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1. General

All starting reagents were commercially available without further treatment. Solvents used were analytical 
grade without further treatment, except those for recrystallization and optical tests, which were purified by 
distillation. All NMR spectra were recorded on Bruker AM-400 and Bruker AM-600 spectrometers with 
tetramethyl silane as an internal reference, where CD3CN and CDCl3 were used as solvents. High resolution 
mass (HRMS) spectra were recorded on a Waters LCT Premier XE spectrometer with acetonitrile as solvent. 
Absorption spectra were recorded on Agilent Cary 60 (1cm quartz cell). The photochromic reaction was 
induced in situ by continuous irradiation using an Hg/Xe lamp (Hamamatsu, LC8 Lightningcure, 200 W) 
equipped with a narrow band interference filter (Shenyang HB optical Technology) for λirr = 313 ± 10 nm, a 
broad band interference filters (Shenyang HB optical Technology) for λirr > 510 nm, or a monochromator 
(monoscan 2000, OceanOptics) for λirr = 515 ± 10 nm. The photochromic reaction quantum yields for 
photocyclization and cycloreversion were measured by the standard procedures using BTF6 as the reference. 
The rates of isomerization in the initial stage of the reaction (0-3%) were compared with references, whose 
Φo-c (35%) and Φc-o (35%) in hexane, which brought for the 3% uncertainties on the calculations of quantum 
yields. Fourier transform infrared (FT-IR) spectra were recorded on a JASCO model FT-IR-6100 infrared 
spectrometer. The temperature-dependent CD spectra were recorded using JASCO J-810 spectropolarimeter 
connecting a thermostatic bath.
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2. Synthetic details

Compound DTE-1 was prepared according to the established methods.1 

Scheme S1. Synthetic route of o/c-PA, (R)/(S)-o-ML and (R)/(S)-c-ML 

2.1 Synthesis of ligand o-PA

The hexane solution of n-BuLi (4.1 mL, 6.56 mmol) was added dropwise at -75 °C under N2 atmosphere to 
a solution of compound DTE-1 (1.57 g, 3.0 mmol) in anhydrous THF (30 mL). The colour of solution turned 
to brown black. After 45 min, tributyl borate (1 mL, 9.0 mmol) was added and warmed to room temperature 
slowly. After stirring for 2 h, the resulting brown black solution of DTE-2 was used directly for the following 
reaction. Added 5-bromopicolinaldehyde (1.3 g, 6.3 mmol), 10 mL water solution of K2CO3 (2 M) and 
Pd(PPh3)4 (517.0 mg, 0.45 mmol) to above solution of DTE-2 under N2 atmosphere. This reaction system 
was heated at 75 °C for 12 h. Upon reaction completion, poured the residue into water (50 mL), extracted 
with dichloromethane (60 mL × 3), the organic phase was collected and evaporated under reduced pressure. 
The residue was purified by column chromatography (petroleum ether: ethyl acetate = 3/1, v/v) to afford o-
PA percussor as yellow power (905.3 mg). Yield, 52%. 1H NMR (400 MHz, CDCl3, 293 K): δ [ppm] 2.06 
(s, 6 H, -CH3), 7.48 (s, 2 H, thienyl-H),7.99 (d, J = 0.8 Hz, 4 H, pyridyl-H), 8.96 (s, 2 H, pyridyl-H), 10.07 
(s, 2 H, -CHO). 13C NMR (100 MHz, CDCl3, 293 K): δ [ppm] 192.51, 151.69, 146.74, 144.32, 137.42, 
133.14, 132.96, 126.46, 125.23, 122.01, 14.83. HRMS-ESI (m/z): [M + H]+ Calcd. for (C27H17O2N2F6S2), 
579.0630, found: 579.0635.
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2.2 Synthesis of ligand c-PA

o-PA (290.5 mg, 0.5 mmol) was dissolved in THF (200 mL), and then irradiated with ultraviolet lamps (λ = 
365 ± 10 nm) until reaching PSS. After removing the solvent, the residual was purified by column 
chromatography on silica (dichloromethane) to obtain c-PA as blue powder (182.4 mg). Yield, 62.1%. 1H 
NMR (400 MHz, CDCl3, 293 K): δ [ppm] 2.24 (s, 6 H, -CH3), 6.87 (s, 2 H, thienyl-H),8.02 (d, 4 H, 
pyridyl-H), 8.97 (s, 2 H, pyridyl-H), 10.10 (s, 2 H, -CHO). 13C NMR (100 MHz, CDCl3, 293 K): δ [ppm] 
192.33, 153.61, 153.17, 149.22, 147.99, 134.77, 132.45, 121.50, 117.03, 66.62, 25.33. HRMS-ESI (m/z): [M 
+ H]+ Calcd. for (C27H17O2N2F6S2), 579.0630, found: 579.0637.

2.3 Synthesis of ligand (R) or (S)-c-ML

Ligand c-PA (30.0 mg, 0.1 mmol, 1 equiv), (R)- or (S)-1-phenylethylamine (30.3 mg, 0.25 mmol, 2.5 equiv) 
were added to a flask with 5 mL dry DCM, at 25°C for 12 h led to blue solution. After concentrating DCM 
solution to 2 mL, then 20 mL hexane solution was used to precipitate the product. Pure (R)- or (S)-c-ML was 
obtained as a blue solid (35.1 mg). Yield, 44.6%.1H NMR (600 MHz, CDCl3, 293 K): δ [ppm] 1.63 (d, J = 
6.6 Hz, 6 H, -CH3), 2.21 (s, 6 H, -CH3), 4.68 (d, J = 6.0 Hz, 2 H, -CH-), 6.78 (s, 2 H, thienyl-H), 7.27 (d, J = 
7.2 Hz, 2 H, phenyl-H), 7.36 (dd, J1 = 7.8 Hz, J2 = 7.2 Hz, 4 H, phenyl-H), 7.44 (d, 4 H, J = 7.2 Hz, phenyl-H), 
7.87 (d, 2 H, J = 8.4 Hz, pyridyl-H), 8.15 (d, 2 H, J = 8.4 Hz, pyridyl-H), 8.47 (s, 2 H, -CH=N), 8.81 (s, 2 H, 
pyridyl-H). 13C NMR (150 MHz, CDCl3, 293 K): δ [ppm] 159.60, 155.90, 154.18, 149.11, 147.29, 144.24, 
134.17, 129.68, 128.59, 127.29, 126.73, 121.30, 115.60, 69.77, 66.45, 25.29, 24.53. HRMS-ESI (m/z): [M + 
H]+ Calcd. for (C43H35N4F6S2), 785.2207, found: 785.2233.
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2.4 Synthesis of ligand (R)- or (S)-o-ML

(R)- or (S)-c-ML (200.1 mg, 0.25 mmol) was dissolved in THF (30 mL), and then irradiated with visible 
light (λ > 510 nm) until reaching PSS. After removing the solvent, the residual was purified by column 
chromatography on silica (dichloromethane) to obtain (R)- or (S)-o-ML as yellow powder (195.2 mg). Yield, 
97.5%.1H NMR (400 MHz, CD3CN, 293 K): δ [ppm] 1.57 (d, J = 6.8 Hz, 6 H, -CH3), 2.06 (s, 6 H, -CH3), 
4.69 (q, J = 6.4 Hz, 2 H, -CH-), 7.28 (t, 2 H, J1 = 7.6 Hz, phenyl-H), 7.38 (dd, J1 = 8.0 Hz, J2 = 7.2 Hz, 4 H, 
phenyl-H), 7.49 (d, J = 7.6 Hz, 4 H, phenyl-H), 7.57 (s, 2 H, thienyl-H), 8.01 (dd, 2 H, J1 = 2.0 Hz, J2 = 8.0 
Hz, pyridyl-H), 8.06 (d, 2 H, J = 8.4 Hz, pyridyl-H), 8.48 (s, 2 H, -CH=N), 8.88 (d, J = 1.6 Hz, 2 H, 
pyridyl-H). HRMS-ESI (m/z): [M + H]+ Calcd. for (C43H35N4F6S2), 785.2207, found: 785.2236.

2.5 Synthesis of metallacages (R)- or (S)-o-cage

Ligand o-PA (17.3 mg, 0.03 mmol, 3 equiv), (R)- or (S)-1-phenylethylamine (7.3 mg, 0.06 mmol, 6 equiv) 
and zinc triflate (7.3 mg, 0.02 mmol, 2 equiv) were added to a flask with 5 mL acetonitrile solution, then 
heated at 70 °C for 12 h led to clear yellow solution. After cooling, 20 mL isopropyl ether was used to 
precipitate the product. Pure (R)- or (S)-o-cage was obtained as a yellow solid (25.2 mg). Yield, 82.1%.1H 
NMR (400 MHz, CD3CN, 293 K): δ [ppm] 1.55 (d, J = 2.0 Hz, 18 H, -CH3), 1.77 (s, 18 H, -CH3), 5.52 (d, J 
= 2.4 Hz, 6 H, -CH-), 6.83 (d, J = 7.6 Hz, 12 H, phenyl-H), 6.99 (dd, J1 = 7.6 Hz, J2 = 7.2 Hz, 12 H, phenyl-H), 
7.13 (s, 6 H, pyridyl-H), 7.20 (t, 6 H, J = 7.2 Hz, phenyl-H), 7.69 (d, J = 8.0 Hz, 6 H, pyridyl-H), 7.85 (s, 6 
H, thienyl-H), 8.07 (s, 6 H, -CH=N),8.60 (d, J = 8.0 Hz, 6 H, pyridyl-H). 13C NMR (150 MHz, CD3CN, 
ppm): δ 160.46, 145.60, 144.62, 142.69, 140.84, 136.57, 135.46, 133.58, 130.35, 128.85, 128.80, 127.86, 
127.13, 126.28, 126.06, 126.01, 64.53, 22.64, 13.99. HRMS-ESI: m/z 877.8164 for [o-cage - 3OTf]3+, m/z 
1391.1832 for [o-cage - 2OTf]2+.
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2.6 Synthesis of metallacages (R)- or (S)-c-cage

Ligand c-PA (17.3 mg, 0.03 mmol, 3 equiv), (R)- or (S)-1-phenylethylamine (7.3 mg, 0.06 mmol, 6 equiv) 
and zinc triflate (7.3 mg, 0.02 mmol, 2 equiv) were added to a flask with 5 mL acetonitrile solution, at 25°C 
for 12 h led to blue solution. Upon reaction completion, 20 mL isopropyl ether was used to precipitate the 
product. Pure (R)- or (S)-c-cage was obtained as a blue solid (24.8 mg). Yield, 81.5%.1H NMR (400 MHz, 
CD3CN, 293 K): δ [ppm]: 1.08 (m, 18 H, -CH3), 1.63-1.79 (m, 18 H, -CH3), 5.52 (m, 6 H, -CH-), 6.65-6.70 
(m, 12 H, phenyl-H), 7.01-7.06 (m, 12 H, phenyl-H), 7.21 (m, 6 H, phenyl-H), 7.39-7.42 (m, 6 H, pyridyl-
H), 7.47-7.49 (m, 6 H, pyridyl-H), 7.66-7.80 (m, 6 H, thienyl-H), 8.11-8.14 (m, 6 H, pyridyl-H),8.28-8.32 
(m, 6 H, -CH=N). Notes: Because of the chiral inequality phenomenon, we cannot acquire the 13C NMR 
spectra of c-cage by 500 MHz NMR. Therefore, as shown in main text, we adapted an indirect approach to 
prove the fabrication of c-cage by taking advantage of the reversible conversion of the inserted BTE.

2.7 Synthesis of achiral metallacages c-2 and o-2

Ligand c-PA (17.3 mg, 0.03 mmol, 3 equiv), phenylmethylamine (6.4 mg, 0.06 mmol, 6 equiv) and zinc 
triflate (7.3 mg, 0.02 mmol, 2 equiv) were added to a flask with 5 mL acetonitrile solution, at 25°C for 12 h 
led to blue solution. Upon reaction completion, 20 mL isopropyl ether was used to precipitate the product, 
achiral c-cage was obtained as a blue solid (24.1 mg). Yield, 79.1%. HRMS-ESI: m/z 600.1002 for [c-2 - 
4OTf]4+, m/z 849.7842 for [c-2 - 3OTf]3+, 1349.1528 for [c-2 - 2OTf]2+. 
Metallacage o-2:1H NMR (400 MHz, CD3CN, 293 K): δ [ppm] 1.79 (s, 18 H, -CH3), 1.77 (s, 18 H, -CH3), 
4.89 (d, J = 14.0 Hz, 6 H, -CH2-), 5.21 (d, J = 12.8 Hz, 6 H, -CH2-), 7.00 (d, J = 7.2 Hz, 12 H, phenyl-H), 
7.09 (t, J = 8.0 Hz, 12 H, phenyl-H), 7.27 (t, J = 7.2 Hz, 6 H, pyridyl-H), 7.33 (s, 6 H, pyridyl-H), 7.65 (d, J 
= 8.4 Hz, 6 H, phenyl-H), 7.85 (s, 6 H, thienyl-H), 7.99 (s, 6 H, -CH=N),8.57 (q, J1 = 8.4 Hz, J2 = 2.0 Hz, 6 
H, pyridyl-H). 13C NMR (100 MHz, CD3CN, ppm): δ 163.64, 145.02, 144.35, 142.91, 136.07, 135.09, 
134.44, 133.29, 129.61, 128.45, 128.09, 127.61, 126.83, 125.89, 122.43, 119.25, 62.06, 54.01, 13.67. HRMS-
ESI: m/z 600.1002 for [o-2 - 4OTf]4+, m/z 848.7867 for [o-2 - 3OTf]3+, 1349.1530 for [o-2 - 2OTf]2+.



S8

3. Chemical structure characterization of metallacages

3.1 1H NMR spectrum of o-cage

Fig. S1 1H NMR (400 MHz, CD3CN, 293 K) spectrum of o-cage.

3.2 FT-IR spectroscopy of o-PA and o-cage

Fig. S2 FT-IR spectroscopy of o-cage and o-PA.
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3.3 1H-1H COSY spectrum of o-cage

Fig. S3 1H-1H COSY (400 MHz, CD3CN, 293 K) spectrum of o-cage.

3.4 13C NMR spectrum of o-cage

Fig. S4 13C NMR (150 MHz, CD3CN, 293 K) spectrum of o-cage.
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3.5 ESI-HRMS spectra of o-cage

Fig. S5 ESI-HRMS spectrum of o-cage of [M - 2OTf]2+, theoretical (top) and experimental (bottom).

Fig. S6 ESI-HRMS spectrum of o-cage of [M - 3OTf]3+, theoretical (top) and experimental (bottom).
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3.6 DOSY spectrum of o-cage

Fig. S7 DOSY spectrum of o-cage.

3.7 1H NMR spectrum of c-cage

Fig. S8 1H NMR (400 MHz, CD3CN, 293 K) spectrum of c-cage.
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3.8 DOSY spectrum of c-cage

Fig. S9 DOSY spectrum of c-cage.

3.9 ESI-HRMS spectra of o-cage
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Fig. S10 ESI-HRMS spectrum of c-cage of [M - 4OTf]4+, theoretical (top) and experimental (bottom).

Fig. S11 ESI-HRMS spectrum of c-cage of [M - 3OTf]3+, theoretical (top) and experimental (bottom).

Fig. S12 ESI-HRMS spectrum of c-cage of [M - 2OTf]2+, theoretical (top) and experimental (bottom).
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4. Optimization and calculation of S-c-cage and c-cage

Density functional theory (DFT) geometry optimization calculations were performed on the three chiral 
isomers S-RSS, S-RRS, S-SSS isomers with M06-L functional and def2-SVP basis set, using Gaussian 16 
C.01.2 Relative energies of the same calculation level are shown in Table S1 and S2. 

Table S1 Structure optimization and energy calculations of chiral metallacages by DFT calculation. 

Table S2 Structure optimization and energy calculations of achiral metallacages by DFT calculation. 

As shown in Table S1, for example, the (S)-phenethylamine-(RSS)-c-cage is depicted as (S)-(RSS) for 
simplicity. The energy sequence is (S)-(RRS) > (S)-(RSS) > (S)-(SSS), which can be attributed to the subtle 
induction effect from chiral amine to the DAE units. Among them, the (S-SSS) isomer has the lowest energy 
and is the most stable. If S-amine is used to construct the metal cage, the lower the proportion of R-c-DTE, 
the more stable it is. When compared with achiral metallacages c-2 isomers in Table S2, we found that (RRS), 
(RSS), and (SSS) isomers have almost the equal energy, indicating the S-isomer of DTE units is preferentially 
induced when S-amine is used to construct the metallacages.
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5. Photoresponsive properties of metallacages

Fig. S13 (a) Absorption spectra of cage (1.0 × 10-5 M) in CH3CN upon UV irradiation at 313 nm. (b) Absorption changes of 
cage along with time at 610 nm. (c) Absorption of o-cage (λ = 610 nm, c =1 × 10-5 M) in CH3CN upon irradiation of UV light 
(λ = 313 ± 10 nm) and visible light (λ > 510 nm). (d) Decay curves of o-cage (c =1 × 10-5 M, 298 K) at open- and PSS state 
upon irradiation of UV light (λ = 313 ± 10 nm), monitored at absorption maximum (λ = 610 nm).

The photochromic behaviours were further investigated in metallacages. As found in Fig. S13a, o-cage 
displayed two intensive absorption bands at 260 and 340 nm. Upon UV light irradiation (313 ± 10 nm), the 
acetonitrile solution of the o-cage changed from colourless to blue with an increase in a broad peak at 450 – 
770 nm, which can be attributed to the large π conjugate structure formation of closed-form. We calculated 
the photoconversion yield of 91.3% according to the absorption spectra. Alternating irradiation with UV (313 
± 10 nm) and visible light (> 510 nm) repeatedly switched the metallacages between ring-open and ring-
closed forms, demonstrating remarkable fatigue resistance with no apparent degradation after 10 cycles (Fig. 
S13c). Furthermore, these cages have excellent thermal stability in both the open- and PSS, with no obvious 
decays for 1000 minutes at 298 K (Fig. S13d). These photochemistry results indicated that the responsive 
metallacages maintain excellent photochromic performance without obvious limitation by the metallacage 
framework. 

Fig. S14 Decay curves of o-cage (c =1 × 10-5 M, 323 K) at open- and PSS state upon irradiation of UV light (λ = 313 ± 10 nm), 
monitored at absorption maximum (λ = 610 nm).
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6. Photoresponsive properties of free model ligands

Fig. S15 (a) Absorption spectra of ML (3.0 × 10-5 M) in CH3CN upon UV irradiation at 313 nm. (b) Absorption changes of 
ML along with time at 605 nm. (c) Absorption of o-ML (λ = 605 nm, c = 3 × 10-5 M) in CH3CN upon irradiation of UV light 
(λ = 313 ± 10 nm) and visible light (λ > 510 nm). (d) Decay curves of o-ML (c = 3 × 10-5 M, 298 K) at open- and PSS state 
upon irradiation of UV light (λ = 313 ± 10 nm), monitored at absorption maximum (λ = 605 nm).

The photochromic properties of free model ligands are the meaningful reference to evaluate performance of 
metallacages. As found in Fig. S15a, o-ML displayed an intensive absorption band at 325 nm. Upon UV 
light irradiation (313 ± 10 nm), the acetonitrile solution of the o-ML changed from colorless to blue with an 
increase in a broad peak at 450 – 770 nm, which can be attributed to the large π conjugate structure formation 
of closed-form. We calculated the photoconversion yield of 94.1% according to the absorption spectra. 
Alternating irradiation with UV (313 ± 10 nm) and visible light (> 510 nm) repeatedly switched the model 
ligands between ring-open and ring-closed forms, demonstrating remarkable fatigue resistance with no 
apparent degradation after 10 cycles (Fig. S15c). Furthermore, these cages have excellent thermal stability 
in both the open- and PSS, with no obvious decays for 1000 minutes at 298 K (Fig. S15d). The detail 
comparation is mentioned in main text.
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7. Circular dichroism modulation of metallacages

Fig. S16 CD spectrum of (R/S)-o-cage (c(R)=3.4 × 10-5 M, c(S)=3.3 × 10-5 M) in CH3CN upon UV irradiation at 313 nm.
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8. Determination of photochromic Quantum Yields

For the photocyclization quantum yields of o-cage and o-ML according to the reported method.3 Commercial compound 
BTF6 was used as reference for measuring the intensity of light source. The detailed procedure: i) 2 mL of o-BTF6 (1 
× 10-4 M) in hexane solution was irradiated until PSS state; ii) measuring the absorbance at 517 nm before and after 
irradiation; iii) Under the same light intension, measuring the absorbance at 595 nm for o-cage and 605 nm for o-ML 
before and after irradiation at 313 nm. 

Fig. S17 The absorbance changes of ring-open isomers BTF6 (λ = 517 nm, c = 1 × 10-4 M in hexane), o-ML (λ = 610 nm, c = 3 × 10-5 M in 
CH3CN), o-cage (λ = 595 nm, c = 1 × 10-5 M in CH3CN) upon UV irradiation at 313 nm.

For the photocycloreversion quantum yields of c-cage and c-ML. The detailed procedure: i) 2 mL of PSS-BTF6 (1 × 
10-4 M) in hexane solution. was irradiated until open state; ii) measuring the absorbance at 517 nm before and after 
irradiation; iii) Under the same light intension, measuring the absorbance at 595 nm for c-cage and 605 nm for c-ML 
before and after irradiation at 545 nm. 

Fig. S18 The absorbance changes of ring-closed isomers BTF6 (λ = 517 nm, c = 1 × 10-4 M in hexane), c-ML (λ = 610 nm, c = 3 × 10-5 M 
in CH3CN), c-cage (λ = 595 nm, c = 1 × 10-5 M in CH3CN) upon visible irradiation at 545 nm.
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9. Isomerization monitoring of the free model ligand by 1H NMR

Fig. S19 Partial 1H NMR (400 MHz, DMSO-d6, 293 K) spectra of the structural photoconversion of ML from the ring-open to 
the ring-closed upon UV irradiation (λ = 302 ± 10 nm).

According to the 1H NMR spectrum of the free model ligand, we observed a series of clear proton peaks 
belong to o-ML. When exposed to the UV light (λ = 302 ± 10 nm), we found the transformation from o-ML 
to c-ML, without any intermediate product. We utilized this one-to-one transformation mechanism to 
compare and investigate the isomerization of metallacages.
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10. EXSY spectrum of metallacages and free ligands

Fig. S20 EXSY spectrum (400 MHz, CD3CN/CDCl3, 298 K, mixture time = 600 ms) of the o-cage and model ligand.
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11. Characterization of ligands and achiral metallacages

Fig. S21 1H NMR (400 MHz, CDCl3, 293 K) spectrum of ligand o-PA.

Fig. S22 13C NMR (100 MHz, CDCl3, 293 K) spectrum of ligand o-PA.
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Fig. S23 HRMS spectrum of ligand o-PA.

Fig. S24 1H NMR (400 MHz, CDCl3, 293 K) spectrum of ligand c-PA.
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Fig. S25 13C NMR (100 MHz, CDCl3, 293 K) spectrum of ligand c-PA.

Fig. S26 1H NMR (600 MHz, CDCl3, 293 K) spectrum of model ligand c-ML.
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Fig. S27 13C NMR (150 MHz, CDCl3, 293 K) spectrum of model ligand c-ML.

Fig. S28 1H NMR (400 MHz, CD3CN, 293 K) spectrum of model ligand o-ML.
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Fig. S29 ESI-HRMS spectrum of model ligand o-ML.

Fig. S30 1H NMR (400 MHz, CD3CN, 293 K) spectrum of achiral o-2.
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Fig. S31 13C NMR (100 MHz, CD3CN, 293 K) spectrum of achiral o-2.

Fig. S32 ESI-HRMS spectrum of o-2

Fig. S33 ESI-HRMS spectrum of c-2
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