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MATERIALS SCIENCE

Molecularly soldered covalent organic frameworks

for ultrafast precision sieving

Yangiu Zhang'?, Jing Guo’', Gang Han?, Yongping Bai', Qingchun Ge*, Jun Ma?,

Cher Hon Lau®, Lu Shao'*

The weak interlamellar interaction of covalent organic framework (COF) nanocrystals inhibit the construction of
highly efficient ion/molecular sieving membranes owing to the inferior contaminant selectivity induced by defects
in stacked COF membranes and stability issues. Here, a facile in situ molecularly soldered strategy was developed
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to fabricate defect-free ultrathin COF membranes with precise sieving abilities using the typical chemical environ-
ment for COF condensation polymerization and dopamine self-polymerization. The experimental data and density
functional theory simulations proved that the reactive oxygen species generated during dopamine polymerization
catalyze the nucleophilic reactions of the COF, thus facilitating the counter-diffusion growth of thin COF layers.
Notably, dopamine can eliminate the defects in the stacked COF by soldering the COF crystals, fortifying the me-
chanical properties of the ultrathin COF membranes. The COF membranes exhibited ultrafast precision sieving for
molecular separation and ion removal in both aqueous and organic solvents, which surpasses that of state-of-the-

art membranes.

INTRODUCTION
With the rapid growth of the global economy and population, water
scarcity has become an ineluctable threat to the survival and devel-
opment of human society. It is projected that 4 billion to 5 billion
people will suffer from global water shortage and water-borne ill-
nesses by 2050 (1). One of the best examples is the COVID-19 pan-
demic, wherein the contamination of freshwater and sewage with
the virus could pose potential health risks (2). Notably, one target of
the Sustainable Development Goals (2015-2030) is to provide “clean,
accessible water for all,” which requires innovative technologies and
materials that produce fit-for-purpose water from alternative wa-
ter resources such as wastewater, seawater, and briny water (3).
Membrane-based separations, featured by their high energy efficiency,
superior performance, and highly selective transport of target chem-
icals (e.g., molecules and ions), have been considered as an ideal pu-
rification technology for industrial and domestic applications (4).
However, most polymer membranes have a dense and amorphous
structure; thus, an ineradicable “trade-off” relationship is observed
between permeance and selectivity (5, 6). Improving the membrane
selectivity is often accompanied by a decrease in its permeance (7).
Covalent organic frameworks (COFs) have been considered as
attractive alternative materials for advanced separations because of
their high porosity, well-organized channel structures, and adjust-
able pore size, which are expected to break the trade-off associated
with the traditional polymeric membranes during the separation
processes (8-10). To date, researchers have mainly focused on the
fabrication of self-standing COF membranes, which require a sufficient

TMIIT Key Laboratory of Critical Materials Technology for New Energy Conversion
and Storage, State Key Laboratory of Urban Water Resource and Environment, and
School of Chemistry and Chemical Engineering, Harbin Institute of Technology,
Harbin 150001, China. 2School of Environment, Harbin Institute of Technology,
Harbin 150009, China. *Department of Chemical Engineering, Massachusetts Institute
of Technology, Cambridge, MA 02139, USA. 4College of Environment and Resources,
Fuzhou University, No. 2 Xueyuan Road, Fujian 350116, China. *School of Engi-
neering, The University of Edinburgh, King’s Buildings, Mayfield Road, Edinburgh
EH9 3JL, UK.

*Corresponding author. Email: shaolu@hit.edu.cn

Zhang et al., Sci. Adv. 2021; 7 : eabe8706 24 March 2021

thickness (i.e., usually hundreds of micrometers) to provide the de-
sirable mechanical stability for practical separations (11, 12). This
requirement inevitably compromises the membrane permeance.
Notable efforts have also been devoted to transforming COF nano-
crystals into continuous and selective membranes on porous substrates
to prepare COF thin-film composite membranes. However, this ap-
proach suffers from structural instability during the COF nanocrystal
dispersion, and the preparation of the COF nanocrystals generally
requires harsh conditions such as high temperatures and aggressive
solvents (13). In addition, inadequate interfacial adhesion between
the COF layer and the substrate severely decreases the mechanical
strength and operational durability of the as-prepared membrane.
Alternatively, the in situ intergrown method could avoid the forma-
tion of defects arising from the gaps between the separation layer
and the substrate, forming robust COF composite membranes with
stringent interface compatibility (14, 15). Nevertheless, in light of
the two-dimensional (2D) layered COF composite membranes, the
preparation of a defect-free COF selective layer on an underlying
substrate via an in situ growth method at room temperature using
green solvents remains a tricky challenge because of the rigid mem-
brane formation conditions. Another critical issue is the effective
manipulation of the pore aperture size of the COF membrane at the
subnanometer scale to enable the precise separation of small mole-
cules. To date, only a few studies have reported the synthesis of 2D
COF membranes for small molecule separations via interfacial po-
lymerization (16) and polymer-assisted techniques (4, 17). One of
the main challenges is the inferior molecular sieving effects of the
conventional COFs because their pore sizes (i.e., 0.8 to 4.7 nm) are
larger than the kinetic diameters of most nanoscale molecules and
ions such as Na* (0.72 nm), Cl” (0.66 nm), and SO,*~ (0.76 nm)
(18). Although difficult, the precise adjustment of the subnanome-
ter pore sizes of COFs has been achieved through monomer design
or group modification. In addition, the weak n-r interactions among
the COF nanocrystals would lead to the poor mechanical strength
of fabricated COF membranes for significant malfunction in prac-
tice. Therefore, it is highly desirable to develop new approaches that
can simultaneously accomplish specific adjustment of pore sizes for
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effective sieving, excellent mechanical strength, superior separation
performance, and improved durability of the COF membranes.

Here, we have developed a facile in situ molecularly soldered meth-
od to fabricate defect-free COF membranes, demonstrating precise
molecular sieving effects using the typical chemical environment for
dopamine (DA) polymerization and condensation polymerization
of a Schiff base COF(TpPa) comprising 1,3,5-triformylphloroglucinol
(Tp) and p-phenylenediamine (Pa) at room temperature. Mussel-
inspired DA can self-polymerize in an alkaline solution and react
with Pa (19). Reactive oxygen species (ROS) generated during the
polymerization of DA could accelerate the nucleophilic reaction for
COF formation (20). Meanwhile, DA can react with amino-based
monomers through Schiff base reactions (21). Notably, the Schiff
base COFs can be synthesized in screened water/ethanol (EtOH)
solutions with a pH above 8 because of the inherent basicity of Pa.
The similar self-assembly environments for both materials enable
the in situ soldering of COFs through constantly generated polydo-
pamine (pDA) “threads.” Through this one-step approach, we could
firmly affix a pDA-patched defect-free COF dense layer on a porous
substrate surface using green solvents under ambient conditions.
Moreover, the covalent interactions of DA with the COF and COF
ligands reduced the separation size of the membrane and greatly
enhanced the mechanical properties and stabilities of the membranes.
The precise molecular and ion sieving properties of the newly devel-
oped 2D COF membranes were used for ultrafast energy-efficient de-
salination and organic solvent nanofiltration.

RESULTS

The synthesis protocol for the molecularly soldered of 2D COF com-
posite membranes with polyimide (PI) porous substrates is shown
in Fig. 1. In a typical synthesis, DA hydrochloride was first dissolved
in a Pa aqueous solution for 10 min. The alkalinity (pH 9.1) of the
Pa-based aqueous solution promoted the self-aggregation of DA
until the addition of an ethanolic solution comprising the organic
linker of Tp. Although the introduction of Tp organic linkers into
the Pa/DA hydrochloride mixture decreased the pH to ~8.08, the
oxidation polymerization of DA was still initiated. Meanwhile, ROS
generated from the DA self-polymerization reaction promoted the
formation of TpPa-COF. On the other hand, the Schiff base reac-
tions of DA with Pa enhanced the binding ability of TpPa-COF to
the PI substrate and improved the interlamellar interaction between
the TpPa-COF nanocrystals, which reduced the pore diameter of
the membrane. We tracked the in situ synthesis processes for the
TpPa-COF and the molecularly soldered pDA/TpPa[water/EtOH
(W/E)]-COF membranes for up to 2 hours. Fourier transform in-
frared spectroscopy results in fig. S1 showed that the pDA/Pa mem-
brane had a peak at ~3277 cm™’, which was the merged peak from
amine —N—H and phenolic —OH stretching vibrations of pDA and Pa
(22). The appearance of a stronger peak at ~2933 cm ™" was attributed
to the —CH,— stretching, and the peaks at ~1590 and ~1650 cm ™"
were due to the —N—H vibration of pDA/Pa and the —C=N bonds
between them, respectively. The obtained spectra of the TpPa-COF
membrane clearly showed the characteristic —C=C and —C—N
stretching bands at 1518 and 1249 cm ™, confirming the occurrence of
the Schiff base reaction and successful synthesis of the 2D extended TpPa-
COF framework in a keto form on the PI substrates (17, 23, 24). In
addition, the accompanying stretching bands at 1650 and 3277 cm ™"
indicated the presence of unreacted aldehyde and the amino groups
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of the Tp and Pa precursors. After adding DA, the intensity of peaks
for pDA/TpPa(W/E)-COF membrane at 1650, 1518, and 1249 cm ™
increased, which was attributed to the self-polymerization of DA and
the covalent reaction of DA with Pa and TpPa-COF. The reaction
was further verified by the measurements of elemental composition
via x-ray photoelectron spectroscopy (table S1 and fig. S2). The
TpPa-COF membrane had 8.25% N with an N/O ratio of 0.42. The
N/O ratio of the pDA/TpPa(W/E)-COF membrane increased to 0.73.
The oxygen content (45.68%) of Tp (CoHsOs) was more than dou-
ble that of DA (20.89% CgH;,0,N), according to molecule specific
formulas. Longer reaction times resulted in the deposition of more
DA on the membrane, which greatly increased the N content and
the N/O ratio. Concurrently, a large amount of Pa could be an-
chored on the membrane surface by Schiff base with DA, further
increasing the N content and the N/O ratio.

To elucidate the underlying mechanism for in situ molecularly
soldered pDA polymerization-assisted COF synthesis, we investi-
gated the reaction kinetics through real-time digital images of incu-
bation solutions (fig. S3). The solutions containing only TpPa-COF
turned yellow within 20 min. In contrast, the solutions containing
DA and TpPa-COF became yellow within 3 min and then changed
to dark yellow beyond 20 min, where dark yellow precipitates were
observed after 2 hours, indicating the rapid nucleation of TpPa-
COF crystals in the DA water/EtOH solution. X-ray diffraction (fig.
S$4) of the precipitates further showed that the TpPa-COF and pDA/
TpPa(W/E)-COF have a highly crystalline structure and their peak
positions match those in previous reports (24, 25). However, the peak
intensity for pDA/TpPa(W/E)-COF was slightly lower than that of
the TpPa-COF because of the adhesion of pDA to the surface. The
decline of the Brunauer-Emmett-Teller-specific surface area also
proved this point (fig. S5).

Furthermore, the choice of solvent had an important influence
on the reaction of the whole system. In our research, a mixture of
water/EtOH (1:1 by volume) was used as the reaction solvent. This
dual-solvent system has several advantages: (i) The EtOH is instru-
mental to the sufficient dissolution of Tp. (ii) The Pa aqueous solu-
tion is alkaline, which promotes the self-polymerization of DA and
the Schiff base reactions with Pa to strengthen the interlamellar in-
teractions between TpPa-COF nanocrystals. (iii) The generated ROS
during the DA polymerization accelerate the nucleophilic reaction
of TpPa-COF. The mixed solvent system of water/EtOH can regu-
late the rate of DA self-polymerization, which could improve the
separation performance of the membrane by adjusting its surface
structure. For comparison, we adopted the same method separately
with pure water and EtOH as the solvents. The membranes formed
in the three solvent systems are shown in fig. S6. After 2 hours of
reaction, the colors of pDA/TpPa-COF membranes in water [pDA/
TpPa(W)-COF], water/EtOH [pDA/TpPa(W/E)-COF], and EtOH
[pDA/TpPa(E)-COF] were black, dark green, and yellow green,
respectively. For the nanofiltration applications, the pDA/TpPa(W/E)-
COF membrane prepared in mixed solvent showed the best perform-
ance (Fig. 2A).

Since the self-polymerization of DA was greatly affected by the
pH of the reaction media, which, in turn, would affect the formation
of the COF, the characteristics and structure of the formed mem-
branes were closely related to the pH value of the solution. Hence,
the change in pH of the pDA/TpPa-COF solution as a function of
time in different solvent systems was monitored (Fig. 2B). The ini-
tial pH of the pDA/TpPa(W)-COF precursor solution was 8.12, which
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Fig. 2. The effects of different synthesis solvents on pDA/TpPa membrane performance and morphologies and the pH value evolution during the COF formation.
(A) Membrane permeance and rejection efficiency for Na,SO4 including fabrication of pDA/TpPa(W)-COF, pDA/TpPa(W/E)-COF, and pDA/TpPa(E)-COF membranes.
(B) Real-time pH values of incubation solutions during membrane fabrication process. Scanning electron microscopy (SEM) image of (C) pDA/TpPa(W)-COF, (E) pDA/
TpPa(W/E)-COF, and (H) pDA/TpPa(E)-COF membranes. (G) Cross-sectional transmission electron microscopy (TEM) image of pDA/TpPa(W/E)-COF membrane. Schematic
of membrane structure and separation process of (D) pDA/TpPa(W)-COF, (F) pDA/TpPa(W/E)-COF, and (I) pDA/TpPa(E)-COF membranes.

increased to 8.38 in 40 min, and remained unchanged for approxi-
mately 50 min. The first increase in pH should be due to the nucleation
of COF, accompanied by the formation of COF oligomers/polymers,
while the point of pH drop can be attributed to the crystallization of
the amorphous part of the COF and the proton release during DA

Zhang et al., Sci. Adv. 2021; 7 : eabe8706 24 March 2021

polymerization (12, 26). This pH range was conducive for DA
aggregation. Because of the rapid polymerization of DA at this pH,
significant amounts of ROS were generated, promoting the rapid
nucleation of TpPa-COF in water, resulting the deposition of more
pDA on the membrane surface. Therefore, spherical nanoparticles
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were formed (fig. S7A), which settled in and clogged the membrane
pores, and blocked the passage of Na,SO, (Fig. 2, C and D). As a
result, the pDA/TpPa(W)-COF membrane had a low Na,SO, per-
meance (28.7 liter m™2 hour ! bar ') with a small pore size (fig. S8),
dense membrane structure, thick selective layer, and high surface
roughness of 12.5 nm (figs. S9A and S10A). For pDA/TpPa(W/E)-
COF, the initial pH of the precursor solution was ~8.08, which is
slightly lower than that of the pDA/TpPa(W)-COF solution because
of the low pK, (where K, is the acid dissociation constant) of EtOH. The
pH value remained unchanged (from 8.08 to 8.03) within 120 min
(Fig. 2B). The nucleation rate of TpPa-COF in water/EtOH was
slower as compared to identical reactions in water solutions, as the
promotion effect of ROS on the TpPa-COF nucleophilic reaction was
weakened. In this pH range, DA could also polymerize and generate
ROS but below the self-polymerization capacity in the water system.
As a result, a lamellar sandwich layer of the pDA/TpPa(W/E)-COF
membrane was formed (Fig. 2E and fig. S7B). Therefore, pDA/
TpPa(W/E)-COF membrane exhibited a high Na,SO4 permeance
of 51.3 liter m 2 hour ™! bar ! and 99.5% Na,SO, rejection. The pre-
cise pore size of this membrane was obtained (Fig. 2F and fig. S8),
and the membrane comprised a 125 + 3.5 nm thin-selective layer
(Fig. 2G), exhibiting a low surface roughness of 3.92 nm (fig. S10B).
In the pDA/TpPa(E)-COF solution, the pH increased from 6.80 to
7.18 during the reaction. This lower pH range enabled the self-
assembly of 2D layered TpPa-COFs but not DA polymerization, caus-
ing a marked reduction in Na,SOj4 rejection (43.6%). The large pore
and loose delamination structure (Fig. 2, H and I, and figs. S7C, S8,
S9B, and S10C) are the main causes of its poor rejection rate. Room-
temperature electron paramagnetic resonance spectra for the free

radical test proved the above points of view (fig. S11). An obvious
low-bandgap single-line spectrum was detected for pDA/TpPa(W)-COF,
consistent with the presence of semiquinone radicals (27, 28). pDA/
TpPa(W/E)-COF exhibited similar spectral shapes, but the resonance
signals were relatively weak. In addition, no semiquinone radical
species were detected in pDA/TpPa(E)-COF. These results demon-
strated that DA in different solvents had different polymerization
strengths with different amounts of ROS being generated, which was
critical for the in situ molecularly soldered COF membrane forma-
tion. As a result, we chose a mixture of EtOH and water as the sol-
vent for the reaction.
pDA was crucial for the in situ molecularly soldered pDA/TpPa-
COF into a defect-free membrane demonstrating excellent separation
performance. It is extensively recognized that the catechol group of
DA can be easily oxidized to quinone under alkaline/aqueous condition.
After a series of oxidation, cyclization, and further rearrangement
reactions, a vital metastable intermediate (5,6-dihydroxy-indole) is
formed, which can react with its oxidized form (e.g., indolequinone)
by generating semiquinone radicals through dismutation. These radi-
cals can be readily reoxidized by O, with the concomitant forma-
tion of ROS (O;"") and the o-quinone of DA (fig. S12) (29-33).
Subsequently, the self-polymerization of DA took place through a
radical-induced intramolecular cross-linking pathway. To further elu-
cidate the mechanism underlying the formation of TpPa-COF as-
sisted by the ROS, we performed density functional theory (DFT)
simulations of the reactions between Pa and Tp molecules with and
without ROS. The mechanism of the conventional synthesis process
is illustrated by path I in Fig. 3, which describes the formation of a
C—N bond through an intermediate C1. This stage had an energy
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Fig. 3. DFT calculation for the reaction between Pa and Tp molecules with and without ROS.
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barrier (Ea) of 1.184 eV. Further dehydration of C2 led to the formation
of the TpPa-COF as a Schiff base. The rate-limiting step of the
whole reaction was C—N bond formation (34). In the presence of
DA, reactive oxygen free radicals were generated during the self-
polymerization. The DFT simulation of the reactions between Tp
and a free radical-produced imino radical (Pa-) was performed as a
simplified model. These calculations demonstrated a significant re-
duction in Ea for the rate-limiting step (0.683 eV versus 1.184 eV)
and the dehydration of the amino radical (0.815 eV versus 2.354 eV)
for the formation of TpPa-COF Schiff base, as shown in path II of
Fig. 3. The simulation calculations also suggested that the ROS gen-
erated by the self-polymerization of DA was essential for the rapid
TpPa-COF synthesis. Without ROS, the reaction of the Schiff base
TpPa-COF needs to overcome a larger energy barrier. Consequently,
pDA was crucial to the formation of a high-performance pDA/
TpPa(W/E)-COF membrane. The pDA not only could quickly re-
act with Pa at room temperature for improved distribution and much
higher loading of COF-TpPa on the surface of the developed mem-
brane but also reduced the effective sieving pore diameter of the
membrane and improved the interlamellar interaction between TpPa-
COF nanocrystals and accelerated TpPa-COF nucleophilic reactions.

To validate the importance of pDA, we synthesized a series of
pDA/TpPa(W/E)-COF membranes at various DA concentration and
reaction times. With an increase in the DA concentration, the mem-
brane thickness increased and the surface pore aperture size gradually
decreased (figs. S13 and S14), resulting in a gradual decrease in mem-
brane permeance and an increase in rejection. This was ascribed to
the generation of more ROS with a high dose of pDA, which boosted
the deposition of TpPa-COF and resulted in more pDA chains
settled on the membrane surface (26). Furthermore, DA can react
with more Pa. The above synergy jointly regulated the structure and
desalination performance of the COF membrane. For prolonged
reactions, the permeance of the pDA/TpPa(W/E)-COF membrane
decreased (fig. S15A). The typical TpPa-COF nucleation process was
accelerated because of DA aggregation and covalent reactions. The
color of the pDA/TpPa(W/E)-COF membrane gradually deepened
from yellow to dark green over time, owing to the deposition of a
greater amount of pDA (fig. S15B). By balancing the realization of
permeance and rejection, a DA concentration of 0.2 weight %
(wt %) and 2 hours of incubation was taken as the optimum reac-
tion condition.

To elucidate the importance of Pa, we fabricated and character-
ized the structural characteristics of membranes comprising pDA,
pDA/Pa, pDA/Tp, TpPa-COF, and pDA/TpPa(W/E)-COF. Ascribing
to poor reactivity in water/EtOH, pDA and pDA/Tp coating layers
had almost the same thickness and surface roughness (fig. 516, A to
D). The introduction of Pa into the pDA coating system increased
the pH, and therefore, the DA could react with Pa through Schiff
base reaction to form a thicker selective layer (fig. S16E) (35). Cor-
respondingly, numerous nanostructured papillae were observed on
the surface of the pDA/Pa membrane, and thus, a higher roughness
(7.15 nm) was obtained (fig. S16F) (36, 37). It was astonishing that
the structure of the membrane changed significantly with and with-
out DA. After the growth of TpPa-COF microcrystals, the pDA/
TpPa(W/E)-COF membrane showed a rough sandwich structure.
In comparison, without the addition of DA, TpPa-COF nano-
crystallites formed loose defective structures in the selective layer of
the TpPa-COF membrane (Fig. 4, A and B, and fig. S17). This defective
membrane structure was probably due to insufficient nucleation sites,

Zhang et al., Sci. Adv. 2021; 7 : eabe8706 24 March 2021

which led to an inferior homogeneous nucleation of TpPa-COF and
weak interlamellar interaction between the TpPa-COF nanocrystals.
The membranes were analyzed via transmission electron microscopy
(TEM) to acquire the precise thickness of the selective layer. As
shown in Fig. 2G, the pDA/TpPa(W/E)-COF membrane has an ultra-
thin selective layer of ~125 nm, which is considerably thinner than those
of the mostly reported metal-organic framework and COF membranes
(11, 15, 25). Moreover, no clear boundaries were observed between
the underlying substrate and the separation layer for the pDA/
TpPa(W/E)-COF membrane, suggesting their tight connection. The
concentration of Pa also affected the membrane separation perform-
ance, and 2 wt % of Pa was chosen as the optimum addition amount
(fig. S18).

In addition, the structure of the membranes studied here nota-
ble influenced the surface wettability and charge. The water contact
angle (WCA) of the TpPa-COF membrane was smaller than that of
the pDA/Pa membrane (fig. S19). Water droplets completely wetted
the TpPa-COF membrane within 15 s, suggesting that TpPa-COF
demonstrates greater hydrophilicity due to the presence of residual
hydrophilic amines and hydroxyl groups in the microporous pore
structure (38, 39). A similar phenomenon occurred on the surface
of the pDA/TpPa(W/E)-COF membranes, where the WCA was re-
duced from 19.1° to 0° within 50 s. This fast penetration of water
indicated the excellent surface hydrophilicity of the designed mem-
brane and low mass transfer resistance, which was beneficial for fab-
ricating high permeance membranes. In addition, the TpPa-COF
and pDA/TpPa(W/E)-COF membranes demonstrated a high water
adsorption capacity owing to the layered structures and permanent
porosity (fig. S20). As shown in fig. S21, all the membranes were neg-
atively charged in a neutral pH environment. As a result, the ultra-
thin and hydrophilic pDA/TpPa(W/E)-COF membrane showed
ultrahigh Na,SO4 permeance of 51.3 liter m ™2 hour™! bar"!, which
was 32.6% higher than that of the pDA/Pa membrane (38.7 liter m™>
hour™! bar™). It also exhibited a high rejection of 99.5% to Na,;SOy,
representing a 186.7% increase when compared to the TpPa-COF
membrane (34.7%) (Fig. 4C). Note that this nanofiltration perform-
ance surpasses that of state-of-the-art membranes (Fig. 4D and
table S2) (4, 38, 40-44).

To further evaluate membrane desalination performance, the pDA/
TpPa(W/E)-COF membrane was tested at 5 bar using various in-
organic salts with a concentration of 1000 parts per million as the
feed (Fig. 4E). The rejection decreased in the order of Na,SO4
(99.5%) > MgSO4 (91.3%) > MgCl, (70.3%) > NaCl (49.2%). The
hydration radii of Na*, CI~, SO,*~, and Mg** were all larger than the
pore size of the pDA/TpPa(W/E)-COF membrane (45). Nevertheless,
because of the broad pore size distribution and the small hydration
radii of ClI’, the ion rejection rates for MgCl, and NaCl were rela-
tively low. The separation mechanism of the membranes was dom-
inated by a size-sieving/Donnan exclusion collaborative effect (46).
The surface of the pDA/TpPa(W/E)-COF membrane was negatively
charged; therefore, the Donnan repulsion effect for SO4*~ was stron-
ger than that for Cl7, and the hydration radius of CI” was smaller than
that of SO4* (47). As a result, high rejection of SO4*~ and low rejec-
tion of Cl~ were obtained. Therefore, the pDA/TpPa(W/E)-COF
membrane had a superior mono/bivalent salt selectivity, surpassing
that of most of the established desalination membranes (Fig. 4F)
(44, 48-58). Such superior performance mainly resulted from the
water transport channels formed in 2D COF membrane. This out-
standing performance demonstrated the high competence of the in
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Fig. 4. The morphology of TpPa-COF membrane synthesized under W/E solvent and the separation performance comparison of optimized pDA/TpPa-COF (W/E)
membrane for salt solution or dyes/organic solvent system. (A) SEM and (B) TEM image of TpPa-COF membrane. (C) Permeance and rejection of pDA/TpPa(W/E)-COF,
TpPa-COF, and pDA/Pa membrane for separating Na;SOj. (D) Performance comparison of pDA/TpPa(W/E)-COF membrane with the state-of-the-art membranes for
separating Na,SO,. (E) Salt separation performance of pDA/TpPa(W/E)-COF membrane. (F) Trade-off between water permeance and mono/bivalent selectivity of
NF membranes and the state-of-the-art membranes. The red circle represents as-prepared membrane in this work. MOF, metal-organic framework. (G) The separation
performance of pDA/TpPa(W/E)-COF membrane for Congo red in different organic solvents. (H) The rejection of pDA/TpPa(W/E)-COF and TpPa-COF membrane for differ-

ent dyes in EtOH.

situ molecularly soldered pDA/TpPa(W/E)-COF membranes in mono/
bivalent salt discrimination. The in situ molecularly soldered strategy
can also be extended to diverse polyphenols (i.e., gallic acid and tannic
acid) (fig. S22).

In addition, biofouling is a common reason for performance deg-
radation due to the accumulation of biomaterials on the membrane
surface. Schiff base reaction materials have shown excellent anti-
pollution ability, and thus, the antifouling properties of the pDA/
TpPa(W/E)-COF membrane were further studied using bovine se-
rum albumin (BSA) and humic acid (HA) as the probe foulants. The
flux recovery ratios of the pDA/TpPa(W/E)-COF membrane for BSA
and HA separations after three cycles were 98.4 and 94.0%, respectively,
with complete rejection and lower total fouling ratio (DRy) (2.8% for
BSA and 10% for HA; figs. S23 and S24) (59, 60). The excellent re-
sistance to hydrophobic biomolecule adhesion was attributed to the
hydrophilic character of the negatively charged pDA/TpPa(W/E)-
COF membrane. Furthermore, the Donnan exclusion mechanism
can also contribute to the excellent antibiofouling characteristics
because both BSA and HA molecules were negatively charged. The
performance stability of the pDA/TpPa(W/E)-COF membrane was
also verified over time, and there was no obvious change in permeance

Zhang et al., Sci. Adv. 2021; 7 : eabe8706 24 March 2021

and rejection (fig. S25). Furthermore, we also evaluated the me-
chanical and thermal stabilities of the as-prepared TpPa-COF and
pDA/TpPa(W/E)-COF membranes. As shown in fig. $26, the pDA/
TpPa(W/E)-COF membranes showed much higher tensile strength
than the TpPa-COF membrane, underpinned 33.6% of the increment,
from 13.1 £ 0.2 to 17.5 + 0.5 MPa. The good mechanical properties
of the pDA/TpPa(W/E)-COF membranes were mainly due to the
multiple covalent reactions of pDA with Pa and TpPa-COF (4). The
TpPa-COF membrane, the interlamellar weak nt-n interactions, van
der Waals force, and hydrogen bonding interactions made it fragile
under stretching. Moreover, thermogravimetric analysis curves showed
that the membrane had good thermal stability (fig. S27). The sol-
vent stability of the membrane in various solvents was also studied
using different sizes and charges of dyes as the solutes. The pDA/
TpPa(W/E)-COF membrane demonstrated excellent separation per-
formance for organic solvent nanofiltration (Fig. 4G). The perme-
ances for all the solvents were higher than 86 liter m™* hour™" bar™’,
and the rejections of various dyes surpassed 95%. In comparison,
the TpPa-COF membrane showed a relatively low rejection of dyes
with a molecular size smaller than 2 nm (Fig. 4H), and the rejections
of various organic solvents declined for the 120-hour test (fig. S28)
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because of the weak interlamellar interactions between the TpPa-
COF nanocrystals. In contrast, no appreciable changes were observed
in the permeance and rejection of the pDA/TpPa(W/E)-COF mem-
brane (fig. S29), which verified the strong structural stability and
demonstrated the applicability of the pDA/TpPa(W/E)-COF mem-
brane for filtration in various organic solvent systems. To eliminate
the influence of adsorption on the separation performance, direct
evidence was provided by the evaluating percentage of adsorbed dyes,
which indicated the low adsorption for all the dyes (fig. S30) (59).
Therefore, it was reasonable to conclude that the high rejection of
the pDA/TpPa(W/E)-COF membrane was dominated by size exclu-
sion and electrostatic interaction. Therefore, the advanced approaches
developed in this work can simultaneously realize the effective pore
size manipulation, mechanical strength enhancement, and durabil-
ity reinforcement of COF membranes, which would be significantly
beneficial for improving the practical application potential of COF
membranes.

DISCUSSION

We demonstrated an in situ molecularly soldered strategy for the facile
construction of ultrafast, precise-sieving, ultrathin, and defect-free
pDA/TpPa(W/E)-COF membranes, exhibiting excellent antifouling
properties and superior structural stability for both desalination
and organic solvent nanofiltration by using analogous chemical en-
vironments for COF synthesis and DA polymerization at room tem-
perature. DFT simulation and complementary experiments clarified
that the ROS generated during DA self-polymerization can promi-
nently accelerate the nucleophilic reactions of COF to regulate the
surface structure and pore size of molecularly soldered COF mem-
branes. The brand-new pDA/TpPa(W/E)-COF membranes showed
remarkable competence in mono/bivalent salt separation, high anti-
pollution capacity, and precise separation of diverse small molecules.
The pDA/TpPa(W/E)-COF membranes demonstrated a permeance
of 53.1 liter m ™2 hour ! bar ! and 99.5% rejection of Na,SOy, which
are much superior to that of state-of-the-art membranes. The pDA/
TpPa(W/E)-COF membranes also exhibited superior stability in a
wide variety of organic solvents, displaying robust mechanical strength
and excellent durability in long-term filtration. The simplicity of the
membrane fabrication process potentially enables the large-scale
production of durable high-performance COF membranes for cru-
cial energy-efficient separations to tackle the ever-increasing energy
and environmental issues.

MATERIALS AND METHODS

Preparation of TpPa-COF and pDA/

TpPa(W/E)-COF membranes

To prepare pDA/TpPa(W/E)-COF membranes, 2 g of Pa was dis-
solved in 50 ml of deionized water. Then, 0.2 g of DA hydrochloride
was dissolved in a Pa aqueous solution via ultrasonic treatment for
10 min, and 0.05 g of Tp was dissolved in 50 ml of EtOH. These two
solutions were poured into the beaker simultaneously and stirred for
10 s. Afterward, the PI substrate was immersed in the solution and
kept reaction different durations at ambient temperature and light.
Last, the membrane was washed thrice with water and then dried
under a dynamic vacuum at 120°C for 2 hours. For the TpPa-COF,
pDA/TpPa(W)-COF, and pDA/TpPa(E)-COF membranes, we used
the same method as above using different solvents.
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Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
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