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Abstract 

Advances in separation processes, such as ion-capture electrodialysis, and related 

electrochemical technologies including electrochemical synthesis, fuel cells, and redox 

flow batteries, relies substantially on the development of high-selectivity ion capture 

materials. Covalent organic frameworks (COFs), characterized by their rigid structures, 

tunable functionalization, and well-ordered channels, offer a promising avenue for the next 

generation of electrochemical adsorptive materials. COFs hold immense potential for the 

optimization of various electrochemical processes based on active manipulation of the 

interplay between thermodynamic and kinetic selectivity. In this study, we present a novel 

approach employing covalent organic frameworks functionalized with a series of crown 

ethers for efficient and highly selective electrochemical capture of monovalent cations. 

Following optimization of synthesis conditions, a series of nanoflower-like COFs modified 

with different azacrown ether appendages was obtained. Crown ether moieties act as 

confining stages, imparting high selectivity for different monovalent cations depending on 

the cavity dimensions of crown ether present. COF-electrodes prepared using the novel 

crown-COFs exhibited superior performances for the selective sequestration of 

monovalent (alkali metal) cations. Notably, 18-crown-6 ether-substituted-COF shows a 

remarkable selectivity (14.26) of K+ over Na+, and a substantial Rb+/Na+ selectivity of 22.4. 

DFT calculations and MD simulations suggest that the unexpectedly high selectivity for 

larger cations is likely due to diverse binding modes, in conjunction with the porous 

structure of the COFs. Given their lower dehydration free energies and smaller 

hydrodynamic radii, K+, Rb+, and Cs+ more readily permeate the COF channels. In contrast, 

Na+ and Li+, with significantly higher dehydration free energies and hydrodynamic radii, 

diffuse into the crown-COF structure at a much slower rate and are bound predominantly 

at the surfaces of the COF particles.  



Introduction 

Materials capable of selective sequestration of monovalent cations, especially alkali 

metal cations, are essential for energy storage and conversion applications1. There is 

burgeoning interest in these materials based on possible uses in ionic batteries2, energy-

efficient separation/purification processes,3 and electrochemical applications including 

CO2 reduction4, direct water electrolysis, ion-capture electrodialysis5, amongst others6,7. In 

all these electrochemical applications, whether emerging or already well-established, 

materials that selectively sequester cations can serve as electrode components forming 

favorable cation-layers during electrochemical processes, or can be used as membrane 

separators enabling the selective transfer of target cations to designated device regions 

concurrently rejecting undesirable cationic species.3,5 Ultimately, ion selectivity of these 

materials originates from Ångstrom-scale filters due to the established mechanism 

involving size (steric) effects, Donnan (charge) exclusion, and dielectric exclusion.8 

However, the separation of mixtures of monovalent cations is strongly hindered by 

uniformity of monovalency, subnanometer cation dimensions (i.e., 1.0–3.0 Å for non-

hydrated cations, 6.4–8.0 Å for hydrated ions), and only Å-level variation (< 2 Å) in the 

sizes of the cations.9,10 Cation dehydration or chemical recognition have both been recently 

proposed as potential mechanisms to control the selective capture or transport of ions 

under sub-nanometer confinement in porous materials.10 However, the deep structure-

function relationship behind the sequestration of ions within sub-nanometer channels 

remains obscure. Therefore, there is a rapidly emerging demand for the synthesis of 

materials having precisely tunable chemical environments at channel interiors promoting 

the selectivity towards targetable monovalent cations.12 



Organic materials containing designable functional groups dominate current selective 

ion-transport materials used for practical purposes at all scales, due to their low cost and 

manufacturing scalability.7,13-15 Crown ethers are a class of ligands known to bind various 

cations depending, in part, on the relative size of their cavity and the size of the target 

cation.16,17 For example, 12-crown-4 ether (12C4) forms reversible complexes with both 

Na+ and Li+ cations, where the relative affinity depends on the chemical environment and 

sub-nanometer engineering.18 Selective Li+ transport involving crown ethers incorporated 

into liquid membranes has been reported.19 However, these crown ethers are not 

chemically bound to the membrane and can leach into solution during the process. Other 

studies have involved grafting of crown ethers onto a polymer substrate in attempts to 

achieve cation-specific selectivity. Unfortunately, these materials are poorly defined and 

can undergo severe swelling, which might facilitate ion diffusion but can also cause 

reduced selectivity. An emerging philosophy of synthesis suggests limiting the dimensions 

of pore voids by increasing the rigidity of polymer backbones, which reduces the thermal 

motion of the polymer segments. This is thought to enforce size selectivity and improve 

long-term separation performance. Other strategies have involved the assembly of crown 

ether molecules in the channels of metal organic frameworks (MOFs). For example, in the 

case of MOFSNC, the specific binding of Na+ cations by 15C5 confined in its rigid sub 

nanochannel leads to a permeation rate sequence of Na+ >> K+>Li+ and a high Na+/K+ 

selectivity.20 While MOFs can provide rigid channels for crown ethers, the typically used 

post-synthetic introduction of crown ethers makes the precise control of their quantity and 

locations within the channels challenging.20 MOFs also exhibit poor stabilities under many 



conditions, including high temperature or at non-neutral pH. Therefore, the development 

of CE-based materials for selective capture of monovalent cations under precise chemical 

conditions and structural control holds significant appeal.21 

Covalent organic frameworks (COFs), characterized by their adjustable structure, 

well-ordered channels and high chemical and thermal stability, offer a promising avenue 

for the next generation of electrochemically-active adsorptive materials.22-24 Their long-

range ordered structures impart narrow distributions of channel dimensions ensuring 

substantial cation sieving effects. The channel size of COFs can be carefully tailored in the 

range of 0.5 – 10.0 nm through the rational screening of linker and linkages, leading to 

greater freedom in channel construction towards target cation separations.25,26 Moreover, 

COFs can accommodate abundant and homogeneously dispersed functional groups for 

better control over multiple physicochemical interactions promoting stronger recognition 

towards the targeted cations.27,28 The successful introduction of crown ether into COF 

channels has been reported either as branched functional groups or as a component of 

the COF framework. Those materials have been applied in phase transfer reactions, as 

fluorescence sensors, etc.29,30 However, the efficient construction of COF-based CEs with 

high crystallinity and controlled morphology remains a challenge, and the use of COFs for 

monovalent alkali metal cation adsorption and separation is still in its infancy. 

Herein, a new series of crown ether functionalized units (with 12-crown-4 (NC12), 15-

crown-5 (NC15), 18-crown-6 (NC18) ethers), that are 2’-crown-ether-substituted-

[1,1':4',1''-terphenyl]-4,4''-dicarbaldehydes, were designed and synthesized as struts for 

the construction of three new COFs bearing crown ethers as branched groups. Crown-



COF synthesis involves Schiff base reaction with 1,3,5-tris(4-aminophenyl)benzene (TAB). 

The effects of liquid additive and catalyst on the reaction and product formation were 

investigated, revealing pronounced effects on COF formation, affecting both the 

crystallinity of the products, their yields, as well as their morphologies. After optimization of 

the reaction conditions, a family of nanoflower-like crown ether COFs was obtained. The 

electrodes prepared using the resulting COFs exhibit superior performance for the 

selective capture of monovalent cations. Notably, the NC18-TAB COF showed a large 

selectivity of K+ over Na+ at 14.26, and a large Rb+/Na+ selectivity of 22.4 among these 

NCx-TAB-COFs. 

 

Results and Discussion 

Synthesis and Characterization. A schematic illustration of the synthesis of this series of 

crown ether-based COFs is shown in Fig. 1a (see also Scheme S1). The NCx-TAB COFs 

(X = 12 for 12C4, 15 for 15C5, and 18 for 18C6) were respectively constructed by 

condensing NC12-macTP-CHO2, NC15-macTP-CHO2, or NC18-macTP-CHO2 with TAB in 

a solvent mixture (a 1:4 v/v of 1,2-dichlorobenzene and 1-butanol) in the presence of a 

catalyst (scandium tris(trifluoromethanesulfonate), Sc(OTf)3) under solvothermal 

conditions. The resulting insoluble crown-COF materials were characterized using different 

spectroscopic techniques. To confirm Schiff-base polymerization, Fourier transform 

infrared (FTIR) spectra of the COFs obtained from typical starting dialdehydes (NC18-

macTP-CHO2) and TAB are shown in Fig. 1b. The aldehyde C=O(str.) band of NC18-

macTP-CHO2 at 1700 cm-1 as well as the sharp N-H(str.) band of TAB at 3372 cm-1 are 



eliminated after Schiff-base reaction. The imine C=N (str.) of the COF emerges as 

expected at around 1625 cm-1 although it overlaps with amide C=O (str.) and aromatic C=C 

(str.) bands of the crown sidechain and the terphenyl units, respectively. Any residual 

absorption at 1700 cm-1 in the FTIR of the COFs is probably due to moisture included in 

the pores.29 13C cross-polarization (CP) magic-angle spinning nuclear magnetic resonance 

(CP-MAS NMR) was also performed to confirm the formation of the COFs (Fig. 1c). Taking 

NC12-TAB COF, for example, the peak at 159 ppm is attributed to the carbon of the C=N 

bond. Peaks at 71 and 74 ppm are assigned to carbon atoms of crown ethers units, and 

the other intense resonance signals at 100–152 ppm originate from aromatic carbon atoms 

of the phenyl rings.29 Peaks around 20 and 225 ppm are spinning sidebands.31 Similar 

spectra were obtained for NC15-TAB COF and NC18-TAB COF. 

Fig. 1. Design and synthesis of NCx-TAB COFs. a, Synthesis of NCx-TAB COF. b, FTIR 

spectra of the NCx-TAB COF building blocks and the NCx-TAB COFs. Note the similarity 

of the spectra of COFs. c, 13C CP-MAS spectra of the NCx-TAB COFs. d, Nitrogen sorption 

isotherms for NCx-TAB COFs measured at 77 K. e, Pore size distribution profiles of NCx-

AFB COFs derived from nitrogen sorption data. 



 

Ordered porous structure is another important feature of COFs. The permanent 

porosity of these COFs was studied by N2 isotherm at 77 K. All three COFs show Type IV 

isotherms with relatively low adsorption suggesting mesoporous structures of the materials 

(Fig. 1d). The Brunauer-Emmett-Teller (BET) surface areas for NC12-TAB COF, NC15-

TAB COF and NC18C-TAB COF were calculated to be 44.12, 44.19 and 38.25 m2 g-1, 

respectively. It has been observed in other cases that the crown ether units obstruct pores 

to some extent, interfering with N2 adsorption in the BET technique, resulting in relatively 

low specific surface areas of the materials.32,33 Pore size distributions were calculated from 

N2 adsorption data by using the DFT method and revealed that NCx-TAB COFs are 

mesoporous with pore sizes around 3.54 nm for NC12-TAB COFs (Fig. 1e) The pore size 

is close to the simulated value (5.3 nm) with the difference probably being due to a 

combination of disorder in the polymer framework and distortion of the flexible crown ether 

moieties upon solvent removal.29,33 These data demonstrate the successful preparation of 

NCx-TAB COFs as porous imine framework polymers. 

The high crystallinity of the crown-COFs is confirmed by the presence of sharp 

diffraction peaks in the small angle region of their powder X-ray diffraction patterns (pXRD; 

Fig. 2). Considering the geometry of the precursors, the connection patterns and a layered 

morphology observed by SEM and TEM, 2D topologies of the materials are expected. A 

structural model based on a 2D network structure with an AA stacking mode for NCx-TAB-

COFs (Fig. 2) gave the following unit cell parameters for the structures: a = 52.4 Å, b = 

52.4 Å, c = 3.6 Å, α = 90o, β = 90o, and γ = 120o). The experimental pXRD pattern for NCx-

TAB exhibited two main diffraction peaks at around 2.2o and 20.0o
 assigned respectively to 



the (100) and (001) reflections. The experimental pXRD patterns (Fig. 2a-c) are in good 

agreement with the simulated patterns based on an AA stacking structure of NCx-TAB 

COFs (Fig. 2b-h) suggesting that the materials consist of an eclipsed porous structure. 

The lattice modeling and Pawley refinement (Materials Studio, version 7.0) provide 

excellent agreement factors, with unit cell parameters a = 52.49 ± 0.0438, b = 52.43 ± 

0.044, c = 3.59 ± 0.003, α = 90.027 ± 0.0068, β = 90.0005 ± 0.0097, γ = 120.1119 ± 0.003 

for NC12-TAB COF (Rwp = 4.24 %, Rp = 3.2 %), a = 52.44 ± 0.0625, b = 52.46 ± 0.0671, c 

= 3.58 ± 0.0045, α = 90.0048 ± 0.0100, β = 90.0360 ± 0.0069, γ = 120.0380 ± 0.0037; for 

NC15-TAB COF (Rwp = 2.65 %, Rp = 1.91 %), and a = 52.458 ± 0.2577, b = 52.449 ± 

0.2540, c = 3.5842 ± 0.01756, α = 89.925 ± 0.0123, β = 90.0372 ± 0.0177, γ = 119.8825 ± 

0.0120 for NC18-TAB COF (Rwp = 3.48 %, Rp = 2.05 %), after optimization. The crown-

COF materials were also examined using high-resolution transmission electron 

microscopy (HR-TEM) to assess any long-range ordered internal structures. As shown in 

Fig. 2g-i, a combination of pores and layered structures can be observed in face-on and 

edge-on directions for NC12-TAB COF, NC15-TAB COF and NC18-TAB COF, further 

confirming their ordered structures.  



Fig. 2. Powder XRD patterns and HR-TEM images of crown-COFs. Experimental (red), 

the simulated patterns for eclipsed AA stacking mode (blue) of a, NC12-TAB COF, b, NC15-

TAB COF, and c, NC18-TAB COF. Model AA stacking crystal structure of top and side views 

of d, NC12-TAB COF, e, NC15-TAB COF, and f, NC18-TAB COF; TEM images: g, NC12-

TAB COF, h, NC15-TAB COF, and i, NC18-TAB COF. 

 

Crown-COF Morphology Control. As mentioned previously, the optimized reaction for 

the construction of NC-TAB COFs with a uniform nanoflower morphology involves using a 

solvent mixture (1:4 v/v 1,2-dichlorobenzene:1-butanol) and Sc(OTf)3 as a Lewis acid 

catalyst under solvothermal conditions. Solvent system, catalyst and reaction temperature 

are all critical in the control of product morphology and yield, and for the optimization of 

crystallinity. Taking the synthesis of NC18-TAB COF as an example, three different solvent 

mixtures were applied with other conditions (concentration, temperature, catalyst) fixed, to 



assess morphology control by this method (see Table 1). Mesitylene/dioxane yielded a 

spherical particulate morphology with diameters in a wide range from 1.3 to 8 μm while 

N,N-dimethylformamide/dioxane gave an aggregated particle morphology. A 

homogeneous nanoflower-like morphology of NC18-TAB COF with uniform particles of 1 

μm diameter could be obtained only in 1,2-dichlorobenzene/1-butanol. Solvent-based 

morphology control arises due to different solvent-microcrystal interactions during the 

reaction.34 COF yield is also improved (to ~30% from ~10%) in this solvent mixture. The 

yield was further improved by optimizing the catalysts where the strong Lewis acid Sc(OTf)3 

increased the yield of NC18-TAB COF from ~30% (Cat: acetic acid) to ~80% with a 

concurrent improvement in crystallinity of the product.35 We also studied the effect of 

temperature on product morphology where NC18-TAB COF products obtained at 50 °C 

had a nanoscale sheet-like morphology without assembly into a nanoflower sphere. At 

higher temperature (130 °C), intermediates are subjected to higher diffusion rates and 

greater surface energy leading to the formation of multiple nuclei during growth and rapid 

branching, resulting in nanoflower-like structures. Under similar reaction conditions, NC12-



TAB COF and NC15-TAB COF also resulted in nanoflower morphology. (Fig. S1-S3)  

Fig. 3. Morphology control experiments. a, SEM and b, TEM images of NC18-TAB COF 

prepared using 1,2-DCB/1-butanol (1:4 v/v) as solvent with Sc(OTf)3 as the catalyst at 

130 °C. SEM images of NC18-TAB COF using c, mesitylene/dioxane or d, DMF/dioxane  

as solvent and acetic acid as catalyst at 130 °C. e, SEM image of NC18-TAB COF obtained 

using 1,2-DCB/1-butanol as solvent and Sc(OTf)3 as catalyst at 130 °C. f, Powder XRD 

patterns of NC18-TAB COF obtained using acetic acid (black) or Sc(OTf)3 (red) as catalyst.  

 

Table 1 Optimization of the reaction condition for making NCx-TAB-COF with 

controlled solvent, temperature and catalyst. 

Solvent Temperature and 

Catalyst 

Yield 

Mesitylene / Dioxane 

Temperature: 130 oC 

Catalyst: 6 M Acetic Acid 

< 10% 

DMF / Dioxane < 10% 

1,2-DCB / 1-Butanol 

~30% (the yield can reach 

80% when using Sc(OTf)3 

as catalyst) 

 

 

 

 

 

 

 



Selective sequestration performance for alkali metal cations 

Given the high density of CEs in the skeleton of these COFs and their highly ordered 

porous structures, we have assessed their use for electrochemical capture of alkali metal 

ions. For proof-of-concept, an asymmetric capacitive deionization configuration with NCx-

TAB COFs as cathode (for alkali metal ion capture) and activated carbon (AC) as the anode 

(for chloride anion capture), was constructed (for a schematic see Figure S. Compared to 

symmetric configurations, asymmetric electrode configurations facilitate ion capture 

performance due to larger safe operating voltages and greater flexibility in the choice of 

electrode materials.36 During the electrochemical ion capture process, no bubbles of gas 

could be observed, indicating that side reactions such as chlorine generation or water 

splitting were absent. The concept of the potential process for selective ion capture is 

illustrated in Fig. 4a. It is well known that crown ethers can serve as hosts for binding of 

target cations due to their macrocyclic cavities and multiple electron-donating ligand 

valency. Functional group modification (in this case introduction of an amide) or the 

introduction of heteroatoms into the ring can alter its selective adsorption properties. 

Typical selectivity trends can also be reversed when ion dehydration effects or ion-pore-

wall interactions become significant.18 Crown ethers with different multiplicity of oxygen 

atoms have different solvation capabilities and flexibility. Therefore, varying the type of 

crown ethers (multiplicity of O atoms) within the pore channel should enable the 

optimization of energy differences between cations captured in the materials leading to 

enhanced selectivity of adsorption for targeted ions with concurrent exclusion of others.37 

In this case, the NCx-TAB COF series have no effective capacity Li+ ions (data excluded). 



However, as shown in Fig. 4b-d, NC12-TAB COF exhibits selectivity for alkali metal cations 

in the order K+ > Rb+ > Cs+ > Na+, with a capacity of 2.91, 1.71, 0.99, and 0.66 mmol g-1, 

respectively. For the NC15-TAB COF, selectivity is modulated in the order Rb+ > K+ > Cs+ > 

Na+, with respective capacities of 2.64, 1.96, 1.55, and 0.49 mmol g-1. For NC18-TAB COF, 

selectivity arises in the order Rb+ > Cs+ > K+ > Na+ with capacities of 2.24, 1.82, 1.43, and 

0.10 mmol g-1, respectively. Notably, the NC18-TAB COF shows the highest selectivity of 

K+ over Na+ with a selectivity of 14.26, and the highest Rb+ / Na+ selectivity of 22.4. 

Considering the cations, K+ and Na+ exhibit a decreasing trend in capacity with respect to 

the size of crown ether rings, while the Cs+ cations display a contrary tendency. For Rb+, 

the highest capacity for sequestration is found for NC15-TAB COF.  

Fig. 4. Electrochemical alkali metal cation sequestration by NCx-TAB COFs. a, Proposed 

potential selective capture mechanism. Electrochemical selective alkali metal cation 

capture performance of b, NC12-TAB COF, c, NC15-TAB COF, and d, NC18-TAB COF. e, 

Binding modes of M+ and COFs estimated using density functional theory (DFT) 

calculations (see Supplementary Information, Section 5 for details). 



Mechanism of selective alkali metal cation capture 

The above tendencies of alkali metal cation binding appear to deviate from the 

expected intrinsic ion binding affinity of the crown ethers. For example, 12-crown-4 ether, 

which has a cavity size similar to NC12, typically favors Li+ over other larger cations.38 This 

suggests that the ion-capture mechanism by NCx-TAB COFs may not be governed solely 

by the interaction between the cations and the electron-donating atoms of individual crown 

ether macrocycles, potentially involving more complex binding modes. Therefore, 

theoretical calculations were performed to explore possible modes of cation capture by 

NCx-TAB COFs. First, density functional theory (DFT) calculations were employed to 

calculate the dissociation free energies of the cation–crown ether complexes (see Table 

S1), denoted as M+ ∈ NCx (x = 12, 15, 18 with ΔG = GM+ + GNCn – GM+∈NCn). The results 

highlight the strong binding of Na+ to all of the crown ethers, with dissociation free energies 

of 5.3, 9.5, and 19.5 kcal mol−1 in the Na+ ∈ NC12, Na+ ∈ NC15, and Na+ ∈ NC18 

complexes, respectively. This suggests that if the binding mechanism were governed solely 

by the interaction between M+ and lone pairs of a single crown ether ring, Na+ should exhibit 

the strongest binding. 

Molecular dynamics (MD) simulations were also performed to further investigate the 

capture mechanism of cations involving multiple crown ethers (see Supplementary 

Information, Section 6 for details). The MD simulation results validate the DFT findings in 

that Na+ binds strongest to the crown ethers, since the predominant binding mode of 

cations involves only one crown ether (monomer CE mode, see Fig. 4e). However, we also 

identified binding modes involving two crown ethers (dimer CE mode) and an alternative 



mode, where M+ interacts with oxygen atoms of one crown ether and the amide carbonyl 

group of another crown ether in close proximity (C=O-assisted mode). Finally, since COFs 

consist of a large number of electron-rich aromatic moieties, cation–π interactions might 

also play a role in the ion-capturing process.39, 40 

Based on the evidence obtained from DFT calculations and preliminary MD 

simulations, we hypothesize that the unexpectedly higher selectivity of larger cations could 

be linked to the porous structure of the particles. Given their lower dehydration-free 

energies and smaller hydrodynamic radii,41 K+, Rb+, and Cs+ permeate more easily through 

the nanoflower particles with smaller pore sizes. Conversely, Na+ and Li+ have significantly 

higher dehydration-free energies and hydrodynamic radii, so that they diffuse into the 

porous structure at a much slower rate being captured predominantly at the surface of the 

particles (so occupying fewer binding sites).  

 

Conclusion 

In conclusion, we have successfully synthesized a series of COFs containing different 

crown ether moieties as branched groups using an optimized imine condensation reaction. 

The resulting NCx-COFs were used for the electrochemical separation of alkali metal ions. 

This represents a new efficient method for the synthesis of imine-linked crystalline COFs 

containing crown ethers as side chains, with the materials exhibiting good crystallinity in a 

controlled nanoflower-like morphology. The resulting COF-electrodes demonstrate 

superior performances in the selective sequestration of alkali metal cations. Notably, 

NC18-TAB COF showed a high selectivity of K+ over Na+ at 14.26 and a high Rb+ / Na+ 



selectivity of 22.4. Our results demonstrate that COFs offer a powerful platform for the 

precise design of synthetic cation absorbents with unprecedented selectivity based on the 

integration of crown ether units.  
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Methods 

Chemicals and reagents 

Reagents and dehydrated solvents (in septum-sealed bottles) used for syntheses and 

spectroscopic measurements were purchased from Tokyo Kasei Chemical Co., Wako 

Chemical Co., Nacalai Tesque Chemical Co. or Aldrich Chemical Co. and were used as 

received. Silica gel for chromatographic separations was obtained from Wako Chemical 

Co. Ltd. (Silica gel 60N, spherical, neutral, particle size 63 – 210 μm).  

Synthesis of NCx-TAB COFs  

Synthesis and characterization of COF precursors are given in the Supplementary 

Information. NCx-TAB COFs (X = 12 for 12C4, 15 for 15C5, 18 for 18C6) were synthesized 

by condensing the respective NCx-macTP-(CHO)2 with 1,3,5-tris(4-aminophenyl)benzene 

(TAB), in a solvent mixture (1,2-dichlorobenzene : 1-butanol, 1 : 4 v/v) using scandium 

tris(trifluoromethanesulfonate) as a Lewis acid catalyst under solvothermal conditions. 

 

Characterization 

Powder X-ray diffraction patterns were recorded using a Rigaku SmartLab diffractometer 

equipped with a Cu anode X-ray source (40 kV, 15 mA) in standard Bragg-Brentano 

geometry. Nitrogen gas adsorption-desorption isotherms of the porous polymers were 

measured using an automatic adsorption instrument (Quantachrome Instruments, 

Autosorb-iQ2, USA) at liquid nitrogen temperature (77.35 K). Patterns were recorded in 

the range 2–80 degrees 2θ at a scan rate of 4 deg. min-1. SEM images were collected 

using an S-4800 FE-SEM (Hitachi, Japan) operated at an accelerating voltage of 10 kV. 



Transmission electron microscopy (TEM) was performed using a JEM-2100F instrument 

(JEOL, Japan) operated at 200 kV. Pore size distributions were calculated from the 

adsorption branches of the isotherms using a nonlocal density functional theory (DFT) 

method.  

 

Electrochemical selective cation capture performance. 

Selective alkali metal ion capture properties of the three COFs were conducted using a 

capacitive deionization cell consisting of the NCx-TAB COFs cathode, an activated carbon 

(AC) anode, an anion exchange membrane (AEM), and a cation exchange membrane 

(CEM) (Supplementary Figure 4). All electrodes were prepared as follows: active material, 

super P and PVDF in a weight ratio of 70 % : 20 % : 10 % were mixed in N-

methylpyrrolidone (NMP) to form a slurry. The slurry was then dropped onto graphite paper 

(2.5 cm2 × 2.5 cm2) and dried at 60 °C for 12 h. Batch-mode desalination experiments were 

conducted in aqueous alkali metal chloride salt solution with a continuous recycling system, 

including a CDI apparatus, a peristaltic pump, a power source, and a tank. In each 

experiment, the real-time saline concentration, current, and pH variation were monitored 

and measured at the outlet of the CDI apparatus. The volume of the saline solution was 

fixed at 30 mL and the operating voltage was 1.5 V. The duration of each half-cycle was 

30 min to ensure near-equilibrium conditions. The cation adsorption capacity (IAC (M+), 

mg g-1) at t min was calculated using the following equations: 

𝐼𝐴𝐶 (𝑀+) = (𝐶0 − 𝐶𝑡) × 𝑉 × 𝑀𝑀
+/(𝑚 × 𝑀) 

𝐼𝐴𝑅(𝑀+) = 𝐼𝐴𝐶(𝑀+)/𝑡 

where C0 and t are the concentrations of MCl (M = Na, K, Rb, and Cs) at the initial stage 



and t min, respectively, V is the volume of the MCl solution (L), m is the mass of the active 

materials (mg), M is the molar mass of MCl and MM+ is the molar mass of M+.  

 

Dissociation free energy of M+-crown-ether 

Density functional theory (DFT) calculations and molecular dynamics (MD) simulations 

were performed to study the binding (or dissociation) of alkaline cations M+ (Li+, Na+, K+, 

Rb+, Cs+) to three crown ethers NC12, NC15, and NC18. The dissociation free energies 

(ΔG = GM+ + Gcrown ether – GM+∈crown ether) of M+ from the three crown ethers were calculated 

with DFT implemented in the Turbomole software package.42-43 All optimized structures in 

the gas phase were obtained at the PBE-D3(BJ)/def2-SVP level of theory.45-46 The 

character of the optimized structures and quasi-harmonic Gibbs free energy corrections 

were characterized by subsequent frequency calculations. On top of the optimized 

structures, single-point calculations with B3LYP-D3(BJ)/def2-TZVP were done.47-50 The 

implicit COSMO solvation model was used to account for the water environment.51 Here, 

we employed models consisting of NC12-macTP, NC15-macTP, and NC18-macTP 

segments of the COFs. We deemed that these models are sufficiently large to correctly 

describe the binding of alkaline cations to the crown ethers. 

Optimized structures of the cation–crown ether complexes, denoted as M+ ∈ NC12, 

M+ ∈ NC15, and M+ ∈ NC18, are shown in Supplementary Figure 5. The average bond 

distances between M+ and the ether oxygen atoms, as well as the M+ – nitrogen distances, 

are shown in Supplementary Table 2. The total energies (in Eh) of cations (Supplementary 

Table 3)52, total energies (in Eh) of NC12 and M+ ∈ NC12 (Supplementary Table 4), total 

energies (in Eh) of NC15 and M+ ∈ NC15 (Supplementary Table 5), and total energies (in 



Eh) of NC18 and M+ ∈  NC18 (Supplementary Table 6) are also presented in 

Supplementary Information.  

 

MD simulations of M+ ∈ NC12, M+ ∈ NC15, and M+ ∈ NC18 complexes 

To investigate the stability of M+ ∈ NC complexes, MD simulations with multiple crown 

ethers were performed using the Gromacs software package.53 The models are shown in 

Supplementary Figure 6. Each model includes five COF layers, with each layer containing 

18 crown ethers. An AA stacking structure was employed. Initially, we introduced 90 

alkaline cations between the crown ethers. The simulation box was then neutralized with 

90 Cl− anion and solvated with ~180,000 TIP3P water molecules.54 This results in a 

simulation box containing more than 500,000 atoms. The OPLS-AA force field was used,55 

with the aid of the PolyParGen web server.56-58 Energy minimization was performed using 

the steepest descent method with a threshold for the maximum force of 100.0 kJ mol–1 nm–

1. Long-range electrostatic interactions were treated using the fast smooth Particle-Mesh 

Ewald (PME) technique, with fourth-order cubic interpolation and a grid spacing of 0.16 

nm.59-60 Both short-range electrostatic cut-off and Van der Waals cut-off were set to 1 nm. 

NVT and NPT equilibration steps of 400 ps were then performed at T = 300 K and p = 1 

atm. A value of 2 fs was used as the time step for integration. The V-rescale thermostat61 

was used with a coupling time of 0.1 ps, whereas the C-rescale barostat62 with a coupling 

time of 2.0 ps was employed. The LINCS algorithm was employed to constrain bonds with 

hydrogens.63 Finally, a short NPT production run of 40 ns was conducted. In the last 

snapshot of the simulation, we analyzed the number of ions captured by the crown ethers, 



which should correlate with the M+–crown ether dissociation energy. The last snapshots of 

the simulations are depicted in Supplementary Figure 6. 
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