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I. Experiments
A. Chemicals

All chemicals were commercially obtained and used without further purification. Hydrogen tetrachloroaurate
tetrahydrate (HAuCl4-4H,0) was obtained from Tanaka Kikinzoku. Palladium sodium chloride trihydride (Na,PdCly:
3H,0), tetraoctylammonium bromide ((CsH;7);NBr), sodium tetrahydroborate (NaBH,), methanol, acetonitrile, toluene,
and tetrahydrofuran (THF) were purchased from Wako Pure Chemical Industries. Phenylethanthiol (PhC,H,SH) was
purchased from Tokyo Kasei. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) was

purchased from Santa Cruz Biotechnology. Deionized water with a resistivity of > 18.2 MQ cm was used.

B. Isolation of Pd;Auss(SC,H /Ph);,

A mixture of Pd-Au:SC,H,Ph clusters was prepared by a method similar to that for the preparation of Au:SC,H4Ph
clusters', except that a mixture of Pd and Au salts was used as the starting material. 3.9 mmol of PhC,H,SH was added to
50 mL of a THF solution containing 0.364 mmol of Na,PdCl, and 0.936 mmol of HAuCly, and the mixture was stirred for
30 min at room temperature. An aqueous solution of NaBH, (15 mmol, 10 mL) cooled to 0 °C was then quickly added to
the mixture. The orange suspension soon became a black-brown solution, which was stirred for 4 h. The reaction mixture
was then filtered to remove the black residue, which was insoluble in solvents such as toluene, THF, acetone, acetonitrile,
and water. The filtered solution was concentrated in a rotary evaporator until only a mixture of black-brown solid and
colorless liquid solution (residual H,O from aq. NaBHj) remained.' This mixture was washed with methanol (4-10 times)
to remove PhC,H,;SH and other byproducts. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry
confirmed that the product contained Pd-Au:SC,H4Ph clusters with various chemical compositions (Fig. 1(a)).

The following two steps were used to isolate Pd,Auss(SC,H4Ph),s from the product. In the first step,
Pd,Ausg.,(SCoH4Ph)yy (n = 1, 2) were separated from the mixture. After drying the product, acetonitrile was added and
most Pd,Au,s.,(SC,H4Ph) s (n = 0, 1) were dissolved and removed. The mixture was then separated into three fractions
(1-3) (Fig. S1) using recycling size exclusion chromatography (SEC). The MALDI mass spectra of fractions 1-3 (Fig. S2)
shows that 1-3 contain Pd,Aus,(SCoH4Ph);g (n = 0, 1) clusters, which were not removed by washing,
Pd,Ausg,(SCoH4Ph)y4 (n = 1, 2), and the large clusters [(Pd-Au),:SC,H,Ph cluster; n = 44, 68, 102], respectively, which
confirms that Pd,Auss.,(SC,HsPh),y (n = 1, 2) clusters were separated using this process. In the next step,
PdAu;,(SC,H4Ph),4 was preferentially decomposed in solution. 3.4 mg of Pd,Au;s.,(SC,H4Ph)ys (n = 1, 2) was dissolved
in 40 mL of THF and the solution was stirred for eight days at 60 °C. According to the MALDI mass spectrum of the
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solution after eight days, PdAus;(SC,H4Ph),, was decomposed in the THF solution, and Pd,Auss(SC,H4Ph),4 was isolated
in high purity by this method (Fig. 1(c)).

C. Size exclusion chromatography (SEC)

A recycling high performance liquid chromatography (HPLC) system (Japan Analytical Industry Co., Ltd, LC-9201)
equipped with a stainless steel column (Waters Co., Ultrastyragel™) was used. The upper limit of size fraction, fotal
exclusion limit, for the Ultrastyragel™ column was 3x10*. Toluene was used as the eluent with a flow rate set to 2.4

mL/min. The UV-Vis absorbance detector was operated at 290 nm.

D. Characterization

MALDI mass spectra were collected on a linear-mode time-of-flight (TOF) mass spectrometer (Applied Biosystem,
Voyager Linear RD VDA 500) using a nitrogen laser (337 nm). DCTB was used as the MALDI matrix. To minimize
dissociation of the clusters caused by laser irradiation, a cluster-to-matrix ratio of 1:1000 was used. The laser fluence was
decreased to the lowest value that enabled detection of the ions. Electrospray ionization (ESI) mass spectrometry was
performed using a Fourier transform (FT)-mass spectrometer (Bruker, Solarix). A 1:1 (v/v) toluene/acetonitrile solution of
Pd,Auss(SC,H4Ph),, with a concentration of 1 mg/mL was electrosprayed at a flow rate of 800 uL/hour.
Thermogravimetric analysis (TGA; Bruker, TGA2000SA) was performed using 3.4 mg of Pd,Auss(SC,H4Ph),, at a
heating rate of 5 °C/min in the temperature range of 25-500 °C. X-ray photoelectron spectroscopy (XPS; JEOL,
JPS-9010MC) was conducted using a chamber at a base pressure of ca. 2x10™® Torr and X-rays from the Mg-Ka line at
1253.6 eV were used for the excitation. Transmission electron microscopy (TEM; Hitachi, H-7650) images were recorded
using an electron microscope operated at 100 kV; typical magnification of the images was 100,000x. UV-Vis/near-IR
absorption spectrum of Pd,Auss(SC,H4Ph),4 was recorded at ambient temperature using a spectrometer (Jasco, V-670).
The raw spectral data, I(w), which are functions of wavelength, were converted to energy-dependent data, /(E), according

to the following relation, such that the integrated spectral areas were conserved:
I(E) = I(w)/(OE/ow) o I(w) x w*

E. Stability against decomposition in THF solution

To investigate the stability of the clusters against decomposition, an organic synthesizer (Eyela, PPS-2510) was
employed to precisely and reproducibly control the reaction temperature. THF solution (40 mL) containing 2.0 mg (totally
ca. 0.2 umol) of a mixture of Pd,Aus¢(SC,H4Ph),4 and PdAus7(SC,H4Ph),4, and 1.0 mg (ca. 0.1 umol) of Ausg(SC,H4Ph),y
was placed in the organic synthesizer and heated to 60 °C while stirring at 1000 rpm. The resulting solution was washed

with methanol to remove byproducts prior to characterization.

F. Stability against thiol etching

To investigate the stability of the clusters against thiol etching, an organic synthesizer was also employed. In this
experiment, 1.0 mg (totally ca. 0.1 umol) of a mixture of Pd,Auss(SC,H4Ph),4 and PdAu;7(SC,H4Ph),4, and 0.5 mg (0.05
umol) of Ausg(SC,H4Ph),4 were incubated in pure PhC,H4SH (2.0 mL) at 80 °C under vigorous stirring in air. The

resulting solution was washed with methanol to remove PhC,H,SH and byproducts prior to characterization.

II. Calculation

We have carried out DFT calculations of geometry optimization for [Pd,Auss(SCoH4Ph),4]*~ without assuming any
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molecular symmetry. In the calculations we adopted a model cluster system in which PhC,H,4S was replaced with CH;S.
Such a simplification of the ligand has frequently been used in previous calculations and appears to be reasonable.’
The calculations were performed starting from the initial guess structure constructed on the analogy of the structure of
Ausg(SC,H4Ph),4 determined by XRD experiment4. All the calculations were carried out using the TURBOMOLE
package of ab initio quantum chemistry programs.’ Geometry optimizations were performed at the level of Kohn-Sham
density functional theory (KS-DFT), employing the Becke three-parameter hybrid exchange functional with the
Lee-Yang-Parr correlation functional (B3LYP).®” The double-C valence-quality plus polarization basis from the

TURBOMOLE basis set library was used in all calculations, along with 60-electron and 28-electron relativistic effective

core potentials® for the gold and palladium atoms, respectively.

II1. Results

A. Characterization
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Fig. S1 Chromatogram of recycling SEC for the Pd-Au:SC,H,Ph clusters.
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Fig. S2 MALDI mass spectra of fractions 1-3. The notation (N, M, L) represents [PdyAu,(SC,H4Ph);] . In the
mass spectrum of fraction 1, only fragment ions of (Pd-Au),:SC,H4Ph clusters (n = 44, 68, 102) were observed

(ca. 9800 Da, ca. 14,000 Da, ca. 21,400 Da, respectively).
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Fig. S3 Positive-ion MALDI mass spectrum of the product.
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Fig. S4 Absorption spectrum of the product. Inset: optical absorbance vs. photon energy.
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Fig. S5 TGA pattern of the product. The weight ratio of metal to ligand (68.3%, 31.7%) was consistent with that
for [PdyAu;6(SC,H4Ph),4]Na, (69.1%, 30.9%) within the experimental error.
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Fig. S6 TEM image of the product.

Fig. S7 (a) Structural representation and (b) anatomy of the Au,; core structure of Ausg(SC,HsPh),4 [4]. In (a), the
PhC,H,4 moieties is omitted for clarity.

Fig. S8 Structural representation of (a) Au,s(SR);5 [9,10] and (b) PdAuy(SR)g [11]. (The R moieties are omitted
for clarity in both figures.)
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Fig. S9 (a) Pd,Au,, core structure of the optimized structure for Pd,Au;¢(SCH3),4 (Fig. 2(d)). (b) Proposed metal
core structure for PdAus,(SC,H4Ph),,.
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B. Optimized Coordination for [Pd;Au3;s(SCH3) 24]2'
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H -2.7748249 5.6681104 1.0271475

H -2.7787534 5.0421857 2.7113842

C -0.7506693  -6.1140429 2.6989044

H -1.6080688  -5.5205014 2.3446373

H -0.7921687  -6.1968784 3.7978368

H -0.7900850  -7.1241647 2.2587529

C 4.1438788  -3.2533763 7.2674596

H 3.7976067  -3.6634393 8.2308032

H 5.2244969  -3.4427170 7.1553408

H 3.9440569  -2.1708321 7.2364383

C -5.7010757  -2.4903829 1.0605203

H -5.6168548  -1.3965287 0.9595796

H -5.5348660  -2.9555434 0.0748238

H -6.7026243  -2.7594342 1.4350319

Au  -1.7821160 -1.2694010 -4.5035081

Au  -0.6740839 1.6190873  -4.5251381

Au 1.2442636  -0.8219075  -4.6560039

Au 1.8630130 1.6435679  -2.9576928

Pd  -0.2946660 -0.1443448  -2.3646115

Au 1.1961600 1.0116724  -0.2075479

Au  -1.8831491 0.4587050  -0.0574086

Au  -0.5754419 2.6676281 1.5375980

Au  -0.3591492 1.6681552 4.3126902

Pd -0.0871224  -0.0961249 2.1014085

Au 1.7393841  -0.6068773 4.2283548

Au  -1.3063159  -1.2469246 4.3663863

Au  -2.7484058 0.8471586 2.7097220

Au  -0.7735755 2.6342375  -1.7754915

Au  -2.9796219 0.8262156  -2.7238877

Au  -2.4065722  -1.9776785  -1.6904251

Au 0.1394914  -1.9050619  -0.1286612

Au  -2.2695026 -1.9101418 1.6689847

Au 2.3809418  -1.1210116  -1.9349649

Au 0.1432082  -2.9414995 -2.8779232

Au 0.5082223  -2.8472263 2.6175521

Au 2.5600849  -1.0598846 1.4021804

Au 2.0663517 1.7604950 2.4845138
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