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Covalent organic framework (COF) materials have been considered as
disruptive membrane materials for gas separation. The dominant one-
step method for COF nanosheet synthesis often suffers from coupling
among polymerization, assembly and crystallization processes. Herein,
we propose a two-step method comprising a framework assembly step
and functional group switching step to synthesize COF nanosheets
and the corresponding COF membranes. In the first step, the pristine

New concepts

Covalent organic framework (COF) materials have been recognized as
disruptive membrane materials for carbon capture. The dominant one-
step method for COF nanosheet synthesis features the simplicity of
operation, but often suffers from the lack of sufficient free functional
groups and coupling among polymerization, assembly and crystallization
processes. A two-step method comprising a framework assembly step and
COF-316 nanosheets bearing cyano groups are prepared via interfacial
polymerization. In the second step, the cyano groups in COF-316
nanosheets were switched into amidoxime groups or carboxyl groups.
Through the vacuum-assisted self-assembly method, the COF
nanosheets were fabricated into membranes with a thickness below

functional group switching step to synthesize COF nanosheets is
proposed in this work. The new concept decouples the construction of
a bulk framework and the incorporation of free functional units,
conducive to the precise control of COF nanosheet synthesis and thus
COF membranes. Herein, functionalized COF-316 membranes were
fabricated via the two-step method and demonstrated excellent

100 nm. Featuring numerous mass transport channels and homoge-
neous distribution of functional groups, the amidoxime-modified
COF-316 membrane demonstrated excellent separation performance,

separation performance. Our two-step method shows good universality
and affords a platform to design COF and many other organic framework
materials for diverse applications.

with a permeance above 500 GPU and a CO,/N; selectivity above 50.
The two-step method may inspire the rational design and fabrication of
organic framework membranes. Materials Horizons, as the flagship
Journal of the RSC in materials
science, has gained an excellent
reputation over the last ten years.
Many innovative studies and new
concepts have been published from
new material development to frontier
applications, endowing this journal
wide attention and high citations.
I'm honored to be a scientific editor
of Materials Horizons and contribute
to the sustained development of the
Journal. Happy 10th anniversary to
Materials Horizons.

Introduction

Covalent organic framework (COF) materials featuring an
ordered pore structure and tailored chemical functionality
exhibit unique separation properties and have been deemed
as a disruptive membrane material.'~> COFs provide a platform
to customize functional groups uniformly distributed within
the channels, thus enabling efficient molecular mass transport
and separation.®” Nowadays, the functionalization of COFs
focuses on the one-step method, where the functional groups
are pre-substituted on the monomers followed by the
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polymerization reaction to assemble the framework.>® The
one-step method features simplicity of operation'® but suffers
from a lack of sufficient free functional groups and the cou-
pling of the polymerization, assembly and crystallization
processes.!

Quite recently, two-step or multi-step construction of COFs has
been explored. Zhao’s group explored a two-step procedure of
COF-to-COF transformation.”” Addressing the low-crystallinity
problem of an azo-linked COF via a one-step method, a reversible
imine-linked COF was prepared as the template and then in situ
linker exchange achieved the transformation of the azo-linked
COF with high crystallinity. Besides optimizing the linkage, the
two-step procedure has the potential to enhance the application
performance arising from functional group switching."*™> For
carbon capture application, the basic groups are often employed
as facilitated transport carriers. However, in most cases, the basic
groups participate in the COF bulk framework formation and
eventually become imine bonds,'® or amide bonds."”'® It can be
thus envisioned that if the functional basic groups are incorpo-
rated after the framework formation, the basic groups can be
retained in the free form."

Herein, we explored a two-step method instead of the one-
step method to synthesize COF-316 nanosheets and then
assemble these nanosheets into COF-316 membranes. In the
first step, the pristine COF-316 nanosheets bearing cyano
groups were synthesized based on the irreversible nucleophilic
aromatic substitution reaction via interfacial polymerization. In
the second step, the cyano groups were switched into amidoxime
groups or carboxyl groups.”® The amidoxime-functionalized
COF-316 membrane exhibited superior separation performance,
with a permeance above 500 GPU and a CO,/N, selectivity above
50. The two-step method demonstrates good universality.

Results and discussion

COF-316 is a dioxin-linked COF material constructed via irre-
versible reactions, with tetrafluorophthalonitrile (TFPN) and
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) as linear and
triangular linkers.”"**> Different from most COF materials
synthesized by reversible reactions, such as the Schiff base
reaction, the irreversible nucleophilic aromatic substitution
reaction is seriously affected by the adjacent functional groups
on the benzene ring. The strong electron withdrawing cyano
group is the key to enhancing the electrophilicity of the C-F
bond of TFPN and thus endowing the reactivity with HHTP. The
cyano group is indispensable in the assembly of the framework;
however, the affinity of cyano groups toward CO, gas is signifi-
cantly lower than that of amidoxime or carboxyl groups.*’
Therefore, we further switched cyano groups of COF-316 into
amidoxime or carboxy groups.

Considering the inherent limitation in the one-step method,
only soluble oligomers were obtained instead of the expected
COF. In this study, two-step method was explored to fabricate
the functionalized COF-316 via combining framework assembly
step and functional group switching step. Among the reported
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COF materials, COF-316 exhibited the following two advan-
tages: (i) ultra-stable bulk framework assembled based on
irreversible reactions, ensuring the chemical and structural
stability for the second step; (ii) modifiable cyano groups
anchored on the pore surface. For CO, separation, two function-
alities, carboxyl and amidoxime groups could be easily modified
on the pore surface by cyano hydrolysis in concentrated NaOH
and nucleophilic attack hydroxylamine, respectively.**

In the first step of framework assembly, in the previous
article, COF-316 was prepared via a thermal-solvent method
with triethylamine as the catalyst and COF-316 grew into rod-
like particles (Fig. S1, ESIT). In this work, COF-316 was synthe-
sized via the modified interfacial synthesis and COF-316
nanosheets bearing cyano groups were obtained, deemed
as COF-316-CN. The two monomers were each placed in the
oil-water phases, and in the middle was separated by a nano-
filtration membrane, providing a controlled growth environ-
ment and slower monomer diffusion rate (Fig. S2, ESI}).*
During the reaction process, a layer of amorphous complexes
formed on the membrane (Fig. S3, ESIt) and the crystalline
nanosheets formed in the aqueous phase. As shown in Fig. 1b,
the peaks at 1292 cm™" and 1016 cm™ " indicated the character-
istic dioxin C-O asymmetric and symmetric stretching modes,
representing the formation of the framework.

As shown in Fig. le and Fig. S4 (ESIf), COF-316-CN
nanosheets displayed an average lateral size of 3-5 um and
an average height of 4 nm, equivalent to a stack of 8-10 atomic
layers. The XRD characteristic peaks of COF-316-CN powders
were at 4.5°, 9.0° and 24.5° corresponding to (100), (200), and
(001) reflection planes in both stacking modes while the peak
intensity of the nanosheet was obviously weakened due to only
a few layers of stacking (Fig. 1d). The crystallinity of COF-316-
CN nanosheets was further confirmed through the orderly
arranged lattice fringe and diffraction pots in selected area
electron diffraction (SAED) image (Fig. 1e).

In the second step of functional group switching, pristine
cyano groups were switched into carboxyl and amidoxime
groups, deemed as COF-316-COOH and COF-316-AO. The
chemical properties and functional group switching are shown
in Fig. 1c. The peaks at 1714 cm ' and the peaks at 923 cm™*
indicated the switching of the carboxyl group while the peaks at
3480 cm™ ', 3360 cm ' and 3170 cm ™! indicated the switching
of the amidoxime group. It is worth noting that, the peaks of
the cyano group were not observed in COF-316-COOH and COF-
316-A0, indicating the complete conversion of the group. As
shown in the Fig. 1f, 1g and Fig. S5a (ESIT) the COF-316-COOH
and COF-316-A0 inherited the crystallinity of parent COF-316-
CN, according to the XRD patterns and an orderly arranged
lattice fringe in SAED images. The electrostatic potential maps
of COF-316-CN, COF-316-COOH and COF-316-A0 were analyzed
via simulation (Fig. 2a-c). The blue regions of N and O in the
maps were related to the chemically active sites and the red
region of H was related to hydrogen bonding sites. Compared
with the pristine COF-316-CN, both the intensity of single
anchor site and the density of distribution were both significantly
increased in COF-316-COOH and COF-316-A0. With the switching

Mater. Horiz., 2023, 10, 5016-5021 | 5017
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(a) The schematic diagram of the two step method to fabricate functionalized COF. (b) FT-IR spectra of HHTP, TFPN and COF-316-CN. (c) FT-IR

spectra of pristine COF-316-CN, COF-316-COOH and COF-316-A0. (d) XRD pattern of pristine COF-316-CN powder and nanosheet. The TEM, HRTEM
images and corresponding selected area electron diffraction patterns (inset) of pristine COF-316-CN (e), COF-316-COOH (f), and COF-316-A0 (g).
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Fig. 2 The electrostatic potential maps of COF-316-CN (a), COF-316-
COOH (b), and COF-316-A0O (c). The zeta potential analysis (d), CO,
adsorption behavior (e) and analysis of water-capture ability via QCM (f)
of pristine COF-316-CN, COF-316-COOH, and COF-316-A0.

of the functional group, the charge characteristics of the pore
surface changed simultaneously. The pristine COF-316-CN
nanosheets were electrically neutral, with a zeta potential of
0.4 mV while COF-316-COOH nanosheets were electro-negative
with a zeta potential of —23.6 mV. COF-316-A0 nanosheets
displayed electro-positivity, with a zeta potential of 20.7 mV. The
thermal properties of COF materials were evaluated via thermo-
gravimetric (TG) analysis (Fig. S5b, ESIt). Three TG curves of COF

5018 | Mater. Horiz., 2023, 10, 5016-5021

materials followed a similar thermal change process. Within
100-200 °C, the mass loss was related to the release of solvent
molecules adsorbed in the pores. Within 200-450 °C, the organic
components of the framework continuously decomposed.

The pore characteristics of COF materials were evaluated by
CO, adsorption and simulation. Before the adsorption test,
COF materials were immersed in methylene chloride and
vacuum treated for the removal of guests. At 298 K, the CO,
adsorption of COF-316-CN, COF-316-COOH and COF-316-A0
were 13, 17, 12 in cm® g ', respectively. The enthalpy of
adsorption was calculated based on GCMC simulation, with
—19.9 k] mol ™' (COF-316-CN), —25.0 k] mol ' (COF-316-COOH)
and —29.6 k] mol~" (COF-316-A0), respectively. In contrast, the
improvement of gas uptake within COF-316-COOH was due to
stronger interactions, while the decline of gas uptake within
COF-316-A0 was caused by the smaller pore size and thus space
steric effect. The optimized adsorption location and orientation
of CO, were also investigated. As shown in Fig. S6 (ESIt), within
pristine COF-316-CN, cyano group is inert and O of CO, mainly
interacts with H of the benzene ring, at a distance of 0.32 nm.
Within COF-316-COOH and COF-316-A0, the O of CO, mainly
interacts with H of carboxyl and amidoxime groups with the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) The schematic diagram of constructing COF membranes.
(b) The GIWAX analysis of COF-316-CN membrane. (c) The water
contact angle analysis. (d) The SEM images of COF-316-CN membranes,
COF-316-COOH membranes, and COF-316-AO membranes from the
top-view and the section-view.

distance of 0.28 nm and 0.25 nm, respectively. Besides CO,
adsorption, the water capacity of COF materials was also
evaluated via the quartz crystal microbalance (QCM). Among
the three COF materials, COF-316-AO demonstrated outstand-
ing water-capture ability with the nearly twice the amount of
water capacity and higher capture rate.

The COF membrane was fabricated by the vacuum-assisted
self-assembly methods at 40 kPa.>® The loading of the
nanosheet was controlled in the range of 0.05 mg cm™> on
the polyacrylonitrile (PAN) substrates (pore size of 20-50 nm).
As shown in Fig. 3d, the COF-316-CN nanosheets regularly
packed and formed a defect-free membrane, with the thickness
of nearly 80 nm. As shown in Fig. S7 (ESIt), the membranes
inherited the characteristic peaks of their nanosheets and the
peaks at 2240 cm™" refer to the PAN substrate. The assembly
behavior of the nanosheet was evaluated by the wide-angle
X-ray scattering (GIWAXS) experiments (Fig. 3b). The mem-
branes verified the consistent orientation of nanosheets within
the COF membranes, of which the Bragg diffraction (100) peak
corresponding to the channels emerged at around g, = 0 and
relatively weakly presented at g,, = 0. The phenomenon indi-
cated the n-r stacking of nanosheet along the c-axis and thus
formed the one-dimensional channel perpendicular to the PAN
substrate. The surface properties of the membrane are indi-
cated by the experiments of water contact angle (Fig. 3c). The
pristine COF-316-CN exhibited weak hydrophilicity with the
angle of 53°; meanwhile, a significant enhancement of hydro-
philicity was achieved with the angles of 34° (COF-316-COOH)
and 17° (COF-316-A0). The phenomenon indicated that func-
tionalized groups and water molecules could form more hydro-
gen bonds, and thus stronger hydrophilicity.>” Functional
group switching of COF-316 membrane was achieved via
assembly of functional COF nanosheets, not post-modified
COF-316 membranes. On the one hand, the substrate cannot

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Separation performances of membranes. (a) CO,/N, (20/80 vol%)
mixed-gas separation performances of COF membranes at 100% relative
humidity, 298 K and 2 bar. (b) The performance of COF-316-AO under
feed gas pressure of 1-5 bar. (c) Long-term test of COF-316-AO
membrane tested at 2 bar and 100% relative humidity. (d) Comparison of
the CO,/N; separation performances of the membranes and representa-
tive membranes in the literature. The light-yellow region is the target area
for post-combustion capture of C0O,.2%*° The data were obtained from
the previous literature listed in Table S1 (ESIT).

endure harsh post-modification conditions. On the other hand,
it is hard to precisely control the proportion and position of
functional groups by post-modification of membranes.*®

The separation performance of COF membrane was evalu-
ated based on the WK-method, with a humid feed of CO,/N,
mixed gas (20 vol%/80 vol%). As shown in Fig. 4a, the pristine
COF-316-CN membrane showed the CO, permeance of nearly
300 GPU and CO,/N, selectivity of 3 while COF-316-COOH
showed the CO, permeance of nearly 400 GPU and CO,/N,
selectivity of 30 and COF-316-A0 showed the CO, permeance
of nearly 500 GPU and CO,/N, selectivity of 45. In contrast,
COF-316-A0 demonstrated the best separation performance,
due to the high density of affinity sites and strong interaction
with H,O and CO,. The pressure effect on the separation
performance of COF-316-AO was also investigated. With the
absolute pressure of feed increase from 1 bar to 5 bar, the CO,
permeance decreased from nearly 600 GPU to 400 GPU and the
selectivity decreased from 54 to 25. The performance changes
complied with the previously reported facilitated transport
membranes, which lack adequate carriers to participate in
the CO, transport under higher pressure.’’?*> Meanwhile,
a long-term gas permeation measurement of COF-316-A0O
membrane was carried out to evaluate the stability. After 100
h, the membrane still could maintain high separation perfor-
mance, with the permeance of 500 GPU and the selectivity
above 40. The separation performance exceeded most CO,
separation membranes and displayed good application
prospects.’?

The CO, mass transport mechanism was also investigated.
The ideal behaviour of the CO, diffusion process through the
COF channels was simulated (Fig. S8, ESI{). Within 500 ps,
compared with COF-316-CN, fewer CO, molecules passed

Mater. Horiz., 2023, 10, 5016-5021 | 5019
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through the channels of COF-316-A0 and more CO, molecules
passed through the channels of COF-316-COOH. It is worth
noting that a large amount of CO, was confined in the pores of
COF-316-A0. The strong interaction and reduced pore size
inhibited the diffusion of molecules, leading to the contribu-
tion of physical mechanism to CO, diffusion being very
limited.** During the actual separation process of the humid
feed, water would condense within the channel, providing a
continuous water environment.” In this case, facilitated trans-
port process should be the main contribution to the high
performance of COF-316-A0 membrane.?®> Within the three
COF materials, COF-316-A0 embodied the strongest affi-
nity with water and provided the basic microenvironment, in
which CO, could reversibly convert in the form of HCO3™ in the
presence of amidoxime. The chemical properties of the
membrane before and after separation were characterized by IR
and XPS (Fig. S9 and S10, ESIt), and no obvious new bonds were
formed, indicating that the process was a reversible process
without irreversible damage to the membrane structure.

The universality of the two-step method was investigated,
which was applied to COF-318>" and TpDb,*® two COF materi-
als with the cyano group, (Fig. S11, S12 and S13, ESIT). COF-318
shared a similar structure with COF-316, in which the HHTP
and 2,3,5,6-tetrafluoro-4-pyridinecarbonitrile (TFPC) were
linked by 1,4-dioxin linkages to form crystalline 2D covalent
organic frameworks. The FT-IR spectra showed the framework
assembly and the switching to amidoxime groups. The XRD
pattern showed COF-318 could endure alkaline conditions,
retaining crystallinity and frame stability in the second step.
On the other hand, TpDDb is also deemed as a remarkable
chemically stable COF material. For the first step, the frame-
work was assembled, combining the reversible Schiff base
reactions and an irreversible enol-to-keto tautomerization.
The pristine TpDb showed high crystallinity and characteristic
peaks, while the ordered structure was disrupted after switch-
ing to amidoxime groups under alkaline conditions. The above
results further illustrate that strong bonding structures and
stable bulk frameworks are the basis for the follow-up func-
tional group switching.

For more application-oriented scenarios, we explored the uni-
versality of preparing COF membranes on different substrates.
Besides the vacuum-assisted self-assembly method described
above, the hot drop coating method could be used for the
preparation of COF-316-A0 membranes on inorganic substrates,
including AAO substrates, alumina substrates and ITO glass sub-
strates. The membranes were prepared via dipping the dispersion
on a hot substrate and then slowly volatilizing the solvent. As
shown in Fig. S14 (ESIT), the COF-316-A0 nanosheets were densely
coated on three substrates and formed defect-free membranes.

Conclusions

In summary, we proposed a two-step method to synthesize
functionalized COF nanosheets by decoupling the framework
assembly process and functional group switching process.

5020 | Mater. Horiz., 2023, 10, 5016-5021
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Considering the stability of the bulk framework and switchable
cyano groups, COF-316 was selected as a showcase and two
functionalized COF-316-COOH and COF-316-A0O nanosheets
were synthesized via interface diffusion assembly followed by
the switching of cyano groups. The COF nanosheets were then
fabricated into COF membranes with a thickness below
100 nm. Combining abundant channels and evenly distributed
functional groups, the COF-316-A0 membrane exhibited excel-
lent separation performance, with a permeance above 500 GPU
and a CO,/N, selectivity above 50. The two-step method was
also used for the synthesis of COF-318 and TpDb. Our study
may provide some inspirations to design COF and many other
organic framework materials for chemical separation and
catalysis.
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