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It has been challenging to rapidly prepare high-crystallinity covalent organic
framework (COF) membranes particularly in large areas because their crys-

tallization often requires extensive time spent on trial and error and screening.
Here, we have developed a reverse-phase microemulsion interfacial poly-
merization to ultra-rapidly prepare COF membranes in tens of seconds. By

creating a special ionic liquid/acetic acid aqueous microemulsion, where the
reactive monomers are orderly prearranged within the ionic liquid network,
the polymerization and crystallization can concurrently proceed at the phase
interface under confined spatial conditions. Meanwhile, the water by-products
are promptly encapsulated by the reverse-phase microemulsion, significantly
accelerating the polymerization reaction. Using the scraping-assisted process,
a large-area high-crystallinity TbPa-COF composite membrane (0.4 x 1.0 m)
has been successfully prepared, and the TbPa-COF membrane exhibits high
permeability (111.3 L m? h™ bar™), achieving a bioprotein desalination rate of
up to 98% after six cycles, outperforming commercial benchmark membranes
(82%). Therefore, through systematic investigation of the ultra-rapid growth
mechanism of COF membranes, our work represents a significant milestone
for advancing large-area highly crystalline COF membranes for use in practice.

Covalent organic framework (COF) membranes show great potential
for diverse applications including molecular separation’?, catalysis**,
optoelectronics®, and energy storage® . This potential stems from
the porous and conjugated crystal structure of COFs. It is well-known
that the COF crystallinity is crucial for advancing their performance.
However, COF crystallization often requires extensive time spent on
trial and error and screening'>”, and the scale-up of high-crystallinity
COF membranes poses a significant challenge'*". Consequently, it is
urgent to develop a fast process for obtaining large-area high-crystal-
linity COF membranes.

Improving the production efficiency of large-area COF mem-
branes represents a core challenge in balancing economic feasibility

with process compatibility. The key to achieving this objective lies in
accelerating the rates of both reaction and crystallization processes.
Although recent advancements in catalyst selection and optimization
of the reaction environment (e.g., solvent, temperature) have suc-
cessfully reduced the crystallization time from days to tens of
minutes'®?*, the overall reaction efficiency remains somewhat inade-
quate. It is difficult to further shorten the crystallization time based on
the conventional mechanism of trial and error and screening®~°.
Here, we have developed a simultaneous polymerization and
crystallization method that enables the rapid preparation of high-
crystallinity COF membranes in mere tens of seconds. We constructed
a reverse-phase microemulsion system with an ionic liquid (IL)/acetic
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Reverse-phase microemulsion
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Fig. 1| Preparation of Cs-IL-TbPa-COF membrane with crystallinity and por-
osity. a Schematic view of the current strategy, which utilizes a reverse-phase
microemulsion interface via IL and AcOH aqueous. b Digital photographs of the IL/
AcOH aqueous reverse-phase microemulsion interface used for preparing the Cg-IL-
TbPa-COF membrane (left) and the resulting Cg-IL-TbPa-COF membrane (right).

c Cross-sectional SEM images of the Cg-IL-TbPa-COF membrane. d HRTEM image of
the Cg-IL-TbPa-COF membrane. Insets show the fast Fourier transform (FFT) pat-
tern taken from the regions highlighted by the dashed-line squares and the

v (%)
corresponding filtered inverse FFT image. e Simulated and experimental PXRD
patterns for Cg-IL-TbPa-COF membrane. f GIWAXS of Cg-IL-TbPa-COF membrane
with face-on orientations. GIWAXS images obtained at grazing angle of 0.50° for
face-on (inset) and @-dependent orientation distribution function of the (001)
facet. The synchrotron GIWAXS patterns data were collected at beamline 19B2 in
SPring-8, Japan (\=1.00 A). g Pore size distribution with the corresponding N,
adsorption isotherms (inset) of the Cg-IL-TbPa-COF membrane.

acid (AcOH) aqueous interface (Fig. 1a). Because of the strong inter-
action between the imidazole group of the IL and water molecules, a
reverse-phase microemulsion is spontaneously formed. In this case,
the continuous phase is the IL while the dispersion phase is AcOH

aqueous. The 1,3,5-triformylbenzene (Tb) monomers are orderly pre-
arranged within the ionic- and hydrogen-bond (ion-HB) network of the
hydrophobic IL. After p-phenylenediamine (Pa) monomers diffuse
from the aqueous phase into the IL phase and contact the prearranged
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Tb monomers, the polymerization and crystallization occur simulta-
neously at the phase interface, which imparts a spatial confinement on
the reaction. Meanwhile, water by-products are promptly encapsu-
lated by the reverse-phase microemulsion, significantly accelerating
the polymerization reaction.

Results

Ultra-rapid fabrication and structural control of COF
membranes

A yellow COF membrane is prepared within 30 seconds using 1-octyl-3-
methylimidazolium bis ((trifluoromethyl) sulfonyl) imide ([CsMIm]
[NTf,]) (Cs-Il) and 60% AcOH aqueous (Fig. 1b, Supplementary
Movie 1, Supplementary Figs. 1 and 2), named Cs-IL-TbPa-COF. Scan-
ning electron microscopy (SEM) images show a surface of nanoparticle
accumulation (Supplementary Fig. 3) with a thickness of approxi-
mately 900 + 5nm (Fig. 1c). The discontinuous packed nanoparticles
on the membrane surface are nanoscale COF crystals formed due to
interfacial diffusion limitation (Fig. 1c and Supplementary Fig. 4). High-
resolution transmission electron microscopy (HRTEM) analysis con-
firms the COF membrane’s clear lattice structures, with a lattice spa-
cing of approximately 0.35 nm, which is consistent with the expected
doo1 spacing (Fig. 1d). The crystal structures of the Cg-IL-TbPa-COF
membrane were thoroughly analyzed using powder X-ray diffraction
(PXRD) and grazing incidence wide-angle X-ray scattering analysis
(GIWAXS). The PXRD spectrum reveals a prominent peak at 260 =4.7°,
which corresponds to the (100) crystal plane of the COF, indicating the
membrane’s crystalline nature (Fig. 1e). GIWAXS analysis reveals that
Cg-IL-TbPa-COF is oriented along the (001) crystal plane (Fig. 1f and
Supplementary Fig. 5), which may benefit from the ordered pre-
arrangement of monomers and interfacial confined growth (Supple-
mentary Fig. 6). Moreover, Brunauer-Emmett-Teller (Fig. 1g) analysis
reveals a specific surface area of 379 m? g™ and predominant pore sizes
is 1.4 nm, consistent with the reported TbPa-COF pore structure?.
These findings collectively affirm the structural crystallinity and por-
osity of the Cg-IL-TbPa-COF membrane.

Studies were conducted on the influence of AcOH concentration
and the length of IL hydrophobic chain on membrane formation.
Increasing the amount of AcOH results in shorter COF crystallization
and membrane formation times (Fig. 2a and Supplementary Fig. 7),
which could be ascribed to enhanced Brgnsted acid catalysis. How-
ever, when the AcOH concentration exceeds 60 wt%, the IL/AcOH
aqueous interface is unstable (Supplementary Fig. 8). Thus, we used
60 wt% AcOH to investigate the relationship between different carbon
chain lengths of IL and the crystallization time of the COF membrane.
All sixIL (Cy-IL, n=2, 4, 6, 8, 10, 12) formed stable and clear interfaces
with the 60 wt% AcOH aqueous (Supplementary Figs. 9 and 10). When
the IL carbon chain length was 6 or fewer, high-crystallinity COF
membranes could be prepared within 10 s. For carbon chain lengths up
to 8, membrane formation was complete within 30 s. However, with
carbon chain lengths exceeding 10, the crystallization time increased
slightly because the higher viscosity of ILs with longer carbon chains
hindered monomer diffusion and consequently slowed the interfacial
polymerization rate (Fig. 2b, Supplementary Figs. 11-13). Furthermore,
as the alkyl chain length of IL increases, the prepared COF membrane
transforms from loosely packed particles to a more continuous and
thinner membrane structure, which is mainly regulated by IL viscosity
and water absorption properties on interfacial reaction kinetics and
interfacial layer thickness (Supplementary Figs. 14-16). Under the
condition of a fixed reaction time of 60s, comparing the minimum
AcOH concentration thresholds required for preparing TbPa-COF
membranes in IL systems with different alkyl chain lengths further
indicates that IL viscosity is the key parameter determining the reac-
tion kinetics at the IL/AcOH aqueous interface (Supplementary
Figs. 17-18). Compared to the crystallization times of COF membranes
reported in previous studies (see Fig. 2c and Supplementary Table 1),

the strategy we demonstrate can shorten the membrane preparation
dramatically. We also applied our strategy to prepare Cg-IL-TbBd-COF,
Cg-IL-TbTAPB-COF, and Cg-IL-TbTTA-COF membranes®, all of which
were achieved with high-crystallinity within seconds (Fig. 2d-f and
Supplementary Figs. 19-23), demonstrating the general applicability of
the reverse-phase microemulsion.

The mechanism of ultrafast COF membrane formation

To gain a deeper understanding of the ultrafast mechanism, we
performed experimental studies, Density Functional Theory (DFT)
calculations, and molecular dynamics (MD) simulations. It is well
known that ILs have ordered network structures due to their ion-HB
networks”. We found that Tb monomer molecules can be easily
embedded in the ion-HB network to prearrange ordered within a
confined space due to the monomers’ small size and strong hydrogen
bonding interaction. This has been confirmed by WAXS (Fig. 3a and
Supplementary Fig. 24), radial distribution functions and spatial
distribution functions (Fig. 3b and Supplementary Figs. 25-27). The
hydrogen bonding interaction between IL and Tb is clearly observed
in the Fourier-transform infrared (FT-IR) spectra (Fig. 3¢ and Sup-
plementary Fig. 28). The order of ILs and the prearrangement of
monomers effectively lower the crystallization energy barrier’%
When the temperature increases, the IL order is destroyed, and the
obtained membranes are thereby amorphous (Supplementary
Fig. 29), which suggests that the IL order is crucial to the formation of
high-crystallinity COF membranes.

Moreover, the condensation reaction of aldehyde and amine is a
reversible process. Rapid removal of water by-products promotes the
forward reaction. In the IL/AcOH aqueous interface, a spontaneously
formed reverse-phase microemulsion promptly encapsulates water
molecules, leading to a significant enhancement in the polymerization
rate kinetics (Fig. 3d and Supplementary Figs. 30-32). By contrast, the
IL/p-toluenesulfonic acid (PTSA) aqueous solution system fails to form
a reverse-phase microemulsion interface, resulting in the inability to
form membrane structures within the 60-second interfacial reaction
time. Therefore, the reverse-phase microemulsion interface con-
structed by AcOH is the key to achieving the ultra-fast synthesis of COF
membranes within tens of seconds in this study (Supplementary
Figs. 33-34). Additionally, imidazolium-based ILs exhibit strong Lewis
acidity, effectively activating aldehyde groups and reducing the acti-
vation energy barrier for Schiff base reaction, thus thermodynamically
promoting the reaction rate®. DFT calculations demonstrate that the
binding energy between Tb and Pa significantly increases from
-16.5kJ)/mol to —95.2kJ/mol in CgIL (Fig. 3e and Supplementary
Fig. 35). Meanwhile, ILs exhibit good solubility for Tb monomer
molecules, thereby achieving a high concentration of monomers and
thus accelerating polymerization. Therefore, the reverse-phase
microemulsion system achieves a synergistic enhancement of ther-
modynamics and kinetics under confined spatial conditions, ultimately
enabling the rapid preparation of high-crystallinity COF membranes.

Scaling-up and application of COF composite membrane

We have successfully adopted reverse-phase microemulsion interfacial
polymerization to prepare a large-area high-crystallinity Cs-IL-TbPa-
COF composite membrane (0.4x1.0m) using a scraping-assisted
process™ (Fig. 4a). X-ray Photoelectron Spectroscopy (XPS) results
indicate that the IL on the TbPa-COF composite membrane was com-
pletely removed (Supplementary Fig. 36). SEM images reveal that the
Cg-IL-TbPa-COF separation layer was continuous with a thickness of
approximately 115 + Snm (Supplementary Fig. 37). Notably, the
thickness of COF membranes prepared via traditional interfacial
polymerization (900 £ 5nm) is approximately 7.5 times that of those
fabricated by the SAIP method (115 + 5 nm). This significant difference
arises from the restricted diffusion of monomers by the PAN substrate
(Supplementary Fig. 38), which hinders excessive thickness growth,
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Fig. 2 | Second-scale preparation of COF membranes. a Relationship between
AcOH concentration and the minimum time required for crystallization of TbPa-
COF membranes at the Cg-IL/AcOH aqueous reverse-phase microemulsion inter-
face. b Comparison of the minimum crystallization time for TbPa-COF membranes
prepared by the reverse-phase microemulsion interfacial polymerization in C-IL

(n=2,4,6,8,10,12)/60 wt% AcOH aqueous. ¢ Our preparation of COF membranes
compared to literature COF membranes?*>****, Simulated and experimental PXRD
patterns for (d) Cg-IL-TbBd-COF membrane, (e) Cs-IL-TbTAPB-COF membrane, and
(f) Cg-IL-TbTTA-COF membrane. The inset is a structural formula of the corre-
sponding amine monomer.

while the membrane thickness is further controlled through the
adjustment of scraping parameters®*. XRD analyses of three selections
(Fig. 4a) confirm that the TbPa-COF layer grew uniformly on the sur-
face of the polyacrylonitrile substrate (Fig. 4b). The Cg-IL-TbPa-COF
composite membrane has a uniform pore-size distribution of 1.3 nm
and exhibits excellent sieving performance for dye molecules of dif-
ferent sizes (Fig. 4c¢,d). The nanofiltration results indicate that the Cg-
IL-TbPa-COF composite membrane achieves a pure water flux of
111.3L m™2 h™ bar? and a 99.4% rejection rate for Evans Blue (EB)
(Fig. 4e), thereby outperforming amorphous composite membrane
(Supplementary Fig. 39). The Cg-IL-TbPa-COF composite membrane
demonstrates great operational stability over 72 h (Supplementary
Fig. 40). Additionally, Mass balance experiments rule out the adsorp-
tion separation mechanism (Supplementary Table. 2), and Zeta

potential measurements show a negatively charged membrane surface
(Supplementary Fig. 41), indicating that its nanofiltration performance
mainly results from the synergistic effect of size sieving and electro-
static repulsion. The COF membrane was also applied to protein
desalination using a real system named Recombinant Humanized Type
I Collagen (theoretical molecular weight: 66.3 kDa). As shown in Sup-
plementary Fig. 42, inorganic salt molecules were continuously per-
meated through the COF membrane, resulting in a concentrated
protein solution. In practical applications (Fig. 4f and Supplementary
Table. 3), a protein enrichment of 60.6% and desalination of 98.0% was
achieved. In comparison, the commercially available membrane
US020 displayed a significantly lower inorganic salt permeability of
only 82.6% under the same conditions (Supplementary Fig. 43 and
Supplementary Table. 4).
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Fig. 3 | IL/AcOH aqueous reverse-phase microemulsion interface ultrafast

preparation of COF membrane reaction mechanism. a 2D WAXS plots of Tb/Cg-
IL. b Radial distribution function of Cg-IL and Tb/Cg-IL. The inset shows the spatial
distribution of the cation center of mass, the oxygen atoms (aldehyde molecule),
and anion center of mass around the cation in the Tb/Cg-IL system (Blue: cations,
red: anions, yellow: oxygen atoms). ¢ FT-IR spectra of Tb, Cg-IL and Tb/Cs-IL.
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the interface of Cg-IL/AcOH aqueous reverse-phase microemulsion (Blue: Cg-IL
(250), red: H,O (600), orange: AcOH (1200)), when t =20 ns. e Comparison of
binding energy between Tb, Tb/Cs-IL, and Pa. DFT-optimized the interaction
between of Tb, Pa, and Cg-IL molecules (inset). Green isosurfaces represent the
intermolecular interactions quantified by an independent gradient model (isosur-
face = 0.001 atomic units).

Discussion

In conclusion, we have developed a reverse-phase microemulsion
interfacial polymerization approach, which can effectively achieve
high-crystallinity COF membranes in seconds under mild conditions.
The orderly prearrangement of aldehyde monomers and prompt
encapsulation of the water by-products not only greatly promote the
crystallization rate but also facilitate the oriented structure of COF
membranes. This finding overcomes the perception that the pre-
paration of high-crystallinity COF membrane requires slow crystal-
lization and a high cost of time. This interfacial polymerization
highlights great potential to efficiently prepare large-area COF
membranes.

Methods

Chemicals and materials

Polyacrylonitrile membrane (PAN, P3500 LCD, average molecular
weight cut-off: 50000 Da) was supplied by Beijing Cypriot Equipment
Co. Polysulfone membrane (PSF, US020, average molecular weight
cut-off: 20000 Da) was supplied by RisingSun Membrane Technology
(Beijing) Co., Ltd. p-phenylenediamine (Pa, AR, 99%) was supplied by
Sigma Aldrich (Shanghai) Trading Co., Ltd. Acetic acid (AcOH, AR,
99.5%) was supplied by Shanghai Macklin Biochemical Technology Co.
1,3,5-triformylbenzene (Tb, AR, 99%), Benzidine (Bd, AR, 95%), 1,3,5-
Tris(4-aminophenyl)benzene(TAPB, AR, 98%), 4,4',4”-(1,3,5-Triazine-
2,4,6-triyDtrianiline(TTA, AR, 98%), ILs (1-ethyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl) imide ([(C,MIm][NTf,], AR, 99%), 1-butyl-
3-methylimidazolium bis((trifluoromethyl)sulfonyl) imide ([C4MIm]
[NTf,], AR, 99%), 1-hexyl-3-methylimidazolium bis((trifluoromethyl)
sulfonyl) imide ([CsMIm][NTf], AR, 99%), 1-octyl-3-methylimidazolium

bis((trifluoromethyl)sulfonyl) imide ([CsMIm][NTf,], AR, 99%), 1-decyl-
3-methylimidazolium bis((trifluoromethyl)sulfonyl) imide ([C;oMIm]
[NTf,], AR, 99%), 1-dodecyl-3-methylimidazolium bis((trifluoromethyl)
sulfonyl) imide ([Co,MIm][NTf,], AR, 99%) were purchased from
Shanghai Adamas Reagent Co., Ltd. Dyes including Rose Bengal (RB,
AR, 98%), Coomassie Brilliant Blue (CBB, AR, 98%), Methyl Blue (MB,
BS, 98%), Amido Black 10B (AB, AR, 98%), Methyl Orange (MO, AR,
96%) and Genistein (Gs, AR, 97%) were purchased from Shanghai
Macklin Biochemical Technology Co. Direct Red 80 (DR80, AR, 99%)
was purchased from Shanghai Adamas Reagent Co., Ltd. Evans Blue
(EB, AR, 99%) was purchased from Meryer (Shanghai) Chemical
Technology Co., Ltd. Acid p-toluenesulfonic acid (PTSA, AR, 99%),
Fuchsin (AF, AR, 99%) and Eriochrome Black T (EBT, AR, 98%) were
purchased from Shanghai Aladdin Biochemical Technology, China.
Methanol (AR, 99.5%) and ethanol (AR, 99.7%) were purchased from
Shanghai Titan Scientific Co., Ltd. Acetone was purchased from
Sichuan Xilong Scientific Co., Ltd. The BCA Protein Assay Kit was
purchased from Shanghai Beyotime Biotechnology Co., Ltd. Deionized
water was used for all experiments. (deionized water, Conductivity:
18.25 MQ, filter production of Chengdu UPC deionized water
machine). In this work, all chemicals and materials were used as pur-
chased without further purification.

Preparation of C,-IL-TbPa-COF composite membranes

Preparation of C,-IL-COF composite membranes via Scratch-assisted
interface polymerization (SAIP) method. Initially, the PAN support was
immersed in an amine-containing AcOH solution for 10 min to ensure
thorough impregnation of both the surface and voids. Subsequently,
the support was attached to a glass plate, and any excess water on the
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Fig. 4 | Separation performance of the optimized Cg-IL-TbPa-COF composite
membrane. a Large-area Cg-IL-TbPa-COF composite membrane (0.4 x 1.0 m) fab-
ricated by the scraping-assisted process. b The COF composite membrane was
divided into three sections labeled 1, II, 111, and the sections were subsequently
tested for crystallinity by XRD. Step plots of the rejection performance of COF
composite membrane to various dyes were generated (c) and the corresponding
pore-size distribution (d). Dyes including Direct Red 80 (DR80, MW 1373), Rose

Bengal (RB, MW 1017), Evans Blue (EB, MW 960), Coomassie Brilliant Blue (CBB, MW
854), Methyl Blue (MB, MW 800), Amido Black 10B (AB, MW 616), Acid Fuchsin (AF,
MW 585), Eriochrome Black T (EBT, MW 461), Methyl Orange (MO, MW 327) and
Genistein (Gs, MW 270). e The pure water flux and EB selectivity of the COF com-
posite membranes in parts I, I, and Ill of Figure a were tested using a nanofiltration
device. f COF membranes for protein desalination, changes in membrane fluxes
and salt content and in protein enrichment rate the feed solution.

surface was removed using a rubber roller. An ionic liquid (IL) solution,
containing 0.7 wt% of 1,3,5-triformylbenzene (Tb), was then evenly
applied to the support surface in a layer of 200 um thickness using a
scraper at a speed of 80 mmy/s. Following the reaction period, any
unreacted monomers present on the surface were washed away with
methanol and subsequently dried in an oven for 10 minutes. The
resultant membrane was then stored in deionized water for future use.
By varying the type of ILs used (C-IL, n=2, 4, 6, 8,10, 12), adjusting the
concentration of AcOH in the aqueous phase (m wt%), and altering the
interfacial polymerization reaction time (t), the prepared COF mem-
branes were designated as C,-IL-TbPa-COF-m%t composite
membranes.

Preparation of C,-IL-COF free-standing membranes

Preparation of C,-IL-COF free-standing membranes via traditional
interface polymerization method. Initially, we introduced an amine-
containing 60 wt% AcOH solution to the surface of an IL solution
containing 0.7 wt% Tb. Following a specified reaction period, a COF
membrane formed at the IL/AcOH aqueous interface. The resultant
COF membranes were subsequently washed with both methanol and
acetone to eliminate any unreacted monomers from their surface.
Ultimately, the membranes were stored in deionized water for future
use. By utilizing various ILs (C-IL, n =2, 4, 6, 8,10, 12) and adjusting the
interfacial polymerization reaction time (t s), the prepared COF
membranes were designated as C,-IL-TbPa-COF-m%-ts membranes.
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Four COF membranes—TbPa, TbBd, TbTAPB, and TbTTA—were pre-
pared using this method (Supplementary Figs. 44-47).

Preparation of Cg-IL-TbPa-COF composite membrane module
Initially, three Cg-IL-TbPa-COF composite membranes with an effective
size of 30 cm x 80 cm were fabricated. These membranes were sub-
sequently assembled into a spiral-wound module with a feed spacer
(40x90cm, thickness: 0.08636cm) and a permeate spacer
(50x100 cm, thickness: 0.00254 cm). The module, possessing an
effective area of approximately 0.7 m?, was then enclosed within a
membrane shell (model 1812) for subsequent nanofiltration
experiments.

Characterization methods

Powder X-ray diffraction (PXRD) data were collected at room tem-
perature using two different instruments, with all composite mem-
branes analyzed on a Bruker D8 ADVANCE X-ray diffractometer
(Germany) and free-standing membranes tested on a Rigaku SmartLab
9 KW X-ray diffractometer (Japan). Before analysis, samples were
washed, dried, and mounted on a flat sample holder, using a high-
intensity microfocus rotating anode X-ray generator with Cu Ka
radiation (a = 1.5418 A) and a nickel filter. Patterns were recorded from
2° to 30° of 20 at a scan rate of 5° per minute, and for enhanced
reliability, XRD data of all free-standing COF membranes were col-
lected from multiple membranes. Scanning electron microscope
(SEM) characterization of the surface and cross-sectional morphology
of the C,-IL-TbPa-COF composite and free-standing membranes was
performed using a Hitachi SU8220 SEM (Japan), with samples coated
with gold for 100 s to enhance conductivity before being placed in the
analysis chamber for observation. The lattice structure of C,-IL-TbPa-
COF free-standing membranes was investigated using a high-
resolution transmission electron microscope (HRTEM, JEOL JEM-
2100F/X-Max80T, Japan), equipped with a STEM probe and an Oxford
Instruments X-Max80T electrical cooling energy dispersive spectro-
meter system, operating at 200 kV with a point resolution of 0.23 nm
and a line resolution of 0.10 nm. Fourier-transform infrared spectro-
scopy (FTIR) spectra were collected on a Bruker INVENIO-R spectro-
meter (Germany) in the 4000-600 cm™! wavenumber range. Wide
angle X-ray scattering (WAXS) measurements were performed on a
Xeuss 2.0 bench equipped with a copper internal source (Genix3D)
producing an X-ray beam (A =0.15418 nm, energy 8 keV), where 2D
patterns were integrated into 1D intensity profiles using XCACT soft-
ware as a function of scattering angle 26 and scattering vector q (q = 41
sin ©/A). Variable temperature WAXS data were collected using Xenocs
Xeuss 3.0 HR equipment (France) with a Pilatus-300K detector and a
30 W copper target X-ray tube (wavelength 1.54189 A), at a detector-
sample distance of 400 mm, collection time of 60 seconds, and tem-
perature range of 10-40 °C. Grazing incidence wide-angle X-ray scat-
tering (GIWAXS) patterns were collected at beamline 19B2 in SPring-8,
Japan (A=1.00 A), with images obtained at grazing angles of 0.08°,
0.12°, 0.15°, 0.30°, and 0.50° for face-on and @-dependent orientation
distribution function (ODF) of the (001) facet. Interferometric scat-
tering microscopy (iSCAT) equipped with a Prime 95B camera and a
white light source (Hangzhou Saiman Technology Co.) was used to
observe water nanoclusters in ionic liquids; prior to testing, an inter-
face between 1 mL of 60 wt% AcOH solution and 1 mL of ionic liquid
was constructed, and after a specific duration, the lower ionic liquid
layer was extracted for analysis. For iSCAT testing of the IL/PTSA
aqueous interface emulsion, 15.2 mg of p-toluenesulfonic acid (PTSA)
was dissolved in 20 mL deionized water to prepare PTSA aqueous
solution, IL was dried at 60 °C for 3 h with a desiccant to remove excess
water, then 1 mL of IL was taken into a vial and 1 mL of PTSA aqueous
was slowly added dropwise within 1 minute to form an interface layer;
after standing for 10 min, the lower IL layer was taken for testing.
Brunner-Emmet-Teller (BET) surface area and porosity were analyzed

via nitrogen adsorption-desorption experiments on a Micromeritics
ASAP 2460 Surface Area and Porosimetry Analyzer at 393K for acti-
vated COF membranes (Cg-IL-TbPa-COF, Cg-IL-TbBd-COF, Cg-IL-
TbTAPB-COF, and Cg-IL-TbTTA-COF), with experimental pore volumes
determined using the single-point adsorption model. The viscosity of
six ILs was measured at 25°C using a rotational viscometer (DV-2,
Shanghai Jing Tian Electronic Instrument Co., Ltd., China) by trans-
ferring approximately 15 mL of each IL to the test cylinder equipped
with a water recirculation system, fully immersing the rotor, attaching
its hook to the instrument, activating the motor, and recording visc-
osity readings after pointer stabilization, repeating three times for
each IL. High-resolution solid-state nuclear magnetic resonance
(SSNMR) spectra were recorded on a Bruker 400 MHz NMR spectro-
meter with magic angle spinning (MAS) at 10 kHz and a 4 mm rotor.
X-ray photoelectron spectroscopy (XPS) characterization of the sur-
face elemental composition of COF membranes was performed using a
Thermo Scientific K-Alpha instrument on square samples
(~0.5 x 0.5 cm) fixed on the sample stage, primarily detecting C, N, O,
S, and F elements. Water content in IL was measured using a Trace
Moisture Analyzer (TMA, SN-WS200A) via coulometric Karl Fischer
titration, where 100 pL of IL was drawn with a microsyringe for each
test and repeated three times consecutively, with the average taken as
the final result.

Nanofiltration performance and pore size distribution

The membrane permeate flux and selectivity was evaluated using a
nanofiltration test device, with an effective filtration area of 7.065 cm?.
The test procedure involved cutting the co-blended membrane into a
circular shape that matched the inner diameter of the membrane cell
and securely fixing it in the test device. Prior to testing, the membrane
was pre-pressurized for one hour at an operating pressure of 4 bar.
Subsequently, the total volume of solvent passing through the TbPa-
COF membrane within a specified timeframe was measured. The pure
water permeate flux of the membrane was then calculated using the
following equation:

4

Im= A Atp @

Equation (1) where J,,, is the pure water flux (L-m >h™-bar™); Vis the
volume of permeate accumulated during the test period (L); A is the
effective area of the membrane under test (m?); At is the measurement
time (h); and p is the operating pressure of the membrane (bar).

The rejection rate of the membrane is calculated by the following
equation.

R= < 7%> x100% )

In Eq. (2): R is the rejection rate (%); Cp is the permeate con-
centration (mg/L); C is the feed solution concentration (mg/L).

Dye molecules with varying molecular masses served as probe
molecules to evaluate the performance of the Cg-IL-TbPa-COF com-
posite membrane. A “step” plot was generated by measuring the
rejection rates of dye molecules with different molecular weights,
including Direct Red 80 (DR80, MW 1373), Rose Bengal (RB, MW 1017),
Evans Blue (EB, MW 960), Coomassie Brilliant Blue (CBB, MW 854),
Methyl Blue (MB, MW 800), Amido Black 10B (AB, MW 616), Acid
Fuchsin (AF, MW 585), Eriochrome Black T (EBT, MW 461), Methyl
Orange (MO, MW 327) and Genistein (Gs, MW 270). Each dyes solution
was prepared at a concentration of 100 mg/L and subjected to a fil-
tration pressure of 1bar. Prior to testing, each feed solution was
allowed to equilibrate for 1 h. The rejection rate of the Cg-IL-TbPa-COF
composite membranes was determined by measuring the absorbance
of the permeate using an Ultraviolet-visible Spectrophotometer (U-vs).
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The mean pore size distribution curve of the Cg-IL-TbPa-COF
composite membrane was plotted by a probability density function
(PDF), which was established based on the following three assump-
tions: (i) There is no space and interaction between neutral substances
and membrane pores. (ii) When the rejection rate is 50%, the average
pore size of the DBAIP membrane is equivalent to the Stokes radius of
neutral solutes. (iii) The membrane’s pore size distribution is governed
by the PDF.

The pore size distribution of the membrane can be expressed as
follows™:

2
dR(dp> _ 1 (lndp — Inﬂp)
“rino an 0|~ 3)
drp r,,lnop 2w Z(Inop)
r,=16.73x 10712 x MO @

where p, represents the average pore size of the membrane, r,
represents the Stokes radius of PEG solute, and o, represents the set
standard deviation of PDF curve, which is defined as the ratio of the
molecular radius of the solute at a rejection of 83.14% to the radius of

the solute at a rejection of 50%.

Protein desalination performance

To prepare the protein solution, dissolve 3g of crude protein
(Recombinant Humanized Type | Collagen, Theoretical molecular
weight: 66.3 kDa) powder in 500 mL of deionized water. This solution
is then circulated through a COF membrane, which selectively rejects
the protein molecules while allowing inorganic salts to pass through.
To further reduce the inorganic salt content and achieve protein
concentration, the initial solution is diluted with water. The desalting
process is conducted using a nanofiltration testing device, and the
concentration of inorganic salts in the feed solution is measured with a
conductivity meter. The protein concentration is determined using a
BCA Protein Assay Kit in conjunction with a UV-2601 double-beam UV/
visible spectrophotometer (Beifen-Ruili Analytical Instrument
(Group) Co., Ltd.).

Density functional theory (DFT) calculations

The geometric structures of all molecules were optimized at the
B3LYP/6-311 G(d) theoretical level using Gaussian 09 software package,
and frequency calculations were conducted to confirm that they
represent local minima®. The optimized geometries were used to
accurately calculate intermolecular interaction energies employing the
B3LYP-D3(BJ)/6-311 G(d) method. Independent Gradient Model (IGM)
analysis was implemented using Multiwfn software, and the visualiza-
tion of weak interaction regions was achieved by combining with
VMD*”*%, The IGM analysis adopted Hirshfeld partitioning for electron
density decomposition®, and an isosurface with an electron density of
0.001 atomic units was selected to delineate the van der Waals
boundaries of the molecules, aiming to intuitively characterize the
type and strength of intermolecular interactions.

Molecular dynamic (MD) simulations

In this work, we use GROMACS (version 2022.6) program to conduct
the molecular dynamic (MD) simulation for studied systems*’. Pack-
mol program was used to build the initial boxes*, all structures of
simulated molecules were optimized by Gaussian 09 software (version
D.01) at M062X/6-311+G* level®®, and the restrained electrostatic
potential method was applied to regress the molecular charge by
Multiwfn program?®.

The OPLS-AA force field was selected to describe the atomic
interactions*’. For each MD simulation, the particle-mesh Ewald (PME)
method was used to deal the long-range electrostatic interactions
beyond 1.2 nm. Cutoff methods were applied for the calculation of van
der Waals (vdW) interactions, with a cutoff radius set at 1.2 nm. The
V-rescale thermostat and Berendsen methods were used to control
temperature and pressure during the simulation process*. The simu-
lation process comprised three stages: first, an energy minimization
was conducted for 200 ps with a maximum force of 100 kJ/mol/nm
between atoms. Then, an NPT simulation was conducted for 10 ns at
303.15K and 1atm to equilibrate the system to the desired tempera-
ture and pressure. After that, another 40 ns simulation was conducted
with a time step of 1fs using the NPT ensemble to generate the finally
trajectory file for further analysis. The data from the last 10 ns were
used for analysis and post-processing, such as RDF and SDF
calculations.

Data availability

All data generated or analyzed during this study are included in this
published article and its supplementary information files. The data that
support the findings of this study are available from the corresponding
author upon request. Source data are provided with this paper.
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