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Stable, Monolayer-Protected Metal Alloy Clusters properties of monolayer-protected metal clusters over a continuum
of alloy compositions and monolayer functionalitiés.
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Alloy particles can exhibit electronié,* optical?*° and and elemental analysis, and thermogravimetry (TGA), respec-
catalytic propertie$:that are distinct from those of the corre- tively, are summarized in Table 1. TEM shows that Pd/Au MPAC
sponding mono-metal particlés;!” prompting numerous prepara-  cores (Figure 1a) are small and relatively monodisperse (1.7 nm,
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pure alloy:™*? These earlier alloy particles typically required Other MPACs were of intermediate size. For comparison,
specialized equipment or handling procedures, posed difficulties similarly prepared mono-metal Au MPCs have core diameters of
in isolation and analysis, and could not be redissolved in air- 2.0 nm (av,~20% dispersity}é2 Elemental and XPS analyses
stable forms. shows thabverall MPAC core metal ratios vary with, but differ
This paper describes a simple synthesis of nanometer-sizedfrom, the metal salt feed ratio, and that incorporation of the more
monolayer-protected alloy clusters (MPACs) that are the first noble metal into the core is favored. Galvanic effects may be in
examples of stable, large, alloy molecules that can be isolated inpart responsible for the differential incorporation; for example,
solvent-free forms and redissolved without change. The stablein Ag/Cu mixtures the Cu core content could be depressed by
alkanethiolate monolayer is the key to preventing metal core Ci0 acting as an ancillary reductant of Agwhich leaches Cu
aggregation. The MPAC core compositions can be systematically from the nascent core.
varied in regards to ratios and numbers of groups 10 (Pt, Pd) and  The spatial distribution of the metals in the MPAC cores is
11 (Cu, Ag, Au) metals, creating a pathway to studying the another important issue; do cershell structures, partially
segregated alloys, or pure alloys dominate, and does the ligand
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Table 1. Properties of Monolayer-Protected Alloy Clusters (MPACS)

metal salt rati® final cluster metal ratio diameter (nm) dec. temp"K) XPS S2p peak ratfo
Au:Ag (4:1) 1:.0.4 3. 531 1:2.8 (Au:Ag)
Au:Ag (2:1) 1:0.9 3.2 543 1:2.2 (Au:AQ)
Au:Ag (1:1) 1:1.4 3.23+ 0.8 --- 1:6.6 (Au:AQ)
Au:Ag (1:2) 1:1.6 3.2 544 1:5.2 (Au:Ag)
Au:Ag (1:4) 1:2.3 3.7 550 1:6.0 (Au:Ag)
Au:Cu (1:1) 1:2 227+ 0.39¢ 523 1:3.7 (Au:Cu)
Au:Ag:Cu (1:1:1) 1:0.9:04 2.3 530 1:5.5 (ca. Au:Ag)
Au:Pt (1:1) 1:0.3 2.03+ 0.3¢ 526 1:1.9
Au:Pd (1:1) 1:3.9 1.74+ 0.3% 541 1:6.2
Au:Ag:Cu:Pd (1:1:1:1) 1:1:0.1%3 1.7 535 1:.0.2

aHAUCl4*xH,0; AgNO;s; Cu(NGs)z; HoPtClexH,0; -K,PdCl. P Temperature at which 5% weight loss occurred by evolution of volatile disulfide;
comparable values for mono-metal MPCs are 519 K (Au) and 540 K (Mgatio of the integrated area of the higher BE S2p doublet to the lower
BE S2p doubletd From band intensities of metal XPSPredominantly from TEM datd.From thermogravimetry, XPS aridl NMR line broadening
data, as in ref 16&.From elemental analysi& The metal identity of each doublet could not be determined with confidence.
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Figure 2. UV/Vis spectra of dodecanethiolate-protected group 11 alloy
clusters: (a) AuAgs (468 nm), (b) AuAg.4 (504 nm), (c) AuAg4 (518
0 nm), and (d) AuAg@«Cuo.4 (488 nm).

i E | and 2.80 ppm (ratio of ca. 1 to 0.8, respectively). Similar peak
| ] 1111 splitting in the3C NMR spectra of very small Au mono-metal
| " I; |J J] clusters has been attributétito differences between thiolate
) AR R RN LEELE LF . groups bound to core vertexes versus edge versus terrace-like sites.
' 1 1 1 4 LA I . R R B Further study of monolayer chemical shifts should supplement
. e Lk the presently limited experimental information available about
Figure 1. Transmission electron micrographs (insets are histograms) of the core shape.
the dodecanethiolate-protected (a) AuPd alloy MPAC and (b) AuAg alloy  In conclusion, thermal, optical, and electronic properties of
MPAC. TEM scale is 0.28 mm/nm. MPACs can be systemically altered, and their core metals are
partly segregated. Further MPAC chemical properties will be
The SP band energy (and resulting solution color) proves to be described in future reports.
quite sensitive to the MPAC core composition. That for Au/Ag
MPACs, for example, varies smoothly with the metal ratio (Figure Acknowledgment. This work was supported by grants from the
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MPAC H NMR spectral line widths are also sensitive to the
identity of the metal core. The group 11 MPACS give broadened gy pporting Information Available:  Details of sample preparation,
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spectral line widthg? so that even the-CH, (adjacent to the

thiolate) resonance can be seen as two distinct triplets at 3.037A981454N
(20) Kreibig, U., Vollmer, M., Eds.Optical Properties of Metal Clusters (22) The origin of the line width change, including possible electronic
Springer-Verlag: New York, 1995. effects of the core, is unclear. Thd resonances of group 10/11 MPACs are
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