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Photocatalysis has emerged as an energy efficient and safe method to perform organic transformations,
and many semiconductors have been studied for use as photocatalysts. Covalent organic frameworks
(COFs) are an established class of crystalline, porous materials constructed from organic units that are
easily tunable. COFs importantly display semiconductor properties and respectable photoelectric behav-
iour, making them a strong prospect as photocatalysts. In this review, we summarize the design, synthetic
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methods, and characterization techniques for COFs. Strategies to boost photocatalytic performance are
also discussed. Then the applications of COFs as photocatalysts in a variety of reactions are detailed.
Finally, a summary, challenges, and future opportunities for the development of COFs as efficient photo-

Open Access Article. Published on 21 October 2024. Downloaded on 11/8/2025 4:31:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/nanoscale catalysts are entailed.

1 Introduction
1.1 Principles of photocatalysis

Traditional synthetic methods can be costly, require high
temperatures and harsh conditions, and need extensive
workups. Thus, there has been a push to perform conventional
reactions under more ambient and less energy-intensive
means. One method to do this is photocatalysis and the use of
light to drive chemical reactions. Total solar irradiation (TSI)
provides an average annual solar radiation of 1361 W m™>."
Although direct solar radiation at the Earth’s surface is less
due to absorption of sunlight by atmospheric gases and aero-
sols, this has the potential to power the world. Solar
irradiation mainly has wavelengths around 300-2500 nm
which includes ultraviolet (UV), visible, and near infrared
(NIR) light. Markedly, solar irradiation is not evenly made up
of UV, visible, and NIR light, and the actual composition is
7-8% UV, 42-44% visible, and 48-50% NIR light (Fig. 1).">
This illustrates that there is a clear demand for photocatalysts
with high visible and NIR light absorption.> Semiconductors
are the most extensively studied materials for use as photocata-
lysts, especially metal-containing semiconductors. The most
commonly used are TiO,, ZnO, WO;, CdS, BiVO,, and Fe,0;;
however, organic dyes are proposed as non-metal alternatives.*

Since there are discrepancies in the literature, it is impor-
tant to define photocatalysis and photocatalysts. IUPAC’s defi-
nition of photocatalysis is the “change in the rate of a chemical
reaction or its initiation under the action of ultraviolet, visible
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or infrared radiation in the presence of a substance—the
photocatalyst—that absorbs light and is involved in the chemi-
cal transformation of the reaction partners,”® and its defi-
nition of a photocatalyst is a “catalyst able to produce, upon
absorption of light, chemical transformations of the reaction
partners...”.” Thus in a conventional definition of catalysis the
thermodynamics is not changed but rather the kinetics
through the creation of a new route. Therefore, if a material or
substance uses light to drive a downhill thermodynamic
process, it is a photocatalyst. On the other hand, when a
material or substance uses light to facilitate uphill thermo-
dynamic reactions the reaction should be called photosyn-
thesis instead, and the material or substance is not a photo-
catalyst. The discrepancy arises from the fact that if the
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Fig. 1 Total solar irradiance (area in blue) and direct solar irradiance
(area in orange) with gases shown that cause the difference between
them.?
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photon is considered as a reactant, then the material or sub-
stance could be classified as a photocatalyst. Herein, we will
use the broader definition of a photocatalyst that can drive
either uphill or downhill thermodynamic processes.

Photocatalysis can broadly be depicted in four steps. (1)
Light is absorbed. (2) Electron-hole pairs, or excitons, are gen-
erated, and the electron-hole pairs are separated by charge. (3)
The separated electrons and holes move from the bulk
material to the surface. (4) The charges on the surface partici-
pate in redox chemical reactions (Fig. 2). However, there are
competing events that can occur that limit the photocatalytic
process. Foremost, like any substance in an excited state, the
photocatalyst can relax and return to the ground state after
being excited by light. Due to coulombic interactions, recombi-
nation of the separated electrons and holes can occur either in
the bulk material or at the surface. Recombination disperses
the initial absorbed light energy by emitting heat (non-radia-
tive) or light (radiative). Trapping of the charges in the bulk
material can also occur and the trapping states have little to
no reactivity, and the charges eventually hop trap-to-trap until
they recombine. Notably, materials displaying high crystalli-
nity, and thus few defects, can suppress recombination events
as the charges can separate easier and have higher mobility.®™
Defect sites can trap electrons and holes and cause recombina-
tion. Smaller particle sizes and thickness can also limit recom-
bination, as the charges have shorter distances and require
less time to travel to the surface.®®

In semiconductors, there is an energy gap between the
valence band and conduction band, called the band gap, and
this is crucial in photocatalytic applications (Fig. 3). When a
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Fig. 2 Photocatalytic process in semiconductors. The (i) light absorp-
tion, (ii) generation and separation of electron—hole pairs, (iii) migration

of electrons and holes to the surface of the semiconductor, (iv) redox
reactions at the surface of the semiconductor, (v) relaxation of the
excited electron and recombination with the hole, (vi) recombination of
electron—hole pairs in the bulk or on the surface of the semiconductor,
(vii) trapping of electrons and holes in the bulk semiconductor.
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Fig. 3 Energy level and band diagram for semiconductors.

photon has the energy equal to or greater than the band gap of
the semiconductor, it will absorb the photon and become
excited, which promotes an electron from the valence band to
the conduction band and leaves a hole in the valence band,
thus creating the electron-hole pair. Again, these electrons
and holes participate in oxidation and reduction half reac-
tions, and the potentials are derived from the valence band
maximum and conduction band minimum, respectively. The
conduction band potential of the photocatalyst must be lower,
or more negative, than the potential of the substrate, and like-
wise the valence band potential must be higher, or more posi-
tive, than the substrate’s potential. For example, in the
reduction of N,, at pH = 0 versus NHE, the conduction band of
the photocatalyst needs to be below 0.55 V and the valence
band of the photocatalyst needs to be above 1.33 V. In saying
this, it is ideal for a photocatalyst to have low valence band
and high conduction band potentials to increase the thermo-
dynamic driving force. However, this leads to a large band gap
and thus narrow light absorption. Therefore, there is a give-
and-take relationship in creating optimal semiconductor
photocatalysts.

Photocatalytic activity has been defined in multiple ways in
the literature. Experimentally, yields are typically measured by
the moles of product per unit mass of photocatalyst per time,
such as pmol g™* h™', though other units can be seen as well,
including pmol g™' or pM h™'. This way of defining photo-
catalytic activity makes it hard to compare various systems
because of the difference in the power density and wavelength
of light used, the use of any sacrificial reagents, the amount or
moles of catalyst used, the overall reaction time, the pH of the
solution, and other factors that affect photoactivity. A better
method to determine photocatalytic activity is the quantum
yield (QY).° This is the ratio of the number of electrons con-
sumed in the reaction to the number of absorbed photons in a
certain wavelength range. The drawback of this method is the
lack of accuracy in determining the actual number of absorbed
photons, especially in heterogeneous systems, as photons can
scatter, reflect, and not be absorbed, and because of mono-
chromaticity and other experimental design reasons. A way
around this is by using only incident light, and this is termed
the apparent quantum efficiency (AQE) or apparent quantum
yield (AQY). AQY is the number of product molecules multi-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03204g

Open Access Article. Published on 21 October 2024. Downloaded on 11/8/2025 4:31:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

plied by the number of electrons consumed over the total
number of incident photons. However, photon scattering still
affects this measurement but to a lesser degree, and this
method assumes light absorbed is the same in each experi-
ment.’ Notably, coloured reactants, intermediates, and pro-
ducts can skew these values.

1.2 Photophysical properties of conjugated polymers

Conjugated polymers have widely been used as semiconduct-
ing materials due to their photophysical properties.'*™"?
n-Conjugated polymers have even been applied as photocata-
lysts as far back as 1985 by Yanagida et al. using poly(p-pheny-
lene) for photocatalytic water splitting.’* A significant reason
conjugated polymers have been used as photocatalysts is their
heterogeneous nature that allows for easy separation of them
from the reaction mixture. Conjugated polymers also have
limited photobleaching and avoid bimolecular encounters that
homogeneous catalysts experience in solution. Moreover, con-
jugated polymers that are two-dimensional or three-dimen-
sional display anisotropy, allowing for more tunable pro-
perties. For instance, the band gap of common semi-
conductors increases with decreasing layer thickness.'
Comparatively to the aforementioned inorganic semiconductor
photocatalysts, organic polymer photocatalysts have more
tunable characteristics as the molecular backbone can be
modified by varying the monomers, changing the ratio of
monomers, or by adding functional groups. This affords conju-
gated polymers the capacity to alter their band gaps along with
their photophysical properties and photocatalytic activity.
Conjugated polymers with high molecular weights typically
display higher photostability than homogeneous systems."*"°
Even simple two-dimensional organic systems such as gra-
phene, graphene oxide, and g-C;N, are more diverse and
tunable than traditional inorganic = semiconductors.
n-Conjugated polymers are commonly used in photocatalysis
because they have wide-ranging light absorption so they can
more readily absorb visible light and induce a n-n* transition
to generate excitons.'® Furthermore, these polymers are large
n-conjugated systems with low electric resistivities, so charge
carriers have high mobilities and protracted lifetimes, which
leads to better photocatalytic performance.

1.3 Brief introduction to covalent organic frameworks

Covalent organic frameworks (COFs) are a class of crystalline,
porous polymers.”'® COFs are constructed from organic
building blocks linked through covalent bonds in dynamic
and reversible processes through reticular chemistry. COFs
feature low density, and good chemical, mechanical and
thermal stability which make them a good platform for a
myriad of applications.’®' Their bottom-up approach also
allows for superior tunability and creation of designable struc-
tures, topology, morphology, pore shape and size, functional-
ity, and more. Importantly for photocatalysis, COFs exhibit
semiconductor behaviour and alterable band structure. COFs
share the same advantages in photocatalysis as conjugated
polymers as mentioned previously. The tunability of COFs
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allows for the incorporation of efficient light-absorbing units
and certain moieties to increase their photocatalytic perform-
ance. A COF’s crystallinity helps to create high charge carrier
mobility and efficient charge separation of the excitons. Their
high porosity enables good exposure to active sites, high
diffusion rates, and convective mass transfer. The stability of
COFs also provides resistance to photocorrosion, resulting in
long photocatalytic lifetimes. Finally, their well-defined struc-
tures make it easier to study and understand the structure—
property relationship and catalytic mechanism. This will be
further discussed in the following sections.

1.4 Summary of review

COFs have been catapulted to the forefront as materials for
photocatalytic applications in recent years, yet only a handful
of reviews have been reported.”> > Since many of these reviews
only discuss hydrogen evolution, water splitting, carbon
dioxide reduction, or pollution degradation, we aim to present
a comprehensive overview of COFs for photocatalysis with an
emphasis on the most recent work that has been reported in
the field. We begin by exploring the design, linkages, mor-
phologies, and synthesis of COFs. This is followed by the
characterization methods of COFs, especially ones pertaining
to photocatalytic applications. A brief elucidation about tech-
niques for photocatalytic product testing and mechanistic
studies is conducted. The advantages of COFs towards photo-
catalysis and strategies to improve performance are examined.
Lastly, the application of COFs as photocatalysts in a wide
array of reactions is discussed along with the current weak-
nesses, future opportunities, and proposed areas for
improvement.

2 COF design and synthesis methods
2.1 Engineering functional design of monomers

COFs are formed through the combination of symmetrical
monomers linked by covalent bonds. COFs can be tailored and
engineered for a variety of applications by varying the organic
monomers and the linkages of the materials. Any conceivable
COF can be synthesized using a variety of methods, and
they can also be post-synthetically modified to alter their
properties.

2.1.1 Monomer design. As their name may suggest, COFs
are commonly designed with considerate discernment for the
organic monomers being used. The COF building blocks fre-
quently feature rigid monomers with n-backbones. The size of
the monomers can also dictate pore size and volume by
extending the length or adding substituents to the monomers.
These monomer units can also be installed with functional
groups to modify or improve the properties of the COF.
Furthermore, the organic monomers can be devised to include
substituents that can react with alcohols, azides, and terminal
alkynes, which will be further discussed later in Section 2.2.9.
More importantly, these building blocks are what provides the
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COF with its base properties, allowing their utilization for
many applications.

While covalent organic frameworks can be made from a
plethora of exotic linkers, there are common archetypes.
Typical organic linkers are based on benzene, biphenyl, triphe-

Fig. 4 Typical COF organic building motifs.
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nylamine, triphenylbenzene, triphenyltriazine, tetraphenyl-
methane, phenylethynylbenzene, pyrene, thiophene, por-
phyrin, and more (Fig. 4). There is also the ability to design
the organic monomer to host a metal and incorporate it into
the COF whether pre- or post-synthesis.** Common metal-
binding ligands are based on bipyridine, phenanthroline, pyra-
zole, catecholate, porphyrin, phthalocyanine, N-heterocyclic
carbene (NHC), salen, dehydrobenzoannulene, and triphenyl-
phosphine (Fig. 5). Notably, there is a trade-off between com-
mercial availability and synthetic cost versus complexity when
designing and obtaining the building blocks.

2.1.2 Linkage design. Just as covalent organic framework
monomers can be designed, the linkage in which they form in
the COF can likewise be formulated. The building blocks can
possess boronic acids, diols, amines, and aldehydes among
others to form a range of covalent bonds. The linkage formed
behaves similarly to that in a small molecule regarding reactiv-
ity, stability, and other properties. Consequently, the COF will
exhibit the same strengths and weaknesses similar to those of
a small molecule analogue. Furthermore, COFs depend on
reversible bond formation to fully realize crystallinity and poro-
sity, but highly reversible reactions tend to form less stable
bonds and thus a less stable COF.

The first reported COFs by Yaghi, including COF-1 and
COF-5, were based on a boroxine and boronate ester linkage,
respectively.®’ Other boron-based linkages include boro-
silicate,” borazine,*® and spiroborate®* (Fig. 6). These linkages
are highly reversible in nature and result in highly crystalline
COFs but suffer from instability in humid or protic conditions.

Ring-Forming Linkages

o HoN. N
X WO — 0
Imine o HN N
Phenazine
—_— C N-NH o F. O
= < & r O —
o o F o
Hydrazone Dioxin
HO. o
O, Qoo+ 0 —= O
N-N, HN N
\_@ Ozazole
Azine
HN.
Do+ ™) —= O

HN
HN. Imidazole

W — 0K

Thiazole

0

H +
XX Do
oD

B-ketoenamine

C-C Based Linakges

o
H @ oy 0 @ ® NC NC,
—_
@N'B:N j;l( + 2 HzN—@ EE o ”"é‘-”” @—cno + @ _—
3 @—NHZ-BHJ .5, HO” “OH g @
Cyano-vinylene
@ Squaraine
Borazine o} 9
O - D — OO 2
o]
HO OH o 3©—CHO+ NSN R NN
HO. O Imide PN L
g~ XX &S
Lo oy = R '
# ) ayct

Spiroborate

o (=]

Fig. 6 Various formation of COF linkages.

21622 | Nanoscale, 2024, 16, 21619-21672

05 NH
+ —_—
cl o ® H’N@ Hh/é\fo

Olefin

@—CHO + Et:—l\_© >

Olefin

@o HN©

Amide

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03204g

Open Access Article. Published on 21 October 2024. Downloaded on 11/8/2025 4:31:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Therefore, they must be utilized under anhydrous conditions,
which limits their use in practical applications.

The most studied linkages in COFs are based on C-N
bonds. These include, but are not limited to, imine, hydra-
zone, azine, p-ketoenamine, squaraine, amide, and imide lin-
kages (Fig. 6). The first C-N-based COF was COF-300 and
based on an imine linkage.** Although imine bonds are much
more stable than their boron-based counterparts, they still
suffer from limited stability in highly acidic conditions and in
the presence of strong nucleophiles. Imines can also be con-
verted to other linkages such as amide,*® quinoline,’” benzoxa-
zole,*® benzothiazole,*® and others.”® The chemical stabilities
of boron- and imine-linkages can be improved by incorporat-
ing hydrogen bonding interactions*'™* and alkyl or alkoxy
chains.***

The first hydrazone-based COFs, COF-42 and COF-43, were
reported in 2011."°® Hydrazones have similar properties to
imines but are slightly more stable due to additional hydro-
gen-bonding interactions. Hydrazones are less susceptible to
hydrolysis in acidic conditions but are still fragile to nucleo-
philes. However, azine-linked COFs, first reported in 2013,"”
have superior stability in aqueous solution, acidic or basic con-
ditions, in the presence of nucleophiles and a plethora of
polar solvents. The p-ketoenamine linkage has also been used
due to its superior chemical stability.*® By adding hydroxyl
groups adjacent to the aldehydes, enol-keto tautomerism is
enabled where the crystallinity of the COF is dictated by the
initial reversible Schiff-base imine formation followed by the
irreversible tautomerism to form the highly stable
f-ketoenamine linkage. However, this linkage has limited
utility, as 1,3,5-triformylphloroglucinol is the typical monomer
of choice due to the synthetic difficulty of installing alcohol
substituents in the ortho position of aldehydes on most build-
ing blocks.

A squaraine-linked COF was synthesized in 2013."° The
zigzag conformation inhibits the layered COF from sideslip
and exhibits high stability in most solvents. Its zwitterionic
nature also allows for extended n-conjugation through reso-
nance. Similarly, imide-linked COFs have outstanding stabi-
lities due to the overall irreversibility of the final bond for-
mation. Although the reaction as a whole is considered irre-
versible, the first step of the nucleophilic attack of the alcohol
is reversible, which allows the formation of a crystalline
polymer. The first imide-linked COF was reported in 2014, and
it required high reaction temperatures of 200-250 °C for 5-7
days for defect healing.’® The first directly synthesized amide-
linked COF was documented in 2017.°" Since the reaction
between acyl chlorides and amines is irreversible, amide-
linked COFs are very difficult to synthesize directly and result
in lower crystallinities. In the first documented amide COF
work, the synthesis involved stirring at 0 °C followed by
heating at 250 °C under vacuum to allow for slow reaction
time followed by high heat for error correcting. More common
routes for amide-linked COFs involve post-synthetic modifi-
cation, which will be discussed more in Section 2.2.9. The
amide linkage produces the COF with exceptional stability in a

This journal is © The Royal Society of Chemistry 2024
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variety of aqueous and organic solvents and in the presence of
many chemical reagents.

In addition to C-N-based COF linkages, C-C-based linkages
are also of interest due to their robustness, lack of bond polar-
ization, and ability to delocalize m-electrons permitting COF-
based systems with extended conjugation. The two main types
of C-C bond linkages consist of cyano-olefin and olefin
(Fig. 6). Due to the complete irreversibility of the olefin bond,
COFs linked through C=C bonds suffer from low crystalli-
nities. The first cyano-vinylene COF was synthesized in 2016
though Knoevenagel condensation of an aldehyde and a
benzyl cyanide.’® Adjusting the base and temperature, the
Knoevenagel condensation can be fairly reversible in the
initial steps before the C=C bond is formed resulting in a crys-
talline material. The presence of the cyano substituent reduces
the overall stability of the olefin bond due to its electron-with-
drawing nature, and it can also react with harsh nucleophiles
such as Grignard and lithium reagents. To remedy this, olefin-
linked COFs can be synthesized by an aldol condensation to
avoid these issues.”>** The initial reversibility of the aldol con-
densation permits error correcting before the irreversible
olefin bond is formed creating a crystalline material. Although
the olefin-linkage is highly stable, the design is limited for this
type of reaction and typically relies on monomers such as 2,5-
dimethylpyrazine, 2,4,6-trimethyltriazine, and 2,4,6-trimethyl-
pyridine. There are also rare reports of making a heteroatom-
free olefin-linked COF using the Horner-Wadsworth-Emmons
reaction.”>°

Ring-forming reactions have also been explored to create
COF linkages due to ring systems exhibiting exceptional stabi-
lity and their capacity to extend conjugation. The first example
of a ring-forming linkage was a phenazine-linked COF reported
in 2013.°7 In 2018, dioxin-linked COFs were synthesized
through a nucleophilic aromatic substitution reaction.>® It was
proposed that the nucleophilic attack is reversible, and the
ring closure is irreversible, yielding crystalline materials that
were highly stable. Also, benzoxazole-linked COFs were
reported in 2018 displaying excellent stability in aqueous,
basic, acidic, and other media.”® The reaction first occurs in a
reversible imine bond formation, allowing for error correction,
followed by the irreversible oxazole ring cyclization and oxi-
dation/dehydrogenation. In 2019, an imidazole-linked COF
was synthesized which exhibited great stability.®® Thiazole-
linked COFs were directly synthesized in 2020 using elemental
sulfur and DMSO.°" A highly crystalline material was made by
undergoing a reversible imine condensation followed by an
electrophilic attack with sulfur which undergoes irreversible
cyclization and oxidative aromatization to give the highly
stable COF. Notably, some of these mentioned ring-linked
COFs, and others, are commonly made through post-synthetic
modification of the imine linkage, which will be discussed
further in Section 2.2.9.

2.1.3 Dimensionality and topology. Based on monomer
design, one can dictate the dimensionality and topology of
COFs. Making a monomer two-dimensional (2D) or three-
dimensional (3D) can dictate the overall dimensionality of the
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COF. Mainly 2D and 3D COFs are observed in the literature,
but there are reports of 1-dimensional (1D) COFs as well.
Changing the monomer symmetry and the overall dimension-
ality of the COF can affect its pore volume and size, topology,
and other general properties. COF dimensionality and topo-
logy is important for many applications, specifically in photo-
catalysis, because this can change the COF’s diffusion rate,
accessibility of the active sites, the HOMO-LUMO gap, photo-
electron transfer efficiency, photoluminescence lifetimes, and
self-quenching and aggregation-based quenching behaviour.
There are several reports of systems that illustrated how the 2D
versus 3D COF exhibit different photocatalytic activities.®>*

1D COFs provide a unique platform for photocatalysis
and other applications.®®™®® In 2D and 3D COFs the active sites

64,65

-DCBIn-BuOH
6 M ACOH

120°,3d

Fig. 7 Synthesis of 1D Tpy-COF.®
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and/or functional moieties typically reside within their pores
and channels, which may inhibit access to them or require
longer reaction times to allow for diffusion. Comparatively, 1D
COFs are extended in a linear fashion by using a C, monomer
to essentially cap the COF and prevent extension in a second
direction (Fig. 7). The one-dimensionality can also facilitate
easier exfoliation of layers to reduce aggregation-based
quenching while also allowing for exterior functionalization at
the lateral positions. Currently, there is a lack of development
of 1D COFs for photocatalysis.

2D COFs are the most studied and prevalent in the litera-
ture due to the reliance of utilizing rigid, planar molecules
with n-backbones that induce n-=n stacking, and the diversity of
monomers. The building blocks can have a variety of sym-
metries to afford isotropic topologies and anisotropic topolo-
gies. Some typical 2D COF topologies are hexagonal, tetra-
gonal, rhombic, kagome, and triangular (Fig. 8). Hexagonal
COFs can be made from C, + C, + C,, C, + C3, and C; + Cj.
Tetragonal COFs can be made from C, + C, and C; + C,.
Rhombic COFs can be made from C, + C,. Kagome COFs can
be made from C, + C, or C, + C4. Triangular COFs can be
made from C, + G or C, + Cs. These topologies all result from
a two-component 1 + 1 strategy (e.g. one unique aldehyde
monomer combined with one unique amine monomer), but a
multicomponent 1 + 2 or 1 + 3 strategy (e.g. one unique alde-
hyde monomer combined with two or three different amine
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Fig. 8 Reported periodic nets of 2D COFs.
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monomers) can result in dozens of asymmetric topologies.
Notably, changing the monomers and topologies will affect the
pore size and column n-density. Additionally, 2D COFs provide
a good platform for making thin films whether through inter-
facial synthesis, exfoliation methods, or fabrication on a sub-
strate. These methods will be discussed in Section 2.2.7.
Concerning photocatalysis, 2D COFs are what is typically used,
but again can suffer from aggregation-based quenching due to
the strong n-n stacking from the layers.

3D COFs are less prevalent than their 2D counterparts but
are important and just as, if not more, catalytically active. To
synthesize a 3D COF, there needs to be at least one monomer
that has T4, D3n, or D,, symmetry (tetrahedral, triangular
prism, or cubic symmetry, respectively) that extends it out into
three dimensions. There are not many examples of T4 mono-
mers in the literature and these monomers are archetypally
based on tetraphenylmethane, tetraphenylsilane, or adaman-
tane. The synthetic difficulty of making 3D building units or
building units with high connectivity (>5) has limited the con-
struction of many unique 3D COFs. The first 3D COFs were
reported in 2007 by Yaghi.®® T; monomers have been used to
synthesize 3D COFs with ctn,®® bor,*® dia,* pts,”® rra,”* lon,”
ljh,” and qtz”* topologies. D;;, monomers have been used to
make 3D COFs with tbo,”” stp,”® ceq,”” acs,”” hea,”® and nia”®
topologies. D,;, monomers have been used to synthesize COFs
with ffc,®® fjh,®" scu,®* beu,®® peb,® the,®® flu,*® pto,*” mhg-
z,¥” and crb®® topologies. Using the linkage design, spirobo-
rate-linked COFs have also taken nbo® and rra” topologies
and a silicate-linked COF making a srs”® topology. The use of
Cu metal complexes as building units has unlocked other
“woven” topologies.”’ The soc and spn topologies were also
achieved by using a Ti"V complex as a building unit.*>*® pcu,*
she,”® sql-c,”° tty®” topologies have also been reported through
the use of complex building units. Although new topologies of
3D COFs are reported every year, the number of 3D COF topol-
ogies that exist are still limited in comparison with the topolo-
gies of other 3D materials and the >3500 topologies that are
theoretically plausible.’® Due to multi-folding and interpene-
tration, it is difficult to try and pre-design a 3D COF since the
parameters that control the folding mechanism are not fully
understood.”® In the same vein, 3D COFs typically result in
much lower porosity than theoretically determined due to
folding, interpenetration, and the inability to remove
unreacted monomer from the pores. Overall, 3D COFs have
excellent potential in many applications due to their capacity
to achieve high porosities and many topologies. Specifically,
for photocatalysis, the three-dimensional nature can also
affect the photophysical properties and reduce aggregation-
based quenching due to the absence of 2D layers.

2.2 Synthetic methods

The synthesis of COFs is dependent on controlling the rate at
which the covalent bonds are formed. If a reaction proceeds
too quickly an amorphous material will be produced. Allowing
the covalent linkages to error correct enables the construction
of a crystalline material. In essence, COF synthesis requires a
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self-healing period to correct any defects during the nucleation
and growth processes. Thus, there are many synthetic methods
that have been used and developed in order to prepare highly
crystalline COFs.

2.2.1 Solvothermal synthesis. The solvothermal method is
the primary technique to synthesize COFs. Some key para-
meters in solvothermal synthesis include solvents and solvent
ratios, monomer concentration, temperature, time, catalyst
and catalyst concentration. The solubility of the monomers
and their reactivity play a key role in the crystallization process
due to the rate of crystal growth, crystal nucleation events, and
self-healing capacity. The two ways for solvothermal synthesis
to be conducted are the conventional vial, pressure tube, or
round bottom method, or the more commonly seen ampoule
method. When using the ampoule method, the monomers,
catalyst, and solvents are added, sonicated for a short time to
homogenize the solution, and then degassed via freeze-
pump-thaw cycles, and flame-sealed. The ampoule is then
placed in an oven at the desired temperature and set time.
When the reaction is complete, the ampoule is cooled to room
temperature, opened, and the precipitate is collected by fil-
tration or centrifugation. The precipitate is then washed with
excess solvents and/or by Soxhlet extraction to remove remain-
ing monomers or oligomers. Lastly, the remaining product is
dried under vacuum while heating to fully activate the
material. Notably, when washing the COF material post-syn-
thesis, it is customary to go from high boiling point and high
surface tension solvents to low boiling point and low surface
tension solvents to make activation of the COF easier and
reduce the chance of collapsing the framework.'?°"1>

2.2.2 Microwave synthesis. Microwave-assisted heating has
been explored to synthesize COFs.'®® Solvothermal synthesis
typically has long reaction times and high temperatures, so
using microwave irradiation can lead to shorter reaction times
and better control of the temperatures and pressures.
Additionally, microwave synthesis can increase the yield and
product quality.’® For example, Cooper and co-workers syn-
thesized COF-5 via microwave synthesis which was completed
in 20 min versus the 72 hours for the solvothermal method
(more than 200 times faster) and achieved higher surface area
(2019 m” g " versus 1590 m*> g~ ').'°> Additionally, TpPa-COF
was made using this method in 60 min and achieved yields of
83% versus 8% using conventional heating."%°

2.2.3 Sonochemical synthesis. Sonochemical synthesis has
also been explored for COF synthesis to improve reaction times
and save energy. Here, ultrasound is used to induce cavitation
of the solvent, which creates localized spots of extraordinarily
high temperatures and pressures promoting the reaction.
Markedly, particle sizes are smaller through the sonochemical
method. Ahn et al. synthesized COF-1 and COF-5 sonochemi-
cally in 1-2 hours and with similar or higher surface areas
compared with the solvothermal method.'”” Similarly Shim
and co-workers synthesized COF-5 on carbon nanotubes and
graphene.'®® Cooper and co-workers synthesized COFs sono-
chemically even in food-grade vinegar and showed photo-
catalytic activity for hydrogen evolution from water.'%°
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2.2.4 Mechanochemical synthesis. Since it does not
require the use of solvents and results in fast reaction times,
mechanochemical synthesis is considered to be a convenient
green approach for making COFs and is performed at room
temperature. Furthermore, this method produces exfoliated
COF layers compared with the solvothermal method. Here, the
monomers are ground finely using a mortar and pestle at
room temperature to afford the COF. Banerjee et al. syn-
thesized COFs TpPa-1 and TpPa-2 using this method.
Interestingly, the colour of the powder changed during the
grinding period from yellow to orange to red (Fig. 9)."'° The
crystallinity of the COF was slightly less than reported likely
due to exfoliation during the synthesis, and similar surface
areas were reported. Wang and co-workers used the same
method to synthesize TpAzo COF within 20 min."** Li and co-
workers synthesized six imine-linked COFs via liquid-assisted
mechanochemical synthesis using a ball-milling machine."*?
The COFs demonstrated high crystallinity and high surface
areas. Likewise, the Banerjee group also synthesized TpBpy
COF through liquid-assisted mechano-grinding.'"® This
method produced a less crystalline product but provided a
better performance in fuel cells. Zhao et al. synthesized COFs
NUS-9 and NUS-10 through mechanochemistry in 45-60 min
and in 75-80% yields.'**

2.2.5 Photochemical synthesis. Just as COFs have been pro-
posed for use in photocatalysis and other photobased appli-
cations, the utilization of visible light has also been proposed
to construct COFs. Choi and Kim have shown that light can be
used for making an imine-linked COF, hcc COF, using 1,2,4,5-

Mechanochemical
Synthesis (MC)

.

xo[x

s ox@
Manual — @
Grinding | g s pFa- =
(Schiff base \,@ Keto form
Reaction)

TpPa-1 (MC) (R=H, R,=NH,
TpPa-2 (MC) (R=Me, R=NH,)
TpBD (MC) (R=H, R=Ph-NH,

Fig. 9 Schematic representation of the MC synthesis of TpPa-1 (MC),
TpPa-2 (MC), and TpBD (MC) through simple Schiff base reactions per-
formed via MC grinding using a mortar and pestle.*'° Reproduced with
permission from ref. 110. Copyright 2013, American Chemical Society.
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benzenetetramine (BTA) and hexaketocyclohexane (HCH)
monomers with acetic acid catalyst and irradiating the sample
with simulated sunlight at wavelengths ranging from 200 to
2500 nm.""®> Remarkably, the COF was synthesized in 3 hours
with about 80% yield and had high crystallinity and surface
area of about 600 m> g~'. This method of synthesis is also
theoretically only available to highly conjugated COFs made
from conjugated monomers or monomers that efficiently
absorb light.

2.2.6 Ionothermal synthesis. Ionothermal synthesis has
also been presented as a method to make COFs. In ionother-
mal synthesis, molten salts, such as molten ZnCl,, or ionic
liquids are used as the solvent, catalyst, and template, and it is
typically done at high temperatures (>300 °C) and pressures.
This is the typical method for synthesizing covalent triazine
frameworks (CTFs). Not all CTFs are crystalline, but crystalline
versions of CTF-1 and CTF-2 have been made using this
method.'™® Lotsch and co-workers ionothermally synthesized
imide-linked COFs using ZnCl, in high yields.""” Recently,
Coskun et al. used a mixed metal ionothermal synthesis of
metallophthalocyanine COFs."'® Furthermore, Qiu and co-
workers synthesized three 3D ionic liquid COFs, 3D-IL-COFs,
using this method with 1-butyl-3-methylimidazolium bis((tri-
fluoromethyl)sulfonyl)imide as the ionic liquid solvent, and in
12 hours achieving high crystallinity and surface areas."™ A
disadvantage of this method is the potential decomposition
and side reactions due to the very high temperatures that are
required for the reaction. Ionothermal synthesis also requires
the COF to be stable at such high temperature.

2.2.7 Interfacial synthesis and thin films. Semiconductor
thin films have found use in a wide array of applications,"**"**
so the construction of COF thin films has been explored.'*?
One way to create a COF thin film is by interfacial synthesis.
Here, the monomers react with each other only at the inter-
face, yielding a thin film (Fig. 10)."*" The interface can either
be liquid-liquid or liquid-air. For liquid-liquid interfaces it is
important that the liquids are not miscible with each other,
and that each monomer is soluble in one of the liquids being
used. A common pairing is water and an organic solvent such
as dichloromethane. Banerjee et al synthesized several
B-ketoenamine COFs interfacially, namely Tp-Bpy, Tp-Azo, Tp-
Ttba, and Tp-Tta (Fig. 10)."** First 1,3,5-triformylphlorogluci-
nol was dissolved in dichloromethane, then water was added
on top followed by an aqueous solution of amine monomer
and p-toluenesulfonic acid, then this was left to sit for
72 hours, yielding a crystalline COF with high surface area and
~75 nm thickness. Dichtel and co-workers synthesized
TAPB-PDA COF interfacially using tris(4-aminophenyl)benzene
and terephthalaldehyde monomers."** Wang and co-workers
also synthesized COF-TTA-DHTA by dissolving 4,4',4"-(1,3,5-tri-
azine-2,4,6-triyl)trianiline (TTA), acetic acid, and Sc(OTf); cata-
lyst in water which was spread on a hydrogel, and DHTA was
dissolved in tridecane, and then this was immersed on the
hydrogel under the tridecane layer.'*®> By changing the concen-
tration of the monomers a thickness of 4 to 150 nm could be
regulated. They also synthesized TpPA COF in a similar
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J

Lo

Tp-Tta Tp-Ttba Tp-Bpy Tp-Azo

Fig. 10 Synthesis scheme of COF thin films. (a) Schematic representa-
tion of the interfacial crystallization process used to synthesize the Tp-
Bpy thin film. The bottom colorless layer corresponds to aldehyde in di-
chloromethane solution, the blue layer contains only water as the
spacer solution, and the top yellow layer is the Bpy amine-PTSA
aqueous solution. (b and c) SEM and AFM images (with corresponding
height profile), respectively, of the Tp-Bpy thin film synthesized as illus-
trated in (a). (d) Chemdraw structures of all the COFs used for synthesiz-
ing the thin films via interfacial crystallization process.***> Reproduced
with permission from ref. 123. Copyright 2017, American Chemical
Society.

method using 1,3,5-triformylphloroglucinol in the tridecane
layer and p-phenylenediamine dihydrochloride in the hydro-
gel. Bao et al. synthesized a COF through liquid-air interface
using 2,6-dicarbaldehyde-4,8-dioctyloxybenzo[1,2-5:3,4-b']
dithiophene and tris(4-aminophenyl)amine monomers in
DMF and acetic acid solution to give a crystalline COF with
thicknesses of 1.8-2.9 nm by varying the concentration and
incubation time.'*® Zheng et al. synthesized 2D COFs with
large single-crystalline domains on the surface of water using a
charged polymer.'*” Borjesson and co-workers were also able
to make a 3D COF interfacially.'*® Recently, Chen et al. were
the first to be able to synthesize an olefin-linked COF,
TFBP-PDAN, interfacially."”® Interestingly, Wang and co-
workers used table salt as a sacrificial reagent to make COF
thin films."*® The Jia group used a hexane-ionic liquid inter-
facial system to grow COF thin films."”" COF thin films can
also be created by growth on a substrate, such as graphene or
ITO, or indirectly by vapor-assisted conversion, continuous
flow conditions, and several methods of exfoliation.'*?

2.2.8 Single-crystalline COFs. In most cases, COFs are pro-
duced as polycrystalline powders. While this is suitable for
most COFs, it is imperative to make single crystals of COFs to
fully understand their crystal structure and stacking. This is
because modelling COF structures from powder X-ray diffrac-
tion (PXRD) is not perfect, especially in complex 3D systems
where interpenetration and nets occur, atomic positions and
bond lengths and angles are very difficult to obtain and refine,
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and guest arrangement in the pores and channels cannot be
clearly resolved. Growing single crystals of COFs is difficult
due the significant number of covalent and non-covalent inter-
actions, limited solubility of the monomers, and a limited
understanding of nucleation and growth processes for most
linkages. However, there are reports of single-crystalline COFs.

The first single crystal of a COF was reported by the Yaghi
and Wuest groups in 2013."*>"3* Wuest achieved this through
the reversible self-addition polymerization of tetranitroso
monomers to form a 3D COF. Zhao and co-workers were able
to make micron-sized single-crystalline COFs by studying the
mechanism of the growth and nucleation through intermedi-
ate tracing."®* Yaghi and co-workers developed a modulation
method to grow large single-crystals.”” Wei et al. performed
crystallization of COFs using supercritical CO, to vastly reduce
times to form single-crystalline COFs, and these showed heigh-
tened photoconductive properties than the polycrystalline
counterpart.'®> Wang et al. were the first to synthesize a 3D
COF with a high (6-fold) connectivity."*® This lab also was the
first to construct a non-interpenetrated 3D COF single
crystal.’®” Loh and co-workers were the first to synthesize
single crystals of a 1D COF."*® Zheng et al. were able to grow
2D COF thin films with single-crystalline domains.'>” They
also explored the use of amino-acid derivatives to grow gram-
scale single-crystalline imine COFs."*® The authors believe that
the amino acid based compounds can self-assemble into
micelles and regulate the polymerization and crystallization
processes. Dichtel developed a method to grow single-crystal-
line 2D COFs by slow monomer addition and seeded
growth.’”® The Jiang group also performed post-synthetic
modification on single crystals of an imine-linked COF,
USTB-5, where the imine was reduced or oxidized to yield
amine and amide linkages, respectively.'*' Whereas COF
single-crystal growth takes weeks to months, Wang et al
created a method to grow COF single crystals in only one or
two days using trifluoroacetic acid (TFA) as a catalyst and
trifluoroethylamine as a modulator.'** Although a sizable
amount of work has been performed to grow single-crystalline
COFs, there still is a need to create better, quicker, translata-
ble, and scalable methods that can be widely applied beyond
imine- and boronate ester-linked COFs.

2.2.9 Post-synthetic modification. Post-synthetic modifi-
cation (PSM) is a very powerful tool that is used to tailor the
functional properties of COFs and their catalytic
activities.>>'**!** Importantly, some functional groups may
not be tolerant to initial synthesis conditions, so adhering
them using PSM provides a useful approach for incorporating
them into the COF structure. Furthermore, this approach can
make monomers easier to synthesize as it may require fewer
steps to make the very complex building block. Moreover, PSM
of the COF can be easier to perform than monomer synthesis
since the COF will be heterogeneous and easier to separate
from the reaction mixture. The most common PSM is post-
metalation of ligands incorporated into the COF including,
but not limited to, porphyrins, bipyridines, salens, and dehy-
drobenzoannulenes.®® Pre-metalation of monomers may
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prevent crystalline formation or cause the metal to leach
during COF synthesis. Metalation of the formed imine,"*>™*
f-ketoenamine'*®'*® hydrazone,"**'*" and p-ketohydrazone'*?
linkages has also been conducted. Furthermore, the linkages
themselves have also been post-synthetically modified to form
other linkages. Just as seen in metal organic frameworks
(MOFs), taking advantage of the dynamic bond formation in
COFs researchers have explored linker exchange.'**™%°
Common routes for amide-linked COFs involve PSM through
monomer exchange by adding in acyl chloride post imine COF
formation or by oxidation of the imine bond.*® Benzoxazole
and benzothiazole-linked COFs have also been synthesized
through oxidative PSM of the imine bond.*®*° Imine linkages
have also been used as a platform to form a variety of different
covalent linkages.>””*° The COF building units themselves can
also undergo PSM to yield alternative functionality. Click reac-
tions have long been used to functionalize COFs by azide-
alkyne cycloaddition'>*™*® or thiol-ene reaction."”**®* Post-
functionalization of phenolic groups is another common tactic
to adhere different moieties to the monomer units.'¢*7¢*
Overall, there is a huge library of methods for the PSM of
COFs.

3 COF characterization

Characterization techniques are essential for evaluating the
structural, compositional, and functional properties of COFs.
The choice of techniques depends on the specific properties
that researchers aim to investigate. The following are some
general techniques and the corresponding broad evaluations
for insights into such materials.

3.1 Basic COF characterization methods

Understanding the intricate world of covalent organic frame-
works (COFs) hinges on a battery of investigative techniques.
These methods act like a key, unlocking the secrets of a COF’s
structure and properties, which ultimately determine its poten-
tial applications. Powder X-ray Diffraction (PXRD) serves as a
foundational tool, offering a glimpse into the COF’s internal
organization and order. Fourier-Transform Infrared
Spectroscopy (FTIR) acts as a chemical detective, scrutinizing
the building blocks and ensuring the COF is free from
unwanted remnants. Visualizing the COF’s physical form
comes into play with scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM provides a
surface-level perspective, revealing the COF’s external features
and size. TEM delves deeper, showcasing the intricate network
of pores and the overall framework organization at an incred-
ible nanoscale. For applications like gas storage or catalysis, N,
sorption analysis is a crucial technique. It assesses the COF’s
capacity to encapsulate gas molecules, providing vital details
about the available surface area, pore size distribution, and
total pore volume. Solid-state nuclear magnetic resonance
(SS-NMR) spectroscopy, specifically '*C cross-polarization
magic angle spinning (**C CPMAS-NMR), acts as an advanced

21628 | Nanoscale, 2024, 16, 21619-21672

View Article Online

Nanoscale

probe, examining the COF’s internal chemical environment.
By analysing the magnetic fields surrounding specific atoms,
researchers can confirm the successful formation of the
desired linkages and identify any functionality flaws or impuri-
ties within the COF. This suite of characterization methods
empowers researchers to unlock the potential of COFs and
pave the way for their advancement in various technological
fields.

3.1.1 Powder X-ray diffraction (PXRD). Powder X-ray
Diffraction (PXRD) has emerged as a powerful tool, acting as a
decoder ring for the COF’s crystallographic secrets. When
X-rays interact with the COF’s ordered atomic organization, a
unique diffraction pattern emerges. By deciphering this
pattern, scientists can glean valuable insights into the dimen-
sions of the fundamental unit cell, the spacing between
atomic planes, and the overall crystallographic order within
the COF. PXRD serves as a workhorse technique in COF
research for several reasons. Primarily, it allows researchers to
verify if the targeted COF structure has been successfully
formed. Additionally, PXRD acts as a guardian against impuri-
ties by identifying any unwanted crystalline phases or nano-
particles present within the COF sample through the presence
of extraneous peaks in the diffraction pattern. Furthermore,
PXRD can be harnessed to monitor the COF crystallization
process in real time, offering a window into the growth and
development of the COF crystals. Pawley refinement facilitates
the identification of discrepancies between the theoretical and
experimentally observed PXRD patterns of COFs. Equally,
theoretical simulations can be employed to elucidate the stack-
ing mode (e.g., AA, AB, etc.) within the COF structure based on
the best match between the simulated and experimental PXRD
data. Though PXRD is undeniably a powerful tool, it does have
limitations. COFs with a high degree of disorder might gene-
rate weak signals and interpreting complex patterns from
COFs with intricate structures can be a challenge. Pervasively,
PXRD remains an essential technique for COF characterization.

3.1.2 Fourier-transform infrared (FTIR) spectroscopy.
Fourier Transform Infrared (FTIR) Spectroscopy is an impor-
tant technique in characterizing covalent organic frameworks.
By analysing the FTIR spectra, researchers can gain valuable
insights into the structure and functional groups present in
the materials. FTIR spectroscopy helps monitor bond for-
mation during synthesis by comparing the spectra of the start-
ing materials and the final COF. An individual can track the
disappearance of starting material peaks and the emergence of
new peaks representing bond formation of the COF linkage.
Furthermore, FTIR can be used to identify defects in the COF
structure by detecting residual functional groups from
unreacted materials. FTIR spectroscopy can be used to
monitor COF stability under various conditions. Comparing
the spectra before and after treatment reveals any changes in
the functional groups present, indicating potential degra-
dation of the COF structure. Post modification in COFs can
also be analysed using FTIR spectroscopy. Comparing the
FTIR of the pristine COF and the modified COF, the appear-
ance of new functional group peaks after the modification or

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03204g

Open Access Article. Published on 21 October 2024. Downloaded on 11/8/2025 4:31:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

the disappearance of certain peaks suggests removal or conver-
sion, and a shift in peak position can also hint at a change in
the structure. Overall, FTIR spectroscopy provides a broad and
non-destructive approach for characterizing COFs, making it
an essential tool for researchers in this field.

3.1.3 Solid-state nuclear magnetic resonance (SS-NMR).
Unlike the basic characterization techniques such as X-ray
diffraction and FTIR which provide general information on the
material, solid-state nuclear magnetic resonance (SS-NMR)
reveals deeper insights into the synthesized material as it is a
powerful approach for characterization at the atomic level. **C
CPMAS-NMR targets the "*C nuclei within a COF structure. By
spinning the sample rapidly at the magic angle (6., ~ 54.74°),
it cancels out interactions that would normally broaden the
signal. This allows researchers to analyse the chemical
environment surrounding each carbon atom, revealing details
about the COF’s structure and any post-modifications.
Chemical composition and functionality can be analysed by
researchers by confirming the peaks leading to successful
incorporation of the targeted functional groups within the
COF structure. Additionally, connectivity and defects in the
structure can be analysed by comparing the spectra of the
target final material with a model analogue.

3.1.4 Surface area and pore size analysis. Understanding
the surface area and pore size distribution in covalent organic
frameworks is important as they have direct correlation in
applications such as adsorption, catalysis, and separation due
to substrate-material interactions. The Brunauer-Emmett-
Teller (BET) method is a key technique for analysing this prop-
erty; during this analysis gas, commonly N,, is adsorbed onto
the surface of the COF material at variable pressures. By ana-
lysing the content of gas adsorbed at each pressure, the
surface area of the material is calculated. This information can
also be used to get a general idea of the guest-host molecule
interaction. Knowing the pore size is important as it could be
helpful in specific targeted applications; micropore COFs are
helpful in selective capture of small molecules, while macro-
porous and mesoporous materials are better for catalytic appli-
cations, allowing for larger substrates to diffuse. Importantly,
the shape of adsorption-desorption isotherm obtained is
helpful in predicting the pore size distribution within the COF.
A COF can be subcategorized into micropores (less than 2 nm),
mesopores (2-50 nm), and macropores (greater than 50 nm),
and this can be identified based on the isotherm character-
istics. Less commonly, the Langmuir model is also used to
analyse the porosity in COF materials. It works on the assump-
tions of a homogeneous surface with uniform sized pores and
describes the process of gas adsorption as a monolayer adsorp-
tion on the pore wall; however, this method leads to much
higher surface areas calculated than in the BET model.
Furthermore, Quenched Solid Density Functional Theory
(QSDFT) and Non-Local Density Functional Theory (NLDFT)
are computational tools used to analyse the pore size in COF
materials. These models help to provide a better picture of
pore size compared with other existing models. In conclusion,
surface area and pore size analysis are very crucial and an
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important tool in COF research as they pave the way for these
materials for diverse applications.

3.1.5 Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Surface imaging plays an
important role in characterizing COF materials. True insight
into the morphology, pore structure and crystalline order can
be gained using SEM and TEM analysis. Though complemen-
tary information can be gained from these analyses combined,
they operate on different principles. In SEM, a beam of elec-
trons is focused on the surface of the COF material; some elec-
trons get back scattered and are detected by a detector that
converts this into high-resolution 3D images revealing surface
details of the COF. SEM is excellent for revealing the size and
shape, particle aggregation, and external surface texture. It can
also be used to identify defects by noticing irregularities in the
observed images. However, it is limited in providing infor-
mation related to the surface and not the internal structure.
An opening past such limitations is accomplished using TEM
analysis. In TEM, a beam of electrons strikes a very thin layer
of COF material, and scattered or transmitted electrons are
used to generate a 2D image. Regions dense with atoms scatter
more electrons, creating darker sites in the image. The internal
structure of the pores and the pore size distribution can be
studied wusing High Resolution Transmission Electron
Microscopy (HR-TEM). With HR-TEM the -crystallographic
arrangements of the atoms can be analysed. However, TEM
strictly requires ultrathin layers in sample preparations, which
can be a challenge for COF materials. In total, SEM and TEM
together provide comprehensive detail of the COF surface.
Using both in combination, researchers can gain an in-depth
understanding of a COF’s overall architecture.

3.2 COF characterization for photocatalytic application

The photoelectric potential of COFs can be evaluated using
characterization techniques as well. The following are some
general techniques and the corresponding photoelectrical
evaluations for insights into such materials.

3.2.1 Diffuse reflectance and Tauc plots. For applications
in photocatalysis and optoelectronics, understanding the inter-
action and light absorption properties of COFs becomes very
crucial. The amount of light reflected at different wavelengths
across the UV and visible region is measured using diffuse
reflectance UV-Vis spectroscopy. This technique helps to
provide information about the absorptive properties that occur
in the material. Also, this technique is well suited for studying
the optical properties of powdered materials like COFs.
Valuable information can be obtained by analysing the diffuse
reflectance using Tauc plots to obtain the band gap of the COF
material. A Tauc plot provides a relationship between the
photon energy and light energy coefficient of the material. By
extrapolating a linear portion of the curve from the plotted
data, the energy required to transition an electron from the
valence band to the conduction band can be experimentally
calculated. The light absorption property of a COF has a direct
correlation with this calculated band gap energy. With the
help of this basic analysis, the optical potential of COFs can be
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understood and can have a direct impact on applications in
light-harvesting and photocatalysis.

3.2.2 Photoluminescence lifetimes. Understanding the
light emission behaviour of a material significantly becomes
important in the development of photocatalysts and opto-
electronics. In COFs, photoluminescence lifetime refers to the
average time taken for an electron in its excited state to return
to its ground state after light absorption. When a COF absorbs
light, the excitation of an electron from the valence band to
the conduction band takes place. The excited electron in this
conduction band is unstable, and eventually the electron
relaxes back to the valence band; in this process energy in
form of light or heat can be released. The average time
required for this energy release is called photoluminescence
lifetime. Low photoluminescent intensity often translates to
faster charge separation and reduced recombination, promot-
ing a more efficient catalytic cycle. Likewise, longer photo-
luminescence lifetimes indicate more efficient charge separ-
ation and fewer recombination events. If the reaction utilizes
the molecule’s triplet state, a longer lifetime allows for the
crucial intersystem crossing to occur. Additionally, for multi-
component photocatalytic systems, a longer lifetime in one
component can facilitate energy transfer to the true catalyst.
There are cases where shorter lifetimes may be favourable. In
conclusion, the lifetime depends on the specific reaction and
the materials involved.

3.2.3 Photocurrent response. Photocurrent response in a
COF material indicates the change in observed electric current
when it is exposed to electromagnetic radiation. When a COF
is exposed to a light source, and the light source energy
matches the band gap, an electron transitions from the
valence band to the conduction band. These excited electrons
are mobile, and this movement of charge in an electrode
system results in an electric current, which is measured as
photocurrent. Recombination of these electrons with gener-
ated holes results in the loss of photocurrent. Analysing a
COF’s photocurrent response offers valuable clues for photoca-
talysis. A strong photocurrent signifies efficient light absorp-
tion at the relevant wavelength, a key step for initiating the
photocatalytic process. Additionally, a high photocurrent com-
pared with light intensity indicates successful separation of
excited electrons and holes within the COF. This ensures more
electrons reach the reaction site. Conversely, a weak or rapidly
decaying photocurrent suggests limitations in light absorp-
tion, charge separation, or a high rate of electron-hole recom-
bination, which may hinder photocatalytic activity. Variations
in the photocurrent response across samples can also reveal
inconsistencies in material quality. Overall, a strong and sus-
tained photocurrent response points towards a promising COF
photocatalyst, while a weak or decaying response indicates
areas for improvement.

3.2.4 Mott-Schottky analysis and plots. To investigate the
electrical properties of a semiconducting material, Mott-
Schottky analysis becomes very important, and valuable infor-
mation about a material’s doping density and flat-band poten-
tials can be gained. A semiconductor is dipped in an electro-
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Iytic solution, and at the interface a space-charge region arises
due to a change in charge carrier concentrations in the semi-
conductor and the electrolyte. A series of varied voltages is
applied, and the capacitance is calculated. A material’s electri-
cal charge storage is its capacitance. On varying voltages either
an expansion or contraction in this space-charge region is
observed, which directly reflects the capacitance of a material.
The inverse square of the capacitance obtained is plotted
versus the applied voltage; such type of plot is called a Mott-
Schottky plot. A steep positive slope indicates the semicon-
ducting nature, while a negative slope indicates insulating pro-
perties. Based on the nature of the graph, the type of semicon-
ducting nature can also be assessed. Flat band potentials can
be extrapolated from this plot, leading to calculations of the
conduction bands. Using the equation [Eyy = Ecg — Ey), the
valence band positions of the material can also be calculated.
Since COFs are complex materials, complementary available
techniques and cautious interpretation are necessary to gain
complete depiction.

3.2.5 X-ray photoelectron spectroscopy (XPS) and valance
XPS. In order to understand the elemental composition and
electronic structure of COF materials, X-ray Photoelectron
Spectroscopy (XPS) has become a powerful technique. It
involves the bombardment of X-rays on the COF, which results
in the ejection of core electrons. Analysing the energy of these
emitted electrons, XPS reveals which elements are present and
the bonding of elements within the COF material.
Importantly, XPS helps to confirm the incorporation of
elements present in the framework. XPS can also determine
the oxidation state of any metals present in a COF. Valence
XPS can determine the position on the valence band, and with
the band gap from the Tauc plot, the conduction band can be
determined. However, XPS is a technique of surface-sensitivity
which limits the analysis within the top few nanometers,
which may not be ideal for thick COF materials.

3.2.6 Cyclic voltammetry (CV). In the context of potential
applications of COFs, Cyclic Voltammetry (CV) becomes an
important characterization tool. The electron transport capa-
bility of a material is assessed using this technique. The
method involves the dipping of a COF material electrode in a
solution and voltage is ramped and a current response is
measured. As the voltage is increased, a point is achieved
where a COF can gain or lose an electron, which results in an
escalating current response. Reversing the voltage and scan-
ning back down can reveal that the electron transfer is revers-
ible. The voltammogram unveils the COF’s redox behaviour.
CV reveals COFs redox potentials, which are essentially the
voltage required to gain or lose electrons. In photocatalysis,
these potentials are of the utmost importance as the photo-
generated electrons in a COF need sufficient negative potential
to reduce the target molecule, whereas the holes need a posi-
tive potential to oxidize them. Specifically, CV can also be used
to drive the energy of the conduction band. Comparing the
redox potential of COFs with those of the target molecules,
researchers can gauge the feasibility of the desired photo-
catalytic reactions. Additionally, it can also provide insights
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into the charge transfer efficiency of a material. A sharp peak
in the voltammogram suggests efficient electron transfer
between the electrode and the COF material, which indirectly
indicates efficient charge separation of electron-hole pairs
within the COF under light irradiation, a key step for photoca-
talysis. However, CV is not operated under light irradiation,
thus it does not directly measure the photocatalytic activity of
the COF material. Therefore, to comprehensively understand
the suitability for photocatalytic applications, it is best when
used as a complementary technique alongside other optical
characterization methods.

3.2.7 Linear sweep voltammetry (LSV). To learn more
about the electrochemical behaviour of COFs, linear sweep vol-
tammetry is a valuable technique. The experimental setup
involves a three-electrode system: a working, a counter, and a
reference electrode. A thin layer of COF material is deposited
on the working electrode, and the counter electrode completes
the circuit but does not take part in the reaction. The reference
electrode acts as a point of reference. The voltage is controlled
within a set range, and as the potential change occurs, the
current that flows between the working and counter electrode
is continuously measured. This current has a direct relation-
ship with the electron transfer that occurs at the COF surface.
The current measured is plotted versus the potential. A com-
parative plot with and without light irradiation can be helpful
in understanding the charge transfer efficiency of the material.
A higher current measured under light irradiation compared
with in the absence of light indicates efficient separation and
the movement of the photogenerated electrons and holes
within the material. This translates to a more efficient photo-
catalytic process.

3.2.8 Electrochemical impedance spectroscopy (EIS). For
materials like COFs, another method to provide electro-
chemical properties is  Electrochemical = Impedance
Spectroscopy (EIS). It is used to understand how easily an elec-
tron moves through the COF material. EIS measures the
response to the applied AC voltage; a Nyquist plot takes the
complex data obtained into a useful outcome. The x-axis rep-
resents the real part (Z') of the impedance, which reflects the
resistive component. The y-axis represents the imaginary part
(2") of the impedance, which relates to the capacitive and
inductive components. Each data point at a specific frequency
translates to a single point on the Nyquist plot. As the fre-
quency is swept across a range, a curve is formed, depicting
the COF’s impedance behaviour across that frequency spec-
trum. A semicircle at high frequencies often indicates charge
transfer resistance, which is the difficulty for electrons to move
between the COF and the electrolyte. A smaller semicircle
signifies lower resistance and easier electron transfer. This
is desirable for photocatalysis because it signifies easier
movement of photogenerated electrons within the COF struc-
ture. This efficient transport allows the electrons to reach
reaction sites and participate in the desired photocatalytic
transformations.

3.2.9 Electron paramagnetic resonance (EPR). Electron
Paramagnetic Resonance (EPR) spectroscopy is a valuable tool
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for investigating the electronic structure of COFs. EPR targets
an unpaired electron that can be generated by light resulting
in an irradiated excited state. By applying a controlled mag-
netic field and radio waves to the COF sample, EPR detects the
absorption of specific radio frequencies by these unpaired
electrons. Analysing the signal intensities in the EPR spectrum
under light irradiation compared with the absence of light, the
efficiency of charge separation within the COF material can be
assessed. One of the key applications lies in detecting the pro-
duction of reactive oxygen species (ROS) like superoxide rad-
icals, singlet oxygen, and hydroxyl radicals. These ROS play a
vital role in driving the mechanisms of photocatalytic reac-
tions. To understand mechanisms, EPR employs a technique
called spin trapping. This method helps confirm the presence
of the suspected ROS species, providing crucial support for the
proposed reaction pathway. EPR can also identify any paramag-
netic metals in a COF.

4 Product detection and mechanistic
studies in photocatalytic experiments

After conducting various photocatalytic reactions, it is crucial
to use a range of analytical instruments and techniques to
analyse the reaction mixture. Here we present some of the
most generally used methods for analyses of product and inter-
mediate formation in photocatalytic reactions and generic
tests for mechanistic studies.

4.1 Nuclear magnetic resonance (NMR)

NMR has been widely utilized as an analytical tool for most
photocatalytic reactions due to its ability to provide extensive
information about a compound’s molecular structure, includ-
ing the chemical environment of specific nuclei and the rela-
tive arrangement of atoms.'®>"'®” Within a molecule, NMR can
identify functional groups, allowing for the confirmation of
product structure.'®®'®® This analytical technique can also
detect by-products and impurities in samples."””®'”" NMR is
useful for quantitative analysis, enabling the calculation of the
relative amounts of different constituents in mixtures.'”>""?
NMR provides benefits for investigating molecular dynamics,
allowing for real-time monitoring of chemical reactions and
improving the comprehension of reaction Kkinetics and
mechanisms."”*"7® It can also be employed for analysing isoto-
pic labelling of compounds, providing more detailed insights
into the mechanistic pathways of various reactions.'’*'”>
LED-NMR has been used to study photocatalytic processes
under light irradiation.'”®"7® Specifically, in heterogeneous
photocatalytic reactions, operando NMR can be utilized to
monitor proton transfer.'®® As a non-destructive technique,
NMR allows the same sample to be reused for other analyses.

4.2 Gas chromatography (in situ and ex situ)

Gas chromatography (GC) is a high-resolution method to sep-
arate complex mixtures, enabling the identification and
quantification of various constituents.'®"'#> GC efficiently sep-
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arates and detects sample components which can enable the
determination of by-products, intermediates, and impurities.
This unique capability makes it valuable in photocatalytic
reactions."®*'®* In situ GC is employed for real-time obser-
vation and monitoring of reaction mechanisms and kinetics
during the reaction process, allowing for the tracking of
dynamic changes. In situ GC is also invaluable for analysing
gaseous products.'® ™% Ex situ GC is useful after a reaction is
complete, providing thorough details on the composition of
the final reaction mixture, including the quantification and
identification of products, by-products, intermediates, and
impurities, which helps optimize reaction conditions to
improve yields.'®® The versatility of GC to be compatible with
different detectors, such as a Mass Spectrometer (MS),'®
Flame Ionization Detector (FID),"*° and Electron Capture
Detector (ECD),"**'' gives it an advantage in analysing
various types of sample products. Both in situ and ex situ GC
are indispensable for their in-depth characterization of reac-
tion mixtures, especially since small sample amounts are
required.

4.3 Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is a crucial analytical tool extensively used in the
characterization of polymers, catalysts, and solid samples
overall."”> One of its advantages over general transmission IR
techniques is its ability to amplify weak signals for improved
detection of solid surfaces. Due to its surface sensitivity,
DRIFTS can identify surface functional groups and detect
species adsorbed on the surfaces of solid materials."®*'** 1t is
employed in dynamic studies such as phase transitions,
adsorption, and desorption."”*™%* In situ and operando
DRIFTS enables the observation and characterization of the
material or catalyst during the reaction process.'*>™%” By ana-
lysing the multiple output IR spectra, DRIFTS facilitates real-
time monitoring of chemical reactions, aiding in developing
reaction kinetics and mechanisms. In situ DRIFTs has been
applied successfully to monitor photocatalytic transforma-
tions.'?®2%% Additionally, DRIFTS is user-friendly as it allows
for the analysis of materials in their solid state, avoiding the
use of solvents and possible contamination and requiring only
a small sample size for analysis. As a non-destructive tech-
nique, it allows the same sample to be used in subsequent
analyses by other methods.

4.4 Scavenger tests

Scavenger tests (STs) are vital, particularly in photocatalytic
studies, as they provide an in-depth understanding of photo-
catalytic processes.””® These tests can verify reactive oxygen
species (ROS) such as superoxide radicals ("O,7), singlet
oxygen ('0,), hydroxyl radicals ("OH), hydrogen peroxide
(H,0,), and others. The scavenging of photogenerated elec-
trons and holes can also be done to verify their use in photo-
catalytic reactions. By investigating the reactive species
involved, scavenger tests help elucidate the mechanisms in
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photocatalytic processes.”** By determining the reactive
species and mechanism, STs can lead to improved reaction
conditions, resulting in higher reaction efficiency. They can
also serve as benchmarks for comparing the performance and
capabilities of various photocatalysts based on their generation
and utilization of reactive species. Additionally, these tests can
help explain the degradation pathways of reactions and ident-
ify the roles played by all involved species.”*

Since STs are useful for detecting and identifying reactive
species and intermediates formed during a reaction, a
mechanistic pathway can be determined by adding scavengers
to inhibit various reactive species and observing the impact on
the reaction. This is done by adding a specific scavenger to a
photocatalytic reaction where the scavenger selectively reacts
with the targeted reactive species and efficiently scavenges
them if present. Various scavengers are used to inhibit specific
reactive species in photocatalytic reactions. For hydroxyl rad-
icals, common scavengers include alcohols (however, the accu-
racy is questioned),>**?°°2%7 carboxylic acids,*****° or di-
methylsulfoxide.>'® p-Benzoquinone and its derivatives or
superoxide dismutase are primarily used for scavenging
superoxide radicals®**?'" and 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) is a good trap for detection.>'*?*? Singlet oxygen
is typically scavenged by sodium azide or 1,4-diazabicyclo
[2.2.2]octane  (DABCO),2%**'*?'> and 2,2,6,6-tetra-methyl-
piperidine (TEMP) is a good trap for detection.*'®
Ethylenediaminetetraacetic acid (EDTA), oxalic acid, alcohols,
thiols, and amines serve as scavengers for holes.”” Silver
nitrate, copper chloride, iodates, and persulfates are used to
scavenge electrons.>'” For instance, in a photocatalytic reac-
tion, if the addition of p-benzoquinone significantly decreases
the product, this indicates that superoxide radicals play a vital
role in the reaction. Similarly, if the addition of silver nitrate
reduces product formation, it indicates the involvement of
photogenerated electrons. Overall, scavenger tests are instru-
mental in testing hypotheses related to photocatalytic reactions.

4.5 Product, by-product, and intermediate detection tests

Photocatalytic reactions can produce various products, by-pro-
ducts, and intermediates depending on the reaction con-
ditions, the selectivity of the catalyst, and how long the reac-
tion is conducted. Here we detail the products, by-products,
and intermediates of common photocatalytic reactions and
tests to identify them. For example, in photocatalytic water oxi-
dation, the O, product can react with protons and electrons to
form hydrogen peroxide.>'®*'° Similarly in water splitting reac-
tions, water can react with photogenerated holes to form
hydrogen peroxide.”*>**! In photocatalytic CO, reduction, the
products and intermediates can include carbon monoxide,
formate, formaldehyde, alcohols, and hydrocarbons depend-
ing on the desired product.****** Additionally, in aqueous
conditions the reaction competes with HER.>** Photocatalytic
hydrogen peroxide production may generate water and oxygen
from the decomposition of hydrogen peroxide, especially
under light irradiation or with a suitable catalyst.>*>>*”
Photocatalytic aryl boronic acid oxidation generates boric acid,
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(BOH)3;, as the by-product, and likewise oxidation of boronic
esters yields B(OH)(OR), as the by-product.***>** During
photocatalytic sulfide oxidation reactions, sulfoxides and sul-
fones can be made.?**™*3 To afford the sulfone, the sulfoxide
is first made and is the intermediate oxidation state; however,
sulfoxides are important products so oxidation to the sulfone
is not always wanted. Common by-products and intermediates
produced from photocatalytic benzyl alcohol oxidation include
H,0,, which can form during advanced oxidation processes,
and benzoic acid from overoxidation which can undergo esteri-
fication with benzyl alcohol to form benzyl benzoate.”***° In
photocatalytic oxidative amine coupling reactions, typical
intermediates are the imine and benzaldehyde derivatives, and
the by-products include ammonia and H,0,, which can form
during advanced oxidation processes.**”**° In the photo-
catalytic degradation of organic pollutants, various intermedi-
ates and by-products are generated, including small organic
acids such as acetic acid, oxalic acid, and formic acid, which
result from the partial oxidation of larger organic mole-
cules.**® Additionally, aromatic compounds, including
benzene derivatives and phenols, can be produced from the
incomplete degradation of more complex aromatic compounds.>*’

With this in mind, it is important to verify these com-
pounds via qualitative or quantitative tests to elucidate the
reaction mechanism. As discussed in Sections 4.1-4.4, various
analytical techniques can be utilized to detect products, by-
products, and intermediates resulting from photocatalytic
reactions. Another technique to characterize products and by-
products in the post-reaction mixture is UV-Vis spectroscopy.
Nosaka and Nosaka detail the many methods including
UV-Vis, IR, EPR, chemiluminescence reactions, and fluo-
rescence products to detect reactive oxygen species.*!!
Additionally, detecting hydrogen peroxide through a coloration
method can be done using iodide,*** Ti**,*** or N,N-dimethyl-
p-phenylenediamine®** or by fluorescence methods.>*! This
can also be done through titration or calibrated UV-Vis to
obtain quantitative data, but colorimetric test strips can also
be used for qualitative detection.>*> To illustrate, UV-Vis spec-
troscopy is one of the employed analytical techniques to
confirm the formation of H,O, in a photocatalytic reaction, as
H,0, can oxidize iodide ions (I") to form iodine (I,), which
subsequently generates tri-iodide (I;7) in the presence of
excess iodide. I3~ exhibits two characteristic peaks at approxi-
mately 300 and 350 nm in UV-Vis spectra.>*' Ammonia can be
detected using a coloration method using Nessler’s reagent or
the indophenol blue method, or by ion chromatography.>*®~>*8
Notably, Nessler’s reagent can be used in any conditions but is
very toxic and should be avoided if possible. The iodophenol
blue method can only be used in neutral or basic conditions,
and ion chromatography can only be done in acidic or neutral
conditions. These methods all have their advantages and draw-
backs, including varying accuracy and interference of other
substances, but can easily be wused in qualitative
detection.?*®">*® Safin et al. detailed a plethora of tests for ana-
lysing different functional groups and compounds including
aldehydes, carboxylic acids, amines, esters, and sugars.>*’

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

These simple coloration tests can easily be applied for qualitat-
ive detection of compounds post reaction. Boric acid can be
detected using Azomethine H as a colorimetric reagent.>*°
Undoubtedly, there are other quantitative and qualitative tests
for photocatalytic reactions not described here.

5 Gearing COFs for photocatalysis —
advantages of COFs and enrichment
5.1 Extending conjugation and UV-visible light absorption

In order for COFs to be eligible for photocatalytic application,
they have to be able to absorb light especially in the ultraviolet
(UV), visible light, and/or near IR spectrum. This is essential,
as the harvesting of light is what initiates the formation of exci-
tons, or electron-hole pairs, due to the excess energy gained.
2D COFs have an advantage with light absorption as the
layered sheets stack and afford conjugation though n-n stack-
ing. However, 1D and 3D COFs do not have this capability.
Thus, in order to achieve a COF that has good light-absorbing
properties, the electronic properties of the monomers and the
chemical linkage that is used are imperative. For example,
Jiang and co-workers synthesized a COF using triphenylene
hexamine and tert-butylpyrene tetraone to form a phenazine-
linked COF that exhibited extended n-delocalization.>” This
COF also showed utility for high on-off ratio photoswitches
and photovoltaic cells. Bromley and Bredas conducted theore-
tical studies showing the importance of n-conjugation of COFs
and the ability of monomer design to
conjugation.”®>**> De Smet and co-workers even showed that
the degree of methylation of monomer units affected the
absorption and the band gap of the COF.>** Van Der Voort and
cohort explicitly detailed that extending the =-conjugation,
through monomer and linkage, led to more efficient photo-
catalytic hydrogen peroxide production.?®* Zhang et al. illus-
trated that adding an alkynyl unit in the monomer led to
broader visible-light absorption, narrower optical bandgaps,
and much higher photocatalytic amine coupling performance
than its counterpart without the alkyne.>>®

realize

5.2 Band gap engineering

Beyond the absorption of light, band gap engineering of the
COF is just as crucial. The band gap, or the HOMO-LUMO
gap, is the energy difference between the valence band and the
conduction band of the semiconductor. The band gap is
imperative because as the COF is excited using light, an elec-
tron in the highest occupied molecular orbital (HOMO) is pro-
moted into the lowest unoccupied molecular orbital (LUMO),
which formally creates the hole in the HOMO and a charge is
made and separated; this is called the photoexcitation state.
Thus, the HOMO and LUMO energy levels of the COF are
important, and are derived from the monomer units. In terms
of photocatalysis, the HOMO energy level is essential, as the
HOMO of the photocatalyst (i.e. the COF) must be lower than
that of the substrate, so the oxidation reaction can occur at the
photocatalyst with the photogenerated holes. Also, the LUMO
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of the photocatalyst must be higher than the energy of the sub-
strate, so the reduction reaction occurs at the substrate with
the photogenerated electrons. Furthermore, to create the
photoexcitation state a photon with equal or greater energy
than that of the COF’s band gap is needed, so a small band
gap is ideal.

For example, Baeg and co-workers performed band gap
engineering on imine-linked COFs with various amounts of
alcohol substituents that could allow for ketoenamine tauto-
merization and push-pull effects.”>® This work demonstrated
that push-pull effects had a direct effect on the band gap of
the COF, illustrating that a lower band gap could yield better
photocatalytic efficiency. Chen and cohort showed similar
results using the same method for photocatalytic hydrogen
evolution from water.”>” Qiu et al. synthesized various olefin-
linked COFs with an increasing amount of alkynyl units in the
aldehyde monomer.>®® They showed that by increasing the
amount of alkynyl units, the band gap was reduced and
showed superior photodegradation of bacteria and other con-
taminants. More commonly, band gap engineering is often
achieved by using donor-acceptor systems.

5.3 Donor-acceptor systems

One challenge of photocatalysis is the fast recombination of
the photogenerated electrons and holes. Donor-acceptor (D-A)
systems are a unique way to address this problem. Donor sites
localize holes and acceptor sites localize electrons to cause
efficient charge separation. One key parameter for D-A systems
to create this charge separation is that the HOMO must be cen-
tered on the donor and the LUMO must be centered on the
acceptor, or a mix of the linkage and the acceptor, otherwise
the holes and electrons will not be split across the material.
Furthermore, the D-A system is an effective method to tune
band gaps. In fact, the utilization of donor units and acceptor
units to perform band gap engineering in polymers is not
new.'°'? One strategy to create a D-A system is to add elec-
tron-donating and withdrawing substituents, respectively. To
increase the electron-withdrawing ability of the monomers,
substituents such as nitriles, carbonyls, and nitro groups can
be added as acceptors. To increase the electron-donating
ability of the monomers, substituents such as amines, thiols,
and alkoxy groups can be added as donors. Another strategy to
create D-A systems is to construct the material using mono-
mers based on electron-donating and accepting units (Fig. 11).
Some donor monomer archetypes include pyrenes, thio-
phenes, fluorenes, carbazoles, phenothiazines, and triphenyla-
mines. Some acceptor archetypes include triazines, diimides,
diketopyrrolopyrroles, quinones, thiadiazoles, and oxadiazoles.
The tunability and bottom-up design approach for COFs make
them a perfect platform to incorporate these archetypes to
make D-A systems.

For example, Liu and cohort synthesized two multicompo-
nent D-A COFs using 1,3,5-tris-(4-formyl-phenyl)triazine
(TFPT) and benzo[1,2-b:3,4-b":5,6-b"]trithiophene-2,5,8-tri-car-
baldehyde (BTT) monomers with either 1,4-phenyldiacetoni-
trile (PDAN) or 1,4-phenylenediamine (PDA) to create an olefin
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and imine-linked version, respectively.>>® They showed the D-
A system had a small band gap and good charge separation
which enabled high photocatalytic hydrogen evolution. Dong
and co-workers synthesized an imine-linked D-A COF with a
narrow band gap using benzo[c][1,2,5]thiadiazole and pyrene-
based monomers for photocatalytic hydrogen evolution from
260 Thomas et al. exemplified a triphenylamine-linked
triazine-based COF for photocatalytic cleavage of C=C
bonds.?*" Jiang and co-workers engineered the linkages of D-A
COFs using triphenylene donor and benzothiadiazole acceptor
units for efficient photocatalytic hydrogen peroxide production
from water and air.>®> The authors state that the D-A system
allowed for fast photoinduced electron transfer, charge separ-
ation, localized oxidation and reduction active sites, and segre-
gated columnar m-arrays for yielding and carrying of photo-
generated charges. Thomas et al. explored constitutional iso-
merism in imine-linked D-A COFs based on triphenylamine
and triazine units for photocatalytic hydrogen evolution.>®®
Notably they showed that the bond polarization in D-A
systems is important for the optical properties, band gap, and
thus photocatalytic activity.

water.

5.4 Photosensitizers

In photocatalysis and other photobased applications, light
absorption is necessary for exciton formation and photo-
catalytic performance. Some materials do not harvest light
efficiently, or have low absorption coefficients, or have compet-
ing processes such as fluorescence. Photosensitizers are a solu-
tion to a lack of light harvesting as they are compounds that
have intense light absorption which can then transform light
to energy and transfer this electronic excitation energy to the
photocatalyst or a substrate in an antenna effect.>** Common
photosensitizers include organic dyes (i.e. methylene blue,
Nile Blue, and acridine orange), fluoresceins, rhodamines, azu-
lenes, porphyrins, chlorins, phthalocyanines, ruthenium bipyr-
idine complexes, iridium phenylpyridine complexes, and
rhenium bipyridine carbonyl complexes (Fig. 12). Even though
COFs have a high degree of n-conjugation and wide-ranging
UV-visible light absorption, they can suffer from poor absorp-
tion coefficients so photosensitizers can be added to increase
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Fig. 12 Common photosensitizers.

the light absorption efficacy and overall efficiency of the
system.

For instance, Yuan et al. synthesized a boroxine-linked COF
and doped it with phthalocyanine-based photosensitizers for
effective photodynamic therapy.”®® Liao and Hu constructed a
vinylene-linked COF to host a p-type thiophene-based photo-
sensitizer, g2T-T, to perform photocatalytic hydrogen evol-
ution.”®® Lu and co-workers synthesized Pd-doped TpPa-1 COF
which was sensitized by Eosin Y dye, which showed 10 times
higher photocatalytic hydrogen evolution than that of Pd/C.>’
Wu et al. made a porphyrin-bipyridine-based COF that could
host Ru(bpy);Cl, photosensitizer for photocoupled electrore-
duction of carbon dioxide.>*® These represent just a handful of
examples of COFs utilizing photosensitizers.

5.5 Sacrificial reagents

Sacrificial reagents are useful in photocatalytic reactions in
order to scavenge holes or electrons to prevent recombination
and thus achieve high catalytic efficacy.*’” Most commonly
used are electron donors, or hole scavengers. A hole scavenger
is oxidized irreversibly with the photogenerated holes to
destroy them, and importantly should form a by-product that
does not interfere with the reaction. This means that electron
donors are fully expended during the course of the reaction,
and stoichiometric or continuous addition is required to
perform the photocatalytic reaction efficiently. Some common
electron donors include potassium iodide, triethylamine
(TEA), triethanolamine (TEOA), 1,3-dimethyl-2-phenylbenzimi-
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dazoline (BIH), 1-benzyl-1,4-dihydronicotinamide (BNAH),
ascorbic acid, oxalate, ethylenediaminetetraacetic acid (EDTA),
and thiols (Fig. 13). Electron acceptors, or electron scavengers,
are used to destroy photogenerated electrons. Electron scaven-
gers are reduced irreversibly and need to be added in stoichio-
metric amounts or continuously added just like hole scaven-
gers. However, most photocatalytic reactions use the photo-
generated electrons to promote the reaction, so electron sca-
vengers are mainly used to study the mechanism and for proof
of electron and hole separation. Common electron acceptors
include silver nitrate, copper chloride, potassium chromate,
sodium persulfate, sodium iodate, potassium iodate, and

oxygen.

5.6 Doping

Doping a material with elements, compounds, or nano-
particles to enhance its optical properties and electronic
behaviour is an effective approach for enhancing photo-
catalytic activity in polymers.*®® For example, Pang and cohort
synthesized COFs and embedded them with CuSe*’”° or
Ag,Se?”! nanoparticles for phototherapy. Su et al. constructed
crystalline CTFs and doped them with elemental sulfur for
photocatalytic hydrogen evolution using water.>”> They demon-
strated that the sulfur-doped CTFs showed both greater photo-
catalytic performance and stability. Bi et al synthesized a
f-ketoenamine COF, TpMa, and combined it with CdS for
photocatalytic hydrogen peroxide production.”’® The material
showed 2.5 times higher H,0, production than the pristine
COF and 4 times higher than CdS alone. Zhang and co-
workers synthesized TpPa-2-COF and doped it with a-Fe,O; for
photocatalytic hydrogen evolution.>”* The material showed 53
times higher production than the pristine COF, and the
authors showed that this was due to the efficient charge separ-
ation from transfer of photogenerated electrons from the con-
duction band of the a-Fe,O; to the valence band of the COF.
Zhang et al. showed that TpTa-COF could encapsulate Ti
(O"Bu), and be converted to Fe-TiO, nanoparticles (Fig. 14).”°
This Fe-TiO,@COF material was highly efficient at photo-
catalytic degradation of methylene blue dye. Islam and co-
workers synthesized TP-TAPM COF and doped it with TiO, for
highly efficient photoreduction of CO, to CH3;0H and N, to
NH;.>”® These provide just a small assortment of examples to
show the utility of doping in COFs for photoenhancement.
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5.7 Polymeric composites and hybrid materials

COFs provide a unique platform for constructing composites
or hybrid materials due to their porous nature. By combining
two or more materials, the chemical, optical, and electrical
properties can be enhanced. Some examples of COF compo-
sites include COF@COF, polymer@COF, carbon allotrope
nanostructure (CAN)@COF, and metal organic framework
(MOF)@COF. For instance, Li et al. constructed a triazine-
based imine-linked COF (TATF-COF) and combined it with a
perylene diimide urea polymer (PUP).>”” The PUP@COF
material showed 3.5 times higher photocatalytic hydrogen pro-
duction than that of the pure TATF-COF due to charge-transfer
channels and prolonged exciton lifetimes. Pan and co-workers
fabricated a melamine sponge COF hybrid, and the MS@TpTt
material exhibited excellent photodegradation of tetracycline
antibiotics.””® Lu and co-workers produced a Co-porphyrin
based COF, COF-366-Co, and covalently anchored it on gra-
phene oxide (GO).””® The GO-COF-366-Co composite was used
for photoreduction of carbon dioxide and showed about 4
times higher activity than the pristine COF. This was corrobo-
rated by photoelectrical experiments illustrating the higher
charge separation and transfer of the composite. Wang and
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cohort synthesized a TpBD COF and fabricated it on carbon
nanotubes for efficient photodegradation of mordant black 17
dye.?®® Zhang et al. synthesized NH,-MIL-68 and coated it with
TPA-COF, and the NH,-MIL-68@TPA-COF showed high photo-
catalytic degradation of rhodamine B dye.”®" Kim and Sun con-
structed NH,-MIL-125(Ti), or Ti-MOF, encapsulated Pt nano-
particles in it, forming Ti-MOF@Pt, and then drop-cast
DMLZU1 COF onto it giving Ti-MOF@Pt@DMLZU1
(Fig. 15).%> This hybrid material was used for photohydro-
genation of olefins and showed quantitative conversion in
near perfect selectivity in 40 min using only 1 atm of H, for
styrene. Zang et al. performed similar experiments using a
Pd@Ti-MOF@TpTt hybrid for photocatalytic hydrogenation of
nitroarenes.”® Interestingly, Yan et al constructed a
MOF@COF@GO composite, UiO-66-NH,/TAPT-TP-COF/GO, for
photocatalytic hydrogen evolution.*®** These examples provide
a small demonstration of the ability to construct composite/
hybrid materials using COFs to boost photocatalytic
performances.

6 Photocatalytic applications
6.1 Hydrogen evolution

High population growth significantly increases energy
demand, making energy shortages one of the most pressing
global challenges.”® This issue requires a multifaceted
approach for ensuring a sustainable energy supply while mini-
mizing the environmental impact. Hydrogen production under
visible-light irradiation, often called photocatalytic hydrogen
evolution, is an area of significant interest in renewable energy
research.”®*% COFs are promising materials for photo-
catalytic hydrogen production due to their porosity, structural
designs, visible light harvesting, and chemical stability.*
COFs synthesized from porphyrins, triazines, and pyrene
building blocks with extended zn-conjugated planar structures
have been extensively studied for photocatalytic hydrogen evol-
ution.>* Indeed, one of the most fascinating properties of
COFs is their structural tunability,*®*>**° enabling unique
designs. Numerous studies have concentrated on COF-based
photocatalysts for H, evolution, demonstrating that altering
their building blocks,>*"**> functional groups****** and
linkages®>?>°° can enhance photocatalytic performance. The
mechanism of photocatalytic H, evolution using COFs has
also been well developed.>

This journal is © The Royal Society of Chemistry 2024
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In 2014, the Lotsch group introduced the first COF photo-
catalyst, TFPT-COF, for hydrogen evolution.?*® The crystalline
hydrazone-based TFPT-COF demonstrated a photocatalytic
hydrogen evolution rate of 1970 pmol g™' h™ under visible
light irradiation (300 W Xe lamp) with 2.2 wt% Pt as the coca-
talyst and 10 vol% TEOA as the electron donor, and a smaller
230 pmol g™ h™ using sodium ascorbate as the electron
donor. Under identical standard conditions, TFPT-COF/Pt
demonstrated superior performance compared with the results
obtained with other highly effective photocatalytic systems,
specifically a Pt-modified amorphous melon, g-C;N,, syn-
thesized as described in the literature,>®" and crystalline poly
(triazineimide). Notably, the TFPT-COF loses crystallinity after
photocatalysis but can be reconverted into the crystalline
material by resubjecting it to the initial synthesis conditions.

In 2022, the Li group examined a series of COFs synthesized
using 2,4,6-tris(4-aminophenyl)-1,3,5-triazine with 1,3,5-trifor-
mylbenzene, 2,4,6-triformylphloroglucinol, 2,4,6-triformylphe-
nol, and 2,4,6-triformylresorcinol, respectively. These were
denoted as COF-OH-n (n = 0-3), representing the number of
-OH groups.”®” COF-OH-0 and COF-OH-3 were synthesized
according to the procedure from the literature.>*>*%® The
varying degrees of proton tautomerism in COF-OH-n, due to
the different numbers of p-ketoenamine linkages in their
structures, regulated the visible light absorption ability, band
gap, and band edge positions. Photocatalytic hydrogen evol-
ution experiments were conducted using visible light (300 W
Xe lamp), ascorbic acid as the sacrificial agent, and 1 wt% Pt
as the cocatalyst. Among the COF-OH-n series, COF-OH-3
exhibited the highest hydrogen evolution rate of 9.89 mmol
¢~ ' h™. This superior performance was attributed to the irre-
versible proton tautomerism in COF-OH-3, which resulted in
the most favourable photoelectronic properties. The apparent
quantum yield of COF-OH-3 was 0.15% at 420 nm.

Recently, metalated or metal-associated COFs have been
employed as photocatalysts for H, evolution.***?°*> Metal ions
can influence the charge carrier dynamics within the resulting
COF frameworks. Recently, a series of planar porphyrin-based
MPor-DETH-COFs (M = H,, Co, Ni, and Zn) were designed and
synthesized through the condensation reaction of metalated
porphyrinic aldehydes with 2,5-diethoxyterephthalohydrazide
(DETH).>*> The visible-light-driven hydrogen production by
these COF photocatalysts was examined under visible light
using a 300 W Xe lamp in the presence of Pt and TEOA, with
Pt acting as the cocatalyst and TEOA as the sacrificial reagent.
Among the MPor-DETH-COFs, ZnPor-DETH-COF exhibited the
highest hydrogen production rate of 413 umol g~* h™'. H,Por-
DETH-COF, CoPor-DETH-COF, and NiPor-DETH-COF had rates
of 80, 25, and 211 pmol g~' h™", respectively. These findings
indicated an increasing driving force from charge carrier
dynamics, as supported by transient emission decays and
photocurrent tests. ZnPorDETH-COF had an apparent
quantum yield of 0.32% at 450 nm. Notably, when the incident
wavelength was above 500 nm no hydrogen was produced.

COFs with donor-acceptor (D-A) moieties have been widely
utilized for photocatalytic H, evolution.>’® Recently, the Dong
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group designed and synthesized a novel imine-linked COF,
DABT-Py-COF, by condensing a newly constructed donor-
acceptor-donor (D-A-D) type monomer, 4,4',4",4""-(benzo
[c][1,2,5]thiadiazole-4,7-diylbis(9,9-dimethyl-9,10-dihydroacri-
dine-10,2,7-triyl))tetrabenzaldehyde, with 1,3,6,8-tetrakis(4-
aminophenyl)pyrene.*®” By optimizing the reaction conditions
using an aqueous medium containing ascorbic acid as the
sacrificial electron donor, DABT-Py-COF as the photocatalyst,
and Pt as the cocatalyst under visible light irradiation (300 W
Xe lamp), they achieved a hydrogen evolution rate of
5458 pmol g~' h™'. Without Pt cocatalyst, a rate of 299 pmol
g’ h™" was achieved. The remarkable performance of
DABT-Py-COF was attributed to its high crystallinity, perma-
nent porosity, broad light absorption range, and exceptional
chemical stability. Notably, after five cycles, the DABT-Py-COF
had a decrease in crystallinity.

Thomas and co-workers have recently explored COFs and
COF films with uniquely tunable band gaps and optoelectronic
properties for photocatalytic hydrogen evolution.?*® They
investigated the photocatalytic performance of low band gap
COFs constructed by condensing the extended n-conjugated
9,10-bis(4-aminophenylethynyl)anthracene (AntT) with
benzene-1,3,5-tricarbaldehydes containing varying numbers of
hydroxy groups on the aldehyde units (z = 0, 1, 2, 3). This
resulted in synthesizing AntTTF, AntTMH, AntTDH, and
AntTTH, respectively. The AntT monomer functioned as the
photoabsorber, while the p-ketoenamine linkage preserved the
planarity of the system through intramolecular hydrogen
bonding. AntTTF and AntTTH were synthesized according to
the procedure reported in the literature.>*® Additionally, thin
films of the powder COFs were synthesized, capitalizing on
their numerous advantages in photocatalytic applications,
such as low light scattering and reusability. The number of
hydroxy groups on the 1,3,5-triformylbenzene linker signifi-
cantly influenced the properties of the COFs. AntTDH, the
COF prepared from the linker with two hydroxy groups,
showed the lowest band gap, exhibiting efficient charge separ-
ation and migration due to the formation of J-type aggregates.
Photocatalytic hydrogen evolution was performed under
visible light (4 > 420 nm, 300 W) with 2 wt% Pt cocatalyst and
ascorbic acid as the sacrificial electron donor. AntTDH
achieved the highest HER of 8.4 + 0.5 mmol g~* h™" in the
powder state. Interestingly, in the COF films, a steady increase
in the hydrogen evolution rate was observed with an increasing
—-OH group. The COF film with the most hydroxy groups,
AntTTH, gave the best HER of 1.6 = 0.2 mmol m~> h™" due to
heightened charge carrier mobility (Fig. 16). Notably, post-cata-
lysis, both the COF films and powders displayed a partial loss
of crystallinity.

Using saddle-shaped cyclooctatetrathiophene derivatives as
building blocks, the Wang group has recently developed fully
conjugated 3D COFs for metal-free photocatalytic hydrogen
evolution.’™® Through Schiff-base condensation, they syn-
thesized a series of fully conjugated 3D COFs using
COThP-CHO, which was synthesized from the literature
method,** with benzidine (BD), 3,7-diaminodibenzo[b,d]thio-
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Fig. 16 (a) Calculated band position and band gap of the COF powders

vs. hormal hydrogen electrode (NHE) along with the potential of H*/H,
and oxidation potentials of L-ascorbic acid, HA'/H,A and A/H,A at pH
2.6. Time course for photocatalytic HER under visible light (>420 nm) of
(b) COF powders (3 mg of COF with 2 wt% Pt) and (c) COF films (with
2 wt% Pt) in 16 mL 0.1 M ascorbic acid aqueous solution at pH 2.6. (d)
Photograph of AntTTH film over quartz at different time intervals of
photocatalytic reaction showing the formation of H, gas bubbles. (e)
The image of the AntTTH film is illuminated with diffused sunlight inside
a photocatalytic reactor with the corresponding enlarged image
showing the formation of H, gas bubbles.*°® Reproduced with per-
mission from ref. 308. Copyright 2024, Royal Society of Chemistry.

phene-5,5-dioxide (SA), 2,2'-dimethyl[1,1-biphenyl]-4,4'-
diamine (MBD), and 3,3-dimethylbiphenyl-4,4’-diamine
(DMB), resulting in BUCT-COF-20, -21, -22, and -23, respect-
ively. The photocatalytic reactions for H, production were con-
ducted under visible light irradiation (4 > 400 nm, 300 W)
using 5 mg of photocatalyst in water, 2.5 pL (8 wt%) H,PtClg as
cocatalyst, and 0.1 M ascorbic acid as an electron donor.
BUCT-COF-20 demonstrated the highest HER of 40.36 mmol
g~ h™, approximately three times higher than BUCT-COF-21,
which had a HER of 14.11 mmol g~ h™'. BUCT-COF-22
achieved a HER of 18.80 mmol g h™!, while BUCT-COF-23
exhibited the lowest performance at 4.33 mmol g~ h™. Under
similar reaction conditions, the performance of BUCT-COF-20
was compared with that of the non-conjugated COF-320.
COF-320 produced a significantly lower hydrogen evolution
rate of 0.79 mmol g~* h™". BUCT-COF-20 showed the highest
apparent quantum yield of 2.58% at 450 nm, and with lower
AQY of 2.34%, 1.88%, 1.14%, and 0.73% at 400 nm, 500 nm,
550 nm, and 600 nm, respectively. The exceptional perform-
ance of BUCT-COF-20 can be attributed to its D-A electronic
structures, porosity, hydrophobicity, and conjugated structure.

6.2 Water oxidation

Water oxidation for oxygen evolution involves a complex four-
electron redox process in the rate-determining step of overall
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water splitting. This process includes the cleavage of the O-H
bond, the formation of the O-O bond, and a large overpoten-
tial with slow O-O formation kinetics.>'*7*'* As a result, there
has been limited research on using COFs as photocatalysts for
photocatalytic water oxidation. Among the COFs used for
oxygen evolution are bipyridine-containing COFs due to their
capacity to form chelate complexes with transition metals.

One of the most recent reports of a bipyridine-containing
COF for photocatalytic water oxidation is from the Li group.®'®
They used a triazine-based COF, TAPT-Bpy-COF, synthesized by
a Schiff-base condensation from 2,4,6-tris(4-aminophenyl)-
1,3,5-triazine and 2,2-bipyridyl-5,5'-dialdehyde. TAPT-Bpy-COF
was coordinated with Co, Fe, and Ni, resulting in TAPT-Bpy-
COF-Co-3, TAPT-Bpy-COF-Fe-3, and TAPT-Bpy-COF-Ni-3,
respectively. The photocatalytic water oxidation of these metal-
coordinated COFs under light illumination (4 > 420 nm, 300
W Xe lamp) was carried out in a silver nitrite sacrificial system.
Among them, TAPT-Bpy-COF-Co-3 achieved the highest oxygen
evolution rate of 483 pmol g~' h™" with an efficient apparent
quantum efficiency (AQE) of 7.6% at 420 nm. The performance
of TAPT-Bpy-COF-Co-3 is higher than most bipyridine-contain-
ing COFs. HR-STEM-HADDF images confirmed cobalt coordi-
nation with the bipyridine units within the framework struc-
ture. TAPT-Bpy-COF-Co-3 benefits from its broad visible light
absorption range, high surface area, well-ordered structure,
and improved charge separation.

Studies have demonstrated that crystalline COFs exhibit
superior photocatalytic water oxidation performance compared
with their amorphous counterparts, owing to their highly
ordered arrangement of functional units.*'®*'” As a proof of
concept, in 2022, Wiirthner et al. successfully integrated Ru
(bda)-based (bda = 2,2"-bipyridine-6,6"-dicarboxylate) dialde-
hyde into a 3D ordered COF.>'® This was achieved through
imine condensation between the dialdehyde and tetra-(4-
anilyl)methane, forming either crystalline or amorphous 3D
imine polymers, depending on the solvents used, referred to
as Ru(bda)-COF or Ru(bda)-polymer, respectively. The photo-
catalytic water oxidation was studied using Ru(bda) polymers,
with [Ru(bpy);]Cl, serving as the photosensitizer (PS) and
sodium persulfate (Na,S,0s) as the sacrificial electron acceptor
(SEA). The SEA first oxidizes the photogenerated PS* to PS’,
which further oxidizes the Ru water oxidation catalyst (WOC)
until it reaches the crucial Ru" state. For the photocatalytic
water oxidation, measurements were performed at A > 380 nm
using a 150 W Xe lamp. At a low catalyst loading of 0.1 g L™,
Ru(bda)-COF achieved an initial rate of 10.4 pmol L™" 57", over
20 times higher than the 0.5 pmol L™ s™* rate of Ru(bda)-
polymer. This disparity in performance is attributed to differ-
ences in their mechanistic pathways. During the O-O bond for-
mation process, Ru WOCs can follow two primary mechanistic
pathways: water nucleophilic attack (WNA) or the interaction
of two highly oxidized Ru-oxyl radicals (12M).***??° Ru(bda)-
COF photochemical water oxidation follows the I2M pathway
and is second order in COF concentration, suggesting that two
COF particles are involved in the rate-determining step (RDS).
Extensive mechanistic studies, including H/D kinetic isotope
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effect (KIE) analysis, indicated that the O-O bond formation in
Ru(bda)-polymer follows the WNA pathway. The limited access
to the Ru(bda) units at the disoriented polymer surface
hinders the efficient dimerization of activated catalysts.
Consequently, this restricts the water oxidation catalysis to the
less efficient WNA mechanism in Ru(bda)-polymer.

The Wang group has recently examined the effectiveness of
boranil COFs (N and O-moiety chelated difluoroboron com-
plexes) in photocatalytic water oxidation reactions.**" Initially,
they synthesized a series of metalated porphyrin-based COFs,
M-TAPP-COFs (where M = Ni, Zn, Co, Mn), through the Schiff-
base condensation of 5,10,15,20-tetrakis(4-aminophenyl)por-
phyrin metal[u] (M-TAPP) and 2,5-dihydroxyterephthalalde-
hyde.??* Subsequently, they achieved boranil-functionalized
fully zm-conjugated ordered D-A COFs, M-TAPP-COF-BF,, by
post-synthetic modification of M-TAPP-COFs using an excess
of BF,-Et,0.%*® The photocatalytic water oxidation experiments
were conducted in aqueous solution with 5 mg of the photo-
catalyst (Ni-TAPP-COF, Ni-TAPP-COF-BF,, Zn-TAPP-COF-BF,,
Co-TAPP-COF-BF,, and Mn-TAPP-COF-BF,) and AgNO; as a
sacrificial electron acceptor under light irradiation (300 W Xe,
AM 1.5G cut-off filter) at 10 °C. The order of photocatalytic
oxygen evolution rates was observed as Ni-TAPP-COF-BF, > Zn-
TAPP-COF-BF, > Co-TAPP-COF-BF, > Mn-TAPP-COF-BF, > Ni-
TAPP-COF. Notably, Ni-TAPP-COF-BF, exhibited the highest per-
formance with 1404 pmol g~* h™", significantly surpassing the
pristine Ni-TAPP-COF, 123 pmol g~ h™. Both experimental and
theoretical findings indicated that the push/pull (metallopor-
phyrin/BF,) mechanism and z-conjugation that is well-regulated
are crucial for photoabsorbing properties. The apparent
quantum yield of Ni-TAPP-COF-BF, was 1.27% at 450 nm.

Yan and co-workers have recently designed a coordinated
enamine-based COF using cobalt dichloride for photocatalytic
oxygen evolution through water oxidation.*** Initially, TpBPy
was synthesized via Schiff base condensation of 2,4,6-trihy-
droxybenzene-1,3,5-tricarbaldehyde (Tp) and [2,2"-bipyridine]-
5,5'-diamine  (BPy) under solvothermal conditions.
Subsequently, CoCl, was incorporated at the bipyridine sites
in an ethanol solution to form CoCl,~-TpBPy. Photocatalytic O,
evolution analysis was conducted using a closed glass appar-
atus with 10 mg of photocatalyst mixed in AgNO; solution (as
a sacrificial reagent), under 300 W xenon lamp illumination (4
=400 nm) at a temperature of 10 °C. After 1 h, CoCl,-TpBPy
demonstrated an O, evolution rate of 1 mmol g~* h™", while
TpBPy exhibited almost no O, evolution. CoCl,-TpBPy had an
apparent quantum yield of 1.34% at 425 nm. Using a wave-
length of 460 nm yielded about 700 umol g~* h™, and at
500 nm yielded about 200 pmol g~* h™". Interestingly, MnCl,
or RuCl; versions produced no yield. In situ XPS and EPR ana-
lyses revealed that high-valence cobalt states were important
for water oxidation (Fig. 17). The coordination of CoCl, into
TpBPy maintained the structural integrity and the character-
istics of charge recombination. Notably, the COF lost its crys-
tallinity post-catalysis.

The Wang group recently synthesized an ionic-type COF,
CoTPP-CoBpys, which included a tetraphenyl porphyrin co-
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Fig. 17 Proposed mechanism for the photocatalytic water oxidation
process facilitated by CoCl,—TpBPy.>?* Reproduced with permission
from ref. 324. Copyright 2024, John Wiley and Sons.

ordinated cobalt (CoTPP) and a bipyridine coordinated cobalt
complex {[Co"(bpy);](OAc),} for photocatalytic water oxi-
dation.*®® This unique COF was created using a one-pot con-
densation reaction involving 5,10,15,20-tetrakis(4-aminophe-
nyl)-21H,23H-porphine, 2,2"-bipyridyl-5,5-dialdehyde, 2,2'-
bipyridine, and Co(OAc),-4H,0. High-resolution cryo-trans-
mission electron microscopy (cryo-TEM) revealed that
CoTPP-CoBpy; COF had a large-sized morphology of over
2 pum, ultra-thin nanosheets with a thickness of approximately
1.25 nm, and high crystallinity. The photocatalytic water oxi-
dation was tested by dispersing 5 mg of the photocatalyst in
aqueous AgNO; solution and illuminating it with a 300 W
xenon lamp with an AM 1.5G cut-off filter. After 1 hour, the
photocatalytic oxygen production rate reached 7323 umol g™
h™'. CoTPP-CoBpy; COF gave an apparent quantum yield of
4.65% at 450 nm. This performance was attributed to the
unique properties of COTPP-CoBpys;.

6.3 Water splitting

Hydrogen production through water splitting under visible-
light irradiation is an area of significant interest in renewable
energy research. This method uses solar energy to drive the
splitting of water molecules into hydrogen and oxygen,
offering a clean and sustainable way to produce hydrogen fuel.
This can be challenging due to critical thermodynamics, slow
kinetics, dissolved oxygen, reverse and side reactions,
etc.**®**” Limited research has been conducted on using COFs
for hydrogen production through water splitting under visible-
light irradiation.*”® Transition metals are mostly used as coca-
talysts in the process. The photocatalytic mechanism of water
splitting has been previously explored using COFs.**®
Interestingly, in 2020, Chen and co-workers explored the
impact of halogens on a 2D COF for hydrogen production
through water splitting under visible-light irradiation by alter-
ing the photoactive unit with halogens.*>® Photoactive ben-
zothiadiazole (BT) units were strong electron acceptors, facili-
tating efficient intramolecular charge transfer through alter-
nating D-A skeletons. A series of 2D COFs, Py-XTP-BT-COFs (X
=H, F, or Cl), was synthesized by polycondensation of 4,4',4",4'
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"-(pyrene-1,3,6,8-tetrayl )tetrabenzaldehyde (Py-CHO) with ter-
phenyl-based diamines (XTP-BT-NH,) featuring fluorinated,
chlorinated, or non-halogenated BT units under solvothermal
conditions. Photocatalytic water-splitting experiments were
performed under visible light irradiation (4 > 420 nm) using
ascorbic acid as the sacrificial reagent and without a cocatalyst.
Py-CITP-BT-COF, Py-FTP-BT-COF, and Py-HTP-BT-COF achieved
HER rates of 44.00, 15.8, and 6.00 pumol h™*, respectively,
demonstrating that chlorination and fluorination of the Py-
HTP-BT-COF skeleton can enhance photocatalytic activity.
Using the same conditions with 5 wt% Pt cocatalyst, Py-
CITP-BT-COF, Py-FTP-BT-COF, and Py-HTPBT-COF showed
HER rates of 177.50, 57.50, and 21.56 pmol h™, respectively.
The AQE of Py-CITP-BT-COF reached 8.45% at 420 nm, one of
the highest values reported for COF-based photocatalysts.
These findings indicate that halogenation in the BT unit is
crucial in modulating the electronic structures of BT-COFs
owing to the high electronegativity of chlorine and fluorine
atoms. Based on DFT calculations, the adjustment of halogens
in the photoactive BT units can effectively inhibit charge
recombination and notably lower the energy barrier linked to
the creation of H intermediate species (H*) on the polymer
surface.

Recently, Zhao and co-workers reviewed functional regu-
lation of COFs for photocatalytic water splitting.*** A prime
example comes from the Li group where they synthesized
COF-SCAU-2 using 5'-(4-formylphenyl)-[1,1":3',1"-terphenyl]-
4,4"-dicarbaldehyde (TB) and 2,7-diamino-9-fluorenone (F),
and this was mechanically exfoliated to afford
UCOF-SCAU-2.>*" They took these COFs and tested them for
photocatalytic water splitting under visible-light irradiation
(300 W Xe lamp) with Pt as cocatalyst and ascorbic acid as a
sacrificial reagent. The hydrogen evolution rate for
COF-SCAU-2 was 3.63 mmol h™' g™, and 35.61 mmol h™" g*
for UCOF-SCAU-2. The apparent quantum yield of
UCOF-SCAU-2 was 10.23% at 420 nm. When tested for overall
water splitting COF-SCAU-2 showed no activity, but
UCOF-SCAU-2 exhibited hydrogen and oxygen evolution rates
of 0.046 and 0.021 mmol h™ g™, respectively. However, after
five recycles the rates fall to almost half.

In 2023, Lan and co-workers explored a series of
f-ketoenamine COFs for photocatalytic water splitting.**> They
synthesized TpBD-COF, TpBpy-2-COF, and TpBpy-COF through
reversible Schiff base reaction and irreversible enol-to-keto tau-
tomerization. These COFs were then modified and exfoliated
through a “top-down” process to create TpBD-NS, TpBpy-2-NS,
and TpBpy-NS. To incorporate a cocatalyst, ultra-small Pt nano-
particles (NPs) were generated in situ within the pores of the
COFs, resulting in the non-bipyridine Pt@TpBD-NS, and the
bipyridine (Bpy)-containing Pt@TpBpy-NS and Pt@TpBpy-2-NS
photocatalysts. The reactions were conducted in quartz tubes
within a sealed system containing 15 mg of catalyst in H,O
and using sodium ascorbate as the sacrificial electron donor.
For performance comparison, the non-Bpy Pt@TpBD only per-
formed the H, half reaction, whereas the Bpy-containing
COFs, Pt@TpBpy-NS and Pt@TpBpy-2-NS, demonstrated
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overall water splitting, producing both H, and O,. Under
visible light, Pt@TpBpy-NS achieved optimal production rates
of 9.9 pmol of H, and 4.8 pmol of O, in 5 hours while
Pt@TpBpy-2-NS produced 3.1 pmol of H, and 1.4 pmol of O,.
With experimental and theoretical calculations, this work
proved that the position of the N-sites within the Bpy (Fig. 18),
the nanosheet morphology of the COFs, and the incorporation
of ultra-small Pt nanoparticles within the COF pores were
crucial factors for enhancing water-splitting activity. An appar-
ent quantum yield of 2.8% was measured at 450 nm for
Pt@TpBpy-NS.

Xu and co-workers have recently explored two types of
n-conjugated COFs with the same donor-acceptor structure
but different linkages for metal-free photocatalytic water split-
ting.*** The sp®c-Py-BT COF and the imine-Py-BT COF were
composed of the electron-donating pyrene (Py) unit and the
electron-accepting BT unit, formed through Knoevenagel con-
densation and Schiff base reaction, respectively. The photo-
catalytic reactions were conducted by mixing the photocatalyst
in pure water without any cocatalyst or sacrificial agent, under
visible light irradiation (4 > 420 nm, 300 W Xe lamp). The spc-
Py-BT COF produced H, and O, in a near 2:1 stoichiometric
ratio for overall water splitting, with average production rates
of 17.2 and 8.1 pmol h™ g7, respectively. Under the same con-
ditions, the imine-Py-BT COF could not reach the overall water-
splitting reaction. When adding in triethanolamine, the H,
rate increased to 891.5 pmol h™" g7, and when adding in
AgNO;, the O, rate increased to 21.2 pmol h™" g™* for sp’c-Py-
BT COF. Furthermore, when adding Pt and Co(OH), cocata-
lysts, sp”c-Py-BT COF had increased production rates for H,
and O, to 71.3 and 30.8 pmol h™' g7', respectively.
Mechanistic studies indicated that the cyano-vinylene linkage

[ eBoy-ns —— Calculated . 43 s2 f ‘;, <3
3 ke O [ " i I 2,
s _— LB ° -«l -f‘ 2%
Py 5.2 ‘(!4}‘!"‘, ﬁ‘ e ‘L;
o o " A4
5 / H L L+1 d
Qo 5 { " >4
5 ; e ? s1 % s ']
0 . . 454nm Py vy
o v 2 < g "
\ < 2, o &
< \, ‘ j"‘/"“:;.'ij‘JA_’,ﬁ‘f"lrl"‘;"fa
> 2 "'
300 400 500 eo0 700 b H-3 - 192 L+1 . ?;
Wavelength (nm)
c ;7777077 : 00_.N : d 6
1 ) H H, 1] ' i
' ox )= AN —
2 SR /< X % 4 —_
! i o ey v S2 -
15 QDY+ ] & o oo
L TS OER E ' @ 0] —"=.09 oo = o
Y Co\mo Mo ., T e TR,
AP : Mo | —
nod ] & Gin Y TPBD-NS — U=145 u=o0
< ! e 41 TpBpy2:NS — U=171 — U=0
HER ' A N— ! gLTeBRYNS  — u=179 — u=0

Reaction Coordinate

Fig. 18 DFT calculations and proposed schematic mechanism of
TpBpy-NS. (a) UV-Vis absorption spectra of TpBpy-NS compared with
TD-DFT calculated fragment. (b) The TD-DFT calculated electronic tran-
sition of TpBpy-NS. (c) The possible process of HER on Tp segment and
OER via dual-site process on Bpy segment in TpBpy-NS. (d) The com-
parison of calculated Gibbs free energy change for C2d paths of OER for
TpBD-NS, TpBpy-2-NS and TpBpy-NS at pH = 7.3*2 This image is
licensed under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/).
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is crucial for adjusting the band structure and enhancing
charge separation in COFs, thus enabling overall water split-
ting. sp®c-Py-BT COF had an apparent quantum yield of 2.53%
at 420 nm. Interestingly, the authors explored the intrinsic
relationship between crystallinity and photocatalytic activity
and found a sixfold improvement for the highly crystalline
COF compared with the amorphous polymer, and they saw a
linear relationship of increasing rates from an amorphous
polymer to a low-crystalline COF to a medium-crystalline COF
to a highly crystalline COF.

6.4 Carbon dioxide reduction

The increasing consumption of fossil fuels has led to uncon-
trolled carbon dioxide (CO,) emissions, resulting in serious
environmental issues.’**** Solutions proposed to address this
dilemma include carbon capture utilization and storage
(CCUS),**® amine absorption,*” and bioenergy with carbon
capture and storage (BECCS).>*® Additionally, the photochemi-
cal conversion of CO, into valuable chemicals like methanol,
ethane, formic acid, ethanol, and others presents sustainable
and renewable solutions for recycling CO, while addressing
global issues.**® Known for their exceptional capacity to
adsorb and trap CO,,>*® COFs are regarded as a promising
platform for catalysing the reduction of CO, using photocataly-
sis.”®> Most reported COF-based photocatalysts rely on metala-
tion or transition metals as additive cocatalysts to enhance
activity.”® Ni->*' Co-**'7** or Re-coordinated®****® COFs have
gained great attention, particularly in CO, photoreduction due
to their high electron affinity. The mechanism of photo-
catalytic CO, reduction using COFs has also been explicated.”®

Wang et al have recently reported two Co-coordinated
COFs, Co-2,3-DHTA-COF and Co-TP-COF, for photocatalytic
CO, reduction.**” TP-COF and 2,3-DHTA-COF were synthesized
using 2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TAPT) with
1,3,5-trimethylbenzene (TP) and 2,3-dihydroxybenzene-1,4-
dicarboxaldehyde (2,3-DHTA), respectively, in acid-catalysed
solvothermal conditions. The COFs were then treated with Co
(NO3), in water and ethanol, affording Co-TP-COF and Co-2,3-
DHTA-COF. Co-TP-COF created Co—O;N sites within its frame-
works, whereas Co-2,3-DHTA-COF developed Co-O, sites. This
difference in Co-coordination between the two COFs was due
to adjustments to the position of the hydroxyl group in the
aldehyde monomer used. The formation of Co-O, was identi-
fied using spectral characterizations such as X-ray absorption
fine structure (FT-EXAFS) spectrum and XPS. The photo-
catalytic CO, reduction to CO was conducted by mixing the
photocatalyst with acetonitrile (MeCN)/water solution under
simulated visible light irradiation (4 > 420 nm), using [Ru
(bpy);]Cl, as the photosensitizer, and TEOA as the electron
donor. Under optimized conditions, Co-2,3-DHTA-COF demon-
strated a CO production rate of 18000 pmol ¢™* h™" and a
selectivity of 95.7% (800 pmol g~* h™" H,), whereas Co-TP-COF
showed a lower CO production rate of 11 600 pmol g~* h™" and
selectivity of 76.6%. The higher performance with Co-2,3-
DHTA-COF was attributed to the Co-O, sites. Based on in situ
and ex situ spectral analyses and DFT calculations, the Co-O,
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sites in the COF framework greatly enhanced the charge separ-
ation, preventing the recombination of photogenerated elec-
tron-hole pairs during the photocatalytic process. The highest
apparent quantum yield for Co-2,3-DHTA-COF was 0.47% at
450 nm. Notably, the COF showed a decrease in crystallinity
and rate after three cycles.

In 2020, Cooper and co-workers demonstrated the photo-
catalytic reduction of CO, into fuels by tethering the rhenium
complex Re(bpy)(CO),Cl onto COF materials to create a hetero-
geneous photocatalyst.**® They synthesized the 2D sp’c-COF
through the Knoevenagel condensation of 1,3,6,8-tetrakis(4-
formylphenyl)pyrene (TFPPy) and 5,5"-bis(cyanomethyl)-2,2'-
bipyridine. To produce the metal-coordinated Re-Bpy-sp’c-
COF, they ligated the bipyridine sites in Bpy-sp”c-COF with Re
(CO)sCl. To demonstrate the strong CO, affinity of Re-Bpy-sp*c-
COF, they measured CO, uptake, finding that the metalated
COF adsorbed 1.7 mmol g* CO, at 273 K and 1.1 mmol g™ at
298 K. Photocatalytic CO, reduction experiments were con-
ducted in a quartz flask at 1 atm CO, with MeCN as the
solvent and TEOA as the proton source and sacrificial electron
donor under visible light irradiation (4 > 420 nm) using a 300
W Xe light source. Re-Bpy-sp”c-COF produced CO at a rate of
1040 pmol g~ h™" with 81% selectivity versus H, resulting in a
turnover number (TON) of 18.7 for CO over 17.5 hours. Re-Bpy-
sp’c-COF outmatched the homogeneous catalyst Re(bpy)
(CO);Cl under the same conditions, as the latter deactivated
after 3 hours with a TON of 10.3. This superior performance is
likely due to the strong visible light absorption and high CO,
binding affinity of Re-Bpy-sp’c-COF. The apparent quantum
yield was measured at 420 nm, giving 0.5%. When using
different wavelengths of light, blue light performed the best
(about 400 pmol g™' h™") followed by green light (about
100 pmol ¢~* h™"), and then orange light (about 50 pmol g™*
h™). They also compared an amorphous polymer version
which demonstrated a lower TON of 2.3 after 12 hours com-
pared with 12.9 for the COF. Notably, after 50 hours of
irradiation the COF lost crystallinity.

The photocatalytic reduction of CO, using metal-free COFs
has also gained a lot of attention.**~*>> For example, in 2021,
Liu and co-workers reported metal-free 2D COFs, TpBb-COF
and COF-TpPA-1, and graphitic carbon nitride (g-C3;N,) for
visible-light-driven photocatalytic reduction of CO,.*** An acid-
catalysed Schiff-base reaction was used to synthesize TpBb-
COF by the condensation of 2,6-diaminobenzo[1,2-d:4,5-d"]
bisthiazole (Bb-NH,) and 1,3,5-triformylphloroglucinol (Tp-
CHO). With minor adjustments, COF-TpPA-1 and g-C;N, were
synthesized as described in the literature.>>****> Photocatalytic
reduction of CO, was conducted in a glass-sealed reactor
under visible light irradiation within a gas-solid system, utiliz-
ing the COFs and g-C;N, as the photocatalysts. It should also
be noted that no cocatalysts, photosensitizers, or sacrificial
reagents were used for these measurements. Both COFs and
2-C3N, observed CO as the main product. TpBb-COF demon-
strated an optimal average CO production rate of 52.8 pmol g™*
h™" at 80 °C with a CO selectivity of 99.0%. This rate was more
than double that observed for COF-TpPa-1, 18.3 pmol g~* h™%,
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and g-C3N,, 23.2 pmol g h™'. TpBb-COF gave a CO pro-
duction rate of 89.9 pmol g* h™! when the CO, concentration
was changed from pure to 30.0% at 80 °C. The apparent
quantum efficiency of TpBb-COF was 0.031% at 420 nm in
30% CO, and 0.019% in pure CO,. This suggests that lower
concentrations of CO, facilitated the photocatalytic reduction
of CO,. The performance, supported by DFT calculations, can
be attributed to the more favourable adsorption of H,O on
TpBb-COF, which enhanced the adsorption and reduction of
CO,. The reaction mechanism was investigated using the rate
equation for CO, photocatalytic reduction. The rate equation
derived correlates the CO, concentration with the CO pro-
duction rate, aligning with the experimental results and
theoretical calculations.

In 2023, Jin and co-workers designed hydrophilic, fully con-
jugated COF materials that utilized H,O as the hydrogen and
electron source for photocatalytic conversion of CO,
(Fig. 19).>°° This research converted imine-linkages into 4-car-
boxyl-quinoline linkages in the COFs producing crystalline,
porous, polymeric photocatalysts for CO, photoreduction. The
imine-linked LZU1-COF was synthesized through the Schiff-
base reaction by condensing 1,3,5-triformylbenzene and 1,4-
diaminobenzene. The quinoline-linked QL-COF was prepared
with the one-pot Doebner reaction by reacting 1,3,5-triformyl-
benzene, 1,4-diaminobenzene, and pyruvic acid. The photo-
catalytic experiments were conducted using 2 mg of catalyst
dispersed in ethanol which was packed onto a glass sheet and
placed into a photoreactor containing aqueous solution. This
setup was backfilled with pure CO, for about 1 h at 1 atm
pressure using a 300 W Xe lamp for light illumination. The
performances of LZU1-COF and QL-COF were evaluated for
CO, photoreduction, and both COFs produced CO as the main
product along with minor CH, production. Compared with
LZU1-COF, QL-COF exhibited superior photocatalytic perform-
ance, producing CO at a rate of 156 umol g~* h™'. LZU1-COF
produced 25 pmol g~* h™ CO, 6 times less than QL-COF. This
high performance is consistent with QL-COF’s great H,O and
CO, capture capacities and higher carrier transfer efficiency.
The inclusion of 4-carboxyl-quinoline in QL-COF improved its

H,0

e 1 [H]j /
——

Hydrophilic cluster =

co,

03
Carbohydrates

Natural photosynthesis

Articial photosynthesis

Fig. 19 Natural photosynthesis, and artificial photosynthesis using the
hydrophilic 4-carboxyl-quinoline COF (QL-COF).>*® Reproduced with
permission from ref. 356. Copyright 2023, Royal Society of Chemistry.?”®
Reproduced with permission from ref. 279. Copyright 2020, American
Chemical Society.
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light absorption properties and the separation and transfer of
photogenerated charge carriers, leading to its excellent per-
formance in CO, reduction.

In 2022, Zhang and colleagues synthesized 3D COFs using
an 8-connected porphyrin-based building block arranged in a
cubic configuration.>®” These frameworks could be interwoven
into an exceptional interpenetrated pcb topology. These
distinctive 3D COFs were employed for the photocatalytic
reduction of CO,, resulting in the formation of CO and CH,.
To synthesize the 3D COFs, NUST-5 or NUST-6, 5,10,15,20-
tetrayl(tetrakis(([1,1":3',1"-terphenyl]-4,4"-dicarbaldehyde)))-
porphyrin (TTEP) was reacted with p-phenylenediamine (PDA)
or dimethyl-p-phenylenediamine (PDA-Me) using a Schiff-base
reaction under solvothermal conditions, respectively. CO,
photoreduction experiments were performed with the respect-
ive COFs dispersed in a mixture of MeCN, triethanolamine,
and H,O, in a ratio of 3:1:1 under 1 atm CO,. The mixture
was purged with CO, for 30 min while stirring and then illumi-
nated with a 225 W Xe lamp (420 nm cut-off filter). After 10 h,
CO production was 54.7 pmol g~' for NUST-5 and 76.2 pmol
¢~! for NUST-6. Moreover, NUST-5 and NUST-6 displayed low
CH, production rates of 17.2 pmol g~' and 12.8 pmol g,
respectively.

6.5 Hydrogen peroxide production

Hydrogen peroxide has become essential in many commercial
products such as antiseptics, disinfectants, and as a bleaching
agent. Moreover, it is commonly used in synthetic chemistry as
a relatively safe oxidant, producing only water and oxygen as
by-products. However, at the industrial scale, synthesis of
hydrogen peroxide is done through the hydrogenation of
anthraquinone using a Pd catalyst followed by oxidation using
molecular oxygen.>*® Therefore, new methods to create hydro-
gen peroxide in less energy-intensive ways have been
investigated.®>~*% In recent years, COFs have been expansively
used for photocatalytic H,O, production, including the eluci-
dation of the mechanism.**® Herein, we report on recent
cases using COFs to photocatalytically synthesize hydrogen
peroxide.

Van Der Voort and Thomas were the first to use COFs for
H,0, production.?** COFs TAPD-(Me), and TAPD-(OMe), were
constructed  from  N,N,N',N-tetrakis(4-aminophenyl)-1,4-
phenylenediamine and either 2,5-dimethylbenzene-1,4-dicar-
boxaldehyde or 2,5-dimethoxybenzene-1,4-dicarboxaldehyde
(Fig. 20). The COFs were then applied as photocatalysts for
H,0, production under visible light from an oxygen-saturated
water/ethanol mixture, where ethanol acted as the electron and
proton donor. TAPD-(Me), and TAPD-(OMe), produced 25.3
and 22.6 pmol of H,0,, respectively, over 16 hours. When
TAPD-(Me), COF was used, and the ethanol was increased, the
production increased to 57.2 pmol. In a five-hour window, the
production of hydrogen peroxide was 97 + 10 and 91 + 10 pmol
h™" g " for TAPD-(Me), and TAPD-(OMe),, respectively.

Van Der Voort et al. also synthesized four pyrene COFs from
1,3,6,8-tetrakis(4-formylphenyl)pyrene (Py-CHO) with either
4,4' 4" 4"'-(pyrene-1,3,6,8-tetrayl )tetraaniline (Py-NH,), 1,4-dia-
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Fig. 20 Synthesis of TAPD-(Me), and TAPD-(OMe), COFs forming a dual pore kagome lattice.3%* Reproduced with permission from ref. 364.
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minobenzene (Da-NH,), 2,2-bipyridine-5,5-diamine (Bpy-
NH,), or N,N,N',N-tetrakis(4-aminophenyl)-1,4-phenylene-
diamine (TAPD) giving Py-Py-COF, Py-Da-COF, Py-Bpy-COF,
and Py-TAPD-COF.*®® DFT studies showed that the pyrene unit
was the most favoured location for O, adsorption compara-
tively to the N atoms on the bpy or TAPD units. The COFs were
tested for hydrogen peroxide production under visible light in
O, saturated water. Py-Da-COF performed the best at 461 pmol
g~! followed by Py-Bpy-COF and Py-TAPD-COF with 241 and
142 pmol g™, respectively. Interestingly, Py-Py-COF only gar-
nered 47 pmol g~' H,0,. When extended to three hours 868,
480, 361, and 85 pmol g~ was produced for Py-Da-COF, Py-
Bpy-COF, Py-TAPD-COF, and Py-Py-COF, respectively. When
ethanol was added to the mixture, the production of hydrogen
peroxide increased for Py-Da-COF and Py-Bpy-COF with a rate
of 682 pmol g”" and 452 pmol g~*, respectively. Notably, when
benzyl alcohol (BA) was added a two-phase mixture was
created that helped to prevent H,O, decomposition and acted
as a hole scavenger. The Py-Da-COF rate increased to an aston-
ishing 3670 pmol g™" in a 1:1 v/v BA/water mixture. The AQY
of Py-Da-COF was measured at 2.4% in water/ethanol and
4.5% in water/BA at 420 nm. Overall, the authors noted that
porosity played a key role in the COF activity in addition to O,
binding sites and reaction conditions.

Wang and co-workers synthesized three benzotrithiophene-
based COFs with benzo[1,2-b:3,4-b":5,6-b"|trithiophene-2,5,8-
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tricarbaldehyde (Btt) and 4,4,4-triaminotriphenylamine (Tpa),
1,3,5-tris(4-aminophenyl)benzene (Tapb), or 2,4,6-tris(4-amino-
phenyl)-1,3,5-triazine (Tapt) affording TpaBtt, TapbBtt, and
TaptBtt.>*® The COFs were used as photocatalysts for hydrogen
peroxide production using a Xe lamp light source in a water
solution and under air atmosphere. TaptBtt exhibited the
highest production of 31.67 pmol followed by TapbBtt with
12.54 pmol and finally TpaBtt with 5.68 pmol in 90 min. The
difference was attributed to the D-A ability of the COFs. When
tuning COF loading, 1.5 g L' gave the best results, increasing
hydrogen peroxide production to 1407 pmol g~' h™' using
TaptBtt. The authors noted that too much COF material would
end up inhibiting light absorption. Furthermore, they syn-
thesized TaptBtt with varying degrees of crystallinity and illus-
trated that a more crystalline COF gave higher yields. TaptBtt
had an AQY of 4.6% at 450 nm. DFT studies revealed the
imine linkage was important as a binding site for intermedi-
ates. Notably, the COF showed a slight decrease in crystallinity
after recycling.

Ni and cohort constructed three p-ketoenamine-linked
COFs using 1,3,5-triformylphloroglucinol with melamine,
1,3,5-triphenyltriazine, 4,4',4"-(1,3,5-triazine-2,4,6-triyl )triani-
line, or 4',4"",4"""-(1,3,5-triazine-2,4,6-triyl )tris(([1,1"-biphenyl]-
4-amine)) giving COF-N31, COF-N32, and COF-N33.*°” They
took these COFs and analysed them for photocatalytic hydro-
gen peroxide production and how adding phenyl units would
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affect the activity. The experiments were conducted in pure
water under visible light using a Xe lamp for twelve hours.
COF-N32 displayed 7092 pmol g~* (or 605 pmol g~* h™") fol-
lowed by COF-N31 with 4316 pmol g~ followed by COF-N33
with 1736 pumol g'. Notably, COF-N31 exhibited a loss of crys-
tallinity and lowering yields when reused opposed to the other
COFs. COF-N32 showed a superior AQY of 6.2% at 459 nm.
COF-N32 was also used ex situ and in situ for disinfection and
degradation of diclofenac. Aside from ultrapure water, the
photosynthesis of hydrogen peroxide using COF-N32 could
also be achieved in tap water, river water, and sea water with
rates of 667, 648, and 554 pmol g~' h™' for three hours,
respectively. The COFs were also used in membrane filter reac-
tors, garnering about 30 pmol H,O, in two hours for four
cycles.

Shen et al. synthesized a multi-linker COF, TDB-COF, from
4,4' 4"-(1,3,5-triazine-2,4,6-triyl )tribenzaldehyde (TFPT), 2,5-bis
(2-(ethylthio)ethoxy)terephthalohydrazide (BETH), and 2,5-
diethoxyterephthalohydrazide (DETH).>**® TDB-COF was used
as a photocatalyst for hydrogen peroxide production in water
using visible light under air or oxygen atmosphere. In air,
231 pmol ¢! h™" was achieved, and under O, 723.5 pmol g~*
h™" was achieved. When adding 10% ethanol as a sacrificial
reagent the yield increased to 1000.1 pmol g~ h™'. TDB-COF
also performed better in acidic conditions than basic con-
ditions. When TFPT-COF, the analogous COF without any
thioether monomer, was used the H,0, production decreased
to 79.2 ymol g h™", showing the importance of the thioether
moieties. The AQY values of TDB-COF were 1.4% at 365 nm
and 1.0% at 400 nm. Notably, TDB-COF lost its crystallinity
after recycling.

Wang and co-workers constructed two olefin-linked COFs
from benzotrithiophene-2,5,8-tricarbaldehyde (BTT) with 2,4,6-
trimethylbenzene-1,3,5-tricarbonitrile (TBTN) or 2,4,6-tri-
methyl-1,3,5-triazine (TMT) giving TBTN-COF and TMT-COF,
respectively.’®® These COFs were then used for the photosyn-
thesis of hydrogen peroxide in water using visible light by a
xenon lamp under an oxygen atmosphere. In the first
10 minutes, TBTN-COF exhibited 11 013 pmol g~* h™" H,0,
comparatively to TMT-COF with 6392.3 pymol g~' h™'. The
authors attributed this difference to the cyano group playing a
key role in the catalysis. The AQY of TBTN-COF was 7.59% at
420 nm. Interestingly, when p-benzoquinone was added as a
scavenger, only TBTN-COF was affected, indicating that *OOH
was a mechanistic intermediate for TBTN-COF but not for
TMT-COF, which was also supported by DRIFTS. Also, when
air was used instead of pure oxygen, the production rates
decreased significantly for the COFs. DFT calculations and
DRIFTS supported an O, Yeager-type binding over Pauling-type
binding in TBTN-COF.

Lan et al. synthesized two 3D COFs, TAA-CTP-COF and
TAB-CTP-COF, with hexa-(4-formyl-phenoxy)-cyclotriphospha-
zene (CTP) and 2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TAA)
or 1,3,5-tris(4-aminophenyl)benzene (TAB) (Fig. 21).*’° The
COFs were then studied for their photocatalytic performance
in hydrogen peroxide production in water using a Xe lamp
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Fig. 21 Schematic representation of COFs with different topological
structures synthesized by CTP.3”° Reproduced with permission from ref.
370. Copyright 2024, American Chemical Society.?’® Reproduced with
permission from ref. 279. Copyright 2020, American Chemical Society.

under an oxygen-saturated atmosphere. TAA-CTP-COF was
able to furnish 1041 pM h™' while TAB-CTP-COF furnished
818 uM h™'. TAA-CTP-COF was explained to perform better as
the triazine unit helped increase electron-hole separation.
When isopropanol was added as a sacrificial reagent 2221 pM
h™" was achieved with TAA-CTP-COF. When pH tests were per-
formed, increasing the acidity or alkalinity decreased the
performance.

The Dong group constructed COF-Tfp-BDDA and COF-Tfp-
BP by triacetaldehydemesitylphenol (Tfp) and 4,4’-(buta-1,3-
diyne-1,4-diyl)diphenylamine (BDDA) or 4,4-biphenylenedia-
mine (BP).>”" The two COFs were employed as photocatalysts
in hydrogen peroxide production using visible light irradiation
in pure water under an oxygen atmosphere. COF-Tfp-BDDA
showed a hydrogen peroxide yield of 880 ymol g~* h™" while
COF-Tfp-BP only furnished 100 pmol g* h™'. This demon-
strated the importance of the diacetylene units. DRIFTS
studies revealed an increase in the alkynyl band indicating
oxygen binding, and the mechanism proceeded through an
oxygen reduction reaction versus a water oxidation reaction.
Notably, COF-Tfp-BDDA lost almost all crystallinity after 100 h
of cycling.

Chen and cohort synthesized DVA-COF and PDA-COF
from 1,3,5-tris(4-aminophenyl)benzene (TAPB) with either
2,5-divinylterephthalaldehyde (DVA) or terephthaldehyde
(PDA).>”> The COFs were used for the photosynthesis of
H,0, using LEDs in a water/benzyl alcohol two-phase
mixture. DVA-COF produced 84.5 pmol of hydrogen peroxide
after 1 hour, while PDA-COF produced only 8.6 pmol, indi-
cating the importance of the vinyl moieties. The authors
proposed that the vinyl groups increased O, absorption
from Yeager-type absorption. The vinyl groups also
enhanced charge separation and transfer efficiency. Notably,
benzaldehyde was produced in near equal amounts from the
benzyl alcohol additive. The AQY of DVA-COF was 2.84% at
420 nm.

This journal is © The Royal Society of Chemistry 2024
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Yu et al. constructed six COFs using 1,3,5-triformylphloro-
glucinol (Tp) with ortho or para diamines with core benzene
(Bda), pyridine (Pda) and pyrazine (Pzda) units, named o- or
p-COF-TpBda, -TpPda and -TpPzda.?”® These COFs were tested
for their activity in the photocatalytic production of H,O,
under visible light in O,-saturated water. The production rate
for 0-COF-TpBda was 1030 pmol ¢~ h™' in one hour,
0-COF-TpPda was 1947 pmol g~' h™, and 0-COF-TpPzda was
an astonishing 4396 pymol g~* h™'. This demonstrated that
adding pyridinic nitrogen atoms in the linker greatly enhanced
the photoactivity. 0-COF-TpPzda was also used in natural sun-
light and air-saturated water and still achieved 1733 pmol g~ *
h™'. The p-COFs were then tested, with rates of 282, 794 and
6434 pmol g~' h™' for p-COF-TpBda, p-COF-TpPda and
p-COF-TpPzpa, respectively. Only p-COF-TpPzpa performed
better than its 0-COF counterpart; however, it showed severe
structural damage by PXRD. DFT and DRIFTS showed that the
pyridinic N atoms were important for binding H atoms to help
induce the 2e” oxygen reduction reaction (ORR) while the
B-ketoenamine linkages were important for the 4e™ water oxi-
dation reaction (WOR) process.

Zhu and co-workers synthesized COFs with aliphatic
linkers, TAH-COF and BAH-COF, using tartaric acid dihydra-
zide (TAH) or butanedioic acid dihydrazide (BAH) and 1,3,5-tri-
formylphloroglucinol.>”* These COFs were then applied as
photocatalysts for hydrogen peroxide production and hydrogen
evolution under visible light using a Xe lamp. For hydrogen
peroxide production in pure water, BAH-COF exhibited an
impressive 1297 ymol h™* ¢™! and TAH-COF showed an out-
standing 6003 pmol h™ g™'. TAH-COF has the largest reported
hydrogen peroxide production rate even with the absence of
any cocatalyst, sacrificial reagent, or biphasic solvent mixture.
The authors attributed the high rates to the hydroxyl groups
allowing for hydrogen bonding. The AQY values of TAH-COF
were measured at 7.12% at 475 nm, 7.72% at 500 nm, 7.39% at
520 nm, 3.94% at 550 nm, and 2.22% at 600 nm. TAH-COF
was also used for HER, garnering 31.4 mmol h™" g™' with
3 wt% Pt cocatalyst and ascorbic acid as a sacrificial reagent.
The authors attributed the success of these systems to the ali-
phatic linker leading to increased hydrophilicity, high crystalli-
nity, and polarization of the knot which lowers the band gap.
This work demonstrates the utility of using aliphatic linkers
versus the more common rigid n-backbone monomers.

6.6 Aryl boronic acid oxidation

Phenolic compounds are useful for the synthesis of many
organic compounds and intermediates in pharmaceuti-
cals.’”>*’® Thus their synthesis has become prevalent in
research. One route to synthesize these phenolic compounds
has been through the oxidation of boronic acids, and perform-
ing this through benign means such as photocatalysis has
been investigated.>””*®" Herein, we report the use of COFs as
photocatalysts for the oxidative conversion of boronic acids to
phenols.

Wang et al. constructed highly stable benzoxazole-linked
COFs, LZU-190, LZU-191, and LZU-192, using 2,5-diamino-1,4-
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benzenediol dihydrochloride with 1,3,5-triformylbenzene,
2,4,6-tris(4-formylphenyl)-1,3,5-triazine, and 1,3,6,8-tetrakis(4-
formylphenyl)pyrene, respectively.”® These COFs were then
used as photocatalysts for the oxidation of boronic acids. The
reaction was optimized on 4-carboxyphenylboronic acid where
all three COFs showed 99% yield using white LEDs in air over
48 hours. LZU-190 was then applied to a substrate scope of 10
other aryl boronic acids, affording yields of 55-99%. The reac-
tion was also successful in the presence of large substrates
such as pyrenyl, naphthyl, and quinolinyl boronic acids with
longer reaction times. The authors stated that the photo-
catalytic activity was derived from the benzoxazole units.

Zhang and co-workers synthesized three olefin-linked COFs
using tricyanomesitylene with  4,4"-diformyl-p-terphenyl
(DFPTP), 4,4'-diformyl-1,1"-biphenyl (DFBP), or 1,3,5-tris-(4-for-
mylphenyl)benzene (TFPB) to give COF-p-3Ph, COF-p-2Ph, and
COF-m-3Ph, respectively.**> These COFs were then applied for
the photocatalytic oxidative hydroxylation of boronic acids.
The reaction conditions were optimized on 2-naphthylboronic
acid, where COF-p-3Ph performed the best with 99% yield
using a Xe lamp and oxygen with triethylamine as a sacrificial
electron donor. The conditions were then used on 8 other
boronic acids, garnering yields of 56-99%. The activity was
attributed to excellent n-delocalization and great light
absorption.

Jiang and co-workers synthesized porphyrin COFs from 2,5-
dihydroxyterephthalaldehyde (Dha) and 5,10,15,20-tetrakis(4-
aminophenyl)-21H,23H-porphine to give COFs DhaTph-M (M =
Zn or Ni).*®® These COFs were used as photocatalysts in a mul-
titude of oxidation reactions. First, they were tested for the oxi-
dation of a-terpinene using a xenon lamp as the light source
under an oxygen atmosphere. The Zn-metalated COF achieved
the highest yield and selectivity of ascaridole in 93%, and 7%
yield of p-cymene, whereas the Ni-metalated version gave 83%
yield of ascaridole and 17% p-cymene. The difference in yields
was attributed to the different mechanistic pathways and reac-
tive oxygen species that were generated. Notably, when using
air, instead of pure oxygen, conversion decreased and selecti-
vity towards p-cymene increased. DhaTph-M COFs were then
applied to the photocatalytic oxidation of phenylboronic acid
to phenol using a Xe lamp under an oxygen atmosphere with
triethylamine as an electron donor. DhaTph-Ni displayed 99%
yield, but DhaTph-Zn only yielded 35%. The authors stated
that DhaTph-Ni had higher charge separation leading to
higher photocatalytic activity. The authors then used the COFs
for the oxidation of thioanisole to form the methyl phenyl sulf-
oxide product using a Xe lamp under an oxygen atmosphere.
DhaTph-Zn afforded 82% yield while DhaTph-Ni afforded only
20% yield. Again, this discrepancy was attributed to varying
catalytic pathways. Overall, the authors conducted experiments
illustrating that Zn metalation increases triplet oxygen for-
mation and Ni metalation induces exciton dissociation to
charge carriers.

Mondal et al. constructed two benzothiazole COFs from
imine-linked COFs; the imine-linked COFs were synthesized
from tris(4-formylphenyl)amine (TPA) and benzene-1,3,5-tri-
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carbaldehyde (BCA) with 4,4',4"-(1,3,5-triazine-2,4,6-triyl )triani-
line (Tt), and then using elemental sulfur to form the ben-
zothiazole linkage, making BTZ-BCA-COF and
BTZ-TPA-COF.>®* These COFs were then used for the photo-
catalytic oxidation of phenylboronic acid using oxygen and
blue LEDs with triethylamine as a sacrificial reagent. While
both COFs exhibited quantitative yields, BTZ-TPA-COF per-
formed the reaction in two-thirds of the time of BTZ-BCA-COF
due to its D-A system and smaller band gap. BTZ-TPA-COF was
used on five other substrates, furnishing yields of 90-99%.
The catalytic performance was due to superior n-delocalization
and optoelectronic properties derived from the benzothiazole
linkage.

Wen and co-workers prepared COF-JLU25 from 1,3,6,8-tetra-
kis(4-aminophenyl)pyrene (PyTA) and 4-[4-(4-formylmethyl)-
2,5-dimethoxyphenyl |benzaldehyde (TpDA).>*> They took this
COF and used it as a photocatalyst for oxidative hydroxylation
of aryl boronic acids. The optimized parameters of using white
LEDs, air as oxidant, and N,N-diisopropylethylamine as a sacri-
ficial electron donor were able to achieve a quantitative yield
of the 4-(methoxycarbonyl)phenylboronic acid substrate.
COF-JLU25 was also used as a photocatalyst using these con-
ditions on 12 other compounds, attaining yields between 25
and 99%. Notably, aryl boronic acids with slightly electron-
withdrawing or any kind of electron-donating group gave poor
yields, but increasing the reaction times from 12 to 72 hours
produced yields ranging from 90 to 99%. The catalytic activity
was attributed to connecting boron atoms to electron-poor
n-electron systems to increase the tendency of the boron atom
to accept an electron. Notably, the COF had a significant
decrease in crystallinity after 7 cycles.

The Huo group made a D-A COF, BTT-BTDDA-COF from
benzotrithiophene (BTT) and 4,4'-(2,1,3-benzothiadiazole-4,7-
diyl)dianiline (BTDDA).?*® Using this COF as a photocatalyst,
they were able to convert phenylboronic acid to phenol using
blue LEDs, air as the oxidant, and triethylamine as the electron
donor in 93% yield. When applying these conditions to a sub-
strate scope of 10 other compounds, high yields of 82-96%
were obtained. The photoelectric performance was created by
the wide light absorption and narrow band gap energy from
efficient intramolecular charge transfer as well as good charge
separation. The authors proposed a single-electron transfer
mechanism and superoxide radical as the reactive oxygen
species (Fig. 22).

Recently, Thomas et al. constructed CzDA-TAPT-COF from
4,4-(9-butyl-9H-carbazole-2,7-diyl)dibenzaldehyde and tris(4-
aminophenyl)benzene.*®” CzDA-TAPT-COF was then employed
as a photocatalyst for the oxidative hydroxylation of boronic
acids. Using 4-formylphenylboronic acid as a benchmark com-
pound, 92% yield was garnered using blue LEDs, air as the
oxidant, and tetramethylethylenediamine (TMEDA) as the
sacrificial reagent. Applying this on a broad substrate scope,
all substrates gave yields between 53 and 94% with the excep-
tion of a triphenylamine-based boronic acid that gave low
yield. The high activity was attributed to efficient charge trans-
fer and separation.
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Fig. 22 Possible reaction mechanism.>®¢ Reproduced with permission
from ref. 386. Copyright 2022, Royal Society of Chemistry.2”®
Reproduced with permission from ref. 279. Copyright 2020, American
Chemical Society.

Recently, Abbaspourrad and co-workers synthesized unique
tetrazine-based vinylene-linked COFs from 3,6-dimethyl-tetra-
zine (DMTAZ) with 1,3,5-tris(4-formylphenyl)benzene (TFPB)
and 1,3,5-tris(4-formylbiphenyl)benzene giving TA-COF-1 and
TA-COF-2, respectively.**® These COFs were employed as photo-
catalysts for the oxidation of arylboronic acids to phenols
using blue LEDs, air as the oxidant, and N,N-diisopropyl-
ethylamine as a sacrificial electron donor. Excellent yields of
92-99% were obtained using a wide substrate scope in only
three hours. The superior activity was attributed to the tetra-
zine moiety being the active center, as it can accept an electron
to form a radical anion to make a very reactive superoxide
radical facilely. The COFs were also shown to be highly active
for photocatalytic oxidative coupling of benzylamines, furnish-
ing yields of 90-99% of five different benzylamines substrates.
The COFs also were utilized for sunlight-driven photolysis of
5-nitro-1,2,4-triazol-3-one (NTO). Tetrazine is able to be in a
stable protonated state, thus also allowing for protonation of
TA-COFs (Fig. 23). In fact, TA-COF-1-H" and TA-COF-2-H' com-
pletely degraded NTO within 20 and 25 min, respectively.

6.7 Sulfide oxidation

Sulfoxides have become prevalent in many drug molecules and
pesticides.’®*%* Furthermore, the conversion of sulfides to
sulfoxides has become a viable method to detoxify harmful
sulfur-based warfare agents.***°> However, selective oxidation
of organic sulfides to sulfoxides can be problematic due to
sulfur being easily overoxidized to the sulfone, which has dras-
tically different properties. Conventional methods rely on
metals, harsh oxidants and/or thermal conditions, so more
environmentally friendly methods such as photocatalysis have
been explored to perform this oxidation more easily and
selectively.’**°® Here, we report on using COFs as efficient
photocatalysts for sulfide oxidation.

Bai et al. synthesized AQ-COF from 2,6-diaminoanthraqui-
none and 1,3,5-triformylphloroglucinol.**® They also made
AQ-COFp\r which had the same framework but different mor-
phology and structure due to entrapped DMF molecules.
These COFs were used as a photocatalyst for the oxidation of

This journal is © The Royal Society of Chemistry 2024
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Fig. 23 (a) Fluorescence spectrum of acid-treated TA-COF-1 suspen-

sion (0.1 mg mL™Y) in 1,4-dioxane under excitation at 465 nm (acid con-
centration: 0-59.6 mmol LY. (b) Correlation curve of fluorescence
intensity versus acid concentration. (c) PL decay spectra of
TA-COF-1 monitored upon excitation at 365 nm. (d) Possible protona-
tion and deprotonation sites on TA-COF. (e) Naked-eye photographs of
TA-COF powders upon exposure of HCl and NHz vapors.*®¢ Reproduced
with permission from ref. 388. Copyright 2024, John Wiley and Sons.?”°
Reproduced with permission from ref. 279. Copyright 2020, American
Chemical Society.

sulfides using oxygen as the oxidant and a Xe lamp as the light
source. In the presence of thioanisole, the AQ-COF demon-
strated 99% conversion with 97% selectivity for the sulfoxide
while AQ-COFpyr only gave 73% conversion with 99% selecti-
vity. The AQY of AQ-COF was 4.34% and 2.70% for AQ-COFpyr
at 420 nm. This work demonstrated that the morphology and
structure of a COF is important in photocatalytic applications
due to a difference in the optical and electronic character.
Using AQ-COF, 99% conversion was achieved with selectivity of
94-99% on a variety of aryl sulfides. However, 4-nitrothioani-
sole and diphenyl sulfide achieved lower yields of 77% and
37%, respectively.

Jin and co-workers constructed crystalline CTFs using
p-phthalaldehyde and 4-(hydroxymethyl)-benzaldehyde
affording CTF-HUST-D1 and CTF-HUST-E1, respectively.**
The CTFs were then used for photocatalytic oxidation of sul-
fides using blue LEDs using oxygen in the air as the oxidant.
CTF-HUST-D2 achieved conversions of 91-99% and selectivity
of 81-96% for the sulfoxide on a variety of sulfide substrates.
Notably, ethylphenylsulfide and thiane gave less than 90%
selectivity of 81% and 85%, respectively. The authors noted
that putting the electron-donating methoxy groups on the CTF
backbone enhanced its photoelectron properties.

Zhao and cohort synthesized a unique CPTPA-COF from
4,4' A"-nitrilotrisbenzaldehyde (NTBA) and hexakis(4-amino-
phenyl)-cyclotriphosphazene ~ (HACP) (Fig. 24)."°' The

This journal is © The Royal Society of Chemistry 2024
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Fig. 24 Schematic diagram for the synthesis of CPTPA-COF.%%!
Reproduced with permission from ref. 401. Copyright 2022, American
Chemical Society.?’® Reproduced with permission from ref. 279.
Copyright 2020, American Chemical Society.

CPTPA-COF was then applied as a photocatalyst for the oxi-
dation of sulfides using air as the oxidant and using LED
lights. This system was able to quantitatively convert ten
various sulfides in four hours with near perfect selectivity for
the sulfoxide including 2-chloroethyl ethyl sulfide, a nerve
agent simulant. However, 4-bromothioanisole, 2-(methylthio)
naphthalene, and ethylphenylsulfide had poor selectivity of
around 70%. EPR measurements showed that the COF was an
effective photocatalyst for producing O,

Dong and co-workers synthesized a rare chiral COF, (R)-
DTP-COF-QA, from 2,5-dimethoxyterephthaldehyde (DMTP),
5,10,15,20-tetrakis(4-aminophenyl)porphyrin (TAPP), and N,N-
diethyl-N-(4-ethynylbenzyl)ethanaminium bromide (PA-QA)
using a Cu catalyst with a chiral ligand.*> Using LEDs and air
as the oxidant, the chiral COF was used as a photocatalyst for
the oxidation of thioanisole. Using white LEDs gave appreci-
able yield of 52% and green LEDs gave a higher 87% yield.
When red LED light was used, a high yield of 94% was pro-
duced with 99% (R) enantiomeric excess (ee). Furthermore,
when the (S)-DTP-COF-QA was used, a similar yield of 98% and
94% (S) ee was afforded. Both chiral COFs were then used to
synthesize the drug molecule (R/S)-modafinil, respectively. A
yield of 90% with 88% ee was achieved for (R)-modafinil, while
(S)-modafinil obtained an 88% yield with 86% ee. This work
demonstrated a rare example of using red light to efficiently
promote a photocatalytic reaction, and the utilization of a
chiral COF to directly synthesize a drug molecule in high yield
and enantiomeric excess.

Wang and co-workers constructed a nanoparticle-based
COF using 1,3,5-tris(4-aminophenyl)benzene (TAPB) and
[2,2'-bipyridine]-5,5'-dicarbaldehyde (Bp) and Co(NOj;),.**
The Co(NO;),/COF was then used to photocatalytically
convert thioanisole to the sulfone product under an air atmo-
sphere with a Xe lamp as the light source. Compared with the
pristine COF, the nanoparticle-based COF showed 99% yield
and 100% selectivity for methyl phenyl sulfone in six hours.
The authors attributed this activity to good separation of
photogenerated excitons and low charge recombination. This
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work illustrated a rare example of making the sulfone versus
sulfoxide product.

Lang and cohort synthesized a thiazole-linked COF,
TTT-COF, from PSM of the imine-linked TTI-COF from 1,3,5-
tris(4-aminophenyl)-triazine (TA) and 2,4,6-tris(4-formylphe-
nyl)-1,3,5-triazine (TF).*** They took these COFs and employed
them for the photocatalytic oxidation of aryl sulfides using
blue LEDs and oxygen as the oxidant. The imine-linked
TTI-COF showed yields lower than 20% while the thiazole-
linked TTT-COF afforded yields ranging from 50 to 85% in
only 25 min. They also tested the change in photocatalytic
activity with varying LEDs. Purple and blue LEDs afforded
high yields, green LEDs only afforded 20%, and yellow or red
LEDs afforded trace yields. Applying TTT-COF on a larger sub-
strate scope, 17 different sulfides were converted above 90%
with near perfect selectivity of the sulfoxide, with the exception
of di-"butyl sulfide, in 8-135 min. The authors attributed the
photocatalytic performance to the highly photoactive thiazole
linkage of the TTT-COF. Notably, the imine-linked TTI-COF
lost crystallinity when recycled.

Lang and co-workers designed three olefin-linked COFs
from 2,4,6-trimethyl-1,3,5-triazine (TMT) with 1,3,5-triformyl-
benzene (TFB), 1,3,5-tris(4-formylphenyl)benzene (TFPB), and
1,3,5-tris(4-formylphenylethynyl)benzene =~ (TFPEB)  giving
TMT-TFB-COF, TMT-TFPB-COF, and TMT-TFPEB-COF, respect-
ively (Fig. 25).*°° These COFs were then used for photocatalytic
oxidation of sulfides using blue LEDs under an oxygen atmo-
sphere. TMT-TFPEB-COF possessed much stronger opto-elec-
tronic properties compared with the other COFs due to the
presence of the alkynyl units. On an initial small substrate
scope the TMT-TFPEB-COF performed well, achieving 90%
and greater conversion rates, while TMT-TFPB-COF gave much
smaller 15-55% conversions, while the TMT-TFB-COF afforded
conversions below 10%. The authors also tested the use of
green LEDs but only furnished about 15% yield, and yellow or
red LEDs resulted in no yield. TMT-TFPEB-COF was employed
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Fig. 25 Schematic illustration of the construction of TMT-TFB-COF,
TMT-TFPB-COF, and TMT-TFPEB-COF.*°> Reproduced with permission
from ref. 405. Copyright 2024, American Chemical Society.?”®
Reproduced with permission from ref. 279. Copyright 2020, American
Chemical Society.
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on ten substrates affording high (>70%) conversion and near
perfect selectivity of the sulfoxide products in 30 min.
However, 4-nitrothioanisole and diphenylsulfide only gave 13
and 14% conversion, respectively. Overall, the authors illus-
trated that expanding the n-conjugation with alkynyl units
increased the photocatalytic activity of the material.
Interestingly, when probing the importance of crystallinity, a
highly crystalline TMT-TFPEB-COF performed better than a
low crystalline TMT-TFPEB-COF and much better than an
amorphous TMT-TFPEB polymer.

6.8 Benzyl alcohol oxidation

The oxidation of aromatic compounds is a critical transform-
ation in organic chemistry with significant applications in
pharmaceuticals and the chemical industries.’*®*%°
Photocatalytic oxidation of alcohols has also been explored as
a greener method.*'® COFs have been used as photocatalysts
in alcohol oxidation reactions; however, there are a limited
number of reports. There has also been a report utilizing a
MOF-COF hybrid as a photocatalyst for benzyl alcohol
oxidation.*"!

In 2021, Lotsch and co-workers incorporated an alloxazine
chromophore unit into a COF framework for metal-free photo-
catalytic oxidation reactions.*'*> FEAx-COF, the first COF featur-
ing an alloxazine unit, was synthesized by condensing 1,3-
diethyl-6,9-bis-(4-formylphenyl)alloxazine (FEAx) with 2,4,6-tris
(4-aminophenyl)-1,3,5-triazine (TAPT) under solvothermal con-
ditions. The alcohol oxidation reaction was carried out by irra-
diating a reaction mixture containing 4-methoxybenzyl alcohol
(MBA) and FEAx-COF in oxygenated acetonitrile with blue light
at a wavelength of 463 nm for 17 hours. Under these reaction
conditions, MBA was oxidized to 4-methoxybenzaldehyde
(MBAId) with a yield of 70% and a selectivity of 96%.
Furthermore, the authors explored the use of other LEDs and
observed yields were decreased in green light and there was no
yield in orange light. Investigation into the reductive quench-
ing of FEAXx-COF, based on the proposed mechanism and
quantum chemical calculations of a molecular model repre-
senting the COF, demonstrated that MBA was photooxidized
by the flavin.

In 2020, Palkovits and colleagues used semi-crystalline thio-
phene-based covalent triazine frameworks (CTFs) for metal-
free photocatalytic oxidation of aromatic alcohols.**? They syn-
thesized four distinct CTFs, using the solvothermal amidine-
aldehyde method, interconnected by a robust Kongming
lock.*™ Two of these CTFs contained sulfur. The synthesized
CTFs were CTF-Ph (formed from terephthalaldehyde and ter-
ephthalamidine), CTF-Th (formed from 2,5-thiophenedicar-
boxaldehyde and terephthalamidine), CTF-BiPh (formed from
1,4-phthalaldehyde and [1,1'-biphenyl]-4,4"-bis(carboximida-
mide)), and CTF-PhTh (formed from 2,5-thiophenedicarboxal-
dehyde and [1,1'-biphenyl]-4,4"-bis(carboximidamide)). The
CTFs incorporating thiophene units, enhanced by sulfur,
demonstrated a smaller band gap with greater thermal stabi-
lity in comparison with the phenyl-based CTFs. When the reac-
tion was performed in the conditions of benzyl alcohol, aceto-
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nitrile, and CTF photocatalyst under UV light (4 = 365 nm, 0.1
W ¢cm™?) and under O, (balloon), all of the CTFs showed benz-
aldehyde selectivity of 100% after 1 h. CTF-PhTh and
CTF-BiPh exhibited high catalytic activity in the photocatalytic
oxidation of benzaldehydes, achieving nearly 100% selectivity
at or near an 80% conversion rate at a concentration of 1 mg
mL™", 1 h time and a light source of 0.8 W LED UV light (1 =
365 nm). This performance ranks among the most effective
metal-free photocatalysts and is comparable to some metal-
based counterparts. They also used the CTFs on a small sub-
strate scope of five other aromatic alcohols, showing conver-
sions of 12-100% with selectivity of 42-100%, still showing the
need for improved CTF and COF photocatalysts.

In 2020, Huang and co-workers synthesized a series of COF/
CdS photocatalysts by varying the cadmium sulfide content
ratio and testing these photocatalysts for their photocatalytic
activity in the oxidation of aromatic alcohols.*’® This study
used terephthalaldehyde and 1,3,5-tris(4-aminophenyl)
benzene as precursors with acetic acid as the catalyst to syn-
thesize the COF. COF/CdS composites were obtained by
varying the ratio of CdS in the composites. The final products
were designated as COF/CdS-1, COF/CdS-2, COF/CdS-3, and
COF/CdS-4 with 8.63 wt%, 17.03 wt%, 26.81 wt% and
29.70 wt% CdS, respectively. The reaction was carried out
using 20 mg COF catalyst, in trifluorotoluene and acetonitrile
using a white light LED lamp of 5.0 W power (4 = 420-780 nm,
power density 150 mW cm™?), at 1 atm O,. The photocatalytic
results for selective oxidation of benzyl alcohol to benz-
aldehyde were formed with no other by-products such as
benzoic acid, indicating excellent selectivity. When pure CdS
and COF were used separately as photocatalysts, they demon-
strated conversion rates of 38.3% and 6.1%, respectively, for
benzyl alcohol. For COF/CdS, the conversion of benzyl alcohol
rose from 41.3% for COF/CdS-1 to 97.1% for COF/CdS-3,
showing high performance for the COF/CdS combination. This
demonstrated that depositing an appropriate amount of CdS
nanoparticles on a COF can increase their photocatalytic oxi-
dation activity. The authors showed evidence for the use of
superoxide radicals to perform this reaction and provided a
mechanism (Fig. 26). They also tested COF/CdS-3 on six other
aromatic alcohols, achieving conversions of 74-100% with
excellent selectivity.

Yang and co-workers recently introduced a COF-COF het-
erojunction designed to enhance exciton dissociation for
visible-light-driven alcohol oxidation.*'® This hybrid structure
was composed of two COFs, Tp-TTA COF, synthesized from Tp
(1,3,5-triformylphloroglucinol) and TTA (4,4',4"-(1,3,5-triazine-
2,4,6-triyl)trianiline) and QH-COF, created via a one-pot
Povarov cascade imine formation and cycloaddition reaction. A
COF-COF heterojunction was formed by the deposition of
nano Tp-TTA colloids onto QH-COF. The reactions were con-
ducted in benzotrifluoride bubbled with oxygen for 20 min
before being exposed to light from a Xe lamp equipped with a
UV-cut-off filter (A > 420 nm). When tested individually, Tp-
TTA and QH-COF achieved lower conversions of 29% and 55%,
respectively, for the photocatalytic oxidation of benzyl alcohol

This journal is © The Royal Society of Chemistry 2024
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Fig. 26 (a) ESR spectra of benzyl alcohol radicals and O,~ radical
species trapped by DMPO. (b) Proposed catalytic mechanism of the
photocatalytic oxidation of benzyl alcohols over COF/CdS-3.4%°
Reproduced with permission from ref. 415. Copyright 2021, Elsevier.?”®
Reproduced with permission from ref. 279. Copyright 2020, American
Chemical Society.

(BA) to benzaldehyde (BAD) after 6 hours. This could be attrib-
uted to their poor charge separation efficiency. Interestingly,
the Tp-TTA/QH-10 heterojunction effectively catalysed the oxi-
dation of BA, resulting in a high conversion rate of 92%
with a BAD selectivity of 87%. Notably, the Tp-TTA/
QH-10 heterojunction showed a decrease in crystallinity when
recycled.

Yang and co-workers also constructed QH-COF@TiO, and
TiO,@QH-COF hybrids by doping QH-COF with TiO, or
growing the COF on TiO,, respectively.*’” For the photo-
catalytic oxidation of aromatic alcohols, the reaction was con-
ducted in benzotrifluoride at 1 atm O, using a 300 W Xe
lamp (4 > 420 nm). Using benzyl alcohol as a model com-
pound, QH-COF alone achieved 56% conversion and 95%
selectivity, and TiO, alone showed no conversion. The
QH-COF@Ti0,(10%) hybrid showed the best performance at
84% conversion and 93% selectivity for benzaldehyde. This
was extended to a substrate scope of aromatic, aliphatic, and
cyclic alcohols, garnering conversions of 35-89% and selecti-
vity of 59-95%. However, the QH-COF@TiO,(10%) hybrid lost
crystallinity when recycled.

6.9 Oxidative amine coupling

The utilization of COFs as heterogeneous photocatalysts for
oxidative amine coupling has garnered a lot of attention due
to their use in synthesizing dyes, pharmaceutical drugs, and
agrochemicals.**®*'® This transformation is traditionally done
using transition metals or organoboron.*?**??

In 2022, Tan and colleagues enhanced photogenerated
carrier transport and separation efficiency for photocatalytic
oxidative amine reactions by utilizing unique donor-acceptor
pairs within a COF framework through a push-pull electronic
effect.*”® They synthesized the donor-acceptor COF through
the polycondensation of electron-donating 1,3,5-triformylph-
loroglucinol (Tp) and electron-accepting 1,3,5-triazine-2,4,6-tri-
amine (Tt) monomers. The reactions involved the COF photo-
catalyst in acetonitrile conducted in a cylindrical quartz vessel
irradiated with a 35 W halogen lamp (4 > 420 nm) under 1 atm
of air. For benzylamine, TpTt-COF displayed complete conver-
sion and excellent selectivity, and in contrast the non-donor-
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acceptor TfTa-COF was less efficient, producing only a 33%
yield of N-benzylidenebenzylamine. The TpTt-COF was also
highly effective in the visible-light-driven oxidative coupling of
nine other amines with yields ranging from 71 to 99% with
great selectivity. DFT calculations confirmed that the internal
donor-acceptor pairs in TpTt-COF facilitated high light har-
vesting and charge separation, leading to superior perform-
ance, and the authors proposed a mechanism based on these
calculations and UV-Vis data (Fig. 27).

In 2020, Wang and co-workers synthesized fully conjugated
D-A COFs for photocatalytic oxidative amine coupling and
thioamide cyclization.*>* By incorporating benzothiadiazole
units into the frameworks, they achieved high stability and
improved charge separation. The Py-BSZ-COF was created
through a base-catalysed polycondensation of 1,3,6,8-tetrakis
(4-formylphenyl)pyrene and 4,4-(benzothiadiazole-4,7-diyl)dia-
cetonitrile. For the photocatalytic oxidation of amines, the
COF photocatalyst was dispersed in acetonitrile at 1 atm air
under visible light irradiation with a 15 W 520 nm LED bulb
(5 mW cm™2). After 12 hours, N-benzyl-1-phenylmethanimine
was formed with a 99% conversion rate. The performance of
Py-BSZ-COF was compared with sp’c-COF-3 and COF-JLU22.
Under identical reaction conditions, sp®c-COF-3 achieved a
67% conversion, while COF-JLU22 reached 90%. Py-BSZ-COF
was also used on eight other benzylamines, achieving conver-
sions of 52-99% in 98 or 99% selectivity. The superior per-
formance of Py-BSZ-COF was attributed to its production of
superoxide radical anions (0, 7).

In 2022, the Wu group developed a series of hydrophilic 2D
COFs for photocatalytic oxidative amine reactions in aqueous
conditions.””® The three COFs, TFB-XX-DMTH, were syn-
thesized through the polycondensation of 2,5-dimethoxyter-
ephthalohydrazide (DMTH), 1,3,5-triformylbenzene (TFB), and
2-hydroxy-1,3,5-benzenetricarbaldehyde (SOH) under solvo-
thermal conditions. The “XX” denotes the different molar
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ratios of the aldehyde unit (TFB/SOH = 1:2, 1:1, 2:1) used,
resulting in TFB-33-DMTH, TFB-50-DMTH, and TFB-66-DMTH,
respectively. These COFs were employed for metal-free photo-
catalytic aerobic oxidative coupling of amines. The reactions
were conducted under visible light irradiation from a 30 W
blue LED lamp, in air, and at room temperature in water.
TFB-33-DMTH, which had the highest number of hydroxyl
groups, exhibited the highest conversion rate, selectivity, and
excellent recyclability. On nine different benzylamines, conver-
sions were observed at 95-99% with 93-100% selectivity. This
performance was attributed to the complementary effect of the
extended n-units and the hydroxyl groups, which enhanced the
push-pull effect, thereby improving visible-light absorption
and the efficiency of charge separation.

Porphyrin-based COFs have been greatly investigated for
photocatalytic oxidative amine coupling due to their light
absorption capabilities and unique electronic properties.*?¢3°
In 2022, Jiang and co-workers developed a photoresponsive
porphyrin-based COF that converts to its photoisomer under
UV irradiation for photocatalytic oxidative amine reactions.***
This COF incorporated light-harvesting porphyrin photosensi-
tizer units and photochromatic diarylethene with photoswitch-
able properties, enabling the formation of 0-COF for the gene-
ration of singlet oxygen. The imine-linked photoresponsive
ring-opened o-COF was synthesized by the reaction between
dithienylethene-dialdehyde (0-BBTP) and 5,10,15,20-tetra(p-
aminophenyl)-porphyrin (H,TAPP) in an acid-catalysed solvo-
thermal reaction. c-COF, the ring-closed photoisomer, was
obtained by irradiating 0-COF with UV light. Photocatalytic oxi-
dation of amines was conducted using COF photocatalyst in
acetonitrile with irradiation provided by a 25 W blue LED light
under an air atmosphere. 0-COF exhibited excellent photo-
catalytic performance, achieving 99% conversion to
N-benzylidenebenzylamine after 60 min of irradiation in both
air and O, environments. Interestingly, c-COF showed lower
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(A) Proposed mechanism for the visible light-driven oxidative coupling of benzylamine (BA) to N-benzylidenebenzylamine with air over

TpTt-COF. (B) Changes in the UV-vis spectra of the reaction system upon the addition of DPD.*?®* Reproduced with permission from ref. 423.
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efficiency with only 63% conversion, which was attributed to
its reduced capability in generating photoinduced singlet
oxygen ('0,), proving different energy transformations for both
COFs. To confirm the involvement of singlet oxygen in the
reaction mechanism, triethylenediamine (DABCO), a scavenger
for '0,, was introduced, resulting in a significantly reduced
product yield of only 9%. This experiment strongly supports
the role played by 'O, in facilitating the oxidative coupling of
benzylamine. 0-COF was also tested on seven other benzyl-
amines, achieving full conversions in 30-60 min.

f-Ketoenamine COFs have been investigated for their
photocatalytic oxidative coupling of amines due to their
tunable properties and high stability.**>*** In 2023, the Lang
group synthesized a series of f-ketoenamine COFs, TpPa-COF,
TpBD-COF, and TpDT-COF, featuring different linker lengths
for photocatalytic oxidative amine coupling.*** TpPa-COF and
TpBD-COF were prepared following slightly modified pro-
cedures from the literature.**® TpDT-COF was synthesized
using 1,3,5-triformylphloroglucinol and the diamine, 4,4"-p-
terphenyldiamine, through a solvothermal condensation reac-
tion. For the photocatalytic oxidation of amine coupling, ben-
zylamine and 5 mg of the photocatalyst were dispersed in
acetonitrile in a Pyrex photoreactor, stirred, and irradiated
with violet LEDs (3 W x 4). Under the same reaction con-
ditions, TpBD-COF achieved a 78% conversion of benzylamine,
while TpPa-COF and TpDT-COF achieved 22% and 61% con-
version, respectively. With its moderate linker length,
TpBD-COF demonstrated the highest photocatalytic activity for
photocatalytic aerobic oxidation of amines, highlighting the
significance of linker length in designing more effective COF
photocatalysts.

Liu and co-workers constructed diketopyrrolopyrrole-based
COFs, TpDPP-Py COF and DPP-Py COF, from 5,5'-(2,5-bis(2-
ethylhexyl)-3,6-diox0-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-
diyl)bis(thiophene-2-carbaldehyde) (TpDPP) or (4,4'-(2,5-bis(2-
ethylhexyl)-3,6-diox0-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-
diyl)dibenzaldehyde) (DPP) and 1,3,6,8-tetrakis(4-aminophe-
nyl)pyrene (Py).**® TpDPP-Py COF exhibited a very small band
gap of 1.38 eV due to the very strong acceptor and donor units.
For the photocatalytic amine coupling, the reaction took place
in a sealed Pyrex vessel in acetonitrile that was bubbled with
O, for 30 min and irradiated by a 300 W Xe lamp with AM
1.5G solar intensity. TpDPP-Py COF exhibited superior catalytic
efficacy for the conversion of benzylamine, achieving 100%
conversion and 100% selectivity in only 20 min, the best of
any reported COF photocatalyst, and most photocatalysts in
general. DPP-Py COF took 40 min to achieve the same
outcome. TpDPP-Py COF was also used as a photocatalyst on
six other aromatic amines, garnering 100% conversion with
100% selectivity in 15-40 min. The authors attribute the
success to enhanced absorption capacity and multi-photon
absorption effects.

6.10 C-H activation and functionalization

C-H activation and functionalization has become a very impor-
tant method to target a wide array of compounds from abun-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

dant alkane building blocks.**” **° Directly activating and
functionalizing C-H bonds bypasses intermediate functional
group installations and conversions, leading to fewer steps in
otherwise long synthetic pathways, and increases overall atom
economy. However, stoichiometric reagents and directing
groups, harsh oxidants, and precious metals are typically
required due to the inertness of C-H bonds. In addition, poor
selectivity is common due to C-H bonds possessing similar
bond dissociation energies and reactivity.**” **® Performing C-
H activation and functionalization photocatalytically has been
explored,**°~*** and more recently using heterogeneous photo-
catalysts.**® The emergence of COFs as efficient heterogeneous
photocatalysts for C-H activation has garnered substantial
interest in the scientific community by enabling the selective
and sustainable light-driven functionalization of organic
molecules.*** %

Dong and co-workers synthesized a highly crystalline
donor-acceptor (D-A) COF, TPPy-PBT-COF, from 7-(4-formyl-
phenyl)benzo[c|[1,2,5]thiadiazole-4-carbaldehyde (PBT) and
1,3,6,8-tetrakis(4-aminophenyl)pyrene (TPPy) via imine con-
densation.**® This COF was used for photocatalytic aerobic
cross-dehydrogenative coupling reactions including Mannich
and aza-Henry reactions. The reaction was performed in a
quartz cell in methanol with r-proline additive under O, with
LED lights or sunlight. Using N-phenyl-1,2,3,4-tetrahydroiso-
quinoline and acetone as the model reaction, white light, blue
light, green light, or sunlight all achieved similar yields
between 77 and 84%. Changing either the tetrahydroisoquino-
line or the nucleophile, yields of 52-86% were achieved using
sunlight. The reaction was also performed on a gram scale
using sunlight and still obtained 77% yield. Based on EPR
measurements, the authors proposed a mechanism where
upon light irradiation TPPy-PBT-COF photogenerates electrons
that react with oxygen to form superoxide radicals. The super-
oxide radicals then abstract a hydrogen from the substrate fol-
lowed by a second abstraction by the resulting hydroperoxide
radical. The imine cation then wundergoes nucleophilic
addition to form the product with hydrogen peroxide as a by-
product.

Yang and co-workers synthesized four imine-linked
2D-COFs and one olefin-linked 2D-COF from previous
reports.*** Specifically, the olefin-linked COF, 2D-COF-2, con-
structed from 2,4,6-trimethyltriazine and [1,1-biphenyl]-4,4'-
dicarbaldehyde, was used as a photocatalyst for decarboxyla-
tive alkylation of heterocycles with N-hydroxyphthalimide
(NHPI) esters.**® The reactions were conducted in N,N-di-
methylacetamide, stoichiometric trifluoracetic acid, under
blue LED lights and under an argon atmosphere. On the
model reaction between isoquinoline with cyclohexyl
N-hydroxyphthalimide, 2D-COF-2 outperformed its imine
counterparts, achieving a yield of 85%, and notably the imine
COFs decomposed in the reaction conditions. The reaction
was conducted on an impressive 55 substrates obtaining yields
from 43 to 97%. They also tested the reaction on the drug
molecules lithocholic acid and ibuprofen and achieved yields
of 71-78%, and even increased to a 0.5 g scale for lithocholic
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acid and still garnered 68% yield. The authors suggested a
mechanism where the photoexcited 2D-COF-2 reduces the
NHPI ester to give an alkyl radical, with the loss of carbon
dioxide, that attacks the TFA-activated quinoline which even-
tually forms the product after oxidization and deprotonation.
Notably, the COF was recyclable but showed decreased
crystallinity.

Lin and co-workers constructed an anthraquinone-based
2D COF, DAAQ-COF, from 1,3,5-triformylphloroglucinol (TFP)
and 2,6-diaminoanthraquinone (DAAQ).*° DAAQ-COF was
used for photocatalytic C-H functionalization as a direct
hydrogen transfer reagent as well as the photocatalyst. The
coupling between diethyl azodicarboxylate (DEAD) and tetra-
hydrofuran (THF) as the model reaction under compact fluo-
rescent light (CFL) irradiation was performed, obtaining 94%
yield. The reaction was tested on 15 substrates for C-N coup-
ling with DEAD with yields ranging from 50-98%. The authors
proposed the photoexcited COF abstracts hydrogens using the
anthraquinone units, which creates a radical that reacts with
DEAD to eventually form the product. They also found
DAAQ-COF could promote C-H pyridylation using activated
pyridines, garnering yields of 53-96% on eight substrates.

Cui and co-workers synthesized COF-1 and COF-2 from 4,4
4" 4"""-tetraaldehyde (ETBC) and triamine NBC or BADA,
respectively, with two-fold interpenetrated ffc networks
(Fig. 28).">' These COFs were used for photocatalytic cross-
dehydrogenative coupling (CDC) and the asymmetric
a-alkylation of aldehydes. The CDC reactions were conducted
under blue LEDs in air at 40 °C in acetonitrile, and
a-alkylations were performed under blue LEDs under a nitro-
gen atmosphere at —10 °C in N,N'-dimethylformamide with
2,6-lutidine additive and Macmillan chiral co-catalyst. On 8
substituted tetrahydroisoquinoline derivatives, CDC reactions
using either COF-1 or COF-2 achieved yields of 50-85%,
showing almost identical yields between the two. Interestingly,
when comparing the COFs with their amorphous counterparts

Fig. 28 Structural representations of the COFs. (a) Single ffc network of
COF-1; (b) twofold interpenetrated ffc network of COF-1; (c) twofold
interpenetrated ffc network of COF-2; (d) space-filling models of the 3D
structure of COF-2.**! Reproduced with permission from ref. 451.
Copyright 2020, Royal Society of Chemistry.
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the COFs performed about 10% better, indicating that crystalli-
nity improved the photocatalytic performance. On 6 aldehydes,
a-alkylations using COF-1 or COF 2 obtained yields of 51-88%
with 83-94% ee. Interestingly, when white light was used
instead of blue light, the reaction suffered, with a yield of 73%
with only 36% ee using COF-1. Notably, the COFs lost their
crystallinity after these reactions but could be restored by
taking the resulting amorphous materials and resubjecting
them to the initial synthesis conditions.

In 2023, Xiang and co-workers designed non-substituted
quinoline-linked COFs (NQ-COFs).**> The NQ-COFs were able
to be post-synthetically oxidized by m-CPBA to yield the quino-
line N-oxide form (NQ-COF-O). Specifically, NQ-COFg5-O was
used for photocatalytic C-H activation using potassium persul-
fate as the oxidant, trifluoroacetic acid, and acetonitrile as
solvent using blue LEDs under an argon atmosphere. The
model reaction of isoquinoline and toluene was first explored,
achieving 93% yield using the aforementioned conditions.
Low yields were afforded when other oxidants, acids, or
solvent mixtures were used, and using a homogeneous analog
or the non-oxidized version of the COF provided yields below
15%. This reaction was scaled up to 12 mmol, and with
increased reaction time, could still achieve 84% yield. When
other substituted quinolines, a benzothiazole, and a benzoxa-
zole were tested, yields ranging from 67 to 93% were obtained.
This work demonstrated the utility of embedding hydrogen
atom transfer moieties within a COF for photocatalytic C-H
activation. The authors proposed a mechanism in which the
photogenerated holes oxidize the quinoline N-oxide units of
the COF to create N-oxy radicals, which abstracts a hydrogen
atom from the C-H substrates to afford alkyl radicals that
undergo a Minisci-type reaction.

In 2024, Zhang and co-workers constructed four vinylene-
linked COFs (V-COFs) based on 2,4,6-trimethyl-1,3,5-triazine
(TMTA) with 1,4-diformylbenzene (DFB) (V-COF-1), DFB and
anthracene-9,10-dicarbaldehyde (AN) (V-COF-AN), DFB and
benzo[c][1,2,5]thiadiazole-4,7-dicarbaldehyde (BT) (V-COF-BT),
or a combination of DFB, AN, and BT (V-COF-AN-BT).**?
V-COF-1 was used as a control with no oxidation or reduction
sites, V-COF-AN was used as a control only bearing oxidation
sites, V-COF-BT was used as a control only bearing reductive
sites, and V-COF-AN-BT was the main COF containing both
oxidative and reductive sites. They then applied these COFs for
photocatalytic direct C-H difluoromethylation of heterocycles
using NaSO,CF,H as the fluorine source, oxygen as the
oxidant, and DMSO as the solvent using blue LEDs. Using
1-methylquinoxolin as the model substrate, V-COF-AN-BT per-
formed the best, yielding 91% product, with the other V-COFs
yielding 55% or less, showing the importance of the dual-
active-center approach. Based on experiments, the authors pro-
posed that upon light irradiation, the photogenerated elec-
trons react with oxygen to form superoxide radicals and photo-
generated holes react with NaSO,CF,H to produce the CF,H
radical. The CF,H radical reacts with the substrate, undergoes
a 1,2-H shift, and then is oxidized by the superoxide radical to
form the product with H,O, as a by-product. They performed a

This journal is © The Royal Society of Chemistry 2024
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substrate scope using 12 different substituted quinoxalin-2
(1H)-ones, heterocycles, and five bioactive molecules, for
example xanthine derivatives and uracil, obtaining yields of
53-95%. The model reaction was also conducted on a gram
scale, achieving 71% yield.

Banerjee and co-workers synthesized three COFs from 1,3,5-
triformylphloroglucinol (Tp) and 4,4-azodianiline (Azo), 2,8-
diamino(6-phenylphenanthridine) (Dpp), or 1,3,5-tris(4-amino-
phenyl)benzene (Tab) giving TpAzo, TpDpp, and TpTab,
respectively.*>* These COFs were used as photocatalysts for C-
H borylation using trimethylamine-borane in acetic acid under
a nitrogen atmosphere with blue LEDs and using ammonium
persulfate as a sacrificial electron acceptor. On the model sub-
strate, 4-methylquinoline, TpAzo obtained 90% yield while
TpDpp and TpTab only garnered 21 and 33%, respectively.
Notably, the COF lost crystallinity upon five recycles and there
was a decrease to 77% yield in the fifth run. On 12 substrates,
TpAzo achieved yields ranging from 18 to 96%. The authors
proposed that upon light irradiation, the photogenerated elec-
tron from the COF reacts with persulfate to form a sulfate
radical that abstracts a hydrogen from trimethylamine-borane.
The resulting boryl radical reacts with the protonated quino-
line in a Minisci addition. Finally, this radical cation for-
mation undergoes rearomatization through oxidation by the
photogenerated hole of the COF, and deprotonation to afford
the product.

6.11 C-N cross-coupling

C-N cross-coupling has shown prominence in the synthesis of
natural products and drug molecules.*>***® Like most cross-
coupling reactions, this is typically mediated by precious
metals and researchers have investigated using sustainable
ways to promote C-N cross-coupling reactions.**™*®* Here, we
summarize some reports of COFs enabling photocatalytic C-N
cross-coupling reactions.

Maji and Banerjee synthesized TpBpy COF from 1,3,5-trifor-
mylphloroglucinol (Tp) and 5,5-diamino-2,2"-bipyridine
(Bpy)."** This COF was dual metalated using [Ir
(ppy)2(CH3CN),|PF and then NiCl,. The Ir complex acted as a
photosensitizer while the Ni acted as the catalytic center. The
Ni-Ir@TpBpy COF was used as a photocatalyst for visible-light-
mediated C-N bond formation in the presence of 1,1,3,3-tetra-
methylguanidine (TMG) base in acetonitrile at 40 °C using
blue LEDs under an N, atmosphere. The Ni-Ir@TpBpy COF
was successfully applied as a photocatalyst for C-N coupling
on over 60 substrates with yields ranging from 42 to 95%, and
this was also used on over 10 drug precursors and bio-active
molecules garnering 46-81% yields. The authors attributed
the high activity to the short distances between the Ir and Ni
centers and the lack of multinuclear deactivation.
Furthermore, an amorphous version of the COF showed only
31% yield of the standard reaction, showing the importance of
crystallinity.

Thomas et al. used 2,6-diaminoacridine (Acr) and 1,3,5-tri-
formylbenzene-based monomers to construct different
B-ketoenamine/imine COFs with 0, 1, and 2 imine bonds ratios

This journal is © The Royal Society of Chemistry 2024
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giving Tp-Acr, DHTA-Acr and HTA-Acr COFs, respectively.*®®
These COFs were used for photocatalytic C-N coupling of
4-bromobenzotrifluoride and pyrrolidine with NiBr, additive
in DMA using blue LEDs where Tp-Acr showed the highest
activity, 91% yield, due to the larger amount of f-ketoenamine
linkages and thus metal binding sites. When using green
LEDs instead, only 38% yield was obtained even when tripling
the reaction time. They also showed a substrate scope of five
other aryl bromides and achieved yields from 66 to 94%. The
authors attributed the high catalytic activity of the COF to the
broad range light absorption and to high charge carrier separ-
ation. Notably, the COF lost crystallinity over recycling, and
addition of nickel catalyst was needed in each cycle.

Yang and cohort manufactured an imine COF from 5,5',5"-
(benzene-1,3,5-triyl)tripicolinaldehyde =~ with ~ p-phenylene-
diamine followed by a Povarov reaction to yield a quinoline-
linked COF, Q-COF, and metalated it with NiCl, and either [Ir
(ppy)2(MeCN),]OTf or [Ir(coum),(MeCN),]OTf to give [Ir
(ppy)2(N“N) + NiCL]J@Q-COF or [Ir(coum),(N*N) + NiCl,]
@Q-COF.**®  The [Ir(coum),(N*N) + NiCl,]J@Q-COF was
employed as a photocatalyst for both C-S and C-N coupling
using blue LEDs in acetonitrile with TMG or pyridine as the
base, achieving 92 and 90% yields, respectively, while the [Ir
(ppy)2(N~N) + NiCl,]J@Q-COF only gave 47 and 44% yield,
respectively, showing the importance of the Ir photosensitiza-
tion ability. They also performed the reaction on 35 C-S sub-
strates and 10 C-N substrates, affording yields of 65-99%. The
authors proposed a mechanism going through Ni(1) and Ni(m)
based on calculations and CV data (Fig. 29).

Hou and co-workers synthesized an imine-linked COF
using 4,4',4"-(1,3,5-triazine-2,4,6-triyl )trianiline (TTA) and 2,6-
diformylpyridine (DFP) and then metalated with NiCl, giving
Ni SAS/TD-COF.*®” This Ni SAS/TD-COF was applied as a
photocatalyst for a C-N coupling reaction using 4-bromoben-
zotrifluoride and pyrrolidine using DABCO as the base in DMA
and using blue LEDs, giving 99% yield. The optimized con-
ditions were applied on a large substrate scope of over 30 com-
pounds and afforded yields of 71-99%.

Zhang and co-workers constructed three bipyridine, pyrene-
based cyano-vinylene COFs from TFPPY, TFPPY-F, and
TFPPY-OCH; with BPY-CN and metalated with NiCl, to make
sp’c-COFgpy-Ni,  sp’c-F-COFqpy-Ni,  sp”c-OCH;3-COFgp,y-Ni,
respectively.’®® They applied these COFs for both C-N and C-O
coupling photocatalytically using blue LEDs. They achieved
optimal yields of 99% for both reactions when using the fluori-
nated version, with drastically reduced yields using the unsub-
stituted or methoxy versions, illustrating the importance of
monomer substitution. The authors attributed this discre-
pancy to fluorine enhancing the migration of photogenerated
electrons. The authors also displayed a substrate scope of C-O
coupling on 15 other compounds, obtaining yields of 60-99%
and a substrate scope for C-N coupling of 13 other compounds
with yields varying between 80 and 99%.

Thomas and co-workers synthesized 8 COFs using a mix of
2,6-acridinediamine (Acr) and 2,2-bipyridine-5,5-diamine
(Bpy) with benzene-1,3,5-tricarbaldehydes with 0-3 alcohols
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Fig. 29 (a) Proposed mechanism of [Ir(coum),(NAN) + NiCl,]J@Q-COF
catalyzed C-S cross-coupling. (b) The binding energies between
different substrates (iodobenzene left and thiophenol right) and COF. (c)
Comparative Stern—Volmer quenching experiment in C-S cross-coup-
ling. (d) CVs of model complexes.*®® Reproduced with permission from
ref. 466. Copyright 2024, Royal Society of Chemistry.?’° Reproduced
with permission from ref. 279. Copyright 2020, American Chemical
Society.

substituents which were then metallated with NiCl,.**° Acr>Tf-
Bpy' COF was used as a photocatalyst for the C-S coupling of
4-iodobenzotrifluoride with methyl 3-mercaptopropanoate
using blue LEDs and N,N-tert-butylisopropylamine as a base in
acetonitrile, achieving a quantitative yield. Using green light
gave 74% yield, and a much longer reaction time of 48 hours
using red light gave quantitative yield. When the other COFs
were applied the authors saw that decreasing the number of
hydroxy groups, and thus keto tautomerization, caused an
increase in product with yields from 4 to 86%. The COFs were
also tested on the coupling of 4-iodobenzotrifluoride and
sodium p-toluenesulfinate in DMA getting yields of 25-55%.
These were then tested on the C-N coupling between pyrroli-
dine and 4-bromobenzotrifluoride in DMA in which the oppo-
site trend was observed, where increasing the number of
hydroxy groups, and thus keto tautomerization, caused an
increase in product with yields from 4 to 80%. The authors
described the discrepancy as being caused by a mechanistic
difference. In the C-S coupling, the catalytic center is the Ni
binding at the bipyridine sites and thus is aided from high
charge-carrier mobility from imine-based linkages. In the C-N
coupling, the active catalyst is Ni(pyrrolidine), which is sensi-
tized by the COF that benefits from the linkage which creates
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good charge separation of excitons and stabilizes electrons on
the acridine moiety. Notably, the COF lost crystallinity under
these photocatalytic conditions.

6.12 C-O cross-coupling

C-0 bonds are highly prevalent in natural products and many
drug molecules, making their formation key to obtaining high-
value chemicals.*”°*”? Furthermore, C-O bonds have been
investigated as coupling partners due to their abundance in
nature and lesser toxicities. However, C-O bonds have high
dissociation energies which require high temperature and
catalyst loading, so methods to perform these coupling reac-
tions under more ambient conditions, such as photocatalysis,
have been examined.*®"*°>*”> Here, we present research that
has been reported on using COFs as photocatalysts for C-O
cross-coupling reactions.

Wang and co-workers synthesized LZU-713@Ni (Fig. 30)
using a metalated phenanthroline monomer, Phen-CHO®@N]i,
and 1,3,6,8-tetrakis(4-aminophenyl)pyrene (PyTTA).”’”* They
used this COF for photocatalytic C-O cross-coupling of 4-bro-
mobenzonitrile and methanol, obtaining a high yield of 97%
using blue light in DMA and triethylamine as the base. They
applied the reaction conditions to 20 substrates and achieved
yields ranging from 69 to 98%, but the reaction did not work
when substituting methanol for water or phenol. The authors
also used this COF for C-S cross-coupling of aryl halides and
aryl thiols which afforded yields of 80-99% on 20 substrates
and using 2,6-lutidine as the base instead. Even more, the COF
was applied to C-P cross-coupling of aryl iodides and phos-
phine oxides which garnered yields of 56-99% on 18 sub-
strates, and using caesium carbonate as the base and metha-
nol as the solvent instead. The authors attributed the catalytic
activity to easily accessible catalytic sites in the COF and fast
transfer of photogenerated electrons. Notably, the COF had a
decrease in crystallinity post-reaction and a total loss of crystal-
linity after four runs.

Chen and co-workers synthesized sp2—COdey from 1,3,6,8-
tetrakis(4-formylphenyl)pyrene (TFPPy) and 2,2-([2,2'-bipyri-
dine]-5,5'-diyl)diacetonitrile (BPYDAN) which was then meta-
lated using NiCl, to give sp>-COF,y-Ni.*”* They used this COF

OO
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¥ O O 1]
O
SEWN :
Phen-CHO@Ni Bottomyp N O 0
Synithests LZU-713@Ni 0
* pe o
ey C‘NMUN‘I Q)
e P
SN <8
PyTTA .O‘
Saa®

Fig. 30 Bottom-up synthesis of LZU-713@Ni.*”* Reproduced with per-
mission from ref. 474. Copyright 2023, John Wiley and Sons.
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for C-O photocatalytic cross-coupling of 4-bromobenzonitrile
and methanol using blue LEDs and triethylamine as the base,
achieving a yield of 99%. Interestingly, when using green LEDs
(520-525 nm) 91% yield was attained, but no yield was
obtained while using red LEDs. When adding in NiCl, in situ
with the pristine COF versus the metalated version 99% yield
was also obtained. The optimized conditions were applied to a
25-compound substrate scope, getting yields of 55-99%. The
authors also showed that water could be used instead of
methanol, but the reaction had to be heated at 50 °C.
Furthermore, they showed the reaction could be scaled up to
10 mmol and get 98% yield. The authors believed that the
catalytic activity was due to bimolecular photoinduced electron
transfer to create the active COF-Ni' species.

Zhang and cohort synthesized two hydrazone-linked COFs
using 1,3,5-tris(4-formylbiphenyl)benzene (TFBPB) or 1,3,5-tri
(3-hydroxy-4-formyl-ethynylphenyl)-benzene  (THFEB) with
1,3,5-benzene tricarbohydrazide (BTH) to make BPh-COF and
AC-COF, respectively.”’® They used these COFs as photocata-
lysts for C-O cross-coupling of 4-chlorobenzonitrile and
methanol using blue LEDs with NiCl, added in situ and NaOH
as the base. AC-COF achieved 90% yield while BPh-COF only
afforded 45% yield. They attributed this difference to the
AC-COF having better light absorption than BPh-COF. When
using white LEDs instead, only 20% yield was obtained for
AC-COF. They then took AC-COF and used it for the C-O coup-
ling on 15 substrates of aryl chlorides and their bromide
counterparts, giving 15-99% yields. The aryl chlorides typically
performed around a half to two-thirds as well as the bromide
versions. They also showed that ethanol and benzyl alcohol
could be used instead of methanol. Notably, this system was
shown to be not very recyclable, losing about 45% yield over
five cycles when adding in more Ni every time, and all the way
down to 10% when not adding fresh Ni in. ICP-OES analysis
showed large amounts of Ni leaching. The authors believed
this was the result of having to use a strong base, NaOH, to
perform this reaction, versus the typically used triethylamine,
which caused the metal to leach off. Additionally, the COF
showed a decrease in crystallinity over the recycling process.
The COFs were also used for photocatalytic oxidative coupling
of amines where AC-COF showed quantitative yields of 8
benzylamines and BPh-COF showed yields of 32-82%, again
due to smaller range light absorption.

Zhang et al. constructed bpy-COF from 4',4',4'{(1,3,5-tri-
azine-2,4,6-triyl)trianiline (TTA) and 5,5"-dialdehyde-2,2'"-bipyri-
dine (BPDA) which was metalated using NiBr, to give Ni(u)-
bpy-COF.*”” This COF was used as a photocatalyst for the
hydroxylation of aryl chlorides. The reaction was optimized for
C-O coupling of 4-chlorobenzonitrile and H,O in DMF/MeCN
with triethylamine as the base and using blue LEDs at 40 °C,
achieving 99% yield. This system was applied successfully to
14 other substrates in yields of 47-98%. Interestingly, when
applied to a biphenyl-based substrate the yield fell to 27% and
when applied to a terphenyl-based substrate no yield was
observed, which the authors stated was likely due to poor sub-
strate diffusion into the pores and steric hindrance.
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Furthermore, the authors found that the COF allowed for
efficient transfer of photogenerated electrons to the Ni centers
and the photogenerated holes generated highly reactive
hydroxyl radicals from their reaction with water.

6.13 C-C cross-coupling

C-C cross-coupling reactions are used to construct many
diverse organic molecules for a wide variety of
applications.**®%78781 This includes the use of the widely
known Suzuki, Sonogashira, Heck, Hiyama, Stille, Kumada,
and Negishi coupling reactions. While these reactions are typi-
cally conducted at high temperatures, researchers have investi-
gated performing these reactions photochemically in the pres-
ence of a suitable catalyst.*®>*827*%5 Here, we report the use of
COFs as photocatalysts to perform C-C cross-coupling
reactions.

Cai and co-workers were the first to report a COF for cross-
coupling photocatalytically.**® They synthesized TTI-COF from
4,4'4"-(1,3,5-triazine-2,4,6-triyl )trianiline and 4,4',4"-(1,3,5-tri-
azine-2,4,6-triyl)tribenzaldehyde, and then used sulfur to post-
synthetically convert the imine-linkage to a benzothiazole-
linkage, making TTT-COF. The TTT-COF was then treated with
Na,PdCl, and NaBH, to form Pd nanoparticles in the COF,
namely Pd NPs@TTT-COF (Fig. 31). This hybrid COF was then
used as a photocatalyst for the Suzuki coupling of 4-iodoto-
luene and phenylboronic acid using K,CO; as the base in
ethanol and water using a Xe lamp, affording quantitative
yield. This was applied to a small substrate scope, garnering
yields ranging from 82 to 99%. Moreover, this system was
impressively used for Stille, Heck, and Sonogashira couplings
with substrate scopes obtaining yields of 39-99%. The authors
attributed the success of the reactions to the benzothiazole
linkage, which can bind the nanoparticles and provides high
conduction efficiency of the photocarriers.

Islam and co-workers mechanochemically made TpPa-1
from phenylenediamine and 2,4,6-triformylphloroglucinol
(TFP), and this COF was used as a photocatalyst alongside Ni
(dmg), for the carboxylation of aryl halides using CO,.*®” The

& Bogg vy
? ' ngcf
- IJA‘\L/J‘ AO\%JS/ TTI-COF + Sulfur

&  Na,PdCl, MeOH

Pore o

oo o W

NaBH,

Fig. 31 Graphical representation of the synthesis of Pd
NPs@TTT-COF.*8¢ Reproduced with permission from ref. 486. Copyright
2020, Royal Society of Chemistry.
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reaction was optimized on iodobenzene using blue LEDs and
triethylamine (TEA) as a sacrificial reagent, achieving a yield of
86%. Interestingly, when p-terphenyl was used instead of Ni
(dmg), a 56% yield was obtained. The optimized conditions
were used on 12 substrates including aryl bromides and chlor-
ides, garnering yields of 70-91%. This COF was also used as a
photocatalyst for the C-H activation of benzene, nitrobenzene,
fluorobenzene, and anisole, obtaining yields of 60-70%.

Mas-Ballesté and co-workers constructed Phen-COF using a
phenanthroline monomer and 1,3,5-tris(4-aminophenyl)
benzene (TAPB) which was then metalated with [(dF(CF;)ppy),-
Ir-p-Cl], and NiCl,-glyme to form Ir,Ni@Phen-COF.**® This
COF was employed as a photocatalyst for the cross-coupling of
potassium  benzyltrifluoroborates and aryl bromides.
Optimized conditions were performed using potassium benzyl-
trifluoroborate and 4-bromotoluene using 2,6-lutidine as the
base in acetone/MeOH and blue LEDs, achieving 90% yield.
The reaction conditions were applied to 8 other compounds,
obtaining yields of 34-99%, with electron-donating substitu-
ents markedly giving lower yields. To test the utility of this
COF as a photocatalyst, the authors also showed it was active
for the cross-couplings of potassium tert-butyltrifluoroborate
and 4-bromobenzonitrile, organic silicate and 4-bromobenzo-
nitrile, and Boc-protected proline and 4-bromobenzonitrile,
obtaining yields of 76, 92, and 86%, respectively. The authors
attributed the catalytic activity to the phenanthroline stabiliz-
ing the coordination of the metal centers.

Maji and cohort synthesized Bpy-sp®c-COF from 1,3,6,8-tet-
rakis(4-formylphenyl)pyrene (TFPPy) and 2,2'-([2,2"-bipyridine]-
5,5'-diyl)diacetonitrile (BPDAN) which was then metalated
using NiCl, to give Ni@Bpy-sp”c-COF.**® They applied this
COF as a photocatalyst in eight C-X (X = B, C, N, O, P, S) coup-
ling reactions, achieving yields ranging from 61 to 99%. The
C-C coupling reaction was performed on allyl acetate and
2-naphthaldehyde using blue LEDs at 40 °C, obtaining a yield
of 61%. C-O coupling was investigated using methyl 4-iodo-
benzoate and Boc-protected proline, obtaining 91% yield at
60 °C using compact fluorescence light. The C-O coupling
reaction was performed on about 50 compounds, giving yields
of 42-86% including drug functionalization and derivatizing
naproxen using multiple aryl iodides. C-S coupling was ana-
lysed using iodobenzene and thiophenol using blue LEDs at
40 °C and obtained quantitative yield. This was furthered by
testing methyl 4-iodobenzoate with sodium benzenesulfonate
and getting the sulfonate product in 94% yield but using
purple LEDs instead. The C-S coupling reaction was also per-
formed on about 50 substrates, with yields garnering 31-93%
including functionalization of bioactive derivatives. C-N coup-
ling was investigated using methyl 4-iodobenzoate and
p-toluene-benzenesulfonamide or sodium azide, achieving
yields of 91 and 89%, respectively, using blue LEDs at 40 °C.
However, using azides required the use of triethanolamine as
a sacrificial reagent. C-B coupling was studied using 4-iodo-
benzonitrile with bis(pinacolato)diboron, getting 96% yield
with purple LEDs at 40 °C. C-P coupling was investigated
using methyl 4-iodobenzoate and diphenylphosphine oxide,
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obtaining 73% yield using blue LEDs at 40 °C. Notably this is
the only reaction where the homogeneous catalyst performed
better, garnering 81% yield. The reactions could also be per-
formed on a gram scale.

6.14 Pollution degradation

Water treatment has become a huge field with the develop-
ment of more pharmaceuticals, pesticides, textile dyes, and
other organic pollutants that have been released into water
sources around the world.**°*°? Furthermore, water treatment
to kill harmful bacteria and viruses such as Salmonella,
Campylobacter, and Norovirus is also important.**> Common
methods to treat water include disinfection with chlorine or
chloramines, ultraviolet disinfection, ozonation, Fenton reac-
tions, adsorption, coagulation and flocculation, and mem-
brane filtering.****>* One of the most promising methods is
photocatalytic degradation due to the potential of using visible
light under ambient conditions. Here, we summarize some key
reports of COFs used as photocatalysts to eliminate
contaminants.

Tong and co-workers synthesized two donor-acceptor COFs
with p-ketoenamine linkages wusing 1,3,4-thiadiazole-3,5-
diamine (TD1) or 1,2,4-thiadiazole-2,5-diamine (TD2) with
1,3,5-triformylphloroglucinol  (Tp) giving COF-TD1 and
COF-TD2, respectively.*** They used these COFs for photode-
gradation of paracetamol, diclofenac, bisphenol A, naproxen,
and tetracycline hydrochloride using a xenon arc lamp with a
UV cut-off filter. COF-TD1 showed 98% degradation of parace-
tamol in 60 min, and 97% within 120 min for the other con-
taminants. Interestingly, 97% of paracetamol could also be
degraded in 60 min using natural sunlight. This process was
scaled up using the COF on ITO glass with simulated sunlight,
degrading 92% of paracetamol in 4 hours. The authors attribu-
ted this activity to both intermolecular charge transfer and
proficient electron-hole separation from the push-pull effect
of the D-A system.

Bhaumik and co-workers constructed Cg-TRZ-TPA COF from
tris(4-formylphenyl)amine (TPA-aldehyde) and 4,4',4"-(1,3,5-tri-
azine-2,4,6-triyl)trianiline (TRZ-amine)."*> This COF was
employed as a photocatalyst to degrade rose bengal (RB) and
methylene blue (MB) dyes as well as iodine vapor capture
under visible light irradiation. The COF showed 99% degra-
dation of RB in 80 min and even 90% within 30 min of a
250 ppm solution. It also degraded 97% of a 20 ppm MB solu-
tion within 120 min. The COF also exhibited high iodine vapor
uptake capacity of 4832 mg g~'. The activity of the COF was
due to efficient electron-hole charge transfer from the D-A
system.

Jiang and co-workers constructed TFPB-TAPT-COF from
1,3,5-tris(p-formylphenyl)benzene (TFPB) and 2,4,6-tris(4-ami-
nophenyl)-1,3,5-triazine (TAPT), which was mixed with several
emulsifiers including Triton X-100, sodium dodecyl sulfate
(SDS), or polyvinyl alcohol type 1788 (PVA).*® These COF-
emulsifier matrixes were used in the photodegradation of
10 ppm solutions of methylene blue (MB) and sodium fluor-
escein (SF) under simulated natural light conditions. The pris-
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tine COF only degraded 26% of MB in 50 min while
COF-Triton X-100 degraded 98% in the same amount of time.
Furthermore, 72% of SF dye could be degraded in 90 min
using the COF and 82% using COF-Triton X-100. The authors
credited the emulsifier with increasing the surface area of the
COF, and thus creating more oxygen vacancies on the particle
surface and therefore more active sites.

Wang and co-workers synthesized HDU-26 from benzo[1,2-
b:3,4-b":5,6-b"Jtrithiophene-2,5,8-tricarbaldehyde (BTT) and 4,4™
(benzo[c][1,2,5]thiadiazole-4,7-diyl)dianiline (BT).**” HDU-26 was
used as a photocatalyst for the reduction of Cr(vi). This was done
by exposing the COF and a 10 ppm K,Cr,0O, solution to simu-
lated visible light using a Xe lamp. The COF demonstrated 99%
reduction after 60 min of irradiation. They also studied the
effects of initial pH, catalyst dosage, and Cr(vi) concentration.
HDU-26 showcased removal rates of rhodamine B (RhB), methyl-
ene blue (MB) and methyl orange (MO) of 82.6, 56.4, and 99.1%,
respectively. Notably, when the COF was employed in a one-batch
system, including the dyes and Cr(vi), the dye removal rates were
increased to 97.2, 62.3, and 99.2%, respectively. The authors
attributed this to the COF generating electron-hole pairs for the
oxidation of organics with a synergistic effect of Cr(vi) reduction.

Van Der Voort and cohort made three olefin-linked COFs,
TMT-TT-COF, TMT-N-COF, and TMT-BT-COF, from 2,4,6-tri-
methyl-1,3,5-triazine (TMT) and bithiophene (TT), naphtha-
lene (N), and benzothiadiazole (BT) monomers.**® These COFs
were used as photocatalysts for bisphenol A (BPA) degradation
and H,O0, production. TMT-TT-COF and TMT-N-COF illus-
trated exceptional BPA degradation of 96% and 94.7% of a
25 ppm solution under visible light within 60 min while
TMT-BT-COF only showed 40% degradation. When tested for
H,0, production TMT-TT-COF, TMT-N-COF, and TMT-BT-COF
generated 1952, 1742, and 748 pmol g~ h™', respectively,
using a Xe lamp under an O, atmosphere. Under an Ar atmo-
sphere, they displayed much lower rates of 234, 117, and
13 pmol g~ h™', respectively. The authors attributed these
results to TMT-TT-COF and TMT-N-COF being made from D-A
building units that promote efficient charge transfer and sep-
aration. Moreover, the thiophene moiety in TMT-TT-COF
induces a narrower bandgap, better intramolecular charge
carrier transport, and less charge recombination.

Li and co-workers made two isomeric D-A COFs from
pyrene (Py) and benzo[c|[1,2,5]thiadiazole (BT) units contain-
ing either aldehyde or amino functional groups to form Py-
C-BT-COF and Py-N-BT-COF (Fig. 32).*°° They took these COFs
and applied them in rhodamine B degradation and H, evol-
ution photocatalytically. Using visible light, 95% of rhodamine
B was degraded within 60 min by Py-N-BT-COF, while it was
only 70% degraded with Py-C-BT-COF. The opposite activity
was seen for H, evolution. Under visible light with sodium
ascorbate as sacrificial reagent and 5 wt% Pt cocatalyst, Py-
C-BT-COF revealed an average H, evolution rate of 253.1 mmol
g~' h™" while Py-N-BT-COF showed little activity. This work
showed that changing the isomerism and atomic positioning
in a COF can change the band gap and optical properties of
the material, which influences the photocatalytic activity.
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Fig. 32 Schematic representation of the synthesis of the Py-BT-COF
isomers.*°° Reproduced with permission from ref. 499. Copyright 2024,
Royal Society of Chemistry.

Xi and co-workers constructed three COFs from different
combinations  of  2,4,6-tris(4-formyl-phenyl)-1,3,5-benzene
(TFPB), 2,4,6-tris(4-amino-phenyl)-1,3,5-benzene (TAPB), 2,4,6-
tris(4-formyl-phenyl)-1,3,5-triazine (TFPT) and 2,2'-(5-(4-(cya-
nomethyl)phenyl)-[1,1":3',1"-terphenyl]-4,4"-diyl)diacetonitrile
(TCPB) to make TFPB-TCPB COF, TFPT-TCPB COF, and
TFPT-TAPB COF.>® The cyano-olefin linkage of TFPT-TCPB
COF was further oxidized to a carboxylic acid to make
TFPT-TCPB COF-COOH. These were used as photocatalysts to
degrade 200 ppm solutions of rhodamine B (RhB) dye using a
Xe lamp. First, they were tested for pure absorption of the dye
with no light. TFPT-TCPB COF, TFPB-TCPB COF, and
TFPT-TCPB COF-COOH achieved around 35% RhB removal in
90 min; however, TFPT-TAPB COF had about 50% removal in
the same time frame, likely due to its much larger surface area
according to the authors. In the presence of light 97% of RhB
could be removed, but no degradation was shown. When per-
oxymonosulfate (PMS) was added, the RhB dye could be
degraded with light. Using TFPT-TCPB-COF-COOH 62.2% of
RhB was mineralized in 50 min due to its activation of PMS.

El-Mahdy and co-workers synthesized 3D, D-A hetero[6]
radialene-based COFs from 2,4,6-triformylphloroglucinol and
(4,4',4",4""-pyrene-1,3,6,8-tetrayl Jtetraaniline (PyTA-4NH,) or
4,4'4" 4"'-([9,9'-bifluor-enylidene]-3,3',6,6'-tetrayl tetraaniline
(BFTB-4NH,), giving TFP-Py 3D COF and TFP-BF 3D COF,
respectively.’®* They used these COFs for absorption of rhoda-
mine B dye. On an 18 mg L™" sample, complete absorption
occurred in 10 minutes for TFP-Py 3D COF and 60 minutes for
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TFP-BF 3D COF. They then tested the photodegradation of a
10 mg L' rhodamine B sample under visible light using the
COFs. The TFP-BF 3D COF and TFP-Py 3D COFs achieved com-
plete removal of rhodamine B within 150 minutes and
165 minutes, respectively, with photodegradation efficiencies
of 96.60% and 95.90%, respectively. The authors also tested
these COFs for photocatalytic hydrogen evolution using a Xe
lamp with UV and visible light with or without Pt cocatalyst
and ascorbic acid as a sacrificial reagent. TFP-Py and TFP-BF
3D COFs without the inclusion of Pt cocatalyst were 4.96 and
21.04 mmol g~ h™, respectively. When adding 1 wt% Pt, HER
for TFP-BF 3D COF achieved 30.72 mmol g h™'. AQYs for
TFP-BF 3D COF were 8.70, 10.12, and 15.73% at wavelengths of
420, 450, and 600 nm, and AQYs of 2.54, 4.21, and 0.49% for
TFP-Py 3D COF at the same wavelengths, respectively.

6.15 Other applications

Thanks to their tunable photoelectronic properties, COFs have
been designed and leveraged to accomplish various transform-
ations. While COFs have been mainly applied as photocatalysts
for the reactions previously discussed, they have also been uti-
lized for a plethora of other organic reactions. Herein, recent
reports of various non-related photoapplications are detailed
that use COFs photocatalytically.

Banerjee et al. synthesized a p-ketoenamine-linked COF,
TpTt, using melamine, or 1,3,5-triazine-2,4,6-triamine (Tt),
and 2,4,6-triformylphloroglucinol (Tp).>°> They took the TpTt
COF and used it for E to Z photoisomerization of olefins.
Optimizing conditions, using blue LEDs in DMF, the authors
achieved 90% yield of cis-stilbene from trans-stilbene. They
performed this on seven other substrates, garnering yields of
42-71%. The authors also conducted mechanistic studies and
DFT calculations and showed the COF absorbs light and is
excited, undergoes intersystem crossing to the triplet state,
then transfers energy to the substrate (¢rans-stilbene) which
transforms into a biradical triplet intermediate state which is
converted to the product (cis-stilbene).

Gu and co-workers constructed an anionic Ti-based COF,
Ti-COF-1, from Na,Ti(2,3-DHTA); (DHTA = 2,3-dihydroxyter-
ephthalaldehyde) and 4,4',4",4"-(pyrene-1,3,6,8-tetrayl )tetraa-
niline (PyTTA), (Fig. 33).°> Ti-COF-1 was then used as a photo-
catalyst for a Meerwein addition reaction using white LEDs.
Using different arenediazonium salts and styrenes, yields of
49-75% were achieved with 132-202 turnover number. The
authors attribute the success to the anionic skeleton of Ti-
COF-1 being an excellent adsorbent for cationic arenediazo-
nium salts which can then easily reduce them by the photo-
generated electrons to form reactive aryl radicals.

Zhang and cohort made TPT-COF-Cu from 4,4',4"-((1,3,5-tri-
azine-2,4,6-triyl )tris(oxy))tribenzaldehyde (TPT-CHO) and [2,2'-
bipyridine]-5,5'-diamine (Bpy-NH,) using a deep eutectic
solvent followed by metalation by CuCl,.>*® TPT-COF-Cu was
then used as a photocatalyst for phosphorylation of terminal
alkynes. Optimized conditions were performed on the model
reaction of phenylacetylene and diethyl phosphite. Using blue
LEDs, triethylamine base, and 2-MeTHF as solvent 95% yield
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Fig. 33 (a) Synthesis of Na,Ti(2,3-DHTA)s. (b) X-ray single-crystal struc-

ture of Na,Ti(2,3-DHTA)z. All H atoms, Na™ and solvent molecules have
been omitted for clarity. C — gray, O — red, Ti — yellow. (c) Synthesis of
Ti-COF-1.°2 Reproduced with permission from ref. 92. Copyright 2021,
John Wiley and Sons.

was obtained. Notably, using white or green light achieved
yields of 83 and 90%, respectively. They also used these con-
ditions on an expansive substrate scope, 32 compounds,
obtaining yields ranging from 85 to 95%. When increased to a
gram scale 92% yield was isolated.

Chen and co-workers mimicked graphitic carbon nitride
(2-C3N,) by making heptazine COFs from (1,3,3a",4,6,7,9-hep-
taazaphenalene-2,5,8-triyltris(benzene-4,1-diyl))tris(methane-
triyl)hexaacetate (HEP-OAc) and 1,3,5-tris(4-aminophenyl)tri-

azine (TAPT-NH,) or 1,3,5-tris(4-aminophenyl)benzene
(TAPB-NH,), giving HEP-TAPT-COF and HEP-TAPB-COF,
respectively.>®* The COFs were then used for photocatalytic oxi-

dations of benzylic C-H bonds and sulfides using O, as the
oxidant and a xenon lamp as the light source. For the test reac-
tion on isochroman, HEP-TAPT-COF performed better than
HEP-TAPB-COF or g-C3;N,, achieving 100% conversion and
90% selectivity for isochromanone. Notably, smaller yields
were obtained when using an amorphous version of the COF
or a heptazine-based amorphous polymer, Cy-pip, indicating
crystallinity is important for charge separation. Four other iso-
chroman derivatives and three other benzylic hydrocarbons
achieved yields of 70-99% of the ketone product.
HEP-TAPT-COF was also able to selectively oxidize six sulfides
to the corresponding sulfoxides in quantitative yields. The
authors believe the heptazine moieties played a crucial role in
generating the reactive 'O, for the oxidations.

Zhao and co-workers synthesized several COFs, COFX-Au (X
= 1-5, based on monomer units), from D,-symmetric porphyr-
ins (1-4 = proximal H, 5 = proximal pentafluorobenzene) and

This journal is © The Royal Society of Chemistry 2024
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benzothiadiazole (1), pyrazine (2), benzene (3), or dimethoxy-
benzene (4) linkers and metalated with KAuCl,.’>® The COFs
were then used for photocatalytic nitrogen fixation using a
xenon lamp as the light source and K,SO; as a sacrificial
reagent. COF1-Au, the COF with electron-withdrawing ben-
zothiadiazole units, achieved a rate of 333.0 pmol g~* h™.
When using COF4-Au, the COF with -electron-donating
dimethoxybenzene units, a lower rate of 196.1 pmol g~* h™"
was achieved. When COF5-Au, the COF with the pentafluoro-
benzene-substituted porphyrin, was used the rate increased to
427.9 pmol ¢~* h™'. N,H, was also tested as a product but only
0.5 pmol ¢! h™ was observed. Furthermore, when the reac-
tion was done in basic conditions instead, a small rate of
7.8 pmol ¢! h™' was achieved. The authors attributed the
success of COF1-Au and COF5-Au to higher charge separation
efficiency and lower charge transfer resistance from the elec-
tron-withdrawing moieties.

Wang and cohort synthesized a D-A COF, PTZ-TTA-COF
(Fig. 34), using N-(4-formylphenyl)-phenothiazine-3,7-dicarbal-
dehyde (PTZ-CHO) and 1,3,5-tris(4-aminophenyl)triazine
(TTA-NH,).>*® They used PTZ-TTA-COF and a control
TPA-TTA-COF (TPA = triphenylamine) as photocatalysts for
amine homocoupling and cyclization to thioamides using blue
LEDs and air as oxidant. On 14 substrates, PTZ-TTA-COF gar-
nered yields of 75-99% for the oxidative amine coupling while
the TPA-TTA-COF gave much lower yields of 36-56%. For the
cyclization of five different thioamides PTZ-TTA-COF per-
formed well, achieving 60-72% yield, and again TPA-TTA-COF
achieving lower yields of 25-37%. The authors illustrated the
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Fig. 34 (a) Synthesis of the donor—acceptor PTZ-TTA-COF. Top (b) and
side views (c) of the AA stacking mode as well as the top view (d) of the
AB stacking mode for the PTZ-TTA-COF (carbon, gray; nitrogen, blue;
sulphur, yellow; hydrogen, white).5%¢ Reproduced with permission from
ref. 506. Copyright 2023, Royal Society of Chemistry.
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importance of donor strength for creating efficient D-A
systems by reducing the band gap of the photocatalyst.

Li and co-workers constructed an imidazole-linked COF,
PyPor-COF, using pyrene-4,5,9,10-tetraone, 5,10,15,20-tetrakis-
(4-benzaldehyde)porphyrin, and ammonium acetate.’®” This
COF impressively demonstrated light absorption over the
entire visible light spectrum and exhibited a super low band
gap of 1.75 eV. To test its singlet oxygen generation, PyPor-COF
was illuminated with red light in the presence of 9,10-anthra-
cenediyl-bis(methylene)-dimalonic acid (ABDA), which showed
a fluorescence quantum yield of 10.3%, and with the addition
of rose bengal photosensitiser the quantum yield increased to
77.8%. PyPor-COF was then used as a photocatalyst for the oxi-
dative cleavage of olefins to carbonyls using red light and air
as the oxidant. On the model substrate 1,1-diphenylethylene
96% yield of benzophenone was obtained. When using purple,
blue, or green LEDs instead, respective yields of 94, 90, and
89% were obtained, showing the great light-absorbing and
photocatalytic properties of the COF. This was then tested on
nine styrene derivatives, achieving yields of 71-95%. PyPor-
COF was also tested for the oxidation of 14 thioanisole deriva-
tives to their corresponding sulfoxides, garnering yields of
73-99%. This work demonstrated a rare example of a COF
photocatalyst using red light for organic transformations.

Zhao and co-workers synthesized TFPA-TAPT-COF-Q and
TFPA-TPB-COF-Q using tris(4-formylphenyl)Jamine (TFPA) and
1,3,5-tris-(4-aminophenyl)triazine (TAPT) or 1,3,5-triphenyl-
benzene (TPB) and converting the imine linkage to a quinoline
linkage using phenylacetylene and BF;.°°® The quinoline-
linked versions showed further red light absorption and much
lower band gaps by about 0.5 eV. These COFs were then used
photocatalytically for the oxidative decarboxylation of arylace-
tic acids using 1,1,3,3-tetramethylguanidine (TMG) as the coca-
talyst and air as the oxidant (Fig. 35). The reaction was opti-
mized using 4-methoxyphenylacetic acid and achieved 100%
conversion and 86% selectivity for 4-methoxybenzaldehyde,
with 4-methoxybenzyl alcohol as the side product. This was
conducted on six other arylacetic acids, garnering conversions
of 64-100% with selectivity of 80-92%. The COFs were also
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Fig. 35 Proposed mechanism for the decarboxylation of arylacetic
acids.>°® This image has been adapted showing only part (e). This image
is licensed under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/).
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used for oxidative amine homocoupling, achieving conversions
of 65-100% and selectivity of 53-100%. Furthermore,
TFPA-TAPT-COF-Q was used to photosynthesize hydrogen per-
oxide using a Xe lamp as the light source with pure oxygen as
the oxidant in a water/benzyl alcohol (10:1) solution, obtain-
ing a production of 295900 pmol g~'. Notably, the imine-
linked versions exhibited considerably deceased yields for each
of these reactions. This work illustrated the importance of the
linkage for enhancing photochemical properties of COFs.

Zeng and cohort constructed bipyridine, ionic bipyridine,
and ionic imidazole COFs named PY-BPY-COF, ion-
PY-BPY-COF, and im-PY-BPY-COF, respectively, from 4,4',4",4"
"-(pyrene-1,3,6,8-tetrayl)-tetraaniline (PY) with [2,2-bipyridine]-
5,5-dicarbaldehyde (BPY).>*® Through PSM of the bipyridine,
the ionic bipyridine COF was made through reaction with bro-
moethane, and the ionic imidazole COF was made through
cycloaddition with paraformaldehyde. These COFs were used
as photocatalysts for the oxygen reduction reaction (ORR). The
im-PY-BPY-COF achieved the highest TOF of 0.0198 s~ at a
potential of 0.7 V, which was 5.4 and 3.2 times greater than
the values exhibited by PY-BPY-COF (0.0037 s™') and ion-
PY-BPY-COF (0.0061 s'), respectively. The mass activity for
im-PY-BPY-COF was 0.57 A mg™ ', which was higher than
PY-BPY-COF (0.17 A mg™") and ion-PY-BPY-COF (0.19 A mg™).
The im-PY-BPY-COF was also the most selective, with only
H,0, by-product yields of 10-18% compared with that of
PY-BPY-COF of 12-50% and ion-PY-BPY-COF of 20-30%. Using
DFT calculations and DRIFTS, the authors showed the impor-
tant reactive oxygen species was OOH*. This work exhibited a
rare example of using a COF photocatalyst for ORR.

7 Conclusions and outlook

Covalent organic frameworks have emerged as a prosperous
class of crystalline, porous polymers. The properties of COFs
have lent them the ability to be used as effective photocatalysts
for a plethora of photoinduced transformations, in addition to
other applications. In this review, the design, synthesis,
characterization, and photocatalytic application of COFs have
been presented. Numerous linkages of COFs were discussed
with an emphasis on their effect on stability and structural
properties. Furthermore, the dimensionality and morphology
of COFs were summarized. The various synthetic methods
were also outlined including solvothermal, microwave-assisted,
ionothermal, mechanochemical, and more. Instrumentation,
techniques and methods to characterize COFs as well as photo-
catalytic products and intermediates were also broadly
explored. Moreover, approaches for enhancing COF photoelec-
tric properties and photocatalytic activity, such as extending
light absorption, band gap engineering, doping, composites,
and others, were assessed. Finally, the use of COFs as photoca-
talysts in a myriad of organic reactions was reviewed.

This review has illustrated that COFs are well positioned for
photocatalytic applications. Owing to their capacity to inte-
grate countless organic building blocks and diverse covalent

21660 | Nanoscale, 2024, 16, 21619-21672
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bonds they can be tailored to integrate a high degree of func-
tionality. The inherent in-plane conjugation and interlayer
n-stacking of COFs enhance their light-absorbing capability.
Furthermore, they can host high light-absorbing chromophore
units and photosensitizers for superior performance in light-
driven processes. COFs also feature high surface areas and
porosity, enabling suitable diffusion of reactants and products
through the pores and easy access to the active sites. Their
rigidity and use of donor-acceptor systems permits for high
charge carrier mobility and separation of photogenerated
holes and electrons. Furthermore, their heterogeneous nature
can reduce or altogether avoid deactivation pathways seen in
homogeneous systems such as the formation of inactive nano-
particles or complexes, irreversible oxidation or reduction,
excited state side reactions, and collisional and aggregation-
based quenching.

However, there are some drawbacks and areas for further
improvement in the use of COFs in photocatalytic
applications.

(1) Most reports use blue light or white light to perform the
catalysis but have not studied what wavelength or range is suit-
able for the specific catalytic reaction. Studies that have exam-
ined the usage of different wavelengths of light illustrated a
high dependence on blue light and/or, less often, green light.
New COF systems need to be designed to absorb further into
the red-light region of the visible spectrum or increase the
molar absorption coefficient to perform these transformations
using green and longer wavelength light.

(2) A fair amount of COF photocatalysts in the literature
require metals to perform the photocatalytic transformation,
or at least to perform it efficiently. Strategies to incorporate
superior organic units, or a combination of units, need to be
addressed to move towards more sustainable practices to
accomplish these transformations without the need for
metals.

(3) The use of photosensitizers as additives or directly
anchored to the COF is common, especially in photocatalytic
coupling reactions. These photosensitizers are typically Rh,
Ru, or Ir-based and are expensive and toxic. Again, for true
metal-free systems these reagents need to be removed.
Future work needs to be conducted to enable COFs to be more
photoactive or absorb enough light to omit the use of
photosensitizers.

(4) While COFs have been designed to lower band gaps by
incorporating specific moieties or through the use of D-A
systems, precise control over the band gap is not fully realized.
Reducing the band gap is simpler in practice, but dictating the
precise location of the valence and conduction bands is extre-
mely difficult. The location of the conduction band is of key
importance as it can control product distribution in photo-
catalytic applications. For instance, reducing carbon dioxide
can result in many products (i.e. CO, HCOOH, MeOH, CH,,
and other hydrocarbons), and positioning the conduction
band between the reduction energy levels of various products
can limit what products can form, and the COF literature typi-
cally shows formation of only CO. Studies need to be per-

This journal is © The Royal Society of Chemistry 2024
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formed in order to understand the construction of COFs to
precisely control valence band and conduction band energy
positions.

(5) Although COFs are constructed through relatively stable
covalent bonds and tested in aqueous, acidic, alkaline, and
organic solvent conditions, their photochemical stability has
not been well established. Most COF materials are not ana-
lysed for morphology or crystallinity change when subjected to
high-intensity light (more than ambient) and, as discussed,
some COFs were reported to lose crystallinity over time. Thus,
more research is necessary to determine the long-term photo-
stability of COFs after catalysis for prolonged periods. In the
same vein, COFs with boron-based and C-N based linkages are
quite dynamic in nature and result in high crystallinities,
whereas olefin and ring linkages are more irreversible and
typically have a partial or low degree of crystallinity. In saying
this, studies need to be conducted to determine the relation-
ship between amorphous, semi-crystalline, poly-crystalline,
and single-crystalline COFs in respect to their photocatalytic
activity.

(6) Similarly, COFs are lauded for their tunability and
capacity to be constructed with different dimensionality and
topology and morphology. However, there are limited examples
showing a clear link to the structure-property relationship in
COFs. As previously mentioned, there have been some studies
on 2D versus 3D COFs, but more work is needed to look at
differences in 3D versus 3D topologies (i.e. bor versus ctn), 2D
AA versus AB stacking, and overall morphology (e.g. rods versus
spheres versus wires, etc.) and how it affects the photocatalytic
performance of COFs. Furthermore, there is an abundant need
to make and prove how pore size, geometry, and chirality can
make selective products in photocatalytic applications. For
example, chiral COFs have been used in many catalytic appli-
cations, but chiral COF use in photocatalysis is rare.

(7) In general, there is a lack of research into the large-scale
application of COFs. One reason is that the complex monomer
design can make monomer synthesis difficult and low yielding,
and therefore limit the monomer available for the COF syn-
thesis. This is also partially due to the fact that the synthesis of
COFs is often limited to smaller scale reactions to afford a crys-
talline material. Designing simpler yet effective systems as well
as better synthetic methods can aid in large-scale reactions.
Furthermore, when COFs have been employed as photocatalysts
they are done on a small laboratory scale, and this needs to be
extended to larger scale reactions including the use of larger
batch reactors, flow reactors, and membrane reactors in order
to make photocatalytic COFs industrially feasible.
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