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Supplementary Figures:
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Supplementary Figure 1. Structure decomposition of (a) the [Aug(PR3)¢]

2+12

cluster and (b)

the Au core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); P —

wine. The R groups are omitted for clarity.

(b)

Supplementary Figure 2. Structure decomposition of (a) the Au,)(SR);¢ » cluster and (b)
the Au core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —

dark green. The R groups are omitted for clarity.
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Supplementary Figure 3. Structure decomposition of (a) the [Au23(SR)16]'32 cluster and (b)
the Au core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —

dark green. The R groups are omitted for clarity.

Supplementary Figure 4. Structure decomposition of (a) the Au4(SR)z 3 cluster and (b)
the Au core. Color code: Au — magenta (bottom flavor); S — dark green. The R groups are

omitted for clarity.
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Supplementary Figure 5. Structure decomposition of (a) the Au,s(SR)z 4 cluster and (b)
the Au core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —
dark green. The R groups are omitted for clarity.

Supplementary Figure 6. Structure decomposition of (a) the Auss(SR)24 45 cluster and (b)
the Au core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —
dark green. The R groups are omitted for clarity.
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Supplementary Figure 7. Structure decomposition of (a) the Ausy(SR)2s 33 cluster and (b)
the Au core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —
dark green. The R groups are omitted for clarity.
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Supplementary Figure 8. Structure decomposition of (a) the Aus;(SR)3; 3! cluster and (b)
the Au core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —
dark green. The R groups are omitted for clarity.
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Supplementary Figure 9. Structure decomposition of (a) the Au;2(SR)44 cluster and (b) the
Auyg core. Color code: Au — magenta (bottom flavor), dark yellow (middle flavor), and yellow
(top flavor); S — dark green. The R groups are omitted for clarity.

Aug,

—=5A;H1AAHT + 3T 17T,

Supplementary Figure 10. Structure decomposition of (a) the Auy30(SR)so cluster and (b)
the Auygs core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —
dark green. The R groups are omitted for clarity.
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Supplementary Figure 11. Structure decomposition of (a) the Au14(SR)e cluster and (b)
the Auyi4 core. Color code: Au — magenta (bottom flavor) and dark yellow (middle flavor); S —
dark green. The R groups are omitted for clarity.
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Supplementary Figure 12. The Au; core protected by various ligands to form ligand-
protected gold clusters. \ and x denote the stable and unstable structures, respectively. Color
code: Au— magenta; S — dark green; P — wine. The R groups are omitted for clarity.
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Supplementary Figure 13. Structure evolution of the Au cores (large magenta balls) with
increasing number of Au atoms. Color code: Au — magenta; S — dark green; X — light green; P
—wine; C — black; N — blue. The R groups are omitted for clarity. The dotted squares denote the
newly predicted structures. Others are crystallized structures.
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Supplementary Figure 14. Optimized ligand-protected gold clusters whose structures are
predicted based on packing various number of elementary blocks. Color code: Au —
magenta; S — dark green; P — wine. The R groups are omitted for clarity.
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Supplementary Figure 15. Computed Kinetic energy (Kin) vs simulation time in an ab
initial molecular dynamics simulation of the Auzs(SH); cluster at 355 K. (a), (b), (c), and (d)
correspond to the structure at 2.5, 5, 7.5, and 10 ps, respectively. Color code: Au — magenta; S —
dark green. The H atoms are omitted for clarity.

Supplementary Tables:

Supplementary Table 1. Sixteen crystallized structures with strong electron shell closures.
In particular, for structures with compact and symmetric (or spherical-like) core, their
“superatomic electronic configurations” are given in column 4.

Morphology of Number of Superatomic Elementary
Structures r/fu co rgey valence electronic blocks at various
electrons configuration valence states
[Aus(PR3):]" [1] Spherical 2 1s* A
[Auy(PR;),]*" [2] Spherical 2 1s? T,
[Aug(PR3)s]" [15] Spherical 8 18%1P° 2A+2A,
Auy(PR3)7(SR); [17] Spherical 8 1S%1P¢ 3AHA;

[Au;(dppe)s] [18] Spherical 8 18*1P¢ 2024,
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[Auy(dppe)s]’ [19] Quasi-planar 8 2A 12N,
Auy,(PR3),Cl; [20] Spherical 8 18*1P¢ A t2A4+Ag
[Au; (PR3)sCly]' [21] Spherical 8 1S%1P° A +AFAAA
[Au;o(C=CR)o(Hdppa);]* [26] Spherical 8 18%1P° 3A,+Ts
Au(SR) ¢ [32] Disk-like 8 2As+2T,
[Auyy(C=CR)4(PR3),> [33] Rod-like 8 2T 42T,
Aus(SR)6[34] Disk-like 8 As+As+Ts+T
Aups(SR) 15" [38, 39] Spherical 8 1S%1P° 2As+2Ty
Aug(SR)y [40, 41] Disk-like 8 4T,
Aug(SR)5[52] Rod-like 18 AF2AF2AHAT,
2 6 10
Au;2(SR)44[55] Spherical 58 : Sgéilé?g 3 A-:-;?f?j-—;"l[‘iAs

Supplementary Table 2. Total 71 crystallized and predicted (*) structures whose Au cores
are composed of the elementary blocks at various valence states.

Elementary Elementary
Structures blocks at various valence Structures blocks at various valence
states states
[Aus(PRs);]' " [1] A Au5(SR)5' [38, 39] 2A5+2Ty
[Auy(PR3),]* [2] T, Auyg(SR)y [40, 41] 4T,
[Aug(PR3)s]* [3] 2A, Aus(SR)15[42] 2As+2Ts+2Ty
[Aug(PR3)e]*" [4] 2T, Auso(SR);5[43] 6Ty
[Aug(dppp)a]”” [5] 2A, AuzoS(SR) 15 [44] AstTs+3To
[Au,(PR3),]" [6] 2A1+A3 Aus6(SR)y4 [45] 6T,
[Au,(dppp)al’* [7] AT, Aus6(SR)sClyg [46] 2Ts+2Ty,
P o, (AeCRMSRGCL" 2
[Aug(dppp)4CLL]>" [9] 2T, AussS,(SR)a0 [48] +2T5J2F$Z+ZT9
[Aug(PR3)s]*" [10] AF2A,; Au;g(SR)24 [49] AF2As+4Ty
[Aug(PR3),]*" [11] AF2A, Ausg(SR)4 [50] 3As+T4+Ts+2Ty
[Aug(PR3)s]*" [12] 2M,+T, Augo(SR)4 [51] 8Ty
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[Aug(PR3)s] [13] 3A Augy(SR)5[52] AH2AA2A5+4T,
[Aug(PR3)s(SR);] [14] 3A, Augy(SR)2s [53] 8T,
[Aug(PR3)s]" [15] 200+2A, Ausy(SR)3, [51] 10T,
[Au;o(PR;)CL]" [16] Ag+2T Augy(SR)44 [54] 24T,
Auy(PR3)(SR); [17] 3AHA; Aujo2(SR)44[55] SAngfngiAs
[Auyi(dppe)s]” [18] 2A1124, Auy3o(SR)s0 [56] +4T54A+33+T151+A157T9
[Auy(dppe)s]’” [19] 20,27, Aug(SR)s[57] To
Au, (PR;),Cl; [20] AF2A4+Ag Auo(SR)s[57] To
[Auyy(PR3)sCL]" [21] Ar+A A Auyo(SR) [57]° 2T,
[Auis(PR3);Cl]* [22] A2AHT, Auo(SR)s[57] To
Auyy(PR;)s(NO3), [23] 2A AT 4T3 Auy(SR)e [57] To
Auyg(SR)14[24, 25] 2T, Au;5(SR) 3 [58]" Ty
[Auyo(C=CR)o(Hdppa);]**[26] 3A,+Ts Aug(SR) 1, [59]° 3T,
[Ausg(PPhpy,)1oCL]* [27] 2A+2A612T Auy(SR) ;2 [59]° 4Ty
Auy(PP;),Cl, [28] 3A4+3A¢+2Ts Auy(SR) 14 [60]" 2T,
Auy(SR)6[29] 2T, Auxn(SR)5[61]° 2T,
Auy (SR);5[30] 2A5+T, AusSy(SR)5[62] 4T,
[Auys(C=CR)o(PR3)s]* [31] 2A5+4Ts Auyo(SR)24 [63] 6As+2T,
Auys(SR)¢ [32] 2A5+2T, Aug(SR)34[64]" 12T,
[Ausu(C=CR) (PRy). 1 [33] 22Ty Aus(SR)s4 [651 s
Au,(SR) 6 [34] As+As+Ts+Ty Augs(SR)4[64]" 14T,
Au,y(SR)[35] 2T, Auz6(SR)44 [64] 16T,
[Auss(PR3)10(SR)sXo]" [36] 2AA2AF2AA2T, Auy44(SR)g0 [66]° 3T ffffs 6T,
[Au,s(PR3)16(SR)sCLT* [37] QA+ 2A5+2A,42Ts

Supplementary Table 3. The Computed formation energies AE; and HOMO-LUMO gaps of
five isoelectronic species. The formation energies AE¢ are based on the formula: Auy(2€) + n x
Au(0e) = Auyin(2€) (n = 1, 2, 3, and 4)]. The five isoelectronic species Auy(2€), Aus(2e),
Auy(2e), Aus(2e), and Aug(2€) all have the strong electron shell closures (or the “superatomic
orbital” 1S?, according to SAC model). The structural optimization of these clusters are
performed at three levels of theory: M06/SDD, M06/Aug-cc-VTZ-PP (M06/AVTZ-PP), and
MO06/Aug-cc-DTZ-PP (M06/AVDZ-PP), respectively.
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Aus(2e)
Auy(2e) or Au4(22 ot Au5(2(;:-)+ or Aug(2€) or Aug"
+ Au4 AU5
AU3
AEf eV
(M06/SDD) 0 -3.30 -1.99 3.72 | unstable | unstable | 12.88
AE;/eV
(MOG/AVTZ-PP) 0 -3.36 -2.10 3.57 3.68 12.67 12.64
AEf eV
(M06/AVQZ-PP) 0 -3.36 -2.09 3.60 3.72 12.74 12.71
HOMO-LUMO
gap/eV 3.54 4.63 517 4.14 | unstable | unstable | 4.49
(M06/SDD)

Supplementary Table 4. The identified elementary blocks and their corresponding valence
states, and the HOMO-LUMO (H-L) gaps of the newly predicted ligand-protected gold
clusters whose Au cores are built based on the elementary block packing model. The R
group is simplified by H atom.

Elementary Elementary
Structures blocks at various H-L gap/eV Structures blocks at various H-L gap/eV
valence states valence states

Auy(PR3)4 2A; 2.97 [Au;o(PRs)]* 4Ts 3.48
[1A115(Pl{3)4]1Jr 2A2 4.00 [Au12(SR)6]2- 4A5 3.16
[Aus(PR3)s]"" Ay+T, 3.56 Au»(SR)g 2T, 3.10
Aug(PR3)3 3A; 3.24 Au6(SR)g 4T, 2.86
[AAHG(P}{:;)JZJr A2+T2 4.03 AulG(SR)lz 2T9 2.56
[IA117(PI{3)7]1Jr A3+T4+T9 2.59 AUZz(SR)lz 5T9 3.46
AUg(PR3)4 4A3 2.31 AU36(SR)12 12T9 2.20
[Aug(PR3),(SR);]" 2Ts 4.54 Augp(SR) 4 14T, 2.00

Supplementary Methods:

The structural optimizations of the ligand-protected gold clusters were performed using density
functional theory (DFT) methods with the the M06 functional ®’ and the all-electron basis set 6-
31G* for H, C, P, Cl, S, pseudopotential basis set LANL2DZ for Au, as implemented in the
Gaussian 09 program package ®. The —R group is replaced by —H to lower computational cost.
Using the DFT method implemented in the CP2K package ®’°, ab initio molecular dynamics
simulations for Auss(SH);, were performed in the canonical ensemble, with using the Nose-
Hoover thermostat and a time step of 1 fs, and at a finite temperature of 355 K. The exchange
correlation potential was described by the generalized-gradient approximation (GGA) with the
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spin-polarized functional of Perdew-Burke-Ernzerh (PBE) 7'. Wavefunctions were expanded in
triple-C Gaussian basis sets with an auxiliary plane-wave basis and a cutoff energy of 300 Ry.

Core electrons were modeled by scalar relativistic norm-conserving pseudopotentials
11,

273 . -
7273 \yith

6, and 1 valence electrons of Au, S, and H, respectively. Brillouin zone integration was

performed with a reciprocal space mesh consisting of only the I'-point.
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