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Supplementary Figures 
 

 

Fig. S1 Proposed reaction scheme of (a) TTSBI-Ti/Zr, (b) TTSBI-Sn, (c) HHTP-Ti/Zr, 
and (d) HHTP-Sn. 
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Fig. S2 XRD patterns of TTSBI-Ti and HHTP-Ti particles. 
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Fig. S3 SEM images of (a) TTSBI-Zr and (b) TTSBI-Sn particles. 
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Fig. S4 (a, c and e) N2 adsorption isotherms at 77 K and (b, d and f) pore size 

distribution for (a, b) TTSBI-Ti, (c, d) TTSBI-Zr, (e, f) TTSBI-Sn particles. 
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Fig. S5 SEM images of (a) HHTP-Ti, (b) HHTP-Zr and (c) HHTP-Sn particles. 
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Fig. S6 (a, c and e) N2 adsorption isotherms at 77 K and (b, d and f) pore size 

distribution for (a, b) HHTP-Ti, (c, d) HHTP-Zr, (e, f) HHTP-Sn particles. 
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Fig. S7 N2 adsorption isotherms at 77 K for EG-Ti particles. EG-Ti particles were 

prepared by using TiCl4 and ethylene glycol (EG) as precursors. 0.2 mL TiCl4 was 

quickly added into 5.0 mL EG solution with continuous stirring at room temperature. 

After 10-min reaction, the white precipitate was collected by centrifuge, and then 

washed by acetone for 3 times. It was subsequently dried in a vacuum oven at 90 °C 

for 12 h. 

 

 

  

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

 

Q
ua

nt
ity

 a
ds

or
be

d 
(c

m
3
/g

 S
T

P
)

Relative pressure (P/Po)



S9 
 

 
Fig. S8 Thermogravimetric analysis of (a) TTSBI-Ti, (b) TTSBI-Zr, (c) TTSBI-Sn, (d) 

HHTP-Ti, (e) HHTP-Zr, and (f) HHTP-Sn particles in air atmosphere. Heating rate: 

10 °C/min. 
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Fig. S9 XPS survey spectra of TTSBI-Ti and HHTP-Ti particles. 
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Fig. S10 Photographs of (a) TTSBI-Ti, (b) TTSBI-Zr, (c) TTSBI-Sn, (d) HHTP-Ti, (e) 

HHTP-Zr and (f) HHTP-Sn particles in 1 M HCl, N-methyl-2-pyrrolidone (NMP) and 

chloroform (from left to right) after being soaked for 3 days. 

  



S12 
 

 

Fig. S11 N2 adsorption isotherms at 77 K for TTSBI-Ti particles before and after being 

soaked in boiling water for 1 day. 
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Fig. S12 (a) Surface SEM image of bare AAO support. (b) Surface SEM image of CNT 

network. (c) Cross-section SEM image of CNT network with thickness of ~90 nm on 

AAO support. 
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Fig. S13. SEM images of TTSBI-Ti 60-nm membrane on AAO substrate without using 
CNT network as interlayer: (a) before OSN performance test and (b) after OSN 
performance test with 5 bar transmembrane pressure drop. 
 

   A control experiment was also carried out in this work. The AAO (pore size: 150-

200 nm) supported TTSBI-Ti membrane was synthesized by interfacial reaction 

without using CNT network as the interlayer. As shown in Fig. S13a below, a thin and 

continuous TTSBI-Ti membrane can be observed on the surface of the AAO substrate. 

However, the mechanical strength of TTSBI-Ti selective layer (with the thickness of 

only 60 nm) was not strong enough to withstand 5 bar transmembrane pressure drop 

during separation testing. Fig. S13b below shows that obvious cracks can be seen in the 

TTSBI-Ti selective layer after OSN performance test. We also tried to synthesize 

TTSBI-Ti membrane on AAO substrate with smaller pore size of ~20 nm. This issue 

could be resolved. But the methanol permeance decreased to <2 L m-2 h-1 bar-1, owing 

to the lower surface porosity on 20 nm pore size AAO substrate than 200 nm pore size 

AAO substrate. 
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Fig. S14 (a) Surface and (b) cross-sectional SEM images of HHTP-Ti membrane 

prepared by interfacial reaction of Ti(OBu)4 (10 mM) in tetradecane and HHTP (20 

mM) in NMP. 
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Fig. S15 Interfacial synthesis of TTSBI-Ti membrane with different thicknesses. a, 

Cross-sectional SEM image of TTSBI-Ti membrane prepared by interfacial reaction of 

Ti(OBu)4 (20 mM) in tetradecane and TTSBI (40 mM) in NMP. b, Cross-sectional SEM 

image of TTSBI-Ti membrane prepared by interfacial reaction of Ti(OBu)4 (40 mM) in 

tetradecane and TTSBI (80 mM) in NMP. c, Cross-sectional SEM image of TTSBI-Ti 

membrane prepared by interfacial reaction of Ti(OBu)4 (80 mM) in tetradecane and 

TTSBI (160 mM) in NMP. 
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Fig. S16 Methanol permeance and CV rejection of the TTSBI-Ti membranes prepared 

by interfacial reaction between TTSBI (40 mM in NMP) and Ti(OBu)4 (10, 20 and 40 

mM in tetradecane, respectively).  
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Fig. S17. (a) Rejection of uncharged model solutes including raffinose, sucrose, glucose, 
and glycerol by TTSBI-Ti 60-nm and HHTP-Ti 60-nm membranes. (b) Pore size 
distribution of TTSBI-Ti 60-nm and HHTP-Ti 60-nm membranes derived from 
rejection curves of uncharged solutes. 

 

The pore size and pore size distribution of TTSBI-Ti 60-nm and HHTP-Ti 60-nm 
membranes were determined by the rejection of a series of neutral organic compounds, 
such as glycerol (92 Da, Stokes radii 0.26 nm), glucose (180 Da, Stokes radii 0.36 nm), 
sucrose (342 Da, Stokes radii 0.46 nm) and raffinose (504 Da, Stokes radii 0.54 nm). 
The concentration of each organic species solution was 200 ppm, and the applied 
pressure drop in the filtration experiments was 5 bar. The rejection results were 
presented in Fig. S17a. The pore size distribution curve is expressed as a probability 
density function (Equation 1) that was established based on the following assumption: 
(1) There is no steric or hydrodynamic interaction between these organic solutes and 
the membrane pores; (2) The mean pore radius of the TTSBI membrane equals the 
Stokes radius of the organic solute with a measured rejection of 50%; (3) The 
distribution of the membrane pore radius is characterized by the geometric standard 
deviation of the PDF curve, which is the ratio between the Stokes radius with a rejection 
of 84.13% to that with a rejection of 50% (Nat. Commun. 2020, 11, 2015; RSC Adv. 
2015, 5, 40742). 

                     (1) 

Where 𝜇p is the mean pore size, 𝜎p is the geometric standard deviation of the PDF curve, 
and 𝑟p is the Stokes radius of the organic solute 
 
As shown in Fig. S17b, TTSBI-Ti 60-nm membrane had a mean pore radius of 0.46 nm. 
HHTP-Ti 60-nm membrane had a mean pore radius of 0.59 nm, larger than TTSBI-Ti 
60-nm. Both membranes showed a relatively broad pore size distribution. 
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Fig. S18 Surface streaming potential of TTSBI-Ti membranes. The surface charge 

property of the membranes was investigated via zeta potential measurement. As shown 

Fig. S18, at pH value of 10 ~ 5, the TTSBI-Ti membrane exhibited a stationary zeta 

potential in the range of -9.6 ~ -6.9 mV and only a slight increase to 1.4 mV at pH = 4. 

Because there are no charged groups on the surface, TTSBI-Ti membrane showed 

nearly neutral characteristic. 
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Tab. S1 Surface area and pore volume of TTSBI-Ti particles before and after being 

soaked in boiling water, acid solutions, and DMF solvent. 

Sample Treatment method Time 
BET surface 

area (m2/g) 

Micropore 

volume 

(cm3/g) 

TTSBI-Ti None 582 0.265 

TTSBI-Ti 
Soaked in boiling water at 

atmospheric pressure 
1 day 557 0.255 

TTSBI-Ti Soaked in 1 M HCl solution 3 days 537 0.252 

TTSBI-Ti Soaked in DMF solvent 3 days 584 0.271 
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Tab. S2 Properties and structure of dyes used in OSN and molecular separation 

performance test. 

Name Structure MW (g mol-1) 

Azobenzene 

(AZ)  
180.2 

Methyl 

orange (MO) 

 

327.3 

Crystal violet 

(CV) 

 

408.0 

Indigo 

carmine (IC) 
466.4 

Brilliant blue 

R (BB) 

 

826.0 
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Tab. S3 Performance comparison with reported membranes. 
 

 Membrane material 
Methanol permeance 

(L m-2 h-1 bar-1) 
CV rejection 

(%) 
Ref.

1 PA/PSf 2 90 [1] 

2 Polyetheramide 1.5 30 [2] 

3 PAR-BHPF/PI 8.0 96 [3] 

4 PAR-TTSBI/PI 6.0 98 [3] 

5 PAR-DHAQ/PI 0.6 97 [3] 

6 PAR-RES/PI 0.6 99 [3] 

7 
Highly laminated 
graphene oxide  

membranes 
6.5 98 [4] 

8 
TiO2+PA/PI mixed 
matrix membrane 

26 90 [5] 

9 TTSBI-Ti 60 nm 8.5 90 
This 

work

10 HHTP-Ti 60 nm 12.5 58 
This 

work
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