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Intrinsically charged covalent organic frameworks (COFs) afford specific ionic nanochannels for mass transport,
and thus become promising platforms to design membranes with unique selectivity. However, internal elec-
trostatic repulsion and large-pore frameworks cause significant barriers that greatly limit membrane perfor-
mances. Herein, we report a novel strategy to synchronously crystallize and upgrade cationic COF membranes by
ion-pairing design. Ion-paired guest molecules are involved in electric-driven interfacial crystallization to offset
the charges of the ionic monomers and host frameworks. This host-guest neutralization promotes the crystalli-
zation of compact COF membranes. Lateral dimension and charge nature of guest molecules fundamentally affect
the ion-pairing efficiency. Tight encapsulation of the large-sized electronegative molecules effectually narrows
the molecular sieving channels, yielding a significant elevation in membrane selectivity. The membrane rejection
of organic ions with a size larger than 1.2 nm thus can be improved from below 50 % to above 85 % with a water
permeance of ~10 L m~2 h™! bar~l. Prominently, our membranes demonstrate efficient recovery and pH-
dependent release of bioactive pharmaceuticals, with a release rate that is 12 times higher in an acidic solu-
tion compared to a neutral environment. This work provides an ion-pairing strategy to regulate COF membranes

for pharmaceutical industries and beyond.

1. Introduction

The growing demand of selective molecular and ionic separations in
liquids has stimulated the fundamental and practical research of nano-
filtration (NF) membranes in widespread areas [1]. In the past decade,
significant efforts have been devoted to improving the overall perfor-
mance of NF membranes to meet the increasingly challenging separation
tasks. The development of molecularly thin membranes represents a
breakthrough in NF techniques and inspires numerous follow-up studies
[2,3]. On-demand NF processes are now available by processing smart
materials into continuous and robust membranes [4-7]. Moreover,
post-synthetic modification is also developed to finely tune the pore
chemistry and configuration of NF membranes [8,9]. As a great advance
in this field, porous materials featuring regular structures have been
explored to innovate NF technologies [10-13]. Inspired by these
structure-specific materials, particular attempts have been made to

regulate the interfacial polymerization of traditional polymers to ho-
mogenize the originally irregular pores [14,15]. These previous reports
highlight that the exploration of structure-uniform materials is of great
significance for advancing NF membranes.

Covalent organic frameworks (COFs) are representative porous
crystalline materials built from linking organic monomers through
reticular chemistry [16,17]. Taking advantages of their regular and
tailorable pores, COFs offer special potential to produce new-generation
NF membranes for selective separation of molecules and ions [18-20].
For instance, their highly ordered pores with designable aperture sizes in
the range of approximately 1-5 nm can perform accurate sieving of
complex mixtures with minimal differences in dimensions [21]. The
excellent resistance to solvents further promises their viable application
for NF-based molecular separation in organic liquids [22]. Typically, the
structure and functionality of monomers determine the characteristic of
the resulting frameworks and thus the potency of COF-based NF
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membranes [23-25]. However, monomers capable of crystallizing into
defect-free membranes are limited, posing a challenge to fabricate COF
membranes with a wide structural diversity and designability [26].
Moreover, in spite of numerous existing synthetic strategies, there is a
scarcity of viable methods to precisely manipulate the pore wall mi-
croenvironments of COF membranes [27].

Ionic COFs with evenly distributed charges in their well-defined
channels are attractive for the design of pore wall microenvironments
[28,29]. Their charge-intensive channels could interact with targeted
species to deliver charge-selective separations [30,31]. Nevertheless, the
intensive charge repulsion within frameworks in turn impedes the direct
crystallization of ionic COFs to form intact and mechanically stable
membranes [32]. As a result, the synthetic method of ionic COF mem-
branes remains limited, mostly relying on the pressure-driven stack of
delaminated nanosheets [33]. Thus, a novel protocol for the efficient
synthesis and amelioration of ionic COF membranes is desired.

Ion-pairing, known as the electrostatic attraction between oppositely
charged groups, finds vital applications in organic synthesis and chiral
catalysis [34]. The strong Coulomb forces exert a huge impact on re-
actions involving charged species and intermediates. The design prin-
ciple of ion-pairing has been demonstrated in the selectivity control of
C—H bond functionalization [35]. Given the inborn charges of ionic
COFs, we envision an ion-pairing designed protocol to promote the
synthesis of ionic COF membranes with improved performance.

In this work, we have demonstrated an ion-pairing strategy for the
simultaneous preparation and upgrading of ionic COF membranes.
Oppositely charged molecular additives can neutralize the ionic mono-
mers and the synthetic frameworks through ion-pairing. Such neutrali-
zation promotes the growth of robust ionic COF layers on porous
substrates with a suggested method of electric-driven interfacial crys-
tallization (EDIC, Fig. S1). The optimum guest additives are tightly
encapsulated in the generated frameworks, which elevates the mem-
brane selectivity by shrinking the molecular sieving channels. Signifi-
cantly, the ion-pairing designed membranes demonstrate the recovery
and controlled release of bioactive pharmaceuticals, offering great
promise for real-world applications.

2. Experimental section
2.1. Materials

1,3,5-Triformylphloroglucinol (Tp, 97 %) and triaminoguanidinium
chloride (TG, 98 %) were purchased from Jilin Yanshen Technology.
Mesitylene (98 %), 1,4-dioxane (99 %), acetic acid (99.8 %), N,N-
dimethylformamide (DMF, 98 %), 1,3,6,8-pyrenetetrasulfonic acid tet-
rasodium salt (Nas4PTS, 97 %), tetraoctyl ammonium bromide ([N(n-
oct)4]Br, 98 %), tetrabutyl ammonium bromide ([N(n-but)4]Br, 99 %),
and alcian blue 8 GX (AB) were supplied by Aladdin. Evans blue (EB),
acid fuchsin (AF), methyl orange (MO), chrome black T (CB-T), Congo
red (CR), methyl blue (MB), crystal violet (CV), rhodamine B (RB), and
hydrochloric acid (HCl, 37 %) were purchased from Beijing Institute of
Chemical Reagent. Ethyl acetate (99 %) and polyethylene glycol 400
(PEG400) were obtained from Shanghai Lingfeng Chemical Reagent.
Amoxicillin (99 %), vitamin C (99 %), rifampicin (98 %), tetracycline
(98 %), spiramycin (98 %), and potassium bromide (KBr, 99 %) were
purchased from Macklin. Polyacrylonitrile (PAN, 85 kDa) and
nonwoven fabric were purchased from local suppliers. Tetrahydrofuran
(THF, 99.5 %), tris(2,2-bipyridine)ruthenium(II) chloride hexahydrate
(Ru(bpy)sCly, 98 %), and sodium sulphate (NaySO4, 98 %) were sup-
plied by Energy Chemicals. Indium-doped tin oxide (ITO) conductive
glasses were obtained from Hefei Kejing Material Technology. Deionized
water (conductivity: ~2-10 pS cm™!) and ethanol (99.7 %) were used in
all the tests. All the reagents and chemicals were used without further
purification.
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2.2. Solvothermal synthesis of TpTG

Tp (0.2 mmol, 42 mg) and TG (0.2 mmol, 28 mg) were charged into a
Pyrex tube (10 x 8 mm? and length 18 cm), followed by adding 2 mL of
1,4-dioxane and 0.6 mL of water. The mixture was sonicated for 20 min
to achieve sufficient dispersion, after which a degassing process was
carried out in liquid Ny by freeze-pump-thaw procedures for 3 cycles.
The tube was then flame sealed and kept at 120 °C for 3 days. The
generated TpTG powders were collected by filtration, washed with THF
by Soxhlet extraction, and then dried at 80 °C overnight.

2.3. Adsorption tests of TpTG

Aqueous solutions of various charged molecules (25 ppm) were
prepared, and 25 mg of TpTG powders were added to 40 mL of the above
solutions. The adsorption tests were performed for 48 h at room tem-
perature. The capture ratio was determined by the concentration of
charged molecules in the solution using an UV-vis spectrophotometer
(NanoDrop 2000C, Thermo Fisher). After adsorption, the TpTG powders
were collected by filtration, washed with water and ethanol, and then
dried at 80 °C overnight. The resultant powders were denoted as TpTG-
X, in which X stands for the adsorbed molecules. The adsorption stability
of the TpTG-X powders was also examined. 20 mg of the TpTG-X pow-
ders were added to 40 mL of water, followed by ultrasonication at 600 W
for 2 h. The retention rate of charged molecules was quantified by
UV-vis spectroscopy.

2.4. Preparation of PAN substrates

PAN substrates were prepared by non-solvent induced phase sepa-
ration. PAN powders were dried under vacuum at 80 °C overnight and
then dissolved in the mixture of DMF (solvent) and PEG400 (porogen) to
form a polymer dope. The mass fractions of PAN, PEG400, and DMF
were 11 wt%, 4 wt% and 85 wt%, respectively. The dope was heated
under 60 °C for 3 h, stirred at 80 °C for 8 h, and then kept undisturbed for
degassing at room temperature overnight to obtain a homogeneous
casting solution. To prepare PAN substrates, the above solution was cast
on the non-woven fabric using a casting knife with a gate height of 200
pm, which was then immediately immersed into water for phase
inversion. Thus-prepared PAN substrates were thoroughly washed and
stored in water before further use.

2.5. Ion-pairing designed synthesis of TpTG membranes

Tp (0.43 mmol, 90.3 mg) was dissolved in a mixture of ethyl acetate
(36 mL) and mesitylene (174 mL) to form the organic phase. For aqueous
phase, TG (0.58 mmol, 81.5 mg) was dissolved in acetic acid aqueous
solution (210 mL, 3 mol L™1), followed by the addition of charged ad-
ditives to reach designated concentrations. The PAN substrate was
tightly clamped in the middle of a homemade diffusion cell, and then 70
mL of the two monomer solutions were gently poured into each side of
the cell. It should be noted that the top layer of the PAN substrate faced
the organic phase. Afterwards, two pieces of ITO conductive glass
(length 5 cm x width 2.5 cm) were vertically inserted into both phases
with a horizontal distance of 8 cm, and the conductive sides faced each
other. The ITO glasses in organic phase and aqueous phase served as the
cathode and the anode, respectively. A direct current voltage of 100 V
was applied between the two electrodes for membrane synthesis. After
designated synthesis durations, the resulting membranes were stored in
water after being rinsed with ethanol and water. Thus-prepared mem-
branes were denoted as TpTG@YZ, in which Y stands for the concen-
tration (ppm) of charged additive Z in the aqueous phase. For example,
membranes prepared with 20 ppm EB in the aqueous phase were
denoted as TpTG@20EB. The neat TpTG membrane free of charged
additives was also prepared as a control.
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Fig. 1. Adsorption of charged molecules by TpTG powders. (a) Scheme for the synthesis of TpTG. (b, ¢) Molecular structures of the charged molecules. (d) Zeta
potential of the charged molecules. (e) Static adsorption curves of various molecules. (f) Capture ratio of various molecules after 48 h.

2.6. HCl-digesting of the molecule-encapsulated membranes

To determine the actual loading of molecules encapsulated in the
membranes, the molecule-encapsulated membranes were digested by
immersing in 1 mol L™ HCl aqueous solution for 48 h. The amount of
the charged molecules encapsulated in the membranes was calculated
according to the absorbance of the digested solutions and the standard
curve of molecule solutions using an UV-vis spectrophotometer. The
loading of charged molecules was defined as the mass of charged mol-
ecules in per unit mass of the molecule-encapsulated membrane (mg

g .
2.7. Characterizations

A field-emission scanning electron microscope (SEM, Hitachi S-
4800) was employed to study the morphologies of the TpTG powders
and membranes at an accelerating voltage of 3 kV after Au coating. For
transmission electron microscopy (TEM) characterization of the mem-
brane cross-section, the membrane was embedded into epoxy resin and
then cut into an 80 nm thick slice using a Leica EM UC7 ultramicrotome.
The slice sample was placed onto a copper grid followed by TEM im-
aging on a FEI Talos F200X G2 microscope at a voltage of 200 kV.
Fluorescence images of the membranes were obtained using a fluores-
cence microscopy (Leica DFC7000T). Fourier transform infrared (FTIR,

Nicolet 8700) spectroscopy was utilized to study the chemical compo-
sitions of the monomers, TpTG powders and membranes with the
wavenumber ranging from 4000 to 1000 cm™'. The attenuated total
reflection (ATR) mode and KBr pressed pellet methods were used for
membrane and particulate tests, respectively. Elemental analysis was
conducted using X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific, K-alpha) and energy dispersive X-ray (EDX) mapping. The
powder X-ray diffraction (XRD) patterns were measured at room tem-
perature by a Rigaku Smart Lab X-ray diffractometer with Cu Ka radi-
ation (A = 0.15418 nm) at 20 of 2-40° with a step of 0.02° s L Nitrogen
adsorption-desorption measurements of the TpTG powders were con-
ducted on a surface area and porosity analyzer (Micrometrics ASAP
2460) at 77 K. Brunauer-Emmett-Teller (BET) surface areas and pore
size distributions were obtained from the sorption curves based on the
nonlocal density functional theory (NLDFT). The surface topography of
the membranes was obtained by atomic force microscopy (AFM, XE-100,
Park Systems) imaging. Water contact angles of the membranes were
obtained using a contact angle goniometer (DropMeter A100, Maist).
Surface Zeta potentials of the membranes were performed on a SurPASS
electrokinetic analyzer (Anton Paar GmbH) under the streaming po-
tential method. A 0.1 mM of KCl solution was adopted as the background
electrolyte solution. The pH values during the test were adjusted by 0.1
M HCI and NaOH aqueous solutions. Liquid Zeta potentials of the so-
lutions were measured by a Malvern Zetasizer Nano ZS90 system.
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2.8. Filtration tests

Water permeance and separation performance of the membranes
were measured at room temperature under a trans-membrane pressure
of 1 bar, using a stirred dead-end filtration cell (Amicon 8003, Milli-
pore). Water permeance (L m 2 h! bar'!) was calculated by the
following equation:

Water permeance = V/(AtP)

where V (L) stands for the volume of pure water that goes across the
effective area A (m?) of the membrane in a predetermined time t (h)
under the trans-membrane pressure P (bar). Separation performance
was evaluated using a 25-ppm Ru(bpy)sCl, aqueous solution as the feed.
The rejection rate (%) was calculated as:

Rejection=(1-C,/Cy) x 100%

where C;, and Crare the Ru(bpy)sCl; concentrations in the permeate and
feed, respectively, which were determined by an UV-vis spectropho-
tometer. Moreover, for the separation of NaySO4, NasPTS, and [N(n-
but)4]Br, the concentrations were evaluated by an electrical conduc-
tivity meter (S230-K, Mettler-Toledo).

To evaluate the durability of our membrane, a long-term filtration
test was performed on the TPEG@20EB membrane using the afore-
mentioned dead-end filtration method. The filtration test lasted for 12 h
without interruption, during which the water permeance and Ru
(bpy)sCly rejection were assessed at a 2-h interval.

2.9. Recovery and controlled release of pharmaceuticals

Pharmaceuticals including tetracycline (25 ppm), rifampicin (25
ppm), and spiramycin (10 ppm) were dissolved in water and ethanol as
the feeds for drug recovery tests using TpTG@20EB membranes. The
rejection rate (%) was calculated as:

Rejection=(1-C/Cy) x 100%

where C, and Cr are the concentrations of pharmaceuticals in the

permeate and feed, respectively, which were determined by an UV-vis
spectrophotometer.

For the controlled release experiments, the pharmaceutical-
encapsulated membranes were prepared with 40 ppm amoxicillin,
vitamin C and rifampicin in the aqueous solutions for 48 h under 100 V.
The release experiments were carried out by immersing the above
membranes in 25 mL of simulated body fluid (phosphate-buffered saline
solution, pH = 7.4) and simulated gastric acid (hydrochloric acid, pH =
2.0) for 6 days. The concentrations of pharmaceuticals in the solutions
were measured at specified time intervals using an UV-vis spectropho-
tometer. The release ratio of pharmaceuticals was calculated according
to the standard curves of absorbance and concentration.

3. Results and discussion
3.1. Screening of specific charged additives

Cationic TpTG crystallized from aldehyde Tp and positively charged
amine TG was selected as the representative COF for ion-pairing design
(Fig. 1a). We studied the structure of TpTG powders produced by sol-
vothermal synthesis. In the FTIR spectra (Fig. S2), the disappearance of
—C=0 at ~1647 cm ™! in Tp and -NH, at ~1683 cm ™! in TG elucidates
the occurrence of Schiff-base reaction between the monomer pairs. The
newly formed —C=C at ~1607 cm ™! and —C-N at ~1297 cm™! refer to
the formation of TpTG with a keto-enamine configuration [36]. EDX
mapping images visualize the characteristic elements of C, N, O, and Cl
from TpTG (Fig. S3). The XRD measurement depicts obvious diffraction
peaks at ~9.7° and ~27° (Fig. S4), which correspond to the (100) and
(001) planes, respectively, indicating a crystalline structure [37].
Moreover, Nj sorption tests manifest the microporous feature (~1.2 nm)
of TpTG with a BET surface area of ~204 m? g ! (Fig. S5). These spectral
and structural determinations confirm the successful synthesis of crys-
talline TpTG.

To screen eligible charged additives for the ion-pairing design of
TpTG, static adsorption of various molecules with designated charges
and lateral sizes by TpTG powders was investigated. Fig. 1b-d show the
molecular structures and Zeta potentials of these probe adsorbates.
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Compared to the positively charged molecules, cationic TpTG exhibits a
distinguished affinity to the electronegative ones in terms of both
adsorption ratios and rates (Fig. 1e). This distinctive adsorption capa-
bility enables effective separation of molecular pairs with opposite
charges from their mixture (Fig. S6). Detailed calculations based on the
adsorption results give the specific capture ratios toward various mol-
ecules (Fig. 1f). TpTG exhibits a rapid and efficient capture (>95 %) of
negatively charged molecules irrespective of their lateral sizes, sug-
gesting the dominant role of ion-pairing between cationic TpTG and
anionic molecules. Among these electronegative molecules, the capture
ratios of EB and MB reach 99.7 % and 98.5 %, respectively, promising
for the ion-pairing designed synthesis of TpTG membranes. Moreover,
despite the universal adsorption of electronegative molecules, the sta-
bility of adsorption relies on their sizes. No leakage of large-sized EB is
observed after vigorous ultrasonication treatments, while a slight
leakage occurs for small-sized AF (Fig. S7). These findings unravel the
importance of charge property and lateral dimension of charged mole-
cules on ion-pairing design [38].

Capture of electronegative molecules as the guest species into
microporous TpTG host is revealed by the color contrast of the powders
and aqueous solutions (Fig. 2a and Fig. S8). In particular, the aqueous
solutions of AF and EB become colorless after adsorption, and the
resultant TpTG powders appear the same colors as the captured mole-
cules. By comparison, the RB solution and TpTG-RB remain their initial
colors, indicating negligible adsorption due to the inexistence of ion-
pairing. With the capture of EB, EDX mapping measurements detect
uniformly distributed S element in the TpTG-EB powder (Fig. 2b). We
can further observe new peaks agreeing with the guest EB in the FTIR
spectra (Fig. 2¢). The host-guest interaction causes no damage to the
crystallinity of TpTG, as confirmed by the consistent XRD patterns
(Fig. 2d). However, the import of additives in the TpTG cavity affects the
pore microenvironments [39]. Ny sorption results verify that the BET
surface areas of TpTG powders slightly decrease after adsorbing EB and

MB (Fig. 2e). Accordingly, the intake of these large-sized molecules
narrows the pore size (Fig. 2f), in line with the molecular shielding ef-
fect. The low mass (<1 mg) of the absorbed molecules should be
responsible for the observed slight reduction in the pore size of TpTG.
Thus, we have identified the validity of ion-pairing design to finely
regulate the pore microenvironments of TpTG.

3.2. Ion-pairing designed synthesis of TpTG membranes

We sought to explore the feasibility of improving TpTG membranes
through ion-pairing design between ionic monomers and charged mo-
lecular additives. The ion-pairing designed synthesis of TpTG mem-
branes through EDIC was exemplified using negatively charged EB, as
illustrated in Fig. 3a. In this method, both the electronegative EB mol-
ecules and the electropositive monomer TG were dissolved in the
aqueous solution, and the growth of TpTG membranes will take place at
the aqueous-organic interface, which is impervious to the utilization of
the organic phase. We should note that the steric effect of guest mole-
cules is expected to be minimal because their dimensions are compa-
rable to the intrinsic pore size of TpTG. To highlight the assistance of
electric field on growing ionic COF membranes, specific synthesis con-
ditions are employed, under which the interfacial synthesis without
electric field only produces discontinuous TpTG membranes that exhibit
no selectivity (Fig. S9a). As a control, the EDIC strategy without adding
charged additives allows the growth of TpTG membranes with largely
reduced defects under the same conditions (Fig. S9b). This manifests the
vital role of the applied electric field, which directs the migration of
charged TG to the organic-aqueous interface for efficient crystallization
[40]. The effective encapsulation of EB can be visualized by the deep-
ened color of the resultant membranes with the increase of EB concen-
trations (Fig. 3b and Fig. S10). The FTIR spectra in Fig. 3c show
characteristic stretching bands from —-C=C and -C-N, revealing that the
keto-enol tautomerism remains with the introduction of EB. Fig. 3c also
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provides clear evidence that EB is encapsulated into the crystallized
TpTG layers, with the presence of characteristic peaks exclusively
belonging to EB. The typical element of S detected by XPS and the
fluorescence signals further confirm the encapsulation of EB in the
TpTG@20EB membrane (Fig. 3d and Fig. S11) [41]. The XRD pattern of
the TpTG@20EB membrane with a diffraction peak corresponding to the
(100) crystal plane reveals retained crystallinity in spite of the encap-
sulation of EB molecules (Fig. S12). Of note, the ion-pairing design of
TpTG membranes depends on the usage of electric fields. The absence of
electric fields leads to no encapsulation of EB (Fig. S13). We quantified
the actual EB loadings in the TpTG@EB membranes by digesting in 1
mol L™ HCL, which recognizes the amounts in the range of 0.6-4 mg g~ *
(Fig. 3e and Fig. S14).

Theoretically, electronegative EB should migrate to the anode
instead of the organic-aqueous interface. Indeed, PAN substrates are
barely dyed when EDIC is performed without ion-paired TG (Fig. S15).
However, as confirmed by Zeta potential results, cationic TG and anionic
EB can form combinations in the aqueous solution to neutralize the
overall charges (Fig. S16). In the case of EDIC, this ion-pairing
neutralization offsets the electric field resistance, thus allowing the
movement of oppositely charged EB toward the interface [38]. Consid-
ering the overwhelming amount and smaller size of TG compared to EB,
the directional migration of TG-EB combinations facilitates the encap-
sulation of EB in the resultant TpTG membranes. Such encapsulation
alleviates the electrostatic repulsion within the frameworks of TpTG and
thereby promotes the growth of compact membranes.
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in the continuous separation of Ru(bpy)sCl,.



X. Wang et al. Journal of Membrane Science 693 (2024) 122347
200 4 -100 120 120
a Permeance b (i _ (i) = | (iii)
= == Rejection I | ;
P 100 ! ! L 100
2 150+ I = - 75 ) l i i H+ i
c S £ 80- i i Lso &
c § £ o : : 60 &
=1 100 - 50 = o T i i r B
$ 5 i : D
8 " T & 40 ' i 40 &
3 | R 3 : e -
% 204 + e I'L' % 20 | ~[H] F20
o I | :
I 0 : L o
0 T T T T T T 0 CB-T AF MB EB Ccv AB
Neat CB-T AF MB Ccv AB Charged molecules
Membranes
¢ Small-sized Large-sized d %97 water
ethanol I gk
+Cc_-: :E-_:l+ % -:_f‘ (B - s
m+ . | m— - i_-I- + I
| mmn | | g s — [ - - — . . - 75 J
= B + o+ - + -
=
C
RS
T 504
o
o
o
25
0 T

— — )
tetreoy" Rifam® " oo™

Fig. 6. Study on the separation mechanism of the ion-pairing designed TpTG membranes. (a) Performance of various molecule-encapsulated membranes. (b)
Rejection to Ru(bpy)sCl, by the molecule-encapsulated membranes and the corresponding capture ratio. (¢) Schematic illustration of the separation mechanism. (d)

Rejection to pharmaceuticals by the TpPTG@20EB membrane.

We probed into the time-dependent growth of TpTG@EB mem-
branes. As confirmed by SEM imaging, a synthesis duration of 48 h is
required to generate dense and defect-free membranes (Fig. S17). Next,
we investigated the TP TG@EB membranes synthesized from different
EB concentrations with a duration of 48 h. Clearly, well-grown
TpTG@EB membranes can be harvested by ion-pairing design with
various concentrations of EB (Fig. 4a and Fig. S18), highlighting the
validity of our strategy. Cross-sectional SEM images reveal thin and
thickness-adjustable TpTG layers on the top of the PAN substrate
(Fig. S19). The cross-sectional TEM image in Fig. 4b shows that the
TpTG@20EB layer has a uniform thickness of ~61 nm. The increased
thickness mostly originates from the ion-pairing of EB, which not only
promotes the growth of TpTG but also acts as fillers to thicken the se-
lective layers. AFM examinations show that the resultant TpTG@EB
membranes exhibit smooth surfaces with an arithmetic average rough-
ness below 10 nm (Fig. 4c—d and Fig. S20). We can also notice that the
membranes display an initial increase followed by a gradual decrease in
surface roughness with an increase in EB concentration. This initial rise
in roughness could be attributed to the heterogeneous stretching effect
of EB fillers, which may become homogeneous to produce smooth
membrane surfaces as the amount of the encapsulated EB rises. In
addition, the introduction of water affinitive EB improves membrane
hydrophilicity [42], which can be confirmed by the reduced water
contact angles (Fig. 4d). The Zeta potential curves in Fig. 4e show that
the surface electronegativity of the PAN substrate is largely neutralized
by the growth of cationic TpTG. Further, compared with the neat TpTG
membrane, a slight decrease in Zeta potential of the TpTG@20EB
membrane agrees with the encapsulation of electronegative EB [43].
The stability of ion-pairing between EB and TpTG was assessed to
demonstrate the operational practicality. As depicted in Fig. 4f, both

static and dynamic tests demonstrate stable encapsulation of EB due to
the proper match of the charge and molecular size with ionic TpTG.

3.3. Performance evaluation of TpTG@EB membranes

NF performances of the TpTG@EB membranes produced from
various EB concentrations were evaluated through water permeance and
separation of Ru(bpy)sCly. As shown in Fig. 5a, the neat TpTG mem-
brane free of EB exhibits a water permeance of ~68.4 L m~2h™! bar™?
and a low Ru(bpy)sCly rejection of ~34.4 %. The rejection of Ru
(bpy)sCls increases with the promotion of EB concentrations, ultimately
reaching 90.5 % for the TpTG@20EB membrane. Meanwhile, we notice
a gradual decline in water permeance to 9.8 L m~2 h™! bar~!, which is
possibly caused by the rise of membrane thicknesses and the contraction
of effective pore sizes [44]. The variation tendency of water permeance
and rejection illustrates the potency of ion-pairing on membrane per-
formance. A series of organic and inorganic salts with sizes ranging from
0.8 to 1.8 nm were used to assess the membrane selectivity (Fig. 5b).
Rejection profiles of the neat TpTG and TpTG@20EB membranes in
Fig. 5c depict an obvious discrepancy in separation precision. High re-
jections (>85 %) to ionic probes with sizes above 1.2 nm can be ach-
ieved by the TpTG@20EB membrane, whereas the neat membrane
presents low rejections of <50 % to all the used probes. To be specific,
the rejection rate to [N(n-but)4]Br and [N(n-oct)4]Br can be increased
from 34.9 % and 47.8 % for the neat membrane to 87.6 % and 96.5 % for
the TpTG@20EB membrane, respectively. This improved molecular
selectivity verifies the upgrade of TpTG membranes through the
ion-pairing designed growth of defect-free TpTG layers with a slightly
narrowed pore size. These results further indicate that the neat TpTG
membrane holds an effective sieving pore size of above 1.7 nm because
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of the defects, while the ion-pairing designed membrane yields a pore
size close to that of the TpTG inherent channel. To reveal the perfor-
mance stability of the TpTG@20EB membrane, we performed contin-
uous separation tests with a duration of 12 h using 25 ppm Ru(bpy)sClz
aqueous solution as the feed. In this long-term filtration, the membrane
selectivity remains basically unchanged, with Ru(bpy)sCl; rejection of
90.2 % after 12 h (Fig. 5d-e), suggesting that the robust ion-pairing
promises a lasting operation.

3.4. Separation mechanism of the ion-pairing designed TpTG membranes

We looked deeper into the mechanism of the performance im-
provements in the ion-pairing designed TpTG membranes. To this end,
ion-pairing designed synthesis of TpTG membranes involving other
charged additives was carried out (Fig. S21). Most of the resulting
membranes receive no promotion in Ru(bpy)sCl, rejection except for the
TpTG@20MB membrane (Fig. 6a). We associate this phenomenon with
the dimension and charge of guest molecules. As depicted in Fig. 6b,
these guest molecules can be classified into three categories, (i) elec-
tronegative small-sized molecules, (ii) electronegative large-sized mol-
ecules, and (iii) electropositive molecules. Ion-pairing design allows the
encapsulation of molecules belonging to the first category, which is
proved by the high capture ratios in the adsorption tests; however, these
molecules hold small lateral sizes mismatching with the aperture of
TpTG. This compromises the ion-pairing efficiency and produces an
infirm encapsulation. As a result, the encapsulated molecules sponta-
neously leak from the TpTG membranes, consistent with the case of
TpTG powders (Fig. 6¢, S7 and $22), leading to no increase in selec-
tivity. For the third category, the identical charge between guest mole-
cules and TG invalidates the design of ion-pairing regardless of the sizes
of these positively charged molecules, yielding no promotion on mem-
branes. In contrast, the utilization of electronegative and large-sized EB
and MB promises tight encapsulation of the guest molecules through
ion-pairing design of the membranes. And therefore, the resultant
TpTG@20MB membrane exhibits a prominent Ru(bpy)sCl; rejection of
88 %. In general, large dimensions and opposite charges are the criteria

for the ion-pairing design of ionic COF membranes (Fig. 6¢), agreeing
with the previous findings on the TpTG powders.

Electrostatic interactions play a dominant role in aqueous NF, which
will be weakened in organic solvents [45]. To study the impact of
electrostatic interactions on membrane performance, the separation of
pharmaceuticals dissolved in water and ethanol was investigated. As
demonstrated in Fig. 6d and S23, no obvious decline in the rejection
rates of the above pharmaceuticals is observed in ethanol compared to
those in water. This well-maintained molecular selectivity in ethanol
reveals that charge-dependent repulsion is not the main reason for
membrane upgrading here [46,47], which should originate from the
compact membrane structure with reduced sieving channels [48]. In
addition, the high rejection rates (>90 %) of rifampicin and spiramycin
in both solvents reveal the potential application of our membrane for
pharmaceutical manufacturing [49].

3.5. Controlled release of bioactive pharmaceuticals

Controlled release and delivery of bioactive pharmaceuticals is of
vital importance in practical medical treatment [50]. Thanks to their
pure organic architecture without toxicity, COFs exhibit favorable
biocompatibility that has aroused significant interest in the field of
biomedical sciences [51]. In this work, apart from improving the mo-
lecular separation performance of membranes, the ion-pairing design
also can permit the controlled release of charged additives encapsulated
in TpTG membranes. The encapsulated additives can be released
depending on the environmental pH values, as well as their charges and
sizes. Detailed time-dependent release of the encapsulated charged ad-
ditives under neutral and acidic conditions was investigated.
Figs. §24-S25 show that, different from AF and CV, the release of EB
from the TP TG@20EB membrane in an acidic condition is 8-fold faster
than that in the neutral case. This pH-responsive release of molecules is
promising for controlled delivery of drugs for biological tissues [52]. As
a proof-of-concept, negatively charged pharmaceuticals including
amoxicillin, vitamin C and rifampin were encapsulated in the TpTG
membrane through ion-pairing design (Fig. 7a and $26-S27). The



X. Wang et al.

controlled release tests were conducted in simulated body fluid (phos-
phate-buffered saline solution, pH = 7.4) and simulated gastric acid
(hydrochloric acid, pH = 2.0) (Fig. 7b) [53]. We can observe sponta-
neous releases of small-sized amoxicillin and vitamin C in the simulated
body fluid, and the delivery rate effectively increases in the simulated
gastric acid (Fig. 7c and $S28-829). As a relatively large pharmaceutical,
rifampin is released in the simulated gastric acid with a release ratio of
43.5 % after 1 day, which is about 12-fold higher than that in the
simulated body fluid (3.6 %) (Fig. 7d). Thus, the demonstration of
pH-responsive release enabled by our ion-pairing designed TpTG
membranes unravels their practical applicability for controlled and
targeted drug delivery in medical treatments.

4. Conclusions

In summary, we have demonstrated an ion-pairing strategy for
concurrently crystallizing and improving membranes composed of
inherently charged COFs. The lateral dimension and charge nature of
guest molecules are demonstrated to be decisive for ion-pairing. The
capture of guest molecules in TpTG ultimately reduces the effective pore
size without damaging its crystallinity. The application of this ion-
pairing strategy in membrane synthesis effectively neutralizes the
charges of the ionic monomers and the resultant ionic frameworks. As a
result, compact growth of TpTG can be achieved together with the tight
encapsulation of the optimum guest molecules within frameworks. The
synthesized membranes, featuring narrowed sieving channels, achieve
an enhanced rejection of >85 % for organic ions larger than 1.2 nm with
a water permeance of ~10 L m~2 h™! bar™!. In addition, the membrane
performance can be sustained without degradation in continuous
operation for 12 h. More importantly, the recovery and controlled
release of medically valuable pharmaceuticals are also demonstrated by
our membranes. This work provides a novel concept of ion-pairing
design to finely engineer COF membranes for multiple practical
applications.
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