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Covalent organic frameworks (COFs) are crystalline porous polymeric materials composed of organic
monomers connected by strong covalent bonds and offer high stability, good crystallinity, a large specific
surface area, and controllable structures. COFs are widely used in the fields of adsorption and separa-
tion, catalysis, photovoltaics, and drug-delivery. The structural regulation and performance optimization of
COFs can be realized through the modification of ligands and the selection of linkage methods. In which,
the types of linkage are closely related to the stability and performance of COFs. In this review, nitrogen-
containing linkage-bonds (NCLBs) in COFs are divided into N-containing double bonds, N-containing con-
jugated rings and N-containing unconjugated rings. The association between structure and performance
of COFs is elaborated and the synthesis methods of COFs are systematically summarized. Moreover, the
structural design, theoretical prediction and machinable application of COFs are prospected

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

COFs are a class of organic, porous crystalline materials com-
posed of light elements (e.g., C, O, N, and B) connected by co-
valent bonds. COFs have been in public view since Yaghi pub-
lished his initial study in 2005 [1]. In less than two decades, COFs
have emerged as highly desirable materials owing to its excep-
tional crystallization properties, low density, large specific surface
area, and remarkable structural designability. Therefore, they pos-
sess great application potential in molecular adsorption and sep-
aration [2], catalysis [3], sensing [2,4], energy storage [5], drug-
delivery [6], etc.

Generally, the synthesis of covalent bonds in COFs is reversible
[7], which contributes to optimize the structure of COFs and repair
defects, thus forming a highly ordered framework structure. COFs
formed by combining monomers with different shapes can be cate-
gorized as two-dimensional (2D) and three-dimensional (3D) COFs.
According to the shape of stacked units, 2D COFs are further di-
vided into triangles, quadrilaterals, pentagons, and hexagons [8].
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COFs belong to crystalline polymers, in which monomers are
linked by specific dynamic covalent bonds to form a lattice struc-
ture. Among the many linkages in the COFs, nitrogen-containing
linkage-bonds (NCLBs) develop rapidly because of its easy synthe-
sis, excellent environment stability, great coordination and cataly-
sis.

In this review, the common COFs with NCLBs are classified into
three types, including carbon/nitrogen-nitrogen double bonds, N-
containing conjugated rings and N-containing unconjugated rings.
The corresponding synthesis methods (Tables S1-S8 in Supporting
information) and applications are expounded. Additionally, the cul-
tivation methods of single crystals COFs (scCOFs) are briefly sum-
marized, and the CCDC numbers of common scCOFs are provided
(Table S9 and Fig. S1 in Supporting information), and the develop-
ment of COFs is prospected.

2. Classification of NCLBs in COFs

With cross-disciplinary interaction and integration, various
types of COFs structures and connection methods are developed to
meet different application requirements. Currently, NCLBs in COFs
primarily include C=N, N=N and imidazole. We categorize these
bonds into three groups based on structural commonality (Fig. 1)
and summarize the general equations of the COFs synthesis (Ar,
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Fig. 1. Classification of NCLBs in COFs.

Ary and Ar, represent different aromatic ligands, R, R;, R, repre-
sent different substituents).

2.1. COFs based on N-containing double bonds linkage units

2.1.1. Imine-linked units

R H R

(‘::O+H7[\‘ja Ar, —» C=N Ary
(1)

An imine bond (C=N) is primarily formed through the Schiff
base condensation reaction between aldehydes (or ketones) and
amines (or ammonia), catalyzed by acid (Eq. 1). Most imine-linked
COFs, such as JUC-641 [9], NI-COF-1 [10], and DAA-TFPT-COF [11],
were synthesized using acetic acid as the catalyst under solvother-
mal conditions (Table S1). The synthetic methods of these COFs are
similar and have a certain reference value. Moreover, the synthe-
sis of aldehyde and amine monomers is relatively straightforward,
which contributes to the rapid development of this kind COFs ma-
terials over the past two decades. Currently, COFs are mainly con-
nected by imine bonds, and the imine-linked COFs account for
more than 60% of the total COFs [12]. Imine-linked COFs with a va-
riety of structures and exceptional crystallinity have been explored
extensively in both 2D and 3D COFs. They are widely used in var-
ious fields, including organic catalysis, adsorption and separation,
photocatalysis, and sensor.

Most of imine-linked COFs focus on elucidating structure-
function relationship, and excellent properties can be obtained by
introducing different chemical groups into the structure. For ex-
ample, pyridine groups can improve the adsorption and recovery
abilities of HgZ* in wastewater [13], and changing the orientation
of imine bonds can significantly alter the photophysical and elec-
trochemical properties of COFs [14]. At present, the study of imine-
linked COFs has gradually focused on the regulation of ligand con-
formation, which extends from the original planar 2D network to
the 3D framework. For example, drawing inspiration from the tor-
sion phenomenon observed in 2D planar molecules, Cheng et al.
synthesized a highly crystalline 3D-An-COF by incorporating an-
thracene units to form steric hindrance in the vertical direction
[15]. Due to the absence of m---7 interactions, anthracene units
were exposed to the pore structure. 3D-An-COF exhibited distinct
yellow fluorescent emission under ultraviolet (UV) light excitation,
which can be utilized as a sensor to detect trace amounts of an-
tibiotics in aqueous environments. Fang et al. synthesized 3D COFs
(JUC-641 and JUC-642) with nia nets by using planar hexagonal
and triangular prism nodes [9]. Both COFs had high crystallinity
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and can maintain abundant pores in strong acidic and alkaline en-
vironments. The separation factor of JUC-642 for benzene and cy-
clohexane was as high as 2.02, which exceeds the previously re-
ported 3D COFs (Fig. 2a). It indicates that the COFs can be further
optimized and developed by studying the structure and properties.

To date, a wide range of organic ligands with various
functional groups have been designed (Fig. 2b) to satisfy
the requirements for regulating the properties of materi-
als. For example, molecules with donor-acceptor (D-A) prop-
erties, such as 4,7-diphenylbenzo|c][1,2,5] thiadiazole [16],
4,4’ 4" 4" -(benzo|c][1,2,5]thiadiazole-4,7-diylbis(9,9-dimethyl-9,10-
dihydroacridine-10,2,7-triyl))tetrabenzaldehyde [17] and pyrene-
based monomers [18], were used to construct photocatalytic
hydrogen evolution monomers. And heterotriangulenes were used
to enhance charge-carrier mobility [19]. It is worth noting that
certain molecules can serve multiple roles as monomers. An et
al. synthesized the COFs utilizing four (4-methylphenyl)vinyl units
as monomers, which exhibited catalytic capabilities for 2e oxygen
reduction reaction (ORR) [20]. You et al. demonstrated the great
potential of COFs based on tetraphenylethylene in tumor cell
imaging and therapy through its aggregation-induced emission
properties [21]. Additionally, molecules with distorted confor-
mations, such as tetra-phenylmethane [22] and saddle-shaped
cyclooctatetrathiophene [23], and organic monomers with cage-
like structures [24], were used to construct 3D COFs. However,
currently, the structure of ligands cannot predict the folding and
interlayer arrangement of COFs accurately [25], and the unique
nonplanar spatial assembly further complicates synthesis pro-
cedures. Even though imine-linked COFs have surpassed other
categories in terms of quantity, there is still ample room for
exploration.

In addition, imine bond is an important chemical intermedi-
ate, which is widely used in organic materials synthesis and drug
synthesis. Provided that the framework structure of the COFs re-
mains stable, the imine bond can be transformed into other types
of linkage bonds, such as amide bond [26], C-N bond [27], azo
bond [28], quinolone [29,30], azoles [31,32] and other cyclic con-
necting units (Fig. 2¢). In 2018, Li et al. demonstrated that imine-
linked COF-1 can be transformed into quinoline-linked MF-1 by
aza-Diels-Alder cycloaddition reaction. Cyclic quinoline improved
the stability of the structure, and can effectively adjust the 7 elec-
tron delocalization, thus enhancing the photoelectric performance
of the imine bonds [30]. In addition, these aromatic rings exposed
to the pore can further meet the design requirements of some
specific properties. Thus, many studies adopted "4+ 2 cycloaddi-
tion" reaction to further transform imine bonds. In 2024, Zhao et
al. demonstrated that imine-linked Im-COF-TFPPy-PDA can be con-
verted into azine-linked Py-azine COF by monomer exchange. The
first fused BF-COFs linked with bicyclic-fused-ring was obtained
by Criss-Cross [3 + 2] cycloaddition [33]. This strategy realized the
transformation of the linking bond from linear to cyclic structure,
which makes the structure of COFs on longer limited to direct syn-
thesis or monomers conversion.

2.1.2. Azo-linked units

&-—-e

The methods of introducing azo bonds into COFs are few due to
the low reversibility and difficulty of azo bond synthesis reaction
[28]. Here, three methods of introducing azo bonds into COFs are
summarized as follows:

Firstly, azo-linkage can be obtained by catalyzing the coupling
reaction of amines group (Eq. 2). In 2021, Wu et al. prepared
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Fig. 2. (a) Two 3D COFs (JUC-641 and JUC-642) with the nia topology were constructed by introducing planar hexagonal and triangular prism nodes. Reproduced with
permission [9]. Copyright 2024, Springer Nature. (b) Lots of organic ligands with various functional groups were designed for adjusting performance. (c) Imide-linked COFs

were transformed into other types by chemical conversation of the linkage bond.
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Fig. 3. (a) The azo linkage-bond was obtained by homocoupling reaction of amino group, which co-stores lithium with nitrogen-rich triazine. Reproduced with permission
[34]. Copyright 2021, Elsevier B.V. (b) Azo-linked COF was obtained after the transformation of imine bond through monomer exchange. Reproduced with permission [28].
Copyright 2022, Springer Nature. (c) Azobenzene was introduced into the Azo-COFs skeleton in the form of functionalized monomer, and the photoisomerization under UV
irradiation caused the adsorption difference of organic dye molecules. Reproduced with permission [40]. Copyright 2023, Wiley-VCH GmbH.

Azo-CTF by copper-catalyzed oxidative homocoupling reaction of
4,4'4"-(1,3,5-triazine-2,4,6-triyl)trianiline monomers [34]. Triazine
in this structure can be used as a nitrogen-rich center, and azo
bond can be used as an active energy storage site in organic elec-
trode materials for LIBs (Fig. 3a). In addition, the porous structures
of Azo-CTF provided an open space for lithium ions transmission.
The ions transport path is shortened, which is conducive to the re-
dox reaction of the battery. Azo-CTF cathode showed a large and
reversible capacity output of 205.6 mAh/g at a current density of
0.1 A/g. However, compared to other types of linkage bonds, the
harsh conditions and cumbersome steps of azo bond synthesis may
be one of the reasons for the slow development of azo bonded
COFs.

Secondly, azo-linkage can be obtained by the conversion of
imine linked-COFs. In 2022, Zhao et al. treated imine-linked Im-
COF-1 with 1,4-dinitrosobenzene under solvothermal conditions,
and successfully prepared azo-COF-1 based on azo bonds connec-
tion (Fig. 3b) [28]. This method realized the transformation of COFs
from —-C=N- to -N=N- by changing linking monomers. Moreover,
it solved the problem that the azo bond cannot be constructed
through conventional monomer condensation due to its low re-
versibility. The successful formation of an azo bond not only ex-
panded the repertoire of methods and strategies to connect COFs,
but also presented a novel approach for synthesizing COFs that
were previously challenging to fabricate due to their limited solu-
bility and propensity for fragmentation reactions. In addition, as a
bridging functional group, the azo bond exhibits narrow band gap
characteristics [35], which has the potential to be used in a vari-
ety of applications such as electron transport and redox. However,

the number of azo-linked COFs is much less than other types, and
more synthetic methods and strategies need to be developed.
Thirdly, azo bonds can be introduced into monomers as func-
tional groups through modification, and then COFs are con-
structed by other bridging methods. Most of high-performance
COFs were obtained by this strategy, e.g., Tp-Azo [36] and
NKCOF-47 [37]. It is worth noting that azobenzene is a com-
monly used photoswitching molecule, and its double bond struc-
ture can undergo reversible E-Z photoisomerization reaction. Af-
ter UV irradiation, the structures and properties of the two
isomers are quite different, leading to be applied in different
fields. Previous studies have reported the synthesis of azobenzene-
based photosensitive molecules [38] and its application [39] in
the field of wastewater treatment. In 2023, Zhao et al. con-
structed Azo-COFs by condensation of (E)-2’-(phenyldiazenyl)-
[1,1/:4’,1”-terphenyl]-4,4”’-diamine with azobenzene structure and
4-[1,2,2-tris(4-formylphenyl)ethenyl]benzaldehyde (TPE) monomer
[40]. The unique porous characteristics of the framework structure
provided enough free space for the reversible trans-to-cis isomer-
ization of azobenzene. After UV irradiation, the trans azobenzene
exposed to pore space transformed into a cis configuration that
extends out of the plane of the COFs layer, releasing more pore
volume. Thus the diffusion of Light Green SF Yellowish (LGSF) into
the pores was favorable and the adsorption capacity of Azo-COFs
on LGSF was about 3.7-fold higher (74.78 mg/g) than that with-
out UV irradiation (20.35mg/g) (Fig. 3c). Luo et al. designed D-A
(donor-acceptor) system with electron-rich benzene and electron-
withdrawing triazine units, and introduced azobenzene in the form
of branched chain to obtain ECUT-Azo-COF-1 [41]. After UV irradi-
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ation, the isomerization effect of azo bonds increased the absorp-
tion capacity of UO,2+ by ECUT-Azo-1 from 220 mg/g to 1380 mg/g,
and the yield of hydrogen peroxide in water increased from
62.8 pmol/L to 537.7 pmol/L.

2.1.3. Hydrazone-linked units

0 0 A
" @ — - - 3)
HN-NH, @ /

Hydrazone-linked COFs can be prepared by nucleophilic ad-
dition between carbonyl compounds (aldehydes/ketones) and hy-
drazine (Eq. 3). Compared with imine, hydrazone is more stable
and can exist under normal conditions, and has garnered consider-
able attention in recent years. Wan et al. synthesized hydrazone-
linked COF-DHz-APS with zwitterion groups under solvent ther-
mal conditions. COF-DHz-APS was melted with Bronsted acid (HA)
and then processed into thin films by a simple hot-casting knife
method. The porosity and density of these films leads to poten-
tial applications in fast ionic conduction and selective separation.
Moreover, the structure and crystallinity of COFs were not de-
stroyed, which solves the problem that COFs are powdery and dif-
ficult to process (Fig. 4a) [42].

Hydrazone-linked COFs possess multiple active sites and a reg-
ular m-conjugated system, thereby facilitating the contact with
analytes and exhibiting advantageous signal amplification when
utilized in sensing applications. Jiang et al. synthesized a Pythz-
COF linked by hydrazone using pyrene-based monomer, which ex-
hibited excellent crystallinity and thermal and chemical stabil-
ity [43]. COFs doped with pyrene elements provided fluorescent
channels, so Pythz-COF demonstrated the fluorescence quench-
ing sensing effects toward p-nitrophenol, 2,4-dinitrophenol, and
2,4,6-trinitrophenol. In particular, the limit of detection for 2,4,6-
trinitrophenol by Pythz-COF was only 0.76 pmol/L. Thus, it is an
exceptional cyclic fluorescence sensor material for detecting nitro-
phenol explosives.

Hydrazone-linked COFs possess a receptor structure (carbonyl
group) and have potential application in photocatalytic hydrogen
evolution. Tang et al. introduced electron-rich conjugated ben-
zotrithiophene (BTT) to prepare BTT-Hz-1 [44]. The hydrazone
bond in this structure can be served as anchor site for Pt-species,
which was conducive to the photogenerated electron reduction
from Pt*+ to Pt0. Subsequently, the electron transfer process from
Pt0 to H* yielded final product (H;). The conjugated BTT structure
can broaden the absorption range of visible light and improve the
transfer efficiency of photocarriers. In addition, the electron-rich
property of BBT contributes to improve the electron-hole separa-
tion efficiency. Therefore, BBT-Hz-1 had a high photocatalytic hy-
drogen evolution rate (17.27 mmol g-'h™1).

Modification of hydrazone-linked COFs is considered an ef-
fective strategy for optimizing stability, which can be achieved
via monomer modification and post-treatment of COFs. Wang
et al. introduced azobenzene groups into the conjugated frame-
work, thereby enhancing the chemical stability of acylhydrazone-
connected COFs by promoting w-m packing between adjacent lay-
ers [45]. The modified COF-NHU6 exhibited greatly stability in
harsh environment, such as in strong acid, strong alkali, and boil-
ing water (even after being exposed to air for one year). In ad-
dition, Yang et al. prepared a hydrazide-linked COF by oxidizing
hydrazone-linked COFs under mild conditions [46]. Compared with
before oxidation, the hydrazide-MTH-TFPB COF maintained high
crystallinity and porosity even under severe conditions, such as
boiling water, strong acids, and strong bases, demonstrating su-
perior chemical stability (Fig. 4b). Furthermore, due to the favor-
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able interactions between iodine molecules and hydrazide func-
tional groups, the adsorption capacity of hydrazide-MTH-TFPB COF
for iodine can be increased to 3050 mg/g.

2.2. COFs based on N-containing conjugated rings linkage units

2.2.1. Triazine-linked units

Generally, covalent triazine frameworks (CTFs) are synthesized
through cyclic trimerization of aromatic nitriles (Eq. 4). In 2008,
Thomas et al. synthesized the first triazine-linked CTF-1 using 1,4-
dicyanobenzene as a raw material [47]. Most COFs of this type are
catalyzed by ZnCl, and reacted at 400 °C. Although the structure
of the triazine ring is very stable, some products will inevitably
decompose at high temperature. Moreover, Zn?* residue exists in
the obtained material, which is not conducive to the application
of CTFs. Some other synthetic methods also have been developed
to construct triazine-linked COFs, such as superacid catalysis [48],
amidine-based polycondensation at low temperature [49], P,Os as
a catalyst to promote aromatic amide transform into triazine rings
[50], and nitrile trimerization routes optimized for polyphosphoric
acid (HgP4043) [51]. The development of these methods provides
feasible mechanisms to synthesize CTFs with diverse structures. In
2023, a method of synthesizing CTFs by cyclotrimerization of aro-
matic aldehyde was proposed by Jin et al. The target products can
be obtained under mild reaction condition (160 °C, a small amount
of catalyst), and perfluorinated CTF (CTF-TF) can be prepared by
this method. The load of H3PO4 can be effectively locked upon
the interaction of electronegative fluorine site and triazine unit.
The proton conductivity of CTF-TF at 150°C was 1.82 x 10! S/cm,
which is the highest among the reported CTFs (Fig. 5a) [52]. Xu
et al. confirmed that crystalline dual-porous pyridinyl CTF (Fe-CTF)
with layered structure was successfully synthesized for the first
time by using FeCls-catalyzed polymerization of 2,6-pyridinitrile
without solvent. More importantly, FeCl; can coordinate with pyri-
dine and triazine to form unique Fe-Nj3 single-atom active sites.
During electrocatalysis, Fe-N3 can accelerate ORR reaction kinetics,
thus improving battery performance [53].

Triazine ring has good conjugation, and its conjugation links
with ethylene or benzene ring groups can exhibit great photoelec-
tromagnetic properties. For example, the biphenyl unit in CTF-2
formed a layered micro-mesoporous structure [54], which can en-
hance the structural stability compared to CTF-1. And it provided
a large number of lithium storage active sites. Thus, as an anode,
CTF-2 had ultrahigh capacitance (1526 mAh/g at 0.1 A/g), and can
be applied to lithium batteries due to the excellent electrochemical
performance. Moreover, CTFs can also store K and Na with physi-
cal properties similar to Li. Thus, CTFs had great potential appli-
cation in energy storage devices [55]. In addition, Liu et al. ob-
tained a hyperconjugated structure of a TA-Por-sp2-COF by con-
necting the porphyrin unit with triazine [56]. The synergistic effect
of the electron donor and electron absorbing groups in the hyper-
conjugated system realized a high photogenerated electron utiliza-
tion rate. And it had sufficient porosity to provide the reactants
for full diffusion; thus, TA-Por-sp2-COF had good photo-catalytic
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Fig. 4. (a) COF-DHz-APS with APS were melted into film with the action of HA. Reproduced with permission [42]. Copyright 2024, American Chemical Society. (b) The
stability of hydrazone-linked TH-TFPB COF was improved after oxidation. Reproduced with permission [46]. Copyright 2022, American Chemical Society.

performance. Benzylamine can be completely reacted by TA-Por-
sp2-COF (as a photocatalyst) within 2h under white LED irradi-
ation. The selectivity of this reaction was more than 99%, which
showed excellent performance in other similar photocatalytic
reactions.

Triazine ring is conjugated and nitrogen-rich, which can be uti-
lized as an active site for gas storage or adsorption separation.
Zhou et al. used 4-acetylbenzonitrile as a two-in-one monomer
and trifluoromethanesulfonic acid-catalyzed trimerization to syn-
thesize an aryl-triazine-linked 2D COF, which had good thermal
stability and can be used for the adsorption of phenol, bisphenol
A, 1-naphthol, and other organic pollutants [57].

2.2.2. Imidazole-linked units

: +o/ @ NH;0Ac
(5)

Imidazole is one of the important structures in N-containing
heterocycles. In the past decades, people have explored a variety of
imidazole synthesis methods and tried to apply them to the syn-
thesis of imidazole-linked COFs. The common synthetic pathway

o9

of imidazole-linked COFs is Debus-Radziszewski reaction. In this
reaction process, diketone and ammonia are dehydrated and con-
densed into diimine, and then condensed with aldehyde to form
imidazole ring (Eq. 5). Wang et al. synthesized imidazole-linked
fully conjugated 3D BUCT-COF-7 through one-pot multicompo-
nent Debus-Radziszewski reaction of the saddle-shaped aldehyde-
substituted cyclooctatetrathiophene, pyrene-4,5,9,10-tetraone, and
ammonium acetate [58]. BUCT-COF-7 can be used as a metal-free
electrocatalyst because of its rich heteroatom and excellent ORR
activity. BUCT-COF-7 as cathode catalyst was assembled into the
electrolyzer, the electrochemical yield rate of H,O, was as high
as 326.9mmol g''h’!, indicating the potential application of BUCT-
COF-7 in energy and environmental catalysis.

On the basis of Debus-Radziszewski synthesis method, Zhang
et al. proposed an approach of constructing imidazole-linked COFs
with multiple monomers (Fig. 5b). The structures of N-substituted
imidazolyl COFs can be designed variously by using ammonium
acetate, diketone, aldehyde and aromatic amine as raw materials
[59]. The synthesized COFs exhibited ultrastability in strong acid
and alkali, and the substituent groups can be replaced accord-
ing to different applications. Under the guidance of this strategy,
phosphate-functionalized LZU-530 was synthesized and showed
good adsorption capacity for UO,2* in strong acid environment
(95 mg/g, 2 mol/L HNO3).
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2.2.3. Thiazole-linked units

“e o

R R=H,SH
Thiazole ring can be synthesized in two ways. The first is the
reaction between imine bonds and sulphur monomers. The elec-

N\

N
/

S

(6)

trophilicity of sp2-C and the nucleophilicity of Sg in imines can
be used in cascade cycloaddition to obtain thiazoles. The sec-
ond is that the amino group condenses with aldehyde group and
then oxidizes with the adjacent sulfhydryl group to form a ring.
The above two methods to obtain thiazole are essentially post-
modified cyclization by imine bonds (Eq. 6). In 2018, imide-linked
TTT-COF was converted into thiazole-linked TTI-COF by Bettina’s
team through sulfur-assisted imine bond [60]. The linkage-change
from imine to thiazole improved the acid resistance, which pro-
vided enlightenment for the synthesis of thiazole-linked COFs. In
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2023, Lang et al. applied TTT-COF to the photocatalytic oxida-
tion of organic sulfides based on the research result of Bettina
[61]. Under blue LED irradiation, methyl phenyl sulfide can be
converted into sulfoxide under the action of TTT-COF and TTI-
COF, respectively. The conversion rate of methyl phenyl sulfide
in TTT-COF was about 8 times that in TTI-COF. Wang et al. syn-
thesized three kinds of azoles-linked COFs based on imine-linked
ILCOF-1, including thiazole-linked TZ-COF, oxazole-linked OZ-COF
and imidazole-linked 1Z-COF (Fig. 5c) [62]. D-w-A structure was
formed by combining pyrene group with linkage units. This struc-
tural feature can effectively promote charge transfer and separa-
tion of H* from the carrier, thus inhibiting photoexcited charge re-
combination. Among these three azole structures, thiazole linkage
possessed wider visible light absorption, narrower band gap, and
more effective electron-hole separation. In the process of photo-
catalytic production of H,0,, the yield of TZ-COF (268 pmol h1g1)
was higher than that of 0Z-COF (220 pmol h-1g-1) and 1Z-COF (120
pmol hlg™),

2.3. COFs based on N-containing unconjugated rings linkage units

2.3.1. Imide-linked units

o 0
H
o + H-N—(Ar) — > @l <N Ar (7)
o %

Imide-linked COFs (PI-COF) can be obtained by the reaction
of aromatic dianhydride and triamine (Eq. 7). In 2014, Yan et al.
employed the solvothermal method to prepare the first imide-
connected PI-COF-1 with a pore size of 33 A. PI-COF-3 with a pore
size of 53 A was prepared by increasing the length of the monomer
molecule [63]. Since then, most PI-COFs of this type have been
synthesized using solvothermal method. However, the invertibility
of the imide bond in the synthesis process is poor, which leads
to the difficulty of product crystallization and long reaction time.
To solve this problem, Johannes et al. proposed the ionothermal
synthesis of PI-COFs, where porous PI-COFs were synthesized in
the mixture of zinc chloride and eutectic salts at high temperature
[64]. Compared with the traditional solvothermal method, the re-
action time of the ion thermal method was reduced considerably;
however, the reaction process was performed at high temperature.
In view of this, in 2022, they also proposed an alcohol-assisted hy-
drothermal polymerization approach for PI-COFs, which converted
imine bonds into imide bonds through ion exchange and realized
the conversion between COFs in an environmentally friendly man-
ner [65].

Pyromellitic dianhydride, naphthalene-1,4,5,8-tetracarboxylic
acid, and perylene-3,4,9,10-tetracarboxylic dianhydride are the
commonly used PI-COF monomers. The combination of monomers
with different conjugated structures has a significant influence
on the energy storage performance of PI-COFs. Gu et al. precisely
regulated the size of conjugated units in COFs at the atomic level
[66]. They found that the spin density isosurfaces of the imine
radical intermediates around single atoms decreased with the
increase of conjugated group size. Therefore, the radical electrons
can delocalize effectively within the molecule, which enhanced
the thermodynamic stability of the imine radical intermediates.
Correspondingly, at a current density of 50mA/g, the capaci-
tance retention of the COF-modified cathode increased from 56%
to 96% after 100 cycles. Additionally, Huang et al. synthesized
imide-linked HAHATN-PMDA-COF using hexa(p-anilinyl) hexaaza-
trinaphthalene and pyromellitic dianhydride. There are two kinds
of pores in the structure of HAHATN-PMDA-COF, and their sizes
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were 1.58nm and 0.95nm, respectively. Carbonyl and phenazine
units were distributed in these uniform one-dimensional channels,
which contributed to the homogeneous deposition of lithium ions,
thus improving lithium utilization and stability in battery appli-
cations (Fig. 6) [67]. In addition to planar adjustments, 3D spatial
adjustments can also change the performance of COFs. Besides, the
performance of COFs can be modulated by adjusting 3D spatial
structure. In addition, the performance of COFs can be adjusted
by adjusting the three-dimensional spatial structure. Wang et al.
introduced a modulator to adjust the interlayer stacking mode
of NKCOF-11 from overlapping (AA) to stagger stacking (ABC)
[68]. The absorption capacity of ABC-stacked COFs for ethylene
(CoHy4) or carbon dioxide (CO,) was increased by 60%. These
synthetic strategies provide some inspiration and guidance for
COFs structural adjustments.

2.3.2. Other nitrogen-containing rings

F HaN A
+ Ar. — |IAry
F P @ & (8)
1

R4=NH,,SH R»=N.S

o-Difluoro can form non-conjugated heterocycles (Eq. 8) by nu-
cleophilic substitution with the amino group on aromatic ring
and its neighbouring groups (amine, mercapto, etc.). Zeng et al.
prepared CoPc-DNDS-COF by using 2,5-diaminobenzene-1,4-dithiol
monomer [69]. Huang et al. synthesized a new piperazine-linked
M; Pc-NH, —M,PcFg via nucleophilic substitution reaction between
octaminophthalocyanines and hexadecafluorophthalocyanines [70].
Piperazine linkage can be readily oxidized to cationic radicals, lead-
ing to the formation of doped COFs with high electrical conductiv-
ity. The film sample of M;Pc-NH,—-M,PcFg had high conductivity
(12.7 S/m) (Fig. 7).

3. Synthesis of scCOFs

It is of importance to accurately analyze the chemical struc-
ture of COFs. It is well known that scCOFs can be characterized
by single crystal X-ray diffraction. According to the measured data,
we can not only accurately analyze the structure of COFs, but also
infer the reasons for its performance. However, for polycrystalline
COFs, more characterization methods are needed to indirectly infer
the structural characteristics. Therefore, the preparation of scCOFs
is beneficial to obtain more accurate structural information and
reasonable utilization. At present, preparation of scCOFs mainly in-
cludes three methods as follows:

(1) Adding a specific substance as a modulator into the reaction
system. The competitive reaction between modulating agent
and monomer can reduce the polymerization rate, which con-
tributes to improve crystal defects and obtains high-quality sin-
gle crystals. In 2016, Bein et al. verified that the crystallinity of
COF-5-X (X being the functionalized group) can be improved
by introducing a modulating agent [71], which provides guid-
ance for the synthesis of scCOFs. In 2018, Yaghi et al. devel-
oped a method to grow high-quality 3D porous scCOFs us-
ing aniline as a modulator [72]. Aniline can decrease the re-
action rate of monomer and increase the process of imine ex-
change, which offered sufficient time for the growth of scCOFs
(Fig. 8a). In 2020, Wang et al. also used aniline as a modu-
lator to successfully obtain the first non-interpenetrate scCOF
(3D LZU-306) [73]. In 2024, acetic acid/aniline was replaced by
2,2,2-trifluoroacetic acid (CF3COOH)/2,2,2-trifluoroethylamine
(CF3CH,;NH,) in the growth process of single crystal by Wang's
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Fig. 7. Synthesis of M;Pc-NH-M,PcFg COFs through the nucleophilic substitution reaction. Reproduced with permission [70]. Copyright 2022, American Chemical Society.

team, and the growth of scCOFs can be completed within 1-2
days [74].
Controlling the growth condition and rate of crystal nucleus
by adjusting the solvent conditions. In 2019, Dichtel et al. re-
vealed that the boronate ester-linked COFs can be transformed
into single crystals structure by adding nitrile-containing cosol-
vents [75]. Wei et al. controlled the crystallization kinetics by
adding supercritical CO, (sc-CO,), which effectively accelerated
the synthesis process (Fig. 8b) [76]. Borate-linked COF-5 can
be prepared within 2-5min by this way. In 2023, Zheng et al.
used amphiphilic amino-acid derivatives with long hydropho-
bic chains to self-assemble into micelles. Hydrophobic compart-
ments were formed inside the micelles, which were able to
separate different monomers according to the solubility differ-
ences of substances. This strategy avoids the precipitation phe-
nomenon caused by irregular binding between monomers and
thus regulating the orderly crystallization process of molecules
[77].
(3) Transformation from single crystal to single crystal (SCSC). In
2023, Jiang et al. constructed USTB-5 single crystal by using
tetraphenylmethane monomer. The imine linkage bond in the

—~
N
—

structure was reduced to amine through degassing of USTB-5
single crystal, and a new USTB-5r single crystal was obtained.
In addition, the imine bond in USTB-5 can also be oxidized into
an amide bond by sodium chlorite to obtain a new USTB-50
single crystal (Fig. 8c) [78].

4. Potential application of COFs in environmental field

Nitrogen plays an important role in wastewater treatment. Ac-
tivated carbon, zeolite and other water purification materials of-
ten need to be modified to introduce some active sites such as
N, S and O to improve the purification capacity. NCLB-COFs con-
tains nitrogen and other heteroatoms, which can provide abundant
active sites. Combined with the porous characteristics, NCLB-COFs
can detect, adsorb or degrade pollutants. Therefore, NCLB-COFs has
advantages in wastewater treatment [79)].

Coordination mechanism is a common strategy to adsorb heavy
metal ions or organic pollutants. The rich porous structure of
NCLB-COFs ensures that pollutants in water can fully diffuse into
the material. And then the pollutants can be coordinated, captured
and locked by nitrogen and other heteroatom [80]. Adsorbents
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Fig. 8. (a) A modulator was added to the reaction system to decrease the reaction speed and improve the crystal quality. Reproduced with permission [72]. Copyright 2018,
the American Association for the Advancement of Science. (b) sc-CO, accelerated the reaction process and produced crystals quickly. Reproduced with permission [76].
Copyright 2021, Springer Nature. (c) Linkage changes undergo SCSC transformation. Reproduced with permission [78]. Copyright 2023, Springer Nature.

with coordination mechanism were highly favored, because the co-
ordination process is reversible. Therefore, the adsorbed pollutants
can be released from NCLB-COFs without changing the structure,
thus realizing the absorption/desorption cycle. Additionally, COFs
with photocatalytic properties can be obtained by introducing spe-
cific activity or reasonably designing D-A (donor-acceptor) struc-
ture, which can photodegrade harmful pollutants and transform
them into harmless substances [81,82]. Moreover, the specified or-
ganic pollutants can be quantitatively detected by introducing pho-
tothermal reactive groups into the COFs structure [83-85]. There-
fore, NCLB-COFs has a significant application prospect in environ-
mental treatment.

5. Conclusions and prospects

The geometry and spatial arrangement of the COFs is largely
determined by the connection methods of nodes and the symme-
try of the molecular structure. The skeleton and structural prop-
erties of COFs are closely related to the composition and classes
of chemical bonds. The majority of COFs were constructed fol-
lowing the bottom-up strategy, that is, starting from monomer
molecules and then building rings by bridging functional groups.
The development of COFs linked by common nodes is often lim-
ited by some objective factors (such as the solubility of ligand
molecules or the specificity of reaction products). Therefore, some
new synthetic methods (such as the synthesis of COF-B by ex-
changing the "parts" of the COF-A skeleton) have been devel-
oped. At present, the chemical bonds of the reported COFs are
mostly reversible, which can make the molecules constantly self-
repair (formation-fracture-regeneration) during ring formation, and
finally form a highly crystalline structure. Additionally, there are
also a few COFs constructed by irreversible covalent bonds, which
use the rigidity of the structural units and the orientation of the
chemical bonds in linkage nodes to promote the crystallization
of the molecules. In a word, the diversified synthesis strategies
can provide significant references for the development of new
COFs.

Despite the remarkable progress in the research of COFs, some
challenges still need to be overcome for future applications. (1)
Exploring new molecular modules and developing novel linked-
bonds to meet different application requirements are still the cen-
ter driver for the development of COFs. Based on the reported syn-
thesis methods (such as click chemistry), we should further ex-
plore the economic, simple preparation methods of COFs. (2) The
combination of theoretical calculation and artificial intelligence for
COFs research is still at early stage. It is necessary to establish
more systematic theoretical algorithms, rich databases and appro-
priate evaluation methods to strengthen the theoretical research
of COFs and optimize the synthesis of COFs. (3) The poor machin-
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ability of powdered COFs hinders its development of industrial and
commercial applications. It is still necessary to explore the mate-
rial forming process suitable for mass production to improve the
practicability of COFs.

To sum up, we summarize the research progress of NCLB-COFs
in recent years. We hope that this review can provide beneficial
guidance for studying the synthesis and properties of COFs. We
believe that the research of COFs will achieve more outstanding
progress in the near future through the continuous efforts of re-
searchers.
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