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1. Supplementary Methods 

1.1 Simulations of molecule diffusion (Supplementary Fig. 5). All the all-atom molecule 

dynamic simulations were based on a general amber force field with the restrained electrostatic 

potential charges1. The system is a relaxed liquid configuration at 298 K. The total run time 

was 10 ns NPT for the equilibrium simulation. We used the relaxed system as a starting 

configuration. As it is prior to system relaxation molecule dynamic, energy minimization was 

carried out with a composite protocol of steepest descent using termination gradients of 100 kJ 

mol-1 nm-1. The Nose -́Hoover thermostat2 was used to maintain the equilibrium temperature 

at 298 K and periodic boundary conditions were imposed on all three dimensions. The Particle 

Mesh-Ewald method3 was used to compute long-range electrostatics within a relative tolerance 

of 1×10-6. A cut-off distance of 1 nm was applied to real-space Ewald interactions. The same 

value was used for van der Waals interactions. The linear constraint solver algorithm4 was 

applied to constrain bond lengths of hydrogen atoms. A leap-frog algorithm5 was used with a 

time step of 2 fs. 

1.2 Simulations of free volume (Fig. 2d, e). Initially we loaded periodic cubic cells with 

dimensions of 6 nm. Polymerization steps were then performed between reactive groups (-NH 

and -COCl). To allow the structure to adapt a general Amber force field with the restrained 

electrostatic potential charges1, we controlled a cutoff of 0.6 nm with intermediate 1ns NVT 

for the molecular dynamics steps6, 7. After we got an amorphous structure, the total run time 

was 10 ns for the equilibrium molecule dynamic simulation. Polymer fractional free volume 

(FFV) was estimated by the following formula:  

                     𝐹𝐹𝑉 =
𝑉𝑓

𝑉𝑓+𝑉0
                                 (1) 
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Where Vf and V0 are the free volume and occupied volume. The values of Vf and V0 are 

explored using probe with radius of 1 Å, which can also give the morphology of voids in 

aggregate. The cavity size distributions of QSPIP-TMC and PIP-TMC were calculated by 

Zeo++ software tool8. 

1.3 Simulations of water diffusion behaviors (Fig. 4). The initial structure of polyamide was 

established at the center of the c-axis of a space box of 105×105×210 Å using area heuristics 

in the packmol program. 200 TMC and 300 QSPIP (or PIP) were put into simulation box and 

moved randomly. In the process of NVT dynamics, the judgment of forming amide bonds 

between TMC and QSPIP is based on the overlapping node of the wave function. That is, when 

the van der Waals surfaces of amino nitrogen atoms (QSPIP) and acyl carbon atoms (TMC) 

overlap, then amide bond forms. First-principles molecule dynamic methods with Gromacs9 

was used to study the collision, adsorption and molecular transfer processes of intermolecular 

interaction. Molecule dynamic algorithm combined with NVT ensemble, Nose-Hover 

thermostat10, 0.1 fs step size, 500,000 steps. In the calculation steps, the energy minimization 

is used to balance the system, and then the Maxwell distribution method is used to give the 

molecules different collision probabilities.  

1.4 Molecular weight cut-off and pore size distribution (Fig. 2c). Polyethylene glycol (PEG) 

aqueous solution (1000 ppm, Mw: 200, 400, 600, 1000, 1500 Da) were used as feed solution. 

The PEG concentrations in feed and permeate were determined by the total organic carbon 

(TOC-L CPN, Shimadzu, Japan). The curve of PEG rejection-Mw was fitted by a log-normal 

probability function. Molecular weight cut-off of membrane was determined as the molecule 

weight of PEG when PEG rejection is 90%. The pore size distribution of membranes was 

determined by the probability density function11. 



4 
 

1.5 Chlorine-resistance test (Fig. 5a, b). Membranes were immersed in sodium hypochlorite 

aqueous solution (NaClO, 200 ppm, pH=6) under continuous stirring. The NaClO solution was 

replaced every 24 h to maintain constant NaClO concentration (200 ppm). After that, the 

membranes were picked out and washed thoroughly with DI water before test. The chlorine-

resistant ability of membranes was evaluated by MgCl2 nanofiltration (1000 ppm, 6 bar). 

1.6 Preparation of large-area QSPIP-TMC membrane (Fig. 7a). A piece of PSf membrane 

(1.0 × 2.0 m2) was glued on the polyvinyl chloride board and immersed into QSPIP aqueous 

solution (0.5 wt%, pH=11) for 3 min. The membrane was dried at room temperature, the liquid 

on the membrane was wiped with filter paper. Then the membrane was immersed into TMC 

hexane solution (0.1 wt%) for 1 min. After that, the membrane was dried at room temperature 

for 24 h. 

1.7 Preparation of QSPIP-TMC module (Fig. 7c). First, the large-area QSPIP-TMC 

membrane from Fig. 7a was cut into pieces of 80 × 27 cm2. Then three pieces of membrane 

were sandwiched with the feed spacer (27.5 × 40.0 cm2, thickness: 1.7 cm) and permeate spacer 

(27.5 × 46.0 cm2, thickness: 1.0 cm) and rolled into a spiral wound module (Effective area: 

~0.5 m2). The schematic of spiral wound modules was shown in Fig. 7c (top). The module was 

sealed into a membrane shell for nanofiltration test.  
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2. Supplementary figures 

 

Supplementary Fig. 1. The mass spectroscopy of QSPIP. 

 

Supplementary Fig. 2. Determination of positive charge of QSPIP. (a) Photographs of 

QSPIP solution (0.5 wt%) and that added with sodium tetraphenylborate (NaBPh4, 0.5 wt%) 

aqueous solution; (b) photographs of PIP aqueous solution (0.5 wt%) and that added with 

NaBPh4 aqueous solution (0.5 wt%). (c) Counter ion exchange between QSPIP and NaBPh4. 

Discussions. When NaBPh4 solution was dropped in QSPIP solution, the white precipitation 

appears immediately. This is because the chloride anions of QSPIP were replaced by BPh4
- 

anions, which are more hydrophobic compared to chloride anions. By contrast, no precipitation 

appears when NaBPh4 was dropped in PIP solution. 

180 170 160 150 140
0.0

0.2

0.4

0.6

0.8

1.0

R
e
la

ti
v
e
 a

b
u

n
d

a
n

c
e

 o
f 
io

n
s

157.1506

 

 

m/z

156.1496



6 
 

 

Supplementary Fig. 3. The crosslinking degree of QSPIP-TMC freestanding film. (a) 

Chemical structure of QSPIP-TMC. (b) The elemental content of QSPIP-TMC freestanding 

film characterized by organic elemental analyzer. Please note: the crosslinking degree of 

polyamide network was defined as the proportion of cross-linked structure (y), in which all 

acyl chlorides of TMC react with amine group of QSPIP. 

The crosslinking degree (y) of QSPIP-TMC is calculated as: 

17

3
𝑥 +

21

4.5
𝑦 = 4.95                         (2) 

𝑥 + 𝑦 = 1                             (3) 

The y is 72%, which is close to the crosslinking degree of PIP-TMC TFCM in literatures12, 13. 

 

Supplementary Fig. 4. Effect of membranes preparation conditions in separation 

performance. (a) Effect of QSPIP concentration in separation performance of QSPIP-TMC 

TFCM. (TMC: 0.1 wt%, condensation time: 60 s). (b) Effect of TMC concentration in 

separation performance of QSPIP-TMC TFCM. (QSPIP: 0.5 wt%, condensation time: 60 s). 

(c) Effect of condensation time of QSPIP/TMC in separation performance of QSPIP-TMC 

TFCM. (QSPIP: 0.5 wt%, TMC: 0.1 wt%). Test conditions: 1000 ppm MgCl2, 6 bar, 30 oC.  

Discussions. On basis of the supplementary Fig. 4, concentration of QSPIP and TMC were kept 

at 0.5 wt% and 0.1 wt%, and the condensation time of QSPIP/TMC was 60 s. 
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Supplementary Fig. 5. Characterizations of chemical structures of membranes. (a) The 

ATR-FTIR, (b) XPS characterizations of PSf and QSPIP-TMC membrane. (c) The N 1s core 

level spectra of QSPIP-TMC membrane. 

Discussions. The QSPIP-TMC composite membrane shows signals of both the amine (3460 

cm-1, from QSPIP) and amide group (1640 cm-1, due to the QSPIP-TMC condensation) in ATR-

FTIR spectra. The N atomic content of QSPIP-TMC membrane is 10.4%, 4.7 times higher than 

PSf membrane. The XPS peak at 401.7 eV corresponding to quaternary ammonium group is 

seen on QSPIP-TMC membrane. These results are consistent with the QSPIP-TMC 

freestanding membrane (Fig. 1, main text).  

 

Supplementary Fig. 6. The mean square displacement of QSPIP and PIP in hexane with time.  
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Supplementary Fig. 7. Characterizations of antibacterial property of QSPIP-TMC. (a) 

The dynamic water contact angle of QSPIP-TMC membrane. (b, c) The antibacterial property 

of PSf and QSPIP-TMC membrane towards S. aureus. 

 

  

Supplementary Fig. 8. The mean pore diameter of PIP-TMC and QSPIP-TMC membranes 

obtained from PEG rejection (Fig. 2c). 
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Supplementary Fig. 9. The pore diameter of QSPIP-TMC and PIP-TMC network obtained 

from molecule dynamic simulations (Fig. 2d, e). 

 

 

Supplementary Fig. 10. Molecular dynamics simulation cell of free volume of BAPP-TMC. 

The fractional free volume of BAPP-TMC is 12.3%, which is half that of QSPIP-TMC (24.0%). 

This is due to the spiral configuration of QSPIP that impedes the inefficient packing of polymer 

chain. The BAPP-TMC membrane shows lower permeance (2.4 L m-2 h-1 bar-1) than QSPIP-

TMC (23.0 L m-2 h-1 bar-1). 
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Supplementary Fig. 11. Zeta potential of QSPIP-TMC and PIP-TMC membranes. 

Please note: pH of the feed (1000 ppm MgCl2) is 5.9. At this pH, the zeta potential of QSPIP-

TMC and PIP-TMC TFCMs are 1.1 and -17.4 mV, respectively. The positive charge of QSPIP-

TMC membrane is enhanced due to the quaternary ammonium of QSPIP.  

 

Supplementary Fig. 12. Flux of QSPIP-TMC TFCM at 6 bar. (feed salts: 1000 ppm) 

 

Supplementary Fig. 13. The model structure (segment) of (a, b) QSPIP-TMC, (c, d) PIP-

TMC in molecular simulation (Fig. 4a). Water molecules diffuse through the polyamide 

networks and their diffusion behaviors were collected. 
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Supplementary Fig. 14. Chlorine resistance of QSPIP-TMC. (a) Effect of NaClO 

concentration in the separation performance of QSPIP-TMC membrane. (Immersion time: 48 

h, test conditions: 1000 ppm MgCl2, 6 bar). (b) The surface morphology of QSPIP-TMC 

membrane after being treated by 800 ppm NaClO for 48 h. 

 

Supplementary Fig. 15. The surface morphologies of pristine membranes: (a) QSPIP-TMC, 

(b) PEI-TMC and (c) BAPP-TMC membrane (without NaClO treatment). 

 

Supplementary Fig. 16. Thickness of membranes. Thickness of (a,d) QSPIP-TMC, (b,e) 

PEI-TMC, (c,f) BAPP-TMC TFCMs before (a-c) and after (d-f) chlorine treatment for 400 h. 
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Supplementary Fig. 17. Optical image of membranes (M1-M8, 8 × 8 cm2) selected from large-

area QSPIP-TMC membrane (1 × 2 m2) for nanofiltration test or antichlorine test. Please note: 

a new large QSPIP-TMC membrane (1 × 2 m2) was used to prepare modules. 

 

Supplementary Fig. 18. Surface morphologies of (a) M0 and (b-f) M1-M5 membrane. Note: 

M0 was the small flat-sheet membrane (i.e., that in Fig. 3 in the main text). M1-M5 were 

randomly selected from the large-area QSPIP-TMC membrane in Fig. 7a, which was also 

shown in Supplementary Fig. 17.  
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Supplementary Fig. 19. Separation performance of the large-area membranes and 

modules. (a) Separation performance of QSPIP-TMC module during 7-day nanofiltration test. 

(b) Separation performance of large-area QSPIP-TMC membrane and modules before and after 

being treated by 200 ppm NaClO for 48 h. Note: M6-M8 was randomly selected from the large-

area QSPIP-TMC membrane in Fig. 7a. (Test conditions: 1000 ppm MgCl2, 6 bar). 

 

 

Supplementary Fig. 20. Preparing Li2CO3 product from the permeate of 3rd-stage 

nanofiltration. The permeate was concentrated until the mass content of Li2CO3 was ~2 wt%. 

Then the excessive Na2CO3 was added into solution to precipitate Li2CO3 at 80 oC. The product 

was filtered, washed with 80 oC DI water and dried in vacuum oven (50 oC, 12 h). 
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3. Supplementary tables 

Supplementary Table 1. Original data for performance comparison in Fig. 3g 

Membrane Cfeed (ppm) 
Mg2+/Li+ ratio 

in feed 

Permeance 

(LMH/bar) 

Mg2+/Li+ 

selectivity 
Ref 

PIP-MWCNTs 2000 21.4 14 7.1 14 

PEI-TMC 2000 20 5.2 20 15 

BPEI/TMC/EDTA 2500 24 0.6 9.2 16 

PEI/TMC/CNC-COOH 2000 30 4.2 12.2 17 

PEI/TMC/CNC-COOH 2000 60 3.4 5.8 17 

DAPP-TMC 2000 20 2.5 2.6 18 

PHF-doped TFC 2000 21.4 6.3 13.1 19 

[MimAP][Tf2N]-PA 2000 20 4.7 8.1 20 

(PES-GO)/PEI/TMC 2000 20 11.2 16.1 21 

Dual-skin layer NF 2000 21.4 12 33.4 22 

MBCN-0.02 2000 73 5.6 23.9 23 

PEI/GQDs-NH2/ TMC 2000 20 11.9 27.8 24 

PES/CQDs-NH2TMC 2000 20 12 14.4 25 

Cu−MPD membrane 2000 23 16.3 8 26 

PEI-TMC-QBPD 2000 50 13.6 5.9 27 

PEI-TMC-HMTAB 2000 50 16.3 10.2 28 

PEI@15C5 2000 20 8 14 29 

PIL-TMC 2000 100 10 9.8 30 

PBI_12-25K 2000 10 2.8 15.2 31 

PEI-LDH/GA/PAN 1000 10 4 18.7 32 

IP membrane 2000 20 0.4 3.3 33 

SERS-0.50 2000 20 2.3 7.7 33 

SIP-0.15 2000 20 1.3 15.4 33 

(MWCNTs-COOK)-PEI 2000 20 12.2 58 34 
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PEI-TMC-QEDTP 2000 50 18.8 15.6 35 

QSPIP-TMC 2000 100 22.2 9.1 This work 

 

4. Computational Details (Fig. 6b-d) 

Calculations were performed using the Gaussian 09 software package. All the geometries 

and energetics were fully optimized at the B3LYP/6-311+G (d, p)36, 37 level of theory. Single-

point energy calculations on the optimized geometries were evaluated using Truhlar and co-

workers’ B3LYP and 6-311+G (d, p) basis set within the solvation model density (water)38. The 

thermal corrections evaluated from the unscaled vibrational frequencies at the B3LYP /6-

311+G (d, p) level on the optimized geometries were then added to the B3LYP /6-311+G (d, p) 

electronic energies to obtain the free energies. The structural representations were generated 

with Gaussian View. Note: the source data are provided in the submitted excel file. 
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