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(A)   (B) 

Figure S1. XRD pattern for a sample of as-synthesized Au25Cu75 nanoparticles (A) and a sample of 

as-synthesized Au50Cu50 nanoparticles after a thermal treatment at 156 °C for 3 hr. 
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Figure S2.  Theoretical melting curves for Au, Cu, Ag, and Pt particles as a function of particle radius 

(r) (The parameters used in the calculation are shown in Table S1. The theoretical melting curves 

calculated for different metal particles as a function of particle sizes (r–radius) are derived the 

thermodynamic model
[2]

.  Theoretically, melting curves of nanosized Au, Cu, Ag, and Pt can 

be calculated as a function of the particle sizes (r - radius) based on a thermodynamic model 

as follows, 
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where Tr and T∞ are melting temperatures of the particle and the bulk solid, respectively, r is 

the radius of the particle, ρs and ρl are the density of the respective solid and the liquid phases, 

γs and γl are the surface energy of the solid and the liquid, and L is the heat of fusion.  The 

theoretical model predicts a decrease of the melting point with decreasing particle radius (r).  

The solid–like behavior of nanoparticles can be illustrated by comparing the theoretical 

melting curves for Au, Cu, Ag, and Pt as a function of particle sizes (r–radius)[1,2] (S.I. Fig. S2, 

Table S1).  For nanoparticles smaller than 2 nm in diameter, the theoretical melting 

temperatures (Tr), are much lower than their bulk ones, exhibiting Tr (Cu) < (Au) ~ (Ag) << 

(Pt).  The surface melting temperature could be significantly lower at r < 2 nm than the 

theoretical ones
[2]

, as found by studying the thermal evolution of Au nanoparticles
[1,3]

.  and 

thiolate-capped Cu nanoclusters to Cu2S nanodiscs[4]. 

 

 

Table S1. Physical parameters used in the calculation of melting curves 

 ρs(kg/m3)  ρL (kg/m3)  T∞(K) L (J/kg) γS (J/m2) γL (J/m2) 

Au 19000[2] 17280[2] 1337[2] 63384[2] 1.4[5] 1.14[5] 

Cu 8960[2] 8020[2] 1358[2] 207187.5[2] 1.78[5] 1.3[5] 

Ag 10490[2] 9320[2] 1235[2] 104444[2] 1.1[5] 0.895[5] 

Pt 21450[2] 19770[2] 2041[2] 112538[2] 2.2[5] 1.8[5] 

Au3Cu 17110a 15510 a 1220[6] 77698a 1.59 b 1.22 b 

Note: a) calculated based on the bimetallic composition and the data from the monometallic 

compositions; b) calculated based an average between the monometallic data. 

 

 

   

Figure S3.  Maldi-Tof mass spectrum for as-synthesized thiolate–capped copper nanoclusters.  The 

spectrum was collected with an Ettan instrument from GE Healthcare operated in reflection mode with 
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the accelerating voltage held constant at 20 kV.  The calibration standards used were proteins of 

molecular weight 1046.54 and 2464.91.  The matrix used for samples was DCTB, while that used for 

calibrants was sinapinic acid.  The spectrum in Figure S3 was collected for a sample prepared by TLC 

separation of the nanoclusters from a solution.  The matrix used for the sample was DCTB 

(trans–2–[3–(4–tert–butylphenyl)–2–methyl–2–propenylidene]–malononitrile). 

 

 

Table S2.  Primary peaks identified from the Maldi-Tof spectrum, and the possible structures and 

masses.  For this sample of nanoparticles, peaks in the region of 600 ~ 1200 (m/z) were detected.  

Preliminary analysis of the peak positions for the significant peaks, along with calculated masses for 

the associated clusters, seemed to suggest the presence of Cu5~7 clusters such as Cu5(SR)4, Cu5(SR)5, 

Cu6(SH)3SR, Cu7(SH)4SR, and Cu7(SH)2(SR)2. 

Peak Position (Primary Peak) Possible Structure Calculated Mass 

655.11 Cu6(SH)3SR 653.77 

750.99 Cu7(SH)4SR 750.38 

857.01 Cu7(SH)2(SR)2 857.58 

1013.77 Cu5(SR)4 1011.02 

1185.01 Cu5(SR)5 1184.35 
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(E)      (F) 

Figure S4.  TEM micrographs for samples from binary solutions of Cu + Pt and Cu + Ag nanoparticle 

systems. (A) a sample from heating a binary solution of Cu nanoclusters and Pt nanoparticles (T=220 

°C, th =1.5 hr); (B) Pt nanoparticles; (C) a sample from heating a binary solution of Cu nanoclusters 

and Ag nanoparticles (T=145 °C, th =1.5 hr); (D) Ag nanoparticles.  (All particles are capped with 

decanethiolate monolayers).  (E-F): TEM micrographs for samples from binary solutions of Au + 

Cu
2+

 absent with reducing agent and Au + Cu
2+

 present with reducing agent systems.  
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Figure S5.  Wide angle XRD patterns obtained in house (A) and at a synchrotron  radiation source 

(x–ray energy: 6.9 keV) (B). (A) (a) Au66Cu34 nanocubes (i.e., sample in Figure 1); (b) Au34Cu66  

nanoparticles (i.e., sample in Figure S8a).  (B) (a) the initial Au66Cu34 nanocubes/Si; (b) after in situ 

heating at 260 °C for 10 min. 
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