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Small metal particle; haye long played an important role in many o AGH{(CH ) + CoH, 2 AG,(C,H,),
catalytic processes. Historically, these catalysts have been developed
empirically, but in recent years a determined effort has been made 2 h =4
to understand the details of these processes on a “molecular” or -4
“nano” scale. One particularly hopeful method is the study of size- -6
selected clusters both in the gas-phemed deposited on various 8
solid substrate materia$. Of special interest are the so-called
coinage metals, copper, silver, and gold. Evidence indicates that sk .12/
deposited gold clusters have displayed size-specific acthatyd
silver particles selectively epoxidize ethene and progeéa&here 16 2 [19.80.6 2601
is currently intense interest in trying to understand their size 3 |17.3203 2851
dependenceand to develop robust theoretical models that are ] 4|57:04 197+3
independent of both the metal (Cu, Ag, Au) and the substrate. 0 100 200 300 400 500 600 700
Detailed results on gas-phase clusters can provide important T(K)
information, both as data for testing theoretical models and to Figure 1. Plot of AGr° versus temperature data for thesA4",H4 system.
establish structural, energetic, and reactive properties for size-AHT" (kcal/mol) andASr* (cal mof* K™) in insert.
selected clusters independent of the substrate. me3

Here, our focus will be on small cationic silver clusters,;Ag
(m = 3-7). Our goal is to use measured ligand-binding energies \
and entropies to unambiguously obtain structural information. Weis 9
et al® have used ion mobility methoti%to obtain size-selected an 0172
cross sections consistent with theoretical structural predictions.
However, in several cases, candidate structures had similar cross

(kcal/mol)

. o
AHS -ASS
1121.6+05 23.1+1

AGS

+0.448
sections and a unique determination could not be made. Further, +0.258 :
. . . D
addition of one or more ligands may cause substantial rearrangement m=g (000 kcalimol) m=7
of the metal cluster. This effect has obvious implications in studies +0.354 D +0.378

3h
of size-selected cluster catalysis. Through the proper choice of [+17.50 kcalimol)

ligand, these experiments, together with theoretical calculation, can +o.09
determine both the nascent and modified structures.

Others have used ligand attachment to infer metal cluster
structure. Usually, “saturation” experiments are performed and a Figure 2. Calculated Ag" (m = 3—7) structures obtained from density
set of empirical rules used to interpret the datdere, we take a functional theory (DFTY using the Gaussian 03 packa@eAll minimum

. . - energy structures are consistent with those reported by Wei§ gaitoms
different approach. Recent theoretical work indicates that the LUMO with equal charge distributions are colored identically for a given cluster.

on Ag and Au clusters is primarily located on “corner” atoms in - Charges are taken from NBO population analy&ignergies reported for
the clustef® The LUMO location strongly affects the charge the Ag* cluster are relative to thB2g conformer (DFT). Details are given

distribution in Agy*. For electron-donating ligands, such agg, in Supporting Information.

the binding energy at a particular cluster site should correlate with The data are consistent with the triangular lowest-energy theoretical
the charge distribution. Our hypothesis is that measured bond structure shown in Figure 2.

energies will correlate with charge distributions and allow us to  The AG;° versusT data for Ag+ show a family of four, roughly
identify equivalent, or near equivalent, “corners” in the clusters. equivalent GH, additions. A fifth ligand addition could be observed

+0.049

Fid Dﬂl

Thermodynamic information for the binding of,i8, to Agm" only at extremely low temperatures, indicating weak binding and
was obtained using temperature-dependent equilibrium methdds. a second solvation shell. Thus, a structure with four similar binding
Measured equilibrium constants yield valuesAdgr°. The AGr° sites is predicted. This result is also consistent with the lowest-
values are plotted versus temperature to obfes and AH+° for energy theoretical structure (Figure 2).
each ligand addition. There is little ambiguity with the Ag- and Ag,™ systems. This

A plot of AGt® versusT for the first four GH, ligand additions changes with Agr. The AG:° versusT data are shown in Figure
to Ags™ is shown in Figure 1. The first three additions form a family, 3. Six ligands additions are observed. The first two yield similar
having similar values a\H° andAS;°. The fourth ligand is much thermodynamic quantities. The third addition gives values of
less strongly bound with a more positive value #%:°. These —AH:° and—AS;° that are substantially larger than the previous
data suggest three similar binding sites for the first three ethenetwo additions. The fourth and fifth additions form a family of less
ligands, with the fourth gH, occupying a second solvation shell.  strongly bound ligands, and the sixth ligand appears to add in the
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AGS(CoHy) 1 * CH, T AgHCH,), both systems, the first two €, ligands are strongly bound. For
o nee Ag-", the final five additions yield similaAH° andAS;° values.
2 R o _ n=2 For Ags™, the final four ligands bind to the cluster in a pairwise
= _//'" - ";3?;’.'.-/" n=1 manner. Hence, the experiment predicts that there are three sets of
:E‘ : /’/,’ ﬁs’;‘_,;-* - two equivalent binding sites for Ag and a set of two and a set of
% o — ,_/fz,-;'”’.L SAHD -ASS five e_qu_lvalent sites for Ag. For both Ag* and Ag" (Figure 2),
= T 1 [188:08 24322 DFT indicates that the two atoms that lie above and below the planar
‘Q‘:z' ) .//_'f/f/// 2 12:; igi i;g f region of the clusters have relatively high partial-positive charge.
o 7 M PSP The planar region of Ag is a pentagon, consistent with five
6 /,/’ // 5| 69+04 21142 equivalent additions of 4. In Age™, the four planar Ag atoms
20l 7 6| 4504 12622 of the cluster are not equivalent. The electron density is asym-
0 100 200 300 400 500 600 metrically distributed, giving rise to two distinguishable pairs of
T(K) Ag atoms. The experiment is again in excellent agreement with
Figure 3. Plot of AGt° versus temperature data for thesAtCoH4 system. the DFT calculations, indicating that the planar region of A
Then = 3 data points are shown in red for claritkHr® (kcal/mol) and not comprised of four equivalent atoms.
ASr® (cal mof™ K™) in insert In summary, we have shown that the global structures of gas-

phase silver cation clusters can be obtained from temperature-
dependent equilibrium data. These structures are consistent with
theory. The method is also sensitive to ligand-induced changes in
bare cluster conformations, and results can be fine-tuned by
changing ligands and, hence, ligand-binding energies. Details of
the structures of the ligated clusters and the valueAléf® and

second solvation shell. Thus, experiment indicates two equivalent
“strong” sites, a third even stronger site not originally available,
two weaker sites, and then the second solvation shell.

Two Ags™ cluster geometries are shown in Figure 2. The lowest-
energy structure has four equivalent corners carrying the positive
cha.rge and a cent.ral atom With. essentially no charge. The first two AS® for each ligation step will be published elsewhéte.
additions are consistent with this structure. However, the next three

additions are not. The second &gstructure, 17.5 kcal/mol higher Acknowledgment. The support of the Air Force Office of
in energy, is consistent with three strong additions followed by two Scientific Research under grants F 49620-01-1-0459 and F 49620-

weak additions. The data suggest a structural change upon additior?3-1-0046 is gratefully acknowledged.
of the third ligand from thé,4 lowest-energy structure to thgs, Supporting Information Available: Details of the experimental
higher-energy structure. On the basis of the measured bindingand theoretical methods and the full citation for ref 15. This material
energies, this process becomes exoergic on addition of the thirdis available free of charge via the Internet at http://pubs.acs.org.
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