#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

REVIEW

Recent advances in room-temperature synthesis of

i '.) Check for updates ‘
covalent organic frameworks

Cite this: Chem. Sci., 2025, 16, 5447

Dongchuang Wu, ©*? Ning Gu,? Junru Yao,? Yang Cao,” Lun Wang,” Imran Shakir,®
Youyi Sun*® and Yuxi Xu @ *c

Covalent organic frameworks (COFs) have become a promising class of highly-crystalline polymers with
layered stacking structures, ordered porous channels, and highly-tailorable structures. To date, most
COFs have been synthesized via high-temperature solvothermal methods, which require complicated
optimization of factors including temperature, solvent ratio, catalyst, and reaction time. Additionally,
solvothermal conditions with high temperature and high pressure restrict the facile and large-scale
synthesis of COFs for practical applications. In addition, the insolubility and lack of processability of the
COF powders obtained via solvothermal methods hinder their potential application in film-related fields.
Energy-efficient and environmentally benign synthetic methods to resolve these problems are highly
desired. In this review, we provide an overview of the recent progress in room-temperature synthetic
strategies for constructing COF powders or COF films. We first discuss in situ characterization
technologies for exploring the COF growth mechanism. Then, we present representative room-
temperature synthesis methods for COFs, including solid-liquid interfacial synthesis, liquid—liquid
interfacial synthesis, on-water surface synthesis, water-phase synthesis, electrosynthesis, sonochemical
synthesis, single-solution phase synthesis, mechanochemical synthesis, high-energy ionizing radiation
synthesis, and photochemical synthesis. Finally, perspectives on room-temperature synthesis are
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1. Introduction

Covalent organic frameworks (COFs) are a new class of highly
crystalline organic polymers with highly adjustable structures
and properties, in which the monomers and scaffolds are
precisely arranged in two-dimensional (2D) or three-
dimensional (3D) space.' The 2D layered COF structures are
formed through van der Waals interactions between 2D planes.
Dynamic covalent chemistry is considered to be the chemical
basis by which the reversible chemical bonds can realize self-
healing of internal defects in COF materials.” Recently, some
irreversible reactions have also been used to synthesize COFs,*
which requires more effort to be devoted to the structural
design and the study of crystallization mechanism. However, to
improve the crystallinity of COFs, tedious solvent screening,
high reaction temperatures (>120 ©°C) and lengthy
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polymerization times (>3 days) are always selected for the
optimized solvothermal synthesis.*® The resulting time-
consuming and energy-intensive solvothermal syntheses make
the large-scale production of COFs challenging.

In terms of determining the crystallization mechanism, the
use of closed solvothermal reaction systems hinders in situ
characterization of the dynamic process.”” The heat source and
sealed conditions limit the development of in situ monitoring
equipment. Thus, in most reports involving new COF struc-
tures, solvothermal synthesis has been the first choice, and less
attention has been paid to the crystallization mechanism.'***
Additionally, COFs synthesized by the solvothermal method are
insoluble and unprocessable powders, which present formi-
dable challenges in film-based applications.****

In the exploration of alternative synthetic approaches, the
room-temperature synthesis of COFs has attracted increasing
interest.'**® Compared with harsh solvothermal syntheses,
room-temperature syntheses without a high-pressure environ-
ment feature mild reaction conditions, designable reaction
systems, various assisted technologies and controllable reaction
rate. Currently, various condensation reactions have been used
to synthesize COFs at room temperature, such as the Suzuki
coupling reaction, Schiff-base reaction, boronate ester
condensation, Knoevenagel condensation, Mannich reaction,
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Fig. 1 Schematic presenting a timeline of the development of the room-temperature synthesis of COFs.

multicomponent reactions and imide reactions. In addition,
unlike the polycrystalline products obtained via solvothermal
syntheses, large-size single-crystal COFs can be prepared via
low-temperature or room-temperature syntheses.”*> The
growth of defects and single crystallinity can be well regulated
and controlled via designed room-temperature syntheses.

In 2012, sonochemistry was first used for the rapid room-
temperature synthesis of COFs. Subsequently,
advanced synthetic methods have been created for preparing
COFs at room temperature. As shown in Fig. 1, in the last
decade, various pioneering room-temperature synthetic strate-
gies have been reported, such as solid-liquid interfacial
synthesis, liquid-liquid interfacial synthesis, on-water surface
synthesis, water-phase synthesis, electrosynthesis, sonochem-
ical synthesis, single-solution phase synthesis, mechanochem-
ical synthesis, high-energy ionizing radiation synthesis, and
photochemical synthesis. In addition, to explore the crystalli-
zation mechanism, various in situ characterization technologies
have been designed and used. In this review, with the aim of
promoting innovations in the preparation of COF materials and
their practical applications, a timely overview of the room-
temperature synthesis of COFs is provided.

various

2. In situ characterization
technologies for exploring the COF
growth mechanism

The study of the crystallization mechanism of COFs is of great
significance for developing new synthetic strategies. Ex situ/in
situ characterization technologies have been used to investigate
their growth mechanisms. Unlike ex situ characterization
technologies for observing information after the experimental
process, in situ characterization technologies can monitor the
changes during the experimental process directly.*

2.1. IR spectroscopy

Infrared (IR) spectroscopy can record changes in the micro-
environment and linkages via the location and intensity of the
infrared absorption peaks of functional groups. Ex/in situ IR

5448 | Chem. Sci, 2025, 16, 5447-5463

spectroscopy can monitor the dynamic evolution of linkages
during the synthesis of COFs. Banerjee and co-workers inves-
tigated the dynamic evolution of C=0 and NH, groups via time-
dependent IR during the covalent self-assembly of COF nano-
spheres (Fig. 2a).® Over 36 h, the -C=0 peak at 1719 cm™ " and
two -NH, peaks at 3324 cm ' and 3354 cm™* of the COF
nanospheres gradually disappeared in the time-dependent IR
spectra of a TpAzo COF film, indicating the end of the covalent
self-assembly.

2.2. Raman spectroscopy

Raman spectroscopy is typically used to determine the vibra-
tional modes of molecules.” Raman spectroscopy and IR are
complementary in the study of linkages.>® COFs with symmetric
molecular structures can be easily monitored using Raman
techniques. Thus, the changes from disorder to order and the
evolution from monomers to COFs can be detected using
Raman spectroscopy. Recently, to investigate the evolution of
linkages during mechanochemical synthesis, in situ Raman
spectroscopy has been used to reveal the formation of C=N or
boroxine ring linkages and the depletion of monomers.>>* As
shown in Fig. 2b and c, Perepichka and co-workers provided the
first in situ Raman spectroscopic insight into boronic acid
condensation during the mechanochemical synthesis of COF-1;
the peak intensity of the boroxine ring at 673 cm ™" gradually
increased as the boronic acid peak at 1100 cm " gradually
disappeared over the course of 3 h.>

2.3. X-ray diffraction

X-ray diffraction (XRD) is an important tool to study the struc-
tural information of crystals. The evolution of crystal faces can
be detected via the location and intensity of the XRD peaks.
Generally, ex situ XRD has been used to study the effects of
different reaction conditions on the crystallinity. Recently,
Lotsch and co-workers used in situ XRD and in situ Raman to
monitor reaction intermediates during the mechanochemical
synthesis of COF-LZU-1.>® As shown in Fig. 2d and e, the XRD
images of the intermediates were different from those of the
monomers. Over the 50 min reaction, obvious strengthening of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Time-dependent IR of the formation of a COF film. Reproduced with permission from ref. 23. Copyright 2019 American Chemical

Society. (b) In situ Raman spectroscopy during the synthesis of COF-1. (c) The scatter data of COF-1and PDA. Reproduced with permission from
ref. 26. Copyright 2024 Elsevier Ltd (d) 2D XRD plots during the mechanochemical reaction of COF-LZU1. (e) Normalized integrated peak
intensities of COF-LZU1 and intermediates. Reproduced with permission from ref. 28. Copyright 2024 Wiley-VCH. (f) Real-time crystallization
monitoring via in situ TEM during COF onion formation at 60 °C in liquid. Reproduced with permission from ref. 32. Copyright 2024 American

Chemical Society.

the (100) plane of COF-LZU1 with decreasing intensity of
intermediates were clearly observed. The in situ studies offered
direct experimental evidence of 1,4-dioxane templating effects
based on the observation of the solvated reaction intermediates.

2.4. Microscopy

Microscopy technologies, including transmission electron
microscopy (TEM) and scanning electron microscopy (SEM),
can be used to observe morphological changes and crystalline

© 2025 The Author(s). Published by the Royal Society of Chemistry

structure.> Due to the limitations of in situ reaction equipment,
time-dependent ex situ TEM and SEM have typically been
adopted by researchers to monitor morphology and struc-
ture.*>** Very recently, using in situ liquid-phase TEM, Zheng
and co-workers elucidated the multistep pathways of COF onion
nanostructure formation, as demonstrated in Fig. 2f. Real-time
images acquired over 150 s via in situ TEM directly captured the
graphitic layer formation, interlayer attachment, spacing
relaxation, and structural homogenization.*> The direct
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evidence of crystallization provided unprecedented insights
into the evolution of the crystallinity.

3. Room-temperature synthetic
strategies for COFs
3.1. Solid-liquid interfacial synthesis

In the last decade, substrate-assisted interface polymerization
has been performed to synthesize COF films via high-
temperature solvothermal methods.>® However, the harsh
reaction conditions and limited volume of the reaction vessel
hinder the preparation of large-scale films and lower the film
quality. Thus, the solid-liquid interface synthesis of COF films
at room temperature, which can enhance the film quality by
lowering the reversible reaction rate and achieve large-scale
COF films using simple reaction equipment, has been
explored.****

In 2015, Bein and co-workers developed a mild substrate-
and vapor-assisted conversion for growing boronic-ester-linked
COF films on glass substrates.*® First, the COF precursors were
dissolved in a polar solvent mixture. The mixture was then
dripped onto a clean glass substrate. To ensure complete
evaporation of the solvent, the wet glass substrate was placed in
a desiccator containing methylene and dioxane (v/v = 1:1) at
room temperature for 72 h. Finally, a dark green COF film was
obtained on the glass. In addition, Lai and co-workers synthe-
sized a highly crystalline COF film (COF-DT) at room tempera-
ture via placing an SiO,/Si substrate in a dilute precursor
solution of 2,5-dihydroxy-1,4-phenyldialdehyde (DHTA) and
1,3,5-tri(4-aminophenyl)benzene  (TAPB) for solid-liquid

SiO,/Si wafer
Precursor solutions

Aqueous phase Interfacial film

v
Eﬂ:}m&”!
’

Organic Phase

Residual top film

Glass support Residual bottom film

Fig. 3 (a) Solid—-liquid interfacial synthesis of COF-DT films. Repro-
duced with permission from ref. 37. Copyright 2022 Wiley-VCH. (b)
Fabrication of COF films at liquid—liquid and solid—-liquid interfaces via
interfacial and residual crystallization. Reproduced with permission
from ref. 39. Copyright 2021 American Chemical Society.
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interfacial growth.’” As shown in Fig. 3a, the diluted solution
allowed for slow nucleation and direct growth of the COF film.
After 48 h, the SiO,/Si substrate was removed to obtain a COF-
DT film, which was transferred to a PET carrier. Similarly,
Chen and co-workers also reported in situ grown COF films via
a solid-liquid interface in a dilute precursor solution.*® The
substrates were placed vertically into a precursor solution with
a very low initial monomer concentration. As expected, hetero-
geneous nucleation occurred on the substrate surface. The in
situ grown COF films had high crystallinity, uniform
morphology and controllable thickness.

Interestingly, Banerjee and co-workers reported a novel
residual crystallization (RC) method (Fig. 3b).* Different from
the above method, a two-phase liquid-liquid system was
designed, and the substrate was preplaced in the lower phase to
form a solid-liquid interface. During the interfacial reactions,
most of the crystallization reaction occurs at the liquid-liquid
interface, and only a trace amount of residue crystallizes at the
solid-liquid interface to form a COF film. The COF thin films
synthesized via the RC method showcased high surface area,
crystallinity, and conductivity at room temperature. A similar
experimental method also was demonstrated by Alshareef and
co-workers.*’

3.2. Liquid-liquid interfacial synthesis

Liquid-liquid interfacial synthesis requires a space-confined
interface to grow 2D COF films. There are two general kinds
of interfacial designs: (1) two kinds of monomers are dispersed
in two different phases, which drives the dynamic reversible
reaction to occur at the interface of the two phases. (2) The
reactant and catalyst are dispersed in two different phases,
ensuring that the catalytic reaction occurs between the two
phases. The liquid/liquid interface is usually constructed using
two immiscible liquids or two immiscible liquids plus a buffer
interlayer, which confines the reactions to the 2D interface to
form COF films. Common liquid-liquid two-phase interfaces
include water/dichloromethane (DCM),* water/ionic liquid,**
water/nitrobenzene*” and water/ethyl acetate interfaces.”

In 2017, Banerjee and co-workers reported organic salt-
mediated liquid-liquid interface synthesis technology, in
which hydrogen bonding between an ammonium salt and water
in aqueous solution can slow its diffusion rate; the slow inter-
facial diffusion rate drives the reaction in the direction of
thermodynamically controlled crystallization (Fig. 4a).** Typi-
cally, 1,3,5-triformyl-phloroglucinol (Tp) was dissolved in DCM,
and a water layer was then added on the DCM solution as
a buffer layer to form a water/oil interface. An aqueous solution
of dissolved aromatic amine-p-toluenesulfonic acid (PTSA) salts
was slowly added to the buffer layer. After 72 h at room
temperature, the self-supporting COF film was formed.
Recently, Liu and co-workers reported the oil-in-water (O/W)
emulsion interface-confined synthesis of imine-based 2D cova-
lent organic frameworks (COFs) stabilized by cationic surfac-
tants.** In addition to Schiff base reactions, the liquid-liquid
interface technique can also be extended to the Suzuki coupling
reaction® and Knoevenagel reaction.** In 2018, Li and co-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic representation of the liquid—liquid interfacial
crystallization process for synthesizing the Tp-Bpy thin film. Repro-
duced with permission from ref. 31. Copyright 2017 American
Chemical Society. (b) Schematic of synthesis of a 2DPTTI film through
a Suzuki reaction between the monomers 2-BrTTl and BADE.
Reproduced with permission from ref. 47. Copyright 2020 Wiley-VCH.

workers synthesized carbon-carbon-bonded COF films through
the Suzuki coupling reaction in a water/toluene two-phase
system, in which the toluene phase contained reaction mono-
mers and the catalyst Pd(PPh;), was dropped on top of the
K,CO; aqueous solution.” After a month of reaction in a 2 °C
refrigerator under an argon atmosphere, 2D COF films with
a large transverse size and crystal domain were obtained. Dong
and co-workers used a different type of catalyst system with
toluene-soluble  bis(tert-butylphosphine)palladium(0)  and
water-soluble NaOH as the catalysts to prepare 2D conjugated
polymers with carbon-carbon bonds at the interface between
toluene and water (Fig. 4b). The reaction was completed in
a relatively short time.*”

3.3. On-water surface synthesis

Unlike liquid-liquid interface syntheses, on-water surface
synthesis methods can effectively prepare ultra-thin or even
single-layer 2D COFs, the Langmuir-Blodgett (LB) method and
surfactant-monolayer-assisted interfacial synthesis are the
main on-water surface synthesis methods.

Hu and co-workers synthesized a series of single-layer 2D
polymers at the air-water interface via LB methods (Fig. 5a).***
In the LB method, very small amounts of monomers are needed,
and the surface pressure can be precisely controlled. Typically,
the monomers were dissolved in a volatile organic solvent such
as chloroform or dichloromethane. The LB trough was first fil-
led with deionized water. Then, a mixed solution of monomers
was carefully added to the water sub-phase using a micro-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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syringe. The volatile organic solvent was allowed to evaporate
for 30 min, and then compression was performed at a rate of
2.98 mm min~ " until the surface pressure reached 3 mN m™".
Acetic acid was added to the water sub-phase to initiate the
Schiff-base reaction. The reaction was left undisturbed at room
temperature. The surface pressure area was recorded by com-
pressing the Teflon barrier. Subsequently, the film was trans-
ferred to substrates via Langmuir-Blodgett transfer.*®

In an important breakthrough, in 2019, Feng and co-workers
developed the surfactant monolayer-assisted interfacial
synthesis (SMAIS) method to guide the preorganization and 2D
polycondensation of rigid monomers on the surface of water.
Generally, the SMAIS method includes three steps (Fig. 5b): (1)
an organized surfactant monolayer is constructed by spreading
a molecular surfactant on the water surface to guide the
supramolecular arrangement. (2) An aqueous solution of
monomer 1 with catalysts is injected to the water. Subsequently,
the system is left undisturbed to allow the monomers to diffuse,
be absorbed, and pre-organize under the surfactant monolayer.
(3) The aqueous solution of monomer 2 with the catalyst is
added to initiate 2D interfacial polymerization on the water
surface. Importantly, the selection of surfactants was guided by
their potential interactions with the monomer precursors, such
as electrostatic interactions, hydrogen bonding, coordination
bonds and strong covalent bonds. Common surfactants for
SMAIS include sodium oleyl sulfate (SOS), stearic acid (SA),
sodium dodecyl sulfate (SDS), sodium 4-dodecylbenzenesulfo-
nate (SDBS), and cetyltrimethylammonium bromide (CTAB). In
the past five years, Feng and co-workers have successfully
synthesized various highly crystalline 2D films, including a 2D
polyamide film,** quasi-2D polyaniline film,** 2D porphyrin-
based polyimide film,”* 2D porphyrin-based polyboronate
ester film," 2D porphyrin-based polyimine film,”* 2D poly(-
pyridinium salt) film,** and vinylene-linked 2DPs film.*®

Rather than a small-molecule surfactant monolayer, Zheng
and co-workers used poly(acrylic acid) and poly(sodium 4-styr-
enesulfonate) (PSS) as polymeric surfactants for SMAIS.*

During the synthesis, negatively charged PSS was first spread
over the air-water interface, which guided the assembly of the
protonated monomers, polymerization and crystallization. For
example, a wafer-sized thin film of COF-2,5-Ph was prepared by
the Schiff base condensation of 5,10,15,20-tetrakis(4-amino-
phenyl)-21H,23H-porphyrin  (TAPP) with  2,5-dihydroxy-
terephthalaldehyde (2,5-Ph) (Fig. 5¢). The thin films achieved
an average single-crystalline domain size of around 3.57 + 2.57
um?>* In May 2024, this group published a report in Nature
detailing a sacrificial go-between guided interfacial synthesis to
produce highly strong, tough and elastic 2D single-crystal COF
films. Diethylenetriamine served as the go-between, and poly-
acrylic acid served as the polymeric water surface surfactant for
the accumulation and assembly of protonated TAPP through
static and hydrogen interactions. 18 h after adding aldehyde
monomers to the water, a homogeneous film with large single-
crystal domains was obtained, and could be transferred onto
arbitrary substrates. The films were connected by an interwoven
grain boundary, which endowed them with high strength,
toughness and elasticity.”®

Chem. Sci., 2025, 16, 5447-5463 | 5451
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(a) Structure and LB synthesis of SL-2DP. Reproduced with permission from ref. 48. Copyright 2023 Wiley-VCH. (b) Synthesis of boronate-

ester-linked 2D porphyrin-based COF films via the SMAIS method. Reproduced with permission from ref. 16. Copyright 2020 Wiley-VCH. (c)
Schematic of the preparation of 2D COF films through a PSS-mediated on-water surface synthesis. Reproduced with permission from ref. 57.

Copyright 2022 American Chemical Society.

3.4. Water-phase synthesis

Due to its green and low-cost characteristics, water has recently
been considered as a promising reaction medium for synthe-
sizing COFs.*** Common organic monomers have poor solu-
bility in water, which limits the reactions between monomers.
Thus, amphiphilic surfactants are used to stabilize the oil-water
interface or form a micellar reaction system for synthesizing
crystalline COFs. The condensation reaction can be confined on
the surfactant-stabilized interface or inside the surfactant nano-
compartments.'** In addition, a molecule/water interface was
directly created for the synthesis of COFs in water-phase
synthesis.

In 2020, Puigmarti-Luis and co-workers developed a biomi-
metic synthetic method for preparing sub-20 nm imine-based
COF aqueous colloidal solutions at room temperature and
ambient pressure.'® As shown in Fig. 6a, the authors employed
a catanionic micellar system as reaction nano-compartments;
a 97:3 mixture of the cationic surfactant CTAB and anionic
surfactant sodium dodecyl sulfate (SDS) was used. In this
system, the micellar medium enables the insoluble building
blocks (TAPB and BTCA) to be soluble in water at room
temperature. The two produced homogeneous solutions of the
reactants and acetic acid were mixed to yield the crystalline
TAPB-BTCA COF colloids. The reaction mixture was clear and

5452 | Chem. Sci., 2025, 16, 5447-5463

homogeneous with no apparent precipitation (Fig. 6b). Cryo-
TEM of the reaction mixture after 24 h showed two different
objects with diameters of 5 + 1 nm and 16 + 1 nm (Fig. 6¢). In

Water, RT
—_—
+ 72h

TAPB-BTCA COF
colloidal particle

— Surfactants
= (CTABISDS 97:3)

Fig. 6 (a) The water-phase synthesis of colloidal TAPB—BTCA COF. (b)
Photograph of the transparent reaction solution. (c) Cryo-TEM image
of TAPB-BTCA COF colloid. Reproduced with permission from ref. 18.
Copyright 2020 American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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addition, Wu and co-workers demonstrated a surfactant-free
synthesis of C=N- linked COF nanospheres in water at room
temperature.®” A small amount of methyl acetate was adopted as
the solvent for TAPB and 2,5-divinylterephthalaldehyde. Then,
an aqueous solution of acetic acid was slowly added to the
methyl acetate/monomer mixture at a rate of one drop per
second. The water-phase system was left undisturbed for 72 h to
produce the crystalline COFs. In this surfactant-free synthesis,
the formative methyl acetate/water interface, the slow diffusion
of the co-solvent and the rapid Schiff base reaction of the
monomers together resulted in the nanosphere morphology.
Recently, Xu and co-workers reported a facile, green
approach for the synthesis of imine-linked COFs in an aqueous
solution at room temperature.®® The authors achieved the pre-
activation of aldehyde monomers using acetic acid to enhance
their reactivity in aqueous solutions. As demonstrated by the
authors, the aldehyde monomers are not soluble in water, while
the 1,4-diaminebenzene (DB) and acetic acid are soluble in
water. The insoluble aldehyde monomers reacted with DB along

View Article Online
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the created molecule/water interface. In this report, 16 COFs

with different molecular structures were successfully
synthesized.
3.5. Electrosynthesis

Electrochemical technologies, which have the advantages of
environmentally friendliness, high efficiency and electric
controllability, have been used to develop high-quality organic
films.** Methods for the electrosynthesis of COFs are divided
into two categories: (1) electrophoretic deposition (EPD), which
focuses on the directional migration and assembly of charged
COF nanoparticles on the electrodes by applying an electric field
to their dispersions. (2) Electrosynthesis, in which charged
monomers around the electrode surface react directly to form
films under an electric field.

In 2019, Medina and co-workers reported EPD techniques for
preparing imine- or borate-ester-linked COF films from their
COF suspensions (Fig. 7a).®® Briefly, COF nanoparticle

° . -7_——|f' _
S(%)

- _d

et B

@ *Fast migration

@ £

AAO substrate

powder grinding

Fig. 7

(a) Schematic of the EPD setup. Reproduced with permission from ref. 65. Copyright 2019 American Chemical Society. (b) Scheme of the

fabrication of COF membranes on an AAO substrate via EPD in an H-shaped cell. Reproduced with permission from ref. 66. Copyright 2023
Wiley-VCH. (c) Electrochemical interfacial polymerization of TpPa film on a PAN substrate. Reproduced with permission from ref. 68. Copyright
2023 Wiley-VCH. (d) Electrocleavage synthesis of COF films. Reproduced with permission from ref. 17. Copyright 2019 American Chemical

Society.
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suspensions were first prepared. Subsequently, electric fields
ranging from 100 to 900 V cm™" were applied between two
electrodes. After 2 min of EPD, 25 cm? films were obtained on
the electrode surfaces. Wang and co-workers developed a novel
two-cell EPD design (Fig. 7b), in which ionic COF nanosheets
were assembled into a membrane in the middle of the electric
field instead of at the surface of the electrodes.®® This strategy
avoided typical problems including bubbles and acidic/alkaline
micro-environments in the near-electrode region. As a result,
ultrathin and homogenous COF membranes could be prepared
within several minutes.

Wang and co-workers reported a bottom-up electrosynthesis
approach to obtain an ionic COF membrane (TpEB).*” In the
system, TpEB films were prepared on ITO under an electric field
of 50 V.em ™. A brown covering appeared after 3 h of electro-
synthesis on the ITO surface. The electrochemical process
showed that cationic TpEB nuclei were rapidly formed after
mixing of the monomer solutions and migrated to the cathode
under the electric field. Subsequently, the dynamic Schiff-base
reaction impelled the crystallization of the deposited TpEB
nuclei, producing a continuous and smooth film. Very recently,
Jiang and co-workers fabricated COF films via an electro-
chemical interfacial polymerization strategy with self-healing
and self-inhibiting effects.®® N-Octanoic acid and methanol
were chosen as an acid catalyst and reaction solvent (Fig. 7c).
The protonated amine monomers and aldehyde monomer
migrated to the cathode. Subsequently, through the electro-
chemical deprotonation reaction and electric field migration of
the monomers, the interfacial polymerization was synergisti-
cally intensified and the crystallization process was strongly
accelerated. The authors demonstrated two inherent effects in
the electrochemical process: a self-healing effect for a defect-
free morphology and a self-inhibiting effect for an ultrathin
film. Based on the above electrochemical results, Qiu and co-
workers synthesized electrochromic TPDA-DHBD via the Schiff
base reaction.”® The TPDA-DHBD films with redox nature
exhibit stable polymorphic colour variations under different
applied voltages. Interestingly, Inagi and co-workers reported
an in situ produced proton source as a Bronsted acid catalyst for
the electrosynthesis of C=N bonds, in which the proton sources
were produced by the electrochemical oxidation of 1,2-diphe-
nylhydrazine (DPH).” The electrogenerated acid from DPH
promoted the condensation reaction of amine and aldehyde
monomers. The obtained COF films with controlled film
thickness showed high crystallinity and porosity. Finally, this
synthetic method was also applicable for the synthesis of
various imine-based COFs with different 2D or 3D structures.
Ma and co-workers developed a combination of electrocleavage
and the EPD strategy to prepare imine-linked COF films on
electrodes at room temperature (Fig. 7d)."” Typically, the elec-
trochemical synthesis was performed in a three-electrode elec-
trochemical cell with 0.1 M LiClO, in DMF as the electrolyte
solution and 0.01 M p-toluenesulfonic acid (PTSA) as a proton
source. The COF powder was first exfoliated to nanosheets on
the cathodic electrode though electrochemical reduction and
protonation. Therewith, the exfoliated nanosheets migrated to
the anode and underwent anodic oxidation, producing the
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crystalline COF film. For clearer comparison of the effectiveness
of the various approaches, the reaction conditions for electro-
synthesis are summarized in Table 1.

3.6. Sonochemical synthesis

Sonochemical synthesis is an economical and low-power-
consumption method.””* The ultrasound synthesis of COFs is
driven by acoustic cavitation, in which the formation, growth,
and implosive collapse of bubbles occur as ultrasound waves
cross through a liquid medium. Ultrasound has also been used
to assist solvothermal reactions for controlling crystallization
and accelerating gel formation.”

In 2012, Ahn and co-workers first reported a sonochemical
method for the synthesis of COFs.” The crystallization rate in the
sonochemical synthesis was accelerated due to the formation
and collapse of bubbles in solution, which produces exceedingly
high local temperatures and pressures (>1000 bar), resulting in
fast heating and cooling rates. COF-1 and COF-5 were synthe-
sized via sonochemical synthesis using a 20 kHz, 500 W soni-
cator for 1 h. The prepared COF-1 exhibited a BET surface area of
719 m” g, which was comparable to the reported 711 m> g~ " via
solvothermal synthesis. The BET surface area of COF-5 was 2122
m? g, which was significantly higher than the reported 1590 m*
g~ for solvothermally prepared COF-5. Cooper and co-workers
used a sonochemical synthesis to prepare nine imine-linked
COFs in an acidic aqueous medium using a 20 kHz, 550 W
sonicator, as shown in Fig. 8.7 The COFs were successfully
synthesized in just 60 min. Their crystallinity and porosity were
comparable to or better than those of their counterparts

Amines
NH, NH,
TAPB O ? TAPT

Ultrasound
transducer

HNQ* ool

o3 mm
microtip

H,0
AcOH
Amines + aldehydes

o 5-60 m;/

Py

&
‘\E/

Generator

0L
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obtained via solvothermal routes. Taking advantage of these
simple and efficient methods, the same groups screened 60
crystalline COFs via sonochemical synthesis for photocatalytic
hydrogen peroxide production using water and oxygen.”® Simao
and co-workers demonstrated that the morphology of the COF
films was related to the rate of bubble formation and the
maximum bubble size during the ultrasound process.”

3.7. Single-solution phase synthesis

Single-solution phase synthesis involves monomers that are
highly soluble in solvents and can polymerize to a COF at room
temperature. Due to the lack of high energy and 2D growth
templates, the crystallinity is usually low. To date, all examples
prepared by room-temperature homogeneous synthesis are
C=N linked COFs without air sensitivity.

In 2021, Wang and co-workers reported meta-structured
assemblies of 2D polymers in single-phase solution (dioxane/
mesitylene; v/v = 2/3). TAPA-TFPA was synthesized under the
catalysis of Sc(OTf); in the presence of both aniline and benzal-
dehyde as competitors. Although the reaction finished at room
temperature within 1 day, flower-shaped COFs showed high
crystallinity.”® Recently, Jiang and co-workers reported the single
solution-phase synthesis of charged COF-NSs with an ultrahigh
volume yield of 18.7 mg mL ™" at room temperature (Fig. 9a). The
negatively charged 2,5-diaminobenzenesulfonic acid and 1,3,5-
triformylphloroglucinol were selected for polymerization.
Dimethyl sulfoxide was selected as the organic solvent. After 24 h
at room temperature, the obtained COF showed a spongy solid
morphology with aggregated sheets several tens of micrometers

SonoCOF-2
TAPT-DMTA

SonoCOF-1
TAPB-DMTA

SonoCOF-3
TAPT-TFPA

SonoCOF-4
TAPT-TFB

SonoCOF-5
PTTA-TPA

SonoCOF-6
TAPB-TFB

SonoCOF-7
ETTA-TFB

SonoCOF-8
TPB2-TFB

SonoCOF-9
ETTA-TFPT

Fig. 8 Sonochemical apparatus and conditions, and COFs synthesized via sonochemical synthesis. Adapted with permission from ref. 73.

Copyright 2022 Springer Nature.
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Fig.9 (a) Room-temperature single solution-phase synthesis process.
(b) SEM image. (c) HR-TEM image. Adapted with permission from ref.
79. Copyright 2023 Wiley-VCH.

in width (Fig. 9b). The TEM image exhibited high-order fringes
(Fig. 9c). The mechanism of COF-NS growth indicated that
charge-induced electrostatic repulsion forces enable in-plane
anisotropic secondary growth from initial discrete and disor-
dered polymers into crystalline COF-NSs.”®

Li and co-workers synthesized the first example of Au-MOFs
(INM-Au-n, n = 1, 2, 3, 4) via the room-temperature Schiff base
reaction between cyclic trinuclear gold(1) complexes and alde-
hyde monomers in mesitylene.*® Astonishingly, the rapid single-
phase synthesis can achieve scalable production (up to 1 g) in
15 min. Very recently, our groups reported the room-
temperature single-phase synthesis of semiconducting COFs
in DMF.* Three COFs were rapidly prepared in 18 h based on
the Schiff base reaction between C;, monomers with tunable
planarity and metallized monomers at room temperature.
Notably, the room-temperature single-phase synthesis conve-
niently allowed unprecedented insights into the crystallization
mechanism of COFs. A competitive relationship existed
between the growth of disordered structures and crystal nuclei.
It was found that a twisted structure caused the rapid formation
of amorphous structures and a slow dynamic crystallization
rate, while highly planar monomers boosted the formation and
the rapid growth of crystal nuclei. Very recently, Dong and co-
workers reported the first example of B-ketoamine-linked
COFs via room temperature Mannich reaction, in which
a mixture of methanol (2.6 mL) and acetonitrile (1.3 mL) was
used as the reaction solvent and CeCl; served as the catalyst.**
After 7 days of the condensation polymerization of 4,4',4"-(1,3,5-
triazine-2,4,6-triyl)tribenzaldehyde, acetophenone, and 4,4-
diaminodiphenyl, red TAD-COF solids were successfully
prepared in 75.1% yield.

3.8. Mechanochemical synthesis

Mechanochemical reactions are induced by the direct absorp-
tion of mechanical energy. In mechanochemical synthesis, the
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Fig. 10 (a) Scheme of the mechanochemical synthesis of TpPa-1,
TpPa-2, and TpBD through simple grinding using a mortar and pestle.
Reproduced with permission from ref. 82. Copyright 2013 American
Chemical Society. (b) Photographs of the reaction mixture for the
synthesis of COF-1 before and after ball-milling. Adapted with
permission from ref. 26. Copyright 2024 Wiley-VCH.
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chemical bonds are formed during the grinding of solid reac-
tants in a mortar or ball mill.

Banerjee and co-workers reported the first solvent-free room-
temperature mechanochemical synthesis of three f-
ketoenamine-linked COFs (TpPa-1, TpPa-2, and TpBD) using
a mortar and pestle (Fig. 10a).*> The grinding reaction time was
only 40 min. XRD analysis of the B-ketoenamine-linked COFs
showed high crystallinity. Unsatisfactorily, three COFs exhibi-
ted small BET surface areas of 61 m”> g~ ' for TpPa-1, 56 m> g~
for TpPa-2, and 35 m”> g~ ' for TpBD, which were lower than
those of the corresponding products obtained via solvothermal
synthesis.

Furthermore, this group investigated liquid-assisted
grinding (LAG) via adding a few drops of organic solvent and
aqueous acid catalyst to the monomer mixture.*® A new crys-
talline hydrazone-linked COF (TpTh) and reported materials
such as DhaTph and LZU-1 were successfully prepared by
applying the LAG approach. Similarly, Sukumaran and co-
workers synthesized 1 kg of Tp-Azo via the LAG approach with
a planetary mixer.** Cheetham and coworkers reported a coc-
rystal precursor template strategy via liquid-assisted mechano-
chemical synthesis in a ball mill.>” Benefitting from the
cocrystal precursor, interlayer hydrogen bonding between the
amine and PTSA created a cocrystal template for the conden-
sation reaction with aldehydes, and then the aldehydes reacted
via confined polymerization from the cocrystal synthons to
COFs. Very recently, Perepichka and co-workers reported the
first mechanochemical synthesis of boroxine-linked COF-1 (ref.
26) and the first example of a mechanochemically prepared 3D
COF (COF-102). Using trimethyl-boroxine as a dehydrating
additive, the hydrolytic sensitivity of the boroxine-based COFs
was overcome. The resulting COFs showed high crystallinity
and porosity. As shown in Fig. 10b, COF-1 can be synthesized
rapidly via ball-milling. By using resonant acoustic mixing
(RAM), which enabled direct input of mechanical energy to the
samples, COF-1 was readily scaled up to 10 grams.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.9. High-energy ionizing radiation synthesis

Due to their ionization of the entire reaction system, high-
energy ionizing radiation sources such as y rays and electron
beams have been utilized to produce extremely reactive species,
which enable the reagents to directly gain energy to bypass the
activation barrier of the reaction and hasten the reaction
process.

In 2020, Wang and co-workers reported the radiation-
induced synthesis of 2D imine COFs via a high energy elec-
tron beam (Fig. 11a).*® Typically, COF precursors and an
aqueous acetic acid catalyst were sealed under a nitrogen
atmosphere. The system was irradiated by the electron beam for
160 s with a cumulative absorbed dose of 100 kGy. As the
electron beam dose was increased, it was found that lower doses
produced poor crystallinity, while higher doses resulted struc-
tural degradation of the COFs. In addition, first-principles
calculations demonstrated that the free radicals (e.g. H', "OH,
and R-NH') formed under irradiation can activate the inter-
mediate and lower the reaction barrier. The same groups
synthesized polymer-grafted COFs in situ via a simple *°Co y-ray
irradiated one-pot reaction under ambient conditions, in which
the Schiff base reaction and free radical polymerization can
occur simultaneously.*® In addition, Chou and co-workers
adopted gamma irradiation to synthesize imine-linked and
imide-linked COFs at room temperature under open-air
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Fig. 11 (a) Experimental setup of the electron beam accelerator and

the synthesized crystalline COFs. Reproduced with permission from
ref. 85. Copyright 2020 American Chemical Society. (b) Illustration of
the gamma irradiation unit. (c) The synthetic set-up. (d) XRD patterns
of products obtained under different y-ray intensities. Adapted with
permission from ref. 87. Copyright 2024 Wiley-VCH.
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conditions within 1 h (Fig. 11b).*” As shown in Fig. 11c, with
increased y-ray intensity, the resulting COF showed increased
crystallinity. In addition, compared with their counterparts
synthesized via the solvothermal method, the COFs obtained
via gamma irradiation showed improved crystallinity, surface
area, and thermal stability.

3.10. Photochemical synthesis

Photochemical synthesis involves the fact that under the illu-
mination of light, organic molecules or groups can be activated
to form new linkages compared with their counterparts in the
ground state.*® Among the photochemical reactions, in terms of
energy- and resource-saving requirements, “window ledge”
reactions that can be directly activated by natural sunlight are
important candidate reactions to prepare COFs.* In addition,
some highly-efficient photocatalytic reactions catalyzed under
artificial light sources can also be used to synthesize COFs.*®
The light intensity and light wavelength depend on the selected
reaction type.

In 2022, Dong and co-workers first reported the sunlight-
driven photocatalytic synthesis of a benzoxazole-linked COF
(LZU-191) under ambient conditions (Fig. 12a).* The photo-
catalytic cyclization reaction of 2,5-diamino-1,4-benzenediol
dihydrochloride and 1,3,5-tris(4-formylphenyl)triazine in
oxygen was conducted in dimethylacetamide using N-methyl-2-
pyrrolidone as a base and TBA-eosin Y as a visible-light photo-
catalyst. Benzoxazole-linked LZU-191 was obtained as a deep

a Solar Photocatalytic Synthesis of COF
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Fig.12 (a) Photochemical synthesis of LZU-191 under natural sunlight.
(b) PXRD patterns of LZU-191; top insets: crystal structure and TEM
image of LZU-191. Reproduced with permission from ref. 89. Copy-
right 2022 American Chemical Society.
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Table 2 Main parameters for the room-temperature synthesis of representative COFs
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yellow solid under natural sunlight irradiation for 48 h,
exhibited high crystallinity with an intense (100) plane peak at
2.92° (Fig. 12b), and could effectively drive the visible-light-
catalytic aerobic oxidation of sulfides to sulfoxides. Recently,
this group also reported a photoredox-catalyzed multicompo-
nent Petasis reaction for the synthesis of COFs under ambient
conditions, in which aromatic aldehydes, amines, and potas-
sium  cyclo-hexyltrifluoroborate in the presence of
[Ir(dtbbpy)(ppy).]PFs produced crystalline COFs at room
temperature.® Upon visible-light irradiation for 72 h, a series of
COFs, including Cy-N3-COF, Cy-LZU-1, Cy-COF-42, and TPB-
DMTP-COF, were successfully synthesized with excellent crys-
tallinity and stability. In addition, photochemically induced
cycloaddition reactions including [4 + 4]-cycloadditions of
anthracenes and [2 + 2]-cycloadditions of olefins can be used to
obtain COFs that show smart response behavior.”** Recently,
Lim and coworkers presented a novel approach for synthesizing
2D COF thin films by combining photochemistry and a liquid
flow system.®* The photochemical approach can offer spatially
controllable energy sources for patternable COF films. Finally,
an ultrasmooth patterned high-crystalline 2D COF film on
hexagonal boron nitride was successfully fabricated.

Novel room-temperature synthetic strategies have been
classified based on their use of green solvents, confined inter-
faces, assisted energy sources and crystallization factors
(Table 2). Despite the obvious progress that has been made in
the room-temperature synthesis of COFs, there is still a long
way to go before its industrialization.

4. Conclusions and perspectives

In this review, we have presented and discussed advanced
characterization technologies and the emerging room-
temperature synthetic techniques for the preparation of COF
powders or COF films. A variety of synthetic methods have
facilitated the rapid and green synthesis of COFs. Compared
with  high-temperature solvothermal synthesis, room-
temperature synthesis is more eco-friendly and has lower
energy consumption. The development of room-temperature
synthesis will promote the large-scale and green preparation
of COFs.

(1) Due to the rapid synthesis and non-oriented growth, most
synthesized COFs are still polycrystalline. Some C=N-linked
COF single crystals have been synthesized. However, the
development of a variety of COF single crystals is highly desir-
able but challenging. More efforts should be devoted to deter-
mining how to control the experimental conditions to promote
single-crystal domains.

(2) The reactions that can be utilized for the room-
temperature synthesis of COFs are limited. Thus, the develop-
ment and design of more reactions for the room-temperature
synthesis of COFs are highly desirable. Constructing more
room temperature reactions would not only greatly broaden the
diversity of COF structures but also enrich their chemistry and
physics. Various reversible or irreversible reactions should be
further explored for the room-temperature synthesis of COF
powders and COF films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(3) Controlling and revealing the framework growth process
are interesting and very important for highly efficient room
temperature synthesis. The crystallization mechanism will vary
depending on the selected type of monomers, catalyst, reaction
system, reaction type, the solubility of the monomers, etc. Thus,
monitoring the crystallization process in detail via advanced in
situ characterization technologies will drive the rapid develop-
ment and application of COFs.

(4) Compared with those achieved via solvothermal
synthesis, the diversity of COF structures and the topological
design of COFs via room-temperature synthesis are still lacking.
Thus, focusing on the design of chemical structures and topo-
logical structures is clearly important for exploring potential
applications.

(5) In room-temperature synthesis, there are two challenges:
(1) a longer reaction time may be needed due to the slower
reaction rate; (2) a low reaction temperature may not meet the
activation energy requirements for novel condensation reac-
tions. Thus, key assistance technologies must be developed to
accelerate room-temperature synthesis. In future, exploring
novel approaches to highly crystalline COFs using eco-friendly
solvents and low-energy assistance methods will be more
attractive. Faster and more-efficient synthesis are becoming the
research focus in the COF field.
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