JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Gold Cluster Carbonyls: Saturated Adsorption of CO on Gold Cluster
Cations, Vibrational Spectroscopy, and Implications for Their Structures
Andr Fielicke, Gert von Helden, Gerard Meijer, David B. Pedersen, Benoit Simard, and David M. Rayner

J. Am. Chem. Soc., 2005, 127 (23), 8416-8423+ DOI: 10.1021/ja0509230 « Publication Date (Web): 17 May 2005
Downloaded from http://pubs.acs.org on March 25, 2009

Au(CO),;

abundance

v(M-C)
v(C-0)

300 400 2100 2200
frequency { cmr?

More About This Article

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

Supporting Information

Links to the 16 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article
Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact.

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


http://pubs.acs.org/doi/full/10.1021/ja0509230

A\C\S

ARTICLES

Published on Web 05/17/2005

Gold Cluster Carbonyls: Saturated Adsorption of CO on Gold
Cluster Cations, Vibrational Spectroscopy, and Implications
for Their Structures
André Fielicke,™ Gert von Helden,™ Gerard Meijer,” David B. Pedersen,*
Benoit Simard,* and David M. Rayner*#+

Contribution from the Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6,
D-14195 Berlin, Germany, and Steacie Institute for Molecular Sciences, National Research
Council, 100 Sussex D, Ottawa, Ontario, Canada K1A OR6

Received February 13, 2005; E-mail: David.Rayner@nrc-cnrc.gc.ca

Abstract: We report on the interaction of carbon monoxide with cationic gold clusters in the gas phase.
Successive adsorption of CO molecules on the Au,,* clusters proceeds until a cluster size specific saturation
coverage is reached. Structural information for the bare gold clusters is obtained by comparing the saturation
stoichiometry with the number of available equivalent sites presented by candidate structures of Au,*. Our
findings are in agreement with the planar structures of the Au," cluster cations with n < 7 that are suggested
by ion mobility experiments [Gilb, S.; Weis, P.; Furche, F.; Ahlrichs, R.; Kappes, M. M. J. Chem. Phys.
2001, 116, 4094]. By inference we also establish the structure of the saturated Au,(CO)," complexes. In
certain cases we find evidence suggesting that successive adsorption of CO can distort the metal cluster
framework. In addition, the vibrational spectra of the Au,(CO)," complexes in both the CO stretching region
and in the region of the Au—C stretch and the Au—C—0O bend are measured using infrared photodepletion
spectroscopy. The spectra further aid in the structure determination of Au,", provide information on the
structure of the Au,t—CO complexes, and can be compared with spectra of CO adsorbates on deposited

clusters or surfaces.

Introduction

The chemistry of gold nanoparticles exemplifies the funda-
mental difference between material in its bulk and in its cluster
state. Whereas bulk gold is chemically inert, deposited gold
nanoparticles S and clusters” can have a highly size-specific
catalytic activity. A dramatic size dependence in reactivity has
even been found for isolated gold clusters containing only a

few atoms 812

A prototype reaction to probe the catalytic properties of Au
nanoparticles is CO oxidation by molecular oxygen. The

interaction of gold clusters with CO and,QOncluding their
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independent adsorption and their coadsorption and reaction, is
a very active field of experimental and theoretical research. As
the properties of free clusters in the gas phase form a basis for
understanding the chemistry of supported nanopatrticles, it is of
interest to investigate the chemistry of gas-phase gold clusters.

Size-dependent changes of cluster reactivity are normally
interpreted in terms of changes in electronic and/or geometric
structures? Detailed structural information on small isolated
cationid#1> and anionié® gold clusters has been obtained by
ion mobility measurements made in conjunction with density
functional theory (DFT) calculations. The AU cations are
reported to have planar structures for= 3—7 and 3-D
structures fon > 8 at room temperature. From measurements
made at 77 K, there is evidence thatoAwexists in at least two
isomeric formst> Other information on structures of gold
clusters comes from photoelectron spectroscopy in conjunction
with theory'”18 as well as from theory aloné:23
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Here, we focus on the adsorption of CO on small cationic pick up CO, delivered through a second pulse valve in a small reactor
gold clusters. From a fundamental viewpoint, the CO ligand channel before expanding to produce a beam af(@Q)." species.
can be used to probe electronic and geometric structure in bothThe extent of CO-complex formation is controlled by adjusting_the
free and supported Au nanoparticles. Comparing the propertiesCO flow thro_ugh the second valve. The _beam passes throug_h a skimmer
of clusters in the different environments can contribute to © the detection chamber where the cations are detected using a pulsed-

determining support effects. The interaction of CO with gold field-extraction time-of-flight mass spectrometer _(TOFMS). The IR
beam counter propagates the cluster beam and is loosely focused to

clust_ers has beer? studied in the _gas phase us!ng flow reactoqi” an aperture through which the cluster beam enters the ion detection
and ion trap techniqués.2+2 A review concentrating on small region of the TOFMS. This ensures that the full cross-section of the
clusters has appeared recerfflyReaction rates have been cluster beam entering the TOFMS is exposed to the IR laser beam.
measured for the addition of CO to small cluster anib#fs. IR light is generated by the Free Electron Laser for Infrared

Saturation CO uptake on the gold cluster anions suggests thaieXperiments (FELIXP4 This FEL delivers continuously tunable
adsorption is controlled by electron shell filling rather than by macropulses of infrared radiation;-8 «s in duration, at a repetition
any obvious geometric consideratict®.The reactions of CO rate of 5 Hz. Each macropulse consisteed GHz train of micropulses
with neutral and cationic clusters are less well studied. The ©f typically 2 ps duration. For the experiments reported here the
neutral dimer is known to react to form ADO with a binding macropulse energy was7 mJ at 2000 e and 60 mJ at 300 cm
energy of>25 kcal mof.2° For the cations, there has been a corresponding to micropulse energies-af and~10J, respectively.
short report describing an ion trap collision induced dissociation In the »(CO) stretching region FELIX frequencies are calibrated by

. hat f d CO to bind iall | n recording the infrared absorption spectra of ethylene and CO in a
experiment that foun to bind especially strongly torAu photoacoustic cell. At lower frequencies, in the range of-2810 cn?,

and _AQQ'ZSA recent, more comprehensive study, measured the frequencies are calibrated using a grating spectrometer. The
the kinetics of single CO addition to Awations up ta = 66 bandwidth of the IR laser radiation is measured on the Q-branch of
in an ion cyclotron resonance mass spectrometer and applied ahe v; + vs combination band of ethylene to be-120 cntt at 1890
radiative association model to extract binding energies. This cm™, limited by the micropulse length of FELIX. In the low-frequency
study showed that the binding energies decrease relativelyrange, the bandwidth is-0.5% of the central frequency (typically 2
smoothly with increasing cluster size, from about 1:0D.1 cm™1). We estimate that the absolute accuracy of the wavenumber scale
eV atn = 6 to below 0.65+ 0.1 eV atn = 663° Vibrational is about 2 cm? in the investigated frequency range.

spectroscopy of the CO ligand can complement these measure- The TOFMS extraction pulse is timed to collect ions from the portion
ments of kinetic and thermochemical reaction data to give of the beam exposed to FELIX. Infrared spectra are measured by

valuable information about the geometry of the binding site and recording mass spectra while the wavelength of FELIX is stepped.
about the electron density at the metal Reference mass spectra, with the IR pulse turned off, are recorded on

. . alternate shots to compensate for any drift in the cluster beam intensity.

Here, we report on.the.formatlon of cationic gold Cl}JSter The IR depletion spectra are subsequently constructed by integrating
carbonyls and on the vibrational spectroscopy of the CO ligands the signal intensity corresponding to a certain complex for each
in these carbonyls. The saturation CO uptake is measured forwavelength.

cationic gold clusters. From the stoichiometries of the saturated
cluster carbonyls A{CO),*, information on the structure of
the metal cluster core can be inferred by comparison with the Composition of Saturated Cationic Gold Cluster Carbo-
number of available (equivalent) adsorption sites present in nyis. A mass spectrum of gold cluster cations produced by the
candidate structures for At. Using infrared photodepletion  aplation source is shown in Figure 1a. When CO is added via
spectroscopy, we measure the vibrational spectra of thesey pulsed valve into the flow reactor, complexes of the gold
complexes in both the CO stretching region as well as in the ¢|yster cations with CO are formed. By increasing the backing
region of the Au-C stretch and the AuC—O bend. These  pressure of the CO, the carbonyl formation proceeds by
vibrational spectra give further aid in the geometric structure gyccessive addition of single CO ligands (Figure 1b) to the point
determination of the clusters. where the clusters saturate, as demonstrated by the pile-up at
specific complex stoichiometries in Figure 1c and by the uptake
plots shown in Figure 2. In these uptake plots, the intensities
of selected gold cluster carbonyls are plotted as a function of
the CO backing pressure. Although the absolute partial pressure
of the CO in the reaction channel is unknown, the intensity

Results and Discussion

Experimental Section

The experiments are carried out in a cluster beam apparatus that,
has been described befdfe® Gold cluster cations are generated and
entrained in a flow of He in a pulsed laser ablation cluster source. They
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353, ; ; ; ;
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Chem. Phys1991, 95, 6181. saturated cationic gold cluster carbonyls. The masses of these
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Figure 1. Mass spectra of AYCO)," cluster complexes showing saturation
at high CO flow rates: (a) spectrum of Auclusters in the absence of
CO; (b) spectrum at intermediate flow rate (backing pressure at the CO
inlet valve = 50 mbar) showing sequential addition of CO; (c) saturated

spectrum observed with a backing pressure of 300 mbar. The scales abovd

the spectra mark the expected positions of the parent Aluster peaks
and the expected positions as CO is added.
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Figure 2. Dependence of the abundance of selected@Q)," complexes
(labeled as, m) on the relative partial pressure of CO in the reactor as
determined by the backing pressure behind the pulsed valve.
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Figure 3. Structures of cationic gold clusters. The underlying structures
are taken from the DFT results of ref 14. Structures consistent with our
CO uptake measurements are drawn in bold. Where there is no ambiguity
between the DFT calculations, the ion mobility measurements of ref 14
and our CO uptake measurements, only a single structure is given. Where
more than one structure is given, the lowest energy form calculated by DFT
is labeled (1) and the relative energy of the higher energy structures is noted.
In this case, an asterisk is used to denote the structure deduced from the
ion mobility measurements.
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Zh

at higher CO pressure (Figure 2). Kinetic modeling shows that
the p(CO) dependence is consistent with a sequential addition
reaction rather than with the presence of two cluster isomers
reacting independently. The initial, value of 4 for Ay is

fully consistent with theD,, X-shaped structure, 5(1), favored
by both ion mobility measurements and DFT, under the
assumption that the central 4-fold cooordinated Au atom is not
reactive. For Ag", the ion mobility measurements could not
distinguish between the two structures 6(1) and 6(ll) because
of their similar cross-sections, although DFT favored the
distortedDg;, triangular structure by 0.14 eV. Our initial value

the geometric structures of the metal clusters and can thus bePf Msae= 5 favors structure 6(1l), assuming that the central Au
used to determine the structure of the clustef.In the atom in this structure (with five neighbored Au atoms) is
following, we discuss implications for the structures of the gold unreactive toward CO. Itis possible that the slower addition of
clusters that can be derived from the observed compositions ofan extra CO to both ACO)" and Awu(CO)" involves

the saturated cluster carbonyls. Figure 3 shows several candidat@ddition to the more highly coordinated central Au atom.
structures for Ay" clusters arising from the recent ion mobility ~Another possibility is that it is the result of a structural change
and DFT studie&? Atop adsorption (i.e. coordination to a single in the cluster, driven and stabilized by the addition of CO.
Au atom) is expected from DFT studies of single CO molecules Structural changes in the metal cluster framework as CO

binding to Au cluster cation¥. Forn = 3, 4, 7, 8, and 9 the
number of CO molecules bound at saturatiogs, is clearly
consistent with CO occupying all available atop sites on the
edge Au atoms of the planar structures (see Figure 3).

For Aus™ and Aust the clusters quickly add four and five
COs, respectively, but go on to add an extra CO more slowly

coverage reaches saturation is already well documented in
smaller Ni cluster CO complexes (< 13). The adsorption
energy for a single CO on Atl is experimentally found to be
~1.1 eV. 30 This is several times the difference in energies
between structures (1) and (Il) for both Auand Ay™ and may

well be sufficient to overcome the barriers for structural change

(35) Parks, E. K.; Kerns, K. P.; Riley, S. J. Chem. Phys200Q 112, 3384.
(36) Kerns, K. P.; Parks, E. K.; Riley, S. J. Chem. Phys200Q 112, 3394.
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to accommodate an extra CO. The final compositiong@0)*

and Au(CO)™ would be in agreement with saturated carbonyls
of 5(I1) and 6(1). In those complexes, the CO binds to gold atoms
having between two and four neighboring gold atoms. It is also
possible that the clusters could adopt three-dimensional struc-
tures on taking up the final CO. For the baresAwand Au™
clusters the lowest 3-D structures lie as low as 0.45 eV above
the ground state according to DFT. The lowest 3-D structure
for Aus" is a distorted trigonal bipyramid. In this structure and
in the other low-lying 3-D structures of Atiland Au™ all the

gold atoms have four or less neighboring gold atoms.

For Aug™ and Aw™ our msyt values of 7 and 8, respectively,
are, at first sight, consistent with either the 3-D structures
indicated by the ion mobility study, 8(I1) and 9(l), or the planar
structures, 8(I) and 9(IIl). The 3-D 9(ll) is not compatible with
Msat = 8 as it has three equivalent six-coordinated, three
equivalent five-coordinated, and three equivalent three-coordi-
nated Au sites. The saturation valuesnaf; = 7 and 8 could
be explained by the presence of the 3-D structures 8(Il) and
9(1), although this requires that CO does not bind to the single
six-coordinated Au site found in both structures, but that it does
bind easily to the five-coordinated sites. However, it will be
shown below that CO does not bind to Au atoms with more
than four neighbored gold atoms. Therefore, the saturation
values favor the planar clusters 8(I) and 9(lll) as the core
structures of Ag(CO);™ and Aw(CO)s™, respectively. Note that
we do not challenge the structures for the bare clusters revealed
by the mobility measurements but propose that the CO adsorp-
tion energy again drives structural change in the clusters. In 10,8 10,6
the case of the octamer the DFT study found the planar structure
8(l) to be 0.06 eV lower than the 3-D structure 8(ll), whereas
for the nonamer the planar structure 9(lll) is found 0.25 eV

hiaher in ener han the 3-D str r ). A simple unfolding Figure 4. IR-MPD spectra of AHCO),* complexes, identified by the
gnhe energy than the 3-D structure 9(1). A simple unfolding label n, m, in the spectral region aroundCO). The relative depletion of

motion of 8(1l) and 9_(|) _leads Qiref:tly to the planar structures the ion signal is plotted versus the IR frequency. The spectra in the right-
for n = 8 and 9. Rapid isomerization of the nonamer between hand column relate to the species having at the applied CO flow the highest
the structures 9(I) and 9(I1) has been observed at temperaturesco coverage; i.e. they are not distorted by growth due to the dissociation
| 140 K in t t d dent i bilit of clusters with higher values af. The spectra in the left-hand column

as low as N temperature-dependent 10n mobi I.y have been collected at higher CO flow in order to obtain also the spectra
measurement®. From the temperature dependence the barrier of the species that show two-step saturation. The vertical dotted lines mark
to interconversion is estimated to be between 0.1 and 0.2 eV, the position ofy(CO) in free CO.

actually less than the energy difference calculated by DFT. CO
addition could easily drive the structure over much higher
barriers. We will return to this discussion following our

presentation of the vibrational spectra.
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surface is consistent with the inability of CO to bind to Au(111)
surfaces at room temperature.

Vibrational Spectrocopy in the CO Stretching Region.The
. i . infrared depletion spectra of the CO saturated,(8O),"

A break in the saturation behavior comesnat- 10 where ., jexes in the CO stretching region are shown in Figure 4.
there is a metastable saturation whegy. is only 6 (further  \yhen the IR laser is on a resonance, we observe fragmentation
CO ligands bind sequentially at higher CO pressures). Structure ot the complexes involving loss of several CO molecules. All
10(1), slightly favored by DFT but not by ion mobility, is the  spectra are collected with FELIX attenuated by 8 dB in order
only candidate consistent with this value. It has four Au atoms {4 ayoid spectral broadening. Under those conditions, parent
that are five-coordinated and will givexz, = 6 if CO only clusters can be depleted by-780%. Experimental values for
binds at sites with lower coordination. This suggests thabAu  4,(CO) extracted from these spectra are listed in Table 1. We
is 3-D and that the barrier for reaching the planar 10(lll) is find »(CO) to be in the range of 2122182 cnt®. These high
high enough to prevent its formation despite it being only 0.11 values ofv(CO) are a characteristic of CO ligands that are atop
eV above the 3-D 10(I) lowest energy structure. A higher barrier hound at single gold atom sites in all the complexes (see below).
is reasonable for A", compared to Agl', as the reorganization  |n comparison, we measureqCO) for atop bound CO on
to form theDa, planar structure is more complex and involves  cationic rhodium clusters in the range of 2050 ¢érfor similar-
the breaking of several more AlAu bonds. The apparent low  sized clusters with«? bridged bound CO adsorbing at100
CO binding energy for five-coordinated Au atoms, for the six- cm™* lower frequencies3 For the gold carbonyls, atop binding
coordinated atom on 3-D 8(II) and 9(I) and for the central atoms is already implied by the correlation between the saturation CO
of the planar structures that correspond to pieces of the Au(111)uptake and the number of available atop sites in each cluster,

J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005 8419
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Table 1. CO Vibrational Frequencies, v(CO), in Au,(CO)m," 33
Complexes in the Gas Phase? MW\FA ”,‘ 32

nm »(CO)lcm™! nm v(CO)lcm™!

3,3 2182 7,6 2147

4,4 2156, 2167(sh) 8,7 2137 43

54 2168 9,8 2135 4,4

55 2150, 2164 10, 8 2135

6,5 2152 10,6 2144

6,6 2120, 2148

300 350 400

aThe estimated uncertainty of the frequencies=cm 1.

but there are some clusters where the number of available
bridging sites is the same as the number of available atop sites,
making the correlation somewhat ambiguous. Our observed
v(CO) frequencies are close to what is expected from DFT
calculations for a single CO adsorbed on Au cluster cations by
Wu et al.3” who found that atop adsorption is most favorable,
with »(CO) ranging from 2200 cr for the dimer to 2160 crri
for n = 6, and by Neumaier et &.who report similar results
but with »(CO) ~20 cnt?! lower. For the atom complex,
AuCQO", in a neon matrix(CO) is measured to be 2237 ch#®

The number of CO stretching bands and their observed line
shapes give direct information on the structures of the
Aup(CO)yt complexes Dz, Auz(CO)t, Doy Aus(CO)™, and
Den Au7(CO)™ all have only one unigue type of edge atop CO
binding site. They are therefore expected to exhibit a single IR Figure 5. IR-MPD spectra of A{CO)+ complexes, identified by the
activev(CO) absorption. Indeed, relatively narraCO) bands label n, m, in the spectral region of the(Au—C) stretching and(Au—
having Av close to the bandwidth of FELIX (20 cr#) are C—0) bending vibrational modes. The left-hand column shows the relative

. depletion of the saturated species observed under high CO flow conditions.

observed for AQ(CO){’, Au5(CO)4+* and AW(CO)GJr' consistent The central column shows the related growth of the(8®),—1" signal
with the structures already indicated by both our CO saturation under the same CO conditions. As justified in the text, thg(@@),* growth
measurements and the mobility experiments shown in Figure can be taken as the inverse of the absorption spectrum gfCA)s*. The
3. The spectrum for A{CO)" has & main peak at 2155 cin ~ SPects 7 tghhand coumn have been colected at ower OO flow
with a shoulder at 2175 crd. We attribute this double structure
to the presence of two different CO binding sites Da, are only presented for the 25@00 cnt! range where absorp-
Au4(CO)*, namely, the Au atoms on the long and short tion was observed. The right- and left-hand columns in the figure
diagonal axes, in agreement with the ion mobility experiments give the depletion spectra of the saturated complexes. The
and DFT calculations on Afl. The first site has the Au atom  central column shows the related growth of the,@O)m-1"
bound to two other Au atoms; the second, to three. We can signal under the same CO conditions as the left-hand column.
expect different CO bonding at the two-coordinated and three- These growth spectra have better signal-to-noise than the
coordinated atoms leading to slightly differentO stretch force ~ depletion spectra because they are zero-baseline measurements,
constants. In addition the (CO)(CO) interaction parameters arealthough care has to be taken in interpreting growth spectra if
likely to be different across the long and short diagonals, and the fragmenting species is uncertain. They are included here

ion intensity

8,6

250 300 350 400 300 350 400
frequency / cm’

4
5

perhaps strong enough, to induce observable splittinggCa)™,
Aug(CO)™, Auio(CO)*', and Auo(CO)"' all have relatively

because they provide the absorption spectrum of @Q),
even though there was insufficient absorption in this species to

broad v(CO) absorption peaks that can be attributed to their observe its spectrum in depleti&hand because they provide
having more than one distinct type of binding site in accordance insight into the relative CO binding energies for some of the

with the structures suggested in Figure 3.¢&0)" shows
two resolved peaks at 2150 and 2120 ¢énof about equal

complexes. In the measurements, a high CO flow means that,
except forn = 5 and 6, the CO coverage is well saturated and

intensity. As discussed above, the uptake of six CO moleculesthat there is less than 5% of the related,@@O)-1* species

suggests that the Au cluster adopts the neBxy triangular

present in the absence of IR irradiation. In contrast to our

C,, structure in this complex. This structure has two distinct findings for the IR-MPD in the/(CO) range, we do not observe
CO binding sites, one at the two-coordinated apex Au atoms the formation of Ay(CO),-2" in the lower frequency range;
and the second at the four-coordinated side Au atoms, consisteni.e., we are only able to remove a single CO ligand. This is

with the two observed(CO) peaks.

Vibrational Spectrocopy in the Au—C Stretching and Au—
C—0 Bending Region.The infrared depletion spectra of the
CO saturated AYCO),," complexes in the AaCO stretching
and Au—C—0 bending region are shown in Figure 5. Scans
were taken over the range from 200 to 580 ¢pbut spectra

(38) Liang, B.; Andrews, LJ. Phys. Chem. R00Q 104, 9156.
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(39) Three factors lower the depletion efficiency for smaller complexes. (I) The
density of states drops with cluster size. As IRMPD requires coupling to
a gquasi-continuum of internal states, its efficiency drops for small species.
(1) The multiphoton cross-section increases with the size of the complexes.
Obviously it depends on the number of CO chromophores on the cluster.
Itis therefore easier to deplete saturated clusters than complexes with only
one CO, and it is easier to deplete larger complexes than small ones.
Additionally the IR intensities can increase with metal cluster size as has
been calculated for the monocarbonyl complexes by Neumeief®¢lH).

The CO binding energy increases as the cluster size decreases, requiring
the absorption of more photons to drive the dissociation.
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caused by the smaller absorption cross-sections and the lowerconstants and/or interaction parameters have different values,
photon energies in this range, which limit the absorbed energy as for example found for the equatorial MCO bonds in Feg-O)
and thus the amount of (instantaneous or consecutive) frag-two absorptions should be associated with the bending modes
mentation. Under the conditions of single CO ligand loss and and they might be distinguishable. Dy, Au7(CO)" the IR-

low initial concentration of A)CO)m-1T, its growth spectra  active modes correspond to the,Bsymmetric Au-C stretch
correspond directly to the absorption spectra of the(B®)," and the &, in-plane and A" out-of-plane Au-C—O bending
species, as it is evident far= 4, 7, 8, 9 in Figure 4. Comparison modes. The presence of two peaks in the spectra of both
of mass spectral abundances shows that the correspondence Buz(CO)™ and Au(CO)* in this region indicates that either
guantitative. For Ag(CO)™ the maximum growth amounts to  the Au—C stretch and the AdC—O are both intense enough
5% of the initial A(CO)* signal. We are not able to observe to be observed and the in- and out-of-plane splitting is below
5% depletion at the signal-to-noise ratio of the depletion our resolution or that the AdC stretching mode is insufficiently
measurement but, in this case, can rely on the growth spectrumintense to be observed via multiphoton depletion and that the
of Auz(CO);* to provide the absorption spectrum of AGO)™. two peaks relate to the E and A bending modes. Force field

When obtaining the spectra in Figure 5 the relative amounts calculations show that both types of bands can be expected to
of Aus(CO)" and Au(CO)™, and the relative amounts of be observed in this range if the force constants for the-Bu
Aug(CO)%" and Aw(CO)" were about equal. This causes stretch and At-C—O bend are somewhat lower{0%) than
distortion of the spectrum of A(CO)s* as clusters are not only the related force constants in the saturated carbonyls Fe(CO)
generated but also depleted by IR-MPD. As a consequence, inand Cr(COs.
the spectrum of Ag(CO)" only one growth peak is observed The spectra of A{(CO)", Aug(CO)", and A(CO)," are
while the dissociation spectrum of ACO)" shows two expected to be more complex due to the presence of at least
prominent dips. Growth of the peak at 320 ¢his apparently two different binding sites and prove to be s0.4LO)" also
balanced by depletion of the initially present 800)" to has two different binding sites. In the depletion spectrum in
Aug(CO),™. In contrast, Ag(CO) " does not absorb at 360 ci the Au—C stretch/Au-C—O bend region there only appears to
where the other prominent A{CO)" absorption is. The be one peak; however, the ACO)* growth spectrum shows
depletion spectrum of A(YCO)", obtained at lower CO flow  a shoulder that is presumably masked in the depletion spectrum.
and shown in the left-hand column in Figure 4, confirms this. At this point a more detailed analysis is not possible and will
On the other hand, the growth spectrum ofs&O),* almost need more theoretical input.
matches the AYCO)* depletion spectrum except that the  Aug(CO)t unexpectedly shows only a single, near-laser
relative heights of the two peaks at 290 and 330 trare bandwidth limited absorption peak in théCO) region and only
reversed. This implies some direct depletion of the initially a single peak, with perhaps a small shoulder apparent in the
present Ag(CO) ™ at ~330 cntl, but not much. This is borne  growth peak of Ag(CO)*, in the »(AuC) stretching and
out by direct measurement of the £60)," depletion spectrum  §(AuCO) bending region of the spectrum. This behavior would
at lower CO flow where we observe a significantly smaller be more typically expected for a high-symmetry species rather
depletion yield than observed for ACO)* or for the other  than for the structures suggested by the ion mobility experiments
complexes except A(CO)*. The implication is that CO might  and DFT studies or by the saturatiomat= 8. In addition there
be stronger bound in A(CO)" compared to the other isthe evidence from ion mobility measurements thagAexists
complexes. As in thev(CO) range, the strong differences as the two distinct isomers 9(1) and 9(11) that rapidly interconvert

between the IR spectra of ALCO)" and Ay(CO)" as well at temperatures as low as 140 K. If there is not fortuitous overlap
as between A4CO)+ and Au(CO)" are an indication for a  in the infrared absorptions in both regions of the spectrum, we
major change of the gold cluster structure. raise the possibility that the relative simplicity of the spectra is

The spectra in this low-frequency range show more structure due to multiple CO addition forcing the cluster structure to a
than observed in the CO stretching region. Observation of this single favored isomer. Of the candidates identified by DFT
structure is helped by the higher resolution of the experiment theory this could be either the 3-O,, 9(I) or the planarDan
at lower frequencies. In this range, the spectra might contain 9(Ill) structure. On the basis of our saturation measurements,

contributions from both AtC stretching and A4C—0O bend- the planar form (see above) as the structure of the cluster core
ing vibrations. DFT calculations for ACO* find values for in Aug(CO)* seems more likely. If this is the case, the relatively
the v(MC) stretches of 400, 392, 403, and 367 ¢nfior n = simple IR spectrum can be at least partially attributed to the
3—6 in that ordef” Evidence for the contribution of both AtC dominance of the four equivalent CO ligands bound at the four-

stretching and AtC—O bending vibrations to the observed coordinated sites.

bands can be derived from symmetry considerations. For CO Bonding to Au Centers in Free Cationic Clusters,
example, for Ay(CO)™ and Aw(CO)™, the bare Ay' clusters Surfaces, and Supported ClustersAs seen in Figure 4 and
are identified by the ion mobility measurements, DFT calcula- Table 1,»(CO) for CO adsorbed on Au cluster cations generally
tions, and the CO saturation as highly symmetrigal species decreases with cluster size. This is consistent with what is known
(see above). The saturated complexes possessing the sama&bout CO bonding to cationic gold centers. Usually, the metal
symmetries should each only present a single IR active carbonyl bond is described by an interaction of the fillat
vibrational mode associated with the AC stretch and two orbital of the CO with an empty, symmetry compatible metal
IR-active modes associated with AC—O bending motions. orbital, and the back-donation from filled d-type orbitals of the
In Dap Auz(CO)™ these are identified with thE' asymmetric metal into the emptyr* orbitals of the CO. The back-donation
Au—C stretching and thE' in-plane and A" out-of-plane Au- effectively weakens the CO bond and leads to decreases in the
C—0 bending modes. If the in- and out-of-plane bending force v(CO) stretching frequency. However, in contrast to most other
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Figure 6. CO stretching frequencies;(CO), in saturated ACO)m*
complexes. @, O) Experimental values af(CO); see Table 1 for the values
of m. Where results are available for two valuesmgfthe higher value of
m is depicted by an open circle. ACO)* and Au(CO)" exhibit two
peaks. A) v(CO) estimated from electrostatic model calculations.

transition metals the d-shell is closed and lowered in energy

Au surfaces at low coverage(CO) is reported in the range
from 2106 to 2125 cmt for a variety of surfaces including gold
films,*2 Au(110)-(1 x 2),*344and oxide supported gold nano-
particles?® In the measurements presented here on free
Aun(CO),*, ¥(CO) is already approaching these values at

10. If the shift due to the electrostatic effect, estimated to be
about~20 cnttis taken into account, it implies that CO binds
very similarly toward bulk surfaces at low coverage and, Au
clusters withn as low as 10. This is consistent with earlier
findings that, at low surface coverage, the preferentially occupied
sites involve gold atoms with low coordination because they
provide stronger CO binding.

Compilations forv(CO) values for systems containing oxide
supported gold nanopatrticles have been recently given by several
authors; e.g. see ref 45 and ref 46. Usually one assig(S@)
absorption at 21142123 cnr! to atop bound CO on metallic,
noncharged, nanometer-sized particles. A shift toward the bulk
value of 2108 cm?® corresponds to formation of larger gold

and consequently appears to be less important for the bonding,ggregates. Slight red shifts might be indicative of adsorption

in gold carbonyls. This is reflected in the blue shift-100
cmtin cations of gold clusters compared to rhodiéhtn the

on perimeter sites of the Au particles (2090110 cni?).4”
Stronger red shifts are assigned to CO on small clusters

case of charged centers, a polarization effect influences the Coperturbed by a negative charge (19850 cnT)*8 or at-
bond strength: on positively charged metal centers the electric yihted to bridged-bound CO (2064 c.4® Strongly blue-

field opposes the polarization of the bonding orbitals of CO.
This leads to a strengthening of the-O bond and to a rising
of the stretching force constaft.

Au—CO bonding in AuCO is thought to involve some
degree of Ad — CO z-back-donation, despite the high value
of »(CO) (ranging from 2237 cmt in a neon matrix te~2000
cm1in AuCO" salts) that classifies the bonding as “nonclas-
sical” under the criterion that(CO) is greater than its value in
free CO* It is recognized that, while-back-donation weakens
the CO bond and usually reduce@CO) to below that of free
CO, its effect can be offset by the electrostatic effect of the
charge on the metal interacting with the CO dipole. We attribute
the decrease in(CO) with cluster size to charge dilution.

Spreading the charge over the cluster results in a decrease in,

shiftedv(CO) values are usually attributed to CO adsorbed on
cationic (non-Au) sites of the support, e.g<2170 cnt?! for
Fe*t and ~2188 cm! for Ti4". For the intermediate range
between 2120 and 2170 cihseveral possible adsorption sites
are under discussion, and there is some agreement that they
might be due to atomic or small cluster species that are partially
positively charged due to interaction with the substrate. Here,
if the size of the gold species can be identified, a comparison
to thev(CO) values of the gas-phase cationic species can give
an estimate of the amount of charging and thereby may provide
information on the underlying substrate sites.

CO on size selectively deposited Aon MgO(100) films is
found to giver(*3CO) = 2055 cnt?, implying »(*2CO) = 2102
16 This is 35 cm! lower than we observe for free

the electric field experienced by the CO and at the same time Aug(CO)*. In the Au/MgO system, the cluster is assumed to

provides more electron density for back-donation. Charge
dilution can also be expected to reduce the contributioo*of
donation to the Au-CO bond as the cluster becomes less
electronegative; however, it has recently been shownAlG®)

is relatively insensitive to this effeéf. An estimate of the

interact with an F-center that leads to a partially negatively
charged cluster. On the basis of DFT calculations, a charging
of about 0.5 e is assumé&drhe observation of a red-shifted
value for »(CO) in comparison to the neutral, but larger,
nanoparticles would be in agreement with an increased electron

electrostatic contribution can be made by calculating the electric density at the metal. It is by no means clear that the structure

field at the CO and using comparison with the model calcula-
tions of Goldman and Krough-Jesperéero predict the
frequency shift relative to free CO. Assuming charge is shared
among the cluster metal atoms, this model predictsit{@0)
should drop by~15 cnttin going fromn = 3 ton = 10. The
measured drop is-40 cnTl, to just belowy(CO) for free CO
(Figure 6), indicating that increasedback-bonding may also
play a role in lowering/(CO). This could especially be the case
for the site responsible for the absorption at 2120 rim
AUG(CO)6+.

With growing cluster size one would expee{(CO) to

approach the value observed on gold surfaces. CO binds weakly4
to gold surfaces but can be observed in infrared reflectance
measurements at low temperature and/or high CO pressure. Of{*6

(40) Goldman, A. S.; Krough-Jespersen JKAm. Chem. So2996 118 12159.
(41) Lupinetti, A. J.; Fau, S.; Frenking, G.; Strauss, S.JHPhys. Chem. A
1997, 101, 9551.
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of the deposited cluster matches that of the planar free cluster
cation, but the inference is that the supported Bluister can
provide for strongerr-back-donation than the cation.
Comparison with the Anion Complexes, Ay(CO),~. Our
results indicate strongly that CO uptake by gold cluster cations
is governed by geometric considerations based on binding site
availability. Similar uptake measurements on gold anion clusters

(42) Kottke, M. L.; Greenler, R. G.; Tompkins, H. Gurf. Sci.1972 32, 231.

(43) Jugnet, Y.; Cadete Santos Aires, F. J.; Deranlot, C.; Piccolo, L.; Bertolini,

J. C.Surf. Sci.2002 521, L639.

(44) Meier, D. C.; Bukhtiyarov, V.; Goodman, D. W. Phys. Chem. BR003

107, 12668.

Grunwaldt, J.-D.; Maciejewski, M.; Becker, O. S.; Fabrizioli, P.; Baiker,

A. J. Catal. 1999 186, 458.

Liu, H.; Kozlov, A. |.; Kozlova, A. P.; Shido, T.; Asakura, K.; lwasawa,

Y. J. Catal. 1999 185 252.

(47) Boccuzzi, F.; Chiorino, A.; Tsubota, S.; Haruta, M.Phys. Cheml1996
100, 3625.

(48) Boccuzzi, F.; Chiorino, A.; Manzoli, MSurf. Sci.200Q 454—456, 942.

)
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)
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(49) Bollinger, M. A.; Vannice, M. AAppl. Catal. B1996 8, 417.
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note initial uptake that appears to be related to electronic shell (11, 6), and (13, 6) might be due to glyoxylate formation, i.e.,
closing in that AW(CO),,~ with (n, m = (5, 1), (11, 1), (15, 1), implying C—C coupling?

and (15, 2), corresponding to electron shell fillings at 8, 14,

18, and 20 electrons, which are preferentially formed at low Conclusions

CO pressures. At high CO pressure, certain,(@®),
complexes, namely, those with,(m) = (7, 4), (9, 6), (11, 6),

and (13, 6), show saturation behavior. These stoichiometries
do not correspond with any obvious electronic shell closing and,
unlike the cations, cannot be explained by geometric consid-
erations based on the Austructures suggested by ion mobility
measurements. There, AyUAug~, and Ay~ are found to have
planar structures and there is no obvious geometric reason for
accommodating four, six, and six CO molecules, respectively,
either on these ground-state structures or on any of the reporte
higher lying isomerd®

Coupled with the CO uptake measurements, the vibrational
spectra of AY(CO),* complexes reveal much about the
structure of both the bare clusters and the cluster complexes.
Our results indicate that At cluster cations witm < 7 may
have the planar structures suggested by ion mobility experi-
ments. By inference we also get information on the structure
of the saturated ACO)* complexes. In certain cases we find
evidence suggesting that successive adsorption of CO can distort
he metal cluster framework to accommodate additional CO
igands. The suggested structural models indicate that the CO
molecules bind preferentially to gold atoms in low coordination

The cations and anions do have in common the fact that the whereas 5- and 6-fold coordinated gold atoms are not reactive
saturation CO uptake is well below that exhibited by open toward CO. More detailed information on the structures can be
d-shell transition metal cluster such as Ni where CO uptake expected if the infrared spectra can be simulated by DFT theory.
approaches the coverage predicted by electron counting rulesin this regard we consider our ability to obtain spectra in the
and is limited by steric CO packing consideratiéh& The low M—C stretching and MC—O bending region especially
CO saturation coverage of Au clusters, and how it might relate important because of the richer structure exhibited there. We
to the inactivity of bulk gold surfaces, has already been remarked hope that this work will stimulate such studies.
on for the anion8.Our conclusion, based on the structures of
the cationic clusters and the saturation stoichiometries, is that Acknowledgment. We gratefully acknowledge the support
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