contribution by calculating the electric
field at the CO and using data from the model calculations of
Goldman and Krough-Jesperséto predict the frequency shift
relative to free CO. Assuming charge is shared among the cluster
metal atoms, this model predicts thaiCO) should drop by
~15 cnt* when going fromn = 3 to 10. The effect should be
reversed for anionic clusters anfCO) should rise by a similar
amount over the same range. The measured shift over the same
range is 80 cml, implying thatz*-back-donation is the main
factor for loweringv(CO) in small anionic gold clusters. The
available electron density at individual binding sites decreases
as the cluster size increases, i.e., the charge is diluted. We expect
both the anion and the cation frequencies to converge to the
1(CO) value of CO adsorbed on gold surfaces-@f110 cnt?,”

which appears to be the case. This convergence is not sym-
metrical around the bulk value for the cations and the anions,
being larger for the small anionic complexes wheateback-

as in the case of gold, small effects related to the amount of bonding may have a larger contribution.
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2200 to interact with an electron-donating F-center, t{€O) value

is certainly lower than on the defect-free surface, implying a
cluster with a higher electron density. One possible interpretation
for the observation of apparently positively charged clusters on
a negatively charged defect might be the presence of O
2100 coadsorbed on these species. Thewdhdraws electron density

] from the cluster and gets formally reduced to a superoxide)(O
] or peroxide (@*") species. Thereby the-@D bond is weakened
2050 and activated. Heiz et 4lassign a band at about 1300 chto
this oxygen species that lies somehow between typical values
for superoxides~+1150 cnt?l) and for free molecular oxygen
(1555 cnt?l). This binding of Q to an initially negatively
polarized cluster can explain a decrease of electron density on
the metal particle that then effects the CO binding.

& Auy,CO
¥ Au,(CO),

~#- Auy(CO);

L1

2150

wavenumber (cm™)

2000 T
-1 0
charge (e)

Figure 5. Plot relating »(CO) to charge for carbonyls of Au
Horizontal lines mark the values efCO) for CO on deposited Au
particles on defect-rich MgO (lower line) and defect-poor MgO (upper Conclusion
line) taken from ref 4 after conversion fronf*3CO) to v(*2CO). The
vertical lines mark the corresponding partial charges. It is assumed that
the deposited particles are highly covered with CO.

+1

In conjunction with our earlier work on the cations an overall
picture emerges for the charge and size dependence of the
properties of charged gold cluster carbonyl complexes. Clusters

Dependence of(CO) on the Charge State Although there of both charge states show saturation CO coverages that are
are noticeable deviations from the standard picture of carbonyl low compared to those observed for open-shell transition metal
bonding to open-shell transition metals for the gold cluster complexes, consistent with the picture that only low-coordinated
carbonyls, the observed dependence/@@O) on the cluster  gold atoms can act as CO chemisorption sites, and that each
charge (Figure 4) is similar to the one observed in other metal site can only accommodate a single CO ligand. This is supported
systems. The CO bond is significantly weakened in the anions by the vibrational spectroscopy of the complexes, wh¢@O)
compared to the cationic complexes, with shifts between the is always found to be characteristic of, atop binding,

two charge states of(CO) of about 200 cmt for the smallest
clusters investigated(= 3) to about 100 cmt for cluster sizes

regardless of charge or coverage.
The direct correlation between saturation coverage and cluster

aroundn = 10. Nevertheless, these charge dependent shifts arestructure found for cations is not so apparent in the case of the

~20% less than in the case of Rh cluster carbotyls.

anions. The anion complexes that do not follow the cation

There are recent measurements of low-temperature matrix IRbinding rules accommodate even fewer CO molecules, implying
spectra of co-deposited Au and CO that are believed to containthat even more restrictive binding rules can operate for certain
spectral features of monocarbonyls of small neutral gold clusters, anionic complexes. For both charge states we find evidence that

Au,CO (n = 1-5).25 Most of the assigned(CO) values fall

CO addition can promote structural change in the gold cluster

between our values for the anionic and cationic complexes andstructure. This is consistent with the DFT calculations that
accordingly could be assigned to atop-bound CO in neutral identify several low-lying isomers for almost all Au clusters,

complexes. A feature observed at 1853 ¢érns suggested to
be due tqu2-bound CO on Ay Theu?-binding of CO to neutral
Aus is recurring in some theoretical stud®®s?’” We do not
find any signature for2-bound CO on any anionic or cationic

irrespective of charge.

In contrast to what is known for most other transition metal
carbonyls, we observe a red-shiftidfCO) with increasing CO
coverage of the clusters. This is an indication th&tback-

cluster, however. Independent DFT calculations performed on donation only makes a minor contribution to the -AQO
the cationic, anionic, and neutral monocarbonyl complexes, binding, especially in the case of the cations. With increasing
Au,CO"~ for n = 1 to 6, are consistent with our observed size the anion and the cation frequencies converge to the
dependence of(CO) on both the charge state and the cluster »(CO) value of CO on gold surfaces. The shifts relative to the
size?8 surface value are not symmetrical pointing to larg&back-
Implications for the Charge State of Supported Clusters. bonding in the smaller anionic complexes.
Figure 5 shows a more detailed plot of the changeg(€0) We have discussed the application of charge-dependent
for the carbonyls of Agldepending on the charge state and measurements of(CO) in the gas phase to calibrateCO) as
coverage. Interpolation between the values of anionic and a probe of the charge state of deposited clusters. When using
cationic complexes predicts &CO) of 2080 cm? for the this approach, one must be aware that the situation of a cluster
neutral clusters. This is relatively close to the values for CO on a surface is far more complex than that in the gas phase.
adsorbed on bulk Au surfaces (2110 ¢ Gas-phase structures may not be maintained on the surface, their
Infrared spectra of CO coadsorbed with @h size-selected  symmetries are reduced, the surface may sterically hinder CO
deposited Ag clusters on MgO have been recently reported by adsorption, and charge distributions in the cluster may be
Heiz and co-worker$. They measure different values of different due to site-specific clustesurface interactions.
v(*3CO) depending on if thé3CO is adsorbed on clusters Nevertheless, the gas-phase measurements can form a baseline
deposited on defect-rich (2049 c#) or defect-free MgO (2102  to gauge the influence of the support. In the case of CO adsorbed
cm™1). These numbers correspond to frequencies of 2096 andon MgO supported Agithey point to a positive charge on the
2150 cnt! when converted tas(*2CO). Using the isolated  cluster, even when it is adsorbed at a defect thought to provide
cationic and negatively charged carbonyls og/As a reference  negative charge. This is presumably the effect of coadsorbed
(Figure 5), partial charges @f0.2 e andt-1 e (or even higher) O,. It would be interesting to study the adsorption of CO on
are obtained. At first sight these values do not agree with a the same particles without coadsorbegt® probe the initial
negative polarization of the gold clusters as proposed. However,charge state of the clusters. It will also be interesting to study
on the defect-rich surface, where the gold particles are believedthe vibrational spectroscopy of gold cluster €0, co-



23940 J. Phys. Chem. B, Vol. 109, No. 50, 2005

complexes and to check if the negative polarization is the key

for the activation of the dioxygen in the catalytic process.
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