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Porous organic framework membranes based on
interface-induced polymerisation: design, synthesis
and applications
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Porous organic frameworks (POFs) are novel porous materials that have attracted much attention due to
their extraordinary properties, such as high specific surface area, tunable pore size, high stability and
ease of functionalisation. However, conventional synthesised POFs are mostly large-sized particles or
insoluble powders, which are difficult to recycle and have low mass transfer efficiencies, limiting the
development of their cutting-edge applications. Therefore, processing POF materials into membrane
structures is of great significance. In recent years, interface engineering strategies have proved to be
efficient methods for the formation of POF membranes. In this perspective, recent advances in the use
of interfaces to prepare POF membranes are reviewed. The challenges of this strategy and the potential
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1 Introduction

Advanced porous materials have become a research focus of
various fields due to the diversity of their building blocks and
functionalities.” The development of porous materials has gone
through traditional porous carbon, zeolite molecular sieves and
porous organic frameworks (POFs).>* Among them, POFs are
usually classified into the following types based on their struc-
tural characteristics: metal organic frameworks (MOFs), cova-
lent organic frameworks (COFs), porous aromatic frameworks
(PAFs), covalent triazine frameworks (CTFs), conjugated
microporous polymer (CMP), etc.>® Compared with inorganic
materials, the building blocks of POFs contain organic small
molecules with a wide variety of sources, which facilitates the
targeted modulation of the structure and function of POFs
through the diversity of building units. Due to the advantages of
high specific surface area, tunable channels, and excellent
stability, POFs have been widely studied and shown excellent
application prospects in the fields of gas storage and separa-
tion, non-homogeneous catalysis, energy storage materials,
sensing, and drug delivery.”"

Early efforts have been devoted to the development of POF
structure and functionality, and promising results have been
achieved.” However, conventionally synthesised POFs are
mostly insoluble powders with active sites deeply buried, inter-
particle boundaries, and poor recyclability, limiting their
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applications of the formed POF membranes are discussed.

applications. Therefore, making POF powders into membranes
for a broader practical application is highly demanded."*** In
the past decade, there have been numerous strategies for the
preparation of thin POF membranes.' Initially, researchers
mostly prepared mixed matrix membranes by blending POF
powders with polymers, but the wide distribution of dopant
particles made it difficult to regularise the formation of
membranes, leading to internal inhomogeneity or even physical
defects in the composite membrane.'”*® Subsequently, the
vacuum-assisted filtration method was developed by layer-by-
layer stacking of the nanosheets to form membranes, where
the formation of discontinuous channels was inevitable if the
layers were not tightly linked.* Recently, interface polymerisa-
tion has become an effective way for the preparation of
continuous pure-phase POF membranes. Interface engineering
can position the reaction in the desired place to allow the
controlled shaping of the POF membranes at the interface,
which represents a powerful tool for tailoring the structure and
properties of POF membranes.”*** To date, there are several
pioneering reviews that have well summarised the strategies for
the synthesis of POF membranes and their potential applica-
tions in different fields.>*>* Nevertheless, as far as we know,
none of them focuses exclusively on interface polymerisation
strategies.

In the current perspective, we first present several recent
advances in interface engineering for the construction of POF
membranes, focusing on a detailed overview of four different
interfaces (Fig. 1), namely gas-liquid, gas-solid, liquid-liquid,
and liquid-solid, particularly in the last five years. Next, we
summarise the potential applications of continuous pure-phase
POF membranes in, e.g., gas separation and water treatment,
ion transport, biomedical science, and sensors. Finally, we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of various interfaces involved in the
synthesis of functional POF membranes, including gas—solid, gas—
liquid, liquid—-liquid and liquid—solid interfaces.

provide an outlook on future research directions, and discuss
the remaining unresolved challenges, as well as future oppor-
tunities. We believe this perspective will not only help to
generate more research interest in advanced POF membranes,
but also provide implications for interfacial changes in other
materials (e.g. capsules, nanofibers) and expand the application
scope.

2 Most recent advances in the way of
synthesising POFs at the interface
2.1 Gas-solid interface

The stable gas-solid interface can confine the reaction to the
solid surface by chemical vapour deposition or precursor
sublimation, and it can overcome the perturbation effect on the
interface caused by temperature increase. Researchers have
used the gas-solid interface to build a series of functional thin
membrane materials with a variety of structures, compositions
and functions.

Wu and Jiang's group reported for the first time the prepa-
ration of ultra-thin COF membranes by gas-solid interface
polymerisation in 2020 (Fig. 2). By increasing the reaction
temperature and optimising the homogeneous distribution of
monomers at the solid-phase interface, highly crystalline and
ultrathin COF membranes could be obtained in 9 h, which was
8 times shorter than the preparation time of traditional
methods, and the thickness of the membrane could be regu-
lated between 20 nm and 1 pm.*® Although there have been
some reports on forming thin membranes on surfaces using
vapour deposition, the membrane generally tends to form non-
porous phases. The landscape of possible polycrystalline states
of some porous materials poses a challenge in controlling the
outcome of their synthesis. Researchers used templates to
perform controlled growth of zeolite imidazole framework (ZIF)
films on the surface with vapor assistance. During the reaction
between ZnO and 4,5-dichloroimidazole vapour, the introduc-
tion of ethanol or dimethylformamide vapour resulted in the
formation of porous ZIF-71, and this approach was equally
applicable to other ZIF-series.>® In order to better explore the
structure of the surface COF skeleton as well as the molecular
arrangement, Wan and co-workers developed a general method

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of constructing COF monomolecular layers and films on
substrate surfaces based on gas-solid interface reactions. Using
this method, it was possible to directly grow COF thin films with
large domain area and highly structurally ordered orientation
on substrate surfaces with different properties.>”*® In addition
to crystalline COFs and MOFs, POFs also include other mate-
rials that have high stability by irreversible coupling reactions
such as Ullmann, Sonogashira, and Suzuki. Atomic hydrogen
blocks the extent of aryl-aryl bond formation which limits the
final size of the materials. First's group synthesised large-sized
POF films with an Ullmann-like on-surface reaction by
controlling the rate of molecular deposition and substrate
temperature in a vacuum environment, and analysed the
molecular structure using a scanning tunneling microscope.*
Moreover, Kawai et al. achieved silabenzene-bridged POF
materials under ultra-high vacuum conditions using surface
synthesis techniques.* Besides the use of vacuum-assisted
vapour deposition, Schwieger and his colleagues used a versa-
tile and easy spraying process to deposit homogeneous ZnO
layers on different carriers, followed by solvent-free conversion
of the ZnO layers into dense ZIF-8 membranes by a gas-solid
reaction.® Notably, neither the structure of ZnO nor the
subsequently formed ZIF-8 layer showed any dependence on the
support material. This facile approach can be extended to the
synthesis of a variety of MOF membranes on different supports.

The gas-solid interface reaction, as a rather novel platform
for the preparation of POF thin membranes, can clarify the POF
structure from the atomic scale and provide a new research idea
for the effective control of the reaction direction. A wide range of
reactions can occur at the gas-solid interface, which are
particularly suitable for coupling reactions using water-oxygen
sensitive catalysts. The monomers are mostly volatile and can
be thermally polymerised at the gas-solid interface, and high
temperature and high vacuum are normally required to
promote the uniform distribution of monomers on the solid
surface. However, there are some drawbacks at present, such as
the requirement of a harsh environment, and high cost of the
reaction process. In addition, transferring monolayer POF
membranes from the substrate without damaging the structure
is still challenging.

2.2 Gas-liquid interface

Gas-liquid interface polymerisation is an effective way to obtain
free-standing independent POF membranes. By polarising the
precursor solution, using surfactants, or other ways to confine
the reaction at the gas-liquid interface, a flexible POF
membrane can be obtained and its size is consistent with the
size of the liquid surface.

In 2010, Kitagawa et al. constructed 2D-MOF films using the
Langmuir-Blodgett (LB) assembly technique for the first time. A
solution of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato-
cobalt(n) and pyridine dissolved in chloroform/methanol was
spread on the surface of an aqueous solution with CuCl,-2H,0
as the subphase, and the thickness of the films was controlled
by layer-by-layer stacking.*” In addition, Feng and Zhang et al.
have constructed large-area MOF films on the water surface by
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Fig. 2 Scheme of solid—vapor interfacial polymerisation (IP) for the 1,3,5-triformylphloroglucinol-polyamide (TFP-PDA) membrane, including
membrane growth and HF etching step to obtain a free-standing membrane. Digital photos of the TFP-PDA membrane and the molecular

reaction are presented. Copyright 2020 American Chemical Society.

microwave irradiation. Highly crystalline MOF films could be
synthesised in less than three minutes, with lateral dimensions
of up to 23 cm?® (Fig. 3).*® Subsequently, in 2018, Lai et al.
introduced the LB method to the preparation of COF

membranes and successfully constructed crystalline COF thin
membranes using 1,3,5-triformylphloroglucinol and 9,9-dihex-
ylfluorene-2,7-diamine.*® It was the first attempt to synthesise
large-area 2D COF membranes using the LB method, which
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Fig. 3 Synthesis and morphology of 2D MOF thin film. (a) Illustration of the microwave oven. (b) Synthesis of a 2D MOF on the water surface. (c)
Chemical structures of monomer and 2D MOF. (d) Optical microscopy image of 2D MOF after 24 h polymerisation. (e) AFM image of 2D MOF
after 24 h polymerisation. (f) Statistical distribution of the domain size of the 2D MOF crystals. (g) 2D MOF film on a 300 nm SiO,/Si wafer
(diameter @ = 10 cm). (h) Optical microscopy image of the 2D MOF on quartz. (i) Thickness of 2D MOF vs. reaction time (inset: AFM image of the
2D MOF from 3 min to 7 days). Copyright 2023 American Chemical Society.
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broadened the scope of application of this technique. In 2015,
Bao et al. demonstrated the synthesis and device integration of
processable in-plane conjugated 2D polymers. After pre-
reacting bisaldehyde and trisamine for 24 h and filtering the
precipitate, Petri dishes containing the filtered supernatant
were reacted in saturated H,O atmosphere for 2 days, producing
a highly reflective red film at the solution/air interface.** Feng's
group has efficiently synthesised large-sized polyimide and
polyaniline films at the air-liquid interface with the assistance
of a surfactant monolayer, based on which, they have extended
the surfactant-monolayer-assisted interfacial synthesis (SMAIS)
method, in which a surfactant monolayer was pre-constructed
on the water surface to induce the self-organisation of the
reactive precursor at the surfactant/water interface and subse-
quent two-dimensional polymerisation.*>*® In this way, three
polyimide films with different configurations and pore sizes
were synthesised, all of which exhibited high crystallinity,
demonstrating the universality of the SMAIS method for the
synthesis of highly crystalline dibasic polymer films.*” In 2022,
Zheng et al. further proposed a general strategy for creating 2D
crystals of COF on water with the help of charged polymers.*
CTFs with aromatic triazine bonds are a subclass of POFs, and
obtaining CTFs under mild conditions is a great challenge due
to the high energy barrier of the aromatic nitrile trimerisation
reaction. Tan's group prepared free-standing semi-crystalline
CTF films with large lateral dimensions and controllable
thicknesses by aliphatic amine-assisted interfacial polymerisa-
tion. In this case, DMSO soluble aldehyde monomers were
converted to DMSO insoluble imine precursors by reaction with
hexylamine. The imine precursor could diffuse on the DMSO
surface, directing the initial alignment of the aldehyde mono-
mer while generating the DMSO/air interface. In this way, the
polymerisation reaction was confined to the interface rather
than a homogeneous reaction.” The air/organic solvent inter-
facial polymerisation strategy proposed by the authors
addresses the drawback of insufficient monomer solubility in
previously reported interfacial strategies and provided ideas for
improving the processability of CTF films. Fang et al. estab-
lished a method for the fabrication of large-area, defect-free,
free-standing, thickness-adjustable metalloporphyrin-based
flexible COF films prepared by domain-limited dynamic poly-
merisation at the gas-liquid interface. Using this method, the
prepared film could be scaled up to 3000 cm?, and the obtained
membrane is tough, free-standing, and strong enough to
receive or suspend a certain mass of weights. The thickness of
the membranes can be adjusted over a wide range (27-110 nm),
and the surface roughness is only around 1.5 nm.* Moreover, in
2021, Cuniberti et al. investigated by means of a multiscale
modelling strategy that dimethylmethylene-bridged triphenyl-
amine building blocks were confined to the air-water interface
to form monolayers of COF membranes, and this work provided
an important basis for the polymerisation of POF thin
membranes at the air-liquid interface.”” Similarly, Wang et al.
prepared large-area proton-conducting COF membranes on the
surface of liquid water with the assistance of water vapour, and
water acted as both a diluent and a structure-directing agent in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the reaction system.*® The strategy using water/water vapour as
a unique green additive is worthwhile.

Large-size POF membranes can be formed by continuous
supply of reaction basic units and systematic aggregation at the
gas-liquid interface. Limiting the reaction to the gas-liquid
interface overcomes the problem of self-aggregation in
conventional polymerisation reactions. Thus, reactions tradi-
tionally occur at high-temperature; gas-liquid interface poly-
merisation can be carried out at room temperature. It is
particularly important to choose the solvent, the higher the
solubility of monomers and oligomers in solution, the easier it
is to form a dense membrane without defects. However, for
water—oxygen-sensitive  irreversible  coupling reactions,
synthesis of POF membranes using gas-liquid interfaces has
been rarely reported, which needs to be continuously paid
attention to and explored.

2.3 Liquid-liquid interface

A liquid-liquid interface is widely used in the preparation of
POF membranes, which can effectively prepare large-area
membranes. One general method is to disperse the mono-
mers in two immiscible solvents and form the membrane at the
interface of solvents.**** The other method is to disperse the
monomer and catalyst in two immiscible solvents.

In 2011, De Vos and co-workers used the liquid-liquid
interface between immiscible liquids as a template for the
preparation of homogeneous MOF layers for the first time.*® The
two-phase mixtures were obtained by replacing the ethanol
used in the classical synthesis process with a long-chain alcohol
such as 1-octanol. In addition, these membrane layers could
form hollow capsules of the MOF material [Cus(BTC),], exhib-
iting selective permeability. Jiang et al. explored a novel defect
engineering strategy to fabricate COF membranes.*® With the
spontaneous diffusion of dialdehyde and monoaldehyde
monomers from their respective oil phases into the interme-
diate aqueous phase, the polymerisation-crystallisation process
of the oil-water—-oil three-phase synthesis system was catalysed
by acetic acid. During the assembly process, an abundance of
amino groups was generated in situ on the COF nanosheets by
constructing missing-linker defects on the imine-linked
framework. By modulating the ratio of mixed aldehydes, the
amount of amino groups can be precisely controlled. In 2018,
Hao et al. synthesised free-standing 2D COF films at the oil/
water/hydrogel interface by loading two monomers into oil
and hydrogel, respectively. This strategy can be extended to the
preparation of flexible films of POFs, and it is easy to further
tune the monomers, catalysts, and other parameters due to the
wide availability of gel materials.”® Chung et al. constructed
flexible self-standing pure COF films via the liquid-liquid
interface at room temperature and atmospheric pressure. The
pore size and channel chemistry of COF films can be designed
by bridging various molecular building blocks via strong cova-
lent bonds.>” In 2022, they further reported a strategy for the
rapid in situ growth of thin COF films on cross-linked polyimide
substrates. A tris(4-aminophenyl)amine aqueous solution and
a benzene-1,3,5-tricarboxaldehyde organic solution were used

46-48
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to form COF composite films by unidirectional diffusion and
convection processes.” In addition to COF films, Chung et al.
polymerised cyclodextrin (CD) and trimesoyl chloride (TMC) at
the interface to obtain porous films. The CD/TMC nanofilms
had both hydrophobic inner cavities and hydrophilic channels.
This unique pore structure broadly extends the range of appli-
cations.* In 2018, Wang et al. used interfacial polymerisation to
prepare four flexible COF films with different alkoxy side
chains. Varying the alkoxy chain length had a great influence on
the interfacial polymerisation rate, underlying structures,
Young's modulus and other properties of the COF films.*® Li
et al. synthesised for the first time two types of C-C bonded 2D-
conjugated COF membranes at the water-toluene interface by
combining Suzuki polymerisation with interfacial polymerisa-
tion. One was porous graphene and the other was a porphyrin-
containing 2D-COF.*® Recently, Giri et al. achieved the first
directional transformation of organoimine cages into COF film
at the liquid-liquid interface under ambient conditions of
atmospheric pressure and room temperature (Fig. 4).” The
unfolding of the cage due to the exchange of imine bonds with
aromatic amines led to the generation of imine intermediates.
The authors dissolved the imine cage (C1) in chloroform and
introduced water as a spacer. The aromatic diamine or triamine
linker was dissolved in an aqueous acetic acid solution and
added to the top of the aqueous layer. The films obtained by this
method had good crystallinity and high porosity (1790 & 80 m>
g~ "). The COF films had unique nanostructured shapes, and the
thicknesses of the different COF films were in the range of
800 nm to 5 pm. The strategy provided by this latest study
creates a bridge between OD-porous organic cages and 2D-
porous polymer frameworks, enabling structural transitions
between two crystalline entities of different dimensions. In
addition, our research group designed and synthesised an ultra-
thin PAF membrane with tetra-(4-aminophenyl) porphyrin and

View Article Online
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trimesoyl chloride on a liquid-liquid interface, which broad-
ened the types of interfacial polymerisation reactions.>®

In contrast to the temperature used in the synthesis of most
bulk COF powders, liquid-liquid interface synthesis reaction
systems generally need to be conducted at room temperature or
lower to maintain a stable interface. The formed interface acts
as a template and provides a 2D-limited interface for the poly-
merisation reaction. Through various supramolecular interac-
tions between monomers and with solvent molecules, free-
standing POF membranes of varying thicknesses from mono-
layers to micrometres can be obtained which can be simply
transferred to any functional substrates for cutting-edge appli-
cations. Liquid-liquid interfacial polymerisation is controlled
by the chemical kinetics of the monomer contacting directly at
the interface. The whole polymerisation process needs to be
controlled by the diffusion of monomers through the
membrane at the interface. As the membrane thickness
increases, the monomer diffusion barrier increases, resulting in
slower polymerisation. Simultaneously, the roughness on both
sides of the membrane is hard to control, which is unfavourable
for subsequent applications. In addition, liquid-liquid interfa-
cial polymerisation is mostly applicable to reversible poly-
condensation reactions between two or more monomers.

2.4 Liquid-solid interface

The liquid-solid interface strategy is one of the most popular
and efficient methods for the preparation of POF membranes.
The dimensions of POF membranes obtained on liquid-solid
interface depend on the solid-phase substrate. The synthesis of
COF films on a liquid-solid interface was first reported by
Dichtel's group in 2011.* Since then, various substrates have
been introduced for different applications. The common
method is to immerse the substrate or modified substrate
directly into the solution of the POF precursor, and the film is

Interfacial Transformation of Imine Cage to COF Film
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presence of diverse amine linkers. The space-filled model of COF1 (TFB-BD), COF2 (TFB-TAPT), and COF3 (TFB-TAPB). The aromatic amines
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1,3,5-tris(4-aminophenyl)benzene (TAPB). (b) Digital photographs of COF1 films: free-standing film after 24 h of interfacial polymerisation (top
and middle) and solvent-induced delaminated transparent thin film (bottom). Copyright 2023 Wiley-VCH GmbH.
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deposited on the surface of the substrate during the reaction
process.

In particular, electropolymerisation is one of the powerful
tools for the preparation of electroactive and conductive POF
membranes on the liquid-solid interface.®® Gu et al. reported
the first preparation of CMP films on the liquid-solid interface
by the electropolymerisation strategy.®* Lai's group prepared
flexible ionic CMP membranes with a precisely tailored pore
structure and chemical properties by a coelectropolymerisation
strategy.®> Our group used electropolymerisation to synthesise
PAF films containing carbazole groups on the surface of
indium-tinoxide (ITO) glass, which solved the problem of poor
film formation caused by the insolubility of conventional PAF
powders, and used the PAF materials as a hole-transport layer to
produce inverted perovskite solar cells, which could broaden
the scope of application of PAF materials.®

Surface-initiated polymerisation (SIP) is an important
method for surface modification and obtaining polymer coat-
ings.** In 2018, Tang et al. prepared CMP membranes with high
structural rigidity and microporosity at the liquid-solid inter-
face by the SIP strategy.®® CMP membranes were prepared by
solvent-thermal polymerisation of  monomers on
bromobenzene-modified Si/SiO, surfaces, which could be
transferred to other porous carriers. Our group has obtained
sulfonic COF (SCOF) membranes by the SIP reaction of 1,3,5-
triformylphloroglucinol (Tp) and 2,5-diaminobenzenesulfonic
acid (Pa-SO;H) synthesised at the liquid-solid interface
(Fig. 5).° By controlling the polymerisation time, the thickness
of the COF layer could be fine-tuned from 10 to 100 nm.
Moreover, free-standing COF membranes could be easily ob-
tained by sacrificing the bridging layer without any decompo-
sition of the COF structure. Subsequently, we also obtained the
zwitterionic COF membrane on the Si/SiO, surface through
SIP.®” These results show the universality of SIP.

ZIFs are a class of MOF materials with promising applica-

tions in molecular separation, pattern formation and
N
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sensing.®®*”* However, achieving two-dimensional ZIF crystal-
lisation and ultrathin amorphous ZIF films has been a chal-
lenge in the industry, with existing technological approaches
producing ZIF films with a thickness of more than 50 nm.
Recently, Liu et al. synthesised large-area ultrathin and highly
oriented ZIF films for the first time, up to the thickness of
a single crystal cell, and achieved controllable adjustment of ZIF
film thickness.”” The authors synthesised ZIF films by
immersing a number of different substrates into an ultra-dilute
precursor solution for a few minutes. The ultra-dilute solution
was used here to inhibit uniform nucleation in the native
solution. As the number of nuclei in the native solution
decreases, the attachment of pre-formed nuclei to the substrate
could be reduced or eliminated. The method reported in this
work can be extended to other promising MOFs, providing new
ideas for constructing novel ultrathin highly oriented MOF
films, which are expected to advance the limits of nanoscale
patterning. Conjugated monolayer two-dimensional COFs have
unique properties with potential applications in sensing,
optoelectronics and photonics. Hecht's group has obtained the
first vinyl-linked monolayer 2D COF membranes by surface
polymerisation  using  reversible = Knoevenagel  poly-
condensation.” Self-assembly of two monomers at the liquid/
solid interface led to the formation of extended covalent
networks at room temperature without the requirement of
additional catalysts or reagents. This method enables the
formation of extended conjugated 2D polymers under mild
conditions.

For the liquid-solid interfacial strategy, self-assembled
monolayers (SAMs) and polymer brushes have been typically
used as templates for the growth of POFs.” Borjesson et al.
prepared PAF films on a gold substrate via the reaction of SAMs
with monomers, which led to the growth of smooth and
continuous PAF films with a controlled thickness.” In 2017, our
group used the polymer-anchored surface of silicon wafers to
induce the synthesis of MOFs.”® Most recently, we reported the

NH,
/ NH,

NH, /

NH, Tp + PaSOsH
/ Si

Surface-initiated
polymerization

SCOF membrane

Remove the
sacrificial layer

0

S Free-standing membrane

Fig.5 Schematic route for the preparation of the SCOF membrane grafted on silicon wafers and the free-standing SCOF membrane, molecular
structures of Tp, Pa-SOzH and TpPa-SOzH. Copyright 2021 Wiley-VCH GmbH.
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growth of PAFs on the surface of polymer brushes (Fig. 6).”” In
contrast to PAFs formed in solution, polymer brushes provide
a confined environment for PAF growth, resulting in nanosized
and homogeneous spherical PAFs formed amongst the polymer
brushes. The size of PAFs could be tailored from 30 to 500 nm by
subtly changing the structural parameters. Poly(styrene)/PAF-1
(PS/PAF-1) porous membrane could be obtained via the
removal of the SiO, layer. Polymer membranes can also be used
as reaction substrates. Dai et al. obtained hypercross-linked
porous polymer (HCP) membranes by in situ polymerisation
on PS membranes based on Friedel-Crafts reaction.”

The liquid-solid interface provides a restricted space
between the reactant solution and the substrate surface, and the
choice of substrate and template is flexible. A wide variety of
POF membranes have been successfully prepared on various
functional substrates for cutting-edge applications. During
liquid-solid polymerisation, monomer concentration and
reactant activity are key factors that affect the quality of the
membrane. Lower monomer concentrations inhibit the reac-
tion occurring in the bulk phase and confine the reaction to the
surface. Higher reactivity of the reactants leads to faster
formation of a dense initial barrier layer. SAMs and polymer
brushes as templates for POF growth in liquid-solid interfacial
strategies are intriguing and worth exploring in the future.

Multiple POF membranes can be synthesised at each inter-
face type. Specific properties may be different depending on the
exact conditions and materials used in each case. For a clear
understanding, we summarise the applicability and limitations
of the four interface-induced polymerisation strategies in Table
1.

3 Applications of POF membranes
3.1 Gas separation and water treatment

POFs are promising materials for advanced molecular separa-
tion membranes. The interface approach enables the
construction of continuous, defect-free, pure-phase POF thin
membranes. Since the pore size of POF is much larger than
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most gas and ion sizes, it is necessary to reduce the pore size to
the microporous range, effective and uniform molecular chan-
nels are formed. At the same time, the molecular adsorption is
promoted through the coordinated regulation of the pore
structure, which can further realise the efficient separation of
gas or liquid mixture.”

Our group synthesised the first continuous cationic PAF
membrane (iPAF-5) on the surface of silicon wafers with gas
separation performance and realised the modulation of the
pore size as well as the chemical properties of PAF membranes.
The PAF membranes exhibited excellent gas separation perfor-
mance for different gas mixtures, such as H,/N,, CO,/N,, etc.
(Fig. 7).%° iPAF-5(Cl) had a high gas permeability due to its large
pore size (0.76 nm), but poor sieving ability for different gases.
When Br™ or BF, was used to replace Cl ™, the pore size of iPAF-
5(Br) and iPAF-5(BF,) was adjusted to 0.48 nm, which realized
the precise modulation of the pore size at the molecular level.
For H,/N,, it showed that all three iPAF-5 continuous
membranes exceeded the Robeson upper bound (Fig. 7c).
Although the pore sizes of iPAF-5(Br) and iPAF-5(BF,) are
comparable, iPAF-5(Br) has a stronger binding ability to CO,
molecules than iPAF-5(BF,). The diffusion of CO, within the
membrane of iPAF-5(Br) was inhibited, and the transport of CO,
was greatly slowed down. As shown in Fig. 7d, only iPAF-5(BF,)'s
plot reached the upper side of the bound. Although the
membrane showed an optimised CO, permeance of 23 058 GPU
(gas permeation units), the CO,/N, selectivity of 60 is still lower
than that of polymer-based transport membranes, e.g., the
interface self-assembly of poly(vinylamine) and polymer-
modified MOF has a CO,/N, mixed gas selectivity of 242.%
Therefore, the goal is to increase the selectivity while main-
taining a high level of permeance.

Fan and his co-workers used SIP to synthesise a series of
bilayer membranes on the surface of Al,o; substrate (e.g. MOF
in COF, COF-COF) to form a special interlaced network of
micro/nanopores.**** Among them, the COF-COF bilayer
membrane demonstrated excellent molecular sieving perfor-
mance for the separation of H,/CO,, H,/N,, and H,/CH,

< UV

i,

o

[

5

SIPGP

Polymer brushes

PAF growth

Free-standing

Membrane
transfer

(@) Scheme for the preparation of PS-Br brushes grafted on silicon substrates, the subsequent PAF growth on the surface, and the

fabrication of a hybrid membrane; (b) the synthetic routine for PAF-1. Copyright 2023 Royal Society of Chemistry.
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Table 1 The applicability, merits and demerits of interface-induced polymerisation employed in the membrane formation

Interface type Bonding POFs Merits Demerits
Gas-solid C-N
C=N COF Defined structure Harsh environment
Cc-C PAF Suitable for water—oxygen sensitive reactions High cost
Si-Br MOF Hard to transfer
Coordination bond
Gas-liquid C-N COF
C=N CTF Large-size preparation Not suitable for water-oxygen sensitive reactions
Triazine Polyimide Membrane is easy to transfer
CO-NH Polyamide
Coordination bond
Liquid-liquid C-N
C=N COF Room temperature synthesis Monomer diffusion blocked
Cc-C PAF Membrane is easy to transfer Long reaction time
CO-NH CD/TMC
CO-O MOF
Coordination bond
Liquid-solid C-N COF Flexible choice of substrates and templates  Difficult for mass production
C=N CMP
C=C PAF
C=C HCP
Cc-C MOF

Coordination bond

mixtures, which far exceeded the Robeson upper bound. The
MOF-in-COF membrane similarly exhibited excellent hydrogen
permeability (>3000 GPU) and significantly improved the sepa-
ration selectivity of hydrogen to other gases. In 2023, they
embedded tubular-structured a-cyclodextrins into COF pores by
means of host-guest encapsulation and prepared ultra-
microporous COF membranes with a hierarchical structure by
in situ interfacial polymerisation to achieve H, permeability and
high selectivity in gas mixtures.** In 2022, Zhao et al. have also

prepared COF-COF multilayer membranes with an interfacial
engineering strategy for gas separation. The COF-LZU1 film
with a large pore size was synthesised at the interface, followed
by the layer-by-layer interfacial growth of TpTGCl@TpPa-SO;H
to form the COF multilayer membrane with a narrow pore size.
The membranes had a high H, transmittance of 2163 GPU and
H,/CO, selectivity of 26.%

In addition to gas separation, POF membranes have poten-
tial applications in water treatment. In 2020, Ma et al. used
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(a) Permeance and selectivity of continuous PAF membranes for the binary H,/N, mixture. (b) Permeance and selectivity of continuous

PAF membranes for the binary CO,/N, mixture. (c) Comparison of the H,/N, separation performance of continuous PAF membranes with other
state-of-the-art continuous microporous membranes in Robeson'’s plots. Square symbols: color coded for different materials in earlier work;
Star symbols: PAF membranes in the present work. (d) Comparison of the CO,/N, separation performance of continuous PAF membranes with
other state-of-the-art continuous microporous membranes in the corresponding Robeson'’s plots. (e) Comparison of the CO, permeance in gas
permeation unit for the iPAF-5(BF4) membrane with other mixed-matrix membranes. Copyright 2021 Wiley-VCH GmbH.
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liquid-liquid interfacial polymerisation to form large-size COF
membranes, and changed the stacking of the COF layers to
achieve COF pore sizes at the sub-nm level. COF membranes
had higher ion/molecule rejection and better water perme-
ability, which is potentially valuable in water treatment and gas
separation.®® Jiang et al. prepared COF thin membranes with
high crystallinity and no defects by using the “liquid-gas phase
switching method”. The regular one-dimensional through-
channel gave the membrane ultra-high solvent permeability
(water ~403 L m~> bar ' h™", acetonitrile ~519 L m 2 bar™"
h™') and excellent retention of organic molecules (>98% for
a wide range of organic small molecule dyes).”” Our group
prepared COF membranes with tunable thickness using the
screen printing technique for the first time. Due to its suitably
sized hydrophilic pores, the membrane had high water
permeability and can be used for water desalination.®®
Researchers have mostly achieved the reduction of POF pore
size through staggered stacking, directional growth, and
hybridisation with other ultra-microporous materials to
improve the molecular sieving effect, but precisely regulating
the sub-nanometer scale pore size is still a major challenge.

3.2 Ion transport

POFs are considered as promising candidates for ionic and
proton conductive membranes because of their sequential
transport channels, designable structure and tailored func-
tionality. POF membranes obtained by interface polymerisation
possess ultra-high conductivity, and have shown potential in
related application fields.

Biological cell membranes are capable of efficient and
selective ion transport, but it is more difficult to achieve similar
functions in artificial membranes. Lai's group reported a highly
crystalline amino-COF membrane, which acted as ion-selective
switches to manipulate Na" and K* transport.®® The membranes
were prepared using interfacial synthesis by in situ growth on
a polyacrylonitrile (PAN) ultrafiltration membrane carrier. By
controlling the influx of Na" and efflux of K', the authors were
able to switch the polarity of the membrane between positive
and negative states, which was analogous to the reversal of
membrane potential during neural signal transduction in vivo.

Sun et al. demonstrated the use of COF-based ion-selective
membranes to derive energy from low-grade heat sources and
the inherent Gibbs free energy of fluid systems (Fig. 8). The
membranes were prepared by dissolving diamine compounds
and Tp in aqueous acetic acid and toluene to produce aqueous
and organic phases, respectively, which were transferred into
vessels having two chambers separated by a PAN ultrafiltration
membrane. The authors demonstrated that higher charge
quantity conductance resulted in lower impediments to ion
transport across the membrane, with a maximum output power
density of 97 W m ™2, which was approximately 20 times that of
the commercial benchmark. The power value could be further
increased by applying a temperature gradient to 231 W m™ 2.
Besides, due to the presence of intrinsically interconnected
nano-channels, 3D-COF emerged as a promising candidate for
next-generation proton conducting materials in redox flow
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Fig. 8 (a) Synthetic scheme of ionic COF membranes with varied
charge density and (b) conceptual illustration of the conversion of
energies derived from low-grade heat and salinity differences into
electricity using ionic COF membranes, and the impact of the
membrane charge density on the output power density. Copyright
2022 Wiley-VCH GmbH.

batteries, electrochemical sensors, and fuel cells.’* Jiang et al.
prepared freestanding homogeneous 3D COF-300 membranes
using a liquid-liquid interfacial polymerisation strategy.”> In
addition, by encapsulating etidronic acid as a proton carrier in
the nanochannels of COF-300 membranes, etidronic
acid@COF-300 membranes were prepared, achieving a proton
conductivity of 0.650 S cm ™" at 90 °C.

Wang et al. prepared sp> carbon-conjugated COFs (sp’c-
COFs) on various solid substrates (e.g. fluorine-doped tin
oxide, aluminium sheets, polyacrylonitrile films) via self-
assembly monolayer-assisted surface-initiated Schiff-base-
mediated aldol polycondensation, yielding large-area, self-
supported and crystalline sp”c-COFs.”* The authors showed
that the COF films with nitrogen-enriched and quasi-1D chan-
nels provided excellent anion selectivity. An sp”c-COF film
osmotic power generation device had an output power density
of 14.1 W m™? under harsh conditions, which exceeded most
reported COF films as well as the commercially available
benchmark device (5 W m™?).

POFs with electronic conductivity comparable to metals can
advance the fields of organic electronics, catalysis and energy
storage. However, low conductivity limits their practical appli-
cations. The development of POF membranes with high elec-
tronic conductivity will be a continuing hot topic for the
membrane community in the future.

3.3 Biomedical science

POF membranes have received great attention in biomedical
applications due to their variable elemental composition and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ordered structure. They have shown promise in biomedical
fields such as phototherapy, drug delivery and combination
therapy.

Liao et al. proposed a strategy to expand the separation
surface area of nanofiltration membranes by grafting highly
porous porphyrin-aniline CMP (PACMP) on polyamide.” The
CMP-polyamide composite membranes were formed by one-
step interfacial polymerisation to produce ultra-permeable
membranes (61.8 L m > h™*) with a salt (Na,SO,) interception
above 91.6%. Moreover, due to the generation of reactive oxygen
species from the porphyrin moiety of PACMPs, the photoexcited
singlet oxygen (*0,) generated in situ could kill 98.5% of E. coli
and 99.7% of S. aureus, which resulted in the excellent antimi-
crobial performance of the CMP-polyamide composite
membrane.

The capability to control the release of small drugs is crucial
in biomedicine. Tang's group prepared biocompatible COF
membranes by an interfacial polymerisation strategy.®> The
prepared membranes could be easily combined with polymer
membranes and integrated into homemade diffusion devices
for drug release measurements. The release of organic mole-
cules (e.g., small organic dyes and peptides) through COF
membranes with ordered nanoscale pores was investigated,
showing a constant zero-grade release behaviour. Meanwhile,
biological evaluations showed that the COF membrane-based
release system was biocompatible and the COF membrane
exhibited high stability for long-term release of small molecules
in aqueous media. Dong et al. reported a porphyrin—-COF-based
membrane encapsulating ibuprofen (IBU) by interfacial poly-
merisation in situ and impregnation (Fig. 9).°® The obtained
IBU@DhaTph [Dha: 2,5-dihydroxyterephthalaldehyde; Tph:
5,10,15,20-tetrakis (4-aminophenyl) porphyrin] membranes
exhibited efficient antimicrobial and anti-inflammatory effects
via synergistic photo-induced 'O,, generation and controlled
IBU release, which were well supported by experiments in vitro.
Furthermore, biocompatible “band-aid” type dressings based
on IBU membranes were prepared, and their excellent anti-

Interfacial polymerization

=3

View Article Online

Chemical Science

infective and tissue remodelling activities were proved by
chronic wound healing experiments in vivo.

Zhou et al. generated porous COF films on ITO in situ.”” An
effective photoelectrochemical (PEC) burst probe was designed
by loading a large number of AgInS, quantum dots on gold
nanoparticles. After targeting an HIV-induced cyclic amplifica-
tion process to generate abundant DNA SO, the Au nano-
particles-AgInS, quantum dot probe was bound to the COF
films by DNA hybridisation, which caused the PEC signal of the
COF film to be “switched off” for the ultrasensitive detection of
HIV. This work opens up a unique two-dimensional COF film-
based PEC biosensing platform with good signals for rapid
dual-target detection, which can effectively avoid false-positives
and false-negatives and shows promising applications in the
early prevention and detection of cancer diseases. Homo-
cysteine (Hcy) is a metabolite in the human body and an
important determinant of cardiovascular health. Recently,
a laser desorption/ionisation mass spectrometry (LDI-MS)
method based on COF films was developed for the rapid and
sensitive determination of Hcy in human serum using isotopi-
cally labelled internal standards by Lin et al®® The author
cultivated COFs on an ITO substrate at room temperature to
form a thin film, which was used in LDI-MS. The use of COF film
as a substrate with high signal intensity and clean background
helped to analyse a range of small molecules such as amino
acids, bisphenols, oestrogens and drugs. The method had
a detection limit of 0.5 pmol L™, equivalent to 500 fmol.

Most POFs are composed of biocompatible light elements,
such as carbon, hydrogen and nitrogen, with high biocompat-
ibility and high stability, which make POF membranes to be
a desirable candidate for biomedical fields. The use of POF
membranes for biomedical applications is still in its infancy
and needs to be further investigated.

3.4 Sensors

POFs have engineered and tunable building blocks at the
molecular level which make them an important candidate in
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Fig. 9 Schematic illustration of the synthesis of multifunctional antimicrobial IBU@DhaTph-membrane. Copyright 2021 Wiley-VCH GmbH.
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Fig. 10

(a) Schematic of the acoustic vapor sensor. (b) Frequency response of a COF-5 sensor to several volatile analytes with structures and

dose-normalised responsivities shown on the right. Inset: Sauerbrey equation. (c) Computationally optimised structure of cadaverine binding
between two COF-5 layers. (d) Amine responsivity of the four COFs studied. (e) Recyclability of TP-COF dosed with 500 ppb TMA, with N,
purging between doses. (f) Dose-dependent frequency response of a TP-COF sensor to TMA. (g) TP-COF sensor calibration curve for TMA
dose—response with the extracted concentration—frequency relationship. Copyright 2020 Wiley-VCH GmbH.

the field of sensing. A POF membrane constructed through an
interface can be combined with its functional groups to study
the sensing analysis in multiple fields such as gases, organic
solvents, temperature, sound, etc., which is of great significance
in the fields of medical detection, information security, envi-
ronmental monitoring, chemical production and so on.

In 2020, Dichtel et al. deposited large 2D COF films on
a variety of substrate surfaces. As shown in Fig. 10, boronate-
ester-linked 2D COFs had abundant porosity as well as Lewis
acidity for extreme sensitivity to polar compounds, and the 2D
COFs sensor showed a limit of quantification of 10 ppb for
volatile trimethylamine (TMA).*® 3D MOF thin films (Cu-HHTP)
were controllably prepared using the LBL strategy by Xu et al.
The MOF film had a high specific surface area, efficient charge
transfer, and excellent sensing performance. Compared with 2D
films, 3D Cu-HHTP films had 1000-fold optimised limit of
detection, improved response (when the NH; concentration is 1
ppm) and could detect a concentration of 5 ppb of NH;.' In
order to expand the abundance of POF materials and improve
the brittleness, Zhang's group firstly utilised interfacial poly-
merisation to combine polymer chains and crystalline materials
to construct crystalline crosslinked polymer (CCP) membranes.
The unique structure allowed the CCP membranes to exhibit
good flexibility and achieve a reversible mechanical response
under steam drive.'” Ma and Sun et al. made some progress in
the field of temperature sensing. They used acid-catalysed
interfacial polymerisation to create an ionic COF membrane,
which could intelligently monitor temperature changes. The
sub-nanochannels could simulate thermally responsive ion
channels observed in nature. The system also had the advantage

1934 | Chem. Sci, 2024, 15, 1924-1937

of wide operating temperature, simultaneous response to
temperature stimuli, and long-term stability. The potential of
COF membranes in designing wearable devices with thermal
sensing capability was also explored.**>'*

Humidity levels in human metabolism contain a wealth of
information. A range of humidity-sensing COF films have been
developed as well.** Yang et al. synthesised COF films based on
imine-bonded linkages in the water/oil interface and applied
them as resistive humidity sensors. By tuning the structural
monomers and functional groups, the COF films achieved the
sensing performance with high response, wide detection range,
fast response and recovery properties. When the relative
humidity was increased from 13% to 98%, the humidity
response value of the COF film-based sensor was enhanced by
390 times, revealing the amplification mechanism of humidity
sensing signals by the large m-conjugated topology of the COF
film.**

Molecular monomers with special functions (e.g. ionic,
conjugated) have been used to construct POF membranes with
external stimulus-responsive activities. This monomer design
can endow POFs with new functions, which can lead to poten-
tial applications. However, the study of the chemoresistive
sensing mechanism of POF materials is still in the early stage.

4 Conclusion and perspectives

We have reviewed representative novel work on the growth of
porous organic membranes at interfaces in the last few years.
However, due to the broad applicability of interface engineering
strategies across multiple research areas, some articles may

© 2024 The Author(s). Published by the Royal Society of Chemistry
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have been unintentionally overlooked in our perspective. It is
exciting to see the rapid growth of this field, with numerous
surface and interfacial approaches already being widely and
rationally employed by the scientific community. We anticipate
even greater vigour and momentum in this field in the coming
years.

The structural designability and diversity of POF materials
have prompted researchers to explore the versatility of POF
membranes. As demonstrated in the above applications, the
interface engineering strategy has penetrated into many
cutting-edge application areas. Although a wide range of
applications have been explored through interface engineering
strategies in areas such as separation science, ion transport,
and biosensing, research in molecular recognition, fluores-
cence imaging, and magnetism is still in its infancy. Despite
substantial progress in the field of shaping POF membranes
using interface technology, there are still many challenges that
need to be addressed in the future. (1) Compared with the body
powder, the membrane structure of POFs often has additional
excellent properties, but in many cases, the continuity of the
membranes obtained in this way is poor, and it is difficult to
form membranes of many POF materials. (2) The excellent
mechanical properties are conducive to the long-term stability
of POF membranes in the industry. Nevertheless, it is difficult to
guarantee the mechanical strength of the obtained membrane
in most cases, and the mechanical strength is poor, which
needs to be seriously considered in the future development. (3)
Currently, almost all of POF thin membranes are prepared in
the laboratory, so the large-scale production of POF membranes
by using the interface technology and the reduction of the
production cost are also the concerns of the future researchers.
(4) The preparation of POF membranes with controllable
orientation is challenging, which is necessary for an in-depth
study of the intrinsic properties of POF membranes. So far,
researchers have reported the control of the horizontal orien-
tation of POF membranes, but the controllability of their
orientation in the vertical direction has been a tough problem.
(5) In applications such as ion conduction, energy storage, etc.,
the development of POF membranes with electronic conduc-
tivity has been a focus of interest. However, only a few porous
organic membranes with conductivity have been developed.
Strategies such as elaborate structural design, introduction of
functional groups on the backbone or composite with conduc-
tive materials will be the focus of future research.

Looking into the future, opportunities exist and the chal-
lenges are severe. We believe that the preparation of advanced
porous organic materials using interface strategies will make
new breakthroughs in more research areas. Time-saving, easy-
to-operate, large-scale and green interface technology will be
an ideal solution for membrane science and technology.
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