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1. Chemicals

All solvents and reagents used in this study were commercially available and were used without 
further purification. Dichloromethane (DCM, HPLC grade), methanol (MeOH, HPLC grade), toluene 
(HPLC grade), n-hexane (n-Hex, HPLC grade), acetonitrile (MeCN, HPLC grade), ethanol (EtOH, 
HPLC grade), 2-adamantanethiol (2-HSAdm, ≥98%), D-penicillamine (DPA, ≥98%), (E)-1,2-
bis(diphenylphosphine)ethylene (Dppe, ≥98%)，sodium hexafluoroantimonate (NaSbF6， ≥98%)，
potassium hexafluorophosphate （KPF6，≥99%），sodium molybdenum oxide (Na2MoO4, 
≥99%)，sodium tetraphenylboron (NaBPh4, ≥99.5%),sodium p-toluenesulfonate (NaTSO, ≥98%), 
HAuCl4·4H2O (≥99.99%, based on metal), NaOH (≥99.9%) and sodium borohydride (NaBH4, ≥98%), 
Potassium chloride (KCl, ≥99.5%), sodium chloride (NaCl, ≥99.5%), aluminum chloride (AlCl3, > 
98%), ferric chloride (FeCl3, ≥99%), copper chloride (CuCl2, ≥98%), cadmium chloride (CdCl2, ≥99%), 
cobalt nitrate (Co(NO3)2, ≥99%), Nickel chloride (NiCl2, ≥99%), mercury nitrate (Hg(NO3)2, ≥98%) 
Silver nitrate (AgNO3, ≥99%), zinc nitrate (Zn(NO3)2, ≥99%), Chloroform-D(CDCl3, ≥99.8%) were all 
purchased from Shanghai Aladdin Biochemical Technology Co., LTD. The ultrapure water (≥18.2 MΩ) 
used in this study was purified on a Millipore system (Millipore USA). Before use, all glassware should 
be washed with aqua regia and rinsed with ultrapure water.

2. Synthesis of [Au14(2-SAdm)9(Dppe)2]X (X = SbF6
−, PF6

−, BPh4
−, TsO−, 0.5 

MoO4
2−)

60 mg of DPA was dissolved in 10 mL of ultrapure water, followed with the addition of 400 μL 
HAuCl4 stock solution (0.2 g/mL in water). After the color of the solution changed from light yellow to 
colorless, 2 mL of NaOH aqueous solution (1 mol/L) was added. Then, 20 mg of NaBH4 dissolved in 2 
mL of water was added. The color of the solution changed into dark brown in 5 min. Then 100 mg of 
2-HSAdm and 20 mg of (E)-1,2-bis(diphenylphosphine)ethylene dissolved in 10 mL of DCM was added 
into the reaction. The mixed solution was stirred violently to proceed the two-phase ligand exchange 
process. After about 2 h, the DCM phase was collected and centrifuged at 10000 rpm for 2 min. The 
supernatant is concentrated by rotary evaporation and then washed with methanol to remove excess 
ligands. After redissolved in DCM, the raw product containing Au14 was purified on thin layer 
chromatography (TLC) plate (MeCN/DCM = 1:1). The as-purified Au14 was dissolved in MeOH and 
then different types of counterions (SbF6

−, PF6
−, BPh4

−, TSO−, MoO4
2−) were added. The precipitate 

was then collected by centrifugation. Pure Au14 was crystallized in DCM/n-Hex to obtain high-quality 
single crystals.

3. Au14 in amorphous state for fluorescence test
Au14 in amorphous state was obtained by mixing DCM solution of Au14 and n-Hex quickly. The as-

obtained powdery precipitate was then dried at room temperature to remove the residual solvent.
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At room temperature, 50 mg of Au14 crystals were dissolved in 600 μL of deuterochloroform solution 
as the initial concentration, and then another 400 μL of deuterochloroform was added each time for 
dilution and 600 μL was taken to obtain a series of test solutions with different concentrations.
5. Computational Details

All the structures discussed in this work were calculated at the BP/DND level1-2 with the effective 
core potential (ECP) Pseudopotential3-4 performed in the DMol3 package.5-7 The convergence tolerances 
of energy, force, and displacement for the structure relaxation were 1.0 × 10–6 Ha, 2.0 × 10–4 Ha/Å, and 
5.0 × 10–4 Å, respectively. Based on the optimized structures, Kohn–Sham calculation was performed 
with the B3PW91 level of theory1,8 on the Gaussian 09 suite of program.9 Gold atoms were treated with 
the SDD basis set and the related effective core potential (ECP), For the remaining atoms, the 6-31G* 
basis set was used.10

6. Measurements
All UV-vis spectra in the study were obtained using an Agilent 8453 instrument. ESI-MS 

measurement results were recorded using a Waters Xevo G2-XS Q Tof mass spectrometer. The source 
temperature was maintained at 80 °C and the Au14 solution were directly infused into a chamber at a 
flow rate of 20 μL/min. Single crystal X-ray diffraction (SCXRD) was performed by using graphite 
monochrome Cu Kα radiation (λ = 1.54186 A) at 120 K in liquid nitrogen flow on Stoe Stadivari 
diffractometer. Fluorescence spectra were obtained from an F-7000 fluorescence spectrophotometer. 
The nuclear magnetic experiments are all done on the JNM-ECZ400SMHz nuclear magnetic resonance 
spectrometer. The EPR was measured by PLS-SXE300+ electron paramagnetic resonance spectromet. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB 250Xi XPS 
spectrometer (Al Ka, hν = 1486.6 eV) using a monochromatized Al Kα source equipped with an Ar+ 
ion sputtering gun.



Fig. S1 Photoelectron spectroscopy of Au14.

Fig. S2 (a) The survey XPS spectrum, and (b)S 2p, (c) P 2p, (d) F 1s.



Fig. S3 The unit cell of Au14 nanocluster (labels: Au = blue; S = yellow; P = green; F = lime; Cl = bright 

green; C = gray; H = white).



Table S1. Crystal data and structure refinement for Au14

CCDC code 2286900
Empirical formula C151.5H201Au14ClF3P4.5S9

Formula weight 5300.00
Temperature/K 120.0
Crystal system triclinic
Space group P-1

a/Å 15.8928(3)
b/Å 20.0176(4)
c/Å 29.1486(6)
α/° 75.0450(10)
β/° 78.775(2)
γ/° 78.621(2)

Volume/Å3 8681.3(3)
Z 2

ρcalcg/cm3 2.028
μ/mm-1 23.505
F(000) 4943.0

Crystal size/mm3 0.27 × 0.25 × 0.12
Radiation Cu Kα (λ = 1.54186)

2Θ range for data collection/° 9.258 to 125
Index ranges -12 ≤ h ≤ 18, -21 ≤ k ≤ 23, -33 ≤ l ≤ 31

Reflections collected 53361
Independent reflections 26608 [Rint = 0.0413, Rsigma = 0.0477]

Data/restraints/parameters 26608/913/1666
Goodness-of-fit on F2 1.038

Final R indexes [I>=2σ (I)] R1 = 0.0533, wR2 = 0.1406
Final R indexes [all data] R1 = 0.0625, wR2 = 0.1552

Largest diff. peak/hole / e Å-3 3.52/-3.70



Fig. S4 Packing mode of the Au14 along the a axis (labels: Au = blue; S = yellow; P = green; F = lime; 
Cl = bright green; C = gray).

Fig. S5 Packing mode of the Au14 along the b axis (labels: Au = blue; S = yellow; P = green; F = lime; 
Cl = bright green; C = gray).



Fig. S6 Packing mode of the Au14 along the c axis (labels: Au = blue; S = yellow; P = green; F = lime; 
Cl = bright green; C = gray).

Fig. S7 EPR signal diagram of Au14 nanocluster



Fig. S8 Comparison of the crystal structure between two different Au14 nanoclusters. (Label: Au = blue-
gray; S = yellow; P = green; C = gray)

Fig. S9 Fluorescence photographs of Au14 in different states. (a) In a liquid state; (b) Exposure under 
dark conditions; (c) in the crystal state (A) and amorphous state (B); (d) fluorescent photographs of 
crystals and amorphous under 365-nm illumination.



Fig. S10 UV-vis spectra of Au14 nanoclusters with the temperature from 298 K to 130 K.

Fig. S11 DOSY 1H NMR spectra of Au14 with different concentration (solvent: CDCl3).



Fig. S12 Electron state analysis of Au14 nanoclusters

Fig. S13 Photograph of the Au14 crystals under 365-nm illumination with the addition of different ions 
(K+, Na+, Ag+, Cu2+, Hg2+, Cd2+, Zn2+, Ni2+, Al3+, Fe3+; 3 mmol/L in water).

Table S2. Quantum yield comparison of gold nanoclusters
Nanocluster QY (%)[a] Ref.

[Au25(C2H4Ph)18]- 0.01 11
Au60S8(SCH2Ph)36(Au60S8r) 9 12
Au60S8(SCH2Ph)36 (Au60S8n)

[Au8(dppm)4S2]Cl2

5.6
4.57

12
13

Au28(TBBT)20 1.6 14
Au28(S-c-C6H11)20 0.1 14

[Au18(S-c-C6H11)14] 0.1 15



Au42(PET)32 11.9 16
Au38S2(S-Adm)20 15 17
Au21(S-Adm)15 4 17

Au23(S-c-C6H11)16 0.4 18
Au25(PET)5(PPh3)10X2 8 19
Au24(PET)5(PPh3)10X 1 19
Au28(SCH2Ph-tBu)22 5.1 20
Au24(SCH2Ph-tBu)20 3 21
[Au13(Dppe)5Cl2]3+

Au38(PET)26

0.71
1.8

22
23

[Au14(2-SAdm)9Dppe]+ 5.05 This work

[a] QY:quantum yield
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