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1. Experimental

1.1 Sample characterizations 

Powder X-ray diffraction (PXRD) patterns were collected using a D8 Advance 

diffractometer of Brukeraxs with Cu Kα radiation (λ = 0.15418 nm) at 40 kV and 30 

mA, and the scanning rate was 0.01° s−1. The surface morphology and cross-sectional 

structure of the membranes were analyzed using a Hitachi SU8010 microscope operated 

at an accelerating voltage of 10.0 kV. A high-resolution TEM microscope (300 kV, FEI 

Titan CT, USA) was used to analyze membrane structure. Fourier transform infrared 

(FT-IR) spectra were collected on a Spectrum 400 spectrometer (Perkin-Elmer) to 

analyze chemical structures of the azo-COF membranes and their monomers. X-ray 

photoelectron spectra (XPS) were determined by a Thermo Scientific K-Alpha electron 

energy spectrometer using Al Kα (1486.6 eV) radiation as the X-ray excitation source. 

X-ray photoelectron spectroscopy (XPS) depth profile analysis was conducted using

argon-ion etching with a sputter rate of 0.2 nm s-1 and the total etching time was 30 min. 

Solid-state 13C cross-polarization magic-angle-spinning nuclear magnetic resonance 

(13C CP-MAS NMR) spectroscopy was also used to probe chemical structures of the 

COF and azo-COF membranes. UV-vis spectra of the membranes and the monomers 

were determined under UV 365-nm irradiation/vis-light irradiation by an UV-vis 

spectrometer (Evolution 220, Thermo Fisher Scientific, USA). Nitrogen adsorption-

desorption experiment performed at 77 K was used for the estimation of membrane 

porosity via surface characterization analyzer (ASiQwin Quantachrome instrument). 

The samples were evacuated at 120 °C for 12 hours before the measurement. The 

thermal stability of monomers and membranes was evaluated by TGA with a TA 

Instrument (TGA-Q50) from 25 to 800 °C at a heat ramp of 10 °C/min. The contact 

angles were determined by a contact angle tester (Biolin Theta). The content of 

elements including C, H, and N was measured by an elemental analyzer (Thermo Fisher 

Scientific Inc.). The concentration of the metal ions was determined by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) through an Agilent 5800 

instrument. Before the ICP-OES analysis, the solution was diluted to meet the standard 

curves used for quantification. Agilent 12605042LOCK series HPLC with SuperC18 

column (250 × 4.6 mm) was used to analyze the concentrations of CBD and limonene. 

The HPLC mobile phases were prepared by dissolving 0.1% formic acid in water and 

acetonitrile, respectively. 

 



1.2 Synthesis of 1-decyl-3-methylimidazolium bis ((trifluoromethane) sulfonyl) 

imide 

1-Decyl-3-methylimidazolium bis((trifluoromethane)sulfonyl)imide ionic liquid

([C10Mim][Tf2N]) was prepared and purified as described in the literature (53). Briefly, 

aqueous lithium bis(trifluoromethanesulphonyl)imide (28.71 g, 0.1 mol) was added 

drop-wise to a solution of 1-methyl-3-butylimidazolium bromide (15.68 g, 0.098 mol) 

in dichloromethane and stirred at room temperature overnight. The organic layer was 

extracted, washed with distilled water and brine, dried over anhydrous MgSO4. Finally, 

the residual solvent was removed under reduced pressure to yield light yellow liquid as 

[C10Mim][Tf2N]. 

1.3 Synthesis of BPTA-TAPB COF membrane 

The BPTA-TAPB COF membrane was synthesized via Schiff base reaction between 

2,5-bis(2-propynyloxy) terephthalaldehyde (BPTA) and 1,3,5-tris (4-

aminophenyl)benzene (TAPB) at IL-water interface with p-toluenesulfonic acid (PTSA) 

as the catalyst. Here, the hydrophobic ionic liquid was used with water to form IL-water 

interface. For this purpose, 25 mg of BPTA was dissolved in 35 mL of [C10Mim][Tf2N] 

to give a 3 mM solution of aldehyde (denoted as solution A). Then, 3 mM aqueous 

 



solution of TAPB was prepared by dissolving 53 mg of TAPB in 50 mL of water with 

86 mg of PTSA as catalyst (denoted as solution B). After that, 3 mL of solution A was 

transferred to a 10 mL vial as bottom layer, and 3 mL of water was added on the top of 

the IL layer to form a spacer layer of water, and 3 mL of solution B was added slowly 

to the top of the spacer layer in 2 min as the top layer. The above system was kept at 

room temperature under undisturbed conditions for 72 h to obtain the BPTA-TAPB 

COF membrane. The membrane formed at the interface was collected and washed 

thoroughly with dichloromethane and ethanol in turn, which was then put into ethanol 

for further investigations. 

1.4 Synthesis of cannabidiol oil 

The cannabidiol oil (CBD) was synthesized according to previously reported 

procedures (37). A solution of olivetol (0.40 g, 2.2 mol) and p-TsOH·H2O (40 mg, 0.21 

mmol) in toluene (28 mL) was refluxed for 2.5 h. Cooled to room temperature and 

added 1-methyl-4-(prop-1-en-2-yl)cyclohex-2-enol (0.47 g, 3.1 mmol). The mixture 

was stirred for 0.5 h to obtain the crude product, which was then purified by flash 

chromatography to afford the target compound CBD. 

1.5 Membrane nanofiltration and solvent permeation experiments 

The molecule rejection rate (R) was calculated by the following equation (54) ： 

R=(1-Cp/Cf)×100%                                (1) 

where 𝐶𝑝 and 𝐶𝑓 are the concentration of permeate and feed solutions, respectively, 

which was measured by UV-vis spectroscopy or inductively coupled plasma optical 

emission spectroscopy (ICP-OES). To exclude the effect of solute adsorption, both 

permeance and rejection were collected when a steady permeate flux was achieved. At 

least three parallel membrane samples were tested to obtain reliable solvent permeance 

and solute rejection data. 

 



The solvent permeance of the COF membranes was calculated by the following 

equation (11) : 

P=V/(A×Δt×p)                                 (2) 

where V(L) is the volume of the solvent permeate, A (m-2) is the effective filtration area, 

Δt is the permeate time (h) and p is the applied pressure (bar) at the permeance process. 

The analysis of the enrichment factor reported in the previous research (55) was 

slightly modified and then applied to this study. The enrichment factors of CBD and 

[AuCl4]
- were determined under continuous filtration conditions, where 150 mL of the 

feed solution was used for the nanofiltration by cis-Azo-COF membrane and 50 mL of 

filtrate was collected to be the new feed solution for the nanofiltration by trans-Azo-

COF membrane. After collecting 10 mL filtrate, the concentrations of CBD and 

[AuCl4]
- in residual feed solutions were determined for one cycle. The enrichment 

factor (EF) was calculated using the following equation (56): 

EF=CGoal/CTotal                                  (3) 

where CGoal represents the concentration of target solute in the final solution, and CTotal 

stands for the concentration of all solutes in the final solution. 

1.6 Molecular weight cutoff and pore size distribution of the Azo-COF membrane 

Water based molecular weight cutoff (MWCO) and pore size distribution of the 

membrane was determined by the nanofiltration of neutral PEG with average molecular 

weight of 200, 400, 600, 800, 1000 Da at the concentration of 0.5 g L-1 and the pressure 

of 1.0 bar. Ethanol based molecular weight cutoff and pore size distribution of the 

membrane was determined by the nanofiltration of five standard dyes with known 

molecular weight (p-Nitrophenol (139 Da), methyl orange (327 Da), Rhodamine B (479 

Da), Congo red (697 Da) and Coomassie brilliant blue R250 (827 Da) at the 

concentration of 25 mg L-1 and the pressure of 1.0 bar. The MWCO value of the 

membranes was defined as the molecular weight at which the rejection equals 90%. 

The filtration tests were operated in the cross-flow filtration system and the 

concentrations of PEG solutions were analyzed by UV-vis spectroscopy. The Stokes 

diameter of PEG was calculated from the following equation: (57, 58)  

ds=33.46×10 -12×M 0.557 (4)



where 𝑑𝑠 and M represent Stokes diameter and molecular weight of PEG solute. The 

probability density function curve of the membrane pore size was calculated by the 

following equation: (30)   

𝑑𝑅(𝑟𝑝)

𝑑𝑟𝑝
=

1

𝑟𝑝 ln 𝜎𝑝√2𝜋
𝑒𝑥𝑝 [−

(𝑙𝑛𝑑𝑝−𝑙𝑛𝜇𝑝)
2

2(𝑙𝑛𝜎𝑝)
2 ] (5) 

where 𝜇𝑝 is the average effective pore size determined at the solute rejection R = 50%, 

and 𝜎𝑝 is the geometric standard deviation, which is defined by dividing the rejection 

ratio at R = 84.13% and R = 50%.  



2. Figures S1 to S47

Fig. S1. 1H NMR spectrum of 1-decyl-3-methylimidazoliumbis-((trifluoromethane)-

sulfonyl) imide ([C10Mim][Tf2N]). 

Fig. S2. Fabrication schematic of the COF membrane via interfacial reaction. Note: 

aldehyde was in ionic liquid phase and amine/PTSA (catalyst) was in water phase. 



Fig. S3. (A) The photograph of freestanding BPTA-TAPB COF (left) and Azo-COF 

membranes (right). (B) Digital images of the 25 mm, 30 mm and 50 mm COF 

membranes. 

Fig. S4. The simulated structure of BPTA-TAPB COF membrane in x-y and z side 

views. 



Fig. S5. FT-IR spectra of the monomers and BPTA-TAPB COF membrane. 

Fig. S6. XPS spectrum of the BPTA-TAPB COF membrane. 
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Fig. S7. N2 adsorption-desorption isotherm of BPTA-TAPB COF membrane. 

Fig. S8. SEM image of the BPTA-TAPB COF membrane. 
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Fig. S9. HRTEM images of the BPTA-TAPB COF membrane. 

Fig. S10. 1H NMR spectrum of 4-azidophenylazobenzene (N3-Azo). 
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Fig. S11. FT-IR spectra of 4-aminoazobenzene (NH2-Azo) and 4-azidophenyl-

azobenzene. 

Fig. S12. XPS spectrum of the Azo-COF membrane. 
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Fig. S13. DRS spectra of the COF membrane before and after Azo grafting. 

Fig. S14. 1H NMR spectra of the digested (A) pristine BPTA-TAPB COF membrane 

and (B) Azo-COF membrane in DMSO-d6. Note: The membranes are digested by DCl 

(20 wt.% in D2O) at 85 °C for 5 h to release the molecular building blocks (amine and 

aldehyde monomers). 
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Fig. S15. (A) High-resolution XPS spectra, (B) C 1s and (C) N 1s depth profiles of 

Azo-COF membrane. (D) Curves of the variation of N 1s at different etching time. (E) 
Curves of the variation in the ratio between the N=N peak areas (St) at different etching 

times and (S0) for the unetched membrane surfaces. 

Fig. S16. N2 adsorption-desorption isotherm of Azo-COF membrane. 
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Fig. S17. CO2 adsorption isotherms and pore size distribution of Azo-COF membrane 

at 195 K. 

Fig. S18. SEM image of the Azo-COF membrane. 



Fig. S19. HRTEM images of the Azo-COF membrane. 

Fig. S20. (A) Rejection curves of the trans/cis-Azo COF membranes for standard dyes. 

(B) Pore size distribution of the trans/cis-Azo COF membranes.



Fig. S21. The photoisomerization of (A) Azo-COF membrane. The photoisomerization 

of N3-Azo monomer under (B) UV and (C) visible light irradiation. 

Figure S22. (A) The FT-IR spectra and (B) PXRD patterns of Azo-COF membrane 

after 100 cycles. 



Fig. S23. Contact angle of the pristine COF membrane and Azo-COF membrane. 

Fig. S24. The schematic of COF membrane transformed onto a nylon substrate and the 

home-made dead-end filtration cell. The obtained freestanding COF membrane was 

simply transformed onto a nylon substrate in ethanol without any other treatment. 



Fig. S25. The set-up used for the light-controlled separation process. The light was 

provided by the UV light controller and the visible light controller, respectively. During 

light irradiation process, UV and visible light was only applied for the COF membrane 

but not nylon support. 

Fig. S26. Rejection of K+, Na+, Li+, Mg2+, Ca2+ and Al3+ across (A) trans-Azo COF 

membrane and (B) cis-Azo COF membrane. 

Fig. S27. The chemical structure and molecular size of CBD, limonene and chlorophyll. 



Fig. S28. 1H NMR spectrum of cannabidiol oil (CBD). 

Fig. S29. The concentrations of CBD and its competition molecules in feed solution 

before and after the membrane was immersed in the solution for 24 h. 
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Fig. S30. UV-vis spectra of (A) chlorophyll and (B) limonene at the permeate side 

through trans/cis-Azo-COF membrane. 

Fig. S31. Standard curves of CBD and its competition molecules in ethanol from UV-

vis spectral measurements. 



Fig. S32. (A) High-performance liquid chromatography (HPLC) of limonene and CBD. 

Standard curves of (B) limonene and (C) CBD by HPLC. 

Fig. S33. Ternary system separation process of CBD and its competition molecules by 

the trans/cis-Azo-COF membranes. 
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Fig. S34. Enrichment factor of CBD and its competition molecules. 

Fig. S35. The concentrations of different ions before and after the membrane was 

immersed in the feed solutions. 
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Fig. S36. Standard curves of metal ions in aqueous solution from ICP-OES 

measurements. 

Fig. S37. Diameters of the hydrated ions. 



Fig. S38. The rejection rate of different ions in ternary system by the trans/cis-Azo-

COF membranes. 

Fig. S39. Enrichment factor of different ions. 
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Fig. S40. CBD rejection and ethanol permeance of trans-Azo-COF membrane (A) and 

cis-Azo-COF membrane (B) under varied operation time. AuCl4
- rejection and water 

permeance of trans-Azo-COF membrane (C) and cis-Azo-COF membrane (D) under 

varied operation time. 

Fig. S41. The AuCl4
- rejection and water permeance of Azo-COF membrane under 

different pressure. 
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Fig. S42. (A) Switchable ethanol permeance upon the irradiation of alternating UV and 

visible light over 100 cycles. (B) Switchable water permeance upon the irradiation of 

alternating UV and visible light over 100 cycles. 

Fig. S43. Switchable of (A) limonene and (B) chlorophyll rejection of the COF 

membranes upon the irradiation of alternative UV and visible light for 100 cycles. 

Switchable of (C) Ag+ and (D) Fe3+ rejection of the COF membranes upon the 

irradiation of alternative UV and visible light for 100 cycles. 



Fig. S44. The enrichment factors of CBD and AuCl4
- over 100 cycles. 

Fig. S45. (A)PXRD patterns of the Azo-COF membranes before and after 100 cycles. 

(B) HRTEM imagines of the Azo-COF membranes before and after 100 cycles. (C)

The FT-IR spectra of Azo-COF membrane after 100 cycles.



Fig. S46. Ethanol permeance and the rejection of limonene, CBD and chlorophyll by 

the Azo-COF membrane within 24 h operation. 

Fig. S47. Enrichment factor of limonene, CBD and chlorophyll after trans-cis two-step 

process. 
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3.Tables S1-S4

Table S1. Elemental analysis data of TAPB-BPTA COF and Azo-COF membranes 

C(%) H(%) N(%) y(wt%) 

COF membrane 71.51 4.36 5.79 - 

Azo-COF membrane 
60.48 a 3.82 a 16.44 a 53.7 

58.56 b 3.65 b 14.04 b 53.5 

a Theoretical value: corresponding to a reaction of ~100% alkyne groups in the COF membrane 

with azobenzene groups; b Experiment value.  

The molecular grafting rate (y) values were calculated based on the elemental analysis data 

according to the procedure reported in literature (16). 

Table S2. The atomic percentage of C, N and O in the Azo-COF membrane from 

different testing technologies 

C (atom%) N (atom%) O (atom%) 

Elemental analysis 82.1% 15.3% 2.6% 

XPS 81.6% 14.1% 4.3% 

EDS 82.7% 14.6% 2.7% 

Table S3. The comparison of CBD / limonene quantification results by UV-vis 

spectroscopy and HPLC 

Trans state Cis state 

UV-Vis HPLC UV-Vis HPLC 

Limonene 0.9% 0.6% 0.8% 0.4% 

CBD 85.3% 82.2% 8.9% 9.8% 

Table S4. The metal ions concentrations at the permeate side through trans/cis-Azo 

COF membrane 

Ag+ (ppm) [AuCl4]
- (ppm) Fe3+ (ppm) 

Trans-Azo-COF membranes a 29.68 1.26 0.98 

cis-Azo-COF membranes b - 25.56 1.1 

a For the permeation of trans-Azo-COF membrane, only Ag+ could permeate the membrane while 

[AuCl4]- and Fe3+ were rejected at the feed side. b For the permeation of cis-Azo-COF membrane, 

[AuCl4]- could permeate the membrane while and Fe3+ was still rejected. 



Legend of Supplementary Data S1. 

Supplementary Data S1. Raw powder X-ray diffraction (PXRD) data presenting 
azobenzene-grafted COF membrane compared to the pristine membrane shown in 
Figure 2E. 
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