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1. Previously Reported Photophysical Parameters of complexes. 

Table S1. Phosphorescence quantum yields and lifetime of reference complexes. 

Compound Lifetime (μs) Quantum yield (%) Reference 

Chloronaphthalene•[Hg3(o-C6F4)3] 1254 70 ref S1 

Bromonaphthalene•[Hg3(o-C6F4)3] 831 64 ref S1 

Iodonaphthalene•[Hg3(o-C6F4)3] 87 6.96 ref S1 

Naphthalene•[Hg3(o-C6F4)3] 568 53.5 ref S1 

Ag3•naphthalene 830 15 ref S2 

N-methylindole•[Hg3(o-C6F4)3] 29 44 ref S3 

N-methylcarbazole•[Hg3(o-C6F4)3] 49 14 ref S3 

benzene•[1]2•benzene 18 − ref S4 

1•mesitylene 4100 − ref S4 

1•pyrene 568 − ref S5 

1•naphthalene 712 − ref S5 

1•biphenyl 454 − ref S5 

1•C10F8 3570 − ref S6 

Au3•oTP 14500  ref S7 

1⊃Ph 25.61 14.4 ref S8 

Cu6L3 cage 1 11.51 − ref S9 

CuI
6L3 40.8, 37.9 − ref S10 

Cu6L3 18.84 − ref S11 

Eu4(L1)4 500 10.2 ref S12 

Eu4(L2)4 1300 0.244 ref S12 

Eu4(L3)4 2711 22.5 ref S13 

Tb4(L3)4 1526 82 ref S13 

Sm4(L3)4 140 3.2 ref S13 

Dy4(L3)4 28 2.9 ref S13 

Eu4(L4)4 1913 8.9 ref S13 

Pt6M4 (MeCN) 95 10 ref S14 

Eu8L2a
12 (DMSO) 2517 56.7 ref S15 

Tb8L2a
12 (DMSO) 1481 59 ref S15 

metallocycle P2 (MeCN) 15.5 16.7 ref S16 

metallocycle P3 (MeCN) 17.1 11 ref S16 

molecular squares 1 (CH2Cl2) 92 3.8 ref S17 

molecular squares 2 (CH2Cl2) 98 1.9 ref S17 

molecular squares 3(CH2Cl2) 93 2.1 ref S17 

molecular squares 1a (CH2Cl2) − 15.7 ref S18 

molecular squares 2a (CH2Cl2) − 9.4 ref S18 

molecular squares 3a (CH2Cl2) − 8.3 ref S18 

molecular squares 2b (CH2Cl2) − 1.4 ref S18 

molecular squares 3b(CH2Cl2) − 1.8 ref S18 
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2. Experimental Section 

All chemicals and solvents were purchased and used without further purification. 1H 

NMR spectra were recorded at 298 K on Bruker Biospin Avance (400 MHz) equipment. The 

result of elemental analyses were obtained by an Elementar vario EL Cube equipment. 

Thermogravimetric analysis (TGA) was carried out in a nitrogen stream using Q50 TGA (TA) 

thermal analysis equipment with a heating rate of 10 C min−1 from 40 to 750 C. Infrared 

spectra were obtained in KBr disks on a Nicolet Avatar 360 FT-IR spectrometer in the region 

of 4000−400 cm−1 and the following abbreviations were used for the IR bands: w = weak, m = 

medium, b = broad, and vs = very strong. Powder X-ray diffraction (PXRD) patterns of bulk 

samples were measured on a Bruker D8 Advance diffractometer (Cu Kα) under room 

temperature. The solid-state UV-vis absorption spectra were measured in KCl disks at room 

temperature using a Bio-Logic MOS-450/AF-CD Spectrometer. The steady-state 

photoluminescence spectra (PL) and the lifetime (Decay) measurements for all crystalline 

state samples were recorded on a PTI QM/TM spectrofluorometer (Birmingham, NJ, USA). 

Corrections of excitation and emission for the detector response were performed ranging 

from 200−900 nm. Absolute quantum yield was recorded by Hamamatsu C11347-01 

absolute PL quantum yield spectrometer under room temperature. 

1.1 Preparation of inclusion complexes 

Ligand H2L (4,4’- thiophene-bisethylene)-bis-diethylpyrazole) were synthesized as our 

previously reported.S8 Inclusion complexes with halobenzene guest were prepared according 

to procedures described previously exchanging with corresponding halogenated aromatic 

guest.S8  

General method: A mixture of Cu2O (10 mg, 0.07 mmol), H2L (25.0 mg, 0.073 mmol), and 

mixed solvent benzene (Ph)/acetonitrile (2 mL, 1:1, v/v) was sealed in an 8 mL Pyrex glass 

tube and heated in an oven at 140 C for 72 hours and was cooled to room temperature with 

a cooling rate of 5 C per hour. Colorless block crystals of inclusion complexes 1⊃Ph were 

filtered off, washed with methanol (3 × 5mL) and dried in a vacuum oven at 80 C for 12 

hours. Yield: 6.2 mg (15.9 %, based on Cu2O). IR spectrum (KBr pellets, cm-1): 3435.65 (m), 

3052.01 (w), 2963.88 (vs), 2923.99 (m), 2868.23 (m), 1637.16 (w), 1537.95 (s), 1505.25 (s), 

1436.30 (s), 1368.23 (s), 1303.19 (m), 1246.58 (w), 1206.11 (s), 1151.79 (w), 1055.31 (vs), 

1028.03 (m), 974.73 (w), 918.80 (w), 792.17 (s), 670.98 (vs), 513.86 (w). 1H NMR (400 MHz, 

CD2Cl2, 298 K): δ (ppm) 7.28 (s, 6H, Ph-H), 6.64 (s, 6H, CHthio), 3.79 (s, 12H, CH2), 2.57 (q, 24H, 

CH2), 1.11 (t, 36H, CH3). Elemental analysis (CHN), C66H84N12Cu6S3, calculated (%): C 52.05, H 

5.56, N 11.04; found (%): C 51.83, H 5.12, N 10.95. 

Synthesis of 1⊃Ph-F. The synthesis procedures were as same as the general method, the 

fluorobenzene (Ph-F) as aromatic guest was used instead of benzene. 1⊃Ph-F were obtained 

as light-brown block crystals. Yield:19.3 mg (55.2 %, based on Cu2O). IR spectrum (KBr pellets, 

cm-1): 3445.51 (b), 3053.81 (w), 2963.35 (vs), 2926.80 (s), 2869.10 (m), 1634.36 (w), 1591.49 

(w), 1574.85 (w), 1557.68 (w), 1538.58 (m), 1505.67 (s), 1489.19 (w), 1455.51 (s), 1435.88 (s), 

1368.02 (s), 1303.43 (m), 1246.36 (w), 1206.77 (s), 1151.79 (vs), 1055.62 (vs), 1027.46 (m), 

974.74 (w), 918.56 (w), 887.55 (w), 793.44 (s), 747.49 (vs), 677.25 (w), 657.75 (w), 517.42 
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(w). 1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.39 (q, 2H, Ph-H), 7.18 (t, 1H, Ph-H), 7.09 (t, 

2H, Ph-H), 6.74 (d, 6H, CHthio), 3.88 (s, 12H, CH2), 2.58 (q, 24H, CH2), 1.14 (t, 36H, CH3). 

Elemental analysis (CHN), C66H83N12FCu6S3, calculated (%): C 51.44, H 5.43, N 10.91; found (%): 

C 51.03, H 4.973, N 10.87. 

Synthesis of 1⊃Ph-Cl. The synthesis procedures were as same as the general method, the 

chlorobenzene (Ph-Cl) as aromatic guest was used instead of benzene. 1⊃Ph-Cl were 

obtained as light-brown block crystals. Yield: 20.3 mg (55.9 %, based on Cu2O). IR spectrum 

(KBr pellets, cm-1): 3437.97 (b), 3052.67 (w), 2963.72 (vs), 2924.99 (s), 2868.98 (m), 1637.07 

(w), 1578.98 (w), 1537.40 (m), 1504.52 (s), 1473.63 (w), 1435.11 (s), 1367.23 (s), 1303.41 (m), 

1246.53 (w), 1205.95 (s), 1148.60 (vs), 1055.33 (vs), 1026.29 (m), 975.66 (w), 918.54 (w), 

791.64 (s), 734.38 (vs), 702.19 (w), 676.21 (w), 656.60 (w), 562.26 (w), 513.68 (w). 1H NMR 

(400 MHz, CD2Cl2, 298 K): δ (ppm) 7.21 (s, 5H, Ph-H), 6.64 (s, 6H, CHthio), 3.79 (s, 12H, CH2), 

2.50 (dd, 24H, CH2), 1.04 (t, 36H, CH3). Elemental analysis (CHN), C66H83N12Cu6S3Cl, calculated 

(%): C 50.90, H 5.37, N 10.79; found (%): C 51.13, H 5.21, N 10.85. 

Synthesis of 1⊃Ph-Br. The synthesis procedures were as same as the general method, the 

bromobenzene (Ph-Br) as aromatic guest was used instead of benzene. 1⊃Ph-Br were 

obtained as light-brown block crystals. Yield: 23.5 mg (62.1 %, based on Cu2O). IR spectrum 

(KBr pellets, cm-1): 3435.83 (b), 2962.41 (vs), 2925.50 (s), 2868.23 (w), 1637.09 (m), 1577.23 

(w), 1538.41 (m), 1506.06 (s), 1436.59 (s), 1366.53 (s), 1301.70 (w), 1245.50 (w), 1204.92 (m), 

1148.08 (w), 1055.87 (vs), 1022.39 (m), 973.71 (w), 916.25 (w), 792.23 (s), 766.44 (w), 

731.26 (vs), 672.03 (w), 656.11 (w). 1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.54 (d, 2H, 

Ph-H), 7.32 (dd, 3H, Ph-H), 6.73 (s, 6H, CHthio), 3.88 (s, 12H, CH2), 2.58 (q, 24H, CH2), 1.14 (t, 

36H, CH3). Elemental analysis (CHN), C66H83N12Cu6S3Br, calculated (%): C 49.49, H 5.22, N 

10.49; found (%): C 49.74, H 5.04, N 10.63. 

Synthesis of 1⊃Ph-I. The synthesis procedures were as same as the general method, the 

iodobenzene (Ph-I) as aromatic guest was used instead of benzene. 1⊃Ph-I were obtained as 

light-brown block crystals. Yield: 15.4 mg (40.0 %, based on Cu2O). IR spectrum (KBr pellets, 

cm-1): 3434.42 (s), 2962.34 (w), 2924.52 (w), 1628.23 (m), 1550.34 (w), 1507.32 (w), 1436.95 

(w), 1384.47 (s), 1204.09 (w), 1055.41 (m), 792.07 (w), 726.28 (w), 564.86 (w). 1H NMR (400 

MHz, CD2Cl2, 298 K): δ (ppm) 7.70 (d, 2H, Ph-H), 7.34 (t, 1H, Ph-H), 7.11 (t, 2H, Ph-H), 6.68 (s, 

6H, CHthio), 3.83 (s, 12H, CH2), 2.54 (q, 24H, CH2), 1.10 (dd, 36H, CH3). Elemental analysis 

(CHN), C66H83N12Cu6S3I, calculated (%): C 48.08, H 5.07, N 10.19; found (%): C 48.24, H 4.91, N 

10.32. 
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2. Crystal data 

2.1. Crystal structure determination 

Suitable crystal of the inclusion complexes was mounted with glue at the end of a glass 

fiber. Data collection was performed with an Oxford Diffraction Gemini E instrument (Cu 

X-ray source, Kα, λ = 1.54056 Å; Mo X-ray source, Kα, λ = 0.71073 Å) equipped with a 

graphite monochromator and ATLAS CCD detector (CrysAlis CCD, Oxford Diffraction Ltd.) and 

a XtaLab PRO MM007HF DW Diffractometer System equipped with a MicroMax-007DW 

MicroFocus X-ray generator and Pilatus200K silicon diarray detector (Rigaku, Japan). The 

structure was solved by direct methods (SHELXL-2014 and Olex2) and refined by full-matrix 

least-squares refinements based on F2. Anisotropic thermal parameters were applied to all 

non-hydrogen atoms. The hydrogen atoms were generated geometrically. The treatment for 

the disordered guest molecules in the cavities of all complexes involved the use of the 

SQUEEZE program of PLATON. Crystal data and structure refinement are summarized in Table 

S2-S4. CCDC Nos 2047942-2047945. 
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Table S2. Crystal data and structure refinements for inclusion complexes. 

Parameter 1⊃Ph-F 1⊃Ph-Cl 1⊃Ph-Br 1⊃Ph-I 

Formula C66H83N12FCu6S3 C66H83ClN12Cu6S3 C67H85N13BrCu6S3 C67H85N13ICu6S3 

F.W. 1540.86 1557.31 1621.18 1648.6 

Crystal 

system 
monoclinic triclinic triclinic triclinic 

Space group P21/c P21 P-1 P-1 

Temperature 

(K) 
298(2) 298(2) 298(2) 298(2) 

a (Å) 19.5281(9) 15.7137(2) 10.3623(2) 10.4356(13) 

b (Å) 24.2127(9) 19.5809(2) 14.9893(2) 14.9362(14) 

c (Å) 15.6768(7) 24.2606(2) 24.1990(3) 24.1947(2) 

α (°) 90 90 84.4870(10) 84.4826(8) 

β (°) 110.713(5) 110.4879(13) 80.5070(10) 80.7247(9) 

γ (°) 90 90 77.7830(10) 77.5571(9) 

Volume (Å3) 6933.3(6) 6992.53(14) 3615.95(349) 3627.08(6) 

Z 4 4 2 2 

Dc (g·cm-3) 1.476 1.479 1.507 1.532 

μ (mm-1) 3.248 3.166 2.421 6.443 

Reflns 

collected 
40704 26229 40820 40820 

Unique 

reflns 
14169 10065 14220 14220 

Rint 0.0412 0.0263 0.0300 0.0510 

GOOF on F2 1.096 1.036 1.088 1.771 

R1
a [I≥2σ(I)] 0.1047 0.1243 0.0861 0.1217 

wR2
b
 

[I≥2σ(I)] 
0.3197 0.3503 0.2677 0.3870 

R1 [all data] 0.1730 0.1424 0.0899 0.1277 

wR2 [all 

data] 
0.3711 0.3725 0.2722 0.3070 

CCDC 

number 
2047944 2047942 2047943 2047945 

a R1 = Σ(||F0|- |Fc||)/Σ|F0|; b wR2 = [Σw(F0
2- Fc

2)2/Σw(F0
2)2]1/2 
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Table S3. Selected bond lengths (Å) and bond angles (°) of inclusion complexes. 

1⊃Ph-F 

Cu(1)-N(1) 1.890(8) Cu(4)-Cu(5)#1 2.9623(17) 

Cu(1)-N(6) 1.831(9) Cu(4)-N(7) 1.840(7) 

Cu(2)-N(2) 1.810(10) Cu(4)-N(12) 1.880(7) 

Cu(2)-N(3) 1.844(11) Cu(5)-N(8) 1.857(6) 

Cu(3)-N(4) 1.821(12) Cu(5)-N(9) 1.857(7) 

Cu(3)-N(5) 1.866(11) Cu(6)-N(10) 1.860(8) 

Cu(6)-N(11) 1.852(8) N(6)-Cu(1)-N(1) 173.1(4) 

N(2)-Cu(2)-N(3) 174.1(5) N(12)-Cu(4)-Cu(5)#2 91.9(2) 

N(4)-Cu(3)-N(5) 173.5(4) N(8)-Cu(5)-Cu(4)#2 92.0(2) 

N(7)-Cu(4)-Cu(5)#2 95.69(18) N(9)-Cu(5)-Cu(4)#2 94.8(2) 

N(7)-Cu(4)-N(12) 172.4(3) N(9)-Cu(5)-N(8) 173.2(3) 

N(11)-Cu(6)-N(10) 173.9(3)   

Symmetry code: #1 2-X, 1-Y, 2-Z; #2 2-X, 1-Y, 2-Z. 

1⊃Ph-Cl 

Cu(1)-N(10) 1.780(11) Cu(1)-N(1) 1.828(10) 

Cu(2)-N(2) 1.917(12) Cu(3)-N(9) 1.639(11) 

Cu(3)-N(6) 1.678(10) Cu(4)-N(3) 1.904(9) 

Cu(4)-N(12) 1.918(11) Cu(4)-Cu(7) 2.974(4) 

Cu(5)-N(4) 1.860(9) Cu(5)-N(7) 1.905(10) 

Cu(5)-Cu(8) 2.982(4) Cu(6)-N(8) 1.922(11) 

Cu(6)-N(11) 1.955(11) Cu(7)-N(22) 1.853(11) 

Cu(7)-N(13) 1.875(10) Cu(8)-N(14) 1.835(11) 

Cu(8)-N(17) 1.868(10) Cu(9)-N(18) 1.827(10) 

Cu(9)-N(21) 1.850(11) Cu(10)-N(15) 1.829(15) 

Cu(10)-N(24) 2.144(14) Cu(11)-N(16) 1.933(13) 

Cu(11)-N(19) 2.014(14) Cu(12)-N(23) 2.164(12) 

Cu(12)-N(20) 2.166(14) N(10)-Cu(1)-N(1) 177.2(5) 

N(5)-Cu(2)-N(2) 174.8(6) N(9)-Cu(3)-N(6) 177.6(5) 
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N(3)-Cu(4)-N(12) 172.5(4) N(3)-Cu(4)-Cu(7) 93.9(3) 

N(12)-Cu(4)-Cu(7) 93.5(3) N(4)-Cu(5)-N(7) 172.5(5) 

N(4)-Cu(5)-Cu(8) 92.7(3) N(7)-Cu(5)-Cu(8) 94.5(4) 

N(8)-Cu(6)-N(11) 172.9(5) N(22)-Cu(7)-N(13) 173.5(5) 

N(22)-Cu(7)-Cu(4) 97.4(4) N(13)-Cu(7)-Cu(4) 88.9(3) 

N(14)-Cu(8)-N(17) 171.6(5) N(14)-Cu(8)-Cu(5) 94.9(3) 

N(17)-Cu(8)-Cu(5) 93.1(3) N(18)-Cu(9)-N(21) 174.2(5) 

N(15)-Cu(10)-N(24) 167.0(7) N(16)-Cu(11)-N(19) 169.1(7) 

N(23)-Cu(12)-N(20) 168.8(5)   

1⊃Ph-Br 

Cu(1)-N(3) 1.862(5) Cu(1)-N(2) 1.861(5) 

Cu(2)-N(4) 1.870(8) Cu(2)-N(5) 1.876(15) 

Cu(3)-N(1) 1.844(5) Cu(3)-N(6) 1.843(6) 

Cu(4)-N(9) 1.856(5) Cu(4)-N(7) 1.854(5) 

Cu(5)-N(11) 1.864(8) Cu(5)-N(10) 1.867(11) 

Cu(6)-N(12) 1.864(5) Cu(6)-N(8) 1.875(8) 

N(3)-Cu(1)-N(2) 173.8(6) N(4)-Cu(2)-N(5) 174.5(5) 

N(1)-Cu(3)-N(6) 178.3(2) N(9)-Cu(4)-N(7) 176.8(3) 

N(11)-Cu(5)-N(10) 175.9(3) N(12)-Cu(6)-N(8) 171.9(8) 

N(2)-N(1)-Cu(3) 119.5(4) C(5)-N(2)-Cu(1) 132.3(5) 

C(23)-N(3)-Cu(1) 131.9(4) C(25)-N(4)-Cu(2) 132.4(6) 

1⊃Ph-I 

Cu(1)-N(3) 1.865(5) Cu(1)-N(2) 1.870(5) 

Cu(2)-N(4) 1.862(5) Cu(2)-N(5) 1.864(5) 

Cu(3)-N(6) 1.842(6) Cu(3)-N(1) 1.849(6) 

Cu(5)-N(9) 1.841(5) Cu(5)-N(8) 1.858(5) 

Cu(6)-N(10) 1.859(5) Cu(6)-N(11) 1.863(5) 

Cu(7)-N(12) 1.847(6) Cu(7)-N(7) 1.872(5) 

N(3)-Cu(1)-N(2) 173.2(2) N(4)-Cu(2)-N(5) 174.9(3) 



S9 
 

N(6)-Cu(3)-N(1) 178.0(3) N(9)-Cu(5)-N(8) 176.1(3) 

N(10)-Cu(6)-N(11) 175.3(3) N(12)-Cu(7)-N(7) 171.9(3) 

C(13)-S(1)-C(9) 94.6(3) C(34)-S(2)-C(31) 93.3(3) 

C(3)-N(1)-Cu(3) 130.9(5) N(2)-N(1)-Cu(3) 119.7(4) 

C(5)-N(2)-N(1) 108.2(5) C(5)-N(2)-Cu(1) 132.3(5) 

N(4)-N(3)-Cu(1) 118.7(4) N(5)-N(6)-Cu(3) 119.2(4) 
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Table S4. The selected structure parameter of the crystal. 

Complexesa 
Intratrimer 

Cu···Cu (Å) 

Intertrimerb 

Cu···Cu (Å) 
Cu3···Cu3 (Å) 

Cu3···C6 

(arene) (Å) 

Intermolecular 

Cu···Cu (Å) 

Guest 

Volume (Å3) 

Host 

Volume (Å3) 

volume 

occupancy (%) 

1⊃Ph-F 3.129-3.208 6.914-6.990 6.957 3.509/3.449 2.962 88.4 272.16 32.48 

1⊃Ph-Cl 3.072-3.247 6.926-7.000 6.970 3.499/3.618 2.974/2.980 99.24 265.91 37.32 

1⊃Ph-Br 3.098-3.248 6.786-6.863 6.807 3.389/3.440 3.155 103.29 257.14 40.17 

1⊃Ph-I 3.174-3.211 6.797-6.898 6.846 2.939/3.911 3.151 110.16 244.65 45.03 

a: The X-ray data of all complexes were determined at 298 K; b: The Cu···Cu distance between two cyclic 

trinuclear units in each cage.  

 

2.2. Illustration of the single complex molecule 

 

Figure S1. X-ray crystal structure of inclusion complexes (only the cage host unit in each 

complex is shown). Hydrogen atoms in cage hosts 1 were omitted for clarity; Cu and N atoms 

are represented by orange, and blue spheres, respectively, whereas the frames are depicted 

as sticks (C black, S yellow), and the guests are depicted as space-filling (C gray, N blue, F dark 

green, Cl green, Br brown, I pink). 
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3. Additional Characterization Section 

3.1. the ratio of host and guest and the 1H NMR spectra of complexes 

Table S5. the ratio of host and guest was detected by 1H NMR. 

Complex Host : Guest 

1⊃Ph-F 1 : 1 

1⊃Ph-Cl 1 : 1 

1⊃Ph-Br 1 : 1 

1⊃Ph-I 1 : 1 

 

 

 

 

 

Figure S2. 1H NMR (400 MHz, CD2Cl2, 298 K) spectra of 1⊃Ph-F 
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Figure S3. 1H NMR (400 MHz, CD2Cl2, 298 K) spectra of 1⊃Ph-Cl 

 

 

Figure S4. 1H NMR (400 MHz, CD2Cl2, 298 K) spectra of 1⊃Ph-Br 
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Figure S5. 1H NMR (400 MHz, CD2Cl2, 298 K) spectra of 1⊃Ph-I 

 

3.2. TGA Data 

 

Figure S6. The TGA spectra of inclusion complexes. The TGA graph of single-crystal samples 

showed guest bounded in the cage cavity released in the range of 210-300 C far higher than 

the guests’ boil point, suggesting guests were effectively encapsulated within the Cu6L3 cage 

in crystals. A rapid weight loss appearing over 390 C was corresponded to decomposition of 

the cage indicating outstanding thermal stability of Cu6L3 cage 



S14 
 

3.3. IR spectra of inclusion complexes 

In IR spectrum of host-guest complexes, thienyl group C-H stretching vibration was 

observed at 3100 cm-1. The strong C=N and C=C mixed stretching vibration of 

pyrazole was experimentally observed at around 1500 cm-1 and N=N stretching 

vibrational mode appeared at around 1400 cm-1. New absorption peaks appeared in 

the region of 500-700 cm-1 were assigned to the C-X stretching vibration, suggesting 

the encapsulation of halobenzen guests in Cu6Pz3 host. The N−H stretching band at 

around 3200 cm−1 eliminated indicating the ligand was deprotonatied to coordinate 

with Cu(I) ions. 

 

 

Figure S7. IR spectra of all inclusion complexes. 
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3.4. Powder X-ray diffraction of inclusion complexes 

 

Figure S8. The comparison of as-synthesized and simulated powder X-ray diffraction spectra 

of inclusion complexes. 
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4. Photoluminescence Measurement Section 

4.1. Solid-state UV-vis spectra of the complexes 

 
Figure S9. Normalized solid-state UV-vis spectra of inclusion complexes. 

 

4.2. Solution-state UV-vis spectra of inclusion complexes 

 

Figure S10. Normalized solution-state UV-vis spectra of inclusion complexes collected in 

CD2Cl2 at 298 K.   
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4.3. The emission spectra of inclusion complexes 

 

Figure S11. Excitation-energy-varied (a) and temperature-varied (b) emission spectra of 

1⊃Ph-F in solid-state (Ex=316 nm). 

 

 

Figure S12. Excitation-energy-varied (a) and temperature-varied (b) emission spectra of 

1⊃Ph-Cl in solid-state (Ex=300 nm). 

 

 



S18 
 

 

Figure S13. Excitation-energy-varied (a) and temperature-varied (b) emission spectra of 

1⊃Ph-Br in solid-state (Ex=320 nm). 

 

 

Figure S14. Excitation-energy-varied (a) and temperature-varied (b) emission spectra of 

1⊃Ph-I in solid-state (Ex=310 nm). 
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4.4. Lifetime data of complexes 

 
Figure S15. Lifetime data of inclusion complexes at different temperatures. τ is the average 

lifetime. 

 

4.5. Relationship between the triplet radiative decay rate constants of complexes 

and spin–orbit coupling constant 

 

Figure S16. Linear relationship between logarithm of the triplet radiative decay rate 

constants (log(kr)) of inclusion complexes and log ζ2
. 
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4.6. Jablonski diagram of 1⊃Ph-I. 

 

Figure S17. Jablonski diagram of 1⊃Ph-I 

 

Table S6. Summary of photophysical parameters for cages in the solid state at 298 and 77 K. 

 1⊃Ph-F 1⊃Ph-Cl 1⊃Ph-Br 1⊃Ph-I 

λex (nm) 316 310 310 320 

λem (nm) 672 673 645 640 

298 K 

Ф1(%) 16.3 25.9 49.6 68.3 

Ф2(%) 8.3 28 59.1 70.1 

Ф3(%) 13.2 26.4 62.8 84.5 

Ф(%) 12.6 26.8 57.2 74.3 

77 K Ф(%) 19.6 46.9 87.0 96.9 

298 K 

τ1 (μs) 30.11 2.02 (1.52 %) 21.29 18.39 

τ2 (μs)  24.97 (98.48 %)   

τp (μs) 30.11 24.75 21.29 18.39 

2 1.200 1.068 1.073 1.088 

78 K 

τ1 (μs) 31.01 2.88 (4.32 %) 20.73 18.36 

τ2 (μs)  25.47  (95.68 %)   

τp (μs) 31.01 24.49 20.73 18.36 

2 1.308 1.212 1.129 1.389 

298 K 

τ1 (ns) 3.51 (23.46 %) 0.44 (60.88 %) 3.23 (31.38 %) 3.36 (23.52 %) 

τ2 (ns) 40.28 (14.76 %) 3.67 (21.33 %) 28.54 (22.55 %) 37.53 (17.63 %) 

τ3 (ns) 0.44 (61.78 %) 38.25 (17.79 %) 0.50 (46.07 %) 0.42 (58.86 %) 

τF (ns) 7.04 7.86 7.68 7.65 

2 1.251 1.239 1.165 1.118 
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4.7. Kinetic model and photophysical rate constants. 

On the basis of the measured quantum yield (QY) and emission lifetimes, The radiative and 

nonradiative decay rates constants, as well as intersystem crossing rate constants can be 

calculated following the standard photophysical kinetic equationsS19. Theoretically, the 

lifetime of fluorescence (τF) and phosphoresence (τP and ФP) as well as QY of ISC (ФISC) can be 

can be defined as below: 

𝜏F  =  
 1

𝑘𝑟
𝐹+𝑘𝑛𝑟

𝐹 +𝑘isc

 (1

) 

𝜏P  =  
 1

𝑘𝑟
𝑃+𝑘𝑛𝑟

𝑃

 (2

) 

𝛷isc  =
 𝑘isc

𝑘𝑟
𝐹+𝑘𝑛𝑟

𝐹 +𝑘isc
= 𝑘isc × 𝜏F

 (3

) 

𝛷P  = 𝛷isc  ×
𝑘𝑟

𝑃

𝑘𝑟
𝑃+𝑘𝑛𝑟

𝑃 = 𝛷isc × 𝑘𝑟
𝑃 × 𝜏P

 (4

) 

Here, kr
F and knr

F is radiative and non-radiative fluorescence decay rate constant, respectively; 

kr
P and knr

P is radiative and non-radiative phosphorescence decay rate constant, respectively; 

kisc is intersystem crossing rate constant. Assuming that the non-radiative rate constants of 

the triplet state (knr
P) is much lower than kr

P, thus the ФISC can be approximated by the 

following Equations (5): 

𝛷isc~𝛷P =
 𝑘isc

𝑘𝑟
𝐹+𝑘𝑛𝑟

𝐹 +𝑘isc
= 𝑘isc × 𝜏F

 (5

) 

Thus, the kisc can be deduced as in Equation (6) 

𝑘isc ~ 𝛷P/𝜏F

 (6

) 
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5. Computational details 

All calculations were performed with Gaussian 09 suit of programS20 employing density 

functional theory (DFT) and time-dependent density functional theory (TDDFT). The hybrid 

functional PBE0S21 and double zeta basis set (LanL2DZS22 for Cu and I atom and 6-31G(d)S23 for 

other atoms) was applied here. The maps of electrostatic potential (ESP) surface were 

obtained from the NBO charge with the isovalue of 0.02 a.u. The singlet and triplet vertical 

excitation energy and corresponding electron transitions as well as the frontier molecular 

orbital analysis was based on the ground state geometry. All molecular orbital maps and 

electron density difference (EDD) maps of singlet-singlet spin-allowed (S0 → Sn) and 

singlet-triplet spin-forbidden (S0 → Tn) transitions were generated by Multiwfn 3.8 

softwareS24 using the formatted checkpoint file (.fchk files) and the Gaussian output file (.out 

files). The isovalue of contour is 0.02 a.u. for molecular orbitals (MOs) and 4 × 10-4 a.u. for 

EDA-NOCV deformation density and EDD maps. 

 

 

Figure S18. Mapped electrostatic potentials (ESP) of inclusion complexes on the surface with 

the isovalue of 0.02 a.u. 

 

  

file:///E:/%5bexp%5d/F-ph%20cage/xiemo/Computational%20details-in-SI.docx%23_ENREF_1
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file:///E:/%5bexp%5d/F-ph%20cage/xiemo/Computational%20details-in-SI.docx%23_ENREF_5
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Table S7. TDDFT results of the selected triplet states for 1⊃Ph-F. (f is the calculated oscillator 

strength, for the spin forbidden singlet-triplets transitions, the value of f is zero. EDD represents 

the electron density (ρ) difference between excited and ground state, purple surface: ρ+, cyan 

surface: ρ-.) X contrib. represent the halogen contribution to the major electron transition) 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

T1 3.2546 380.95 0 

 

3LLCT 0.001% 

T20 4.2551 291.38 0 

 

3MLCT/3LLCT 0.025% 

T21 4.2926 288.83 0 

 

3LLCT 0.022% 

T22 4.3074 287.84 0 

 

3LLCT 0.001% 
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T23 4.3117 287.55 0 

 

3LLCT 0.003% 

T24 4.3117 287.55 0 

 

3LLCT 0.003% 

T25 4.3119 287.54 0 

 

3MLCT/3LLCT 0.002% 

 

 

Table S8. TDDFT results of the selected singlet states for 1⊃Ph-F. 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

S1 4.3195 287.03 0 

 

1MLCT/1LLCT 0.001% 

S2 4.3446 285.38 0.0022 

 

1MLCT/1LLCT 0.001% 
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Table S9. TDDFT results of the selected triplet states for 1⊃Ph-Cl. 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

T1 3.2524 381.20  0 

 

3LMCT/3LLCT 0.036% 

T12 3.9125 316.88  0 

 

3MC/3LLCT 0.034% 

T13 3.9219 316.12  0 

 

3MC/3LLCT 0.011% 

T14 3.936 314.99  0 

 

3MLCT/3LLCT 0.015% 

T15 3.9707 312.24  0 

 

3MC/3LLCT 0.013% 
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Table S10. TDDFT results of the selected singlet states for 1⊃Ph-Cl. 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

S1 3.9244 315.92  0 

 

1MC/1LLCT 0.014% 

S2 4.0259 307.96  0.0002 

 

1MC/1LLCT 0.081% 

S3 4.0599 305.38  0 

 

1MC/1LLCT 0.016% 

 

Table S11. TDDFT results of the selected triplet states for 1⊃Ph-Br. 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

T1 3.2867 377.23 0 

 

3LLCT 0.001% 
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T2 3.2872 377.17 0 

 

3LLCT 0.001% 

T26 4.2494 291.77 0 

 

3LC/3LLCT 0.256% 

T27 4.2566 291.28 0 

 

3LC/3LLCT 0.325% 

T28 4.298 288.47 0 

 

3MLCT/3LLCT 0.349% 

T29 4.3791 283.13 0 

 

3MLCT/3LLCT 0.564% 
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T30 4.4145 280.86 0 

 

3MLCT/3LLCT 12.302% 

 

Table S12. TDDFT results of the selected singlet states for 1⊃Ph-Br. 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

S1 4.4869 276.32 0.0137 

 

1MLCT/1LLCT 0.015% 

S2 4.5564 272.11 0.0049 

 

1MLCT/1LLCT 0.021% 

S3 4.5684 271.4 0.0003 

 

1MLCT/1LLCT 0.019% 
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Table S13. TDDFT results of the selected triplet states for 1⊃Ph-I. 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

T1 3.3432 370.85 0 

 

3MLCT/3LLCT 0.040% 

T31 4.3508 284.97 0 

 

3MLCT 1.066% 

T32 4.4352 279.55 0 

 

3MLCT/3XLCT 9.415% 

T33 4.4378 279.38 0 

 

3MLCT/3XLCT 13.090% 

T34 4.4482 278.73 0 

 

3MLCT/3XLCT 13.648% 



S30 
 

T35 4.4509 278.56 0 

 

3MLCT/3XLCT 12.688% 

T36 4.4578 278.13 0 

 

3MLCT 13.943% 

T37 4.4852 276.43 0 

 

3MLCT/3LLCT 1.012% 

T38 4.5077 275.05 0 

 

3MLCT/3LLCT 1.602% 

T39 4.508 275.03 0 

 

3MLCT/3LLCT 0.739% 
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T40 4.5282 273.8 0 

 

3MLCT/3LLCT 1.264% 

 

Table S14. TDDFT results of the selected singlet states for 1⊃Ph-I. 

No. Energy/eV λ/nm f EDD Assignment X contrib. 

S1 4.4815 276.66 0.0245 

 

1MLCT/1LLCT 15.368% 

S2 4.533 273.51 0.0081 

 

1MLCT/1LLCT 9.178% 
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Figure S19. Proposed intersystem crossing approaches for 1⊃Ph-F. The energy level and 

electron density difference (EDD) of S1 state and selected triplet states are illustrated. 

 

 
Figure S20. Proposed intersystem crossing approaches for 1⊃Ph-Cl. The energy level and 

electron density difference (EDD) of S1 state and selected triplet states are illustrated. 
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Figure S21. Proposed intersystem crossing approaches for 1⊃Ph-Br. The energy level and 

electron density difference (EDD) of S1 state and selected triplet states are illustrated. 

 

 
Figure S22. Proposed intersystem crossing approaches for 1⊃Ph-I. The energy level and 

electron density difference (EDD) of S1 state and selected triplet states are illustrated.  
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