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% Check for updates Membrane reactors are known for their efficiency and superior operability

compared to traditional batch processes, but their limited diversity poses
challenges in meeting various reaction requirements. Herein, we leverage the
molecular tunability of covalent organic frameworks (COFs) to broaden their
applicability in membrane reactors. Our COF membrane demonstrates an
exceptional ability to achieve complete conversion in just 0.63 s at room
temperature—a benchmark in efficiency for Knoevenagel condensation. This
performance significantly surpasses that of the corresponding homogeneous
catalyst and COF powder by factors of 176 and 375 in turnover frequency,
respectively. The enhanced concentration of reactants and the rapid removal
of generated water within the membrane greatly accelerate the reaction,
reducing the apparent activation energy. Consequently, this membrane reac-
tor enables reactions that are unattainable using both COF powders and
homogeneous catalysts. Considering the versatility, our findings highlight the
substantial promise of COF-based membrane reactors in organic
transformations.

Membrane reactors are gaining traction in the fine chemistry and
pharmaceutical sectors, offering a compelling alternative to con-
ventional batch reactors. Their unique capability to continuously
remove products shifts reaction equilibria towards desired out-
comes, enhancing process efficiency®. Currently, there are two
predominant types of membrane reactors: those that integrate
catalytically active entities within traditional polymer
membranes’~’, and those that immobilize these entities to inorganic
membranes'° . Despite their merits, broader adoption faces
impediments. Polymer membranes often contend with restricted
catalytic site accessibility and limited solvent resilience, while
inorganic counterparts encounter challenges with catalytic versa-
tility and integration synergy. As such, there is a strong need to

explore new materials for constructing membrane reactors to
overcome these challenges.

Covalent organic frameworks (COFs) offer a potential solution in
this realm. These innovative, crystalline, porous polymers are char-
acterized by their diverse framework topologies, open pore archi-
tectures, and customizable functionalities'*>. Their effectiveness in
catalyzing various transformations as powders has been extensively
documented**. Upon translation into membranes, COFs demon-
strate potential across applications such as ion separation, energy
conversion, and water purification*””**. The tunability of COFs enables
deliberate placement of catalytic sites within robust, open membrane
pore channels. Moreover, the columnar arrangement of 2D COF layers
augments molecular diffusion, fortifies intermolecular interactions,
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and ensures unimpeded access to active sites within pore channels,
thus representing a significant advancement in reactor technology.

To validate the efficacy and advantages of COF-based membrane
reactors, we conducted a proof-of-concept study utilizing an amine-
functionalized COF membrane for the Knoevenagel condensation
reaction, a key process in forming C-C bonds®. As a result of con-
centrating reactants within the membrane pores and efficiently pur-
ging water as a by-product, the reaction equilibrium favorably shifts
towards desired products (Fig. 1). The outcomes of this study are
striking, evincing exceptional catalytic efficiency with an unparalleled
conversion rate of 100% achieved within a mere 0.63 s at room tem-
perature. This performance substantially surpasses that of a homo-
geneous catalyst and COF powder, which recorded conversion rates of
71.0% and 48.5% respectively, under the conditions of 60 °C for 8 min.
These results highlight the significant advantages and the promising
future of COF-based membrane reactors.

Results

Membrane synthesis and characterization

Leveraging the superior catalytic properties of aminocatalysts in the
Knoevenagel condensation reaction, we selected 2,5-bis(2-(dimethy-
lamino)ethoxy)terephthalohydrazide (Bth), known for its prominent
tertiary amine group, as a crucial component in synthesizing a COF
membrane. The combination of Bth with 1,3,5-triformylphloroglucinol
(Tp) was specifically chosen because it effectively promotes the
transformation of reversible imine bonds into irreversible [-
ketoenamine structures, thereby enhancing the chemical stability of
the COF. To optimize operational efficiency while maintaining the
organic solvent resistance and water transport efficiency of the
membrane, we grow the catalytically active COF layer onto a super-
hydrophilic polyethersulfone (PES) surface via liquid-solid-liquid
interfacial polymerization technique. The procedure entailed posi-
tioning a Tp solution in ethyl acetate and mesitylene on one side of the
membrane and a Bth solution in acetic acid on the opposite side,
leading to the creation of the COF-TpBth/PES membrane (Supple-
mentary Fig. 1). Post-reaction, the membrane underwent a color shift
from white to dark yellow. A water contact angle test indicated a
transition from superhydrophilic to hydrophobic properties, evident
in the water droplet contact angle increasing from 0° to 128°. Con-
versely, the contact angle for organic compounds, such as benzalde-
hyde, decreased from 21° on the PES to 0° (Fig. 2a and Supplementary
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Fig. 1| Conceptual diagram illustrating the deployment of a membrane reactor
based on COFs for highly efficient catalysis. The membrane facilitates the
enrichment of reactants and rapid removal of products during the catalytic
process.

Fig. 2). This dual organophilic and hydrophobic nature is expected to
be advantageous for catalytic processes that generate water as a by-
product, by facilitating the concentration of organic reactants and
promote the efficient removal of H,0.

Scanning electron microscopy (SEM) analysis unveiled distinctive
surface features on the COF-TpBth/PES membrane. In contrast to the
original PES surface, which featured numerous micron-sized pores, the
COF-TpBth/PES membrane exhibited a more compact and smoother
surface (Fig. 2b and Supplementary Fig. 3). Cross-sectional SEM images
provided additional insights into the structure, revealing a COF layer
thickness of approximately 200 nm (Fig. 2b, inset). Dye exclusion tests
indicated that the membrane possessed diffusion channels smaller
than methyl blue (2.3 nm), affirming a defect-free structure in the COF-
TpBth/PES membrane (Supplementary Fig. 4). To ascertain the suc-
cessful creation of the B-ketoenamine COF structure in the COF-TpBth
membrane, multiple analytical methods were employed. For char-
acterization purposes, the PES substrate was dissolved in dimethyl
sulfoxide (DMSO). Fourier-transform infrared spectroscopy (FT-IR)
results were particularly informative, showcasing the disappearance of
characteristic aldehyde group signals from Tp and -NH, signals from
Bth. Additionally, new signals corresponding to amide C=0 and C=C
vibrations emerged, strongly suggesting the formation of the (-
ketoenamine COF (Supplementary Fig. 5)%. Solid-state ®*C nuclear
magnetic resonance (*C NMR) spectroscopy further substantiated this
conclusion by displaying characteristic C=0 signals at 190.0 ppm
(Supplementary Fig. 6). Powder X-ray diffraction (PXRD) patterns
demonstrated excellent crystallinity, with diffraction peaks aligning
with the eclipse AA stacking structures (Fig. 2c). N, sorption isotherms
revealed a Brunauer-Emmett-Teller (BET) surface area of 459 m? g™
for COF-TpBth. Pore size distribution analysis indicated an average
pore size of about 2.0 nm, consistent with the proposed structures
(Supplementary Fig. 7). To assess the inherent basic strength of the
COF-TpBth/PES membrane, we employed an in-situ probe
molecule adsorption technique in conjunction with FT-IR spectro-
scopy (Supplementary Fig. 8). Deuterated chloroform (CDCl3), cho-
sen for its mild acidity, was selected as the probe. Following the
adsorption of CDCls, FT-IR analysis revealed a broad absorption
band between 2180 - 2290 cm™, indicating the stretching vibrations
(vcp) of the C-D bond in CDCls. According to the equation:
log Aucp =0.0066PA — 4.36, where Av,, represents the shift in v,
(cm™), and PA is the proton affinity (k] mol™), revealing that COF-
TpBth exhibits moderate basicity*’.

Catalytic efficiency evaluation

To assess the efficacy of COF-TpBth/PES as a membrane reactor, we
selected the Knoevenagel condensation of benzaldehyde with mal-
ononitrile, resulting in the formation of benzalmalononitrite, as a
representative model reaction. The catalytic process occurred within a
specially designed dead-end membrane system (Fig. 3a). The experi-
mental procedure involved loading the feed chamber with a 0.5mL
ethanol solution containing 0.5M benzaldehyde and 0.55M mal-
ononitrile (ethanol was identified as the optimal solvent through sol-
vent screening experiments, Supplementary Fig. 9). A constant
vacuum suction was applied to facilitate the permeation of this mix-
ture through the membrane, propelling the reactants to traverse the
membrane and enhancing the interaction with the catalytic sites within
the pore channels of the membrane reactor. The catalytic reaction
initiated upon the contact of the reactants with the active sites of the
COF reactor during the transmembrane process. Simultaneously, the
filtrate was collected in a flask, and the yield of the membrane catalysis
was determined using 'H NMR spectroscopy. The volumetric flow rate
of the reaction mixture remained constant, as evidenced by a linear
flow volume-time relationship (Supplementary Fig. 10). Furthermore,
the membrane flux exhibited an almost linear increase as the vacuum
suction increased up to 0.8 bar (Supplementary Fig. 11).
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Fig. 2 | Membrane characterization. a Depiction of the COF-TpBth/PES composite
membrane structure and the wettability comparison between the PES substrate and
the COF-TpBth/PES membrane. b SEM images of the COF-TpBth/PES membrane
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with an inset showing the cross-sectional view. ¢ PXRD patterns, with an inset
displaying the chemical structure of COF-TpBth.
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Fig. 3 | Setup for membrane reactions and evaluation of catalytic performance.
a Schematic representation of the membrane catalysis experimental setup.

b Comparative analysis of catalytic efficiency among the COF-TpBth/PES mem-
brane, a shredded COF membrane, the corresponding COF powder, and a homo-
geneous catalyst (Bthba). The grey areas on the x-axis indicate the reaction
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temperatures corresponding to the catalytic data obtained above. The error bars
represent the standard deviation of three independent measurements of the var-
ious membranes. ¢ Arrhenius plots along with the corresponding apparent acti-
vation energies.

The efficacy of the membrane reactor was benchmarked against
three distinct catalytic systems: a shredded COF membrane, COF
powder, and a homogeneous catalyst (Bthba) derived from Bth and
benzaldehyde, and all the measurements were replicated with three
independent experiments. Batch reactions for these catalytic systems,
with the exception of the membrane reactor, were carried out using
reaction volumes derived from the permeance of the membrane
reactor, maintaining identical temperature conditions and stirring.
The membrane reactor exhibited exceptional performance, achieving
complete conversion of benzaldehyde under a vacuum suction of
0.05bar, maintaining in a stable turnover frequency (TOF) of
60 +0.23 min™ over a period of 8 min. This performance greatly sur-
passed that of the batch reactions, where the initial turnover fre-
quencies for the shredded membrane, COF powder, and
homogeneous catalyst were 18, 16, and 25 min™, respectively, under
similar conditions. Notably, the contact time between the solution and
the membrane, calculated based on the volumes of the reaction
solution and the COF active layer, was only 0.63s to achieve 100%
conversion (see details in the Supplementary Methods). In contrast, at
60 °C over an 8-minute period, the shredded COF membrane, the COF
powder, and the Bthba catalyst reached conversion rates of 61.0%,
48.5%, and 71.0%, respectively (Fig. 3b).

To further elucidate the experimental observations, we under-
took additional experiments. We began by calculating the activation
energies (E,) for the condensation of benzaldehyde with mal-
ononitrile. This involved analyzing Arrhenius plots, which correlate
product yield with reaction temperature, as shown in Supplementary
Fig. 12. The results revealed £, values of 15.1kJ mol™ for the membrane
reactor, 91.5 k) mol™ for the COF powder, 51.5 k) mol™ for the shredded

COF membrane, and 38.3 k] mol™ for the homogeneous Bthba catalyst
(Fig. 3c). The relatively low £, for the membrane reactor suggests its
superior efficiency in activating reactants, thereby enhancing the rate
of the Knoevenagel condensation reaction. The disparity in catalytic
performance among these systems, despite similar active sites, is pri-
marily attributed to two factors. First, the synergy between the
hydrophobic COF layer and the superhydrophilic PES substrate in the
membrane reactor. This unique combination boosts reactant con-
centration while simultaneously repelling water (a by-product), con-
tinuously shifting the reaction equilibrium towards product formation,
leading to higher single-pass conversion. This is also evidenced by the
superior performance of the shredded COF membrane compared to
the COF powder. Second, the pressure-driven transit of reactant
molecules through the narrow COF pore channels, which likely aligns
them in an orderly manner and enhances their interaction with active
sites, thereby facilitating the reaction and reducing the activation
energy*® .

Investigation of the influence of reactant concentration on the
reaction

Subsequently, experiments were carried out over a range of initial
reactant concentrations from 0.1 to 0.9 M. In Fig. 4a, the rate of ben-
zaldehyde conversion and TOF are plotted against the initial benzal-
dehyde concentration (the concentration of malononitrile is 1.1 times
that of benzaldehyde). For concentrations between 0.1 to 0.5 M, both
plots exhibit linearity. However, at 0.5 M, the conversion rate peaks
and then decreases with further concentration increases, while the
TOF continues to rise as reactant concentration increases. This trend
suggests a strong dependency of the reaction rate on reactant
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Article

https://doi.org/10.1038/s41467-024-51250-8

100 e 100 < B COF-TpBth/PES
a - b Lo.0 € c
o ® ° o R?=0.982 0.0 ‘€ 1004 & [ COF-TpBth powder
9 Fo 80 e ‘ H0.1 ¢ :
* = .. = —~ 801
;\3 é ¢ 60 g F0.2 ; §
D80 . = 103 % © 601
> §y . 40 ’9 l L0.4 zﬂ’ p 404
70 ° o, ™
. 20 s. 105 & 201
H o ey
60 r0.6 = 0l
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100 watet ofo WA ok
Concentration (M) Time (min) ithout i A VO (Ao vot’
HE3
Ay
A LB TR
oA $3iik
0 ns 0.37 ns

Fig. 4 | Investigation of reaction order and transport kinetics across the
membrane for various molecules. a Assessment the impact of reactant con-
centration on the performance of COF-TpBth/PES. The grey areas on the x-axis
indicate the reactant concentrations and vacuum suction applied in relation to the
catalytic data obtained above. b Time-dependent variation of product yield in
Knoevenagel condensation catalyzed by Bthba at room temperature. The accom-
panying empirical equation is derived from linear fitting. ¢ Evaluating the influence
of water on reaction efficiency across different catalytic systems. d Snapshots
illustrating the dynamic behavior of benzaldehyde, ethanol, and water within COF-
TpBth nanochannels at specific time points (0, 0.37, and 1.28 ns). The diffusion

rates follow the order: H,O > ethanol > benzaldehyde (red, O; white, H; cyan, C;
grey, COF-TpBth). Some molecules in the pore channel are depicted as dots for
clarity. e Statistical analysis of transmembrane molecule permeation across the
COF membrane. (f) A magnified view highlighting a pore channel of the COF
membrane reactor filled with a hydrogen-bonded water wire. Hydrogen-bonding
interactions among the H,O molecules are observable. These interactions, com-
bined with the hydrophobic environment created by surrounding benzaldehyde
molecules, are expected to align the H,O molecules linearly along the pore
channels.

concentration. To quantitatively analyze the reaction order, the
homogeneous Bthba catalytic system was studied. The time-
dependent product yield curve in Fig. 4b shows a linear relationship
between time (t) and the concentration expression
In[(b(a — x))/(a(b — x))]. In this expression, x represents the product
(benzalmalononitrite) concentration, ¢ is the reaction time, and a and
b are the initial concentrations of malononitrile and benzaldehyde,
respectively. The correlation coefficient of this relationship is notably
high at 0.982, suggesting that the reaction follows a pseudo-second-
order kinetic model®*“%. To further investigate the individual effects of
benzaldehyde and malononitrile concentrations on the reaction, their
concentrations were varied separately in a series of experiments. It was
observed that the influence of these two reactants on the reaction
kinetics was nearly identical, suggesting a comparable impact from
both benzaldehyde and malononitrile (Supplementary Fig. 13). Both
the COF powder and membranes used in batch reactions displayed
similar rate constant terms for benzaldehyde and malononitrile as
observed with the homogeneous catalyst Bthba (Supplementary
Figs. 14 and 15). These findings underscore the significant role that
reactant concentration plays in dictating the reaction rate; as con-
centrations decrease during the reaction, the reaction rate also tends
to diminish.

A comprehensive examination of the influence of reactant con-
centration on the membrane reactor, COF powder, and the homo-
geneous Bthba catalytic system revealed that the batch reaction
system was more sensitive to decreases in reactant concentration. For
example, areduction in concentration from 0.5 M to 0.1 M resulted in a
35% decrease in conversion rate in the membrane reactor, falling from
100% to 65%. In contrast, the conversions of benzaldehyde in the
homogeneous and COF powder systems dropped by 45% and 41%
respectively, indicating that reactants can be effectively enriched
during catalysis (Supplementary Fig. 16).

Investigation of the influence of H,O on the reaction
We observed a significant decline in the growth rate once specific
conversion thresholds were reached: 80% for COF powder and 90% for

the homogeneous Bthba catalyst. Specifically, the conversion of ben-
zaldehyde in the COF powder reached 78% after 80 min, then
increased to 84% and 91% after 648 min and 1440 min, respectively
(Supplementary Fig. 17). Further extending the reaction time to 48 h
only minimally enhanced the yield to 92%. Consequently, the overall
TOF values for the homogeneous catalyst and the COF powder were
calculated to be 0.34 min™ (at 100% conversion) and 0.16 min™ (at 92%
conversion), respectively. These values are 176 and 375 times smaller
than that of the corresponding membrane reactor. This pattern led us
to hypothesize that the accumulation of by-product H,O might be
inhibiting the reaction. In the membrane-catalyzed process, produced
H,O molecules are instantly separated from the phase, a process
enhanced by the hydrophobic and superhydrophilic structure of the
composite membrane. However, in batch reactions, all the generated
H,O remains in the solution. As the reaction continues, the con-
centration of reactants decreases, while that of by-product H,O
increases, making the reaction increasingly difficult. To validate this
presumption, we evaluated the effect of H,O on catalytic efficiency.
The results showed that introducing 10 vol% H,O into the reaction
mixture decreased the efficiency of the membrane reactor by roughly
9%, while the efficiencies of the COF powder and homogeneous cata-
lyst systems dipped by 52% and 42% respectively. This finding rein-
forces the assumption that by-product water exerts a negative
influence on the reaction efficiency (Fig. 4¢).

Molecular dynamics (MD) simulation

To assess the effectiveness of the COF membrane reactor in con-
centrating reactants and excluding water at a molecular level, MD
simulations were performed (Supplementary Fig. 18). These simula-
tions analyzed the diffusion dynamics of benzaldehyde, ethanol, and
water through the membrane. The findings showed a consistent
decrease in the transmembrane transport rates for these molecules,
with water having the highest rate, followed by ethanol, and benzal-
dehyde the slowest (Fig. 4d and Supplementary Movie 1). This out-
come was further corroborated by statistical analysis of molecule
permeation across the COF membrane (Fig. 4e). Specifically, MD

Nature Communications | (2024)15:6837



Article

https://doi.org/10.1038/s41467-024-51250-8

simulation snapshots recorded the penetration times of the first water,
ethanol, and benzaldehyde molecules through the membrane as
0.09 ns, 1.28 ns, and 1.52 ns, respectively (Supplementary Fig. 19). A
detailed analysis was conducted on the transmembrane behavior of
these molecules through the channels of COF-TpBth membranes. It
was observed that benzaldehyde molecules oscillated within the pore
channels, while water molecules quickly passed through. In the
transport process of water molecules, an intermittent water wire
formed, which, surrounded by hydrophobic benzaldehyde molecules,
arranged the water molecules into single-file, one-dimensional con-
figurations, enhancing their movement along the pore channel
(Fig. 4H°***, The oscillations of the side chains on the COF pore walls
contributed to the transient nature of the water wire. The rapid dif-
fusion of water molecules led to their effective exclusion from the
reactor. Meanwhile, the faster diffusion of ethanol, serving as the sol-
vent, compared to the reactant benzaldehyde, resulted in a higher
concentration of the reactant within the membrane reactor. This dif-
ferential behavior significantly enhanced the efficiency of the COF
membrane reactor by maintaining high reactant concentrations and
rapidly excluding water, thus potentially reducing its inhibitory impact
on the reaction process. Furthermore, through detailed MD simula-
tions analyzing the transmembrane transport behavior of benzalde-
hyde molecules, we indeed observed that upon entering the confined
pore channels, the benzaldehyde molecules form intermolecular
hydrogen bonds, which orient them within the channels. Additionally,
these molecules also engage in hydrogen bonding with the COF
backbone (Supplementary Fig. 20).

The general advantage of transforming COF powder into a
membrane reactor

To highlight the unique capability of promoting reactions through the
transformation of COF powder into a membrane reactor, we devel-
oped an alternative membrane reactor by condensing Tp with ter-
ephthalohydrazide (Tph, Supplementary Fig. 21). This fabricated
reactor (COF-TpTph/PES) revealed weakly basic sites of amide nitro-
gen as demonstrated by CDCl; adsorption experiments (Supplemen-
tary Fig. 22). Under operation conditions of 0.5M reactant
concentration and 0.05 bar pressure, the reactor accomplished a 23%
yield in benzaldehyde conversion. Notably, in direct comparison, the
corresponding COF powder and homogeneous catalytic systems
achieved conversion rates of only 4% and 7% respectively. Even more
striking, when the reactant concentration was decreased to 0.1 M and
the vacuum suction increased to 0.1bar, the membrane reactor was
still able to maintain an 8% benzaldehyde conversion rate, while no
conversion was discernible in either the COF powder or homogeneous
systems (Fig. 5a). These results underscore the ability of the COF
membrane to reduce the activation energy of the reaction, likely due
to the unique packing of reactants within the confined nanochannels
of the membrane reactor, a process augmented by vacuum suction.

Long-term efficiency evaluation

To further evaluate the efficiency of the COF-TpBth/PES membrane
reactor, a 48-hour continuous operation test was performed. Under
optimized conditions consisting of a 0.5M concentration of benzal-
dehyde and a pressure of 0.05 bar, the membrane reactor consistently
achieved a conversion rate exceeding 95% for benzaldehyde, demon-
strating its stable and efficacious performance over the prolonged
period. Contrastingly, the homogeneous catalytic system and the COF-
TpBth powder, under identical conditions, achieved lower conversion
rates of 85% and 49% respectively. Moreover, to achieve a benzalde-
hyde conversion rate analogous to that of the membrane reactor, the
homogeneous Bthba catalytic system and COF-TpBth powder neces-
sitated substantially longer durations of 98 h and an extensive 210 h,
respectively (Supplementary Fig. 23). Importantly, the integrity and
the crystallinity of the membrane were maintained after catalysis
(Supplementary Figs. 24 and 25).

Subsequent investigations focused on the impact of pressure on
the catalytic efficiency of the membrane reactor. A key finding was the
observed enhancement in the TOF of benzaldehyde with increasing
pressure (Fig. 5b). This improvement in performance is likely due to
the increased pressure, which enlarges the diffusion rates of the
reactants, solvent, and water, thereby concentrating the reactants
more effectively. As a result, a significant increase in TOF was
observed, rising from 60 to 185.2min™ as the vacuum suction inten-
sified from 0.05 to 0.8 bar, establishing a benchmark in the field of
Knoevenagel condensation (Fig. 5c and Supplementary Tables 1-3).

Exploration of reaction scope

To evaluate the adaptability of our membrane reactor across diverse
substrates, we broadened our investigation to encompass a variety of
substituted benzaldehydes undergoing Knoevenagel condensation
with malononitrile. This exploration allowed us to further accentuate
the advantages of the membrane reactor by comparing its perfor-
mance with a homogeneous catalytic system. To optimize the reaction
rate, we maintained a constant pressure of 0.7 bar and utilized alde-
hyde and malononitrile at concentrations of 0.5M and 0.55M,
respectively. Our findings revealed that the membrane reactor effi-
ciently catalyzes the Knoevenagel condensation of various aldehydes.
We observed that electron-withdrawing groups on the benzene ring,
such as in 2-fluorobenzaldehyde, afforded a greater efficiency,
achieving a TOF of up to 183 min™. Conversely, electron-donating
groups tended to reduce the reaction rate, particularly when posi-
tioned at the para position of the benzene ring, as in 4-methox-
ybenzaldehyde, though the TOF remained impressively high.
Significantly, the membrane reactor consistently outperformed the
homogeneous system, with TOF values ranging from 1.45 to 2.86 times
higher. It is important to note that these TOF values were determined
within the initial 8 minutes. As the reactant concentration decreased
and water molecules were generated, the reaction rate of the batch
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Fig. 5 | Comparative catalytic performance across diverse catalytic systems.
a Comparative analysis of catalytic efficiency among the COF-TpTph/PES mem-
brane, the corresponding COF powder, and a homogeneous catalyst (Tphba)
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reactor. ¢ Comparison between the COF-TpBth/PES membrane reactor and pre-
viously reported catalytic systems (see details in Supplementary Table 1).
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reaction decreased significantly. Consequently, there is expected to be
a more pronounced difference in TOF values between the batch
reaction and the membrane catalysis when the reactions achieve full
conversion. This disparity inversely correlated with the reaction effi-
ciency: lower efficiencies in the homogeneous system corresponded to
larger improvements in the membrane reactor. This suggests that the
membrane reactor can effectively lower the apparent activation
energy, facilitating the reaction process. Moreover, the membrane
reactor also exhibited excellent catalytic performance in the Knoeve-
nagel condensation of heterocyclic aldehyde. In this case, the aldehyde
TOF achieved was 159 min™, which is 2.12 times higher than that of the
corresponding homogeneous system (Fig. 6a). This underscores the
broad applicability and efficiency of membrane reactor in various
organic transformations.

To further demonstrate the efficacy of the COF-TpBth/PES
membrane reactor, a comparative analysis was conducted on its per-
formance in the condensation of benzaldehyde with ethyl cyanoace-
tate. The COF-TpBth/PES membrane reactor achieved a TOF of
7.0 min, whereas the homogeneous catalyst Bthba and the COF
powder catalyst did not produce any detectable products (Fig. 6b).
Additionally, the membrane reactor proved effective in the ring-
opening reaction between styrene oxide and ethanol, delivering a TOF
of 11.5 min™’. Under identical conditions, Bthta achieved only a TOF of
2.4 min™, and the COF powder catalyst yielded no detectable product
(Fig. 6¢). These results not only highlight the advantages of the
membrane reactor in lowering the activation energy and enhancing
the overall efficiency of the reaction but also suggest that the COF
membrane could be applicable to a broader range of base-catalyzed
reactions.

Discussion

In summary, this study underscores the significant advantages of
employing COFs as membrane reactors, especially when compared to
their homogeneous equivalents and COF powders in the context of
Knoevenagel condensation. The superiority of COF membrane reac-
tors is demonstrated in several key aspects. Firstly, the COF membrane
reactor achieves a remarkable 100% conversion in just 0.63 s at room
temperature, a remarkable feat compared to the days required by the
homogeneous catalyst and COF powder under the same conditions.
Secondly, the membrane reactor significantly reduces the activation
energy required for the reactions, thereby enhancing the catalytic
process, thus fostering the catalytic transformation while both the
homogeneous counterpart and the COF powder cannot activate such a
reaction. To our knowledge, this study represents the initial explora-
tion into using a COF-based membrane reactor. Considering the wide
array of COF materials available, the potential applications of COF-

based membrane reactors are poised to open up avenues for improved
catalysis in the future.

Methods

Materials

Commercially available reagents were procured in high purity and
utilized without additional purification. The synthetic procedures
for other monomers employed in the COF membrane synthesis
are outlined in the Material Synthesis section, with their
purity confirmed through NMR analysis. 0.2 um Supor 200 PES
Membrane Disc Filter was sourced from Pall Corporation
(New York, NY, USA).

Material synthesis

Diethyl 2,5-bis(2-(dimethylamino)ethoxy)terephthalate. In a reac-
tion flask containing diethyl 2,5-dihydroxyterephthalate (4g,
15.7mmol), Cs,CO; (21.6g, 66 mmol), and CH5CN (100 mL),
2-dimethylaminoethyl chloride hydrochloride (4.8 g, 33.3 mmol) was
added incrementally. The resulting mixture was heated at 110 °C for
24 hours. After evaporation of CH;CN, the brownish residue was dis-
solved in H,O and extracted with ethyl acetate (EtOAc). The combined
organic phase was acidified with HCI (3 M, 3 x30 mL), and the resulting
aqueous phase was washed with diethyl ether (3 x30 mL), alkalized
with K,CO3, and further extracted with EtOAc. The organic layer was
dried over magnesium sulfate. The resultant title product was
obtained as a brown liquid after removing EtOAc (3.86 g, 9.8 mmol,
62%). 'H NMR (500 MHz, CDCls): §=7.40 (s, 2H), 4.36 (q, 4H), 4.1 (t,
4H), 2.75 (t, 4H,), 2.35 (s, 12H), 1.38 (t, 6H) ppm.

2,5-Bis(2-(dimethylamino)ethoxy)terephthalohydrazide (Bth). Die-
thyl 2,5-bis(2-(dimethylamino)ethoxy)terephthalate (2.0 g, 5.0 mmol)
was added to a mixture of toluene (40 mL) and ethanol (40 mL).
Hydrazine hydrate (6.5 mL) was then added dropwise, and the result-
ing mixture was refluxed overnight at 110 °C (Supplementary Fig. 26a).
After cooling, the solution was evaporated under vacuum, resulting in
the formation of the title compound Bth as a yellow solid (1.62g,
4.4 mmol, 88% yield). '"H NMR (500 MHz, CDCl5): § =10.52 (s, 2H), 7.76
(s, 2H), 4.23 (t, 4H), 4.17 (bs, 4H), 2.70 (t, 4H), 2.33 (s, 12H) ppm.

Terephthalohydrazide (Tph). Diethyl terephthalate (1.5g, 6.8 mmol)
was added to ethanol (40 mL). Hydrazine hydrate (6.5 mL) was intro-
duced dropwise, and the resulting mixture was refluxed overnight at
110 °C (Supplementary Fig. 26b). After cooling, the solution was eva-
porated under vacuum, resulting in the formation of the title com-
pound Tph as a white solid (1.19 g, 6.1mmol, 90% yield). 'H NMR
(500 MHz, d¢-DMSO0): 6 =9.89 (s, 2H), 7.83 (s, 4H), 4.55 (s, 4H) ppm.
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Bthba. Bth (184.2 mg, 0.5 mmol), benzaldehyde (106.2 mg, 1.0 mmol),
and ethanol (10 mL) were added to a round-bottom flask. The resulting
mixture was stirred for 12 hours at 50 °C. Following this, the solution
was evaporated under vacuum (Supplementary Fig. 26¢). The resulting
solid was washed with diethyl ether and vacuum-dried, yielding the
final product as a white solid (223.3 mg, 82%). 'H NMR (500 MHz,
CDCl5): §=11.95 (s, 2H), 8.30 (s, 2H), 8.01 (s, 2H), 7.84-7.79 (m, 4H),
7.47-7.42 (m, 6H), 4.35 (t, 4H), 2.83 (t, 4H), 2.37 (s, 12H) ppm.

Tphba. Tph (97.4 mg, 0.5 mmol), benzaldehyde (106.2 mg, 1.0 mmol),
and ethanol (10 mL) were added to a round-bottom flask. The resulting
mixture was stirred for 12 hours at 50 °C. Following this, the solution
was evaporated under vacuum (Supplementary Fig. 26d). The resulting
solid was washed with diethyl ether and vacuum-dried, yielding the
final product as a white solid (166.6 mg, 90%). '"H NMR (500 MHz, d¢-
DMSO0): 6 =11.99 (s, 2H), 8.46 (s, 2H), 8.04 (s, 4H), 7.73 (d, 4H), 7.47-
7.42 (m, 6H) ppm.

COF-TpBth/PES. The active layers of the COF were synthesized
through interface polymerization on the surface of a PES ultrafiltration
membrane. The PES support was positioned vertically in the center of a
custom-made diffusion cell, with each compartment having a volume
of 7 cm?. An acetic acid aqueous solution (1M, 7 mL) containing Bth
(57.8 mg, 0.15 mmol), and a solution of Tp (22.0 mg, 0.105mmol) in a
mixture of ethyl acetate (EtOAc) and mesitylene (V/V =1/9, 7 mL) were
separately introduced into the two sides of the diffusion cell. The
reaction mixture was maintained at 35°C for 3 days. The resulting
membrane, designated as COF-TpBth/PES, was rinsed with methanol
to eliminate any residual monomers and the catalyst (Supplementary
Fig. 27a). Given the challenge of accurately measuring such a thin COF
active layer that is integrated with PES, we employed a rigorous
method for calculating the mass of the COF membrane, which was
determined to be approximately 0.035 mg. This calculation took into
account the effective surface area of the COF-TpBth/PES membrane
using the formula rr2, where r, the radius of the effective membrane
area, is 0.75 cm (according to the effective surface during catalysis).
The thickness of the membrane, as determined by the cross-sectional
SEM images, is 200 nm. Additionally, we utilized zeo + + software to
calculate the density and accessible volume of the COF-TpBth material,
found to be 0.889507 g cm™and 0.629337 cm® g™, respectively. Our N,
sorption isotherms indicated a pore volume of 0.338977 cm® g™ for the
synthesized COF-TpBth, which is lower than the theoretical value.
Given that the densities of COFs are typically less than 1gcm™, we
assumed a density of 1gcm™ for the COF-TpBth active layer to facil-
itate a balanced comparison. This assumption results in the computed
mass of the COF active layer on PES being 0.035 mg. Moreover, based
on the COF’s structure, the membrane’s content of active sites is
approximately 0.15 umol.

COF-TpTph/PES. The active layers of the COF were synthesized
through interface polymerization on the surface of a PES ultrafiltration
membrane. The PES support was positioned vertically in the center of a
custom-made diffusion cell, with each compartment having a volume
of 7 cm®. An acetic acid aqueous solution (1M, 7 mL) containing Tph
(29.1 mg, 0.15 mmol), and a solution of Tp (22.0 mg, 0.105 mmol) in a
mixture of ethyl acetate (EtOAc) and mesitylene (V/V =1/9, 7 mL) were
separately introduced into the two sides of the diffusion cell. The
reaction mixture was maintained at 35°C for 3 days. The resulting
membrane, designated as COF-TpTph/PES, was rinsed with methanol
to eliminate any residual monomers and the catalyst (Supplementary
Fig. 27b).

COF-TpBth powder. A 10 mL of Schlenk tube was loaded with Tp
(22.0 mg, 0.105 mmol), Bth (57.8 mg, 0.15 mmol), ethanol (1.02 mL),
mesitylene (0.18 mL), and 6 M aqueous acetic acid (0.1mL). After a

brief sonication, the tube was then placed in an oven at 85 °Cfor 3 days.
The resulting precipitate was filtered, thoroughly washed through
Soxhlet extractions with methanol and acetone for 2 days, and air-
dried at ambient temperature for 24 hours. The resulting COF-TpBth
powder was isolated as a brown powder.

Characterization

Scanning electron microscopy (SEM) was conducted using a Hitachi SU
8000 instrument. FTIR spectra were recorded using a Nicolet Impact
410 FTIR spectrometer. Gas adsorption isotherms were obtained with
a surface area analyzer ASAP 2020, and N, sorption isotherms were
measured at 77 K using a liquid N, bath. PXRD data were collected on a
Bruker AXS D8 Advance A25 powder X-ray diffractometer (40kV,
40 mA) with Cu Ka (A =1.5406 A) radiation. Dye concentrations were
determined using Thermo Scientific™ UV-Vis spectrophotometers.
Contact angles of water were measured using a contact angle mea-
suring system SL200KB (USA KNO Industry Co.), equipped with a CCD
camera. ®C cross-polarization magic-angle spinning (CP-MAS) was
recorded on a Bruker Avance Neo 600WB spectrometer at a resonance
frequency of 150.94 MHz. 'H NMR spectra were recorded on a Bruker
Avance 111 500 (500 MHz) spectrometer. CDCl5-IR measurements were
carried out in a Bruker VERTEX 80 v spectrometer, between 4000 and
400 cm™ with a resolution of 4 cm™.

Catalytic performance evaluation

Membrane catalysis in the condensation of benzaldehyde and
malononitrile. The catalytic process took place in a home-made dead-
end membrane system at room temperature (25°C) with a feed
chamber diameter of 1.5 cm. The entire membrane had a diameter of
2.5 cm, with the central 1.5-cm area being the primary region involved
in the reaction, containing 0.15 umol of tertiary amine sites within the
COF active layer. Subsequently, a 0.5 mL ethanol solution containing
malononitrile (0.55 M) and benzaldehyde (0.5 M) was introduced into
the feed chamber. To facilitate the permeation of the ethanol solution
through the membrane and promote the transit of reactants across the
membrane, a constant vacuum suction was applied. This enhanced
interaction with the catalytic sites located within the pore channels of
the membrane reactor. The reactants underwent reactions within the
pore channels, and the resulting products exited along with the etha-
nol solvent. The filtrate, containing the reaction products, was col-
lected in a flask, and the yield of the membrane catalysis was
determined using 'H NMR spectroscopy.

Batch reactions in the condensation of benzaldehyde and mal-
ononitrile. The volumes of the reaction solutions for batch reactions
were determined based on the flux through the membrane. For
example, in the COF-TpBth/PES membrane reactor operating at a
temperature of 25 °C and under a vacuum suction of 0.05 bar, 0.15 mL
of solution passed through within 8 minutes. The quantities of COF
powders and homogeneous catalysts used were calculated based on
the mass of the COF active layers. To aid in the weighing process, the
batch reactions were scaled up by a factor of 100. The reaction mixture
consisted of an ethanol solution with benzaldehyde (0.5 M, 7.5 mmol,
795.9 mg) and malononitrile (0.55M, 8.25 mmol, 495.5 mg), totaling
15 mL, to which either Bthba (7.5 umol, 4.2 mg) or COF-TpBth powder
(3.5 mg) was added, and the mixture was reacted at 25 °C for 8 minutes.
For the shredded COF membrane, the reactants included an ethanol
solution of benzaldehyde (0.5M, 0.25mmol, 26.5mg) and mal-
ononitrile (0.55M, 0.275 mmol, 18.2 mg) in a total volume of 0.15mL,
also reacted at 25 °C for 8 minutes. The reaction yield was determined
via 'H NMR spectroscopy.

Membrane catalysis in the condensation of benzaldehyde and
ethyl cyanoacetate. The catalytic setup is the same as that used in the
condensation of benzaldehyde and malononitrile. 0.5mL ethanol
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solution containing ethyl cyanoacetate (0.55M) and benzaldehyde
(0.5 M) was introduced into the feed chamber at 25 °C and 0.05 bar of
vacuum suction was applied. The yield of the membrane catalysis was
determined using 'H NMR spectroscopy.

Batch reactions in the condensation of benzaldehyde and ethyl
cyanoacetate. The volumes of the reaction solutions for batch reac-
tions were determined based on the flux through the membrane. For
example, in the COF-TpBth/PES membrane reactor operating at a
temperature of 25 °C and under a vacuum suction of 0.05 bar, 0.15 mL
of solution passed through within 8 minutes. The quantities of COF
powders and homogeneous catalysts used were calculated based on
the mass of the COF active layers. To aid in the weighing process, the
batch reactions were scaled up by a factor of 100. The reaction mixture
consisted of an ethanol solution with benzaldehyde (0.5 M, 7.5 mmol,
7959 mg) and ethyl cyanoacetate (0.55M, 8.25mmol, 848.3 mg),
totaling 15 mL, to which either Bthba (7.5 umol, 4.2 mg) or COF-TpBth
powder (3.5 mg) was added, and the mixture was reacted at 25 °C for
8minutes. The reaction yield was determined via 'H NMR
spectroscopy.

Membrane catalysis in the ring-opening reaction between styrene
oxide and ethanol. The catalytic setup is the same as that used in the
condensation of benzaldehyde and malononitrile. 0.5mL ethanol
solution containing styrene oxide (0.5 M) was introduced into the feed
chamber at 35°C and 0.05 bar of vacuum suction was applied. The
yield of the membrane catalysis was determined using 'H NMR
spectroscopy.

Batch reactions in the ring-opening reaction between styrene oxide
and ethanol. The volumes of the reaction solutions for batch reactions
were determined based on the flux through the membrane. For
example, in the COF-TpBth/PES membrane reactor operating at a
temperature of 35 °C and under a vacuum suction of 0.05 bar, 0.15 mL
of solution passed through within 8 minutes. The quantities of COF
powders and homogeneous catalysts used were calculated based on
the mass of the COF active layers. To aid in the weighing process, the
batch reactions were scaled up by a factor of 100. The reaction mixture
consisted of an ethanol solution with styrene oxide (0.5 M, 7.5 mmol,
795.9 mg), totaling 15 mL, to which either Bthba (7.5 umol, 4.2 mg) or
COF-TpBth powder (3.5 mg) was added, and the mixture was reacted at
35°C for 8 minutes. The reaction yield was determined via 'H NMR
spectroscopy.

Data availability

The authors declare that all the data supporting the findings of this
study are available within the article (and Supplementary Information
files), or available from the corresponding author on request.
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