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General procedure.  

All the starting materials, reagents, and solvents were purchased from commercial sources 

(J&K, Zhengzhou Alfa and Acros) and used without additional purification. Elemental analysis 

was obtained with a Elementar Vario EL cube elemental analyser. Powder X-ray diffraction 

(PXRD) patterns were collected on a Rigaku Smart lab diffractometer with Cu Kα radiation (λ 

= 1.5418 Å) at room temperature. The X-ray tube operated at a voltage of 40 kV and a current 

of 15 mA. FT-IR spectra (KBr pellet) in the range 400‒4000 cm–1 were recorded on a Thermo 

Fisher iS50R FT-IR spectrophotometer. Solution 1H NMR and 13C NMR spectra were recorded 

on a 400 MHz Bruker superconducting magnet high-field NMR spectrometer at room temper-

ature, with tetramethylsilane (TMS) as the internal standard. Chemical shifts (δ) are expressed 

in ppm relative to the residual solvent (e.g., chloroform 1H: 7.26 ppm, 13C: 77.0 ppm) reference. 

Coupling constants are expressed in hertz (Hz). XPS spectra was carried out by a SACEnning 

Auger/X-ray Photoelectron Spectroscopy System (PHI 5802). Thermogravimetric analysis 

(TGA) was carried out on a Netzsch STA449F5 thermal analyser from 30 ℃ to 900 ℃ at a 

heating rate of 10 ℃ min−1 under N2 atmosphere. The sample was then held at vacuum until 

the analysis was run. The porosity and surface area analysis were performed using a 

Quantachrome Autosorb iQ gas sorption analyser. The sample was outgassed at 0.03 torr with 

a 5 ℃/min ramp to 100 ℃ and held at this temperature for 12 hours. The sample was then held 

at vacuum until the analysis was run. Pawley refinement was carried out using Materials Studio 

Software. The morphology of the samples was investigated using scanning electron microscopy 

(SEM, SIGMA 500, ZEISS, Germany). All the water contact angle measurements were carried 

out by Hol-marc, HO-IOD-CAN-018 equipment. Diffuse reflection spectra were collected in 

the UV-visible near infra-red spectrophotometer with Integrating Sphere (SHIMADZU UV-

3600 Plus). 
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Scheme S1. The synthetic scheme for H2L1. 

Experimental procedures. 

Synthesis of 2-((trimethylsilyl)ethynyl)aniline (SM1), 2-ethynylaniline (SM2). 

SM1 and SM2 were prepared in accordance with previously reported procedure1. The 1H NMR 

and 13C NMR spectra were in agreement with the literature. 

Synthesis of methyl 3-bromo-4-((trimethylsilyl)ethynyl)benzoate (SM3). 

Methyl 3-bromo-4-iodobenzoate (5.0 g, 14.7 mmol), triphenylphosphine (384.65 mg, 1.5 

mmol), bis(triphenylphosphine) palladium(II) chloride (308.8 mg, 0.43 mmol) and copper(I) 

iodide (83.8 mg, 0.43 mmol) were added to 25 mL pressure tube. Triethylamine (4 mL) and 

tetrahydrofuran (THF, 4 mL) each previously purged by bubbling N2 gas for 5 minutes, were 

then transferred into the tube via a cannula. Under the N2 atmosphere, trimethylsilylacetylene 

(TMSA, 1.73 g, 17.6 mmol) was added, sealed and reacted at 85 ℃ for 3 hours. After cooling 

to room temperature, the solvents were removed by a rotary evaporation and the residue was 

purified by silica gel column chromatography (eluent: petroleum ether/ethyl acetate, 20:1, v/v) 

to yield compound SM3 as yellow solid (4.33 g, 95% yield based on raw materials). 1H NMR 

(400 MHz, CDCl3): δ = 8.22 (s, 1H), 7.89 (d, 1H), 7.53 (d, 1H), 3.91 (s, 3H), 0.28 (s, 9H). 13C 

NMR (100 MHz, CDCl3): δ = 165.27, 133.40, 133.37, 130.92, 129.64, 127.90, 125.69, 103.33, 

102.44, 52.51, –0.21. 
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Fig. S1. The 1H NMR spectrum of SM3 (CDCl3, 400 MHz). 

 

Fig. S2. The 13C NMR spectrum of SM3 (CDCl3, 100 MHz). 

Synthesis of methyl 3-((2-aminophenyl)ethynyl)-4-((trimethylsilyl)ethynyl)benzoate 

(SM4). 

A mixture of compound SM3 (2.0 g, 6.4 mmol), compound SM2 (3.76 g, 32.1 mmol), bis(tri-

phenylphosphine) palladium(II) chloride (135.3 mg, 0.2 mmol), and copper(I) iodide (36.7 mg, 

0.2 mmol) were added to a 50-mL Schlenk tube and then the tube was connected to a vacuum 

manifold, evacuated and back-filled with N2 gas for three times. Triethylamine (14 mL) and 

THF (7 mL), each previously purged by bubbling N2 gas for 5 minutes, were then transferred 

into the tube via a cannula. The tube was screw-capped and the reaction solution was stirred at 

85 ℃ under N2 protection for 7 hours. After cooling to room temperature, the solvents were 

removed by a rotary evaporation and the residue was purified by silica gel column 
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chromatography (eluent: n-hexane/ethyl acetate, 10:1, v/v) to yield compound SM4 as orange 

oily liquid (1.67 g, 74.7% yield based on compound SM3). 1H NMR (400 MHz, CDCl3): δ = 

8.19 (s, 1H), 7.91 (d, 1H), 7.58 (d, 1H), 7.41 (d, 1H), 7.16 (t, 1H), 6.74 (d, 1H), 6.70 (t, 1H), 

3.93 (s, 3H), 0.29 (s, 9H). 13C NMR (100 MHz, CDCl3): δ = 166.00, 148.30, 132.83, 132.66, 

132.34, 130.35, 129.87, 129.01, 128.35, 126.34, 117.82, 114.31, 107.25, 103.50, 101.88, 92.76, 

91.34, 52.44, 0.05. 

 

Fig. S3. The 1H NMR spectrum of SM4 (CDCl3, 400 MHz). 

 

Fig. S4. The 13C NMR spectrum of SM4 (CDCl3, 100 MHz). 

Synthesis of methyl 3-((2-aminophenyl)ethynyl)-4-ethynylbenzoate (SM5). 

A 50-mL round-bottom flask was charged with compound SM4 (1.5 g, 4.3 mmol), anhydrous 

K2CO3 (1.79 g, 12.9 mmol) and a magnetic stirring bar. CH2Cl2 (10 mL) and methanol (10 mL) 

were added into the flask, and the reaction mixture was stirred at room temperature overnight. 
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Then the solvent was removed on a rotary evaporator and the residue was then dissolved in 

CH2Cl2. The organic mixture was extracted with CH2Cl2 (3 × 50 mL), washed with distilled 

water (3 × 100 mL) to remove the K2CO3, dried over anhydrous Na2SO4 and the solvent was 

removed by rotary evaporation to obtain compound SM5 as red oily liquid (861 mg, 94.1% 

yield based on SM4). 1H NMR (400 MHz, CDCl3): δ = 8.13 (s, 1H), 7.85 (d, 1H), 7.53 (d, 1H), 

7.33 (d, 1H), 7.09 (t, 1H), 6.66 (d, 1H), 6.64 (t, 1H), 3.86 (s, 3H), 3.43 (s, 1H). 13C NMR (100 

MHz, CDCl3): δ = 165.99, 148.52, 132.82, 132.49, 132.33, 130.51, 130.40, 128.45, 127.95, 

127.01, 117.95, 114.42, 107.20, 92.55, 91.63, 83.70, 82.58, 52.69. 

 

Fig. S5. The 1H NMR spectrum of SM5 (CDCl3, 400 MHz). 

 

Fig. S6. The 13C NMR spectrum of SM5 (CDCl3, 100 MHz). 
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Synthesis of dimethyl 4,4'-(buta-1,3-diyne-1,4-diyl)bis(3-((2-aminophenyl)ethynyl)benzo-

ate) (Me2L1). 

A 50-mL round-bottom flask was charged with compound SM5 (800 mg, 2.9 mmol) and an-

hydrous copper(II) acetate (1.58 g, 8.72 mmol). 20 mL acetonitrile were added into the flask 

and reacted at 70 ℃. At the end of the reaction, the green solid mixture was obtained by rotary 

steaming, washed with deionized water (3 × 200 mL) and extracted by CH2Cl2 (3 × 100 mL), 

dried over anhydrous Na2SO4 and the solvent was removed by rotary evaporation. The residue 

was purified by silica gel column chromatography (eluent: n-hexane/ethyl acetate, 4:1, v/v) to 

yield compound Me2L1 as the orange solid (701.4 mg, 44% yield based on SM5). 1H NMR 

(400 MHz, CDCl3): δ = 8.22 (s, 2H), 7.95 (d, 2H), 7.65 (d, 2H), 7.39 (d, 2H), 7.05 (t, 2H), 6.64 

(t, 2H), 6.52 (d, 2H), 3.95 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 165.72, 148.55, 133.13, 

132.57, 132.22, 130.76, 130.55, 128.31, 127.62, 126.94, 117.73, 114.41, 106.45, 92.53, 92.28, 

82.91, 79.32, 52.58. 

 
Fig. S7. The 1H NMR spectrum of Me2L1 (CDCl3, 400 MHz). 

 
Fig. S8. The 13C NMR spectrum of Me2L1 (CDCl3, 100 MHz). 



S10 

 

Synthesis of 4,4'-(buta-1,3-diyne-1,4-diyl)bis(3-((2-aminophenyl)ethynyl)benzoic 
acid) (H2L1). 
In a round bottom flask, Me2L1 (500 mg, 0.911 mmol) and KOH (18 mg, 18.22 mmol) were 

added. THF (10 mL) and deionized water (10 mL) were then added, and the reaction was stirred 

at 60°C for 24 hours. After cooling to room temperature, the resulting red solid mixture was 

obtained by removing the solvent using a rotary evaporator, and deionized water was added to 

the mixture, followed by the slow addition of HCl solution under stirring until the pH reached 

2. The mixture was then filtered and washed with deionized water (3 × 200 mL), and finally 

vacuum dried. The product H2L1 was obtained as the orange solid (388.6 mg, 82% yield based 

on Me2L1). 1H NMR (400 MHz, DMSO-d6): δ = 8.28 (s, 2H), 7.95 (d, 2H), 7.87 (d, 2H), 7.32 

(d, 2H), 7.11 (t, 2H), 6.78 (d, 2H), 6.53 (t, 2H). 13C NMR (100 MHz, DMSO-d6): δ = 166.06, 

148.43, 133.46, 132.28, 132.00, 130.70, 128.61, 127.11, 125.66, 117.15, 115.06, 105.65, 92.81, 

91.67, 82.48, 78.69. 

 
Fig. S9. The 1H NMR spectrum of H2L1 (DMSO-d6, 400 MHz). 

 
Fig. S10. The 13C NMR spectrum of H2L1 (DMSO-d6, 100 MHz). 
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Fig. S11. A mass spectrum (ESI) of compound H2L1. 

Synthesis and activation of ZrL1. 

H2L1 (3 mg, 5.77 mmol) and ZrCl4 (1.6mg, 6.86 mmol) was loaded into a glass tube. Then 

HCOOH (24 μL) and N,N-dimethylformamide (DMF, 300 μL) mixed solution was added and 

the tube was sealed with an oxyhydrogen flame. The glass tube was placed in an oven at 90 °C 

for 48 hours, during which crystalline solid slowly formed. After the sealed tube was heated for 

48 hours, it was cooled to room temperature over 4 hours. The yellow crystalline solid were 

collected and washed with DMF (15 mL) and acetone (15 mL) and air-dried to obtain yellow 

ZrL1 crystalline solid. For elemental analysis, the ZrL1 (50 mg) were activated via Soxhlet 

extraction with acetonitrile for three days, and then placed in vacuum at 80 °C for 10 hours. 

Elemental analysis found C (44.65%), H (3.17%) and N (2.78%) for ZrL1, this analysis fits the 

formula to be Zr6O4(OH)4(HCOO)7(C34H18N2O4)2.5(H2O)11 (Mw 2488.97), which gives a calcu-

lated profile of C (44.40%), H (3.16%) and N (2.81%). 

Structure simulation. 

The structure model of ZrL1 was constructed by the secondary building block of 6-connected 

[Zr4O4(OH)4] and 2-connected ditopic L12– in reference to MOFs bearing hxl topology.2-5 Us-

ing Materials Studio (v6.1.0) suit of programs by Accelrys, the model of ZrL1 was generated 

with 𝑃3 space group (No. 147) before replacing the linker (including the cell parameters and 

atomic positions) and subsequently Geometry Optimization by Forcite Calculation was carried 

out. To modify the lattice parameters to match the observed PXRD, Pawley refinement proce-

dure was used, leading to trigonal lattice with a = b = 23.938 Å, c = 9.537 Å,  = β = 90o, γ = 
120o. Instrumental peak broadening parameters and additional profile parameters, background 

and crystallite size broadening were also used in the refinement to obtain the resultant structural 

model of ZrL1. The Rwp and Rp are equal to 4.54% and 2.80%, respectively (Fig. 2c). 
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Fig. S12. FT-IR spectra of ligand, as made sample of ZrL1 and activated sample of ZrL1. 

 

Fig. S13. 1H NMR spectra of: (a) the filtrate of ZrL1 digested in HF/DMSO-d6; (b) H2L1 in 

DMSO-d6. 

 
Fig. S14. Thermogravimetric analysis (TGA) plots of activated ZrL1 (a) in N2 and (b) in air. 
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Fig. S15. (a) N2 sorption isotherm at 77 K and (b) BET plot for activated ZrL1 (outgassed at 

100 ℃ under vacuum for 12 hours). N2 sorption isotherm of ZrL1 reveals a type-II gas sorption 

isotherm and QSDFT analysis gives BET surface area of 27.065 m2 g–1. 

 

Fig. S16. (a) CO2 sorption isotherm at 175 K and (b) BET plot for activated ZrL1 (outgassed 

at 100 ℃ under vacuum for 12 hours). CO2 sorption isotherm of ZrL1 reveals a type-II gas 

sorption isotherm and QSDFT analysis gives BET surface area of 22.908 m2 g–1. 

 
Fig. S17. PXRD patterns (Cu Kα, λ = 1.5418 Å) of ZrL1 before and after gas sorption meas-

urement. 
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Fig. S18. XPS spectra of ZrL1: (a) Full region; (b) Zr 3d region; (c) N 1s region; (d) O 1s 

region. The powder samples were ground and pressed to form a thin pellet (~0.50.5 cm2). 

 

Fig. S19. EDS elemental analysis results of ZrL1. 

 

Fig. S20. PXRD patterns (Cu Kα, λ = 1.5418 Å) of as made ZrL1 sample immersed in aqueous 

solutions of (a) pH = 1 and 3 (prepared by HCl solution), 10 and 13 (prepared by NaOH solu-

tion); (b, c) different solvents at room temperature for 24 hours. 
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Fig. S21. Photographs of the droplets of saline water (3.5 wt.% NaCl, pH = 7), acidic solution 

(0.01 M HCl, pH = 2), alkaline solution (0.01 M NaOH, pH = 12) and dichloromethane on ZrL1 

powder with contact angle values. 

 
Fig. S22. Digital photographs of droplet profiles on the surface of original PU sponge with 

contact angle values. 

 
Fig. S23. FT-IR spectra of ZrL1, PU and ZrL1@PU. 

Table S1. Loading of ZrL1@PU. 

ZrL1 w0 (g) w1 (g) 
Loading content 

(wt.%) 

10 mg 0.0798 0.1048 20.6 

20 mg 0.0872 0.1157 31.1 

30 mg 0.0863 0.1305 48.0 
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Fig. S24. (a, b) Kubelka-Munk-transformed reflectance spectra for solid samples of PU, ZrL1, 

ZrL1@PU. 

 

Fig. S25. The compression and detachment of (a) organic droplets and (b) water droplets on 

the surface of ZrL1@PU. 

 

Fig. S26. Photographs of the droplets of saline water (3.5 wt.% NaCl, pH = 7), acidic solution 

(0.01 M HCl, pH = 2), alkaline solution (0.01 M NaOH, pH = 12) on ZrL1@PU with contact 

angle values. 
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Fig. S27. SEM images of original PU Sponge (a) and ZrL1@PU samples with different load-

ings of ZrL1 (10.0, 20.0 and 30.0 mg loadings for b, c and d). 

 

Fig. S28. Organic solvent-absorption capacities of the ZrL1@PU (the errors estimated to vary 

from 1.4% to 3.2%). 
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Fig. S29. (a, b) Photographs of ZrL1@PU in water; (c) Photograph of ZrL1 powder in water 

and oil phase; Photographs showing the absorption of ethyl acetate (d) and dichloromethane (e) 

from water by ZrL1@PU. 

Table S2. Absorption capacity, separation efficiency and flux of different kinds of oil. 

Oil Types 
Absorption capacity 

(g/g) 

Separation efficiency 

(%) 
Flux (L m−2 h−1) 

Chloroform 61.09 99.3 5340 

Acetone 43.43 96.2 3956 

Tetrachloromethane 56.78 98.0 4611 

Ethyl acetate 44.03 96.7 4420 

Toluene 46.41 97.7 4570 

Dichloromethane 66.19 98.8 4788 
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Fig. S30. The separation efficiency of (a) ZrL1@PU with different loadings in dichloro-

methane/water mixture; (b) dichloromethane/pure water or dichloromethane/sea water mixture 

for 9 cycles of separation; (c) ZrL1@PU in dichloromethane/water mixture as a function of 

operation time duration (the errors estimated to vary from 1.6% to 4.4%). 

 

Fig. S31. The dichloromethane-water mixture separation process. 
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Fig. S32. The ethyl acetate-water mixture separation process. 

 

Fig. S33. (a) IR thermal images of ZrL1 under xenon lamp (1.0 kW m−2); (b) Photothermal 

conversion behaviour of ZrL1 (different amounts) under one-sun irradiation within eight 

minutes; (c) Anti-photobleaching property of ZrL1 during five cycles of heating–cooling; (d) 

Photothermal conversion behaviour of ZrL1 under different light intensities (1.0, 2.0, 3.0 and 

5.0 kW m−2). 
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Fig. S34. Schematic diagram of photo-driven solvent evaporation experimental set-up. 

 
Fig. S35. Photo-driven distillation tests of ZrL1@PU. Weight variations of PU or ZrL1@PU 

saturated by dichloromethane, ethyl acetate, acetone and toluene with/without the light illumi-

nation at a power density of 1.0 kW m–2. 
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Fig. S36. (a) FT-IR spectra and (b) PXRD patterns of ZrL1 recovered from ZrL1@PU by ul-

trasonication after five photothermal conversion cycles, oil/water separation and 20 cycles of 

solvent evaporation experiment. 

Table S3. Comparisons of absorption capacities (in g/g) and separation efficiency (%) of 

some absorbents with ZrL1@PU 

S. 

No . 
Absorbents Absorption substances 

Absorption ca-

pacity (g/g) 

Separation 

efficiency 

(%) 

Ref. 

1 ZrL1@PU 

chloroform, acetone, di-

ethyl ether, dichloro-

methane, toluene, tetra-

chloromethane, n-hexane 

43.43‒66.19 96.2‒99.3 This work 

2 SEnS crude oil 22.59 90‒99 Ref. 6 

3 SHMOF-PP 

diesel oil, petrol oil, kero-

sene, crude oil, dichloro-

methane, chloroform, car-

bon tetrachloride, ethyl 

acetate, hexane, toluene 

28.28‒38.93 95‒99 Ref. 7 

4 
cotton fibre modified 

via the solgel method 

diesel oil, lubrication oil, 

crude oil, peanut oil 
25.61‒57.01 98.5 Ref. 8 

5 
modified jute fibre via 

the sol-gel method 

crude oil, diesel oil, lubri-

cating oil, peanut oil 
7.41‒10.29 ‒ Ref. 9 

6 PDMS/CB@PU 

pump oil, edible oil, di-

chloromethane, toluene, 

ethyl acetate, hexameth-

ylene, n-octane, ethyl al-

cohol, petroleum ether, 

isopropanol 

28.5‒68.7 >95 Ref. 10 

7 

polystyrene branched 

9-octadecenoic acid 

grafted graphene 

hexane, heptane, nonane, 

decane, hexadecane 
11.00‒27.00 ‒ Ref. 11 
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8 MOF-PU sponge 

n-hexane, paraffin, etha-

nol, edible oil, DMF, car-

bon tetrachloride 

29.00‒56.00 >96 Ref. 12 

9 UiO-66-F4@rGO/MS 

n-hexane, isooctane, di-

chloromethane, 1,3,5- tri-

methylbenzene, silicone 

oil diesel oil light diesel 

oil crude oil 

26.00‒61.00 99.73 Ref. 13 

10 
MOF@RGO compo-

sites 

chloroform, n-hexane, sil-

icone oil, bump oil, bean 

oil, toluene, acetone, bu-

tanone 

14.00‒37.00 50‒80 Ref. 14 

11 MOFs-copper foam 

soybean oil, n-hexane, 

isooctane, gasoline, di-

chloromethane, chloro-

form 

1.50‒3.50 >96 Ref. 15 

12 
Macroporous silicone 

sponges 

crude oil, sunflower oil, 

kerosene, diesel, alcohol, 

acetic acid, chloroform, 

acetone, diethyl ether, n-

hexane, isooctane, di-

chloromethane 

9.70‒27.00 >99 Ref. 16 

13 
PVDF/SiO2@GO nan-

ofibrous aerogel 

n-Hexane, kerosene, tolu-

ene, cooking oil, di-

chloromethane, chloro-

form 

129‒264 >99 Ref. 17 

14 ZIF-8-PDA-Ag@MS 

n-hexane, cyclohexane, 

dodecane, acetone, tolu-

ene, tetrahydrofuran, 

chloroform, chloroben-

zene, diesel oil, pump oil, 

silicone oil, and corn oil. 

85.45‒168.95 >94 Ref. 18 

15 SH-UiO-66@CFs 

motor oil, silicone oil, 

gasoline, kerosene, tolu-

ene, hexane, ethyl ace-

tate, carbon tetrachloride, 

chloroform, dichloro-

methane 

27.14‒49.27 95‒98 Ref. 19 
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