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The infrared photodissociation spectra of fCpHsOH),, (n = 3, 9, 11;m = 1—4) complexes have been
recorded in the 911 um region. The ethanol vibrational band frequencies are observed to be invariant with
the size of the underlying gold clusters, indicating that local, rather than global, interactions determine the
frequency shifts from the gas-phase values. Experimental results are compared with electronic structure
calculations for both Ag(C,HsOH) and Awy(CHsOH). From these calculations a model for the binding of the
single alcohol to the gold cluster is proposed which qualitatively accounts for many of the experimental
observations.

1. Introduction investigate these effects on small gold clusters using ethanol as
a probe molecule.

The study of metal clusters and their interactions with atoms Infrared (IR) spectroscopy of surface-adsorbed molecules is

and small molecules allows detailed, tractable investigations of a sensitive tool for probing the nature of the substatisorbate

the elementary processes and intermediates that occur Oluring1nteraction This technique, originally developed for investigat-
chemisorption reactions, for example those of relevance to . : que, onginally P 9

catalysist-? Survey studies have shown that the reactivity trends ing chemisorption on macroscopic surf_aces, has recently been
of the coinage metal clusters, CuAgs, and Au, generally extended tomolecular surfacesas provided by small metal

mirror those of the corresponding bulk metals, with nondisso- clusters. Infrare(i photodissociation studies have been reported
ciative chemisorption (i.e., simple association reactions) being 0" AU,(CH;OH),, (n = 1-10,15m = 1-3)*"% and for

the most commonly observed type of chemical behavior at room Mn(CDsOH)n and My(CDsOD)m, M = Cu, Ag, and AlL The
temperature and belofv® However, unlike bulk coinage metal IR Spectra indicate that methanol binds molecularly to the
surfaces, small coinage metal clusters possess unique structurafnderlying coinage metal clusters. For bothAtand A

and electronic characteristics that might be expected to influencesPecies, the €O stretching vibration of adsorbed methanol was
reactivity rates and pathways for certain classes of reactions.observed to shift to higher frequencies with increasing coverage,
The manifestation of electronic shell filling in thehysical suggesting that the adsorbed methanol molecules interact with
properties of coinage metal clusters is well documented. For one another in these complexes. In contrast to the interaction
example, measurements of ionization potentials and electronbetween CO molecules and positively charged copper clusters,
affinities, as well as observations of relative stabilities toward for methanol chemisorbed onto Auclusters it was found that
unimolecular dissociation, have revealed sudden discontinuitieselectronic shell effects were not the underlying cause for the
of these properties at special cluster si#e& These anomalies ~ observed trends in shifts in the-© stretching frequenciég-3*

are attributable to the delocalization of the metals’ valence Rather the strength of the Atmethanol interaction, theoreti-
electrons throughout the volume of the clusters and the resultingcally ascribed to a direct AtO coordination bond, was sensitive
organization of electron levels into shells and subsHE&ls. to the geometricalstructure of the gold cluster, with planar

In selected cases, it has been observed that this electronic sheltlusters providing larger frequency shifts then three-dimensional
filling phenomenon is reflected in chemical behavior as well, species due to the larger coordination number of the Au atom
for example in stability/abundance studies ofCO"™,° Cu,CO~,2 which was engaged in the binding for the latter case. This effect
and Au(CO)y~,2t and in reactivity studies of Guand Au, with was not observed in neutral methanol cluster adducts owing to
0,,52223 where shell closing-related anomalies have been the weaker nature of the cluster molecule interacti#iThe
observed. However electronic shell structure is not the only current work is intended to further test the previously proposed
factor determining chemical behavior; coinage metal clusters binding model with respect to shifts in ionization potential and
also display nonbulklikegeometricstructures that vary sub-  the bonding of a larger alcohol speciesthanol. In this work,
stantially from one size to the ne¥t:*° The current understand-  the trends in both €0 stretching frequency and ionization
ing of the roles of electronic vs geometric structure in potential shift are examined both theoretically, via electronic
determining the chemical behavior of coinage metal clusters structure calculations, and experimentally via infrared photo-
toward small molecules is incomplete. In the present study we dissociation spectra and photoionization mass spectra of com-
plexes formed from the reaction of selected gold clusters with
* Corresponding author. ethanol: Ay(CoHsOH)q,.
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2. Experimental Methods 9

The experimental apparatus and methods used to record
infrared photodissociation spectra have been described in detall
previously3® Briefly, gold clusters were generated by pulsed Aup(CH3CH20H)m
laser vaporization (Nd:YAG second harmonic, 25 mJ/pulse)
from a foil target within a continuous-flow cluster source. The
flow tube where cluster growth and thermalization occur 1
(helium, 10 Torr) was maintained at 66 5 K by a helium ]
refrigerator. Ethanol complexes of the coinage metal clusters
were formed by adding a trace ohisOH in helium to the
cluster source. The resulting partial pressure of ethanol in the
flow tube was approximately 10 mTorr under typical flow
conditions. I PR T £ . WP WU |V T

Following expansion through a 0.10 cm diameter nozzle, a 9
molecular beam containing the clusters was formed, which
ultimately entered into a detection chamber held 4676 Torr.
Here the beam was crossed at & a collimated ArF (probe)
laser fw = 6.4 eV) that ionized the clusters for time-of-flight
(TOF) mass analysis. Prior to every other ArF laser pulse, a
line-tunable, carbon dioxide (pump) laser counterpropagated the 3
molecular beam with an effective interaction time of ap- 1
proximately 200us. The relative depletion of the cluster
complexes was measured by pulsing the pump laser at one-
half the probe laser repetition rate and concurrently recording
two TOF spectra, aeferenceTOF spectrum obtained with the
ArF probe laser only, and depletionTOF spectrum obtained
using both pumgrprobe lasers. The relative pump laser fluence
F was measured by reflecting a portion of theAl&ser output T R |.; I | S
into a pyroelectric energy detector. Effective cross sections 1000 1500 2000 2500
were calculated at each wavelength from the measured depletion, mass (amu)
D, assuming a first-order saturation behaviér= [1 — e F].
The Va“drty of th|s approach for infrared mul“photon d|ssoc|a_ Figure 1. Photoionization tlme-of-ﬂlght mass Spectrum of gOId clusters

: : : P .at 193 nm (6.4 eV). Top trace: helium carrier gas only. Bottom trace:
?gfnggxpenments such as those described here is discussed I@thanol added to carrier gas. fand Au(CoHsOH). complexes are

labeled according td;. The expected locations of bare Aand Ay
are indicated. Bare Auis also absent at this ionization wavelength.
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3. Computational Approach
employed which are identical to those used in our previous
work 3234 To roughly estimate the degree to which dispersion
forces affect the bonding and physical properties of the adducts,
calculations employing the post HartreBock MP2 methotP

are also presented. For an application and comparison of these
prescriptions to the interaction of Aglusters and short chain
thiol and thiolate molecules and comparison to pseudo-potential
methods see ref 46. Spiorbit coupling effects have been
neglected in all calculations. The deviation of the electronic state

neutral Ay-alcohol adducts and the isolated alcohol is almost ffom @ pure doublet was minimal as measured by values of the
identical and therefore, unlike the positively charged ana- SPI" operator where the maximum deV|at|(_)n _froﬁhéo.ﬁ .
logues?23 only harmonic frequencies need to be considered. (pl_Jre double_t) was found to b(_a at most 0.02_|nd|cat|ng negligible
In addition, the shift in GO frequencies for neutral species SPIN contamination. The starting configuration of each cluster
were found to be insensitive to cluster size. Thus it will be 2&lcohol adductis obtained by placing the alcohol molecule in

sufficient to only examine the static isomers of a single cluster & configuration analogous to that found in our previous wotk
alcohol adduct. and relaxing the geometry to the nearest local minimum on the

We have thus performed static geometry optimization and potential energy surface. For ea‘?h isomer o ne alcohol
harmonic vibrational analysis for various isomers ofsAu Was attached to each symmetry-independent Au atom of that
methanol, and ethanol as well as the adducts formed betweer!SOMer to obtain a final adduct species. Alter_nate conformat!ons
these species employing the Gaussian 98 quantum chemistr)Pf the ethanol molt_acule, where the orientation of the te_rmmal
packagé® Gold is represented by a “small core” energy- methyl group relative to the hydroxyl group were also inves-
consistent semi-relativistic pseudo-poterifiaf the Stuttgart ~ tgated for the lowest energy adduct of thesAethanol species.

group with 19 electrons in the valence shell and the associated4 Results and Discussion
basis set. The remaining atoms are provided with a 6-311G basis™
set supplemented by (2d,2p) polarizatf8rn'° Calculations are 4.1. Photoionization Mass SpectraA photoionization time-
performed within the framework of Density Functional Theory of-flight mass spectrum of AC,HsOH)y, recorded at 193 nm
(DFT)*142 where the gradient corrections of Becke for ex- (6.4 eV) is shown in Figure 1. The presence of TOF peaks
changé® and Perdew for correlatiéfi (BP86) have been  corresponding to ethanol complexes of gold clusters which

To further investigate both ionization potential energy shifts
as well as trends in the €0 stretching frequency upon
adsorption of small chain aliphatic alcohols to Auusters we
have also performed theoretical electronic structure calculations
using Ay as a model cluster substrate. Based upon our previous
result$* it is sufficient to examine only static configurations
due to the fact that each clustaalcohol adduct whence formed
does not isomerize on the picosecond time scale. The contribu-
tion of anharmonicity in the €0 stretching frequency for
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cannot be ionized at 193 nm in their bare form demonstrates e e L
that adsorption of ethanol onto the clusters effectively lowers r ]
Auy, ionization potentials (IPs). For example, whilegfand Aw C AU3(CH3CH20H) "
are not observed in the 193 nm TOF mass spectrum due to their 3 ]
relatively high ionization potentials, their corresponding ethanol ]
complexes are present, as shown in Figure 1. The absence of
ethanol complexes of the evergold clusters in this size range
implies that their IPs are significantly greater than 6.4 eV, while
the IPs of certain odd-clusters are apparently close enough to L ]

T
1

6.4 eV that they can be ionized when complexed with ethanol. ; & ]
Although no accurate determinations of gold cluster IPs have Of {--v e 8 \ ]
been presented to date, Collings et’diave observed that Au t L \-.,?" ]

A S S |

(n=7,9, 11, and 13) produced at room temperature can be T
ionized by a single 6.4 eV photon. The top trace in Figure 1 [ AU3(CH30H20H)2 ]
shows that with the cluster source maintained-&6 K, only L ]
Aug and Au; are photoionized in the present experiment. The ]
room-temperature source employed by Collings et al. apparently

produced clusters containing sufficient amounts of internal 0: ‘lik

energy to reduce the ionization thresholds below 6.4*&V. r
Simple electrostatic considerations show that a polar molecule = [

b.)

adsorbed with its dipole moment directed toward the cluster S

will result in an IP decreas®. The observation that ethanol c :

effectively lowers the IPs of gold clusters verifies that just as o

on the corresponding macroscopic coinage metal surfaces, 0 T

ethanol adsorbs to these clusters dipole-down, as was observedg T LB T ]

for methanol on Cy Agn, and Ay,.° o E 3
4.2. Infrared Photodissociation Spectra.Surface studies 8 ‘ AU3(CH30H20H)3

have shown that methanol adsorbs to a Au(110) surface with 3 - E

an adsorption enthalpy of 56 kJ/mol (0.58 eV/molecéle).
Assuming that this value provides a reasonable estimate of gold ]
cluster-ethanol binding energies, absorption of six or more a2 3
infrared photons (h~ 0.1 eV atA = 10 um) is required to :

reach the dissociation threshold of the fCyHsOH),, com- a

plexes. It has been shown, however, that even in such mul- 05 s s
tiphoton studies, the variation of photodepletion with fluence b
mimics that of a simple one-photon photodissociation process, P N R
and is thus well described by first-order (sigmoidal) saturation L L
kinetics behavio® (cf. Section 2). The present study was r

conducted using sufficiently low ethanol flows to ensure that 3 AU3(CH3CH20H)4
the product distribution was narrom(< 4) and skewed toward

low m, thus minimizing distorting effects of serial decomposi- 3 ]
tion.3° [ ]
The infrared photodissociation spectra of fCoHsOH)n, t ]
complexes fon = 3, 9, and 11 are shown in Figures-2. For L

the monoadducts, there is a single strong depletion band at or : ﬁ

slightly to the red of 1030 cri. (The gap in the C®laser of 6‘13-‘-‘“ 1

tuning range prevented frequencies between 990 and 102% cm
from being investigated.) This feature is within a few ¢nof e . —

a strong absorption band observed for gas-phase ethahas 900 950 1000 1050 1100

well as for ethanol molecules adsorbed on large argon cléters -1

and trapped in argon matrixes at 20°KAs shown in Figures frequency (cm )

2—4, a progressive broadening and blue shift of this depletion Figure 2. Infrared photodissociation spectra of #0H;CHOH)m
band is observed as ethanol coverage increases. For largefomplexes.

ethanol coverages an additional, weaker band is observed in ) )

the 10806-1090 cnt? region. The assignment of the ethanol Aun(CH3CH3OH)n depletion bands frequencies correlate well
vibrational features in the 10001100 cnr region is compli- with those of the anti conformer of gas-phase ethanol, it is
cated by the fact that ethanol molecules appear as twotempting to conclude that ethanol is adsorbed as the anti
conformers-gaucheand anti—which differ in the orientation ~ conformer within the ARCHs;CH;OH)n complexes. How-

of the hydroxyl group with respect to the methyl group. The ever, it must be anticipated that the fundamentals of the ad-
gauche conformer displays IR fundamentals around 1058 cm sorbed species will be shifted somewhat from those of the gas-
[r(CH3) + 6(OH)], 1064 cn1? [v(CCO) + 6(0OH)], and 1126 phase molecule. For the AOD;OH and AyCDsOD species,
cm ! [r(CHp) + r(CHs)], whereas for the anti conformer the C-O stretching frequency (corresponding #(CCO) in
fundamentals appear around 1089éijv(CCO)+ r(CHsg)] and ethanol) was shifted downward25 cnt! from the gas-phase
1032 cn! [»(CCO) + r(CH3)].52 Because the observed value? If a shift of the same magnitude is assumed to occur for
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Figure 3. Infrared photodissociation spectra of £OH;CHOH)y, Figure 4. Infrared photodissociation spectra of A(CH;CH,OH)m
complexes. complexes.

1100

AunCH3;CH3;OH complexes, the observed band near 1030'cm The observation of broadening and upward frequency shifts
could be reasonably assigned to tH€CO) + 6(OH) and/or of the absorption bands with increasingis analogous to the
r(CHy) + r(CHs) modes of the gauche confomer, lying at 1064 behavior seen in Ayimethanol}, complexe$. Because the
and 1058 cm?, respectively. It is possible that the observed spectra of the monoadducts display only a single depletion
bands are (unresolved) combinations of both anti and gaucheband in the frequency range of this experiment, we can assume
bands. Matrix isolation studi&shave shown that anttgauche either that the ethanol molecules adsorb to a single type of site
interconversion of ethanol can take place at temperatures belowon the cluster surface or that the band position is indepen-
30 K, although whether this result is transferable to,Au dent of the type of surface site occupied. The observed
adsorbed ethanol is unclear. Theoretical investigation of the two broadening and blue-shifting with increasing ethanol coverage
ethanol conformers is presented below. is similar to the broadening and blue-shifting of the infrared
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spectra of (gHsOH), and (GHsOH)-Ar, speciesif = 2 and
3)53We believe this is due to the interaction among the ethanol ‘/.\' O——©®
molecules on the surfaces of the gold clusters, forming dimers

and higher oligomers, as proposed forpf&uethanol}.® The
binding energies of the various ethanol dimer deracceptor
isomers have been calculated lie in the 6:28B4 eV rangé?

a substantial fraction of the 0.56 eV adsorption energies
estimated for the Ay-ethanol interactiof®?
The similarity of the band shiftg\v, among gold clusters of

differing size implies an insensitivity of clusteadsorbate At CH.OH
interaction to the structure of the underlying metal cluster. While Auy-CH,O0H Mapaat g
there are no direct experimental determinations of the structures (ground state) (isomer)

of small gold clusters, electronic structure calculations and :
studies based on empirical many-body potentials indicate that

they exhibit a variety of dissimilar structures as a function of

size, rather than a common structural métif0.32.:46.5557 Eor

example, molecular dynamics studftgsing an empirical many-
body potential predict that Atis an equilateral triangleD), Auy-(anti)C,H;OH Aus-(gauche)C,H;OH

while Aug is predicted to be a tricapped trigonal prisbsy) Figure 5. Structure of Ay isomers and their adducts formed with
and Au; an octadecahedroitf,). Note that higher level DFT methanol and ethanol. Atoms positions are represented by spheres: Au
studies predict Aglis an isosceles triangle havii@, symmetry (black), O(dark gray), C(medium gray), and H(small light gray).

(vide infra). The invariance of the observed absorption frequen-
cies with cluster size suggests that the clust&thanol interac-
tion responsible for the frequency shift is local, involving one
or a few atoms of the metal cluster, rather than global, involving
the total valence electron population. That only a single gold
atom is directly involved in the AUC;HsOH bond is supported

by detailed calculations, discussed below.

Ay, (Cy,) A.u_,, (Cy) Auz (D)
(isomer)

1088 cntl), whereas, for ethanol (anti conformer) this mode is
mixed with other modes, €C stretching as well as HC—H
bending, but has a major contribution to the two frequencies in
a similar energy regime (1005 and 1071 ¢nfor BP86, 1068,
and 1140 cm? for MP2). In going from the anti to the gauche
conformer, the lower frequency shifts upward byZD cnt?,
while the higher frequency shifts downward by-1%6 cnt?,

4.3. Theoretical Analysis.To begin this discussion of the  genending on the particular theoretical method used. The
structure bonding and properties of the gold clusethanol calculated dipole moment for both alcohols is slightly overes-

adducts we begin by a brief examination of the isomers of the ;-0 by MP2 which gives 1.91 D for methanol (1.70 D

Aujs cluster as obtained from electronic structure calculations. experimentall$®) and 1.79 D for ethanol in the anti conformation
Both the BP86 and MP2 level calculations find that the lowest (1.44 D experimentalff). The BP86 method on the other hand
energy isomer of this cluster is that of an isosceles triar@ig ( provides dipole moments that are within 0.1 D of the experi-
symmetry) with two Au-Au bonds of about 2.6 Aand athird  1antal values: 1.66 D for methanol and 1.54 D for ethanol
longer bond of about 2:82.9 A. The open triangle isomer of (anti conformer). Thus, both methods predict the correct trends
Aus reported in ref 46 is also a stable isomer with respect 10 i, the hehavior of both dipole moments as well as vibrational
the PB86 method in the present work; however, it is found to frequencies between the methanol and ethanol.
be about 0.05 eV higher in energy then the ground state. Itis  Agducts formed by attaching an alcohol to either symmetry-
noted that this is essentially iso-energetic with the ground state independent Au atom of th&,, ground states result in the same
within the accuracy of the current approach. Alternately, one giaple adduct where the Au cluster core rearranges into a triangle
may consider the linear Aunolecule with two Au-Au bonds  ith three inequivalent edges with AwAu distances between
of about 2.6 A which is not a stable species but rather exhibits 2.6 and 2.8 A (See Figure 5). In these adducts a direet@u
two negative vibrational frequencies as obtained with both ponq is formed with a distance of 2.28 A for BP86 and 2.23 A
methods. In this respect MP2 and BP86 are in accord with only for Mp2. This goes hand-in-hand with the slightly larger binding
the sllgh_t exception that the former places the linear Species gnergy of 0.96 eV for MP2 as opposed to the 0.86 eV for BP86.
0.3 eV higher in energy than the ground state as opposed to thgt js noted that both these estimates exceed the values of the
0.1 eV obtained by the latter. The IP as obtained by subtracting binding energies quoted above for gold surfaces. Whether this
the total electronic energy of the neutral and positively charged is 5 result of the small size of the cluster or a limitation of the
clusters differ significantly between the approaches with a value theory is as yet an open issue beyond the scope of the current
of about 7.4 eV for the DFT method and 6.3 eV for MP2. In york |t is also possible to obtain a stable isomer of the linear
this respect it appears that the MP2 method underestimates they, cluster by attaching the alcohol to one of the two terminal
IP of the pure cluster relative to experiment though one would ztoms of the trimer (see Figure 5). This#portion of the adduct
not expect greater accuracy of this quantity given the ap- js only slightly bent with an At-Au—Au bond angle of about
proximate nature of the calculation. It is noted, however, that 17¢ and may thus also be thought of as an adduct formed from
both methods find a less than 0.1 eV dependence of this resultipe open triangle isomer of Ad® Attaching the alcohol to the
upon the structure of the cluster as measured by re-optimizing central Au atom results in the same isomer obtained from the
the geometry of the cation. C.,, species. The total energy of this adduct is higher than the
Likewise, there is substantial agreement between the two ground state (0.1 eV BP86 and 0.2 eV MP2) but exhibits an
approaches regarding the structure and vibrational frequenciesalmost identical binding. Finally, in terms of AtD bond length
of the free alcohol molecules. Both methods find -a@bond and binding energy there is almost no appreciable difference
length of approximately 1.43 A in both methanol and ethanol. between the adducts formed between methanol and ethanol.
In accordance with experiment the harmonic stretching fre- Thus, like methanol, ethanol forms a stable adduct with the
guency for methanol is a pure mode (BP86:1016 nvIP2: dipole moment oriented down toward the Zaluster in accord
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with the experimental conclusion based upon the lowering of blue shift and broadening of the vibrational bands with
the IP and qualitatively similar to the situation found in charged increasing ethanol coverage may reflect a strong interaction
Auz™—methanol adduct among the ethanol molecules.

Upon adsorption onto Aithe C-0 stretching frequency for ) . .
the methanol remains a relatively pure vibrational mode and is  Acknowledgment. The experimental portion of this work
found to red shift by about 50 crhfor both theoretical methods IS supported by the U.S. Department of Energy, Office of Basic
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