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S1. Materials and Instrumentation

All the organic solvents were obtained from commercial chemical company and used here were 

distilled over 4 Å molecular sieves under an argon atmosphere. All other chemicals were used as 

received without any further purification. NMR spectra were recorded on Bruker AVIII 500 MHz and 

400 MHz spectrometers and referenced to residual solvent peaks. The working frequencies were 500 

MHz or 400 MHz for 1H, 101 MHz for 13C and 162 MHz for 31P{1H}. The ESI-MS spectral analyses 

were carried out on a Q Exactive Thermo Scientific spectrometer. Fourier transform infrared (FT-IR) 

spectra were collected on a Thermo Nicolet FTIR-IS50 spectrometer. The samples were ground with 

spectrographically KBr and tableted as a transparent slice. X-ray photoelectron spectroscopy (XPS) 

was performed on a Thermo Scientific Escalab 250Xi photoelectron spectrometer. The X-ray 

diffraction single-crystal data of the dimeric capsule [C1]2•6PF6ˉ was collected on a Bruker D8 

Venture APEX II CCD single crystal diffractometer. Powder X-ray Diffraction (PXRD) data were 

collected on a Bruker D8 Advance powder X-ray diffractometer. The UV-Vis absorption spectral 

analyses were carried out on a UV-3600 spectrometer. Fluorescence spectral analyses were performed 

on a Tianjin Gangdong F-320 spectrometer and an Edinburgh FLS980. The electron paramagnetic 

resonance spectroscopy (EPR) measurements of organic radicals were carried out on a Bruker 

EMXplus spectrometer (10 dB; 9.5 GHz). Mott-Schottky plot, photocurrent responses and 

electrochemical impedance spectroscopy were conducted at the CHI 660A electrochemical 

workstation. Scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS) were 

acquired on an OPTON SIGMA500 field emission scanning electron microscope. 
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S2. Synthesis and Characterization of All Compounds
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Scheme S1. Synthetic routes of the tripodal ligand K3L1.

Synthesis of 1, 3, 5-tri (1-Boc-4-piperazinyl)-2, 4, 6-triethylbenzene (compound 3)

1,3,5-Tris(bromomethyl)-2,4,6-triethyl benzene (2 g, 4.57 mmol), 1-piperazine-Boc (2.58 g, 13.9 

mmol) and potassium carbonate (3.15 g, 22.83 mmol) were refluxed in THF (80 mL) at 85 ℃ for about 

48 h. After the removal of organic solvents, the residue was washed with water and extracted with 

dichloromethane for three times. The dichloromethane extracts were dried over anhydrous Na2SO4 and 

the solvent was distilled under vacuum. Chromatography on silica gel elution with 

dichloromethane/methanol (v/v, 6:1) afforded the pure product 1, 3, 5-tri (1-Boc-4-piperazinyl)-2, 4, 

6-triethylbenzene (compound 3) as faint yellow powders (3.07 g, 4.05 mmol) in a yield of 89%. 1H 

NMR (298K, 400 MHz, CDCl3-d) δ = 3.52 (s, 2H), 3.36 (s, 4H), 2.91-2.86 (q, J = 7.3 Hz, 2H), 2.41 

(s, 4H), 1.45 (s, 9H), 1.13-1.10 (t, J = 7.3 Hz, 3H).
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Figure S1. 1H NMR spectrum (298 K, 400 MHz, CDCl3-d) of compound 3. 

Synthesis of 1, 3, 5-tri (1- piperazinyl)-2, 4, 6-triethylbenzene (compound 4)

1, 3, 5-tri (1-Boc-4-piperazinyl)-2, 4, 6-triethylbenzene (3.0 g, 3.97 mmol), 1 mL of water and 15 mL 

of concentrated hydrochloric acid (1 M) were added into a flask and the reactants were refluxed in 20 

mL of ethyl alcohol at 60 ℃ for 48 h. After the reaction mixture cooled to room temperature, the 

solvent was evaporated under reduced pressure and dissolved in distilled water, and then a 

concentrated NaOH solution was slowly added to the mixture and neutralizing the pH value to 14. 

Next, the mixture solution was washed and extracted with dichloromethane (50 mL × 3). The 

dichloromethane extracts were dried over anhydrous Na2SO4 and removed under vacuum. Compound 

4 was obtained as yellow powders in a high yield (1.56 g, yield 86%).
 
1H NMR (298K, 400 MHz, 

CDCl3-d) δ = 3.48 (s, 2H), 2.93-2.88 (q, J = 7.4 Hz, 2H), 2.82-2.80 (t, J = 4.6 Hz, 4H), 2.45 (s, 4H), 

1.14-1.10 (t, J = 7.4 Hz, 3H). ESI-MS (CH3OH) m/z：[M+H]+, calcd for C27H48N6
+, 456.4；found, 

457.6.
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Figure S2. 1H NMR spectrum (298 K, 400 MHz, CDCl3-d) of compound 4. 

Figure S3. ESI-MS spectrum of compound 4 in CH3OH at 298 K.

Synthesis of 1, 3, 5-tri (1- piperazinyl)-2, 4, 6-triethylbenzene potassium salt (K3L1)

1, 3, 5-tri (1-piperazinyl)-2, 4, 6-triethylbenzene (1.40 g, 3.07 mmol) and KOH (1.7 g, 30.7 mmol) 

were added to a mixed solution of CS2 (150.0 mg, 4 mmol) in the mixed solution of water (5 mL) and 

methanol (10.0 mL). The mixture was stirred at 40 ºC under an argon atmosphere for 48 h. The solution 
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was then cooled and concentrated. The white solid was filtered off, washed with acetone (20 mL) and 

dried under vacuum. Crystallization of the residue from CH3OH/ diethyl ether (V/V, 1:1) afforded the 

target compound (yield: 1.79 g, 73%) as a white crystalline solid. 1H NMR (298K, 400 MHz, DMSO-

d6) δ = 4.25-4.20 (q, J = 6.8 Hz, 4H), 3.47 (s, 2H), 2.89-2.85 (m, 2H), 2.34 (t, J = 5.0 Hz, 4H), 1.14-

1.10 (t, J = 7.2 Hz, 3H). 13C NMR (298K, 101 MHz, DMSO-d6) δ = 214.42, 144.71, 144.35, 131.68, 

131.54, 55.21, 53.02, 50.54, 49.79, 22.75, 16.86, 16.82.

Figure S4. 1H NMR spectrum (298 K, 400 MHz, DMSO-d6) of the tripodal ligand K3L1. 
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Figure S5. 13C NMR spectrum (298 K, 101 MHz, DMSO-d6) of the tripodal ligand K3L1. 
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Scheme S2. Self-assembly pathway of the dimeric cluster-based capsule [C1]2•6PF6ˉ.

[C1]2•6PF6ˉ: A methanol solution of 1, 3, 5-tri(N-dithiocarbamates-1-piperazinyl)-2, 4, 6-

triethylbenzene potassium salt K3L1 (0.1 mmol) was slowly added to a suspension of binuclear corner 

dppmAu2Cl2 (0.3 mmol) in 3 mL methanol. The reaction was stirred for 24 hours until the mixture 

became a clear green-yellow solution at room temperature. Then the 10-fold excess of NH4PF6 was 

added to the resulting mixture solution, and the crude product [C1]2•6PF6ˉ precipitated immediately 

as a yellow solid (yield of 85%). A single crystal of [C1]2•6PF6ˉ was obtained by slow diffusion of 

diethyl ether into its 1:1 dichloromethane/methanol solution at a low temperature (3 °C) to give 
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[C1]2•6PF6ˉ as diffraction-quality yellow block crystals with a yield: 70%. 1H NMR (298K, 400 MHz, 

DMSO-d6) δ = 7.76-7.72 (m, 8H), 7.51-7.48 (t, J = 7.0 Hz, 4H), 7.42-7.39 (t, J = 7.2 Hz, 8H), 4.77-4.71 

(t, J = 14.1 Hz, 2H), 4.27 (s, 3H), 3.66 (s, 2H), 2.96-2.95 (d, J = 7.3 Hz, 2H), 2.70 (s, 2H), 1.19-1.16 

(m, 3H). 13C NMR (298K, 101 MHz, DMSO-d6) δ = 200.99, 133.67, 133.33, 132.76, 132.58, 129.62, 

129.41, 56.55, 52.02, 49.07, 18.92, 16.90. 31P NMR (298K, 162 MHz, DMSO-d6) δ = 34.28, 29.36, 

28.02, -135.41, -139.80, -144.18, -148.58, -152.97. IR (KBr, ν / cm-1): ν (cm-1) = 1627 (C=N), 1348 

(C-N), 781 (C-P), 842 (PF6ˉ), 689 (C-S). ESI-MS (CH3CH2OH/CH2Cl2) m/z：[C1+ OHˉ+CH2Cl2]2+, 

calcd for C107H114Au6N6OP6S6Cl2
2+, 1559.16；found, 1559.14; [C1+ 

PF6ˉ+CH2Cl2+CH3CH2OH+PF6ˉ]2+ calcd for C108H119Au6Cl2F6N6OP7S6
2+, 1647.16; found, 1647.05; 

[2C1+ 2PF6ˉ+ OHˉ+CH3CN]3+ calcd for C212H226Au12F12N7OP14S12
3+, 2128.90; found, 2128.17; 

[2C1+ 3PF6ˉ+ H2O+CH3CH2OH]3+ calcd for C212H226Au12F12N7OP14S12
3+, 2177.56; found, 2176.82.

Figure S6. 1H NMR spectrum (298 K, 400 MHz, DMSO-d6) of cluster capsule [C1]2•6PF6ˉ. 
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Figure S7. Variable temperature 1H NMR spectroscopes (500 MHz, DMSO-d6) of cluster capsule 

[C1]2•6PF6ˉ. 

Figure S8. 1H-1H COSY NMR spectrum (298 K, 400 MHz, DMSO-d6) of cluster capsule [C1]2•6PF6ˉ. 
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Figure S9. 13C NMR spectrum (298 K, 101 MHz, DMSO-d6) of cluster capsule [C1]2•6PF6ˉ. 

Figure S10. 31P{1H} NMR spectrum (298 K, 162 MHz, DMSO-d6) of cluster capsule [C1]2•6PF6ˉ. 
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Figure S11. (a) DOSY NMR spectrum (298 K, 500 MHz, DMSO-d6) of the free ligand K3L1 (c = 

5x10-3 M). (b) DOSY NMR spectrum (298 K, 500 MHz, DMSO-d6) of cluster capsule [C1]2•6PF6ˉ (c 

= 2.5x10-3 M). (c) DOSY NMR spectrum (298 K, 500 MHz, DMSO-d6) of cluster capsule [C1]2•6PF6ˉ 

(c = 5x10-3 M). (d) The proposed stepwise aggregation process of dimeric capsule [C1]2•6PF6ˉ in 

solution.
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Figure S12. ESI-MS spectrum of cluster capsule [C1]2•6PF6ˉ in CH3CH2OH/CH2Cl2 mixture solution 

at 298 K. Insert shows observed isotope distribution patterns of two ionized peaks (m/z). 
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Figure S13. FT-IR spectra of cluster-based capsule [C1]2•6PF6ˉ. 

Figure S14. (a) The XPS profiles of capsule [C1]2•6PF6ˉ. (b) The narrow scan XPS spectra of ‘Au’.
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Figure S15. SEM patterns and elemental mapping images of cluster-based capsule [C1]2•6PF6ˉ 

crystalline sample. 

S3. X-ray Crystallography of Dimeric Capsule [C1]2•6PF6ˉ

X-ray diffraction data of the crystals of the dimeric capsule [C1]2•6PF6ˉ were collected using a 

Bruker D8 Venture diffractometer. The diffraction data reduction and integration were performed by 

the Bruker SAINT software. Positions of the Au atoms and most of the non-hydrogen atoms were 

found using the direct methods program in the Bruker SHELXTL software package. SHELXT is the 

software by Sheldrick for the structure solution that typically uses Intrinsic Phase methods.[1] SHELXL 

is the software by Sheldrick for the structure refinement.[2] However, all hydrogen atoms were placed 

in calculated positions in the final structure refinement. Crystal structure refinement data are given in 

Table S1. The selected geometric parameters are shown in Tables S2-S4. In the dimeric capsule 

[C1]2•6PF6ˉ, the unit cell includes a large region of disordered solvent molecules and counter-anions, 

which could not be modeled as discrete atomic sites. We employed PLATON/SQUEEZE to calculate 

the diffraction contribution of the solvent molecules and anions. These data (CCDC 2301196) can be 

achieved via the Cambridge Crystallographic Data Centre deposit@ccdc.cam.Ac.uk, 
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http://www.ccdc.cam.ac.uk/deposit.

Table S1. Crystallographic data of the dimeric capsule [C1]2•6PF6ˉ. 

[C1]2•6PF6ˉ

formula
C210 H222 Au12 

F18 N12 P15 S12

FW 6468.85

crystal size 

[mm]
0.17 x 0.24 x 0.25

crystal 

system
trigonal

space group  R -3 c

a [Å]   34.3007 (7) 

b [Å] 34.3007 (7)

c [Å] 37.7858 (7)

α [º] 90            

β [º] 90

γ [º]  120

V [Å3] 38500.4 (17)

Z 6

ρcalcd, [g/cm-

3]
1.674
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μ [mm-1] 7.079

F(000) 18558.0

2θmax [º] 29.536

no. unique 

data
5185

parameters 1879

GOF [F2]a 1.04

R 

[F2>2σ(F2)], 

wR[F2]b

 0.0881, 0.2612

[a] GOF = [w(Fo
2- Fc

2)2]/(n - p)1/2, where n and p denote the number of data points and the number of 

parameters, respectively. [b] R1 = (||Fo| - |Fc||)/|Fo|; wR2 =[w(Fo
2 - Fc

2)2]/[w(Fo
2)2]1/2,Where 

w=1/[σ2(Fo
2)+(aP)2+bP] and P=[max(0, Fo

2)+2Fc
2]/3.

Table S2. Selective bond distance (Å) and angle (°) of the dimeric capsule [C1]2•6PF6ˉ.

Bond                   Dist.[Å] Bond                     Dist.[Å]

Au1-Au2                2.836(1)

Au1-P1                2.256(4)

Au1-S4                 2.287(5)

Au2-P3                 2.265(4)

Au2-S3                 2.322(4)

Au2-Au2               3.0279(9)

S3-Au2                 2.322(5)

S4-Au1                 2.287(6)

C5-N2                   1.50(2)

C6-N2                   1.43(3)

C10-N1                    1.31(2)

C10-S3                    1.78(2)

C10-S4                    1.69(2)

Au1-P1                   2.256(6)

Au2-P3                   2.265(6)

Au2-Au2                 3.0279(9)

C11-P3                    1.81(2)

C17-P1                    1.80(2)

C7-N1                     1.45(3)
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Bond                  Angle [°] Bond                    Angle [°]

Au2-Au1-P1              92.9(1)

Au2-Au1-S4              94.0(1)

P1-Au1-S4             172.7(2)

Au1-Au2-P3              92.3(1)

Au1-Au2-S3             91.6(1)

Au1-Au2-Au2         108.53(3)

P3-Au2-S3              173.5(2)

P3-Au2-Au2             100.9(1)

S3-Au2-Au2              82.7(1)

C7-N1-C8                108(2)

C7-N1-C10               123(2)

C8-N1-C10               126(2)

C5-N2-C6                111(1)

C5-N2-C9                111(1)

Au1-P1-C17           114.1(6)

Au1-P1-C23              111.4(6)

Au1-P1-C24              110.9(5)

C17-P1-C23              107.1(8)

C17-P1-C24             106.5(7)

C23-P1-C24              106.4(8)

Au2-P3-C11              112.7(7)

Au2-P3-C23              112.3(6)

Au2-P3-C30              113.8(7)

C11-P3-C23              107.0(9)

C11-P3-C30              107.5(9)

C23-P3-C30              102.8(9)

S4-Au1-Au2              93.9(1)

Au2-Au2-Au1         108.52(3)

Au2-Au2-P3               100.9(1)

S3-Au2-Au1               91.6(1)

S3-Au2-P3                173.5(2)

Au1-Au2-P3               92.3(1)

F7-P4-F8                168(2)

F7-P4-P4                 165(2)

F7-P4-F5                 139(2)

F7-P4-F6                 102(3)

F7-P4-F8                 134(2)

F7-P4-P4                 119(2)

F7-P4-F8                  95(5)

F8-P4-P4                  24(2)

F8-P4-F5                  30(2)

F8-P4-F6                  82(3)

F8-P4-F8                  55(2)

F1-F6-P4                 105(4)

F1-F6-P4                 113(5)

F1-F6-F1                   5(4)

F1-F6-P4                 120(5)

P4-F6-P4                 109(3)

P4-F6-F1                 100(5)

P4-F6-P4                 129(3)

P4-F6-F1                 112(5)

P4-F6-P4                  76(2)

F1-F6-P4                 125(5)

P4-F8-F5                 165(8)
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S4-Au1-P1              172.8(2)

S4-Au1-Au2              94.0(2)

S4-Au1-P1              172.7(2)

Au2-Au1-P1              92.9(1)

Au2-Au2-S3              82.7(1)

P4-F8-P4                  61(4)

P4-F8-P4                  89(5)

F5-F8-P4                 127(5)

F5-F8-P4                    87(5)

P4-F8-P4                  57(2)

Figure S16. The half-bowl crystal structure of dimeric capsule [C1]2•6PF6ˉ viewing along the a-axis 

(a) and c-axis (b).

Figure S17. Packing of a 3-D molecular arrays in the crystal structure of dimeric capsule [C1]2•6PF6ˉ 

viewing along the c-axis.
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Figure S18. The PXRD profiles of dimeric capsule [C1]2•6PF6ˉ.

S4. Photophysical Data of Dimeric Capsule [C1]2•6PF6ˉ  

Table S3. The photophysical data of dimeric capsule [C1]2•6PF6ˉ.
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Figure S19. UV−vis diffuse reflectance spectra of dimeric capsule [C1]2•6PF6ˉ in the solid state at 

298 K.

Determination of dimerization constants by concentration-dependent UV-vis absorption studies 
[3-9]. The absorption bands that appear as the concentration of the complex increases are best interpreted 
in terms of an oligomerization of the gold(I) complex [C1]3+ cations. The equations (1) and (2) are the 
monomer-dimer equilibria respectively, where M = [C1]3+ and D = [C12] 6+. In the analysis of these 
equilibria, (1) has been utilized to give the mathematical expressions of (2):

where [C] is the total concentration of the gold(I) complex, A2 is the absorbances due only to dimers, 
and 2 is the corresponding molar extinction coefficients. By plotting [C]/A2

1/2 against the dimer 
absorbance A2 as a straight line in equation (2), from the slope (2/2) and intercept (1/(2K1)1/2, the 
corresponding dimerization constant K1 can be determined.
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Figure S20. (a) UV-vis absorption spectrum of dimeric capsule [C1]2•6PF6ˉ in CH3CN as the 

concentration increases from 6.5 × 10−6 to 2.0 × 10−4 M at 298 K. (b) A plot of absorbance at 355 nm 

as a function of concentration for capsule [C1]2•6PF6ˉ. Experimental (■) and theoretical (red line) fit 

Beer’s law. (c) Particle size distribution of the aggregated dimeric capsule [C1]2•6PF6‾ in solution (0.125 

μM to 1.0 mM) determined by dynamic light scattering experiments. (d) Dimerization plot of monomer-

dimer equilibrium in solution.

Figure S21. Schematic depiction of the optical band gap of spontaneous formation from Au2 to Au4.
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Figure S22. Excitation and emission spectra of dimeric capsule [C1]2•6PF6ˉ (a) in CH3CN solution 

(1 × 10-5 M) at 298 K; (b) in the solid state at 298 K.

0.0 0.5 1.0 1.5 2.0 2.5

-0.05

0.00

0.05

0.10

0.15

0.20

C
ur

re
nt

 (m
A

)

Potential (V)

 Blank
 dppm(AuCl)2

 [C1]26PF6
-

Figure S23. Cyclic voltammetry experiments (Ag/AgNO3 was used as the reference electrode at a   

scan rate of 100 mV/s, Ep: peak potential). It was also concluded that the gold catalyst employed has 

one obvious oxidation peaks, the first being AuI/AuII (Ep = +1.07 V versus Ag/AgNO3). [10]
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Figure S24. Phosphorescence decay profiles and fitting curves of dimeric capsule [C1]2•6PF6ˉ: (a) in 

CH3CN solution (1 × 10-5 M); (b) in the solid state at 298 K.

Figure S25. Quantum yield spectra of dimeric capsule [C1]2•6PF6ˉ: (a) in CH3CN solution (1 × 10-5 

M). (b) in the solid state at 298 K.

S5. General Protocol for Photocatalytic Oxidation

A glass tube was filled with a magnetic stir bar, the amine (0.5 mmol), crystalline samples of 

[C1]2•6PF6ˉ (1.3 µmol, 8 mg) and CH3CN (2 mL). The resulting mixture was stirred and irradiated 
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with a 365 nm LED under air condition. After the catalytic reaction was stopped, the product was 

obtained by extracted with dichloromethane twice and filtrating for further determination.

Photoelectrochemical Measurements

[C1]2•6PF6ˉ (2 mg, 0.33 µmol) was dissolved in 1 mL of ethanol by ultrasound for 20 min to 

disperse completely. The working electrode was prepared by taking more than 20 µL of suspended 

liquid drops on the glass carbon electrode, with a Pt plate as the counter electrode, and an Ag/AgCl as 

a reference electrode to combine the standard three-electrode system. The electrolyte used was a 0.1 

M deoxygenated Na2SO4 solution. A Mott-Schottky plot was recorded at frequencies of 500 Hz, 1000 

Hz and 1500 Hz. Electrochemical impedance spectroscopy was acquired from 1 Hz to 100 kHz.

The photo-responsive signals were measured on a 365 nm LED as a light source and a standard 

three-electrode system. The working electrodes were prepared by coating the slurry on the surface of 

the FTO plate and covering approximately 1 cm2. The Pt plate was used as the counter electrode, and 

an Ag/AgCl was a reference electrode. The electrolyte used was a 0.1 M deoxygenated Na2SO4 

solution.

EPR Measurements

The EPR spectra were obtained in the presence of 5, 5-dimethyl-1-pyrroline-N-oxide (DMPO), 

2, 2, 6, 6-Tetramethylpiperidoxyl (TEMPO) and 2, 2, 6, 6-Tetramethyl-4-piperidinone hydrochloride 

(TEMP) respectively. 10 μL DMPO was mixed with 190 μL of [C1]2•6PF6ˉ/CH3CN suspension in the 

EPR tube under in situ illumination. Similarly, 10 μL TEMP or 10 μL TEMPO was mixed with 190 

μL of [C1]2•6PF6ˉ/H2O suspension in the EPR tube for in-situ illumination, respectively.

Table S4. Photo-oxidation of benzylamine to N-benzylbenzaldimine over different catalysts.
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Table S5. Optimization of Reaction Conditions. 

[a] Standard conditions: 0.05 mmol benzylamine and 1.3 µmol [C1]2•6PF6ˉ in 2 mL CH3CN irradiated 

with a 10 W 365 nm LED at room temperature in air for 6 h; [b] Conversion and yield of benzylamine 

coupling were detected using gas chromatography; [c] 5.0 µmol L1; [d] 5.0 µmol dppmAu2Cl2.
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Figure S26. Time-dependent curves of the oxidative coupling of amines by capsule C1 photocatalysis. 

(Dark: standard conditions. Red: the catalyst was filtered after 3 h).
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Table S6. Scope of aerobic oxidative coupling of benzylamines.

5 10 15 20 25 30 35 40
2Theta (degree)

Simulated of capsule C1

Observed of capsule C1 before catalysis

Observed of capsule C1 after catalysis

Figure S27. PXRD patterns of dimeric capsule [C1]2•6PF6ˉ before and after catalysis.
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Figure S28. SEM patterns of dimeric capsule [C1]2•6PF6ˉ before (a) and after catalysis (b).
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Figure S29. The EPR spectrum of photogenerated electron radicals trapped by TEMPO under 

continuous irradiation with a 365 nm LED light.
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Figure S30. Quenching experiments to determine the active species.
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Figure S31. 1H-NMR (298K, 400 MHz, CDCl3-d) of dimeric capsule [C1]2•6PF6ˉ catalytic reaction 

system after 4 hours.
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Figure S32. ESI-MS spectrum of the benzylamine oxidation mixture using dimeric capsule 

[C1]2•6PF6ˉ as a catalyst in CH3CN at 298 K. 
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Detection of H2O2

  The generation of H2O2 was determined indirectly by iodimetry methods through UV-vis 

spectroscopy. Adding 0.10 mL of the reaction supernatant to the mixture of 1.0 mL of 0.40 M KI and 

1.0 mL of 0.10 M potassium hydrogen phthalate solutions, the liquid sample needed to be filled to 10 

mL in a volumetric flask and kept over 20 minutes to make sure that I− have completely formed to I3
− 

by reacting with H2O2. Lastly, the mixture was measured by UV−vis spectroscopy. Black line (with 

benzylamine): The reaction of benzylamine with catalyst [C1]2•6PF6ˉ have produced H2O2, which 

made I− completely convert to I3
− as monitored by the UV absorption at 350 nm. Red line (no 

benzylamine): Without benzylamine, the solution of [C1]2•6PF6ˉ produced no H2O2. There was no 

signal at 350 nm in UV-Vis spectrum. Blue line (blank): Without benzylamine and catalyst, just KI 

and potassium hydrogen phthalate solutions. 

300 350 400 450 500
0.0

0.5

1.0

1.5

2.0

A
bs

Wavelength (nm)

 With benzylamine 
 No benzylamine 
 Blank

Figure S33. UV−vis absorption spectra of the indirectly iodimetry solution. 

Detection of released NH3

Benzylamine (0.050 mmol) and photocatalyst [C1]2•6PF6ˉ (8.0 mg) were stirred in CH3CN (2.0 

mL) under 365 nm LED irradiation for 6 h at room temperature in air. Then, 2.0 mL of distilled water 

was added to the solution, extracting 5.0 mL of CH2Cl2 three times. As shown in Figure S33, without 

catalyst [C1]2•6PF6ˉ, the pH value of the reaction solution did not change before and after, showing 

the pH at around 6-7. However, the pH of the fresh mixture of benzylamine and photocatalyst was 4-

5 comparing with the test paper. Under 365 nm irradiation for 3 h, the aqueous layer was put to test its 
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pH immediately, showing it pH = 7-8. After the reaction, the pH value could be 8-9, implying that the 

NH3 molecule was released from the coupling reaction.

Figure S34. The pH test for the reaction solution after different conditions.

Characterization of the photocatalysis products

 
 (E)-N-benzyl-1-phenylmethanimine (1a):

N

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.37 (s, 1H), 7.69-7.67 (m, 2H), 7.37-7.35 (m, 3H), 7.27-

7.26 (d, J = 4.4 Hz, 4H), 7.20-7.15 (q, J = 4.3 Hz, 1H), 4.68 (s, 2H). GC-MS (CH3CN, m/z): [1a]+, 

calcd for 195, found, 195.1.

 (E)-N-(4-methylbenzyl)-1-(p-tolyl)methanimine (1b):

N

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.31 (s, 1H), 7.57-7.55 (d, J = 8.0 Hz, 2H), 7.18-7.12 (dd, 

J = 14.8, 8.0 Hz, 4H), 7.08-7.06 (s, 2H), 4.61 (s, 2H), 2.28 (s, 3H), 2.22 (s, 3H). GC-MS (CH3CN, 

m/z): [1b]+, calcd for 223, found, 223.1.

(E)-N-(4-fluorobenzyl)-1-(4-fluorophenyl)methanimine (1c):

N

FF

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.46 (s, 1H), 7.85-7.82 (dd, J = 8.8, 5.6 Hz, 2H), 7.40-7.37 

(dd, J = 8.7, 5.6 Hz, 2H), 7.23-7.18 (m, 2H), 7.13-7.09 (m, 2H), 4.76 (s, 2H). GC-MS (CH3CN, m/z): 

[1c]+, calcd for 231, found, 231.1.

(E)-N-(2-fluorobenzyl)-1-(2-fluorophenyl)methanimine (1d):

N

FF
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1H NMR (298K, 400 MHz, CD3CN-d3) δ 8.65 (s, 1H), 7.88-7.86 (m, 1H), 7.43 -7.36 (m, 1H), 7.33-7.32 

(d, J = 5.9 Hz, 1H), 7.27-7.17 (m, 1H), 7.13-7.02 (m, 4H), 4.76 (s, 2H). GC-MS (CH3CN, m/z): [1d]+, 

calcd for 231, found, 231.1.

N

FF

FF

(E)-N-(3,4-difluorobenzyl)-1-(3,4-difluorophenyl)methanimine (1e):

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.31 (s, 1H), 7.48-7.47 (m, 2H), 7.27-7.09 (m, 2H), 4.65 

(s, 2H). GC-MS (CH3CN, m/z): [1e]+, calcd for 267, found, 267.1.

N

BrBr

(E)-N-(4-bromobenzyl)-1-(4-bromophenyl)methanimine (1f):

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.33 (s, 1H), 7.70-7.68 (d, J = 9.6 Hz, 2H ),7.59 (s, 1H), 

7.53-7.51 (m, 2H), 7.43-7.40 (d, J = 8.5 Hz, 2H), 7.20-7.18 (d, J = 8.5 Hz, 2H), 4.64 (s, 2H). GC-MS 

(CH3CN, m/z): [1f]+, calcd for 353, found, 352.9.

N

OMeMeO

(E)-N-(4-methoxybenzyl)-1-(4-methoxyphenyl)methanimine (1g):

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.26 (s, 1H), 7.78-7.76 (d, J = 8.9 Hz, 2H), 7.62-7.60 (d, 

J = 8.8 Hz, 2H), 7.17-7.15 (d, J = 8.7 Hz, 1H), 7.00-6.98 (d, J = 8.8 Hz, 1H), 6.89-6.87 (d, J = 8.8 Hz, 

1H), 6.82-6.79 (d, J = 8.8 Hz, 1H), 4.57 (s, 2H), 3.79 (s, 3H), 3.68 (s, 3H). GC-MS (CH3CN, m/z): 

[1g]+, calcd for 255, found, 255.1.

N

FF

FF

(E)-N-(2,4-difluorobenzyl)-1-(2,4-difluorophenyl)methanimine (1h):

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.58 (s, 1H), 6.96-6.93 (d, J = 8.7 Hz, 2H), 6.91-6.88 (t, J 

= 8.8 Hz, 4H), 4.71 (s, 2H). GC-MS (CH3CN, m/z): [1h]+, calcd for 267, found, 267.1.
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N

ClCl

FF

(E)-N-(4-chloro-3-fluorobenzyl)-1-(4-chloro-3-fluorophenyl)methanimine (1i):

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.33 (s, 1H), 7.61-7.59 (m, 1H), 7.48-7.47 (d, J = 4.1 Hz, 

2H), 7.38-7.34 (d, J = 8.0 Hz, 1H), 7.20-7.17 (d, J = 10.5 Hz, 1H), 7.10-7.08 (d, J = 8.3 Hz, 1H), 4.68 

(s, 2H). GC-MS (CH3CN, m/z): [1i]+, calcd for 299, found, 299.

(E)-N-(3-methylbenzyl)-1-(p-tolyl)methanimine (1j):

N

1H NMR (298K, 400 MHz, CD3CN-d3) δ = 8.43 (s, 1H), 7.74 -7.73 (m, 2H), 7.53-7.51 (d, J = 7.7 Hz, 

2H), 7.35-7.33 (d, J = 7.6 Hz, 2H), 7.119-7.14 (d, J = 11.5 Hz, 2H), 4.75 (d, J = 1.3 Hz, 2H), 2.39 (s, 

3H), 2.35 (s, 3H). GC-MS (CH3CN, m/z): [1j]+, calcd for 223, found, 223.1.

Figure S35. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-benzyl-1-phenylmethanimine (1a).
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Figure S36. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(4-methylbenzyl)-1-(p-

tolyl)methanimine (1b).

Figure S37. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(4-fluorobenzyl)-1-(4-

fluorophenyl)methanimine (1c).
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Figure S38. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(2-fluorobenzyl)-1-(2-

fluorophenyl)methanimine (1d).

Figure S39. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(3,4-difluorobenzyl)-1-(3,4-

difluorophenyl)methanimine (1e).
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Figure S40. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(4-bromobenzyl)-1-(4-

bromophenyl)methanimine (1f).

Figure S41. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(4-methoxybenzyl)-1-(4-

methoxyphenyl)methanimine (1g).
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Figure S42. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(2,4-difluorobenzyl)-1-(2,4-

difluorophenyl)methanimine (1h).

Figure S43. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(4-chloro-3-fluorobenzyl)-1-(4-chloro-

3-fluorophenyl)methanimine (1i).
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Figure S44. 1H-NMR (298 K, 400 MHz, CD3CN-d3) of (E)-N-(3-methylbenzyl)-1-(p-

tolyl)methanimine (1j).

S6. DFT Calculation for Photocatalytic Benzylamine Oxidation Mechanism 

All geometries were fully optimized via density functional theory using the M06L [18-20] 

functional. Geometry optimizations were performed with the 6-31G (d) [21-22] basis set for main-group 

elements and the SDD [23-24] basis set for Au atom. In addition, restricted optimization is applied to all 

atoms except hydrogen atoms in the structure. All structures have been optimized considering solvent 

effects using the PCM [25-26] model for acetonitrile. Vibrational frequency analyses at the same level 

of theory were performed on all optimized structures to characterize stationary points as local minima 

or transition states. Furthermore, intrinsic reaction coordinate (IRC) computations were carried out to  

confirm that transition states connect to the appropriate reactants and products. The single-point energy 

calculations were carried out using the  the 6-311++g (d, p) basis set [27] to provide better energy 
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correction. The final E value is calculated from the high precision single point energy plus the zero-

point energy correction. All DFT theoretical calculations have been carried out using the Gaussian 09 

program [28-29].

Table S7. Some bonds distances (Å) in the molecular structures of the intermediates TS 1, TS 1-2, 

TS2 and TS2-2 in the pathway I and pathway II, respectively.

Figure S45. The molecular structures of intermediates Int 2-Int 3 in the pathway III. 
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Table S8. Some bonds distances (Å) in the molecular structures of the intermediate Int 2-Int 3 in the 

pathway III. 
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