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Progress and potential

With lithium batteries expected to

increase over the coming

decades, access to this reserve is

imperative for future energy

storage devices. Substantial effort

has been expended to develop

membrane-based technologies to

extract lithium from salt-lake

brines, but the very similar

reactivities of Li+ and Mg2+ make

this a challenging task. Herein, we

show how two-dimensional

covalent organic frameworks

(COFs) possess all the necessary

traits to create ideal membranes

for Li extraction. The COF active

layer with orderly aligned

oligoethers in the pore channels

affords a high Li+/Mg2+

separation factor of 64, going into

a top rank in terms of extraction

efficiency. The lithiophilic

oligoethers show a pumping

feature that accelerates the Li+

transfer in the pore channels,

defeating the trade-off between

selectivity and permeability.

These findings represent a

promising addition to the rapidly

increasing arsenal of energy

material harvesting.
SUMMARY

As themost sophisticated separation system, biological membranes
have served as natural prototypes for the design of artificial mem-
branes because they provide high permeability and solute selec-
tivity, owing to the presence of specialized ion channels. However,
developing stable and selective artificial ion channels remains a
formidable challenge. Herein, we demonstrate the construction of
lithium nanochannels in two-dimensional covalent organic frame-
works (COFs) to create biomimetic membranes. Implanted lithio-
philic oligoethers conferred specificity and facilitated Li+ diffusion
along the pore pathway of the COF. The ion channel characteristics
were indicated by reversal potential measurements, showing that
the relative permeability decreased in the order Li+ > K+ > Na+ >
Ca2+ > Mg2+. The Li+ transfer was enhanced, while other ions were
obstructed, allowing for high selectivity and permeability. A Li+/
Mg2+ separation factor of 64 was achieved, confirming high lithium
affinity. This study may serve as a design principle to develop selec-
tive artificial membranes for effective ion separation.

INTRODUCTION

The desire to mimic cell membranes with meticulous control over ion transport has

attracted significant research interest for decades.1–3 The spatially well-arranged

binding sites in ion channels enable rapid transport and high selectivity. However,

most synthetic membranes that are capable of discriminating ions are functionalized

with charged moieties.4–11 The main underlying principle for ion selectivity across

these membranes is Donnan exclusion, whereby the membranes reject co-ions as

the excess charge and transport counter-ions.12,13 Because of the charge repulsion

involved in the separation process, the transport of co-ions slows down when ap-

proaching a charged membrane. Therefore, there is a need to develop novel

separation layers to achieve active separation. We investigated the possibility of

accelerating the transport of target ions across the membrane while lowering the

diffusion of other ions to achieve a high selectivity similar to that seen in nature.

Lithium has become an essential resource for modern society because of the growing

demand for lithium batteries in portable electronic devices and vehicles. This has

rendered lithiumavailability amatter of energy security and the developmentof efficient

lithium extraction technologies a growing area of interest.14,15 Given that lithium is

widely distributed in salt-lake brines, considerable efforts have been made in lithium

extraction (Table S1).16–18 State-of-the-art positively charged nanofiltration membranes

show a satisfactory Li+/Mg2+ separation factor of up to 10, a critical requirement for
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Figure 1. Conceptual scheme

(A) Diagrammatic sketch of ion channels in nature.

(B) Schematic illustration of the construction of lithium channels using a 2D COF as a designer

platform by implanting lithiophilic functionalities. The Li ion transfer was enhanced, while other

ions were obstructed, allowing for high selectivity as well as permeability.
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achieving high-grade Li2CO3.
19–21 To develop new synthetic Li+ transporters, we postu-

lated introducing lithiophilic functionality into membranes to lower the energy barrier

for lithium passage and hence the accompanied selectivity. Prior studies revealed

that polyethylene oxide moieties could coordinate and transport Li+ for the design of

a new type of solid-state polyelectrolyte,22–27 and we looked into implementing the

same functionality into porous membranes. This approach was aimed at combining

the benefits of the innate porosity of the membranes with the affinity of the ether moi-

eties toward Li+ to form a lithium highway, ultimately resulting in a high lithium extrac-

tion efficiency. We envisioned two-dimensional (2D) covalent organic frameworks

(COFs) as promising candidates for active layers to achieve these goals.28–48 In contrast

to the current nanofiltration membranes, which are optimized empirically, COFs, with

the advantage of high modularity, can potentially form active layers with designable

pore structures and tunable functionality. Further, the discogens of 2D COFs are ar-

ranged in a columnar fashion, owing to the strong p-p interactions between aromatic

cores and the aligned lithiophilic functionalities oriented in close proximity, offering uni-

directional pathways for swift ion diffusion and enhanced communication between adja-

cent ions in the queue (Figure 1).

In this contribution, we show that COF-based membranes implanted with oligoethers

can indeed provide an ion-diffusion pathway. The transport of Li ions is accelerated

by rapid and reversible coordination with the ether moieties, thereby differentiating Li

ions from other ions. Theoretical and spectroscopic studies were carried out to explain

the observed selective extraction efficiency based on the interaction and dynamic ex-

change between oligoethers and Li ions. The synergistic effect between the densely

populated lithiophilic sites and the 1D channels promotes significantly faster ion trans-

port rates and allows the use of thicker films. The performance is very stable, as reflected

by the fact that the selectivity is retained under the same conditions for at least 40 h.Our

studies indicate that pore-environment engineering by introducing lithiophilic function-

alities could be a promising strategy to optimize the separation performance of mem-

branes that circumvent the issues of current ones that require trade-offs in properties.
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RESULTS

Membrane fabrication and characterization

We selected 1,3,5-tris(4-aminophenyl)benzene (TAB) as the base for the construc-

tion of COF membranes because the resulting COFs have not only been proven

to be stable under a wide range of conditions, but also possess high crystallinity
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Figure 2. Structure and morphology characterizations

(A) Synthetic scheme of COFs with various pour environments through the condensation of TAB with various dialdehyde compounds.

(B, C, and D) Graphic views of the slipped AA stacking structure of (B) COF-4EO, (C) COF-OHep, and (D) COF-OMe, respectively (blue, N; gray, C; pink,

O; white, H).

(E) Cross-sectional SEM image for COF-4EO-PAN.

(F) PXRD patterns (the free-standing COF-4EO membrane was achieved by dissolving the PAN support).

(g) GIWAXS pattern for COF-4EO-PAN.
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as well as geometrical compatibility with various aldehyde counterparts, enabling us

to optimize the composition within a single COF family (Figures 2A–2D).49,50 To

construct lithium channels, we paired TAB with an aldehyde monomer bearing oli-

go(ethylene oxide) chains, 2,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)terephtha-

laldehyde (4EO) (Figure 2B), as previous X-ray diffraction study revealed that in a

polyethylene oxide-Li complex, there are four ether oxygens coordinated to each

Li ion.51 To reveal the role of oligoether moieties and exclude the impact of channel

congestion resulting from the introduced substituted group, TAB was also paired

with 2,5-bis(heptyloxy)terephthalaldehyde (OHep) for comparison (Figure 2C). To

confer stability and processibility to the COF-based membranes, we grew COF

active layers on polyacrylonitrile (PAN) ultrafiltration membranes via interfacial poly-

merization (Figure S1).52 The choice of PAN as the substrate was made because it is

flexible, which can increase the operability, and it is hydrophilic and negatively

charged, which can lower the transmembrane energy of cations. To facilitate the re-

action at the interface of PAN, an aqueous solution of acetic acid and amine mono-

mers and an organic phase with aldehyde monomers were separately introduced

into two sides of a diffusion cell, with the resulting membranes denoted as COF-

4EO-PAN and COF-OHep-PAN (Figure S2). The characterization results of COF-

4EO-PAN are discussed here, while the corresponding results for COF-OHep-PAN

are detailed in the supplemental information (Figures S3–S7).

The morphologies of the as-prepared COF-4EO-PAN were examined by scanning

electron microscopy (SEM). Compared with the pristine PAN, the SEM images of
Matter 4, 2027–2038, June 2, 2021 2029
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COF-4EO-PAN showed several notable features (Figure S8). Cross-sectional SEM

images of pristine PAN and COFmembranes revealed distinct regions with different

morphologies. COF-4EO-PAN was composed of multiple nanosheets, which were

stacked layer by layer into a highly regular and lamellar structure with a thickness

of approximately 1 mm (Figures 2E, S9, and S10). The top view of the SEM image

of COF-4EO-PAN revealed that the PAN support was completely covered with a

layer of COF material. The Fourier transform infrared (FTIR) spectra of both the

TAB and the dialdehyde monomers, and the free-standing COF membrane, which

was achieved by dissolving the PAN support in dimethylformamide, are shown in

Figure S10. In contrast to the spectra of TAB and 4EO, no peaks were observed in

the primary amine region (3,440 and 3,350 cm�1) or at 1,685 cm�1, corresponding

to the carbonyl group, in the spectrum of the COF membrane. Together with the

appearance of the characteristic C=N band at 1,614 cm�1, this suggests the forma-

tion of a COF layer and that no detectable monomers are trapped in the membrane

(Figure S11).53 Moreover, the peak ascribed to the aldehyde group at around 170

ppm disappeared in the solid-state 13C nuclear magnetic resonance (NMR) spec-

trum of the free-standing COF-4EO membrane, further supporting the aforemen-

tioned claim (Figure S12). The powder X-ray diffraction (PXRD) pattern of the free-

standing COF membrane showed several prominent diffraction peaks suggestive

of its high crystallinity (Figure 2F). To determine the structure, we usedMaterials Stu-

dio, which revealed that the experimental powder patterns were well matched with

the optimized p6m symmetric structure model in eclipsed AA stacking (Tables S2–

S4). The porosity of the membrane was evaluated by N2 sorption isotherms, showing

that COF-4EO possessed a Brunauer-Emmett-Teller surface area of 837 m2 g�1 and

a pore size of 2.34 nm (Figure S13). To gain insight into the extent of the alignment of

the COF layer on PAN, we performed grazing-incidence wide-angle X-ray scattering

(GIWAXS) measurements, which indicated that COF-4EO-PAN had a (001) direction

perpendicular to the substrate (Figure 2G).54 Therefore, we successfully prepared a

COF active layer with its 2D plane flat on the substrate, where the oligo(ethylene ox-

ide) chains vertically line the pore walls.

Ion transport characterization

To demonstrate the ion channel characteristics of the resulting membranes, we

investigated the relative permeativity of various ions by measuring the reversal

potentials. Tests were carried out on a bi-ionic system separated by the COF mem-

branes. A MgCl2 solution was introduced on the cis side, and various metal chlo-

rides, such as NaCl, KCl, LiCl, MgCl2, or CaCl2, were placed on the trans side (facing

the COF layer). To evaluate the relative permeativity of cations exclusively, the con-

centrations of Cl ions were kept the same. From the x intercepts of the current traces

plotted against voltages, the reversal potentials were obtained.55 When the trans

side was filled with MgCl2, the resulting current-voltage curves passed almost

through the origin, suggesting that both COF-4EO-PAN and COF-OHep-PAN

showed nearly equal permeabilities on both sides. Reversal potentials of 21.2,

17.7, 8.8, and 2.5 mV were observed for LiCl, KCl, NaCl, and CaCl2, respectively,

indicating a higher permeability to Li+ over other cations (Figure 3A). In contrast,

COF-OHep-PAN exhibited an ion transport selectivity trend of K+ > Na+ > Li+ >

Mg2+ > Ca2+, in agreement with their intrinsic ion transmission efficiency (Fig-

ure 3B).10 These results verified the high activity of the oligoether-mediated trans-

port of Li ions.22–27

To investigate the separation of lithium and magnesium, ion transport kinetics mea-

surements were conducted to further demonstrate the ability of COF-4EO-PAN to

selectively transport Li+ over Mg2+ across the membrane. The experiments were
2030 Matter 4, 2027–2038, June 2, 2021



Figure 3. Relative ion permeability investigation

Current-voltage plots for (A) COF-4EO-PAN and (B) COF-OHep-PAN under asymmetrical salt

solutions, with the cis side being filled with MgCl2 aqueous solution and the trans side being filled

with KCl, NaCl, LiCl, MgCl2, or CaCl2. The concentration of Cl ions was maintained at 1 mM.
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conducted at room temperature using a homemade diffusion cell, wherein the feed

and permeate chambers were filled with an aqueous salt solution and deionized wa-

ter, respectively. The ion concentration in the permeate chamber was analyzed at

different time intervals by ion chromatography (Figure S14), with each point

measured three times in parallel. As shown in Figure 4, the concentrations of both

Li+ and Mg2+ ions increased linearly over time, and the slope for Li+ was much

steeper than that of Mg2+, indicative of the higher permeability to Li+ over Mg2+

across the membrane. A Li+/Mg2+ separation factor of 12 was obtained by dividing

the slopes. In contrast, COF-OHep-PAN afforded a Li+/Mg2+ separation factor of

only 3 under otherwise identical conditions (Figures S15 and S16).

To understand the chemical basis of the binding selectivity of COF-4EO-PAN toward

Li+ over Mg2+, quantum density functional theory computations were performed.

Calculations of the truncated fragments shown in Figure S17 were performed using

M062X exchange and correlation functions, and a 6-311G* basis was used for all

atoms. The binding free energies for Li+ and Mg2+ to the oligoether were computed

using the quasi-chemical method and showed that the oligoether moiety exhibits a

higher binding affinity toward Li+ over Mg2+ by 55.5 kJ mol�1 in aqueous solution

(Table S5). We performed X-ray photoelectron spectroscopy (XPS) to analyze the

interaction between Li+ and the oligoethers. The binding energy of lithium species

in Li+@COF-4EO (55.9 eV) is lower than that in LiCl (56.6 eV), reflecting the electron

transfer from the ethylene oxide moiety to the Li ions (Figure S18). To further under-

stand the Li+ transport processes in COF-4EO-PAN, the dynamic behavior of Li ions

in the COF channels was studied by static solid-state 7Li NMR spectroscopy. We

collected the spectra of LiCl and Li@COF-OHep (COF-OHep is the corresponding

powder form of COF-OHep-PAN) as references to show the spectroscopic behavior

of Li species in a solid matrix with minimal mobility and in a porous material with no

lithium binding sites, which gave rise to very broad peaks centered at�1.53 ppm. In

contrast, a narrower 7Li NMR signal was detected for COF-4EO, suggestive of the

weakened solid-state couplings and hence the higher mobility (Figure S19).24

From the characterization results, we concluded that the oxygen atoms in the oli-

goether moieties replace the oxygen atoms in water and coordinate with the Li

ion. The oligoether moieties thus act like surrogate water, with the energetic costs

of dehydration balanced by the energy gains from coordination with oxygen atoms

(in bulk aqueous solution there are four and six water molecules coordinated with

each Li or Mg ion, respectively, in the first hydration shell).56 This process may be
Matter 4, 2027–2038, June 2, 2021 2031



Figure 4. Li+/Mg2+ separation performance evaluation

(A) Schematic diagram of ion permeation through COF-4EO-PAN in a homemade diffusion cell,

with a binary salt solution containing LiCl and MgCl2 as the feed solution and H2O as the permeate

solution.

(B) The concentration change of a single salt (0.1 M LiCl or 0.1 M MgCl2) through the membrane to

the opposite side as a function of time for COF-4EO-PAN. The ion concentrations were determined

by ion chromatography.
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further facilitated by the hydrophobic COF active layer, as revealed by the contact-

angle measurements (Figure S20). The alkyl chain exhibited no specific affinity for Li

ions, thus giving rise to an inferior selective permeation. However, the mechanism of

the conduction of Li ions through the COF channels was still unclear, as the charac-

terization results implied that a single Li ion would be held very tightly within the

membrane. To understand this, we evaluated the Li+ concentration in COF-4EO-

PAN by measuring the transmembrane ionic conductance. The membrane was

squeezed between two reservoirs containing symmetric salt solutions of various

concentrations. The measured ionic conductance deviated from the bulk values,

suggesting that the Li ions are enriched in the pore channels (Figure 5A).11 The

high concentration of the densely coordinated Li ions in the pore channel results

in mutual repulsion, which overcomes the otherwise strong interaction between

the oligoether and the Li ion, thereby promoting the transport of Li+ along the direc-

tion of the concentration gradient. The transmembrane ionic conductance of Mg2+

was close to that of the bulk electrolyte solution, confirming the ability of COF-4EO-

PAN to facilitate the transport of Li ions (Figure 5B). Therefore, we could confirm

strong interactions between Li ions and the lithiophilic oligoether arms, as well as

a high throughput mediated by concentration gradient-driven transport. A tentative

transport mechanismwas proposed: the rapid and reversible complexation between

the oligoether moiety and the Li+ together with the dynamic environment created by

the aligned oligoether chains, which allows the ions to move from one binding site to

the next, selectively augments the transport of Li ions through the membrane.

After confirming the role of the aligned oligoethers on conferring ion selectivity, we

further investigated their impact on the ion transport activity. Interestingly, even with

COF-4EO-PAN having much more crowded pore channels than COF-2,5-dimethox-

yterephthalaldehyde (OMe)-PAN (there is only one methoxyl group branching off

the phenyl ring, Figures 2D and S21–S25), both afforded comparable Li ion transport

rates, which were much faster than that of COF-OHep-PAN. In contrast to the Li ions,

the permeation of Mg ions is in good accordance with the free space of the pore

channels, decreasing in the order COF-OMe-PAN > COF-OHep-PAN > COF-

4EO-PAN, with more extended substitution groups giving a lower flux. These results
2032 Matter 4, 2027–2038, June 2, 2021



Figure 5. Ion transmembrane conductance investigation

(A) The transmembrane Li conductance apparently deviates from the bulk value (dashed line) from

below ~1 mM, whereas (B) the transmembrane Mg conductance is close to that of the bulk solution

for COF-4EO-PAN.
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confirm that lithiophilic oligoethers facilitate the transport of Li ions, but obstruct the

Mg ions from moving through the membrane channels. Given their comparable

thickness and pore structure, we concluded that the significant disparity in Li+/

Mg2+ selectivity between COF-4EO-PAN and COF-OHep-PAN originates from

the densely populated lithiophilic arms in COF-4EO-PAN, which could arrange

into a transport pathway, allowing the diffusion of Li ions, reminiscent of that seen

in cellular membranes (Figures S15 and S16).

We further tested the lithium extraction efficiency of COF-4EO-PAN using a mixture

of LiCl (0.1 M) and MgCl2 (0.1 M) aqueous solutions. Figure 6A shows the selectivity

profile and the concentrations of Li and Mg ions in the permeate solution as a func-

tion of time. The Li+ and Mg2+ concentrations increased with time. The Li+/Mg2+ ra-

tio over COF-4EO-PAN increased during the initial 2 h, reaching its maximum value

of 64, and then slightly decreased. The higher binary Li+/Mg2+ selectivity compared

with the ideal selectivity can be ascribed to the competitive coordination between

the oligoether moiety and the Li and Mg ions. To better understand this process,

the real-time fluxes of Li and Mg ions were calculated. It was observed that the

flux of Li ions was always much greater than that of Mg ions, validating the higher

affinity of COF-4EO-PAN toward Li species (Figure S26). The increased flux of

Mg2+ after 2 h could be attributed to the tendency of permeation to reach equilib-

rium and concentration-dependent competing interactions with binding sites, thus

resulting in decreased selectivity. The observed relatively lengthy induction period

(2 h) may be a disadvantage during actual application, but offers the opportunity to

manipulate performance combinations to match process scale requirements.

Given that the concentration gradient is the driving force of dialysis, an increase in

feed concentration is expected to enhance permeability and, consequently, the ef-

ficiency. With the rise in the concentration of feed solution from 0.01 to 1.0 M, the

flux of Li+ through COF-4EO-PAN increased from 6.8 to 230 mmol m�2 h�1, while

the selectivity was retained (Figures S27 and S28). This offers an advantage over

the state-of-the-art charge-modified membranes, where increasing the salinity usu-

ally results in partial or complete loss in selectivity. To further test the applicability of

COF-4EO-PAN for lithiummining from various systems, the impact of solution pH on

the Li+/Mg2+ separation performance was investigated. Considering that Li and Mg

species are inclined to precipitate out in the form of hydroxide, the lithium extraction

performance under pH values ranging from 2.5 to 6.1 was evaluated, which revealed

that the separation factor increases along with the increase in solution pH (Fig-

ure S29). This is because the ether oxygen species may be protonated under low
Matter 4, 2027–2038, June 2, 2021 2033



Figure 6. Binary salt separation performance test

Lithium and magnesium separation performance tests for COF-4EO-PAN in a closed system and a

cycling system. The concentration change of binary salt (0.1 M LiCl and 0.1 M MgCl2) through COF-

4EO-PAN to the permeate chamber and the corresponding separation factor as a function of time

in (A) a closed system and (B) a cycling system is shown (orange, Li+; olive, Mg2+; violet, Li+/Mg2+).

The error bars are obtained from the average of three different batches.
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pH conditions, thereby reducing the coordination ability of the oligoether moieties

toward Li+.

We further assessed the stability of COF-4EO-PAN by evaluating its performance

over multiple cycles, which is an essential feature of any system considered for use

in industrial applications. A new feed solution and deionized water were used. A

negligible decrease in selectivity and flux was observed after five cycles, providing

evidence of the robustness of the membrane. Another major concern is that in

low-grade salt lakes, the Mg2+/Li+ ratio is up to 30. As we demonstrated, this could

be addressed by connecting a number of permeate chambers in series. For example,

with a feed solution having a Mg2+/Li+ ratio of 30, the ratio reached approximately

0.5 in the second permeate chamber. For practical applications, continuous dialysis

is preferred over batch dialysis. To demonstrate the applicability of COF-4EO-PAN

in continuous dialysis, the ratio of Li+/Mg2+ was tested cyclically. After testing for at

least 40 h, only a slight decrease in selectivity was observed (Figure 6B).
DISCUSSION

In summary, we have described the fabrication of lithium ion nanochannels in COF

membranes, exhibiting remarkably high selectivity for Li ions. The unique channel

system features the following: (1) densely aligned lithiophilic oligoether moieties

enrich Li ions in the pore channel; (2) the flexibility of oligoethers facilitates their co-

ordination with Li ions and lowers the energy barrier of ion transport across themem-

brane; and (3) increased channel congestion resulting from the introduced oli-

goethers has little effect on the Li+ transport activity but obstructs the other ions

from entering the channel, resulting in high selectivity. We believe that the versatility

of the pore environment paired with the pore-structure engineering of COF mate-

rials provides a new avenue to achieve a better understanding of ion transport pro-

cesses and, thereby, will lead to rational design principles to address the bottlenecks

in the further development of membrane technology for separation.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Qi Sun (sunqichs@zju.edu.cn).
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Materials availability

This study did not generate new unique reagents. Chemicals used for synthesis of

monomers were purchased from Aladdin and used directly without any purification

unless mentioned. The purity of the monomers used for COF synthesis was deter-

mined by NMR analyses (Figure S30). The asymmetric PAN ultrafiltration membrane

with a molecular weight cutoff of 40,000 Da was obtained from Sepro Membranes

(Carlsbad, CA, USA).

Date and code availability

All data needed to evaluate the conclusions in the paper are present in the paper

and/or the supplemental information. Additional data related to this study are avail-

able from the corresponding authors upon reasonable request.
Fabrication of membranes

COF-4EO-PAN

The COF-4EO active layer was formed via interface polymerization on the surface of

a PAN ultrafiltrationmembrane. The PAN support was vertically placed in themiddle

of a homemade diffusion cell, resulting in a volume of 17 cm3 each (see Figure S1).

An aqueous solution of TAB (15.9 mg, 0.045 mmol) dissolved in 3 M acetic acid

(17 mL) and an organic phase with 4EO (31.2 mg, 0.068 mmol) dissolved in a mixture

of ethyl acetate and mesitylene (vol/vol = 3/1, 17 mL) were separately introduced

into the two sides of the diffusion cell. The reaction mixture was kept at 30�C for

4 days. The resulting membrane was rinsed with themixture of ethyl acetate andme-

sitylene, and methanol, in sequence, to remove any residual monomers, catalyst,

and organic solvents. Finally, each membrane was rinsed with water for 24 h and

then used for permeation tests or air-dried for physicochemical characterization.

Atomistic coordinates for the AA-stacking mode of COF-OMe optimized using the

Forcite method are listed in Table S2.

COF-OHep-PAN

The COF-OHep active layer was formed via interface polymerization on the surface

of an asymmetric PAN. The PAN support was vertically placed in the middle of a

homemade diffusion cell, resulting in a volume of 17 cm3 each. An aqueous solution

of TAB (15.9 mg, 0.045 mmol) dissolved in 3 M acetic acid (17 mL) and an organic

phase with OHep (12.3 mg, 0.034 mmol) dissolved in a mixture of n-BuOH and

o-dichlorobenzene (vol/vol = 3/1, 17 mL) were separately introduced into the two

sides of the diffusion cell. The reaction mixture was kept at 30�C for 4 days. The re-

sulting membrane was rinsed with the mixture of ethyl acetate and mesitylene, and

methanol, in sequence, to remove any residual monomers, catalyst, and organic sol-

vents. Finally, each membrane was rinsed with water for 24 h and then used for

permeation tests or air-dried for physicochemical characterization. Atomistic coordi-

nates for the AA-stacking mode of COF-OMe optimized using the Forcite method

are listed in Table S3.

COF-OMe-PAN

The COF-OMe active layer was formed via interface polymerization on the surface of

an asymmetric PAN. The PAN support was vertically placed in the middle of a home-

made diffusion cell, resulting in a volume of 17 cm3 each. An aqueous solution of

TAB (15.9 mg, 0.045mmol) dissolved in 3M acetic acid (17mL) and an organic phase

with OMe (13.2 mg, 0.068 mmol) dissolved in a mixture of ethyl acetate and mesity-

lene (vol/vol = 3/1, 17 mL) were separately introduced into the two sides of the diffu-

sion cell. The reaction mixture was kept at 30�C for 4 days. The resulting membrane

was rinsed with the mixture of ethyl acetate and mesitylene, and methanol, in
Matter 4, 2027–2038, June 2, 2021 2035
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sequence, to remove any residual monomers, catalyst, and organic solvents. Finally,

each membrane was rinsed with water for 24 h and then used for permeation tests or

air-dried for physicochemical characterization. Atomistic coordinates for the AA-

stacking mode of COF-OMe optimized using Forcite method are listed in Table S4.
Characterization

The N2 sorption isotherms were measured at 77 K using a liquid N2 bath. PXRD data

were collected on a Bruker AXS D8 Advance A25 powder X-ray diffractometer (40 kV,

40 mA) using Cu Ka (l = 1.5406 Å) radiation. SEM images were collected using a Hi-

tachi SU 8010. FTIR spectra were recorded on a Nicolet Impact 410 FTIR spectrom-

eter. Inductively coupled plasma optical emission spectroscopy was performed on a

PerkinElmer Elan DRC II quadrupole. XPS spectra were performed on a Thermo ES-

CALAB 250 with Al Ka irradiation at q = 90� for X-ray sources, and the binding

energies were calibrated using the C1s peak at 284.9 eV. 1H NMR spectra were re-

corded on a Bruker Avance-400 (400 MHz) spectrometer. Chemical shifts are ex-

pressed in parts per million downfield from TMS at d = 0 ppm, and J values are given

in Hz. Static solid-state 7Li NMR experiments were recorded on a Bruker Avance 500

spectrometer equipped with a magic-angle spin probe in a 4-mm ZrO2 rotor. GI-

WAXS measurements were conducted on a MicroMax-007HF with a high-intensity

microfocus rotating anode X-ray generator at an incident angle of 0.2�. The samples

were recorded in the 2q range of 2�–40� and the data were collected with Win soft-

ware. Two-dimensional GIWAXS was conducted to analyze the orientation of the

COF layer by using a XEUSS SAXS/WAXS system at an incident angle of 0.2�. The
membrane samples were cut into small pieces (1 3 1 cm) and then attached to a sil-

icon wafer. The 2D GIWAXS data of membranes were evaluated using a MarCDD

X-ray detector.
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