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S1. Experimental and theoretical methods

Chemicals and reagents. All chemicals are commercially available and used as received (without
further purification), including cupric (II) acetate [Cu(OAC)2, 99 %, Alfar Aesar], triphenylphosphine gold
(I) chloride (AuCIPPhs, 98 %, Acros Organic), 2-mercapto-5-n-propylpyrimidine (SN2C7H10, SMPP, 98 %,
Alfar Aesar), sodium borohydride (NaBHa, 98 %, Acros Organics), triethylamine (98 %, Acros Organics).
The solvents mainly include dichloromethane (DCM for short below), methanol, n-hexane were
purchased from Beijing Chemical Reagent Co. Ltd. The water used for the experiment was Milli-Q water,
produced by a Millipore apparatus.

Synthesis of Cug nanocluster. In a glass vial, Cu(OAc); (15 mg) was dissolved completely in methanol
(3 mL) under sonication. To this solution, 45 mg of SMPP was added in 3 mL DCM. Then a spot of
AuCIPPhs which dissolved in 2 mL DCM was added, by referring to a so-called “ion-induction” method.*
The solution was cooled under an ice-bath. After stirring (~ 15 mins), 1 mL of cold NaBH4 (45 mg/mL) and
25 pl of triethylamine were added together quickly to the above solution. This solution was kept under
stirring and aged for one day at 0 °C and then was washed several times with distilled water. Afterwards,
the solution was centrifuged by rotavapor and the obtained red extract was thus crystalized in
DCM/hexane (1:4) at 4 °C and kept for dark orange single crystal growth for 15 days. The yield of Cus was
up to ~20 %.

Characterization. The single-crystal X-ray diffraction (XRD) data of the synthesized bimetallic Cue
nanocluster was measured on an Rigaku MMOO7HF Saturm724+ single crystal X-ray diffractometer with
Mo Ko radiation (A=0.71073 A). Single crystal structure was solved by direct methods and refined with
full-matrix-least-squares on F2. High resolution of electrospray ionization time-of-flight mass
spectrometry (ESI-TOF-MS) measurements was conducted by a Bruker Solarix 9.4T in the positive
ionization mode. The UV-Vis absorption spectra were collected using an UV-3600 Shimadzu UV-Vis-NIR
spectrophotometer. Photoluminescence spectra were recorded by a Horiba Scientific Fluoromax-4
spectrofluorometer. Luminescenec decay lifetimes and temperature-dependent spectra were recorded
on an Edinburgh FLS980 spectrometer. X-ray photoelectron spectroscopy (XPS) was collected by a
Thermo Fisher Scientific Escalab250Xi spectrometer. Thermogravimetric analysis was recorded on a
PerkinElmer Pyris1TGA.

Computational Methods. All the calculations were carried out with density functional theory (DFT)
embedded in the Gaussian 09 software package.? Ground- and excited-state geometric structures of the
Cus NCs are optimized using B3LYP functional. The SDD pseudopotentials and basis sets are used for Cu
atoms while all-electron def2-SVP basis sets are used for S, N, C, and H atoms. Vertical excitation and
emission energies at optimized Sp and Si structures were calculated using the TD-B3LYP method. Solvent
effects (dichloromethane) were implicitly considered using the polarizable continuum model (PCM) for
the TDDFT calculations. Natural population analysis (NPA) charges were analysized by Multiwfn
software.® The canonical molecular orbitals were plotted with the VMD software.* Based on the



optimized structures by Gaussian09, total-energy calculations considering the scalar-relativistic effect
were then carried out by using Amsterdam Density Functional (ADF) 2021.104 software, taking into
account the zero-order regular approximation (ZORA). The interaction and chemical bonding nature
were characterized by the energy decomposition analysis and natural orbitals for the chemical valence
(EDA-NOCV) method based on B3LYP/TZ2P level of theory.®

S2. Experimental details

Fig. S1 Unit cell parsing of (a-c) 1-3 in this work and (d) 4 in ref.? Cu in orange, S yellow, N sky blue, C gray, Cl green. For
clarity, H are omitted.



Fig. S2 Single-crystal structures of (a-c) 1-3 in this work and (d) 4 in ref.® Cu in orange, S yellow, N sky blue, C gray. For
clarity, H white.



Table S1 Crystallographic data for [Cug(SMPP)s] nanocluster.

1 in this work 2 in this work 3 in this work 4 in Ref®
Empirical formula C44Hs5.02Cl4.03CusN 1256 C42H54CusN12S6 C43.25H56.51Cl2.5CuN12S6 C42H54CusN1>Ss
Formula weight 1471.33 1300.57 1406.91 1300.56
Temperature (K) 293(2) 110.00(10) 110.00(10) \
Crystal system triclinic triclinic monoclinic monoclinic
Space group P-1 P-1 P2:/n P21/n
a(A) 9.2167(4) 9.9012(4) 14.0232(11) 11.821(6)
b (A) 13.7793(6) 10.0750(4) 9.1083(4) 13.032(6)
c(A) 23.2892(7) 24.7923(7) 22.9694(16) 16.384(8)
o (deg) 78.740(3) 86.895(2) 90 90
B (deg) 88.981(3) 88.097(2) 105.853(7) 99.725(15)
y (deg) 86.659(3) 88.605(3) 90 90
Volume (A3) 2895.81(19) 2467.52(16) 2822.2(3) 2488(2)
Z 2 2 2 4
Pealc (g/cm3) 1.687 1.750 1.656 1.736
i (mm) 2.609 2.839 2.603 2.816
F(000) 1489.0 1320.0 1425.0 1320

Crystal size (mm3)

0.22x0.16 x0.15

0.23x0.21x0.04

0.15x0.15x0.12

0.15x0.10 x 0.05

20 range for data collection (deg)

6.852 t0 61.668

4.05to0 63.216

3.078 t0 62.184

-11<h<13,-19<k<19, -

14<h<14,-14<k<14,-

20<h<12,-10<k< 12, -

Index ranges 33<1<33 35<1<35 29<1<32 \

Reflections collected 50454 13711 23116 20602
. 16012 [Rint = 0.0459, Rsigma = 13711 [Rint = ?, Rsigma = 7609 [Rint = 0.0693, Rsigma =

Independent reflections 0.0576] 0.0634] 0.0948] \

Data / restraints / parameters 16012/327/733 13711/0/602 7609/401/421 \

Goodness-of-fit on F? 1.150 1.128 1.103 0.929

Final R indexes [I1>=20 (1)]

R1=0.1189, wR2 = 0.3059

R1=0.0724, wR; = 0.3059

R1=0.1053, wR, = 0.2598

R1=0.0546, wR, = 0.0781

Final R indexes [all data]

R:1=0.1457, wR, =0.3213

R1=0.0899, wR, =0.1997

R:1=0.1579, wR, =0.2899

\

Largest diff. peak/hole (e A3)

3.78/-1.46

2.10/-1.20

3.31/-0.89

0.858/-0.661
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Fig. S3 TGA curve of Cug(SMPP)s NCs.
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Fig. S4 (a) XPS survey spectrum of Cug(SMPP)s NCs. (b-e) High-resolution XPS spectra of Cu 2p, S
2p, N 1s and C 1s in the nanoclusters.



S3. Calculation details
3.1 Bond lengths

Table S2 Cu-Cu bond and Cu-S lengths (A) in single-crystals 1-3 and DFT-optimized at the So minima.

Bond In1 In2 In3 DFT-optimized
Cul-Cu2 2.93 3.16 2.92 2.66
Cul-Cu3 2.97 2.73 2.89 2.64
Cul-Cu5 2.90 3.18 2.88 2.64
Cul-Cub 291 3.45 2.94 2.66
Cu2-Cu3 2.69 2.81 2.73 2.64
Cu2-Cu4d 2.90 3.18 2.88 2.64
Cu2-Cub 3.24 3.46 3.20 2.66
Cu3-Cu4 291 3.45 2.94 2.66
Cu3-Cu5 3.24 3.46 3.20 2.66
Cu4-Cu5 2.93 3.16 2.92 2.66
Cu4-Cub 2.97 2.73 2.89 2.64
Cu5-Cub 2.69 2.81 2.73 2.64

Average Cu-Cu 2.94 3.13 2.93 2.65
. sAcs &R 5 5. 5
Cls Qus* ¢ - | cu/ \?‘h_ Q”'_Q‘f’ i
(I:Uz Cue %us\ S, q\j‘ - /QG\Q "@s 3
5" “SCug”™ ~Os d \ ¢ \ 7&‘5\ Cus c\l:’

S Qe © a2 B & G

S1-Cu2 2.27 2.29 2.26 2.36
S1-Cub 2.27 2.25 2.27 2.36
S2-Cul 2.22 2.22 2.23 2.36
S2-Cu2 2.22 2.21 2.23 2.36
S3-Cu3 2.22 2.24 2.23 2.36
S3-Cu4 2.24 2.29 2.23 2.36
S4-Cu3 2.27 2.25 2.27 2.36
S4-Cu5 2.27 2.29 2.26 2.36
S5-Cu4 2.22 2.22 2.23 2.36
S5-Cu5 2.22 2.21 2.23 2.36
S6-Cul 2.24 2.29 2.23 2.36
S6-Cub 2.22 2.24 2.23 2.36

Average S-Cu 2.24 2.25 2.24 2.36
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Fig. S5 The natural population analysis (NPA) charge distributions in single-crystals 1-3 (a-c) and
DFT-optimized So minima (d), respectively.

Table S3 DFT computed natural population analysis (NPA) charges distributions in single-crystals
1-3 and optimized at the Sp minima, respectively.

NPA
Atoms
In1 In2 In3 DFT-optimized
Cul 0.34 0.37 0.33 0.34
Cu2 0.33 0.38 0.33 0.34
Cu3 0.33 0.33 0.33 0.33
Cu4 0.34 0.37 0.33 0.34
Cu5 0.33 0.38 0.33 0.34
Cub 0.33 0.33 0.33 0.33
Summary of Cug 1.99 2.16 1.98 2.01
S1 -0.17 -0.17 -0.17 -0.17
S2 -0.15 -0.16 -0.15 -0.17
S3 -0.15 -0.19 -0.16 -0.17
S4 -0.17 -0.17 -0.17 -0.17
S5 -0.15 -0.16 -0.15 -0.17
S6 -0.15 -0.19 -0.16 -0.17
Summary of 6S -0.93 -1.04 -0.95 -1.01
Summary of 12N -6.43 -6.45 -6.43 -6.50
Summary of 42C -3.98 -3.98 -3.92 -6.25
Summary of 54H 9.36 9.32 9.33 11.75
Summary of (SMPP)s -1.99 -2.16 -1.98 -2.01




3.2 TD-DFT calculations

Table S4 TD-B3LYP computed wavelengths (nm, eV in brackets), oscillator strengths, and electronic
configurations weights of strong electronic excitation transitions at the optimized So minimum.

Wavelength Oscillator strength Electronic configurations weights (in %)
289.20 (4.29) 0.1804 HOMO-2 - LUMO+12 (65.1)
288.97 (4.29) 0.1725 HOMO-3 - LUMO+12 (63.5)

HOMO-6 - LUMO+12 (18.4)
HOMO-10 - LUMO+10 (16.5)
251.55 (4.93) 0.0998 HOMO-10 = LUMO+9 (13.5)
HOMO-9 = LUMO+10 (12.9)
HOMO-7 = LUMO+12 (12.8)

HOMO-10 - LUMO+10 (18.3)
HOMO-7 - LUMO+12 (17.8)
251.51 (4.93) 0.1082 HOMO-6 - LUMO+12 (12.7)
HOMO-10 - LUMO+9 (12.6)
HOMO-9 = LUMO+9 (8.8)

HOMO-9 - LUMO+11 (49.0)

244.70 (5.07) 0.0358 HOMO-16 -> LUMO+1 (7.3)
244.63 (5.07) 0.0488 HOMO-10 = LUMO+11 (52.7)
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Fig. S6 TD-B3LYP calculated other canonical molecular orbitals (CMOs) at the So minimum of the
Cus(SMPP)¢ cluster.



Table S5 TD-B3LYP computed wavelengths (nm, eV in brackets), oscillator strengths, and electronic
configurations weights (in %) of strong electronic de-excitation transitions at the optimized S
minimum of the Cus(SMPP)s cluster.

Wavelength Oscillator strength Electronic configurations weights (in %)
827 (1.47) 0.0245 LUMO — HOMO-1 (69.7)
396 (3.13) 0.0916 LUMO — HOMO-22 (56.2)
319 (3.89) 0.2000 LUMO — HOMO-29 (54.5)

HOMO-29 HOMO-22 HOMO-1 LUMO




3.3 MO orbitals

CU6
__________ = COMs
(2) ====mmman- - LUMO+2/
LUMO+1
2S
LUMO+3
1D
---------- - LUMO
1.04
@) HOMO/ LUMO+2 LUMO+1
HOMO-1
LUMO 1P
: N
[ omf
©
2
©°
HOMO HOMO-1
1S
HOMO-32

Fig. S7 Total and partial density of states (DOS), Kohn-Sham orbital energy levels and selected

canonical molecular orbitals (COMs) of the optimized Cus metallic core showing superatomic

feature.



Table S6 Calculated molecular orbital energy and relevant weights with respect to Cus and 6SMPP.

. Weithts (%)
Orbitals Energy (eV) Cle 6SMPP
LUMO -2.05 62.01 37.99
HOMO -5.05 54.74 4527

HOMO-1 -5.05 54.69 4531
HOMO-2 -5.18 52.50 47.50
HOMO-3 -5.18 52.67 47.33
HOMO-4 -5.23 44.77 55.24
HOMO-5 -5.50 27.27 72.73
HOMO-6 -5.67 51.15 48.85
HOMO-7 -5.67 51.31 48.69
HOMO-8 -5.86 63.33 36.67
HOMO-9 -5.97 47.50 52.51
HOMO-10 -5.97 47.45 52.55
HOMO-11 -6.47 62.63 37.37
HOMO-12 -6.50 95.54 4.46
HOMO-13 -6.52 50.93 49.07
HOMO-14 -6.55 89.29 10.71
HOMO-15 -6.58 86.71 13.29
HOMO-16 -6.58 86.80 13.21
HOMO-17 -6.59 86.13 13.87
HOMO-18 -6.60 86.15 13.86
HOMO-19 -6.80 90.84 9.16
HOMO-20 -6.80 90.95 9.05
HOMO-21 -6.85 78.78 21.22
HOMO-22 -6.85 78.73 21.28
HOMO-23 -6.98 53.58 46.43
HOMO-24 -7.03 31.71 68.29
HOMO-25 -7.04 31.34 68.66
HOMO-26 -7.13 89.41 10.59
HOMO-27 -7.14 76.68 23.33
HOMO-28 -7.15 75.79 24.21
HOMO-29 -7.22 42.72 57.29
HOMO-30 -7.29 16.71 83.29
HOMO-31 -7.29 16.92 83.08
HOMO-32 -7.35 35.20 64.80
HOMO-33 -7.36 35.25 64.75
HOMO-34 -7.51 64.84 35.16
HOMO-35 -7.51 64.49 35.51
HOMO-36 -7.54 61.11 38.89
HOMO-37 -7.54 61.22 38.78
HOMO-38 -7.55 53.91 46.09
HOMO-39 -7.57 33.92 66.09
HOMO-40 -7.64 57.05 42.95
HOMO-41 -7.97 34.58 65.42
HOMO-42 -7.97 34.41 65.59
HOMO-43 -8.06 50.26 49.74
HOMO-44 -8.06 50.23 49.77
HOMO-45 -8.23 75.12 24.89
HOMO-46 -8.34 22.95 77.05
HOMO-47 -8.36 12.75 87.26
HOMO-48 -8.51 23.58 76.42
HOMO-49 -8.52 23.67 76.33
HOMO-50 -8.53 50.32 49.68
HOMO-51 -8.55 59.07 40.93
HOMO-52 -8.66 34.00 66.00
HOMO-53 -8.68 34.28 65.72




3.4 EDA-NOCV analysis

To unveil the bonding nature in Cus(SMPP)s, we have conducted energy
decomposition analysis (EDA),” which is known as a powerful tool to compare the
nature of chemical bonds that are closely relevant. Based on the EDA, the total
bonding energy can be divided into three parts:

AEin;: = AEpauli + AEgistar + AEorp

where AEpaui is the repulsion energy caused by the Pauli exclusion principle, AEeistst
and AEop are the attraction energies due to electrostatic and orbital interactions,
respectively. As presented by Table S7, the contribution of AEeistst (-45.88 eV) to AEint
is slightly smaller than that of AEob (-50.83 eV). In other words, stabilization of
Cus(SMPP)s mainly relies on the orbital hybridization bonding between metal core Cus
and six SMPP ligands. Further analysis based on natural orbitals for chemical valence
(NOCV)? calculations suggests that the dominant pairwise orbital interaction to AEorb
(29.92 % contribution) comes from the hybridization of HOMO orbital (Cus) and
LUMO+2 (six SMPP ligands), which yields HOMO-7 for the Cus(SMPP)¢ cluster.

Table S7 EDA-NOCV results for Cug(SMPP)s at the B3LYP/TZ2P level of theory using ADF, taking Cue
metal core and six SMPP ligands as interacting fragments. *The values in parentheses show the
contribution to the total orital interaction AEq. Energy values are given in eV.

Interaction
Energy term Assignment Fragments
Cue + 6SMPP
AEint -24.01
AEpauii 72.70
AEeistst -45.88
AEorp -50.83

Cug (HOMO-25/HOMO-32) -> 6SMPP (LUMO+1)

AEorsin)’ backdonation -9.60 (18.89 %)
AEorn)* Cus (HOMO) = 6SMPP (LUMO+2) backdonation -15.21 (29.92 %)
AEom3) Cus (HOMO-1) = 6SMPP (LUMO) backdonation -14.21 (27.96 %)
Aot 6SMPP (HOMO-7) = Cug (LUMO) donation -1.62 (3.19 %)
AEomys)t 6SMPP (HOMO-6) = Cus (LUMO+2) donation -0.76 (1.50 %)
AEor(e) 6SMPP (HOMO-1) = Cug (LUMO+1) donation -0.77 (1.51 %)

AEorb(rest)’ -8.66 (17.03 %)
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Fig. S8 The NOCV pairwise interactions, the corresponding deformation electron density plots Ap
and the corresponding NOCV pair of orbitals ({, eigenvalues given in parenthesis) between Cug
and 6SMPP fragments for Cus(SMPP)s at optimized So minima using ADF. The Ap is associated
with the orbital interactions AEor, of alpha electrons between two fragments in Cug(SMPP)e.
The colour code of the charge flow is from red to blue. The isosurface value is £0.02 a.u. for
orbitals and {, 0.0005 a.u. for Ap, respectively.
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