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Highly efficient light-gated COF membrane for precise

multistage molecular separation

Liyong Zhai', Shuaiqi Gao'*, Linlin Guo', Shuangjiang Luo?, Zhiyong Li'*, Huiyong Wang’,

Suojiang Zhang>?, Jianji Wang'3*

Membrane technology is crucial for the separations in chemical and biochemical industries because of its flexibil-
ity and reliability. However, conventional multistage separation requires multiple membranes with different pore
sizes, leading to low efficiency and high energy consumption. Inspired by the light-responsive behavior of sto-
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mata in natural leaves, we successfully fabricated a highly efficient light-gated covalent organic framework (COF)
membrane by using click reaction to incorporate 53.5 weight % azobenzene into the nanochannels, where the
pore size of this membrane could be dynamically switched between 0.73 and 0.93 nanometers because of the re-
versible trans-cis isomerization of azobenzene. Notably, the light-gated COF membrane enabled efficient multi-
stage separations of cannabidiol oil (a high-value pharmaceutical), limonene, and chlorophyll in hemp oil as well
as gold, silver, and iron ions in simulated natural ores. The separation process remained stable over 100 trans-cis-
trans cycles as a result of the formation of stable triazole bonds. Thus, this work provides an instructive strategy to
develop light-gated COF membranes for precise molecular separations.

INTRODUCTION
With gradual deterioration of the global climate and depletion of the
fossil resources, the concept of sustainable development is becom-
ing increasingly important and has been included in various regula-
tions by a number of countries and organizations (I). The chemical
industry plays an indispensable role in modern civilization of our
society from daily life to planetary exploration (2). However, it is
still the biggest energy consumption and carbon emission sector in
the world until now. The main reason is that traditional separation
processes, such as distillation, adsorption, extraction, and crystal-
lization, consume about 60% of the world’s total industrial energy
consumption (3) and lead to high carbon emission and secondary
pollution, which is a great obstacle to sustainable development.
Membrane separation is an effective technology for separation and
recycling of multicomponent molecules, affording advantages such
as low energy consumption, low carbon emission, high environmen-
tal safety, and economic feasibility (4, 5). Nevertheless, the sepa-
ration efficiency of traditional membranes is usually low because of
the lack of well-ordered and adjustable pores, and two or more mem-
branes have to be used for the separation of multiple components
with different molecular sizes, which causes high energy and capital
consumption. Therefore, it is of great importance to create smart
membranes whose pore size can be tuned in real time for the effec-
tive separation of different sizes of molecules.

In nature, many biological channels can be modulated to respond
for an external stimulus. Stomata are a typical example (6), which can
be used to adjust pore size in leaves and stalks under light irradiation
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(Fig. 1). This gives us an excellent inspiration for the use of light to
regulate the pore size of membranes. Specifically, the stomata are
formed by two guard cells, which are usually distributed evenly on
the leaf epidermis and run vertically across the leaf surface (7). In
the absence of light, the guard cells swell with water, keeping the
stomata closed, while in the presence of light, the guard cells shrink
by losing water, leading to the stomata opening.

Inspired by this interesting biological process, two key points must
be considered for the construction of efficient multipurpose photo-
responsive membranes: One is the fast and stable pore size response
to light, and the other is the highly ordered pores perpendicular to
the membrane. It is known that azobenzene groups, with two phe-
nyl rings separated by an azo bond (—N=N—) (8), can enable trans-
to-cis isomerization under ultraviolet (UV) light and get back to
cis-to-trans isomerization under visible (vis) light irradiation (9).
Comparing the configuration of cis and trans isomers of azobenzene,
the molecular size can be changed from planar trans-azobenzene
(~9A)toa nonplanar cis isomer (~6 A)witha dipole moment change
from 3.1 D to 0 (10). This provides a promising pore wall material
for the synthesis of smart membranes with photoswitching pores.
However, it is not possible for traditional membranes to meet the
requirement of these key points because of the lack of light re-
sponsiveness and uniform nanoscale channels. Thus, the explora-
tion of light-responsive membrane materials featuring highly ordered
nanochannels is of great significance.

Covalent organic frameworks (COFs) are a novel class of highly
crystalline porous materials and show the advantages of tunable pore
size, large surface area, ease of modification, and superior physical
and chemical stability (11, 12). Combined with azobenzene modi-
fication and isomerization, these distinctive superiorities may offer
promising applications in light-responsive smart membranes. Re-
cently, several efforts have been made to fabricate continuous pho-
toresponsive COF membranes. In this context, Yin and co-workers
(13) engineered a light-responsive COF membrane through amida-
tion reaction for the discrimination of K* and AI**, which exhibited
a grafting efficiency of ~80%, a selectivity of 6000, and at least five
light switching cycles. Ren and co-workers (14) fabricated smart
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Fig. 1. lllustration of bioinspired light-gated pore channels. Schematic of the stomata with open and closed pores under external stimuli (top); schematic of artificial

light-gated channels for molecular separations (bottom).

COF membranes decorated with photoresponsive azobenzene de-
rivatives through sulfur-fluoride exchange reaction to sieve different
metal ions, and the selectivity values were 17.9 for K*/Li* and 24.9
for Li*/Mg?** within 10 cycles of reversible closing and opening of
nanochannels. After careful analysis of the above results, it is found
that the high content and stability of the light-responsive units graft-
ed on the COFs are both crucial for practical applications of smart
membranes but still a great challenge because of the lower effi-
cient grafting reaction and the weaker bonding of azobenzene with
the anchoring group in the COF, which may limit its application
scope and scenarios. This is the main reason why the separation
of multiple components by the light-responsive COF membrane is
rarely reported.

In this work, inspired by the light-responsive behavior of stomata
in natural leaves, we focused on the design and synthesis of biomi-
metic light-gated COF membranes with high stability and high azo-
benzene content. Considering the fact that click reaction is a useful
approach for postmodification because of its high efficiency and easy
operation procedures (15), it was used to graft azide-azobenzene
onto alkyne sites on the wall of nanochannels as dangling groups
through the formation of stable triazole bonds in the imine-linked
COF membranes. The successful grafting of azobenzene was con-
firmed by various characterizations, and the grafting efficiency of
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azobenzene was 98.5%. Upon alternating UV and vis light irradia-
tion, highly efficient and reversible trans-cis isomerization of azo-
benzene in the COF membranes was achieved with a conversion
efficiency of 47.1%. Because of the different configurations of trans
and cis isomers, the pore size of the membranes was precisely tuned
within the range between 0.73 and 0.93 nm, thereby providing the
opportunity for the sieving of different sizes of molecules. As a re-
sult, the optimal COF membrane exhibited high potential for sieving
cannabidiol (CBD) oil, limonene, and chlorophyll in the hemp oil as
well as gold, silver, and iron ions in natural ores with excellent selec-
tivity and durability.

RESULTS

Synthesis and characterizations of the COF membranes

Here, 2,5-bis(2-propynyloxy)terephthalaldehyde (BPTA) and 1,3,5-tris
(4-aminophenyl)benzene (TAPB) were used to synthesize COF mem-
branes with free acetenyl groups (click reaction sites) on the wall of
their nanochannels (Fig. 2A) at the ionic liquid (IL)-H,O interface.
In doing so, we first prepared the 1-decyl-3-methylimidazolium bis
[(trifluoromethane)sulfonyl]imide ([C;oMim][Tf,N]) IL (see details in
the Supplementary Materials and fig. S1), which was then combined
with water to construct the IL-H,O interface for the synthesis of the
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Fig. 2. Synthesis and characterization of the COF membrane. (A) Synthesis of the COF and Azo-COF membranes. (B) Experimental and simulated PXRD patterns of the
COF membrane. a.u., arbitrary units. (C) Solid-state 3¢ cross-polarization magic-angle-spinning NMR spectra of the COF and Azo-COF membranes. (D) FTIR spectra of the
pristine and azobenzene-grafted COF membranes. (E) PXRD patterns of the azobenzene-grafted COF membrane compared to the pristine membrane. (F) Pore size distri-
bution of the pristine and azobenzene-grafted COF membranes based on the N, adsorption/desorption isotherm. (G) Cross section of the SEM image for the pristine (left)

and azobenzene-grafted (right) COF membranes.

BPTA-TAPB COF membrane with p-toluenesulfonic acid as a catalyst
(fig. S2). As reported previously (16), the diffusion of BPTA monomer
in the IL was effectively slowed down by the high viscosity of the IL,
and the transport of TAPB in water was significantly controlled by
hydrogen bonding between TAPB and the catalyst. Thus, highly con-
trolled polymerization, growth, and assembly of the crystal COF were
achieved at the IL-H,O interface to fabricate a smooth, continu-
ous, and freestanding membrane (named the BPTA-TAPB COF mem-
brane) at room temperature after 72 hours (fig. S3A). Furthermore,
defect-free and continuous COF membranes with the diameters of 25,
30, and 50 mm were also fabricated by adjusting the sectional area of
vessels (fig. S3B).

The structure and crystalline characteristics of the COF mem-
brane were first characterized by powder x-ray diffraction (PXRD)
(Fig. 2B), where the peak at 2.87° was assigned to the (100) facet
(17), indicating the regularly ordered hexagonal lattice and highly
crystalline nature. The broad peak at 21.2° was attributed to the
(001) facet (18), while the peak at 5.72° was ascribed to the (110)
facet (19), which matches well with the simulated pattern of an AA
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stacking mode. The peak at 2.87° showed a shift compared with the
previously reported position (15), which might be attributed to
the quite different synthesis conditions of the COFs (20). Moreover,
the unit cell parameters were calculated to confirm the structure of
the COF membrane (fig. $4), and the results were given as a = 37.96 A,
b=37414, c=3.56 A, a = 90° P = 90°, and y = 120°, with low
factors of Ry, = 3.04% and R, = 2.27%. Compared with TAPB and
BPTA monomers (fig. S5), the Fourier transform infrared (FTIR)
spectrum of the COF membrane exhibited several features: The peak
at 1613 cm ™' was ascribed to the stretching vibration of —C=N in
the skeleton of imine linked COF, the peaks at 3286 and 2117 cm™
were contributed from the vibration of C=C and CC-H in alkynes
(21) on the porous wall of the membrane, while the disappeared
peaks at 1675 cm™" and 3400 to 3200 cm ™" were attributed to the
stretching vibration of C=0 in the BPTA monomer and N—H in the
TAPB monomer (22). These results indicate that we had success-
fully synthesized the aimed COF membrane. Furthermore, the char-
acteristic signal at 152 parts per million (ppm) in solid-state *C
cross-polarization magic-angle-spinning nuclear magnetic resonance
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(NMR) was assigned to the —C=N bond in the skeleton of imine-
linked COF (23), confirming the formation of imine-based COF
(Fig. 2C). In the high-resolution N 1s spectrum, the peaks at 400.3
and 399.8 eV were ascribed to —C—N and —C=N in the skeleton of
the membrane (fig. S6) (24). For the studies on the porosity of the
COF membrane, the N, adsorption-desorption isotherm was mea-
sured, from which the Brunauer-Emmett-Teller (BET) surface area
was determined to be 1649 m* g™! (fig. S7), and the pore size was
calculated to be mainly at 2.81 nm (Fig. 2F) using nonlocal density
functional theory. The morphology and thickness of the COF mem-
brane were analyzed by scanning electron microscopy (SEM), which
suggest that the membrane surface was smooth (fig. S8), and the
thickness was about 400 nm for the BPTA-TAPB COF membrane
(Fig. 2G). Moreover, transmission electron microscopy (TEM) im-
ages and selected area electron diftraction patterns (fig. S9) also re-
vealed the high crystallinity of the as-synthesized COF membrane.
Next, p-azido-azobenzene (Azo) with azido groups was synthe-
sized and characterized (figs. S10 and S11) and then grafted on the
pore wall of the COF membrane by click reaction through the for-
mation of triazole bonds between alkyne and azido to obtain a light-
gated COF membrane, which was named the Azo-COF membrane.
Then, the chemical structure of the Azo-COF membrane was first
characterized by FTIR spectroscopy. It was found that the vibration
peaks of C=C and CC-H at 3286 and 2117 cm ™" disappeared in the
COF membrane (25), but a new characteristic peak assigned to the
vibration of N=N was observed at about 1489 cm™', indicating
the complete reaction between free alkyne and azido. Meanwhile,
the stretching vibration of C=N at 1613 cm ™" was well maintained
in the COF membrane (Fig. 2D) (14). The solid-state 3C NMR
spectrum indicates that the characteristic peaks of the alkynyl frag-
ment at 80 and 73 ppm also disappeared after grafting Azo groups,
which means that the reaction between the alkyne and azido was
completed (Fig. 2C). The new peak at 144 ppm was ascribed to aro-
matic carbons in the C—N=N—C linkage, and the peak at 152 ppm
represented —C=N in the skeleton of the imine-based membrane,
which indicate that the COF membrane skeleton completely re-
mained (13). The high-resolution N 1s spectrum showed a new peak
at 401.8 eV, corresponding to the N=N bond in the grafted azoben-
zene groups (fig. S12) (24). Moreover, the UV-vis diffuse reflectance
spectrum revealed that the absorption wavelength exhibited a shift
to the vis light region, demonstrating the successful introduction of
azobenzene groups (fig. S13). The above characterizations verified
the precise grafting of the azobenzene units onto pore nanochannels
of the COF membrane by click reaction. The grafting rate of azoben-
zene was determined by using elemental analysis, and the maximum
grafting rate of azobenzene was calculated to be 53.5 wt % in the
Az0-COF membrane (table S1), which is very close to the theoreti-
cal maximum content of 53.7 wt %. The atomic percentage of C, N,
and O determined from x-ray photoelectron spectroscopy and
energy-dispersive x-ray spectroscopy mapping was in good agree-
ment with the 53.5% grafting rate of azobenzene in the Azo-COF
membrane determined from elemental analysis (table S2), confirm-
ing the reliability of the elemental analysis approach. Furthermore,
the "H NMR spectrum of the concentrated acid-digested Azo-COF
membranes also showed a 98.5% grafting efficiency, corresponding to
the 53.0 wt % grafting rate, which is very close to the value (53.5 wt %)
obtained from element analysis (fig. S14). X-ray photoelectron
spectroscopy depth profile analysis was also performed, which indi-
cated a homogeneous chemical environment from the surface to the
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interior of the membrane, demonstrating an even distribution of
the grafted azobenzene groups without significant depth-dependent
gradients (fig. S15).

It is worth noting that the Azo-COF membrane showed the same
PXRD diffraction pattern as the BPTA-TAPB COF membrane at
2.87° (Fig. 2E), evidencing that the crystalline lattice structure of the
pristine COF membrane was still maintained, although the diffrac-
tion intensity was reduced because of the possible slight disorder of
the flexible Azo units on the wall of the nanochannels (15, 25). How-
ever, this did not mean a decreased ordering of the nanochannels in
the membrane (26). According to the N, adsorption and desorption
isotherms (fig. S16), the BET surface area and pore size were deter-
mined to be 78 m* g and 0.73 nm, respectively, for the Azo-COF
membrane (Fig. 2F). Obviously, the BET surface area and pore size
of the membrane were substantially decreased after grafting reac-
tion, which might be ascribed to the introduction of azobenzene
units on the wall of nanopores. Such a dramatic decrease indicates
that azobenzene was distributed within the pores of the COF mem-
brane and occupied a certain volume of the pores. Compared with
the N, molecule, CO, has a smaller kinetic diameter (0.33 nm ver-
sus 0.36 nm), higher kinetic energy, and higher diffusion capacity.
Thus, the CO, adsorption isotherm of the Azo-COF membrane was
also determined at 195 K to examine the porous characteristics of
the Azo-COF membrane (ﬁg. S17). The BET surface area and pore
size were found to be 254 m* g~' and 0.74 nm, respectively, indicat-
ing that the porous characteristics remained to a certain extent after
grafting of azobenzene units. It was also found from SEM images
that there was no obvious change in the surface topography of the
membrane (fig. S18), and the membrane thickness was almost un-
changed (Fig. 2G). In addition, the structure of the membrane was
also investigated by the TEM image and selected area electron dif-
fraction pattern (fig. S19), revealing numerous micropores and the
high crystallinity of the Azo-COF membrane.

Photoisomerization of azobenzene in the

Azo-COF membrane

The photoisomerization of azobenzene in the nanochannels of the
Azo-COF membrane was studied under UV and vis light irradia-
tion. In the fresh Azo-COF membrane, azobenzene was at the trans
status, and the Azo-COF membrane was denoted as the trans-Azo-
COF membrane. After irradiation by UV light, trans-to-cis transfor-
mation of azobenzene was achieved to acquire the cis-Azo-COF
membrane. It can be seen from Fig. 3A that the crystallinity of
trans-Azo-COF and cis-Azo-COF membranes was almost the same
and not affected by the trans/cis photoisomerization of azoben-
zene in the membranes, which ensures the framework stability dur-
ing isomerization. Then, N, adsorption and desorption isotherms
were determined to verify the variation of BET surface area and pore
size in the photoisomerization of the trans/cis- Azo-COF membranes.
It was found that compared to the trans-Azo-COF membrane, the
BET surface area and pore size of the cis-Azo-COF membrane in-
creased (78 m* g_1 versus 106 m” g_1 and 0.73 nm versus 0.91 nm,
respectively) (Fig. 3B), which could be explained by the more ac-
cessible pores caused by the cis isomer of azobenzene groups in the
Azo-COF membrane (27). Furthermore, molecular weight cutoff
(MWCO) measurement was conducted by performing the rejection
experiments of neutral polyethylene glycol (PEG) molecules in
water (28) and a series of standard dyes with known molecular
weight in ethanol (29) to account for the pore size distribution of the
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Fig. 3. Photoisomerization of azobenzene in the Azo-COF membrane. (A) PXRD patterns of the Azo-COF membrane before and after UV light irradiation. (B) N, ad-
sorption/desorption isotherm and corresponding pore size distribution after UV light irradiation. STP, standard temperature and pressure. (C) PEG rejection curves of the
trans/cis-Azo COF membranes. (D) Pore size distribution of the trans/cis-Azo COF membranes calculated from MWCO. (E) UV-vis spectra of the Azo-COF membrane in DMF
with UV light irradiation. (F) Photoisomerization cycles of the Azo-COF membrane dispersed in DMF with alternative UV and vis light irradiation.

light-responsive trans/cis-Azo-COF membranes. As shown in the
PEG rejection curves (Fig. 3C), the trans/cis-Azo-COF membranes
displayed MWCO values of around 572 and 755 Da, respectively,
and the aperture pore size was calculated to be 0.73 and 0.93 nm on
the basis of the solute Stokes diameter (Fig. 3D) (30). These values
are very close to the pore size distribution obtained from the analysis
of the N, adsorption-desorption isotherms. Similarly, the MWCO
values of the trans/cis-Azo-COF membranes were determined to be
around 503 and 648 Da from the standard dyes in ethanol, and the
aperture pore size was 0.74 and 0.91 nm, respectively (fig. S20).
Thus, the pore size could be precisely switched at an angstrom
level by UV-vis light irradiation, providing the possibility for the
separation of different sizes of molecules by using only one light-
gated membrane.

The trans/cis photoisomerization of azobenzene groups was also
investigated by dispersing the N3-azo monomer and Azo-COF
membrane in N,N’-dimethylformamide (DMF) (14, 31). The UV-
vis spectrum shows two characteristic absorption peaks at 332 and
440 nm (Fig. 3E and fig. S21), indicating n-7* and n-n* transitions
of the azobenzene groups, respectively. After exposure to UV light,
the intensity of the n-n* absorption peak at 332 nm reduced signifi-
cantly, while that of the n-n* absorption peak at 440 nm enhanced
slightly. However, upon irradiation with vis light, the peaks corre-
sponding to the n-n* and n-n* transitions could be recovered to the
initial intensity, indicating a good reversibility of trans/cis photoi-
somerization. The trans-to-cis photoisomerization efficiency of the
Az0-COF membrane could reach 47.1% (Fig. 3E). It was noted that
the dangling azobenzene groups twist away from the COF plane to
form a propeller arrangement, leading to nonplanar cis-azobenzene
with a C—N,,=N,,,—C angle of 37° (32). Notably, the reversible
trans-cis-trans photoisomerization of azobenzene exhibited a fast
response (~3 min), a high trans-cis isomerization rate (47.1%), and
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highly efficient photoisomerization reversibility, which could be con-
tinuously operated for at least 100 cycles without obvious degrada-
tion and changes in the membrane structure (Fig. 3F and fig. $22).
Photoisomerization switching also led to the change of surface wet-
tability (fig. $23), and the contact angle decreased from 108° to 98°
when trans-azobenzene was transferred to the cis isomer because
the dipole of the cis isomer was higher than that of the trans isomer
(31), resulting in a more hydrophilic surface.

Light-gated COF membrane for graded molecular sieving
Before the separation of multicomponents, a series of aprotic sol-
vents (e.g., acetonitrile and acetone) and protic solvents (e.g., wa-
ter, methanol, and ethanol) were used in a homemade dead-end
mode stirred cell (figs. S24 and S25) to estimate the solvent per-
meance of the Azo-COF membrane. As depicted in Fig. 4A, the
trans-Azo-COF membrane demonstrated permeance values of 56,
85, 30, 156, and 223 liters m~* hour™! bar™" for water, metha-
nol, ethanol, acetone, and acetonitrile, respectively. Compared
with protic solvents, aprotic solvents exhibited higher permeance
performance because of their weak hydrogen bonding within the
membrane (19). After irradiation by UV light, the as-obtained cis-
Azo-COF membrane showcased the permeance values of 142, 219,
110, 398, and 562 liters m™* hour™' bar™" for water, methanol,
ethanol, acetone, and acetonitrile, respectively, which were 2.5 to 3.7
times that of the trans- Azo-COF membrane, owing to the opening pores
of the cis-Azo-COF membrane.

On account of the porosity switching behavior of the Azo-COF
membrane, the membrane was used to separate multiple component
mixtures under photostimuli at room temperature. In principle, many
different molecules can be separated with the light-gated mem-
brane reported here by using the difference in molecular size to
achieve a typical separation and purification purpose. As shown in
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Fig. 4. Light-gated separation performance of the Azo-COF membranes. (A) Permeance of protic and aprotic solvents through the trans/cis-Azo-COF membranes.
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fig. S26, reversible pore size modulation (0.73 to 0.93 nm) was
achieved for the Azo-COF membrane under light switching, which
enables precision separation of molecules/ions with a subangstrom
resolution by a single-membrane multistage separation strategy. As
a proof of the concept, two typical application scenarios were ex-
plored below.

The first application scenario is the multistage sieving of CBD,
limonene, and chlorophyll in hemp oil. CBD is a high-value phar-
maceutical and has vital significance in the treatment of anxiety,
depression, and cancer diseases (33). It is greatly demanded in re-
cent years with a considerable global market of 2 billion US dollars
by 2022 (34). Typically, CBD can be extracted from the natural
hemp leaves (35). For this purpose, the hemp leaves must be
crushed to increase the contact area with the extracting solvents
such as ethanol and then separated and purified to obtain the
final target product. However, the current state-of-the-art pro-
cesses for the purification of CBD mainly depend on the compli-
cated and energy-intensive methods such as chromatography and
recrystallization (36). Membranes may be an alternative for the
purification of CBD, and critical to this opportunity is the accurate
differentiation of CBD from other solutes of different dimensions in
the extracts. Thus, on the basis of the practical separation scenario
of CBD, we simulated the extract to include three classes of mole-
cules: larger-sized molecule of chlorophyll (>400 g mol ™, 1.56 nm
by 1.17 nm), middle-sized molecules of CBD and its derivatives
(300 to 400 g mol ™", 1.31 nm by 0.65 nm), and smaller molecule of
limonene (<300 g mol ™}, 0.25 nm by 0.62 nm) (fig. S27). As men-
tioned above, the pore size of our light-gated Azo-COF membrane
could be switched between 0.93 nm (open state) and 0.73 nm (close
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state), which is very beneficial for the direct sieving of CBD from
the extracts.

First, CBD was synthesized according to the procedures reported
previously (37) and proven by 'H NMR spectroscopy (fig. $28). Be-
fore the separation process, we immersed the trans-Azo-COF mem-
brane in the feed solution for 24 hours to examine whether the
membrane could absorb feed solutes. As shown in fig. S29, the ad-
sorption of limonene, CBD, and chlorophyll was negligible with the
concentration changes of only 0.4, 0.3, and 0.3%, respectively, in
the feed solution; thus, the adsorption effect was excluded. Then, the
rejection and permeation performance of each kind of molecules in
ethanol was investigated at the concentration of 10 mg/liter for chlo-
rophyll, CBD, and limonene. As can be seen from the UV-vis spec-
tra (Fig. 4C and figs. S30 to S32), limonene with a smaller molecular
size was allowed to freely permeate through the trans-Azo-COF
membrane (with a close-state pore of 0.73 nm), and ~17.7% CBD
could also permeate the membrane, but the larger-sized chlorophyll
would be completely rejected into the feed side with a rejection rate
of 98.7%. Notably, after irradiation with UV light, the pore of the
membrane was at the open state so that CBD could permeate the
cis-COF membrane (with an open-state pore of 0.93 nm) easily with
the permeation of 90.2% because of its smaller molecular size com-
pared with the cis-state pore width. However, the chlorophyll with a
larger size was almost fully excluded with the rejection rate of 98.8%.
Consequently, it is expected that the membrane could sieve limo-
nene, CBD, and chlorophyll with a few CBD loss.

Encouraged by this result, we conducted size-selective separa-
tion using mixed chlorophyll, CBD, and limonene as a feed solution
with the concentration of 10 mg/liter for each component. As shown
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in fig. S33, the rejection rates of limonene, CBD, and chlorophyll
were 0.9, 85.3, and 98.1% by the trans-Azo-COF membrane with
a closing pore, respectively, that is, almost all the limonene passed
through the membrane and was first collected, while CBD and chlo-
rophyll remained in the feed solution. By contrast, the rejection rates
of CBD and chlorophyll were 8.9 and 98.5% by the cis-Azo-COF
membrane with an opening pore, respectively, which indicate that
CBD and chlorophyll were collected in the permeate solution and
feed solution, respectively. Furthermore, the high-performance
liquid chromatography method was used to confirm the quanti-
fication of mixed solution separation, and good agreement was
observed between high-performance liquid chromatography and
UV-vis measurements (table S3), demonstrating the feasibility of
quantification by UV-vis spectroscopy. Therefore, the enrichment of
three components in the mixed solution could be achieved by effec-
tive sieving using only one light-gated COF membrane with high
enrichment factors (fig. S34) of limonene (85.7%), CBD (96.9%),
and chlorophyll (91.5%). Combined with the pore size distribution
of the trans/cis-Azo-COF membranes and the molecular size of the
extracts, the outstanding separation performance is dominantly at-
tributed from the size exclusion effect. The molecule with an effec-
tive size smaller than the pore width of the membrane could freely
permeate the membrane, while that with a larger size was rejected
into the feed side (Fig. 4B).

The second application scenario is the multistage sieving of gold,
silver, and iron ions from a simulated natural ore. Gold, one of the
nonrenewable precious metals, has excellent advantages of high con-
ductivity, high ductility, and strong corrosion resistance, which has
been extensively used in jewelry, semiconductors, catalysis, medi-
cine, and other industries (38, 39). Natural ore is the most important
source of gold for meeting the demands of rapid development of our
civilized society. However, the conventional techniques for the sepa-
ration of gold from its associated components, such as cyanide leach-
ing (40), thiourea leaching (41), and thiosulfate leaching (42), not
only require high energy consumption but also generate hazardous
wastes (43). To address this problem, it is essential to seek a green and
low-energy strategy to separate gold from natural ores. The Azo-
COF membrane reported in this work could also achieve the goal for
the separation of gold from natural ores by light-gating pore sieving.

It is well known that gold always coexists with other metals such
as silver and iron in natural ores, resulting in low selectivity in sepa-
ration (44) because of the interference of other metals. In the typical
Au-Ag-Fe ores, the Au content is usually from 5 to 50 ppm, and the
Ag content is in the range of 2 of 40 ppm, whereas Fe is a major metal
in the associated ores with the content range of 0.1 to 20 wt % (45, 46).
Therefore, 30 ppm of AgNO3, 30 ppm of HAuCl, and 1000 ppm of
Fe(NOs3); in water were simulated to investigate the multistage sepa-
ration performance of the Azo-COF membrane by alternating UV
and vis light irradiation. As shown in fig. S35, the ion adsorption
effect was also negligible with concentration changes of only 0.5, 0.6,
and 0.3% for Ag™, AuCl,", and Fe’*, respectively, in the feed solu-
tion. In the test of a single type of metal ion, the trans-Azo-COF
membrane with pores at the closing state demonstrated rejection
rates of 3.3% Ag+, 95.2% [AuCly]~, and 99.8% Fe*™. However, after
irradiation with UV light, the pore at the opening state exhibited
rejection rates of 1.7% Ag+, 13.3% [AuCL] ™, and 99.9% Fe>* (table S4,
fig. S36, and Fig. 4D). It is reported that the diameters of hydrat-
ed Fe*t, [AuCly]™, and Ag*tare 9.5, 8.0, and 6.8 A (47), respec-
tively (fig. $37). Thus, the hydrated Fe’* and [AuCl,]~ with a larger
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molecular size could be mostly rejected by the trans-Azo-COF mem-
brane (with a closing-state pore of 0.73 nm), while the hydrated Ag*
with a smaller size could pass through the trans-Azo-COF mem-
brane easily. Similarly, the hydrated Fe** with a larger size than the
pore width of the cis-Azo-COF membrane (with an opening-state
pore of 0.93 nm) was still rejected in the feed side, but the hydrated
[AuCly]™ with a smaller size could permeate through the cis-Azo-
COF membrane. In other words, the sieving of three metal compo-
nents could be achieved by using only one Azo-COF membrane
with a switchable pore width through UV and vis light irradiation.
To prove this concept, a mixed ternary metal aqueous solution
was simulated to study the multistage sieving of them (fig. $38).
It was found that by using the trans-Azo COF membrane, Fe’* and
[AuCly]~ were excluded into the feed side with rejection rates of
99.9 and 95.8%, respectively, whereas Ag* passed through the pore
freely with the rejection rate of only 1.1%. By contrast, the rejection
rates of [AuCly]™ and Fe’* were 14.8 and 99.8%, respectively, by
using the cis-Azo COF membrane. As a result, AuCl,” was ef-
fectively concentrated after the nanofiltration across trans/cis-Azo-
COF membranes with excellent enrichment factors (fig. $39) of Ag*
(93.1%), [AuCly]™ (94.4%), and Fe’* (99.9%).

Long-term stability and light-cycling performance of the
light-gated COF membrane
The stability of membranes is essential for their industrial application,
which may significantly save resources and substantially lower costs.
Thus, time-dependent separation performance was investigated to
explore the operational stability of the trans-Azo-COF and cis-Azo-
COF membranes in the period of 1440 min (fig. S40). There was
no notable decrease in solvent (ethanol and water) flux and solute
(CBD and AuCly") rejection, indicating the long-term stability
of the membranes. Then, we also conducted the separation of
AuCly~ by the trans-Azo-COF membrane under different pressures
(0.5 to 4.5 bar). As can be seen from fig. S41, the value of AuCl,™ re-
jection and water permeance remained stable in the studied range
of pressure, indicating the stability of the membrane in response to
pressure. In addition, combined with the exclusion of feed solute ad-
sorption, this indicates that the molecular rejection and permeance
through the Azo-COF membrane followed a size exclusion mecha-
nism that relies only on the size of the pores rather than adsorption.
To investigate the reutilization of the Azo-COF membrane in the
multistage molecule separation, we performed light-switched solute
rejection and solvent permeance under alternative UV and vis light
irradiation. It was noted from Fig. 5 (A and B) and fig. S42 that the
light-switchable performance was reversible and stable within at least
100 cycles of alternating UV-vis light irradiation. For example, the re-
jection rate of CBD was switched between 83.3 and 9.8%, and ethanol
permeance was switched between 30 and 110 liters m™ hour ™ bar™
in CBD separation, while water permeance could be switched be-
tween 56 and 142 liters m ™2 hour ! bar ™}, and the [AuCly]~ rejection
rate might be switched between 95.2 and 13.3% in [AuCly]™ separa-
tion during 100 trans-cis-trans cycles. Meanwhile, the change in the
rejection rate of limonene, chlorophyll, Ag*, and Fe’* was negligible
and maintained approximately at ~0.9, ~98.5, ~1.1, and ~99.8%, respec-
tively, in the photocontrolled separation process of ternary solute
mixtures by both trans- and cis-Azo-COF membranes (fig. $43). Fur-
thermore, light-cycling performance testing indicates that the light-
responsive stability of the Azo-COF membrane was quite good in
24-hour recycling (Fig. 5, C and D). The enrichment factors were also
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Fig. 5. Stability and light-cycling performance of the light-switchable Azo-COF

membrane. (A) Switched CBD rejection rate of the Azo-COF membrane upon the ir-

radiation of alternative UV and vis light for 100 cycles. (B) Switched [AuCl4]™ rejection rate of the Azo-COF membrane under the irradiation of alternative UV and vis light
for 100 cycles. (C) CBD rejection and ethanol permeance of the Azo-COF membrane within an extended operational time of 24 hours. (D) [AuCl4]™ rejection and water
permeance of the COF membrane within an extended operational time of 24 hours. (E) CBD rejection and ethanol permeance of the Azo-COF membrane within the
12-hour operation in the trans state and then 12-hour operation in the cis state for 12 days.

determined over 100 cycles, and stable values of 96.9 and 94.4% had been
observed for CBD and [AuCly] ™, respectively (fig. S44). After 100 cycles,
the PXRD (fig. S45A), TEM (fig. $45B), and FTIR (fig. S45C) charac-
terizations were performed, and no obvious structural changes were
detected, confirming the stability of the Azo-COF membrane.
Furthermore, long-term separation experiment was performed
to simulate a prolonged operation process, where the membrane was
first operated continuously at the trans state for 12 hours and then ir-
radiated by UV light to achieve the cis state, at which another 12 hours
was also continuously operated. This two-stage process was continu-
ously operated for 12 days, and ethanol flux and the concentration of
each compound were monitored. As can be seen from fig. 546, the
membrane exhibited excellent stability during the 12-hour operation
at the trans state with the ethanol permeance maintained at ~30 liters
m~*hour™" bar™!, and the rejection rates of limonene, CBD, and chlo-
rophyll were maintained at ~0.9, 85.1, and 98.3%, respectively. At the
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cis state, the membrane also showcased excellent stability with an
ethanol permeance of ~110 liters m™> hour™" bar™, and the rejection
rates of limonene, CBD, and chlorophyll were ~0.8, ~9.8, and ~98.5%,
respectively. Importantly, the separation process proceeds with al-
most unchanged solvent permeance and solute rejection in 12 days
(Fig. 5E), together with the high and stable enrichment factors of
limonene (85.1%), CBD (95.9%), and chlorophyll (93.5%) (fig. S47).
These results provide direct evidence that the membrane’s light-gated
separation performance can be sustained over long periods, and the
photoswitching functionality remains effective under conditions clos-
er to real-world processes.

DISCUSSION
Inspired by light-gated channels of the stomata on the leaves, a light-
gated COF membrane was designed and fabricated in this work by
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incorporating azobenzene units onto the wall of nanochannels in an
imine-linked COF membrane. For this purpose, the click reaction
between alkyne in the COF and azido in the azobenzene derivative
was used to increase the grafting content of azobenzene in the COF
and to enhance the stability of the Azo-COF membrane. Notably,
the as-synthesized Azo-COF membrane exhibited a high grafting
rate of azobenzene group of 53.5 wt% (98.5% grafting efficiency)
and a highly efficient reversibility of photoisomerization (~100 cycles)
resulting from the formation of triazole bonds. It was also found
that this light-gated COF membrane could precisely and reversibly
switch the pore size between 0.73 and 0.93 nm by alternative irra-
diation with UV and vis light for highly effective sieving of different
sizes of molecules. As a proof of this concept, the Azo-COF mem-
brane was used to sieve limonene, CBD, and chlorophyll in the
simulated hemp oil with enrichment factors of 85.1, 95.9, and
93.5%, respectively. The light-gated Azo-COF membrane was also
explored to sieve Ag™, [AuCly]~, and Fe’* in the simulated gold ore
with enrichment factors of 93.1, 94.4, and 99.9%, respectively. The
light-switched rejection and permeation performance was peculiarly
stable for at least 100 cycles under alternating UV-vis light irradia-
tion, and the separation process proceeded with almost unchanged
solvent permeance and solute rejection rate in 12 days. Thus, this
work provides a concept for constructing light-gated membranes,
which could have potential in separations, such as water treatment,
separation of high-value medicines, and recovery of precious metals.

In future research, scaling up the fabrication of light-gated COF
membranes remains challenging (48, 49). During large-scale synthe-
sis, uneven mass and heat transfer in reactors can cause inconsistent
nucleation and growth rates, leading to differences in crystallinity
in different regions of the membrane. Moreover, achieving ordered
monomer assembly over large areas becomes more difficult, sub-
stantially increasing point and grain boundary defects. For interfa-
cial polymerization, maintaining a stable, undisturbed liquid-liquid
or gas-liquid interface over extended areas is difficult; minor fluc-
tuations in temperature and concentration or mechanical vibration
may result in uneven membrane thickness. For process scale-up, batch
processes such as solvothermal synthesis face safety risks, high en-
ergy consumption, long reaction time, and poor reproducibility.
Although interfacial polymerization allows continuous operation,
designing reactors to achieve a large-area, stable, and regenerable
interface for monomer replenishment, by-product removal, and
continuous transfer of the formed membrane poses engineering
challenges. Furthermore, maintaining the structural integrity of
large-area COFs without cracking or peeling during application is
difficult. Consistency in performance indicators such as permeabil-
ity and selectivity across batches or regions is also critical for prod-
uct quality and commercialization.

Promising pathways to address these challenges include the de-
velopment of continuous flow synthesis technologies, scalable inter-
face polymerization reactors, and integration strategies with mature
carriers (50, 51). Continuous flow synthesis is a highly promising
strategy. We can explore the synthesis of COF in microchannel reac-
tors, taking advantage of their excellent mass and heat transfer prop-
erties to prepare COF nanocrystals, and then coat them for film
formation. By means of scalable interface polymerization reactors,
for example, designed by the “roll-to-roll” technology, the flexible
substrate may continuously pass through the monomer solution
pool and the reaction interface to achieve continuous membrane
preparation. In addition, integration with mature carriers is the path
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closest to industrialization, where COF can be used as a selective
separation layer, integrated onto inexpensive, sturdy, and already
industrially used porous polymer carriers (such as polysulfone and
polyvinylidene fluoride) or inorganic carriers (such as alumina ce-
ramics) through in situ growth or coating methods. This can not
only reduce the preparation cost but also use the carriers to pro-
vide mechanical support, solving the problem of the fragility of
COF membranes.

MATERIALS AND METHODS

Materials

BPTA (98%) was purchased from Yanshen Technology Co., Ltd.
(Jilin, China). p-Toluenesulfonic acid (98%), olivetol, 1-methyl-4-
(prop-1-en-2-yl)cyclohex-2-enol, chlorophyll, and limonene were
acquired from Adamas (Shanghai, China). TAPB (98%), NaN3, Cul,
N,N-diisopropylethylamine, HAuCly, chlorophyll, limonene, and p-
aminoazobenzene were purchased from Aladdin (Shanghai, China).
p-Aminoazobenzene, NaNO,, lithium bis(trifluoromethanesulphonyl)
imide, Fe(NO3)3, and AgNO; were purchased from Macklin (Shanghai,
China). All chemicals were used without further purification. A
nylon substrate with a diameter of 25 mm and a pore size of 0.2 pm
was acquired from Tianjin Jinteng Experimental Equipment Co.,
Ltd. (Tianjin, China), and used as the support for the freestanding
COF membranes.

Synthesis of Azo

Azo was synthesized according to the previously reported procedures
(52). For this purpose, p-aminoazobenzene (0.197 g, 1 mmol) was
added into the solution of p-TsOH-H,O (1.62 g, 9 mmol) in H,O (9 ml).
After stirring for 1 min, anhydrous NaNO, (0.621 g, 9 mmol) was
added gradually during 5 min. The resulting solution was then stirred
for 1 hour until p-aminoazobenzene disappeared as monitored by
thin-layer chromatography. To the resulting solution, anhydrous
NaN3 (0.104 g, 1.6 mmol) was added, and immediate emission of
N, was observed. After complete reaction, the crude product was
filtered, washed with H,O, and dried at a vacuum oven overnight.
Last, the crude was purified by flash column chromatography (petro-
leum ether/EtOAc = 20:1, v:v), and the product (denoted as N3-azo)
was obtained as a brownish-red solid.

Synthesis of the Azo-COF membrane

The Azo-COF membrane was synthesized via click reaction be-
tween the free alkyny moieties in the BPTA-TAPB COF membrane
and azido in Azo. Briefly, Azo, Cul, and N,N-diisopropylethylamine
were added into a 10-ml Pyrex tube with 0.5 ml of tetrahydrofuran
and 4.5 ml of MeCN as a solvent, and the mixture was subjected to
ultrasound treatment for the formation of a homogeneous solution.
A piece of the BPTA-TAPB COF membrane was carefully trans-
ferred into the tube, which was then kept at room temperature
under undisturbed conditions for 24 hours to obtain the Azo-COF
membrane after being degassed for three cycles. The membrane was
washed thoroughly with DMF and ethanol and then stored in etha-
nol for further investigations. The synthesis scheme is presented in
the Supplementary Materials.

Membrane nanofiltration experiments
The as-synthesized Azo-COF membrane was transformed onto a
nylon substrate to investigate the separation performance (fig. S24).
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The separation process was performed in a homemade dead-end fil-
tration cell at room temperature with an upstream pressure of 0.5 to
4.5 bar, and continuous stirring was applied to avoid the concentra-
tion polarization effect in the separation process. The effective filtra-
tion area of the device was 7.854 X 107> m ™, and the volume of the
feed side was 150 ml for each solvent or solution. Every time, 5 ml of
the filtrate was taken for analytic measurement. At this time, a 5-ml
initial feed solution was added to keep the total volume constant.
For the separation of HAuCly, AgNO3, and Fe(NOs)3, a 3% HNO;
aqueous solution was used as the solvent to avoid any hydrolysis of
Au’" and Fe’*. At the beginning of the separation measurement,
permeation was stabilized for at least 30 min, and then the filtrate
was collected for further determination.

Supplementary Materials
This PDF file includes:

Experimental section

Figs. S1to S47

Tables S1to S4

References

REFERENCES

1. F.Fuso Nerini, J. Tomei, L. S. To, |. Bisaga, P. Parikh, M. Black, A. Borrion, C. Spataru,

V. Castan Broto, G. Anandarajah, B. Milligan, Y. Mulugetta, Mapping synergies and
trade-offs between energy and the sustainable development goals. Nat. Energy 3, 10-15
(2017).

2. C.Chung, J. Kim, B.K. Sovacool, S. Griffiths, M. Bazilian, M. Yang, Decarbonizing the
chemical industry: A systematic review of sociotechnical systems, technological
innovations, and policy options. Energy Res. Soc. Sci. 96, 102955 (2023).

3. Y.Wan, M. Zheng, W.Yan, J. Zhang, R. Lv, Fundamentals and rational design of
heterogeneous C-N coupling electrocatalysts for urea synthesis at ambient conditions.
Adv. Energy Mater. 14, 2303588 (2024).

4. S.Zhang, Y. He, Z. Zhang, C. Zhong, Machine learning aided investigation on the
structure-performance correlation of MOF for membrane-based He/H, separation. Green
Chem. Eng. 5,526-532 (2024).

5. X.-F.Hu,T.Jiang, H. Fan, Y.-F. Guan, J.-J. Chen, H.-Q. Yu, M. Elimelech, Dual-regulated
covalent organic framework membranes with near-theoretical pore sizes for
angstrom-scale ion separations. Sci. Adv. 11, eady3587 (2025).

6. J.Zhang, B. Liy, C. Chen, S. Jiang, Y. Zhang, B. Xu, A. Li, J. Xu, D. Wang, L. Zhang, Y. Hu, J. Li,
D.Wu, J. Chu, Z. Shen, Ultrafast laser-ablated bioinspired hydrogel-based porous gating
system for sustained drug release. ACS Appl. Mater. Interfaces 14, 3536635375 (2022).

7. A.M. Hetherington, F. |. Woodward, The role of stomata in sensing and driving
environmental change. Nature 424, 901-908 (2003).

8. Z.Mahimwalla, K. G. Yager, J.-i. Mamiya, A. Shishido, A. Priimagi, C. J. Barrett, Azobenzene
photomechanics: Prospects and potential applications. Polym. Bull. 69, 967-1006 (2012).

9. Z.Wang, A. Knebel, S. Grosjean, D. Wagner, S. Brase, C. Woll, J. Caro, L. Heinke, Tunable
molecular separation by nanoporous membranes. Nat. Commun. 7, 13872 (2016).

10. J.Liu, S.Wang, T. Huang, P. Manchanda, E. Abou-Hamad, S. P. Nunes, Smart covalent
organic networks (CONs) with “on-off-on” light-switchable pores for molecular
separation. Sci. Adv. 6, eabb3188 (2020).

11. Y.Fu,Y.Gao, H. Jia, Y. Zhao, Y. Feng, W. Zhu, F. Zhang, M. D. Argyle, M. Fan, Rational
engineering of triazine-benzene linked covalent-organic frameworks for efficient CO,
photoreduction. Green Energy Environ. 10, 804-812 (2025).

12. Y.Shao, R. Shen, S.Wang, S. Li, P. Zhang, X. Li, Composition engineering in covalent
organic frameworks for tailored photocatalysis. Acta Phys. Chim. Sin. 41, 100176 (2025).

13. C.Yin, Z. Zhang, Z. Si, X. Shi, Y. Wang, Smart covalent organic frameworks with intrapore
azobenzene groups for light-gated ion transport. Chem. Mater. 34, 9212-9220 (2022).

14. L.Ren, J.Chen, J. Han, J. Liang, H. Wu, Biomimetic construction of smart nanochannels in
covalent organic framework membranes for efficient ion separation. Chem. Eng. J. 482,
148907 (2024).

15. X.Jing, M. Zhang, Z. My, P. Shao, Y. Zhu, J. Li, B. Wang, X. Feng, Gradient channel
segmentation in covalent organic framework membranes with highly oriented
nanochannels. J. Am. Chem. Soc. 145, 21077-21085 (2023).

16. S.Gao, Z.Li,Y.Yang, Z.Wang, Y. Wang, S. Luo, K. Yao, J. Qiu, H. Wang, L. Cao, Z. Lai, J. Wang,
The ionic liquid-H,0 interface: A new platform for the synthesis of highly crystalline and
molecular sieving covalent organic framework membranes. ACS Appl. Mater. Interfaces
13,36507-36516 (2021).

Zhaietal., Sci. Adv. 12, eadz1929 (2026) 13 March 2026

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

. S.Gao, Q. Zhang, X. Su, X. Wu, X.-G. Zhang, Y. Guo, Z. Li, J. Wei, H. Wang, S. Zhang, J. Wang,

Ingenious artificial leaf based on covalent organic framework membranes for boosting
CO, photoreduction. J. Am. Chem. Soc. 145, 9520-9529 (2023).

. J.Guo, Y. Xu, S. Jin, L. Chen, T. Kaji, Y. Honsho, M. A. Addicoat, J. Kim, A. Saeki, H. lhee,

S. Seki, S. Irle, M. Hiramoto, J. Gao, D. Jiang, Conjugated organic framework with
three-dimensionally ordered stable structure and delocalized = clouds. Nat. Commun. 4,
2736 (2013).

. S.Gao, L. Guo, W.Wan, Z. Li, H. Wang, S. Luo, J. Wang, Covalent organic framework

membrane with angstrom discrimination in pore size for highly permselective ionic
liquid nanofiltration. ACS Sustain. Chem. Eng. 11, 15910-15918 (2023).

F. Haase, K. Gottschling, L. Stegbauer, L. S. Germann, R. Gutzler, V. Duppel, V. S. Vyas,

K. Kern, R. E. Dinnebier, B. V. Lotsch, Tuning the stacking behaviour of a 2D covalent
organic framework through non-covalent interactions. Mater. Chem. Front. 1, 1354-1361
(2017).

M. Feng, Z. Niu, C. Xing, Y. Jin, X. Feng, Y. Zhang, B. Wang, Covalent organic framework
based crosslinked porous microcapsules for enzymatic catalysis. Angew. Chem. Int. Ed.
Engl. 62, 202306621 (2023).

Y. Chen, J. Qiu, X.-G. Zhang, H. Wang, W. Yao, Z. Li, Q. Xia, G. Zhu, J. Wang, A visible light/
heat responsive covalent organic framework for highly efficient and switchable proton
conductivity. Chem. Sci. 13, 5964-5972 (2022).

K. Li, D. Mei, Y.-s. Liu, B. Yan, Three-dimensional covalent organic frameworks containing
diverse nitrogen sites for gold adsorption. Chem. Mater. 37, 2535-2545 (2025).

Y. Zhao, X. Tao, B. Xu, W. Liu, S. Lin, Robust thiazole-linked covalent organic frameworks
with post-modified azobenzene groups: Photo-regulated dye adsorption and separation.
Adv. Funct. Mater. 34, 2401895 (2024).

Q. Xu, S.Tao, Q. Jiang, D. Jiang, Designing covalent organic frameworks with a tailored
ionic interface for ion transport across one-dimensional channels. Angew. Chem. Int. Ed.
Engl. 59, 4557-4563 (2020).

G. Zhang, Y.-I. Hong, Y. Nishiyama, S. Bai, S. Kitagawa, S. Horike, Accumulation of glassy
poly(ethylene oxide) anchored in a covalent organic framework as a solid-state Li*
electrolyte. J. Am. Chem. Soc. 141, 1227-1234 (2018).

Y. Zhu, W. Zhang, Reversible tuning of pore size and CO, adsorption in azobenzene
functionalized porous organic polymers. Chem. Sci. 5, 4957-4961 (2014).

B. Sutariya, S. Karan, A realistic approach for determining the pore size distribution of
nanofiltration membranes. Sep. Purif. Technol. 293, 121096 (2022).

K. Xu, Y. Zheng, J. Zhou, Y. Zhao, X. Pang, L. Cheng, H. Wang, X. Zhang, R. Zhang, Z. Jiang,
Microwave-assisted fabrication of highly crystalline, robust COF membrane for organic
solvent nanofiltration. Adv. Funct. Mater. 35, 2417383 (2025).

S. Gao, Y.Yang, L. Zhai, Y. Zhao, Z. Li, H. Wang, J. Wang, Alkoxy-functionalized covalent
organic framework membranes for efficient molecular sieving with high water
permeance. Sep. Purif. Technol. 356, 129903 (2025).

X.Tian, X. Zhao, Z. Wang, Y. Shi, Z. Li, J. Qiu, H. Wang, S. Zhang, J. Wang, Efficient capture
and low energy release of NH3 by azophenol decorated photoresponsive covalent
organic frameworks. Angew. Chem. Int. Ed. Engl. 63, €202406855 (2024).

G. Das, T. Prakasam, M. A. Addicoat, S. K. Sharma, F. Ravaux, R. Mathew, M. Baias,

R. Jagannathan, M. A. Olson, A. Trabolsi, Azobenzene-equipped covalent organic
framework: Light-operated reservoir. J. Am. Chem. Soc. 141, 19078-19087 (2019).

S. Pisanti, A. M. Malfitano, E. Ciaglia, A. Lamberti, R. Ranieri, G. Cuomo, M. Abate,

G. Faggiana, M. C. Proto, D. Fiore, C. Laezza, M. Bifulco, Cannabidiol: State of the art
and new challenges for therapeutic applications. Pharmacol. Ther. 175, 133-150
(2017).

C.Y. Schluttenhofer, L. Yuan, Hemp hemp hooray for cannabis research. Science 363,
701-702 (2019).

A. Dobrinci¢, M. Repaji¢, I. E. Garofuli¢, L. Tuden, V. Dragovi¢-Uzelac, B. Levaj, Comparison
of different extraction methods for the recovery of olive leaves polyphenols. Processes 8,
1008 (2020).

T. M. Attard, C. Bainier, M. Reinaud, A. Lanot, S. J. McQueen-Mason, A. J. Hunt, Utilisation
of supercritical fluids for the effective extraction of waxes and cannabidiol (CBD) from
hemp wastes. Ind. Crops Prod. 112, 38-46 (2018).

J. A. A. Grimm, H. Zhou, R. Properzi, M. Leutzsch, G. Bistoni, J. Nienhaus, B. List, Catalytic
asymmetric synthesis of cannabinoids and menthol from neral. Nature 615, 634-641
(2023).

J.Qiu, C. Xy, X. Xu, Y. Zhao, Y. Zhao, Y. Zhao, J. Wang, Porous covalent organic framework
based hydrogen-bond nanotrap for the precise recognition and separation of gold.
Angew. Chem. Int. Ed. Engl. 62, €202300459 (2023).

W. Wang, M. Wu, W. Xue, X. Zhao, Z. Fang, L. Nie, Y. Heng, H. Huang, C. Zhong, A robust
cationic covalent triazine framework-based nanotrap for fast and efficient recovery of
gold from electronic waste. Chem. Eng. J. 483, 149208 (2024).

E. Mohammadi, M. Pourabdoli, M. Ghobeiti-Hasab, A. Heidarpour, Ammoniacal
thiosulfate leaching of refractory oxide gold ore. Int. J. Miner. Process. 164, 6-10 (2017).
1. N. Rizki, Y. Tanaka, N. Okibe, Thiourea bioleaching for gold recycling from e-waste.
Waste Manag. 84, 158-165 (2019).

100f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

42. Y.Guo, X. Guo, H. Wu, S. Li, G. Wang, X. Liu, G. Qiu, D. Wang, A novel bio-oxidation and
two-step thiourea leaching method applied to a refractory gold concentrate.
Hydrometallurgy 171, 213-221 (2017).

43. B.Lin,W.Chen,Y. Lei, X. Ma, J. Wang, L. Li, Solvothermal preparation of microporous
polyureas for Au(lll) adsorption. Langmuir 40, 9001-9011 (2024).

44. M. Liy, D.Jiang, Y. Fu, G. Zheng Chen, S. Bi, X. Ding, J. He, B. H. Han, Q. Xu, G. Zeng,
Modulating skeletons of covalent organic framework for high-efficiency gold recovery.
Angew. Chem. Int. Ed. Engl. 63, €202317015 (2023).

45. Y.Wang, L. Xiao, H. Liu, P. Qian, S. Ye, Y. Chen, Acid leaching pretreatment on two-stage
roasting pyrite cinder for gold extraction and co-precipitation of arsenic with iron.
Hydrometallurgy 179, 192-197 (2018).

46. Y.Qiang, S. Gao, Y. Zhang, S. Wang, L. Chen, L. My, H. Fang, J. Jiang, X. Lei, Thermally
reduced graphene oxide membranes revealed selective adsorption of gold ions from
mixed ionic solutions. Int. J. Mol. Sci. 24, 12239 (2023).

47. Y. Marcus, Thermodynamics of solvation of ions. Part 5.—Gibbs free energy of hydration
at 298.15 K. J. Chem. Soc. Faraday Trans. 87, 2995-2999 (1991).

48. K.Wang, X. Qiao, H.Ren, Y. Chen, Z. Zhang, Industrialization of covalent organic
frameworks. J. Am. Chem. Soc. 147, 8063-8082 (2025).

49. J.E.Chen, Z.J.Yang, H. U. Koh, J. Shen, Y. Cai, Y. Yamauchi, L. H. Yeh, V. Tung, K. C. W. Wu,
Current progress and scalable approach toward the synthesis of 2D metal-organic
frameworks. Adv. Mater. Interfaces 9, 2102560 (2022).

50. M. Parkinson, H.Vardhan, R. Verduzco, J. Fortner, M. Elimelech, Toward continuous,
oriented covalent organic framework membranes for precise molecular separations. ACS
Nano 19, 29934-29960 (2025).

51. Y.Wang, H. Wang, Y. Liu, M. Peng, H. Fan, H. Meng, A comprehensive review on the
scalable and sustainable synthesis of covalent organic frameworks. Chin. Chem. Lett. 36,
110189 (2025).

52. K.V.Kutonova, M. E. Trusova, P. S. Postnikov, V. D. Filimonov, J. Parello, A simple and
effective synthesis of aryl azides via arenediazonium tosylates. Synthesis 45, 2706-2710
(2013).

53. Z.Wojnarowska, E. Thoms, B. Blanchard, S. N. Tripathy, P. Goodrich, J. Jacquemin,

J. Knapik-Kowalczuk, M. Paluch, How is charge transport different in ionic liquids? The
effect of high pressure. Phys. Chem. Chem. Phys. 19, 14141-14147 (2017).

Zhaietal., Sci. Adv. 12, eadz1929 (2026) 13 March 2026

54. R.Wang, X. Shi, Z. Zhang, A. Xiao, S. Sun, Z. Cui, Y. Wang, Unidirectional diffusion synthesis
of covalent organic frameworks (COFs) on polymeric substrates for dye separation. J.
Membr. Sci. 586, 274-280 (2019).

55. L.Wang, J. Lin, J.Ye, Y. Lim, C. Chen, C. Dong, T. Liu, Enrichment of persistent organic
pollutants in microplastics from coastal waters. Environ. Sci. Technol. 58, 22391-22404 (2024).

56. Z.Jiang, R.Dong, A. M. Evans, N. Biere, M. A. Ebrahim, S. Li, D. Anselmetti, W. R. Dichtel,

A. G. Livingston, Aligned macrocycle pores in ultrathin films for accurate molecular
sieving. Nature 609, 58-64 (2022).

57. C.Yin, M. Liu, Z. Zhang, M. Wei, X. Shi, Y. Zhang, J. Wang, Y. Wang, Perpendicular alignment
of covalent organic framework (COF) pore channels by solvent vapor annealing. J. Am.
Chem. Soc. 145, 11431-11439 (2023).

58. B.Mishra, B. P.Tripathi, Flexible covalent organic framework membranes with linear aliphatic
amines for enhanced organic solvent nanofiltration. J Mater Chem A 11, 16321-16333 (2023).

Acknowledgments

Funding: We acknowledge the financial supports from the National Natural Science
Foundation of China (no. 22233006), National Natural Science Foundation of China (no.
22273018), National Natural Science Foundation of China (no. 22408089), Plan for Scientific
Innovation Talent of Henan Province (no. 25IRTSTHN002), and 111 Project (no. D17007).
Author contributions: Conceptualization: JW., S.G., and S.Z. Methodology: L.Z., S.G., Z.L., and
S.L. Investigation: L.Z. and L.G. Validation: JW.,, L.Z,, and Z.L. Formal analysis: J.W., S.G., and S.L.
Data curation: L.Z,, S.G., and S.L. Visualization: L.Z., Z.L., and H.W. Resources: J.W. and S.G.
Writing—original draft: JW.,, S.G., and Z.L. Writing—review and editing: J.W. and S.G.
Supervision: JW. and S.G. Project administration: J.W. and S.G. Funding acquisition: JW., S.G.,
and Z.L. Competing interests: The authors declare that they have no competing interests.
Data, code, and materials availability: All data and code needed to evaluate and reproduce
the results in the paper are present in the paper and/or the Supplementary Materials. The
authors declare that no new materials were generated in this paper.

Submitted 21 May 2025
Accepted 12 February 2026
Published 13 March 2026
10.1126/sciadv.adz1929

110f 11



	Highly efficient light-gated COF membrane for precise multistage molecular separation
	INTRODUCTION
	RESULTS
	Synthesis and characterizations of the COF membranes
	Photoisomerization of azobenzene in the Azo-COF membrane
	Light-gated COF membrane for graded molecular sieving
	Long-term stability and light-cycling performance of the light-gated COF membrane

	DISCUSSION
	MATERIALS AND METHODS
	Materials
	Synthesis of Azo
	Synthesis of the Azo-COF membrane
	Membrane nanofiltration experiments

	Supplementary Materials
	This PDF file includes:

	REFERENCES
	Acknowledgments


