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Covalent organic frameworks (COFs) are one of the most important and dynamic members of the porous
organic materials and are constructed using reticular chemistry with the building blocks being connected
via covalent bonds. Due to their fascinating properties such as large surface area; structural versatility;
effortless surface modification; and high chemical stability, COFs are being widely deployed in catalytic;
sensing; adsorption; gas storage; and many other valuable applications. This review summarizes selected
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magnetic COFs. Potential insights in the field of catalysis; electrocatalysis; and photocatalysis, where COFs
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1 Introduction

Nature is a rich source of inspiration for new ideas. Over
decades, chemists have been trying to mimic nature to synthe-
size complex systems that could perform advanced functions.'™
In this regard, scientists have constructed numerous chemical
architectures by assembling diverse building units in assorted
manners.®"> In particular, these new materials are continually
developed and applied as catalysts in fine-chemical and petro-
chemical industries. However, the present scenario faces chal-
lenges in renewing catalytic species with greener, readily
available, efficient materials, and advance assembly systems to
achieve sustainable development. In this context, persistent
effort goes into designing nano-porous materials with the
domain ranging from conventional mesoporous zeolites to
coordination polymers including metal-organic-frameworks
(MOFs).***” Nevertheless, their linking chemistry purely relies
on kinetically controlled irreversible coupling reactions which
results in structural disorder and non-separable oligomers that
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can serve as excellent platforms for supporting catalytic species, are also illustrated.

restrain their catalytic applications. These efforts indicate the
search for organic porous materials with long-range order struc-
ture and considerable crystallinity.'®

Yaghi and co-workers introduced COFs in 2005, for the first
time, as crystalline porous organic polymers which are formed by
reversible reactions such as condensation of two-dimensional (2D)
and three-dimensional (3D) organic building precursors.®'?>'
They comprised light elements (such as H, B, C, N, O) and are
connected by robust covalent bonds via reticular chemistry (Fig. 1).
The noteworthy progress on COFs is mainly due to their self-
healing ability and thermodynamically controlled dynamic
covalent chemistry involved in their assembly which results
in a long-range ordered crystalline structure. Unlike MOFs, the
densities of COFs are usually lower and thus they display
excellent stability in organic solvents, and even under varying
acidic; basic; oxidative; and reductive conditions. Besides, COFs
can withstand harsh conditions and can retain their ordered
structure and crystallinity. This is attributed to the metal-free
skeletal structure linked via strong covalent bonds rather than
coordinate bonds that comprise MOFs. Moreover, the presence of
hydrogen bonding and n—r stacking interaction in COFs further
strengthens the skeletal and pore structure and protects them
from solvation and hydrolysis. In comparison with inorganic
zeolites and porous silica materials, COFs have higher porosity
and bigger and tunable pore size which speed up the diffusion of
reactants and desorption of products, thereby promoting higher
yield and selectivity. Moreover, COFs exhibit ultrahigh theoretical
specific surface area and high chemical stability which renders
them as an ideal heterogeneous catalyst.'***’
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Fig. 1 Structures of diverse COFs.

In recent years, COFs have been uniquely designed and
synthesized and are explored in numerous applications due to a
number of very exclusive advantages**?*> such as low density,
pre-designable and well-defined porous structures with uniform
pore size ranging from angstroms to nanometers, large surface
area, versatile covalent combination of rigid building units having
multiconnectivities, structural regularity, tunable and effortless
functionalization, sturdy nature that provides resistance to
disintegration under adverse conditions and many more. These
fascinating advantages have attracted many researchers working
in the fields of gas and energy storage,'®>' % 61-6 adsorp-
tion of metal ions,*”*® catalysis,** "> and drug
delivery,”®®° among others.®"**

Covalent triazine frameworks (CTFs) represent another class
of porous polymers related to COFs encompassing aromatic
triazine linkages (Fig. 1).** They possess a high amount of
nitrogen functionalities, high chemical and thermal stability
and large structural diversity. However, due to the presence of
strong C=N bonds, very few CTFs are crystalline. The energy
band structure of CTFs can be modified by varying the building
blocks that are connected to the electron-withdrawing triazine
units, thus enabling their wider applications in photocatalytic
processes. The progress of CTFs can be seen in a variety of other
appliances such as gas adsorption®®® and storage,®”"*® energy
storage,®°! and heterogeneous catalysis.”>**

The present review article is supported by selected and impor-
tant synthetic methodologies for assembly of COFs and aims to
provide perceptive information on their catalytic, electrocatalytic
and photocatalytic applications.>”**** The literature accumulated
in this review article reveals that COFs (1) can be synthesized
under diverse experimental conditions, (2) can be exploited as
potential catalytic support materials by entrapping metal salts/
nanoparticles (NPs) offering activities and selectivities comparable
to their homogeneous analogues, (3) can even serve as metal-free
catalysts, (4) can be supported on various materials such as

sensing,
optoelectrics,”*”>

412 | Mater. Horiz., 2020, 7, 411-454

Imine
based
COF

N.
E)/\
I
SN
Q.
N

View Article Online

Materials Horizons

T

o Triazine
based
| COF
WS\ N
"%?A\J@ L
NZ
N
|
"¢

N N .
§

magnetic nanoparticles which enhances easy magnetic recover-
ability and (5) can be used to remove organic pollutants.

2 Synthetic routes for COFs

The key to forming highly ordered and crystalline COFs is the
regulation of thermodynamic equilibrium during covalent
bond formation including a pre-requisite knowledge of build-
ing units and synthetic routes (such as reaction media and
conditions). Depending upon the desired porosity; surface
functionalization; and structural regularity, COFs can be pre-
designed with careful understanding of the aforementioned
parameters. Recently, attempts have been made to explore the
synthetic prospects in a variety of manners; some of the common
methods include solvothermal, ionothermal, microwave, sono-
chemical, mechanochemical and light-promoted methods for
the successful formation of COFs,?>?*967100

2.1 Solvothermal synthesis

Usually, a variety of COFs are acquired via solvothermal methods,
similar to typical protocols deployed for the synthesis of inorganic
zeolites in autoclaves. This entails mixing of monomers in a
combination of diverse solvents in a Pyrex tube followed by
degassing, sealing and heating at a designated temperature for
a given reaction time. Next, the precipitate is collected, washed
and dried to produce solid powdered COFs. Historically, the
first two 2D COFs were synthesized by Yaghi et al. using the
solvothermal method (Fig. 2).° COF-1 was assembled via self-
molecular dehydration reaction of 1,4-benzenediboronic acid
(BDBA), as a layered hexagonal framework. Analogously, COF-5
was synthesized using condensation of BDBA and 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP), as a coplanar extended sheet
structure. The presence of mesitylene-dioxane as a solvent
mixture helps to control the diffusion of monomers into the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Synthesis of the very first 2D COFs (a) COF-1 and (b) COF-5.

solution, thereby expediting the nucleation of the COF. Besides,
a sealed environment fulfils the availability of water for efficient
crystalline growth of COFs.
2.2 Ionothermal synthesis

Ionothermal synthesis is a synthetic method wherein solids are
formed in the presence of an ionic liquid/molten salt which

This journal is © The Royal Society of Chemistry 2020

serves as both solvent and a catalyst. The reaction is usually
carried out at high temperatures (~400 °C) and pressure in a
thick-walled vessel such as a Pyrex tube.’” This method was
used by Bojdys et al. for the synthesis of CTFs; CTF-2 was
obtained by heating 2,6-naphthalenedicarbonitrile and ZnCl,
in a quartz glass ampoule at 400 °C for 40 h via a ionothermal
condensation reaction (Fig. 3)."°" This synthesis method involves

Mater. Horiz, 2020, 7, 411-454 | 413
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very harsh reaction conditions such as high reaction tempera-
ture which not only limits the scope of building units but also
invites unwanted decomposition and condensation side reac-
tions. Moreover, the ensuing CTFs are amorphous in nature
and lack long-range molecular order which may explain why
this method did not receive much attention.

It is believed that with the increase in crystallinity, charge
transport within the framework intensifies, which further
enhances the photoelectric properties, and therefore, methods
are continuously being developed that result in the formation
of crystalline CTFs.”® In this context, Liu et al. exploited the
principle of slow nucleation and the production of low concen-
tration of nuclei to improve crystallization, by performing
in situ controlled oxidation of alcohol monomers in an open
system polycondensation reaction (Fig. 4)."°>'% This resulted
in the formation of a series of highly crystalline CTFs,
CTF-HUST-C1, CTF-HUST-C5 and CTF-HUST-C6. This strategy
allowed a convenient synthesis of a series of crystalline CTFs
with different monomers resulting in greater thermal stability
and improved photocatalytic performance due to easier
electronic transport and better absorption when compared to
amorphous CTFs.

2.3 Microwave (MW) synthesis

The use of microwaves as an alternate energy source in chem-
istry has been broadly explored during the past few years.'**'
It has numerous advantages over the solvothermal method
such as considerable reduction of reaction times and the
formation of cleaner products, which allows the possibility for
expeditious COF synthesis.'”” ' Other benefits include the
potential for continual online monitoring, visual monitoring of
the phase behavior in reactions and simultaneous control of
reaction temperature and pressure. Recently, Cooper et al
synthesized 2D COF-5 and 3D COF-102 under MW irradiation
at 100 °C while stirring them for 20 min which is 200 times faster
than the previously reported solvothermal method.'™ As can be
seen from Fig. 5a, a gray precipitate was formed in the reaction
vessel which resulted in the formation of COF-5. The unreacted
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starting materials and the trapped impurities in the porous
structure were removed by washing with acetone (the purple
color of supernatant is due to the formation of an oxidized form
of HHTP) (Fig. 5b). Finally, the purified COF-5 was isolated
as a gray solid in 68% yield (Fig. 5c). Thus, MW-assisted
synthesis also allows enhancement in surface area of COF-5
(SBET(Microwave) =2019 m* gil; SBET(Solvothermal) =1590 m* gij) b
removing impurities via a MW extraction process.

2.4 Sonochemical synthesis

Sonochemical synthetic methods are gaining great attention as
alternative routes to conventional techniques since the process
is fast and economical."*'"?> Ahn et al. utilized this method
to synthesize COF-1 and COF-5. COF-1 was prepared from
BDBA using a mixture of mesitylene and 1,4-dioxane in a
sonicating unit in just an hour;'*® the sonication promoted
the effective mixing of sparingly soluble BDBA in the mixed
solvent system via a cavitation phenomenon. COF-1 prepared
using this method was 400 times smaller than that of the
conventionally prepared one, with nearly the same surface area.
Similarly, COF-5 was prepared using BDBA and HHTP in the
same solvent system.

2.5 Mechanochemical synthesis

A mechanochemical route is of considerable significance in the
field of modern synthetic chemistry as it leads to simple, rapid,
solvent-free and room temperature synthesis only by means of
manual grinding."'*'"® Recently, Banerjee et al reported
the formation of three COFs: TpPa-1, TpPa-2 and TpBD via
Schiff base condensation reaction using a pestle and mortar
(Tp = 1,3,5-triformylphloroglucinol, Pa-1 = p-phenylenediamine,
Pa2 = 2,5-dimethyl-p-phenylenediamine, BD = benzidine)."'®
The formation of these COFs can be seen by the naked eye as
the color changes (Fig. 6). In addition, the obtained COFs had a
graphene-like layered structure, unlike the COFs synthesized
via a solvothermal method; this could be well attributed to
the exfoliation of COF layers during the mechanochemical
synthesis.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) The general strategy of slowing down the nucleation process via in situ-controlled oxidation of alcohol monomers in an open system.
(b) Monomers: BDM for CTF-HUST-C1, NDM for CTF-HUST-C5 and BPDM for CTF-HUST-C6.

2.6 Light-promoted synthesis

Recently, a light-promoted highly conjugated and crystalline
COF (hecc-COF) has been synthesized under simulated sunlight
irradiation of wavelength 200-2500 nm by mixing of 1,2,4,5-
benzenetetramine tetrahydrochloride (BTA) and hexaketocyclo-
hexane octahydrate (HCH) (in mixed solvents) in a quartz vial
under an argon atmosphere in just 3 h (Fig. 7).'"” A small amount
of water and acetic acid was also added as a co-catalyst to induce
efficient imine condensation. However, it was observed that under
light-deficient conditions, an amorphous hce-COF was obtained.

This journal is © The Royal Society of Chemistry 2020

Due to an extended conjugated structure, which facilitates charge
transfer, the as-synthesized hcc-COF shows the highest electrical
conductivity of 2.22 x 1073 Sm™".

The properties and advantages of various synthetic methods
of COFs are summarized in Fig. 8.

2.7 Synthesis of magnetic COFs

Inspired by the fascinating properties of magnetic nano-
particles (MNPs), which enable easy magnetic recovery, cost
effectiveness and low toxicity, they can be exploited in a wide

Mater. Horiz., 2020, 7, 411-454 | 415
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Fig. 5 Images for the synthesis and purification of COF-5: (a) gray COF-5
with purple impurities, (b) removal of impurities by a MW extraction
process and (c) purified gray COF-5. Reproduced with permission from
ref. 110 Copyright 2009 American Chemical Society.
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Fig. 6 Mechanochemical synthesis of TpPa-1, TpPa-2 and TpBD. Reproduced
with permission from ref. 116 Copyright 2013 American Chemical Society.

range of disciplines.""®* ™3 It simplifies the procedures, enhances
the efficiency, and allows recoverability and thus reusability.
Therefore, considering the superiorities of MNPs and COFs, Cai
et al. designed a unique gypsophila bouquet-shaped magnetic
COF via a simple methodology (Fig. 9).

Initially, surface-modified Fe;O, NPs were synthesized by
preferentially grafting Tp (COF monomer) onto amino-
functionalized Fe;O, NPs.»*' This increased the local concen-
tration of Tp on NPs and helped to trigger the binding of COF

BTA HCH
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using Schiff base reaction. Furthermore, Tp and another
monomer Pa-1, were added to consequently produce magnetic
TpPa-1. The TEM image in Fig. 9 clearly shows that nanofibers
of TpPa-1 sprout from clustered 30 nm amino-functionalized
Fe;0, NPs in order to acquire a structure like a gypsophila
bouquet. Magnetic TpPa-1 possessed superparamagnetism
besides a large surface area and high porosity.

Similarly, a simple two-step synthesis involving, mechano-
chemical grinding along with crystallization, was deployed
to obtain a combination of high quality COF and magnetic
composite (Fig. 10)."**

For this, Fe;0, (500-1200 nm), 1,3,5-triformylbenzene (TFB)
and 1,4-diaminobenzene (DAB) were milled together with a few
drops of 1,4-dioxane/acetic acid leading to the formation of
an amorphous polymer network. Further crystallization was
performed in a small amount of 1,4-dioxane/mesitylene/acetic
acid at 70 °C for 5 days. Finally, the product was washed with
toluene and methanol to yield Fe;0,/COF. The as-synthesized
COF network forms a 15-35 nm thick organic shell on Fe;0,
particles. The COF prepared via this method was utilized for the
adsorption of iodine from water and efficiently collected by
using an external magnet (Fig. 10)."**

Besides, many other groups have also synthesized magnetic
COFs and have efficiently exploited them for various applica-
tions such as adsorption,"**'** and enrichment of peptides
with simultaneous exclusion of proteins.'?*

3 Applications of COFs

COFs have enriched every aspect of catalytic transformations as
potentially expedient organic-, electro- and photocatalysts owing to
their interesting properties. In this section, various important
reactions are discussed such as coupling reactions, oxidation
reactions, oligomerization reactions, reduction reactions, asym-
metric synthesis, tandem reactions, chemical fixation of CO,,
cycloaddition reaction, condensation reaction, asymmetric Michael
addition, water splitting, singlet oxygen generation, and some
metal-free COF-catalyzed reactions. This review highlights the
use of COFs that have proved their efficiency in these reactions.

3.1 Catalytic applications

COFs have diversified porosities, functional diversity, large
surface area and excellent thermal stability.*>** Therefore, in
contrast to traditional amorphous solids and inorganic zeolites,

©Cc @0
ON CH

hcc-COF
Fig. 7 Synthesis of hcc-COF. Reproduced with permission from ref. 117 Copyright 2019 Springer. Nature Publishing AG.
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Society.

COFs have been used as excellent candidates for catalytic
applications.”""*® Besides, they offer numerous other features
that are beneficial from the heterogeneous catalysis viewpoint:
they can serve as hosts for catalytically active metal NPs; their
well isolated structure minimizes aggregation of entrapped
NPs; large spatial separation allows incorporation of multiple
catalytic sites in the same COF, thereby imparting cooperative
catalysis character; they have permeable channels that enable
the substrates to gain a facile access to the catalytically active
entities, thus allowing easy and efficient confined chemical
reactions inside a nanoreactor and they are easily separable
from reaction media, thus providing sustainability and eco-
nomic viability. Several examples are presented in this section
where COFs have been utilized in various metal-assisted and
metal-free catalytic reactions.

3.1.1 Metal-containing COFs as catalysts

3.1.1.1 C-C coupling reactions. In recent years, numerous metal-
supported catalysts have been established for cross-coupling
reactions such as Pd-containing MOFs,"*”""*® pd@silica,"** !

This journal is © The Royal Society of Chemistry 2020

and PA@MNPs,"*>'** among others. However, examples on
Pd@COFs are relatively very few.

In 2011, Wang et al. reported the imine-based 2D COF-LZU1
material for catalytic applications (Fig. 11).”® The imine-based
2D COF-LZU1 with an eclipsed layered sheet structure was
easily prepared by a reaction between 1,3,5-triformylbenzene
and 1,4-diaminobenzene, facilitating metal ion incorporation.
By simple post-treatment, Pd(OAc), was added at room tempera-
ture to form Pd/COF-LZU1 which was then applied to catalyze
Suzuki-Miyaura coupling reaction (Fig. 12). The superior prowess
of Pd/COF-LZU1 was demonstrated by a wide substrate scope,
producing excellent yields of the coupled products and easy
recyclability of the catalyst which is attributed to its unique and
supramolecular structure with easily accessible catalytic sites and
fast diffusion of reactants and products from the COF surface.

Esteves et al. synthesized an imine-linked COF-300 via a
simple condensation of tetrakis-(4-aminobenzyl)methane (TAM)
with terephthalaldehyde (TA) (Fig. 13);'** COF-300 has a high
surface area of 1400-1500 m> g~ ' which can be used as a host

Mater. Horiz, 2020, 7, 411-454 | 417
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Fig. 11 (a and b) Proposed structure of COF-LZU1 and Pd/COF-LZU1 and (c and d) microporous channels and eclipsed layer sheet structure of
Pd/COF-LZU1 (C: blue, N: red, Pd(OAc),: brown spheres). Reproduced with permission from ref. 70 Copyright 2011 American Chemical Society.

material for Pd metal species. The catalytic activity of halides reacted under mild reaction conditions to generate
the Pd(OAc),@COF-300 was evaluated in a Suzuki-Miyaura coupled products in good to excellent yields. The applicability
coupling reaction (Fig. 14); a series of boronic acids and aryl of the catalytic system was also tested in a continuous flow

418 | Mater. Horiz., 2020, 7, 411-454 This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Synthesis of Pd(OAc),@COF-300.

mode where Pd(OAc),@COF-300 was filled in the glass column
and all the other reactants and reagents were passed through
the column for a defined residence time; 100% selectivity was
observed during the reaction.

In addition, only a slight drop in the conversion was seen
(from 56% to 44%) when the first aliquot was compared with
the last. Encouraged by these results, the catalyst was also
tested in other cross-coupling reactions: Heck, Sonogashira,
and Heck-Matsuda (Fig. 14); isolated yields of 40-90% were
attained in Heck and Sonogashira reactions. However, the
desired product was barely observed in the case of Heck-
Matsuda reaction which might be due to the highly polar
diazonium salt having difficulty in accessing the hydrophobic
channel of the COF or the inability of the salt to enter the pores
of the COF owing to its large solvated size.

Similarly, a new and promising class of COF has been
synthesized by Vaidhyanathan et al.***> where an amphiphilic
triazine COF (trzn-COF) was used for loading of 5-20 nm sized
Pd° NPs (Fig. 15). Nitrogen-rich triazine mimics pyridyl groups
that assist in the reduction of Pd*" to Pd® and interacts with Pd°
NPs. By contrast, ether bonds attached to the non-polar phenyl
framework and Schiff bonds create an apolar matrix that
mimics the environment present in homogeneous molecular
catalysts. Pd-trzn-COF was then utilized for simultaneous or

This journal is © The Royal Society of Chemistry 2020

(Yellowish solid)

multi-fold Heck couplings, non-boronic acid C-C coupling and
CO oxidation reactions (Fig. 16).

Over the past few years, ultrafine and highly dispersed metal
nanoparticles have been of interest to researchers because of their
unique optical, mechanical and electronic properties.'*®'*”
Amongst them, Pd and Pt noble metal nanoparticles have gained
maximal attention in the field of catalysis due to their ultra-small
size and high catalytic potential."*®'*® However, these NPs aggre-
gate on ordinary supports, and thus hamper the catalytic activities
and reusability. In this context, Gu, Zhang et al. fabricated a
thioether-based COF for the controlled growth of ultrafine metal
NPs with narrow size distribution (1.7 £ 0.2 nm) (Fig. 17)."*°

The thioether groups provided suitable accommodation sites for
the metal NPs via metal-sulfur interactions. The COF was estab-
lished by the reaction of trialdehyde and thioether-substituted
diamine via the solvothermal method. The ensuing PANPs@COF
and PtNPs@COF were then utilized in the Suzuki-Miyaura coupling
reaction and for the reduction of 4-nitrophenol (Fig. 18); both
catalysts showed superior catalytic activities in terms of mild
reaction conditions, low catalyst loading, high product yields and
easy recyclability and reusability without the loss of catalytic activity.

3.1.1.2 Oxidation reactions. Recently, Thomas et al. utilized
CTF for supporting Pd nanoparticles and subsequently used
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Fig. 15 Schematic representation for the formation of triazine-based COF with Connolly representation showing stacking of hexagonal layers.
Reproduced with permission from ref. 145 Copyright 2015 Springer Nature Publishing AG.

them for the liquid phase oxidation of glycerol (Fig. 19).">"
CTFs contain a large number of nitrogen atoms which could
efficiently bind metal nanoparticles, thus, providing resistance
towards nanoparticle aggregation and metal leaching. The
median size of the supported Pd NPs on CTF was 3.08 nm; such
ensured that PA@CTF showed high catalytic activity towards
glycerate formation as 100% conversion of glycerol was discerned
in just three hours (Fig. 20).

Similarly, Mu et al. synthesized hydroxyl groups bearing
imine-based COFs by the condensation of 1,3,5-tris-(4-amino-
phenyl)triazine with 2,5-dihydroxyl-terephthalaldehyde under
solvothermal (TAPT-DHTA-COFyy) (pore size = 2.30 nm) and
reflux conditions (TAPT-DHTA-COFpy) (pore size = 3.36 nm)."*>
Both COFs displayed high crystallinity as well as large surface
area and showed an eclipsed stacking structure with active sites
for the incorporation of Cu(OAc), which was coordinated via
the interaction with hydroxyl groups and imine linkers (Fig. 21).
The COFs were further utilized in the selective oxidation of

420 | Mater. Horiz., 2020, 7, 411-454

styrene to benzaldehyde (Fig. 22). Besides showcasing remark-
able catalytic performance, they also exhibited excellent recycl-
ability without a significant loss of catalytic activity.

3.1.1.3 Ethylene oligomerization reaction. Considering the ben-
efits of COFs as catalytic support, Rozhko et al. synthesized two
triazine (micro- and mesoporous structured) and imine-based
(lamellar structured) porous aromatic frameworks (PAFs).’>* The
sizable concentration of nitrogen, in the form of diiminopyridine
units, was then utilized for supporting Ni** catalysts for the
oligomerization of ethylene (Fig. 23). While comparing the results
with the literature precedents, the catalyst was found to be
superior in terms of activity, selectivity and reusability (5 runs).

3.1.1.4 Reduction reactions. Guang Lu et al. designed a new
catalyst by encapsulating polyvinylpyrrolidone (PVP) function-
alized Au nanoparticles with different shapes (spheres and rods) and
sizes (15 nm Au NPs; 50 nm Au NPs and 25 x 100 nm Au nanorods)

This journal is © The Royal Society of Chemistry 2020
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Fig. 18 Utilization of PtNPs@COF and PdNPs@COF as a catalyst in reduction of nitrophenol and Suzuki—Miyaura reaction, respectively.

into a 2D COF that was synthesized via a condensation reaction of catalyst showed remarkable ability in the reduction of 4-nitrophenol
1,3,5-tris(4-aminophenyl)benzene (TAPB) with 2,5-dimethoxytere- (Fig. 25) in the order: 15 nm Au NPs > 25 x 100 nm Au nanorods >
phthalaldehyde (DMTP) under solvothermal reaction conditions 50 nm AuNPs.

(Fig. 24).">* The incorporation of PVP-functionalized nanoparticles

did not affect the COF’s crystallinity, thermal stability and meso- 3.1.1.5 Asymmetric synthesis. Synthesis of enantiomerically pure
porous structure. The prepared Au nanoparticle/TAPB-DMTP-COF  compounds has always been a challenging yet rewarding task.
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Fig. 22 Selective oxidation of styrene to benzaldehyde using Cu-COF as
a catalyst.

In this regard, researchers are now developing chiral catalysts
so as to transfer their chiral information for the synthesis of

422 | Mater. Horiz., 2020, 7, 411-454

numerous other chiral molecules."*"'*® Dong et al. utilized this

knowledge base to fabricate a nitrogen-rich chiral COF (CCOF)
by directly attaching the chiral building unit during COF synthesis
(Fig. 26).">” For this, cyanuric chloride was allowed to react with
S-(+)-2-methylpiperazine to form CCOF-MPC which upon the
addition of Pd(NO3), generated a composite asymmetric cata-
Iytic system (Pd@CCOF-MPC). It was observed that the pore
size of PA@CCOF-MPC (1.5 nm) is smaller than those of Pd NPs
(2-5 nm) and hence, the Pd NPs are positioned in between 2D
COF layers and stabilized by nitrogen atoms present in the
layer. This chiral COF was utilized in asymmetric Henry and
reductive Heck reactions as enantioselective ensuing products are
useful intermediates for various bioactive and pharmaceutical
entities (Fig. 27). PA@CCOF-MPC showed remarkable catalytic
activity as all the products were synthesized with excellent yields
and stereoselectivities under mild reaction conditions. Also, the
catalyst could be easily recycled and reused up to multiple
catalytic runs with no reduction in catalytic activity.

3.1.1.6 Tandem reaction. Recently, tandem reactions have
gained great interest as they allow the execution of multiple
reactions in a single pot.”>®*'® In this regard, chemists are
developing multifunctional bimetallic catalysts because of their
increased activity, selectivity and stability when compared with
their monometallic counterparts.'®>***> Gao et al. have designed
a Mn/Pd docked bimetallic COF (Mn/Pd@Py-2,2'-BPyPh) for
Heck-epoxidation tandem reaction (Fig. 28)'®® by simulta-
neously incorporating two different types of nitrogen ligands
in order to facilitate bimetallic docking; bipyridine ligands were
introduced to coordinate MnCl, and imine groups were used to
bind Pd(OAc),. The bimetallic COF was then utilized as a
heterogeneous catalyst for a tandem reaction: Pd-catalyzed Heck
reaction to synthesize aromatic/aliphatic olefins and Mn-catalyzed
epoxidation of olefins into epoxides (Fig. 29); the final product
was obtained in 94% yield.

3.1.2 COFs in metal-free catalysis

3.1.2.1 Chemical fixation of CO,. The emission of carbon
dioxide is increasing as a result of anthropogenic activities and
has caused severe health and environmental concerns."**"*® Not
surprisingly, CO, capture and its transformation into various

This journal is © The Royal Society of Chemistry 2020
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coordination of Ni%* to the nitrogen species in the frameworks.

value-added chemicals has gained much deserving attention. ¢’

Numerous catalysts such as alkali metal salts,'®® organometallic
complexes'®'”® and ionic liquids'”"'”> have been deployed but
difficulty in separation due to their homogeneous nature has
restricted their large-scale applications. Therefore, heterogenization
of the above catalysts was next pursued using metal-organic
frameworks,'”>'7* zeolites,"”>'”® silica’’”'”® and many other sup-
ports, however almost all are associated with the main drawback,
which is metal toxicity and product contamination. To circumvent
these shortcomings, Zhang, Liu et al. have utilized two imine-based

This journal is © The Royal Society of Chemistry 2020

COFs as metal-free and efficient organocatalysts for the con-
version of CO, to cyclic carbonates. COF-JLUG6 (pore size 3.3 nm)
was fabricated by the reaction of 1,3,5-tris-(4-aminophenyl)-
triazine and 2,5-dihydroxyterephthalaldehyde while COF-JLU7
(pore size 3.4 nm) utilized 1,3,5-tris-(4-aminophenoxy)benzene
and 2,5-dihydroxyterephthalaldehyde, via solvothermal reactions
(Fig. 30)."”° When COFs were used as catalysts and tetra-n-
butylammonium bromide (TBAB) as a co-catalyst, COF-JLU7
exhibited good catalytic performance which can be attributed
to a large number of heteroatoms present in the walls of pores
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Fig. 25 Reduction of nitrophenol using Au@COF.

thus increasing the affinity and storage of CO,; COF-JLU7 can
be reused for 5 consecutive runs without any appreciable loss in
its catalytic activity.

3.1.2.2 Cycloaddition reaction. The well-known Diels-Alder
(4+2) cycloaddition reaction is a class of thermally allowed
reactions which entails high temperature. This cycloaddition
reaction is a key in organic transformations and can be used
for the synthesis of biological compounds and natural
products.'®*'®! To overcome the problem of high temperature,
recently Jiang et al. established a new class of n-electronic COFs
as a heterogeneous catalyst for a Diels-Alder reaction, in which
columnar m-walls are used as catalytic beds to assist organic
transformations under ambient reaction conditions. The
COF (Py-An COF) was designed using pyrene and anthracene
units, linked via imine bonds and formed by a condensation
reaction of 1,3,6,8-tetrakis(p-formylphenyl)pyrene (TFPPy) with
2,6-diaminoanthracene (DAAn) using solvothermal conditions
(Fig. 31)."%

The prepared heterogeneous catalyst was utilized in a Diels—
Alder reaction of 9-hydroxymethylanthracene with N-substituted
maleimide derivatives. With the aid of Py-An COF as a catalyst,
all the reactions continued smoothly at room temperature
and pressure. The ease of catalytic activity can be attributed

424 | Mater. Horiz., 2020, 7, 411-454
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Fig. 26 Synthesis of CCOF-MPC and Pd@CCOF-MPC. Reproduced with
permission from ref. 157 Copyright 2017 American Chemical Society.

to the enhanced accumulation of reactants within the pores
of Py-An COF and the presence of C-H- - - interactions between
anthracene units of m-walls of COF and the 9-hydroxy-
methylanthracene reactant molecule (Fig. 32). Moreover, the

This journal is © The Royal Society of Chemistry 2020
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prepared heterogeneous catalyst can be reused and recycled
in up to four runs without loss of its catalytic activity after
centrifugation.

3.1.2.3 Reduction reaction. Considering the importance of
porous carbon materials in metal-free catalysis,"®*"'%* Li et al.
synthesized, for the first time, B, N-codoped COF with
a hierarchical spherical hollow structure (H-COF) using an
Ostwald ripening process for the metal-free catalytic reduction
of nitroarenes to anilines (Fig. 33)."®° The boron atoms present

This journal is © The Royal Society of Chemistry 2020
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in the H-COF precursors were situated meta to pyridinic
N atoms and were recognized to be the main catalytic active
sites. For this, TAPB and 4-formylphenylboronic acid (FBA)
were dissolved in 1/1 (v/v) solution of 1,4-dioxane/mesitylene
and the mixture was heated at 120 °C for three days. The
ensuing yellowish powder obtained was then pyrolyzed at
800 °C for 2 h to attain black colored BN-HCS-800. H-COF
comprises uniform hollow microspheres with diameter of 2.12 +
0.29 micrometer and shell thickness of 500 nm. Microspheres
consist of randomly oriented nanosheets with 40 nm thickness.
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(a) Schematic illustration for the formation of COF-JLU6 and COF-JLU7. (b) Top and (c) side view of COF-JLU6. (d) Top and (e) side view of

COF-JLU7 (O: red; N: blue; C: gray). Reproduced with permission from ref. 179 Copyright 2018 Royal Society of Chemistry.

The SEM, TEM and EDX elemental mapping images clearly
depict that H-COF comprises uniform hollow microspheres
which are again made up of randomly oriented nanosheets
(Fig. 34).

3.1.2.4 Condensation reaction. Various base-functionalized
inorganic catalysts like metal-organic frameworks, zeolites
and mesoporous silica have been used for the Knoevenagel
condensation reaction.'®*™*° van et al. synthesized two 3D micro-
porous base-functionalized COFs (BF-COF-1 and BF-COF-2) for
this condensation reaction (Fig. 35).”* BF-COFs were fabricated
by solvothermal synthesis via imine formation using 1,3,5,7-
tetraaminoadamantane (TAA) and 1,3,5-triformylbenzene (TFB)
or triformylphloroglucinol (TFP) by heating at 120 °C for five
days. The catalytic activity of the two COFs was evaluated in the
condensation reaction of malononitrile with various derivatives
of benzaldehyde. Amongst all reactions, excellent conversion
was observed only when benzaldehyde was used as a substrate
(96% and 98% with BF-COF-1 and BF-COF-2, respectively)
(Fig. 36). This was ascribed to the smaller size of the product,
2-benzylidenemalononitrile, depicting size-selective catalysis in
those porous media. Furthermore, these heterogeneous cata-
lysts were able to be easily removed from the reaction media

426 | Mater. Horiz, 2020, 7, 411-454

using simple filtration and were reused at least three times
without considerable loss of catalytic activity.

3.1.2.5 Asymmetric Michael addition. Catalytic COFs can be
synthesized either directly, when catalytic sites are present
in the building blocks, or by post-synthetic modification, in
which catalytic sites are incorporated after the formation of
COF skeleton. Jiang et al. designed an organocatalytic COF
([Pyr],-H,P-COF) through pore surface engineering of a stable
imine-based COF for catalyzing the asymmetric Michael addi-
tion reaction via a postsynthetic method."*® For this, initially, a
three-component reaction was carried out using 5,10,15,20-
tetrakis(4’-tetraphenylamino)porphyrin (H,P) and a mixture
of 2,5-dihydroxyterephthalaldehyde (DHTA) and 2,5-bis-
(2-propynyloxy)terephthalaldehyde (BPTA) in varying molar ratios
(Fig. 37). This led to a scaffold in which porphyrin units were
present at the vertices and phenyl groups at the edges of
the framework. Furthermore, the pyrrolidine group was intro-
duced by reacting ethynyl groups with azide moieties via the
Click reaction. The catalytic activity of the such formed [Pyr],s-
H,P-COF was investigated in Michael addition reaction of
trans-4-chloro-B-nitrostyrene and propionaldehyde. Remarkably,
100% conversion with ee and dr values of 49% and 70/30,

This journal is © The Royal Society of Chemistry 2020
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Fig. 33 Catalytic activity of BN-HCS in reduction of nitroarenes.

respectively, was obtained after 1 h at room temperature and
under aqueous conditions. The applicability of the catalyst was
also checked using a continuous flow reactor, and excellent
results were observed as stereoselectivities of 44% ee and

This journal is © The Royal Society of Chemistry 2020

65/35 dr values were obtained for more than 48 h under flow
conditions (Fig. 38).

3.2 Electrocatalytic applications

Electrocatalytic reactions are regarded as one of the most direct
and effective pathways for the interconversion of electrical and
chemical energy.'”"'®* Since the beginning of the 1980s,
the design and development of advanced electrocatalysts for
various energy conversion processes, such as water splitting
reactions and CO, reduction, have garnered tremendous attention
from the research community;'*>™°® these processes being often
regarded as clean, green and renewable. Recently, researchers
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have found that doping of covalent structures with hetero-
atoms, such as N, can enhance electrochemical reactivity.' %
In this regard, various COF-based electrocatalysts have been
designed owing to their tunable structural and electronic proper-
ties, desired multi-element composition, large surface area and
precisely controllable channels for the diffusion and transporta-
tion of ions;*”* such deployment of COF-based electrocatalysts
for various processes, is briefly mentioned below.

3.2.1 Oxygen reduction reactions (ORR) and oxygen evolution
reactions (OER). Fuel cell technology is considered to be one of
the most attractive alternatives to current energy conversion
processes because of its immense potential for high efficiency
and environmental friendliness.?°*?% To date, various electro-
chemical reactions have been carried out using Pt and other
noble metal oxides,>**% but limitations due to scarcity and
high costs have hindered their large-scale use. Therefore, the
commercialization of such clean energy technologies requires
efficient, stable and affordable electrocatalysts with outstanding
ORR and OER activity.

Lately, the use of biomimetic units, with inherently present
active sites, has been explored in non-precious-metal ORR
catalysis.”*®*°® However, their design requires understanding
of intrinsic material characteristics, or descriptors, which
can correlate their structural aspects with catalytic activities.

428 | Mater. Horiz., 2020, 7, 411-454

A recent study by Xia et al. identified crystal field stabilization
energy (CFSE) as an activity descriptor for predicting ORR/OER
activities of transition metal (TM) containing COFs with por-
phyrin units (TM = Se, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn)
(Fig. 39A).°° Fig. 39B and C show that among all the TMs, Fe-
and Co-porphyrin-COF can spontaneously lead to both 2- and
4-electron transfer. Usually, overpotential (), which represents
the energy barrier needed to be overcome in ORR/OER, is
considered as a measure of catalytic activity; the lower the 7,
the better the catalytic performance. Among all the 3d-TMs,
Fe-porphyrin-COF presents the minimum overpotential; 0.381 V
and 0.485 V for OER and ORR respectively, which is comparable
to previously reported results.”® The study also predicted the
ability to produce green oxidizer, H,O,, using COFs as electro-
catalysts. H,O, is currently synthesized industrially using a
high-energy intensive anthraquinone process. CFSE descriptor
predicts that among all the TM-COFs, Zn- and Cu-COFs could
serve as the most efficient catalysts for H,O, production due to
lower overpotential values (1.15 V and 0.97 V for Cu and Zn
respectively); however, the energy barriers are practically quite
high. To design a better catalyst, the authors prepared certain
COFs with alkaline earth metals (AM) (AM = Be, Mg, Ca, Sr, Ba).
They introduced a new descriptor called orbital configuration
energy (CE), making it possible to describe the catalytic activity

This journal is © The Royal Society of Chemistry 2020
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Fig. 35 Structure of (a) TAA, (b) TFB (R—H) or TFP (R—OH) and (c) condensation of TAA and TFB or TAA and TFP to give BF-COF-1 and BF-COF-2
respectively. Reproduced with permission from ref. 73 Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 36 Catalytic activity of BF-COFs in a Knoevenagel condensation
reaction.

of AM-COFs. Among all AM-COFs, Ca- and Sr-COFs showed
quite low # of 0.27 and 0.29 V, respectively.

Similarly, Aiyappa et al designed a cobalt-containing
bipyridine-based COF (Co-TpBpy) as a heterogeneous electro-
catalyst for the OER under neutral pH conditions (Fig. 40).>"°
The as-prepared COF retains a porous, robust and stable

This journal is © The Royal Society of Chemistry 2020

structure with a very high surface area of 450 m> g~ which
allows easy passage of liberated O,, thereby minimizing
leaching of the catalyst and improving the long-term stability
during prolonged operation time and cycles. The fabricated
COF showed high activity under neutral pH conditions in a
phosphate buffer solution with an overpotential of 400 mV at a
current density of 1 mA cm™ . Besides, the catalyst retained
94% of its activity even after 1000 cycles and 24 h of activity with
a turnover frequency (TOF) of 0.23 s and faradaic efficiency
of 0.95.

3.2.2 Reduction of CO,. Concerning CO, fixation, various
techniques have been developed so far, among which electro-
chemical reduction of CO, into value-added fuels appears to be
a promising option.>’*'> Zhang et al. have disclosed the
successful reduction of CO, in a value-added carbon product,
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carbon monoxide, by utilizing the tunable heterogeneous
crystalline COF comprising cobalt porphyrins via electro-
chemical means using cheap, abundant, and environmentally
benign reaction media, water;”> a highly active, stable, porous
and selective catalyst was fabricated by the imine condensation
of [5,10,15,20-tetrakis(4-aminophenyl)porphinato]cobalt [Co(TAP)]
with 1,4-benzenedicarboxaldehyde (BDA) (Fig. 41). The SEM
image of the fabricated COF-366-Co showed crystallites of
rectangular rod-shaped morphology (~50 nm in length) with
a relatively narrow pore size distribution (10 to 18 A). The COF-
366-Co displayed high electrochemical performance at —0.67 V
in CO, saturated aqueous bicarbonate buffer having a faradaic
efficiency for carbon monoxide (FEco) = 90%, TON of 1352 and
TOF of 98 h™' greater than the cobalt porphyrin unit alone. The
catalyst has high stability (24 h) and could be reused up to five

430 | Mater. Horiz., 2020, 7, 411-454

times without any significant loss of activity and can be grown
over the surface of thin films on glassy carbon. Moreover, the
expanded COF-367-Co analog was fabricated using biphenyl-
4,4'-dicarboxaldehyde (BPDA) as the strut and was evaluated for
the electrocatalytic generation of CO by varying the content of
cobalt within the COF which manifests FEco = 91%, TON of
3901 and TOF of 165 h™'.

Recently, Wen et al. reported the synthesis of a series of
perfluorinated FN-CTFs-X (X = synthesis temperature) for the
electrocatalytic reduction of CO,.>'® CTFs were synthesized
using the ionothermal method via one-step polymerization of
tetrafluoroterepthalonitrile in the presence of molten ZnCl, at
various temperatures (Fig. 42); all of the materials exhibited a
large surface area and displayed good CO, adsorption capaci-
ties. Notably, FN-CTF-400 is a highly selective catalyst for the

This journal is © The Royal Society of Chemistry 2020
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Fig. 39 (A) Schematic illustration of TM-COFs (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) (C: green, H: silver, N: blue, TM: deep gold spheres), free
energy diagrams of TM-porphyrin-COFs for (B) 2-electron transfer and (C) 4-electron transfer ORR in an acid medium and (D) absorption energy of
OOH* versus that of OH*. Reproduced with permission from ref. 95 Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 40 Synthesis of Co-TpBpy.

electrochemical reduction of CO, into CH, as its faradaic
efficiency for CH, production (FEcy,) is extremely high (99.3%)
in the potential range of —0.7 V to —0.9 V (Fig. 43). By contrast
other FN-CTFs showed decreased selectivities for the production
of CH, (Fig. 43b—-d). In addition, FN-CTF-400 demonstrated high
catalytic stability as it maintained an FEcy, value of 91.7% even
after 5 h of continuous electroreduction. The authors contend
that FN-CTF-400 consisted mainly of a polymer and a small

This journal is © The Royal Society of Chemistry 2020
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amount of pyrolyzed carbon due to synthesis at a lower
temperature. The polymer assisted in CO, capturing as well
as in suppressing H, evolution by creating a hydrophobic
environment, while the N and F co-doped carbon framework
provided suitable active sites for the production of CH,. How-
ever, in other FN-CTFs, the polymer got converted into graphite
structures, which reduced CO, into CO rather than converting
it into CH,.
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Another group also designed a cobalt-porphyrin-based COF
for the electrocatalytic reduction of CO, to CO.>"” In the report,
the authors grew a series of 2D oriented thin films of COFs
(of ~250 nm thickness), onto an electrode made of highly

432 | Mater. Horiz,, 2020, 7, 411-454

ordered pyrolytic graphite (HOPG), with a variety of electron-
withdrawing functional groups on the linker (Fig. 44). The
study revealed that the electronic character of the catalytically
active cobalt center, which is embedded within the reticular

This journal is © The Royal Society of Chemistry 2020
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superstructure of COFs, could be modulated by remote func-
tionalization of the organic strut. This induces an electron-
withdrawing effect on cobalt, which is proportional to the
electronegativity and the amount of the installed functional

HN
HoN

L a D 2
&= Q, —

Fig. 44 Synthesis of cobalt-porphyrin-derived COFs.
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groups. This also significantly improved the catalytic behavior
of COFs by facilitating the first step of CO, reduction, in which
Co(u) was reduced to Co(1), by taking the electronic density away
from Co, which rendered it more prone to reduction; the current
density for CO formation is maximum for COF-366-F-Co,
65 mA mg ™' (Fig. 45). Furthermore, COFs showed remarkable
reduction at low overpotential (550 mV) with high selectivity
(faradaic efficiency of 87%) and stability (for more than 12 h
without any significant loss in reactivity).

3.3 Photocatalytic applications

Among various applications of 2D COFs, photocatalysis appears
to be a green approach in converting solar energy to chemical
energy in order to drive various organic transformations. More-
over, researchers have shown immense interest in exploring the
full potential of this emerging class of porous, metal-free
crystalline polymers aiming for photochemical reactivity; COFs
provide a design-controllable platform with confined func-
tional pore space having tunable electronic and photocatalytic
properties. Due to these appealing features, they enable appli-
cations such as water splitting, photoredox reactions, selective
CO, reduction, singlet oxygen generation and photodegrada-
tion of organic pollutants.

3.3.1 Water splitting. In recent years, COFs in their crystal-
line and porous forms combined with either metal clusters or
organic ligands have been deployed in diverse areas including
catalysis,”"®*?*° sensing,”*'*** and gas storage.”***** This
encouraged researchers to integrate the COFs with various other
components, which subsequently led to achieving fascinating
properties of the resulting hybrid materials such as large surface
areas, long-range order structures, tunable band gaps, and
superb visible light absorbance. Due to the aforementioned
properties, the hybrid composites of COFs have received special
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attention in the field of photocatalysis.”>*> Moreover, researchers

have also deployed the seamless sp> carbon-conjugated 2D COFs to
render hydrogen production that is facilitated by light harvesting,
exciton migration, exciton splitting, and electron transfer.””®
Recently, Zhang et al. synthesized a 2D COF with a stable
MOF by covalently anchoring NH,-UiO-66 onto the surface of
TpPa-1-COF (Fig. 46).”>” This new material exhibited a highly
porous framework with good crystallinity and large surface area
and was exploited for photocatalytic H, evolution under visible
light irradiation. Amongst other MOF- and COF-based photo-
catalysts, this COF-MOF hybrid displayed ultra-high H, evolu-
tion rates, which was attributed to the well-matched band gaps
between NH,-UiO-66 and TpPa-1-COF, and the effective charge
separation across the interface in the hybrid material.
Similarly, Lotsch et al. demonstrated the development
of stable and tunable photocatalysts which were built on low
molecular weight triazine-based compounds by circumventing the
possibility of formation of amorphous materials by decreasing the
reaction temperature to 300 °C and prolonging the reaction time
to more than 150 h.**® This prevents incipient carbonization,

ZrCl

Fig. 46 Schematic illustration for the synthesis of NH,-UiO-66/TpPa-1-COF
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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unlike CTF-1 (Fig. 47). The group designed a series of phenyl-
triazine oligomers (PTOs) by varying the parameters (such as a
ratio of precursor to ZnCl, salt and initial precursor dilution) for
a multi-step electron transfer process to allow design of the band
gap and modified band potential, dependent on various factors
such as a nitrogen content of CTFs, number of ring systems and
the extent of m-n interactions. In this regard, engineering the
trimer (2,4,6-tris(p-cyanophenyl)-1,3,5-triazine) has been proven
to be an effective approach to facilitating photocatalytic hydro-
gen evolution with a rate of 1076 (£278) mmol h™' g~! upon
sunlight irradiation (400 (£20) nm) with an apparent quantum
efficiency of 5.5 (+1.1)%. Furthermore, the presence of large
excess of terminal nitrile moieties in the smaller oligomers
synthesized via excess of ZnCl, favors the dispersion of photo-
catalyst (by hydrogen bonding) and leads to high photocatalytic
activity compared to the larger one.

Likewise, Cooper et al. have reported the fabrication and
utilization of organic semiconductors for photocatalytic hydrogen
production using ascorbic acid as a sacrificial electron donor
and Pt as a co-catalyst.’*® The crystalline, microporous and

hybrid material. Reproduced with permission from ref. 227 Copyright 2018
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Fig. 47 Reaction mechanism for the formation of CTF-1 via trimerization and, ultimately, to an extended 2D CTF (right). The idealized crystal structure of
fully condensed, crystalline CTF-1 is shown in an AA-type eclipsed configuration (viewed along the c-direction) (C: gray; N: blue; H: white).

idealized eclipsed structure of FS-COF (where FS is fused
sulfone) was fabricated by a Schiff-base condensation reaction
of 2,4,6-triformylphloroglucinol (TFG) and 3,9-diamino-benzo-
[1,2-b:4,5-b']bis[1]benzothiophene-5,5,11,11-tetraoxide ~ where
keto-enol tautomerization helps in enhancing the chemical
stability (Fig. 48). Additionally, FS-COF shows high external
quantum efficiency (3.2%) and high rate of hydrogen evolution
(10.1 mmol g~* h™") which is 22 times higher than N;-COF
(0.47 mmol g ' h™ ") with a steady photochemical reaction up to
50 h at 420 nm. Here, the high absorbance of photons, exfolia-
tion and increasing the number of potential sites of FS-COF
play a significant role in the photoreduction of water.
Furthermore, various 2D nanoporous, well-defined n-extended
organic graphene analogs/semiconductors, produced through
C=—C linkages with tunable band gap, were successfully exploited
for water splitting under visible light. Zhang et al utilized a
solvothermal approach to synthesize reversible and self-healing
2D COFs namely g-C4oN;-COF, g-C3;N;-COF, and g-C3,;N;-COF

0.0

N

O,
3 days, 120 °C,

having trans-disubstituted C—C linkages by deploying
3,5-dicyano-2,4,6-trimethylpyridine (DCTMP) as the key building
block with 4,4”-diformyl-p-terphenyl (DFPTP), 4,4’-diformyl-1,1'-
biphenyl (DFBP) and 1,3,5-tris(4-formylphenyl) benzene (TFPB),
respectively via Knoevenagel condensation at the aryl methyl
carbon atoms (Fig. 49).>*° The honeycomb-like crystalline porous
sp” carbon-jointed pyridinyl structured COFs having high surface
areas were deployed to carry out water splitting reaction at two
different half reactions using 10 vol% of triethanolamine (TEOA)
as a sacrificial reagent. The g-C,(N;-COF shows high hydrogen
evolution rate 206 pmol h™' with the apparent quantum
efficiency of 4.84% at A = 420 nm over the other two COFs.
Recently, diacetylene-bridged COFs have received significant
attention due to their high charge career mobility, conjugated
framework, and potential of having active sites for facile migra-
tion of photogenerated excitons to the surface. In this respect,
Pachfule et al. recently reported the synthesis of highly porous
and chemically stable acetylene (-C=C-) and diacetylene

17
OH oo

TFG FSA

Fig. 48 Synthesis of FS-COF.

This journal is © The Royal Society of Chemistry 2020
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(-C=C-C=C-) functionalized B-ketoenamine COFs and have
applied them as photocatalysts for hydrogen generation from
water.>** Here, two types of P-ketoenamine COFs bearing
acetylene and diacetylene moieties, were synthesized via an
acid-catalyzed solvothermal reaction. This was accomplished by
reacting 1,3,5-triformylphloroglucinol (TP) with 4,4’-(ethyne-
1,2-diyl)dianiline (EDDA) and 4,4’-(buta-1,3-diyne-1,4-diyl)-
dianiline (BDDA) to form TP-EDDA and TP-BDDA, respectively,
in the presence of acetic acid. The keto-enol tautomerism
during ketoenamine formation of amines with TP, provided
COFs their necessary chemical stability. It was observed that
the diacetylene-based COF outperformed the acetylene-based
COF in terms of photocatalytic activity which is attributed to its
high porosity, easily accessible diacetylene functionalities, and
considerable chemical stability. In order to analyze the effect of
acetylene and diacetylene moieties on optical and catalytic
properties, an isoreticular COF was synthesized with comparable
pore apertures comprised from terphenylene edges (TP-DTP
COF, DTP: 4,4"-diamino-p-terphenyl). Diffuse reflectance
ultraviolet-visible (UV-Vis) spectra displayed noticeable changes
between the COFs (Fig. 50), where TP-DTP showed an absor-
bance edge near 500 nm, while red-shift of the absorbance edge
to 520 and 525 nm was observed for TP-EDDA and TP-BDDA
COFs, respectively. Besides, the absorbance tail got extended up
to 675 nm for TP-BDDA, revealing specific red shift. In addition,
optical band gaps were calculated from Tauc plots, which were
found to be 2.42, 2.34, and 2.31 eV, for TP-DTP, TP-EDDA, and
TP-BDDA, respectively, (Fig. 50a, inset), and are considered
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Illustration of synthetic procedures of g-C;N,-COFs. Reproduced with permission from ref. 230 Copyright 2019 Springer Nature Publishing AG.

ideal for photocatalytic water splitting which needs a minimum
band gap of ~1.8 eV.

3.3.2 CO,reduction. Perceiving CO, in the atmosphere as a
raw material that may be used as a carbon source enables
researchers to define a new chemistry along with addressing the
issue of global warming.>*> Hence, scientists have undertaken
the design of a variety of active metal-based photocatalysts and
semiconductors for the effective conversion of CO, into valuable
chemicals and fuel using solar energy.>***’ Utilization of MOF
and TEOA (as reductant) for the CO, reduction leads to the
formation of HCOOH as a side product.>*”">** COFs offer various
advantages over MOF, namely high porosity, crystalline nature,
large surface area, and ease of design and fine tuning, while
using an organic moiety with high covalent interactions between
them.>%%¢24424% 7hy et al. designed highly stable (chemically
and thermally) metal-free azine-based COFs which exhibited
high photocatalytic and electronic performance.”* Two crystal-
line azine-linked 2D COFs, namely ACOF-1 and N;-COF, were
used as photocatalytic systems for the aqueous CO, reduction
into CH;OH, where water acted as an environmentally friendly
and inexpensive reductant. Both of these COFs showed high
surface area and n—n stacking between layers. The electrochemical
and photocatalytic properties of ACOF-1 and N;-COF revealed a
high absorbance in the region of 480-500 nm and an optical band
gap of approximately 2.6 eV which suggest a better photocatalytic
activity for CO, reduction (Fig. 51). A stainless-steel reactor
having a quartz window was utilized for the reduction under
a CO, pressure of 0.4 MPa at 80 °C. The importance of light

This journal is © The Royal Society of Chemistry 2020
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Fig. 50 (a) UV-Vis diffuse reflectance spectra of TP-BDDA, TP-EDDA, and TP-DTP. The inset shows Tauc plots and optical images of the COF powders.
(b) Photocatalytic hydrogen evolution performance of TP-BDDA, TP-EDDA, and TP-DTP catalysts under visible light irradiation (>395 nm) using TEOA as
a sacrificial agent. (c) Comparison of photocatalytic hydrogen evolution rates. (d) Reactor setup for hydrogen evolution experiments. Reproduced with

permission from ref. 231 Copyright 2017 American Chemical Society.
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Fig. 51 Schematic diagram for the photocatalytic reduction of CO, over
azine-based COFs under visible light irradiation. Reproduced with permis-
sion from ref. 250 Copyright 2018 Elsevier B.V.

as well as the photocatalyst for the reduction of CO, with H,O
was proven as no product formation took place in their
absence. Decreasing the CO, concentration was accompanied
by a decrease in the yield of the reduced product.

Zhang et al. recently reported the successful reduction of
CO, to CO by utilizing a hybrid 2D tricarbonylchloro(bipyridyl)
Re integrated triazine COF (Re-COF) with high activity and
selectivity (98%) upon irradiation with light.>*" Solvothermal
methodology was adopted for the stepwise fabrication of the
crystalline Re-COF; triazine COF was achieved by using 2,2-
bipyridyl-5,5-dialdehyde (BPDA) and 4,4',4"'-(1,3,5-triazine-2,4,6-
triyl)trianiline (TTA) and a further Re moiety was introduced by
post-modification with Re(CO);Cl (Fig. 52). Here, the presence of
Re over the COF helps in inhibiting the process of charge
recombination and showed longer lifetime (r = 171 ps). More-
over, transient optical and X-ray transient absorption (XTA)
spectroscopy suggests that the system facilitates intramolecular

This journal is © The Royal Society of Chemistry 2020

Fig. 52 (a) Synthesis of triazine COF and Re-COF; (b) side view and
(c) unit cell of AA stacking COF; (d) proposed catalytic mechanism for
CO, reduction. Reproduced with permission from ref. 251 Copyright 2018
American Chemical Society.

charge transfer through electron transfer from photoexcited COF to
Re(bpy)(CO);Cl and clarify the lag in the charge recombination. The
photocatalytically viable Re-COF was utilized for CO, reduction to
generate ~15 mmol CO per g of catalyst constantly for >20 h after
~15 min induction period in the presence of TEOA as a sacrificial
donor upon irradiation with a Xe lamp; the system shows a high
TON of 48 and can be reused and recycled up to 3 runs.
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Fig. 53 Schematic diagram of photocatalytic selective reduction of CO, over Ni-TpBpy. Reproduced with permission from ref. 252 Copyright 2019

American Chemical Society.

In a similar manner, Zou et al. have fabricated and utilized
a Ni bearing 3D COF for selective reduction of CO, to CO
(Fig. 53);>°* effective use of 2,2'-bipyridine-based COF was made
as a support to comprise single Ni sites (Ni-TpBpy) which is
highly useful in confinement and interaction. Here, the syn-
thesis of 2,2-bipyridine-based COF was carried out by the con-
densation of 1,3,5-triformylphloroglucinol with 5,5'-diamino
2,2'-bipyridine using solvothermal conditions and further treat-
ment with Ni(ClO,), leading to Ni-TpBpy. The fabricated COF
exhibited high activity for CO generation (4057 pmol g~ ') under
aqueous conditions within 5 h with an enhanced selectivity
(96%) over H, evolution (170 umol g ). The Ni-TpBpy-based
COF showed a good turnover number (13.62) and quantum
efficiency (0.3%). Moreover, the catalyst can be reused up to three
runs with slight loss of catalytic activity; no major morphological
and structural changes were observed.

3.3.3 Photoredox organic transformations. Owing to
the considerable popularity of macromolecular organic semi-
conductor photocatalysts due to easy tuning of their optoelec-
tronic properties by a suitable choice of donor and acceptor
units along with their arrangement, they have been effectively
deployed as a stable platform for visible-light photoredox
reactions.>®%® Qver the years, various transition metal
complexes and organic dyes*’®?”' have been used as
photocatalysts in many photoredox reactions, but their homo-
geneous nature, high cost, tedious recovery and poor recyclability
often limit their large-scale applications. Considering the bene-
fits of COFs, Liu et al. fabricated triazine-based COF-JLU5 by
simple condensation of 1,3,5-tris-(4-aminophenyl)triazine with
2,5-dimethoxyterephthalaldehyde (Fig. 54).”> This COF fulfils
the requirements of a promising photocatalytic system because
of its periodic columnar r-array structure which arises from the
layered stacking of 2D polymer sheets. This also allows, in principle,
good exciton diffusion and migration. Additionally, it has

267-269
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several other advantages such as: (1) the -OMe group, adjacent
to the Schiff base, increases the chemical stability by resonance
effects; and (2) the electron donor-acceptor structure enhances
the photocatalytic properties. With these features in hand,
COF-JLU5 was utilized in the aerobic cross-dehydrogenative
coupling (CDC) of N-aryltetrahydroisoquinolines (Fig. 55). All
the reactions were carried out using a small amount of a
photocatalyst, at room temperature using blue LEDs and under
aerobic conditions; all products were obtained in good to
excellent yields.

Researchers have identified visible light as a green and
sustainable source for promoting organic transformations.>”>">
Recently, Huang et al. reported an asymmetric CTF as an efficient
organic single-component semiconductor visible-light-active
photocatalyst that exhibits a photogenerated energy transfer
cascade.””® This asymmetric framework comprises four distinct
molecular donor-acceptor domains, which enhances the intra-
molecular energy transfer and photoredox potential, and broadens
the photogenerated absorption range. It was found to be superior
over symmetric CTFs containing similar donor and acceptor
moieties in terms of photocatalytic efficiency and this was demon-
strated via a model visible light-driven dehydrogenation reaction
of diphenylphosphine oxide and diphenylacetylene to form
benzophosphole oxides (Fig. 56).

Likewise, a Pd NP (2.2 nm) doped core-shell MOF@COF
hybrid material was developed by Sun et al. in the form of
Pd/TiATA@LZU1 that displayed excellent photocatalytic perfor-
mance for tandem dehydrogenation and hydrogenation reactions
in a continuous-flow microreactor and in a batch system.?”” The
material was well characterized by SEM, TEM and elemental
mapping which revealed that TIATA@LZU1 core-shell particles
with a size between 0.5 and 1.5 um were formed with a shell
thickness of ~20 nm (Fig. 57). Synergy was found among
the three units in the ‘“donor-mediator-acceptor” system,

This journal is © The Royal Society of Chemistry 2020
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Fig. 54 Synthesis of COF-JLU5 by an imine condensation reaction.
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Fig. 55 Aerobic CDC using COF-JLUS.

where the MOF core behaved as an electron donor, the COF
shell as a medium for electron transfer, and metal as an
acceptor. Additionally, the photocatalytic tandem dehydrogena-
tion of ammonia borane and hydrogenation of olefins was
carried out in a newly fabricated dual-chamber microreactor
by grafting Pd/TIATA@LZU1 on the inner wall. In situ evolved
H, gas instantaneously passed from the bottom chamber to
the upper chamber via a gas-permeable membrane and was
consumed in a hydrogenation reaction. This dual-chamber
microreactor prevents contamination of products and refrains
from mismatching of two reaction conditions that are usually
encountered in bulk reactors.

To date, many groups have reported the use of precious
metal-based photocatalytic systems for the selective oxidation
of organic moieties but their costs and toxicity limit their
practical utility.””*%' Recently, Zhang et al. have designed and
synthesized thiophene-containing CTF-Th to carry out selective
oxidation (Fig. 58).>** These metal-free frameworks offer highly
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\

selective visible-light-promoted oxidation of alcohols to aldehydes
and ketones under environmentally benign and mild conditions.
The framework imparts various desirable properties such as
robustness, large structural variation and tunable optical and
electronic properties. The group attained a very low highest occu-
pied molecular orbital (HOMO) level at +1.75 V versus a saturated
calomel electrode (SCE) which enhanced the photo-oxidation
potential of the CTFs. The CTF precursor was successfully synthe-
sized by using the cyclized trimer of 2,5-dicyanothiophene (DCT)
and supporting it over mesoporous silica SBA-15 in the
presence of TfOH vapors. Finally, a highly ordered catalyst
was obtained as an insoluble yellow powder.

TEM images of CTF-Th@SBA-15 revealed an exquisite hexa-
gonal cylindrical structure with 800 nm length, 500 nm diameter
and a pore size of ca. 4 nm (Fig. 59). BET studies displayed
the importance of SBA-15 in increasing the surface area of
CTF-Th@SBA-15 via providing mesoporous channels.

The catalytic efficiency was also verified by selective oxida-
tion of alcohols using CTF-Th@SBA-15 as a photocatalyst under
mild conditions; high conversion and selectivity was reported
for eight substrates in the presence of oxygen as a clean oxidant
(Fig. 60).

In view of the importance of visible-light active, heterogeneous
photocatalysts, Li et al. designed an imine-based 2D COF with
an electron donor and acceptor structure (COF-JLU22).>%?
For this, 1,3,6,8-tetrakis(4-aminophenyl)pyrene was utilized
due to superb properties of pyrene-based compounds such as

-0

IS

N,, White LED, 24 h
@9 =5runs

_/°'Z>@_/>
10)

S
vV,
Yield = 93% Q

Oxidant

Fig. 56 CTF-catalyzed visible-light-promoted formation of 1,2,3-triphenylphosphindole 1-oxide from diphenylphosphine oxide and diphenylacetylene.

This journal is © The Royal Society of Chemistry 2020
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Fig. 57 The SEM images of (a) TIATA (b) LZU1, and (c) core-shell TiA-
TA@LZUL, (d) TEM and (e) elemental mapping images of TIATA@LZUL. The
scale bars in (a—e) are 500 nm, 5 um, 200 nm, 0.1 um, and 250 nm,
respectively. Reproduced with permission from ref. 277 Copyright 2018
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

large surface area, high crystallinity, excellent stability and
good photoelectric activity (Fig. 61). In addition, an electron-
deficient linker 4,7-diphenylbenzo[c][1,2,5]thiadiazole was intro-
duced into the catalyst’s framework to form mesoporous channels
that would improve the rate of reaction and transmission of matter.
Moreover, the fabrication of such electron donor-acceptor COF
can lead to red shift of the absorption wavelength and amplify
the photocatalytic activity of the resulting COF. The final catalyst
was found to possess large pore volume, high crystallinity

monomer

mesoporous silica:

SBA-15

R1_©/‘\R2 C——
. '

Selective oxidation

0
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and robust thermal, chemical and photochemical stability.
Moreover, it was found to be highly efficient for photoreductive
dehalogenation of phenacyl bromide derivatives and a-alkylation
of aldehydes under visible-light irradiation (Fig. 62); the catalyst
furnished good recyclability and was reused for five runs. The
mechanism for both the reactions has been investigated and the
probable mechanism for dehalogenation of phenacyl bromide
was proposed in sequential steps: firstly, when visible-light
irradiates, the excited state of COF-JLU22 generates photogenerated
holes and electrons via charge separation. Secondly, this
photogenerated hole takes electrons from sacrificial agent
N,N-diisopropylethylamine (DIPEA), while the photogenerated
electron transfers from the conduction band of COF-JLU22
(E1, = —0.86 V) to phenacyl bromide (E;/, = —0.49 V) resulting
in the C-Br cleavage which produces an a-carbonyl radical and
bromide anion. Thirdly, this o-carbonyl radical abstracts a
proton and an electron from the Hantzsch ester to furnish
acetophenone as the final product (Fig. 63).

Likewise, hydrazone-based COFs have received tremendous
attention as yet another example of a metal-free COF photo-
catalyst due to their possible structural variations, reversibility,
and synthetic accessibility;>®** synthesis under solvothermal
conditions entails the condensation of 2,5-dimethoxytere-
phthalohydrazide (DMTH) with 1,3,5-triformylbenzene (TFB)
(Fig. 64). In comparison to boronate ester linkage, hydrazone
linkage provides improved hydrolytic and oxidative stability, in
addition to providing powerful character through the reversi-
bility of the imine bond and hydrogen bonding sites of an
amide group. The synthesized TFB-COF photocatalyst exhibited
excellent porosity, high crystallinity and good thermal and
chemical stability. It displayed magnificent photocatalytic
activity towards CDC reactions of a wide variety of substrates
at room temperature which is attributed to the superb porosity
features with high BET surface area as well as the light-
harvesting efficacy of the catalyst (Fig. 65). Moreover, this
metal-free catalytic system provides advantages like operational

TfOH vapor
100°C

Fig. 58 lllustrated design and formation pathway for the CTF-Th on SBA-15 as a mesoporous nanoreactor. Reproduced with permission from ref. 282

Copyright 2017 American Chemical Society.
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Fig. 59 (a) SEM image, and (b and c) HR-TEM of CTF-Th@SBA-15. Elemental mapping images of CTF-Th@SBA-15 in (d) carbon, (e) sulfur and
(f) nitrogen. Reproduced with permission from ref. 282 Copyright 2017 American Chemical Society.
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Fig. 60 Photocatalytic selective oxidation of benzyl alcohol under an oxygen atmosphere.
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Fig. 61 Synthesis of COF-JLU22 by imine condensation reaction.

simplicity, broad substrate scope, ambient reaction conditions,
easy recoverability, and good recyclability.

3.3.4 Environment remediation. Wastewater treatment has
been of concern for a long time as it contains numerous impu-
rities originating from a variety of anthropogenic activities.*5*2%
Visible-light-responsive photocatalysts offer a sustainable route
to alleviate environmental issues by directly harvesting energy
from sunlight. Earlier, many groups have outlined various TiO,-
based inorganic semiconductors for water treatment.>®”*%®

This journal is © The Royal Society of Chemistry 2020

2.36 nm

Recently, an upsurge in the development of organic photo-
catalysts has been observed for the degradation of organic
pollutants in comparison to inorganic photocatalysts. This
led to the investigation of assorted organic photocatalytic
materials, and among them, COFs garnered tremendous atten-
tion due to their periodic architectures which offer a strategy to
integrate photocatalytic units into the extended structures in a
highly controlled and predictable fashion. Moreover, their
optoelectronic properties and band gaps can be tailored
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Fig. 62 Photoreductive dehalogenation reaction of phenacyl bromide and photocatalytic a-alkylation of aldehydes by COF-JLU22, respectively.
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Fig. 63 Proposed reaction mechanism for the photoreductive dehalogenation reaction with COF-JLU22.

effectively by selecting appropriate building units, linking
mode and stacking pattern.

Inspired by the structural diversity of COFs, various photo-
catalytic materials have been developed. However, identical
COF systems have limited building units due to structural
periodicity which makes it difficult for them to simultaneously
fulfil all the requirements for enhancing photocatalytic activity
that include a wide absorption range, large surface area,
high charge-separation efficiency, and long-term stability. To
circumvent these problems, recently, He et al. developed an
effective strategy to synthesize a series of multicomponent hetero-
junction materials by covalently integrating MOFs with COFs.”®°
Three common amine-functionalized MOFs, NH,-MIL-53(Al),
NH,-MIL-125(Ti) and NH,-UiO-66(Zr), were used as dopants,
with highly photocatalytically active TTB-TTA (a COF synthe-
sized from 4,4',4"-(1,3,5-triazine-2,4,6-triyl)tribenzaldehyde
(TTB) and 4,4',4'-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA)) to
form heterogeneous photocatalysts (Fig. 66); they were investi-
gated and compared for their photoelectric and photocatalytic
performance. Amongst them, the band gaps matched well for

442 | Mater. Horiz., 2020, 7, 411-454

NH,-MIL-125(Ti) and TTB-TTA, which resulted in largely accessible
surface area, porous network, high crystallinity and facilitated
effective charge separation across the covalent heterojunction
interface. Consequently, this MOF-COF hybrid system exhibited
superior photocatalytic activity for the degradation of organic
pollutants under visible light irradiation in comparison to pure
NH,-MIL-125(Ti) and TTB-TTA materials (Fig. 67). On account of
detected active oxidant species, a direct Z-scheme mechanism was
generated between NH,-MIL-125(Ti) and TTB-TTA, where photo-
induced electrons in NH,-MIL-125(Ti) combined with holes in
TTB-TTA, thus enhancing the charge carrier transfer. Further-
more, this photocatalyst was found to be stable due to COF
encapsulation and covalent linkages.

The same group investigated the structural variation and
interpretation of chemical units in the precursors of a series of
imine-based COFs to their photoelectric properties, and finally
with the subsequent effect on photocatalytic degradation of
dyes.”®® For this, three different COFs bearing visible-light
catalytically active substituents of a triazine ring were fabri-
cated from the same aldehyde but different monomers of

This journal is © The Royal Society of Chemistry 2020
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Fig. 64 Schematic representation for the synthesis of TFB-COF.
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Fig. 65 Reaction substrate extension of photocatalytic coupling reactions of N-aryltetrahydroisoquinolines using TFB-COF as a catalyst.
nitrogen-containing functional groups (Fig. 68). By precisely treatment,*®’ fine chemical synthesis,***?*® photodynamic

adjusting the building blocks of COFs, the relationship
between structure, physicochemical properties and photo-
catalytic performance of a synthesized catalyst was analyzed.
It was found that photocatalytic performance was enhanced
with increasing density of active centers and degree of conjuga-
tion in the frameworks. This suggested that they are directly
correlated with the charge generation and recombination
kinetics, which greatly influences the photocatalytic capacity.
Amongst these, the COF,.c had a highly delocalized n-system
and available active sites, and hence, it exhibited magnificent
photocatalytic activity in degrading organic pollutants under
visible light irradiation. In fact, COF,.c was found to possess
the highest degradation efficiency when compared to its analo-
gues COF.g and COF,.p, as it was able to completely degrade
methyl orange (MO) after 30 minutes of visible light irradiation,
while COF. only removed 29.6% MO, and almost no change
was observed with COFy,p.

3.3.5 Singlet oxygen generation. Photosensitized genera-
tion of singlet oxygen has gained special attention all over the
world for its utility in various applications such as wastewater

This journal is © The Royal Society of Chemistry 2020

applications such as blood sterilization,>***% sunlight-activated

herbicides and insecticides, photo-oxidation, DNA damage,
photodynamic therapy (PDT) of cancer and polymer science.””®
Recently, researchers have focused their attention on synthesizing
a light-activated COF which can be further utilized for the
generation of single oxygen. Lately, Jiang et al. have synthesized
a zig-zag, flat and twisted squaraines-linked 2D COF having high
stability, extended m-conjugation and lower band gap energy
with enhanced absorbance.””” Here, the synthesis of CuP-SQ
COF was carried out under solvothermal conditions between
squaric acid (SA) and copper(u) 5,10,15,20-tetrakis(4-amino-
phenyl)porphyrin (TAP-CuP) (Fig. 69).

The high photocatalytic activity of CuP-SQ COF was exploited
for the production of singlet oxygen via the activation of molecular
oxygen in the presence of 1,3-diphenylisobenzofuran (DPBF) as a
label. It was believed that the well-defined ordered structure of
CuP-SQ COF undergoes the triplet state upon photoirradiation
and is responsible for the effective generation of singlet oxygen.

Similarly, Wang et al. have obtained singlet oxygen from novel
3D porphyrin-based COFs (3D-Por-COF and 3D-CuPor-COF)
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Fig. 67 (a) Type-Il heterojunction and (b) Z-scheme charge-transfer mechanisms for the NH,-MIL-125(Ti)/TTB-TTA system. Reproduced with

permission from ref. 289 Copyright 2019 Elsevier B.V.

incorporated with photoelectric units.”*® The high surface area,

microporous, crystalline and heterogeneous framework was
fabricated by the [4+4] imine condensation reaction (Fig. 70).
The pore size distribution curves of 3D-Por-COF reveal a major
peak at 0.60 and 1.07 nm, while in the case of 3D-CuPor-COF
peaks were present at 0.63 and 1.18 nm. The photoexcited
triplet state of porphyrin-derived COFs was availed to activate
the molecular oxygen by energy transfer to generate the singlet

444 | Mater. Horiz, 2020, 7, 411-454

oxygen using 9,10-dimethylanthracene (DMA) as a label (Fig. 71).
The best results were obtained with 3D-Por-COF in comparison
to 3D-CuPor-COF which showed high photocatalytic degradation
of DMA (99%) in oxygen-saturated CH3;CN solution within the
time period of 90 min upon irradiation with 500 nm. Moreover,
this heterogeneous framework was found to be highly efficient
and retained its structural and catalytic properties even after
three cycles. Furthermore, the photophysical and photoredox

This journal is © The Royal Society of Chemistry 2020
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Fig. 68 Synthesis of COF via Schiff base chemistry of different nitrogen-containing building blocks with 4,4,4"-(1,3,5-triazine-2,4,6-triyl)tribenzaldehyde.
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Fig. 69 Fabrication of CuP-SQ COF through the condensation of SA with TAP-CuP.
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Fig. 71 Schematic diagram of 3D-Por-COF and 3D-CuPor-COF generating singlet oxygen. Reproduced with permission from ref. 298 Copyright 2017

American Chemical Society.

property can be easily tuned and modified by the insertion of
any particular metal in the porphyrin moiety.

Jiang et al. have reported the synthesis of a series of 2D COFs
having interlayer H-bonding interaction to lock the sheets into
planar conformation via repressing the torsional strain of edge
units thus leading to the extension of m-conjugation.”®® The
highly photocatalytically active, stable, crystalline and porous
COFs for the generation of singlet oxygen were fabricated by
employing different molar ratios of a mixture of dihydroxytere-
phthalaldehyde (DHTA) and terephthaladehyde (TA) as a monomer
to react with 5,10,15,20-tetrakis(4’-tetraphenylamino)porphyrin
derivatives (MP; M = Cu, H,, and Ni) (Fig. 72). Notably,
H-bonding plays a significant role in the photocatalytic singlet
oxygen generation by using 1,3-diphenylisobenzofuran (DPBF)

446 | Mater. Horiz., 2020, 7, 411-454

as a label. Isosbestic points reveal the successful conversion
of molecular oxygen into singlet oxygen upon irradiation of
light over the oxygen-saturated DMF solution of DPBF using
CuP-DHPh COF.

3.4 Miscellaneous applications

We have overviewed so far, the catalytic, electrocatalytic and
photocatalytic applications of COFs in organic and energy
conversion reactions. However, there is another potentially
wider domain for the applications of COFs. Recently, several
researchers have begun exploring the ability of COFs as
chemosensory materials due to their exceptional structural
tunability and properties.®>®**31*%973%2 There is a growing need
for sensitive and selective detection of inorganic and organic

This journal is © The Royal Society of Chemistry 2020
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Fig. 72 Schematic of the fabrication of 2D porphyrin COFs and tunable content of hydrogen-bonding structures.

substances for a range of applications such as environmental
monitoring, medical diagnostics, food quality control, chemical
threat detection, and laboratory/industrial productions. Con-
sequently, a series of COF-based chemical sensors have been
fabricated for the selective and efficient detection of toxic metal
ions, nitro explosives and even moisture. Besides, their porosity,
high thermal stability and lightweight nature have captured
attention for various gas adsorption and storage applications
such as CO,, H,, CH,, and NH,.***'3%73% when functionalized
with photoelectric moieties, COFs exhibit unique optical and
electrical properties, which prompts their use in semiconduction
and photoconduction applications.***'® Furthermore, they can
also serve as potential candidates for conductive membranes
and as drug delivery agents.”®?*'31?

4 Conclusions and future scope

In summary, COFs have emerged as porous and partly crystalline
organic materials that allow sufficiently precise atomic integration
of organic molecules into ordered structures. They possess unique
characteristics such as tunable molecular design, high porosity
with controllable pore size, adjustable electronic/physical proper-
ties, and excellent stability. These properties have provided COF
materials with superior potential in the field of gas and energy
storage, adsorption, and catalysis applications. In this context, a
variety of synthetic methods have been developed so far including
solvothermal, ionothermal, mechanochemical, sonochemical,
microwave and light-promoted synthesis.

This journal is © The Royal Society of Chemistry 2020

In terms of catalysis, many researchers have exploited the
porous nature of COFs in order to support metal species and
other catalytic entities, which enhances the efficiency of their
use as heterogeneous catalysts. COFs allow large availability
of functional groups onto their surface, which can strongly
coordinate with metals. This diminishes the possibility of
metal leaching and subsequent contamination of the product
stream. Moreover, this type of catalyst can be easily recovered
from the reaction media via simple centrifugation or filtration,
thereby allowing recycling without a significant loss of catalytic
activity. Offering these advantages, COFs have been widely used
in a variety of organic transformations including C-C coupling,
oxidation, reduction, asymmetric synthesis, and many others.
Even, tandem reactions are performed by developing bimetallic
docked COFs. Besides being used as metal supports, metal-free
COFs have been designed as heterogeneous organocatalysts to
carry out efficient CO, fixation, cycloaddition, condensation,
and even photocatalytic and electrocatalytic reactions because
of their collective m-array structure. We believe that a properly
designed combination of COFs and photoactive materials such
as carbon nitrides will certainly open the door for advanced
electrocatalytic and photocatalytic applications.

The progress made over the years has improved long-term
prospects of this new type of porous material. However,
continuous effort aimed at improving design, and large-scale
synthesis under standard conditions, is still required. One
aspect, which is of utmost importance, is the relatively poor
moisture tolerance of COFs, therefore, newer methods with
moisture tolerant linkers and reactions need to be developed to
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impart stability under ambient conditions. Additionally, the
generation of multifunctional COFs with designing of both pores
and skeletons, must be addressed. Besides, more structural
details such as slipped distance and determination of defects
in the framework of the COF family are yet to be fully explored.
More investigations into the kinetic and thermodynamic para-
meters are also required to enable preparation of high-quality
COF materials. Moreover, earnest efforts are required in the field
of computational modelling to study the specific interactions
between COF materials and guest species. Although, some
promising results have already been accomplished, the progress
of COFs is still in its infant stages. It is believed that in the not
too distant future, further developments in COFs will make
significant advancements towards authentic applications.
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