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Covalent organic frameworks (COFs) are a class of porous materials generated from organic molecules

resulting in two-dimensional (2D) or three-dimensional (3D) networks. Multifunctional molecules with

defined symmetry react to give all-linked-COFs with pre-determined topologies. COFs and COF-based

materials have continuously evolved via the exploration of new linkages, synthesis, and processing

methodologies over nearly two decades. Several studies have contributed to the understanding of the

formation mechanism and the influence of solvent(s), catalysts, and the reaction environment in the

crystallization process. Apart from all-linked COFs with a “fully formed” network, sub-stoichiometric

synthesis has been a recent development, where the change in stoichiometry of monomers results in

generating unconventional topologies along with active functional groups within the pores of these

materials. Thus, the generation and utilization of these “functional” COFs is an interesting challenge for

reticular chemists, particularly in terms of the vast possibilities of applications that are not likely to

emerge from conventional synthesis.
1. Introduction

The fundamental mechanistic understanding behind chemical
transformations has evolved through a large realm of reagents,
catalysis, and related synthetic strategies. The functionalization
prospects of molecular materials have demonstrated the power
of new synthetic methodologies in developing several intriguing
chemical structures.1,2 Though the possibilities for selectively
functionalizing a particular position in the presence of many
similar ones offer a toolbox for diversifying the properties and
utility of a molecule, developing such a reliable methodology in
terms of reagents, catalysts, and reaction conditions has been
a challenging task.3,4 The subtle differences in the intrinsic
reactivity of similar functional groups in a molecule, under
carefully controlled reaction conditions, could lead to site-
selective and target-oriented syntheses, with a high degree of
complementarity to conventional top-down and bottom-up
approaches.5,6 Site-selective approaches are indeed utilized by
nature and envisage a better redox economy with improved
synthetic modalities in natural product chemistry, drug
discovery, and materials science.7 Such strategies in biochem-
istry are aimed at understanding the mechanism behind
biochemical processes, structure–activity relationship, and
improved functions. For instance, non-covalent protection
, CSIR-NIIST, Thiruvananthapuram, 695

; sreejith.shankar@niist.res.in

rch (AcSIR), Ghaziabad, 201002, India

26340–26370
strategies using nucleic acid aptamers have been demonstrated
for the selective functionalization of molecules.5

With all the developments achieved in chemo- and stereo-
selective syntheses over the past century, differentiating the
reactivity among two or more reactive positions with identical or
similar functional groups having negligible differences in their
activation energy has been challenging.4,8–10 Such a synthetic
methodology is yet to be demonstrated to provide a general
solution for the functional modication of complex molecular
architectures in high yields and selectivity. While the use of pro-
tecting groups has been a preferred strategy for the selective
reaction of similar functional groups in a molecule, the need for
protection–deprotection steps hampers the efficiency of chemical
reactions.11–14 Therefore, modern synthetic chemistry advocates
precise and selective recognition of minuscule differences in
electronic and steric factors within potential reactive sites at the
molecular level as the best approach towards achieving site-
selective synthesis of complex chemical structures.4,9,10 Identi-
cation of reaction conditions, including reagents, solvents, and
catalysts, that complement the electronic, steric, and stereo-
electronic attributes of the target functional group among
several similar functional groups is critical for achieving arche-
typical site-selective transformations in synthetic chemistry.8

Achieving site selectivity among similar functional groups in
polymerisation reactions is not fully explored with regard to the
synthesis and utilization of functional polymeric systems.
Reticular chemistry that utilizes the austerity and rigor of both
organic and inorganic synthetic strategies has led to the
This journal is © The Royal Society of Chemistry 2023
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development of a large number of extended porous crystalline
solids, such as metal–organic frameworks (MOFs)15–19 and
covalent organic frameworks (COFs).20–25 The dynamic but
directional bond formation with microscopic reversibility in
most of these materials has resulted in several intriguing
properties emanating from highly functional complexities.26–29

The structural matrices optimized through iso-reticular princi-
ples combined with the possibilities for post-synthetic modi-
cations make these framework materials even more
interesting.30–33 The synthesis of complex structures of covalent
organic frameworks (COFs) from organic molecular building
units linked through covalent bonds, in this context, is
a formidable task to achieve via functional group selective
transformations. Nevertheless, unlike organic molecules,
topology-driven selectivity towards chemically equivalent func-
tional groups in reticular synthesis can be achieved by
controlling the stoichiometry of the reactants.34 While the
dynamic covalent linkage stitches the atoms to the network
backbone, unreacted functional groups decorate the pores,
resulting in unprecedented properties and scope for post-
synthetic modications.34–37 Therefore, in COFs, where organic
building units are linked through covalent bonds, the choice of
monomeric units allows for creating the desired network with
unreacted functional groups, in line with site-selective synthesis
in organic chemistry.
2. Selective transformations in COF
synthesis

Reticular synthesis of COFs has shown wide applicability and
has witnessed tremendous growth over the past couple of
decades.22,24,38 Connecting multifunctional molecules via pref-
erentially dynamic covalent linkages to yield frameworks of
various topologies has been accompanied by challenges related
to crystallinity and structural elucidation.39 Nevertheless, the
synergistic efforts from synthetic chemists, theoreticians, and
materials scientists have brought systematic advancements in
this eld.40–43 Though we do not have a complete understanding
of the formation of these networks, introduction of new
synthetic approaches, crystallization methodologies, linkage
chemistry, novel functional units, and processing strategies
make this area an expanding and exciting eld of
research.32,44–48

Reaction of multifunctional monomers to give a fully formed
network of COFs has been an ideal proposal for a long time.41

The synthetic journey of COFs started with typically reversible
linkages and later expanded to irreversible linkages and one-pot
multicomponent reactions.49–52 The eld has also witnessed the
utilization of unreacted sites, the introduction of non-
interfering functional groups, and post-synthetic modica-
tions that functionalize the pores or transform the link-
ages.30,33,53 The functional versatility of such framework
materials has led to various applications, including gas
adsorption/separation,54–57 host–guest chemistry,58–61

sensing,62–68 ion capture/transport,69 catalysis,70–76 and electro-
chemical applications.77
This journal is © The Royal Society of Chemistry 2023
Focussed research activities on COFs that started with the rst
report via the formation of dynamic boroxine and boronate ester
bonds have now been extended to seeded growth of 2D COFs,
graphene nanoribbon 2D COFs, and recently to water harvesting
frameworks.78,79 One of the most investigated classes of COFs is
imine-linked, which involves the reaction between aldehydes and
amines.80–83 Several synthetic approaches,44,84–86 processing meth-
odologies,47,87,88 studies in terms of imparting structural
stability30,89–91 and mechanistic understanding of the formation
under different conditions81,85,92–97 have emerged over time. Post-
synthetic introduction of primary amine groups or the presence
of unreacted amino or carbonyl groups in imine-linked COFs have
been shown to result in functional properties that are otherwise
difficult to attain in fully formed networks.98–101 In this context,
several synthetic strategies, including functional group
interconversions,102–105 transamination reactions,106,107 and site-
selective108–112 and regioselective synthesis,113 have been reported
to introduce primary amine groups in 2D COFs.

However, approaches like post-synthetic modication, trans-
amination reactions, and site-selective and regioselective
approaches are not devoid of limitations like complexity in the
design of monomers, multiple steps, and challenges related to
purication. These multistep synthetic approaches are still being
utilized for incorporating active amine groups within imine-
linked COFs.114,115 While site-selective strategy is limited to
selected orthogonally reactive monomers, the sub-stoichiometric
approach allows for the facile synthesis of designed network
materials solely based on their symmetry. The bottleneck in this
approach is to identify the right solvent combination that facili-
tates the formation of crystalline networks with frustrated func-
tional groups, which, however, is a challenge in conventional COF
synthesis as well. Thus, the sub-stoichiometric approach is
advantageous as compared to the existing methodologies for
constructing functional COFs with active amine or aldehyde sites
within imine-linked COFs. While the sub-stoichiometric synthesis
of COFs is still in its infancy, several signicant contributions
demonstrating applications in various elds have emerged over
the last ve years. This article attempts to comprehensively review
the current developments and provide future perspectives on the
sub-stoichiometric synthesis of COFs and their applications. We
believe that this article would support detailed investigations on
sub-stoichiometric synthesis of 2D and 3D COFs, in order to
advance further developments in this exciting area of research.
3. Sub-stoichiometric synthesis of 2D
and 3D COFs

The last few years have witnessed the emergence of sub-
stoichiometric synthesis capable of yielding either free amine
or free aldehyde groups in imine-linked COFs (Fig. 1). This
approach has not only resulted in unconventional topologies
but also revived our understanding of mechanisms behind COF
formation.

Though strategies like different solvent combinations and
variations in stoichiometry of reactants were used, stoichiom-
etry control gained signicance with time, thereby giving rise to
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26341
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Fig. 1 Evolution of sub-stoichiometric synthesis of COFs and related reports.
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the name sub-stoichiometric synthesis.34,116 With the rst report
in 2018,116 the sub-stoichiometric approach has so far yielded
several 2D and 3D COFs via direct condensation of the mono-
meric units. Combined with functionalization prospects such
as post-synthetic modication of frustrated groups, this
approach has paved the way to utilize these networks in water
harvesting, gas adsorption and separation, and extensively in
photocatalysis. We anticipate this class of COFs, and the
underlying synthetic challenges provide enough opportunities
for reticular chemists to explore and comprehend. A brief
timeline of the evolution of sub-stoichiometric approach in COF
synthesis is given in Fig. 1.

While incomplete reactions may lead to unreacted func-
tional groups, such COFs would possess low ordering and poor
crystallinity, low stability, and non-uniform pore distributions
within the network. Majority of the sub-stoichiometric (Type III)
COFs are shown to be ordered, highly crystalline, stable, and
possessing the expected porosity. The crystalline nature and
ordering in sub-stoichiometric COFs are generally evident from
XRD and porosity measurements. Theoretical calculation of the
unit cell parameters further conrms the resulting structures.
Moreover, the sub-stoichiometric approach generally yields
unconventional topologies that are, in principle, not expected
for all-linked COFs.34 And the sub-stoichiometric structures
obtained from tetratopic linkers are always presented with all-
linked COFs. These observations are in favour of the “sub-
stoichiometric” composition of monomers in Type III COFs as
compared to incomplete reactions in all-linked COFs.

3.1 Evolution of new topologies and mixed linkages

While sub-stoichiometric approach provides a powerful tool to
introduce either free aldehyde or amine groups in imine-linked
COFs, the rst three reports described the emergence of new
topologies in 2D COFs.34,116,117Obtaining new topologies via sub-
stoichiometric synthesis has aroused signicant interest in
terms of structure and applications of the resulting COFs, and
subsequently, several groups have reported such COFs with
multifarious applications.

The rst report on sub-stoichiometric synthesis of COFs
appeared in 2018 when Loh and co-workers utilized structurally
26342 | J. Mater. Chem. A, 2023, 11, 26340–26370
similar tetratopic aldehyde 1 and tetraphenylethylene (TPE)
amine 2 to give fully condensed TPE-COF-I and partially
condensed TPE-COF-II with frustrated carbonyls.116 Variations
in solvent and stoichiometry of the precursors 1 and 2 were
found to result in two topologies. A 1 : 1 ratio of the aldehyde 1
and amine 2 in o-dichlorobenzene/n-butanol mixture yielded
TPE-COF-I via a [4 + 4] condensation pathway, and a 2 : 1 ratio in
1,4-dioxane, via an unusual [2 + 4] pathway, yielded TPE-COF-II
(Fig. 2). Since the inuence of solvent(s), steric factors and
nucleation mechanism was critical to the formation of the
COFs, the approach was termed solvent-directed divergent
synthesis. The unreacted linker units within the pores of TPE-
COF-II were shown to have a signicant impact on its CO2

uptake capacity and a typically high value of 23.2 wt% (118.8
cm3 g−1) adsorption was observed at 1 atm and 273 K.

The term sub-stoichiometric synthesis was introduced in the
very next year by Lotsch and co-workers and classied them as
Type III COFs.34 Tetratopic pyrene tetraaniline 3 upon conden-
sation with tritopic triazine tribenzaldehyde 4 or benzene tri-
picolinaldehyde 5, in an equimolar ratio in 1 : 1 mesitylene/
dioxane under solvothermal conditions, yielded PT- and PY-
COFs (Fig. 3). Sub-stoichiometric 2D COFs featuring imine
linkages with an unexpected bex net topology and periodic
unreacted amino groups were obtained from tri- and tetratopic
linkers via a [4+3] mechanism. While fully formed networks and
reasonable crystallinity cannot be expected from monomeric
units with such symmetry, PT- and PY-COFs were obtained as
crystalline solids. Contrary to the previous report from Loh and
co-workers, variations in monomer feed ratio and solvent(s) did
not yield distinctly different networks. In terms of functional-
ities, the free amino groups in PT- and PY-COFs led to better
CO2 sorption properties, post-synthetic modications and
organocatalytic performance. A tricomponent approach was
further demonstrated to form net-like topologies using a ditopic
linker leading to [4 + 3 + 2] COFs.

Concurrent with Lotsch's report on sub-stoichiometric
synthesis,34 Yaghi et al. published the synthesis of multinary
COFs using hexa, tetra and trivalent linkers 6, 9, and 2 (Fig. 4).117

Condensation reaction involving hexaminophenyl benzene 6,
tetrakis(4-aminophenyl) ethane 2, and 1,3,5-tris(p-
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta05715a


Fig. 2 (A) Solvent-directed strategies used by Loh and co-workers for
the construction of 2D-COFs with different topologies: fully formed
network (TPE-COF-I, left) and partially formed frustrated-bonding
structure (TPE-COF-II, right). (B) The corresponding synthetic scheme
and the structures of the monomers (1, 2) and the COFs. Reproduced
from ref. 116 with permission from American Chemical Society,
copyright 2018.

Fig. 3 Sub-stoichiometric synthesis of the imine linked PT- and PY-
COFs from tetratopic pyrene tetraaniline 3 and triangular tritopic
triazine tribenzaldehyde 4 or benzene tripicolinaldehyde 5. Repro-
duced from ref. 34 with permission from Springer Nature, copyright
2019.
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formylphenyl)benzene 8 resulted in a complex network of COF-
346 with unprecedented tth topology. In addition, crystalline,
porous COF-360 with a rare kgd topology and COF-340 with
a defective tth topology were also reported in the same study.
However, variations in the ratio of the monomers were not
found to afford COFs with different structural attributes or
topologies.

The sub-stoichiometric approach has also allowed the
construction of 1D COFs with residual functionalities, which
could further be converted to 2D COFs with mixed linkages. A
year aer the reports on COF-340, COF-346 and COF-360, Yaghi
and co-workers constructed 1D ribbons of COF-76 with
unreacted amino groups from 1,3,6,8-tetrakis(p-formylphenyl)
pyrene 10 and tris(4-aminophenyl)amine 11. The free amines in
these 1D ribbons were subsequently interlinked using aldehyde
or anhydride to yield 2D frameworks of imine linked COF-77 or
imide linked COF-78, respectively (Fig. 5).35 The 1D COF-76 was
prepared viamodulator (p-toluidine) assisted synthesis using C3
This journal is © The Royal Society of Chemistry 2023
symmetric monomers 10 and 11 in a 1 : 2 sub-stoichiometric
ratio, catalysed by triuoroacetic acid. The structural stability
and porosity of the 1D ribbons facilitated the crosslinking
reaction involving free amino groups to yield the corresponding
2D networks. A one-pot synthesis for the construction of COF-77
and two step one-pot synthesis for the construction of COF-78
were also reported. This work further demonstrates the use of
sub-stoichiometric synthesis for the construction of COFs with
dual linkages.
3.2 Sub-stoichiometric synthesis of 3D COFs

Extension of the sub-stoichiometric approach to construct 3D
COFs was rst demonstrated in 2021 by Peng and co-workers.118

During an attempt to construct a network of she/nts or het
topologies, a frustrated 3D network with unreacted carbonyls
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26343
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Fig. 4 Synthetic scheme for COF-346, COF-360 and COF-340. The structures of the corresponding monomeric units are also shown along
with the topologies of the COFs. Reproduced from ref. 117 with permission from American Chemical Society, copyright 2019.
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was obtained. A 2D COF (2D sql COF) was also synthesized via
the partial condensation of hexaldehyde phenyl benzene 7 and
a tetramine derivative of tetraphenylethylene 2 (Fig. 6A and B).
26344 | J. Mater. Chem. A, 2023, 11, 26340–26370
However, use of 3,3′,5,5′-tetra(p-aminophenyl)-bimesitylene 12
as the amino counterpart resulted in a 3D COF (3D pts COF)
with pts topology (Fig. 6A and C).
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Scheme for the sub-stoichiometric imine linked 1D COF-76 with residual amines from the tetra-aldehyde 10 and tri-amine 11 in a 1 : 2
stoichiometric ratio and further conversion into 2D COF-77 and COF-78 using aldehyde and anhydride monomers via stepwise (A and B) and in
situ methods (C). Reproduced from ref. 35 with permission from American Chemical Society, copyright 2020.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 26340–26370 | 26345
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Fig. 6 (A) Sub-stoichiometric synthesis of COFs with sql and pts topologies from the monomeric units 7, 2, and 12. (B) Top and side views of the
ball-and-stick structural model for 2D sql COF. 7 is shown in blue, 2 is shown in grey, and O atoms are shown in red. (C) Cage type architecture
and the ball-and-stick structural model for 3D pts COF. 7 is shown in blue, 12 is shown in grey, and O atoms are shown in red. Reproduced from
ref. 118 with permission from American Chemical Society, copyright 2021.
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3D pts COF characterized by a surface area of 3478 m2 g−1,
which is among the highest reported for 3D imine-linked
COFs.118 The high surface area as well as the presence of
26346 | J. Mater. Chem. A, 2023, 11, 26340–26370
unreacted aldehyde groups in the COFs further resulted in
excellent gas storage properties. Both 2D sql COF and 3D pts
COF exhibited preferential gas adsorption properties in the
This journal is © The Royal Society of Chemistry 2023
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order C2H2 > CO2 > CH4 at ambient conditions. Though 3D pts
COF was found to possess a higher surface area compared to 2D
sql COF, the adsorption capacities of the former were found be
inferior to those of the latter. It is proposed that the higher
adsorption of C2H2 over CO2 was most likely due to the polar-
izability and quadruple moment of the gases, which interact
with residual carbonyls in pores. Theoretical modelling
corroborated that hydrogen bonding between the acetylene
hydrogen and the residual carbonyls is the reason behind high
adsorption capacities of the COFs.

Creating a long-range microporous order in framework
materials has been an interesting eld of investigation over the
past decade.119–127 Yue and co-workers have reported the
synthesis of amine functionalised 3D COFs COF-300-0914 and
COF-300-1114 via a non-stoichiometric synthon (NSS) strategy
by varying the ratio of tetrakis(4-anilyl) methane 13 and ter-
ephthaldehyde 14 (Fig. 7).36 Adjusting the ratio of the mono-
mers 13 : 14 to 11 : 14 in a solvothermal condensation procedure
led to COF-300-1114 with unreacted amino groups which
allowed the pores to be impregnated with a larger amount of
Pd(II) salts, that upon hydrogenation resulted in Pd nano-
particle decoration of the pores, while retaining the structure of
the parent COF (Fig. 7). The presence of Pd NPs was conrmed
through energy dispersive X-ray spectroscopy and ICP-MS
techniques, resulting in a mass loading of 1–2%, while more
than 90% of the Pd content was conrmed to be Pd(0) by XPS.
While both COF-300-0914 and COF-300-1114 conned ultra-
small Pd nanoclusters within their pores, the presence of more
unreacted amino groups in the latter restricted NP aggregation
via Pd–N coordination. These Pd-decorated COFs were further
used as catalysts for benzyl alcohol oxidation reactions with up
to 97% conversion with 99% selectivity.
Fig. 7 Non-stoichiometric synthesis of COF-300-1114 from the
amine 13 and aldehyde 14 followed by Pd impregnation and subse-
quent reduction yielding the Pd/COF composite. Color code: grey,
carbon; blue, nitrogen; red, oxygen. H-atoms are omitted for clarity.
Reproduced from ref. 36 with permission from American Chemical
Society, copyright 2020.
3.3 Applications of COFs constructed via sub-stoichiometric
synthesis

Robust morphology, high surface area, large pore volume,
and high thermal and chemical stabilities make COFs suit-
able candidates for several applications including gas
storage/separation, catalysis, energy storage, etc.23,38,128,129

While the formation of ideal crystals of framework materials
is challenging, the defects or unreacted sites in such mate-
rials open up new avenues that are otherwise difficult to
explore.98,99,130–132 Nevertheless, the introduction of free amine
and carbonyl groups with periodic order is generally difficult
to achieve in conventional COFs with an imine linkage.
Therefore, several reports on the sub-stoichiometric synthesis
of COFs are aimed at constructing network materials with
a rational arrangement of either of the functional groups, for
expanding their applications. This section of the article
attempts to review the applications of COFs obtained via sub-
stoichiometric approaches.

3.3.1 Adsorption. In general, imine-linked COFs con-
structed through sub-stoichiometric synthesis are characterized
by the presence of either free aldehyde or amine
groups.34,36,133,134 These heteroatomic functionalities are capable
of having electrostatic interactions with gaseous
This journal is © The Royal Society of Chemistry 2023
molecules.118,134 Incorporation of amino or carbonyl groups has
been a preferred strategy towards enhancing CO2 uptake in
porous materials, particularly under humid conditions.107,135–140

Polar functional groups in pores are also capable of forming
non-covalent interactions, especially hydrogen bonds with
water molecules and provide the opportunity to detect or store
moisture.78,79,141–147 For instance, the rst reported sub-
stoichiometric COF with free carbonyl groups has been
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26347
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Fig. 8 Sub-stoichiometric synthesis of imine linked 2D COFs DBC-TPE-[CHO], DBC-TPE and DBC-TPE-[NH2] with residual aldehydes and
amines from the same monomers via a transamination approach.
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demonstrated for CO2 capture.116 As mentioned previously, at 1
atm pressure, TPE-COF-II (Fig. 2B) showed a CO2 adsorption of
23.2 wt% (118.8 cm3 g−1) and 11.8 wt% (60.5 cm3 g−1) at 273 and
26348 | J. Mater. Chem. A, 2023, 11, 26340–26370
298 K, respectively. Similarly, Lotsch et al. have reported that
PT-COF and PY-COF (Fig. 3) at 1 atm and 273 K exhibited CO2

uptake values of 95 mg g−1 and 146 mg g−1, respectively. These
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (A) Synthesis of the COFs HFPB-Stb-D, HFPB-TAPB-D, and
HFPB-ETTA-D from the C6-symmetric aldehyde monomer (hexa(4-
formylphenyl)-benzene 7) and amine monomers of various symmetry
(C2 – 4,4′-diaminostilbene 17; C3 – 1,3,5-tris(4-aminophenyl) benzene
9; and C4 – tetrakis(4-aminophenyl)ethene 2). (B) CO2 distribution
density in HFPB-TAPB-D (left) and the simplified stick model (right),
where H, C, N, and O are marked in white, grey, blue, and red,
respectively. Reproduced from ref. 134with permission fromAmerican
Chemical Society, copyright 2023.
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adsorption capacities are ∼1.5 times higher than those of
similar COFs without free amino groups.34

Chen and co-workers have demonstrated a transamination
approach to construct COFs with frustrated aldehyde and
amino groups.138 This was the rst instance of constructing
a COF with free amine and aldehyde functionalities using
a sub-stoichiometric approach from the same monomeric
units by simple alteration in their ratios. Different molar
ratios (1 : 2, 1 : 1 and 2 : 1) of dibenzo[g,p]chrysene 15 and
tetraphenylethene tetraldehyde derivative 16 were used to
construct three COFs, DBC-TPE-[CHO], DBC-TPE and DBC-
TPE-[NH2], respectively (Fig. 8). Surface area exceeding 1000
m2 g−1 and thermal stability above 400 °C were observed for
all three COFs. DBC-TPE-[NH2] with free amino groups
exhibited the highest CO2 uptake of 3.16 mmol g−1, followed
by DBC-TPE-[CHO] with free aldehyde groups (2.56 mmol g−1)
and the fully formed network DBC-TPE (2.39 mmol g−1) at 273
K. The free functionalities in these COFs were also shown to
adsorb water, most likely due to hydrogen bonding. Volu-
metric water vapor sorption experiments at 298 K revealed
water uptake capacities of 0.42 g g−1, 0.40 g g−1, and 0.26 g g−1

for DBC-TPE-[NH2], DBC-TPE and DBCTPE-[CHO], respec-
tively. The relatively higher water adsorption properties of
DBC-TPE-[NH2] are attributed to the lowering of the inexion
point due to the presence of hydrophilic amines, suggesting
better water adsorption properties under less humid
conditions.

Ma and co-workers have recently reported COFs with
residual carbonyls for selective adsorption of CO2.134 Three
COFs, HFPB-Stb-D, HFPB-TAPB-D, and HFPB-ETTA-D, were
constructed via sub-stoichiometric reactions involving C6-
symmetric aldehyde monomers (hexa(4-formylphenyl)-benzene
7) and amine monomers of various symmetry (C2 – 4,4′-dia-
minostilbene 17; C3 – 1,3,5-tris(4-aminophenyl) benzene 9; and
C4 – tetrakis(4-aminophenyl)ethene 2, Fig. 9A). This work
tendered, for the rst time, monomer symmetry regulated
directional defects for in situ functionalization of COFs with
a periodic distribution of aldehyde groups for selective inter-
actions with CO2. Better structural stability, availability of
aldehyde groups and good crystallinity of HFPB-Stb-D, HFPB-
TAPB-D, and HFPB-ETTA-D resulted in high CO2 uptake values
of 128.9 cm3 g−1 (25.3 wt%), 109.6 cm3 g−1 (21.5 wt%) and 44.9
cm3 g−1 (8.8 wt%), respectively at 1 bar pressure and 273 K.
Their CO2 adsorption capacities at low pressure (0.1 bar) and at
298 K were also seen to follow the same order. The CO2

adsorption capacity of the defective COFs was found to depend
preferentially on the number of homogeneously distributed
aldehyde groups in the framework as compared to other factors
such as specic surface area, pore volume, or nitrogen content.
In fact, HFPB-Stb-D exhibited one of the best reported selective
separation values (45.8 from Ideal Adsorbed Solution Theory
(IAST)) for CO2/N2 among other COFs. This differential
adsorption of gases is due to the reasonably lower quadrupole
moment of N2 compared to residual aldehydes as validated by
theoretical calculations (Fig. 9B).

An emissive donor–acceptor type COF-SMU-1 having frus-
trated aldehyde groups, with a quantum yield of 6.8%, has
This journal is © The Royal Society of Chemistry 2023
recently been reported via sub-stoichiometric synthesis
involving a triamine 18 and a tetra-aldehyde 10 by Das and co-
workers (Fig. 10A).148 COF-SMU-1 exhibited solvatochromic
properties due to polarity dependent p–p interactions of
pyrene units present in the neighbouring layers. The color of
COF-SMU-1 was found to undergo a rapid change from yellow
to reddish brown when exposed to water vapour (Fig. 10B).
COF-SMU-1 when dispersed in acetonitrile, showed a slight
bathochromic shi and a gradual decrease in emission
intensity upon addition of water (3.6% v/v). Water that
hydrogen bonds with triazine, imine and aldehyde impacts
the D–A charge transfer (Fig. 10B, right). This interaction of
water with residual carbonyls was established via spectro-
scopic techniques and a water-uptake value as high as
14.0 mmol g−1 (0.25 g g−1) was observed for COF-SMU-1 at
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26349
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Fig. 10 (A) Sub-stoichiometric synthesis of the COF COF-SMU-1 from a triamine 18 and a tetra-aldehyde 10 based monomeric unit. The
unreacted aldehyde sites are shown in green. (B) Repeating units and water sensing mechanism of COF-SMU-1. Adapted from ref. 148 with
permission from Wiley, copyright 2023.
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Fig. 11 (A) Synthesis of the COFs PyT-1 and PyT-2 from tetratopicmonomers 19 and 10. (B) Iodine vapor adsorption capacities of PyT-1 and PyT-
2 at 75 °C and atmospheric pressure and (C) the corresponding cycling performance. Reproduced from ref. 149 with permission from MPDI,
copyright 2023.
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25 °C. Even in the presence of hydrophobic aromatic poly-
cycles, high water adsorption properties are correlated to the
abundance of imine and carbonyl groups in the COF struc-
ture. The absence of a signicant reduction in porosity for
prolonged exposure to moisture suggests that COF-SMU-1
may have application as a potential water harvester.
This journal is © The Royal Society of Chemistry 2023
In 2023, Tian and co-workers reported the synthesis of [C4 +
C4] COF PyT-2 and [C4 + C2] COF PyT-1 from tetrabenzaldehyde
19 and tetraamine 10 via the variation in the choice of solvents
alone (Fig. 11A).149 While both the COFs exhibited good
thermal, solvent, acid–base stabilities, PyT-1 was found to have
comparably higher BET surface area (1186.94 m2 g−1) and pore
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26351
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volume (0.89 cm3 g−1). Signicant iodine vapour adsorption was
observed for both PyT-1 and PyT-2 for the rst 10 h and attained
saturation around 90 h (>3.4 g g−1, Fig. 11B). Desorption was
effected by rinsing the COFs in ethanol. PyT-1 was found to
retain an adsorption efficiency >90% aer ve adsorption–
desorption cycles, while PyT-2 showed a lower efficiency of 75–
76% (Fig. 11C). Solution phase adsorption studies were con-
ducted using n-hexane solutions of iodine and both COFs were
found to follow pseudo second order kinetics.

3.3.2 Catalysis
3.3.2.1 Heterogeneous organocatalysis. Lotsch and co-

workers, while introducing the term ‘sub-stoichiometric
synthesis’ in COFs, further demonstrated free amines in PT-
and PY-COFs (Fig. 3) capable of catalysing room temperature
synthesis of substituted chromenes.34 The aromatic amines in
the frameworks were found to catalyse the regioselective cycli-
zation–substitution cascade reactions of 2-hydrox-
ylcinnamaldehyde with trimethylsilyl enol ether, with yields of
22% and 8%, respectively, for PT- and PY-COFs. The proposed
catalytic cycle begins with a Schiff base adduct formed between
the residual amines and 2-hydroxylcinnamaldehyde. As previ-
ously mentioned, the Pd-decorated COF-300-0914 and COF-300-
1114 (Fig. 7), reported by Yue et al.,36 were also used as catalysts
for benzyl alcohol oxidation reactions with excellent yield and
selectivity.

In 2020, Xie and co-workers demonstrated the rst instance
of using type III COFs as photocatalysts. Three D–A type COFs
Fig. 12 (A) Schematic representation of the synthesis of TTCOFs–1-3 fro
C3 symmetric triazine-based monomers 4 and 18. (B) Photocatalyzed
tetrahydroisoquinoline 20 and nitromethane or ketones. Reproduced fro

26352 | J. Mater. Chem. A, 2023, 11, 26340–26370
TTCOFs 1-3 were synthesized from C2 symmetric tetraphenyl-
ethylene based monomers 1, 5, and 2, and C3 symmetric
triazine-based monomers 4 and 17, under acidic conditions
over 5–9 days (Fig. 12A).150 While TTCOFs 1 and 2 featured a bex
topology with optical bandgaps >2 eV, TTCOF-3 was character-
ized by a tth topology with a lower band gap of 1.73 eV. These
COFs were used as photocatalysts in visible light driven selec-
tive a-functionalization of tertiary amines. TTCOF-2 was found
to provide the best results in direct aerobic cross-
dehydrogenative coupling between 2-phenyl-1,2,3,4-
tetrahydroisoquinoline 19 and nitromethane or ketones via
a radical mechanism (Fig. 12B). Furthermore, the same COF
was also found to be active in photoconversion of aryl boronic
acids into the corresponding phenols.

3.3.2.2 Photocatalysis. While the photoconversion of aryl
boronic acids into the corresponding phenols catalysed by
TTCOF-2 was reported by Xie and co-workers in 2020,150 the
extension of the sub-stoichiometric approach to the synthesis of
olen linked COFs was rst demonstrated by Cai and co-
workers in 2021.151 PTO-COF with a bex net topology was
synthesized through sub-stoichiometric Knoevenagel conden-
sation of 1,3,6,8-tetrakis(p-formylphenyl)-pyrene 10 and 2,4,6-
trimethyl-1,3,5-triazine 22. The mechanochemical synthesis of
b-keto enamine linked COF TpMaCOF from triformylphlor-
oglucinol 23 and melamine 24 was integrated with the mecha-
nochemical delamination of bulk PTO-COF to construct
a heterojunction. Subsequently, 2D/2D TpMa/PTO-COFs
mC2 symmetric tetraphenylethylene basedmonomers 1, 16, and 2, and
aerobic cross-dehydrogenative coupling between 2-phenyl-1,2,3,4-
m ref. 150 with permission from Science China Press, copyright 2020.

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Schematic representation of the synthesis of the PTO-COF (from monomers 10 and 22), TpMa-COF (from monomers 23 and 24), and
the 2D/2D TpMa/PTO COF heterojunctions. Reproduced from ref. 151 with permission from American Chemical Society, copyright 2021.
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heterojunctions were constructed by one-pot ball milling of the
monomers 23 and 24 and PTO-COF in different ratios, viz
TpMa : PTO= 1 : 2, 1 : 1, 2 : 1, and 3 : 1 (Fig. 13) with bandgaps of
∼2.5 eV. These heterojunctions exhibited high photocurrents
and electron transfer efficiency with a small interfacial resis-
tance compared to the individual parent COFs. Photocatalytic
performance of these materials towards the degradation of
sulfamethazine, an antibiotic model, under the irradiation of
visible light (l > 420 nm) was further evaluated. The 2D/2D COF
with a TpMa : PTO ratio of 2 : 1 was found to show a high
degradation rate of 98.4% within 50 min of light irradiation.
The rate constant of degradation (1.04 × 10−3 s−1) was indeed
more than twice that of PTO-COF and approximately double
that of TpMa-COF. The intense photocurrent response coupled
with small charge transfer impedance is most likely the reason
behind the better photocatalytic properties of the hetero-
junction, and the photocatalytic degradation was found to
originate from the photogenerated holes and the superoxide
radicals.
This journal is © The Royal Society of Chemistry 2023
A year later, Lan and co-workers reported the sub-
stoichiometric synthesis of imine-linked TCOF and ECOF with
a bex net topology from tri- and tetra-topic linkers 25, 16, and
18.37 Addition of the amine functionalized polyoxometalate
(POM) cluster of MnMo6–2NH2 resulted in its covalent attach-
ment with uncondensed aldehydes in the pores of these COFs
(Fig. 14A–C). Incorporation of POM within the pores was
conrmed by FT-IR, XPS, elemental mapping, transmission
electron microscopy and NMR. The amount of the POM in
TCOF-MnMo6 was found to be 25.9 wt%.

The COF with its inherent light absorption combined with
the catalytic properties of CO2 adsorbing POM crystals was
proposed as an effective catalyst for the photoreduction of CO2

to CO. Reaction in a gas–solid reactor with CO2 and water
vapour yielded more than two times conversion for TCOF-
MnMo6 (796.6 mmol g−1) compared to ECOF-MnMo6 (365.3
mmol g−1) and exceeded that for previously reported POM- and
COF-based CO2 photoreduction catalysis. The photocatalytic
activity of individual COFs, POM alone or a physical mixture of
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26353
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Fig. 14 (A) Schematic representation of the synthesis of TCOF and ECOF and uniformly dispersed POM clusters within their pores via covalent
linkages. (B) Ball and stick model of the monomers 25, 16, and 18. (C) Schematic representation of the molecular compartments in the COFs
formed via Schiff Base reaction (left) and the formation of covalently linked COF-POM hybrids (right). Color code: grey, carbon; blue, nitrogen;
red, oxygen. H-atoms are omitted for clarity. Reproduced from ref. 37 with permission from American Chemical Society, copyright 2022.
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both the materials was found to be rather low compared to the
hybrid, which in turn conrmed the functional signicance of
incorporating a POM with a COF through a covalent linkage.

Gu and co-workers have recently reported a COF Bpy-
TAPT with dual active sites and polar aldehyde groups,
comprising of triazine and bipyridine units, from a tetra-
topic linker 26 and the tritopic linker 18, via a sub-
stoichiometric approach (Fig. 15A).133 While other deriva-
tives and analogues were also synthesized, a high photo-
catalytic generation of H2O2 from water (4038 mmol h−1 g−1)
was observed for Bpy-TAPT. This rate of H2O2 generation in
the absence of any sacricial reagents and stabilizers was
signicantly higher compared to prior reports on COF-based
photocatalysts (Fig. 15B). Theoretical calculations
26354 | J. Mater. Chem. A, 2023, 11, 26340–26370
conrmed that the HOMO and LUMO of Bpy-TAPT were
partly localized on the bipyridine and triazine units, sug-
gesting them to be the oxidative and reductive sites,
respectively. The dual active sites were found to improve the
visible-light-response and enhanced charge generation,
while the free aldehyde groups allowed for effective separa-
tion of carriers and adsorption of O2/H

+ on the surface of
Bpy-TAPT.

Hu and coworkers have reported two COFs TPE-TPB-A
(Type-I) and TPE-TPB-B (Type-III) just by varying the solvent
composition (n-butanol/mesitylene or n-butanol/dioxane),
using a 1 : 1 molar ratio of the amine 2 and the aldehyde
27 in the presence of 6 M acetic acid for 5 days at 120 °C
(Fig. 16A).152 Both the COFs exhibited high surface area
This journal is © The Royal Society of Chemistry 2023
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Fig. 15 (A) Sub-stoichiometric synthesis of the COF Bpy-TAPT from
the monomers 26 and 18, showing the presence of unreacted alde-
hyde sites. (B) Photocatalytic generation of H2O2 from water using
Bpy-TAPT and its postulated mechanism. Reproduced from ref. 133
with permission from Elsevier, copyright 2023.

Fig. 16 (A) Synthesis of the COFs TPE-TPB-A (type-I) and TPE-TPB-B
(type-III) from the monomers 2 and 27. Unreacted aldehyde sites are
shown in TPE-TPB-B. (B and C) Comparison of the photocatalytic
hydrogen generation capabilities of TPE-TPB-A and TPE-TPB-B.
Reproduced from ref. 152 with permission from American Chemical
Society, copyright 2023.
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(∼1000 m2 g−1), with similar water adsorption characteris-
tics (∼450 cm3 g−1 at P/Po = 0.98). The stepwise water
adsorption characteristics and comparably low water
contact angle (78.9°) of TPE-TPB-B signies the role of
dangling formyl groups in making the pores hydrophilic.
Experimental observations and theoretical calculations
related to the energy and active sites for water adsorption
conrmed that TPE-TPB-B is more hydrophilic than TPE-
TPB-A due to the presence of carbonyl groups. The photo-
catalytic hydrogen evolution (PHE) from both the COFs was
analysed using a platinum cocatalyst and ascorbic acid as
a sacricial agent. Irradiating TPE-TPB-A and TPE-TPB-B
with visible light (>420 nm, 6 h) resulted in hydrogen
generation at a rate of 43.53 and 510.2 mmol h−1 g−1,
respectively (Fig. 16B). Both the COFs exhibited reasonably
high photostability under continuous irradiation for 24 h.
This journal is © The Royal Society of Chemistry 2023
TPE-TPB-B displayed almost 15.3 times higher PHE rate than
TPE-TPB-A (Fig. 16C), mediated by efficient electron transfer
from the COF to the platinum cocatalyst.

Qiu and co-workers have reported a sub-stoichiometric
photoresponsive COF TAPP-TFPT using a porphyrin derivative
28 and the triazine trialdehyde 4 as monomers.153 Silver nano-
particles were then deposited over the COF via a post-synthetic
modication to obtain the composite material Ag@TAPP-TFPT
for the photocatalytic conversion of toxic bis(2-chloroethyl)
sulde (CEES) to non-toxic bis(2-chloroethyl) sulfoxide
(Fig. 17A). The parent COF TAPP-TFPT and the composite
Ag@TAPP-TFPT were evaluated for the degradation of CEES.
While the oxidation of CEES was found to be complete within
15 min (t1/2 = 6.5 min), when using Ag@ TAPP-TFPT as a pho-
tocatalyst, TAPP-TFPT took 25 min for the reaction (t1/2 =

10.5 min, Fig. 17B).
The catalytic efficiency was found to be two-fold higher

under an oxygen atmosphere than in ambient air (Fig. 17C),
with 98% conversion retained aer ve cycles. The strong
surface plasmon resonance of silver nanoparticles along with
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26355
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Fig. 17 (A) Synthesis of the COFs TAPP-TFPT and Ag@TAPP-TFPT from themonomers 4 and 28. Silver nanoparticles were deposited over TAPP-
TFPT via a post-synthetic modification to obtain Ag@TAPP-TFPT. (B) Comparison of the photocatalytic efficiency of TAPP-TFPT and Ag@TAPP-
TFPT in converting bis(2-chloroethyl) sulphide (CEES) to bis(2-chloroethyl) sulfoxide. (C) Comparison of the catalytic efficiency under ambient air
and oxygen. Reproduced from ref. 153 with permission from American Chemical Society, copyright 2023.
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Fig. 18 Sub-stoichiometric synthesis of the TT-COF from the
monomers 16 and 9, showing the presence of unreacted aldehyde
sites. Reproduced from ref. 166 with permission from Elsevier, copy-
right 2022.
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efficient electron–hole separation in Ag@TAPP-TFPT resulted
in increased absorption in the visible region with a concomi-
tant decrease in the band gap, thereby fostering enhanced
photocatalytic activity. EPR measurements conrmed that
both 1O2 and O2c

− were involved in the oxidation process.
3.3.3 Pollutant removal. A large number of as-synthesized

and membrane-immobilized COFs have shown wide appli-
cations in micropollutant removal, oil water separation,
decontamination of metal ions and biological
applications.154–162 Carbon allotropes containing COF hybrids
are also known to improve their physicochemical properties
for energy and environmental applications.163–165 In this
context, the rst report on a hybrid material comprising of
a COF synthesized via a sub-stoichiometric approach (TT-
COF) and graphene oxide (GO) appeared in 2022.166 TT-COF
with built-in formyl groups were constructed using a C2

symmetric tetraphenylethylene tetraldehyde 16 and C3

symmetric amino triazine 9 (Fig. 18).
The hybrid material N6-GO@TT-COF-x (x = amount of

COF, 0–8 mg) was prepared by spreading TT-COF over
dispersed GO on a Nylon-66 substrate. Exposed formyl groups
were found to facilitate the dispersion of the COF on GO, and
large area defect-free continuous layers were fabricated via
hot pressing. Owing to the presence of active sites and vertical
channels stacked by regular pores, TT-COF exhibited a large
ux of 309.99 L m−2 h−1 bar−1 and high rejection of 99.5% for
cationic dyes with molecular weight above 500 Da. The
membrane was unaffected by acidic or basic conditions and
could be reused for many cycles without any detectable loss in
crystallinity or activity.

3.3.4 Energy storage. COFs and their hybrids, with redox
active sites, high surface area and structural stability at
different pH and temperature, are widely used in energy
storage applications. An in situ topological deformation
strategy to construct a weakly ordered sub-stoichiometric
COF in the presence of GO was demonstrated for the rst
time by Xi and co-workers.167 Two GO containing COFs, D-
[4+3]COFs 1 and 2, were synthesized in situ from the triamine
derivative of triazine 18 and the tetraaldehydes 1 and 16,
respectively (Fig. 19A). Since the presence of GO induced the
rearrangement of COF nanosheets while hindering interlayer
stacking, this strategy beneted from enhancing the size,
count and accessibility of pores as well as exposure of active
sites and polar groups for shorter mass transport pathways
and better redox activity. The induced stacking disorder
directly reected in the weakened plane reections in XRD
when compared to the native COFs prepared in the absence of
GO. Uniform distribution of sulphur within D-[4+3]COFs was
achieved via better channel accessibility due to weakened
stacking along with the presence of exposed polar carbonyl
groups (Fig. 19B and C). These hybrid COFs were used as
sulphur cathode carriers of Li–S batteries with high loading,
effective anchoring of polysuldes and reduced the Li+

transport distance, leading to better electrochemical perfor-
mance (Fig. 19D). With high storage capacities up to 1057 mA
h g−1 at 0.5C and >85% retention aer 500 cycles, these COFs
outperform similar systems reported in the literature. The
This journal is © The Royal Society of Chemistry 2023
localization of signicant positive charges on the benzene
rings due to the presence of an electronegative imine bond
and the formyl groups, as shown in the electrostatic potential
images, most likely contribute to the superior electro-
chemical performance of D-[4+3]COFs based electrodes.

3.3.5 Photodetectors. Lu and co-workers in 2020 reported
photosensitive donor–acceptor sub-stoichiometric 2D-COF–
graphene heterostructures using the monomers 18 and 16
(Fig. 20A).168 Well-dened 2D heterostructures of COFETBC–TAPT
were grown on a single-layer graphene and the corresponding
photodetector device was set up using Au electrodes on a Si/SiO2

substrate (Fig. 20B).
A clean thin lm structure of COFETBC–TAPT was conrmed by

scanning electron microscopy (Fig. 20C). The COFETBC–TAPT–
graphene heterostructure was characterized by a p-type archi-
tecture and a photocurrent of 1.79 mA was observed under a low
illumination power of 0.67 mW cm−2. A photoresponsivity as
high as 3.2 × 107 A W−1 for a light power of 0.1 pW (3.3 nW
cm−2), with an external quantum efficiency of 8.5 × 109% and
a fast response time of 1.14 ms, with cycling stabilities
exceeding 800 on–off cycles, was observed for the COF hybrid.
Furthermore, polar molecules like ammonia and ethanol were
found to chemically interact with the free aldehyde groups in
the pores of COFETBC–TAPT and had a corresponding impact on
the photoelectric performance of the device, with a sensitivity of
16.2% and 5.8% for 1% NH3 and 1% ethanol vapour in air,
respectively.

3.3.6 pH response. Chen and co-workers have reported two
COFs, TPE-Por-2 and TPE-Por-4, from the porphyrin-based
amines 29 and 30 and aldehyde 1 (Fig. 21).169 The selectivity
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26357
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Fig. 19 Schematic representation of (A) the sub-stoichiometric synthesis of [4+3] and D-[4+3] COFs and the topology deformation of D-[4+3]
COFs via the introduction of graphene oxide during synthesis, the (B) reduced and (C) dense stacking in [4+3] and D-[4+3] COFs, respectively,
and (D) the Li–S battery assembled with D-[4+3] COFs. Reproduced from ref. 167 with permission from Wiley, copyright 2023.
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Fig. 20 Schematic representations of (A) the sub-stoichiometric synthesis of COFETBC–TAPT from the monomers 18 and 16, and (B) oriented
growth of COFETBC–TAPT on Cu-supported graphene and its wet transfer on to Au electrodes on a Si/SiO2 substrate (top) and the side view of the
photodetector set-up (bottom). (C) The SEM images of the photodetector constructed using COFETBC–TAPT (scale bar = 20 mm) and the cor-
responding enlarged image (scale bar = 1 mm). Reproduced from ref. 168 with permission from Wiley, copyright 2020.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
5 

N
ov

em
ba

 2
02

3.
 D

ow
nl

oa
de

d 
on

 9
/1

2/
20

24
 2

:2
6:

57
 P

M
. 

View Article Online
in the formation of formyl group tethered TPE-Por-4 is justied
by the effect of the solution phase self-assembly process, pore
selection and steric hindrance. Both the COFs were emissive
This journal is © The Royal Society of Chemistry 2023
due to the presence of the tetraphenylethylene core. Irradiating
the THF dispersion of the COFs (lmax = 430 nm) resulted in
emissions at 672 nm and 686 nm for TPE-Por-2 and TPE-Por-4,
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26359
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Fig. 21 Synthesis of the porphyrin-based COFs TPE-Por-2 and TPRE-Por-4.
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respectively. TPE-Por-4, due to its better dispersibility, was
chosen for investigating the changes in its uorescence with
variations in pH, and typical response was observed in the pH
range of 4.15–2.01. At pH <2, a very distinct emission color
26360 | J. Mater. Chem. A, 2023, 11, 26340–26370
change from dark red to bright green was observed. This
behaviour most likely emerged from the protonation of pyrrole
nitrogen of porphyrin rings at low pH.
This journal is © The Royal Society of Chemistry 2023
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4. Conclusions

Apart from tunable porosity and high physicochemical
stability, their capability to form new topologies and accom-
modate diverse active functional groups within their pores
makes these COFs interesting in terms of new properties and
diverse applications. Selective transformations of seemingly
similar functional groups during the synthesis of imine-
linked COF were effected via protection, post synthetic
modication, ligand exchange and site-selective synthesis.
However, sub-stoichiometric synthesis of Type III COFs that
shows a high degree of tolerance to chemically equivalent
reactive sites and yields the products via orthogonal reactions
is a recent development. The unusual selectivity observed
during sub-stoichiometric synthesis of COFs not only widens
their applications but assists in obtaining a better under-
standing of the general pathways behind COF formation. The
literature reports on COFs synthesized through the sub-
stoichiometric approach, including their topologies, link-
ages and applications are summarized in Table 1. Though
several reports on the synthesis and applications of Type-III
COFs have emerged over the last ve years, extension to
other linkages is still in its infancy. Therefore, we believe that
this approach provides enough opportunities and challenges
for focussed research in terms of new linkages, monomeric
units, topologies, and applications.
5. Future prospects

While COFs, in general, and sub-stoichiometric COFs, in
particular, have shown a wide range of applications emanating
from their structural attributes, Type III COFs have the addi-
tional advantage of having the periodic presence of unreacted
heteroatomic functional groups. Such active functional groups
benet from the possibilities for further chemical modica-
tions, specic interactions with ions/molecules, catalysis,
energy storage, etc., while retaining long-range order and crys-
tallinity, robustness, and porosity. These unique prospects of
type III COFs that retain the advantages of stoichiometric COFs
lead to improved properties and applications that are otherwise
difficult in conventional COFs.

The sub-stoichiometric approach is a synthetic tool in terms
of generating more functionalities in COFs aiming at unique
properties and applications. Although Type III COFs present an
interesting scenario for further exploration in terms of practical
applicability, the eld is still in its infancy.170 In this section, we
discuss the possible ways to expand the use of monomers,
linkages and topologies, multicomponent approaches, poly-
morphism, isomerism, modications in physicochemical
properties, practical applicability as a synthetic tool, and new
avenues for applications.
5.1 Extending to new linkages and monomers

Type III COFs are generally stoichiometry-controlled products,
and reaction conditions including solvents and temperature are
as critical as the choice of monomers. While the majority of the
This journal is © The Royal Society of Chemistry 2023
reports are based on Schiff base chemistry leading to imine-
linked Type III COFs, there is only a single report with an
olen linkage.151 This observation suggests that the sub-
stoichiometric approach can be extended to new or existing
linkages, resulting in COFs with periodic arrays of various
functional groups. Covalent and non-covalent chemistry of the
active functional groups in these COFs allows for further
structural diversication and improvement in properties. This
also calls for the identication of new monomeric units for the
generation of COFs with new and stable linkages.
5.2 Exploration of new topologies and multicomponent
reactions

Though several reports hypothesized COF formation mecha-
nisms, unknown aspects behind covalent bond crystallisation
can be better revealed by exploring Type III COFs. The structural
and functional complexities are enhanced in COFs synthesized
via the sub-stoichiometric approach. While a good number of
existing reports on sub-stoichiometric COFs are hypothesis-
driven in terms of structural elucidation, attempts using
combinations of monomers of various symmetry combined
with the efforts on crystallography, theoretical modelling, and
X-ray and electron diffraction techniques are expected to result
in reliable predictions of the resulting unconventional
topologies.171

While the realization of new topologies and elucidating the
exact structure of COFs may not be straightforward, bex
topology alone has a lot to offer.34 As discussed above, this eld
has so far witnessed the use of the combination of only tetra-
topic and tritopic/tetratopic/hexatopic monomers to yield 2D
and 3D COFs. Use of other tritopic or tetratopic monomers ex-
pected to yield only bex topology makes theoretical predictions
and structural elucidations facile. Working with dened topol-
ogies also helps to understand the role of exible cores and
bifunctional group containing monomers in deciding the nal
structure of the COFs.

In addition, synthesis of 1D COFs via sub-stoichiometric
approaches and subsequent crosslinking to the corresponding
2D architecture, yielding dual linked COFs, is yet another less
explored but interesting area for investigation.35 These 1D
chains can be effectively wrapped over nanotubes, or other
nanostructures through covalent linkages, which could possibly
yield new hybrid materials with interesting properties. Extend-
ing such approaches to 2D COFs results in diverse porous
materials or hybrids with unprecedented structural and func-
tional complexities.

Lotsch and co-workers have also demonstrated that replac-
ing a tetratopic linker with a ditopic linker can generate all-
linked analogues of sub-stoichiometric COFs.34 Such an
approach is yet to be attempted in other sub-stoichiometric
COFs. This approach could possibly be viewed as a strategy to
construct all-linked bex topology with [4 + 3 + 2] linkages or sub-
stoichiometric COFs with [4 + 3 + 4] linkages. In the latter case,
one of the tetratopic linkers selectively behaves as a ditopic
linker in generating sub-stoichiometric COFs with two different
tetratopic linkers in the framework. Such attempts are
J. Mater. Chem. A, 2023, 11, 26340–26370 | 26361
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Table 1 Reported sub-stoichiometric COFs, synthetic approaches, topologies, linkages, and applications

Linker 1 Linker 2 Topology Application Ref.

Rhombic CO2 absorption 116

tth defect Photocatalysis 150

sql 134

tth defect 117

Rhombic Photocatalysis 152

26362 | J. Mater. Chem. A, 2023, 11, 26340–26370 This journal is © The Royal Society of Chemistry 2023
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Table 1 (Contd. )

Linker 1 Linker 2 Topology Application Ref.

bex
Photocatalysis

150

Li–S battery 167

bex
Water sensing and
harvesting

148

bex Photocatalysis 150
Photodetector 168
Li–S battery 167

bex Photocatalysis 37

bex Photocatalysis 133

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 26340–26370 | 26363
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Table 1 (Contd. )

Linker 1 Linker 2 Topology Application Ref.

bex CO2 adsorption 34
Catalysis

pts Gas adsorption
and separation

118

hcb

26364 | J. Mater. Chem. A, 2023, 11, 26340–26370 This journal is © The Royal Society of Chemistry 2023
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Table 1 (Contd. )

Linker 1 Linker 2 Topology Application Ref.

bex Photocatalysis 151

1D COF Dual linked 2D COFs 35

Rhombic Iodine adsorption 149

dia Heterogeneous 36

Catalysis

Rhombic
CO2 and H2O
absorption

138

bex Dye removal 166

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 26340–26370 | 26365
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Table 1 (Contd. )

Linker 1 Linker 2 Topology Application Ref.

bex Photocatalysis 153

Rhombic pH response 169
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envisioned to result in COFs with tuneable photochemical and
electro-optical characteristics.
5.3 Isomerism and polymorphism

While reticular chemistry has led to signicant progress in the
development of framework materials, practical realization of
isomeric COFs has not been explored extensively. Dimensional
isomers are generally constructed from the same building
blocks under different reaction conditions, but extend in
different dimensions (2D or 3D).172 Different orientations of the
molecular building blocks in these isomeric frameworks alter
their physicochemical properties and functions. Isomerization
in COFs is a recently realized phenomenon where the inuence
of solvent and/or temperature yielding different isomers and
can also be extended to type-III COFs.173 Conversion of a kinetic
product to a stable thermodynamic product suggests that
transformation of sub-stoichiometric COFs to all-linked COFs
(Type III to Type I) could also possibly be achieved particularly
for rhombic topologies. This two-step process may yield better
surface area and/or crystallinity, which is yet to be demon-
strated. This could also provide a new synthetic methodology
that attempts to impart kinetic/thermodynamic stability to
COFs or to achieve both types of COFs in a continuous ow
system174,175 where the isomers are obtained just by controlling
the monomer feed ratio, solvent compositions or temperature.
The sub-stoichiometric approach is probably the most practical
strategy for the creation of such isomers of COFs using exible
monomers, with a multitude of active functionalities within the
framework structure, though such reports are rarely found.
26366 | J. Mater. Chem. A, 2023, 11, 26340–26370
Since the rst report on sub-stoichiometric COFs, there are
only three instances of polymorphism reported.116,149,152 These
reports on Type III COFs involve the use of tetratopic monomers
and rhombic topologies. In these attempts, COFs with unreac-
ted carbonyls were realized just by changing the solvent(s)
rather than the stoichiometry of the monomers. Unlike other
topologies dealt with in sub-stoichiometric COFs, the rhombic
topology allows the exclusive generation of polymorphic COFs
using different solvent combinations, while the ratio of starting
monomeric linkers remains unaltered. Though these are not
strictly sub-stoichiometric syntheses where variations in stoi-
chiometry of the monomers result in unreacted functional
groups in the COF structure, we have deliberately included
these reports in this review, since the resulting COFs are indeed
Type III with active functional groups.
5.4 As a synthetic tool

The reversible nature of the linkages in COFs can be utilized for
selective functional group interconversions. Unreacted functional
groups of sub-stoichiometric COFs can undergo post synthetic
modications. The resulting COFs in principle can be promoted
to undergo transamination reactions to yield an all-linked COF
and diagonally functionalized aldehydes or amines. This
approach, if realized, is envisioned to provide a useful synthetic
tool to generate organic molecules which are difficult to be ob-
tained via selective functionalization in their monomeric states.
Moreover, reconstruction strategies, as reported by Cooper and
co-workers, via “the pre-organization of monomers using
a reversible and removable covalent tether, followed by conned
This journal is © The Royal Society of Chemistry 2023
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polymerization”176 present a yet another promising avenue for
sub-stoichiometric synthesis towards realizing stable and crys-
talline COFs with active functionalities for further modications.

5.5 Avenues for new applications

Broadening the scope and applicability of COFs demands
unique structural diversity and pertinent functionalities that
are exigent via conventional synthetic approaches. Though post-
synthetic modication provides an option to achieve such
diversication of COF architectures, the choices are limited by
strictly orthogonal reaction requirements. We have elaborated
the applications of Type III COFs in Section 3.3 of this article.
While these are not an exhaustive list of applications of this
class of COFs, we expect that concerted efforts from the research
community working on these materials with emerging linkages,
monomers and topologies combined with advancements in
structural characterization tools would result in a large realm of
applications in the near future.
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