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I. Supporting figures

Figure S1. ESI-MS spectra of CZ-Cu4Pt2. M = [Cu4Pt2(CZ-PrA)4(dppy)3]. Inset: the 
measured (blue trace) and simulated (red trace) isotopic distribution patterns of 
fragment ion peak (M-dppy)2+.



Figure S2. 31P NMR spectra of CZ-Cu4Pt2.

Figure S3. FT-IR spectra of CZ-Cu4Pt2.



Figure S4. XPS full spectrum of CZ-Cu4Pt2.

Figure S5. Cu LMM spectrum of CZ-Cu4Pt2.



Figure S6. The intramolecular interactions (C-H∙∙∙π) in MeO-Cu4Pt2.

Figure S7. Monitoring solution-state stability of CZ-Cu4Pt2 in CH2Cl2 under ambient 
conditions (25℃ in air).



Figure S8. Thermogravimetric analysis (TGA) of CZ-Cu4Pt2.

Figure S9. The plots of the frontier MOs of CZ-Cu4Pt2 (a). Experimental and 
simulated UV-vis spectra of CZ-Cu4Pt2. The blue sticks represented the computed 
oscillator strengths (b).

Density functional theory (DFT) calculations were performed by using Gaussian 16 
package.1 The generalized gradient approximation (GGA) Becke-Perdew (BP86) 
exchange-correlation functional,2,3 together with an all-electron Def2-SVP4 basis set 
were used for the geometry optimization. Dispersion forces were considered via the 
empirical pairwise corrections of Grimme (DFT-D3).5 The optimized structures were 



confirmed as true minima on their potential energy surface by analytical vibrational 
frequency calculations. The orbital energies were re-calculated by taking BP86/Def2-
SVP optimized geometry as single point at B3LYP6 level. Excitation energies of the 
first 100 excited states was calculated by using TD-DFT7 approach under B3LYP/Def2-
SVP level of theory. The UV−vis spectrum was simulated from the computed transition 
energies and their oscillator strength where each transition being associated with a 
Gaussian function of half-height width equal to 1300 cm-1, a value that best reproduces 
the experimental spectrum.

The optimized geometry was found to be of Ci symmetry, with a reasonably large 
HOMO-LUMO gap of 2.63 eV calculated under B3LYP/Def2-SVP level of theory. The 
DFT optimized metal-metal distances are comparable to those measured from the X-
ray structure. The HOMO-1 belongs to the alkynyl ligands and shown a (carbazolyl) 
nature (Figure S9a). The HOMO and LUMO levels are mainly distributed in the 
octahedral Cu4Pt2 metallic core, exhibiting Cu(3d)/Pt(5d) and Cu(4s+4p)/Pt(6s+6p) 
characters, respectively. The LUMO+1 is made of the phosphine orbitals displaying 
*(phenyl) nature. The absorption spectrum of CZ-Cu4Pt2 was simulated by TD-DFT 
calculation, in which the excitation energies and oscillator strengths of the first 100 
excited states were computed. The simulated UV−vis spectrum is in a good agreement 
with the experimental one (Figure S9b). The first absorption band (I at 565 nm) is 
mainly corresponded to the HOMO → LUMO transition which show a MMCT nature. 
The two higher energy bands (II at 410 nm; III at 355 nm) are associated with several 
LMCT and LLCT involved the (carbazolyl)-, Cu(4s+4p)/Pt(6s+6p)- and *(phenyl)-
type MOs.

Figure S10. The PL excitation and emission spectra of CZ-Cu4Pt2 in the DCM. 



Figure S11. (a) PL decay profile and (b) NIR emission spectra of CZ-Cu4Pt2 under 
vacuum and ambient conditions.

Figure S12. Emission intensity data fitting with Temperature for CZ-Cu4Pt2.



Figure S13. Emission peak wavelength data fitting with Temperature for CZ-Cu4Pt2.

Figure S14. Emission intensity data fitting with peak wavelength for CZ-Cu4Pt2.



Figure S15. Normalized integrated PL intensities and fitting using Eq. 3 (data from 
variable-temperature PL spectra of CZ-Cu4Pt2).

Figure S16. PL emission response cycle of CZ-Cu4Pt2 under solvent vapor stimulus. 
The dark lines indicate the solvent interaction process, while the light lines represent 
the drying process.



Figure S17. PL decay profile of CZ-Cu4Pt2 before and after immersed in various 
solvents (λex = 500 nm).

Figure S18. (A) UV–vis DRS and (B) PXRD of CZ-Cu4Pt2 before and after immersed 
in various solvents.



Figure S19. Comparison of TGA for CZ-Cu4Pt2 and CZ-Cu4Pt2⊃EA.

The blue line in Fig. S19 represents the weight loss process of CZ-Cu4Pt2, showing a 
2.5% weight loss between 40–173°C, which can be attributed to the presence of 
dichloromethane and moisture. The orange line represents the weight loss of CZ-
Cu4Pt2⊃EA, showing a greater weight loss between 40–173°C, followed by a clear 
plateau at 173°C, indicating that the EA molecules were completely lost at this 
temperature. Despite the boiling point of EA being 77°C, its complete loss at 173°C 
suggested strong intermolecular interactions between EA and the cluster molecules. 
The total weight loss at 173°C is 5.6%, which includes EA, dichloromethane, and 
moisture. The difference in weight loss between the two samples indicated that the EA 
molecules account for 3.4% of the total weight of CZ-Cu4Pt2. This suggested that each 
CZ-Cu4Pt2 molecule contains approximately 1.08 EA molecules. At 800℃, the 
remaining weight of CZ-Cu4Pt2 is 24.0%, which is close to the simulated value of 
22.9%. However, the presence of EA may cause the CZ-Cu4Pt2⊃EA to generate metal 
oxides during heating, resulting in a higher residual weight compared to CZ-Cu4Pt2.



Figure S20. fs-TA spectra at selected time delays for (a) CZ-Cu4Pt2 in DCM solution, 
(b) CZ-Cu4Pt2, and (c) CZ-Cu4Pt2⊃PhCl.

Figure S21. (A) X-ray diffraction single crystal pattern of CZ-Cu4Pt2 after exposure 
to ethyl acetate. (B) X-ray diffraction single crystal pattern of CZ-Cu4Pt2 after 
exposure to chlorobenzene.



Figure S22. Molecular packing of CZ-Cu4Pt2⊃EA, highlighting the one-dimensional 
channel of EA molecules (green circles).



Table S1. Crystal data and structure refinement for CZ-Cu4Pt2.

Identification code CZ-Cu4Pt2

Empirical formula C130H100N8F12P6Cl4Cu4Pt2

Formula weight 2974.13

Temperature/K 99.96(18)

Crystal system monoclinic

Space group P21/n

a/Å 14.4294(3)

b/Å 24.0473(4)

c/Å 18.0186(4)

α/° 90

β/° 92.752(2)

γ/° 90

Volume/Å3 6245.0(2)

Z 2

ρcalc g/cm3 1.582

μ/mm-1 6.919

F(000) 2948.0

Crystal size/mm3 0.2 × 0.16 × 0.14

Radiation Cu Kα (λ = 1.54184)

2Θ range for data collection/° 7.15 to 124.996

Index ranges -16 ≤ h ≤ 16, -27 ≤ k ≤ 27, -17 ≤ l ≤ 20

Reflections collected 21366

Independent reflections 9663 [Rint = 0.0482, Rsigma = 0.0611]

Data/restraints/parameters 9663/258/775

Goodness-of-fit on F2 1.191

Final R indexes [I>=2σ (I)] R1 = 0.1151, wR2 = 0.2978

Final R indexes [all data] R1 = 0.1220, wR2 = 0.3013

Largest diff. peak/hole / e Å-3 5.30/-1.77



Table S2. Crystal data and structure refinement for CZ-Cu4Pt2⊃EA.

Identification code CZ-Cu4Pt2⊃EA

Empirical formula C134H108N8O2F12P6Cl4Cu4Pt2

Formula weight 3062.21

Temperature/K 100.0(2)

Crystal system monoclinic

Space group P21/n

a/Å 14.7492(7)

b/Å 23.9210(6)

c/Å 17.9965(5)

α/° 90

β/° 90.991(3)

γ/° 90

Volume/Å3 6348.5(4)

Z 2

ρcalc g/cm3 1.506

μ/mm-1 6.043

F(000) 2854.0

Crystal size/mm3 0.2 × 0.15 × 0.10

Radiation Cu Kα (λ = 1.54184)

2Θ range for data collection/° 7.686 to 129.988

Index ranges -17 ≤ h ≤ 17, -25 ≤ k ≤ 28, -17 ≤ l ≤ 21

Reflections collected 40382

Independent reflections 10733 [Rint = 0.0612, Rsigma = 0.0486]

Data/restraints/parameters 10733/286/758

Goodness-of-fit on F2 1.464

Final R indexes [I>=2σ (I)] R1 = 0.1124, wR2 = 0.3268

Final R indexes [all data] R1 = 0.1233, wR2 = 0.3355

Largest diff. peak/hole / e Å-3 5.80/-2.08



Table S3 Lifetime of CZ-Cu4Pt2 under different temperature.

Temperature (K) 100 125 150 175 200 225

Lifetime (μs) 12.17 12.18 12.53 12.42 12.46 12.58

Temperature (K) 250 275 300 325 350

Lifetime (μs) 12.43 12.55 12.20 12.11 12.29

 



Table S4 Photophysical parameters of CZ-Cu4Pt2 in the original state and after the 
addition of various solvents.

Cluster QY /% Lifetime /μs kr /s-1 knr /s-1

CZ-Cu4Pt2 16.1 5.39 2.98*104 1.56*105

CZ-Cu4Pt2⊃n-Hex 22.4 7.58 2.95*104 1.02*105

CZ-Cu4Pt2⊃EA 46.7 12.75 3.66*104 4.18*104

CZ-Cu4Pt2⊃THF 62.7 10.00 6.27*104 3.73*104

CZ-Cu4Pt2⊃PhCl 65.3 9.90 6.60*104 3.41*104

CZ-Cu4Pt2⊃HCHO 70.3 10.46 6.72*104 2.84*104

Table S5 Lifetime (τi) and amplitudes (Ai) of the transient absorption decays at 625 nm 
for CZ-Cu4Pt2 and CZ-Cu4Pt2⊃PhCl (pump = 330 nm). 

λ = 625 nm τ1 (ps) A1 (%) τ2 (ps) A2 (%) τ3 (ps) A3 (%)

CZ-Cu4Pt2 0.27±0.04 1.76 42.59±4.79 4.67 2006.3±210.7 93.57

CZ-
Cu4Pt2⊃PhCl 0.43±0.09 3.53 20.68±8.31 7.70 153.08±57.76 88.77
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