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Figure S1. Size distribution of Cu NP aggregates.
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Figure S2. Orbital interaction diagram for dimer. Vertical axis shows MO energies in
eV. Blue solid and dashed bars correspond to occupied and unoccupied MOs,
respectively. The MOs are plotted as isosurface graphs with isovalue of 0.01 a.u. Blank
texts mark orbital indices. Red texts indicate major contribution of MOs from the
monomer A and B to the MOs of dimer. The orbital compositions were evaluated by
Mulliken method.
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Figure S3. Orbital interaction diagram for tetramer. Vertical axis shows MO energies
in eV. Blue solid and dashed bars correspond to occupied and unoccupied MOs,
respectively. The MOs are plotted as isosurface graphs with isovalue of 0.01 a.u. Blank
texts mark orbital indices. Red texts indicate major contribution of MOs from the dimer
A and B to the MOs of tetramer. The orbital compositions were evaluated by Mulliken
method.
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Figure S4. Electrostatic potential distribution of Cu NP monomer.
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Figure S5. The dipole moment values and electrostatic potential distribution were
calculated for Cu NP dimers with different structures.
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Figure S6. The dipole moment values and electrostatic potential distribution were
calculated for Cu NP trimers with different structures.
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Figure S7. The dipole moment values and electrostatic potential distribution were
calculated for Cu NP tetramers with different structures.
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Figure S8. PL spectra of Cu NPs solution with different concentrations.
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Figure S9. The PL lifetime of Cu NP monomer (0.005 mg/mL Cu NPs solution) and
Cu NP aggregates (0.6 mg/mL Cu NPs solution).
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Figure S10. Electron and hole distributions of SO — S1 (green represents the electron

distribution and blue represents the hole distribution) and the exciton binding energy
were calculated for the different Cu NP aggregates.
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Figure S11. (a) TDM diagram of Cu NP monomer. (b) Electron and hole distributions
of Cu NP monomer.
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Figure S12. Photocatalytic hydrogen production activities of Cu NP aggregates with
different Cu NP concentrations (3 h reaction).
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Figure S13. Hydrogen production by 0.6 mg/mL Cu NPs under 450 nm irradiation
without Pt.
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Figure S14. Hydrogen evolution activity of 0.6 mg/mL Cu NPs at 450 nm in the
absence of both Pt and triethylamine.
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Figure S15. Photocatalytic hydrogen evolution activity of Cu NPs at different
concentrations under 450 nm irradiation.
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Figure S16. Effect of temperature on the photocatalytic hydrogen evolution activity of
Cu NPs (0.6 mg/mL) under 450 nm irradiation.
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Figure S17. Photocatalytic hydrogen evolution activity of Cu NPs (0.6 mg/mL) at 450
nm under different light intensities.
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Figure S18. IGMH analysis of boracic acid-modified Cu NP dimer.
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Figure S19. IGMH analysis of boracic acid-modified Cu NP trimer.
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Figure S20. The dipole moment values and electrostatic potential distribution were
calculated for boracic acid-modified Cu NPs with different degrees of aggregation.
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Figure S21. Electron and hole distributions of SO — S1 (green represents the electron
distribution and blue represents the hole distribution) and the exciton binding energy
were calculated for boracic acid-modified Cu NPs with different degrees of
aggregation.
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Figure S22. Wavelength-dependent AQY of Cu NP aggregates.
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Figure S23. IGMH analysis of 2-methylimidazole-modified Cu NP dimer.
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Figure S24. IGMH analysis of 2-methylimidazole-modified Cu NP trimer.



>
p >0 sign(i,)p decreases p = 0 sign(A,)pincreases p=>0
Ay <0 A =0 A, >0
-0.05 a.u. 0.05a.u.
p>0 N J VRN J
«----- N Y M
bond with prominent attractive van der Waals  prominent repulsive interaction
nonnegligible weak interaction interaction (steric effect in ring and cage...)

covalency (H-bond, halogen-bond ...),
and purely ionic bond

Figure S25. IGMH analysis of 2-methylimidazole-modified Cu NP tetramer.
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Figure S26. IGMH analysis of cyclohexane-modified Cu NP dimer.
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Figure S27. IGMH analysis of cyclohexane-modified Cu NP trimer.
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Figure S28. IGMH analysis of cyclohexane-modified Cu NP tetramer.
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Figure S29. IGMH analysis of dimethyl sulfoxide-modified Cu NP dimer.
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Figure S30. IGMH analysis of dimethyl sulfoxide-modified Cu NP trimer.
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Figure S31. IGMH analysis of dimethyl sulfoxide-modified Cu NP tetramer.
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Figure S32. UV-vis absorption spectra of Cu NP aggregates and Cu NP aggregates
after adding different compounds (2-methylimidazole, cyclohexane and dimethyl
sulfoxide).
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Figure S33. The dipole moment values and electrostatic potential distribution were
calculated for 2-methylimidazole-modified Cu NPs with different degrees of
aggregation.



Dipole=0.392D Dipole=1.080D Dipole=1.126 D Dipole=1.516 D

Figure S34. The dipole moment values and electrostatic potential distribution were
calculated for cyclohexane-modified Cu NPs with different degrees of aggregation.
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Figure S35. The dipole moment values and electrostatic potential distribution were
calculated for dimethyl sulfoxide-modified Cu NPs with different degrees of
aggregation.
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Figure S36. PL spectra of Cu NP aggregates and Cu NP aggregates after adding
different compounds (2-methylimidazole, cyclohexane and dimethyl sulfoxide).
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Figure S37. The PL lifetime of Cu NP aggregates after addition of 2-methylimidazole.
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Figure S38. The PL lifetime of Cu NP aggregates after addition of cyclohexane.
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Figure S39. The PL lifetime of Cu NP aggregates after addition of dimethyl sulfoxide.
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Figure S40. Electron and hole distributions of SO — S1 (green represents the electron
distribution and blue represents the hole distribution) and the exciton binding energy
were calculated for 2-methylimidazole-modified Cu NPs with different degrees of
aggregation.
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Figure S41. Electron and hole distributions of SO — S1 (green represents the electron
distribution and blue represents the hole distribution) and the exciton binding energy
were calculated for cyclohexane-modified Cu NPs with different degrees of
aggregation.
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Figure S42. Electron and hole distributions of SO — S1 (green represents the electron
distribution and blue represents the hole distribution) and the exciton binding energy
were calculated for dimethyl sulfoxide-modified Cu NPs with different degrees of
aggregation.
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Figure S43. The photocatalytic performance of 2-methylimidazole-modified Cu NPs
(0.6 mg/mL) under visible, red, and NIR light irradiation.
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Figure S44. The photocatalytic performance of cyclohexane-modified Cu NPs (0.6
mg/mL) under visible, red, and NIR light irradiation.
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Figure S45. The photocatalytic performance of dimethyl sulfoxide-modified Cu NPs
(0.6 mg/mL) under visible, red, and NIR light irradiation.
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Figure S46. IGMH analysis of Ag NP dimer.
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Figure S47. IGMH analysis of Ag NP trimer.



Figure S48. Electrostatic potential distribution of Ag NP monomer.
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Figure S49. The dipole moments and electrostatic potential distribution were
calculated for Ag NP dimers with different structures.
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Figure S50. The dipole moments and electrostatic potential distribution were
calculated for Ag NP trimers with different structures.
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Figure S51. The dipole moments and electrostatic potential distribution were
calculated for Ag NP tetramers with different structures.
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Figure S52. Electron and hole distributions of SO — S1 (green represents the electron
distribution and blue represents the hole distribution) and the exciton binding energy
were calculated for the different Ag NP aggregates.
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Figure S53. (a) The photocatalytic performance of Ag NPs (0.002 mg/mL). (b) The

photocatalytic performance of Ag NPs (0.02 mg/mL).
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Figure S54. UV-vis absorption spectra of Ag NP aggregates and Ag NP aggregates
with 2-methylimidazole modification.
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Figure S55. PL spectra of Ag NP aggregates and Ag NP aggregates with 2-
methylimidazole modification.



Table S1. Key parameters of all LED light sources: wavelength, light intensity, and

photon flux.

Wavelength Light intensity Photon flux
(nm) (mW/cm?) (photons/(s-cm?))
365 45.12 8.28 x 10
395 42.02 8.35 x 10
420 39.51 8.35 x 10
450 41.65 9.43 x 10'¢
490 40.85 1.01 x 10"
530 46.97 1.25 x 10"
610 20.36 6.25 x 10'¢

850 31.41 1.34 x 10"




Table S2. PL lifetimes of Cu NP monomer and Cu NP aggregates.

Samples Ty/ns To/ns T3/n8 Tave/NS
Cu NP 1.49001 3.9290 10.0623 1.52
monomer (66.08%) (32.03%) (1.89%)

Cu NP 1.0001 4.7020 13.9985 3.79
aggregates (59.39%) (35.31%) (5.30%)

Cu 10.410 0.507 22.9847 9.23
NPs/H;BO; (20.04%) (79.81%) (0.15%)

Note: Toye=A*T, A+ T, 2+ A*T,2/A T+ A *T A3 *T,



Table S3. /s-TA kinetic parameters of Cu NP monomer and Cu NP aggregates.

Probe Ti/ps To/ps T5/ps Tave/NS
Wavelength/n

m

513 0.14373 0.14374 0.14369 0.01545
(Cu NP (33.85%) (33.76%) (32.4%)

monomer)

513 1.358 11.219 101.739 1.47
(Cu NP (50.76%) (36.86%) (12.38%)

aggregates)

570 1.678 14.813 129.728 2.48
(Cu NP (59.97%) (29.99%) (10.04%)

aggregates)

Note: Toye=A*T, A+ T, 2+ A*T,2/A *T +A*T A3 *T,



Table S4. Comparison of hydrogen photosynthesis activities with state-of-the-art

plasmonic photocatalysts under red/NIR light irradiation.

Photocatalysts Electron donors AQY/% Refs.

Au/PFC-9 TEOA 0.002939 (600 nm) 1
0.000782 (700 nm)
Ag@SiO,@CdS-Au Na,S-Na,S0; 0.095(600 nm) 2
Au nanorods/La,Ti,0- Methanol 0.5(700 nm) 3
(Au/AgAuw)@CdS Na,S-Na,S0; 0.23(500 nm) 4
AuCS@CdSs Na,S-Na,S0; 0.04(600 nm) 5
A(P)MC Na,S-Na,S03 0.26(520 nm) 6
M/W-15 0.15(600 nm) 7
Au NRs/TMC-780 Methanol 0.36(600 nm) 8
5-Au@Cu7S4 Methanol 0.8(600 nm) 9
G-AuONC@TiO2CSNs Methanol 0.31(700 nm) 10
Cu NP aggregates TEA 0.82(610 nm) This work

0.191(850 nm)
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