Materials Chemistry Frontiers

ROYAL SOCIETY
P OF CHEMISTRY

MATERIALS
CHEMISTRY % CHINESE

SOCIETY
FROMNTIERS

sp2 Carbon-Conjugated Covalent Organic Frameworks:
Synthesis, Properties, and Applications

Journal: | Materials Chemistry Frontiers

Manuscript ID | QM-REV-01-2021-000015.R1

Article Type: | Review Article

Date Submitted by the

Author: 27-Jan-2021

Complete List of Authors: | Li, Xinle; Clark Atlanta University

SCHOLARONE™
Manuscripts




Page 1 of 19

Materials Chemistry: Frontiers

sp? Carbon-Conjugated Covalent Organic Frameworks: Synthesis,
Properties, and Applications

f ka
Received 00th January 20xx, Xinle Li

Accepted 00th January 20xx

Covalent organic frameworks (COFs) represent an emerging class of well-ordered porous materials that precisely reticulate

DOI: 10.1039/x0xx00000x

organic units into extended networks and have been at the forefront of porous materials research over the past decade. In

the quest to expand the reticular chemistry and develop next-generation COFs with peculiar materials properties, sp?

carbon-conjugated COFs (sp?c-COFs) have garnered a surge of interest since their inception in 2016 due to the unparalleled

features of continuous m-conjugation, high crystallinity, permanent porosity, unique optoelectronic properties, and

extraordinary chemical stability. A rapidly growing number of 2D sp2c-COFs (more than 40 in total within just 4 years) have

been hitherto constructed and broadly exploited in various areas. In this review, we scrutinize the design principles, synthetic

routes, key features, and mechanistic investigations of sp?c-COFs. We survey the advances in their broad applications

spanning heterogeneous catalysis, radionuclides sequestration, lithium-ion batteries, supercapacitors, and optical

applications, as well as rationalize their superior performance against structurally analogous imine-linked COFs. We further

discuss the unsettled scientific challenges and provide future perspectives of sp?c-COFs.

Introduction

The clear-cut assembly of molecular subunits into periodically
ordered architectures has been long sought in materials chemistry
since it enables the predictive synthesis and rational improvement of
new materials as well as furnishes unprecedented properties and
functions.! Despite enormous strides in organic polymer chemistry
over the past century, it has remained a formidable synthetic
challenge to construct well-defined high-order organic polymers.
This long-standing challenge was tackled with the advent of covalent
organic frameworks (COFs) in 2005.2 COFs are an emerging class of
two- or three-dimensional (2D or 3D) porous crystalline solids
formed by covalently stitching organic building blocks into extended
networks.? The inherent high crystallinity, large surface areas,
ultralow density, and predesignable architectures,* render COFs as a
compelling molecular platform in a plethora of applications ranging
from gas separation, catalysis, sensing, water remediation,
biomedicine, supercapacitors, and optoelectronics.>2

The construction of COFs typically hinges on error-correction
and self-healing processes to achieve the most thermodynamically
stable crystalline products,® with a few exceptions that 2D COFs can
be obtained by irreversible reactions either on confined interfaces,%
12 or using rigid directional monomers.!3 The common reliance upon
reversible reactions intrinsically limits the chemical stability and
structural complexity of COFs, which are considerable roadblocks
that hamper the full implementation of these intriguing materials.'*
To alleviate these shortcomings, tremendous efforts have been
invested in new linkage chemistries that primarily govern the
properties of COFs.2> Consequently, the past decade has witnessed a
rapid expansion of COF linkages from boronate ester, triazine, imine,
imide, olefin, aryl ether to ester, benzofuran, and pyrimidazole. A
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handful of new and robust linkages have been incorporated into
COFs by (1) single-step reactions;®20 (2) cascade reversible-
irreversible  transformations;?2*  (3) postsynthetic linkage
conversion to transform labile linkages into irreversible units.?5-28
The booming development of novel linkages has flourished
unparalleled properties and functions of COFs as well as greatly
expanded the scope of reticular chemistry.

Amongst the COFs with emerging linkages, sp? carbon-
conjugated COFs (aka olefin- or vinylene-linked COFs??) are of
substantial interest since the innate sp? C=C linkages simultaneously
enhance both chemical stability and in-plane m-electron
delocalization of COFs, which are downsides of the current COF
systems. Further, the straightforward de novo synthesis along with
broad monomer scope and high reaction efficiency adds great zeal to
this novel class of COFs. The first sp? carbon-conjugated COF (termed
sp2c-COF) was developed in 2016 by using a base-catalyzed
Knoevenagel condensation.3® Later in 2017, an unprecedented
ferromagnetic phase transition and a drastic conductivity
enhancement upon iodine doping was uncovered in a sp’c-COF
otherwise not observed in its amorphous counterpart and imine-
linked COF analog.3'-33 Since these landmark reports, sp?c-COFs have
undergone striking development evident by the rapidly increasing
number of publications each year (Scheme 1), and over 40 sp?c-COFs
with varying pore metrics have been reported within just 4 years,
rendering them among the most emerging next-generation COFs
with highly sought-after material properties. A timeline showing
some representative breakthroughs in the exploration of sp2c-COFs
isillustrated in Scheme 1. Despite numerous recent COF reviews that
span the design,3*3¢ synthesis,” and applications,®*! a
comprehensive review that delineates the latest advances in sp?c-
COFs remains an uncharted territory and is urgently demanded.
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Scheme 1. Timeline of significant advances in the development of sp? carbon-conjugated COFs with an increasing number of yearly
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Scheme 2. The category, key structural merits, and widespread
applications of sp? carbon-conjugated 2D COFs.

Herein we present the first systematic overview of the research
advances in sp?c-COFs since their dawn in 2016 (Scheme 2). We
disclose the design principles and synthetic routes toward sp?c-COFs
through Knoevenagel condensation, Aldol condensation, and
Horner-Wadsworth-Emmons reaction. A comprehensive summary of
reported sp2c-COFs is listed in Table 1 in chronological order. We

highlight the advantages of sp2c-COFs over other prototypical COFs
concerning chemical stability, crystallinity, structural complexity, -
conjugation, and photoluminescence; deliberate the latest progress
of mechanistic studies; scrutinize the applications of sp?c-COFs in
various domains spanning heterogeneous catalysis, uranium
capture, energy storage, and optical applications; underscore their
superior performance over imine-linked COF analogs; discuss the
remaining challenging issues, and provide outlooks for sp2c-COFs in
cutting-edge research directions.

2. Structural design, synthesis, advantage, and
mechanistic study of sp?c-COFs
2.1 Structural design

The lattice symmetry, functionality, and pore size of sp2c-COFs can be
well predesigned following the principle of the topology diagram, which
directs the orientation of covalent linkages and secures the polymer
growth. The reactive sites of rigid monomers are oriented in a specific
geometry and regulate the spatial orientation and position of the next
reactive groups, leading to the formation of distinct polygon
skeletons.*2 As shown in Fig. 1A, the combination of [C, + C3] or [C3 + C3]
monomers produces hexagonal 2D COFs; Tetragonal COFs are
generated by a combination of [C4 + C;] monomers while triangular
COFs with micropores are formed from the [Cg + C,] diagram. A [C; + C;]
combination is of particular interest since it can produce single-pore
rhombic COFs and kagome-type COFs with dual-pore structures.
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Fig. 1. A. Typical topology diagram for the design of 2D sp?c-COFs; B. Reported building blocks with different reactive sites for the synthesis

of sp?c-COFs to date.
2.2 Synthetic route to sp?c-COFs

sp2c-COFs are mainly prepared by the Knoevenagel condensation
and very few are obtained via Aldol condensation and Horner-
Wadsworth-Emmons reaction. Knoevenagel condensation, which is
a cascade nucleophilic addition-dehydration reaction between an
activated methylene and an aldehyde or ketone, represents a
proven strategy to yield C=C bonds and has been broadly exploited
in the synthesis of vinyl-based porous polymers.*346 Fig. 1B
illustrates the reported monomers with different reactive sites and
functionalities for the synthesis of sp2c-COFs. Based on the
substitution of sp? C=C linkages, spc-COFs can be categorized into
two subclasses: cyano-substituted and unsubstituted sp?c-COFs.
Cyano-substituted sp2c-COFs are obtained by the topology-directed
polymerization between benzylnitrilesand aryl aldehydes
monomers. However, the strong electron-withdrawing cyano
groups appended to C=C bonds induce structural twisting arising
from the steric hindrance as well as make the linkage reversible and
compromise their stability. To this end, unsubstituted sp2c-COFs
emerged later (2019) by reticulating aryl aldehydes with electron-
deficient mesitylene monomers or phosphonates.

sp2c-COF synthesis is exclusively performed via the conventional
solvothermal approach, in which monomers are mixed in a sealed
vessel under vacuum or an inert atmosphere for predesignated
reaction times (3-5 days) at elevated temperature (80-180 °C) with

the aid of catalysts. The formation of crystalline sp?c-COFs highly
depends on modulating the thermodynamic equilibrium of covalent
reactions by varying the synthetic parameters systematically. The
appropriate selection of catalysts is paramount for the synthesis of
COFs. Bases are the most common catalysts in the synthesis of sp%c-
COFs via Knoevenagel condensation and Horner-Wadsworth-
Emmons reaction whereas very limited sp?c-COFs used Brgnsted acid
(i.e., trifluoroacetic acid) as a catalyst through Aldol condensation.*”
48 Among the base catalysts, anhydrous or aqueous alkaline bases
(e.g., Cs,C0O3;, NaOH, 4M KOH) and organic bases (e.g., DBU, TBAH,
piperidine) have been widely utilized. Besides, solvent combinations
and ratios are crucial to obtain high-quality sp2c-COFs. In addition to
the direct solvothermal synthesis, a topology-templated
polymerization strategy opens up new avenues to divergent sp2c-
COFs by using imine-linked 2D COFs as seed and template.*
Moreover, the high cost of 2,4,6-trimethyl-1,3,5-triazine monomer
motivated researchers to alternatively synthesize unsubstituted
sp2c-COFs through a one-pot cascade reaction that combines
cyclotrimerization of inexpensive acetonitrile and subsequent Aldol
condensation with aldehydes, which is appealing from the viewpoint
of cost, energy, and time.>® By virtue of the reticular chemistry
principle and evolving synthetic strategies, the topology-directed
polymerizations of monomers with C,, C3, and C, geometries gave
rise to more than 40 sp?c-COFs adopting various lattices (i.e.,
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trigonal, tetragonal, hexagonal, rhombic, and kagome), micro-to-
meso pores and diverse functionalities (Table 1).

Table 1. The summary of the reported sp?c-COFs up to date.?

sp2c-COFs Combination Solvent Catalyst Temperature /Time BET surface area Year Ref.
Cyano-substituted sp?-carbon Conjugated COFs
2DPPV G+ G 0-DCB Cs,COs (s) 150 °C/3 d 472 m2 gt 2016 30
sp?c-COF G+ G MeSity"a‘fs/)di°xa"e 4M NaOH 90°C /3 d 692 m2 g 2017 31
sp2c-COF Dioxane 4M KOH 90°C/3d 322 m2g?
sp?c-COF-2 CG+GC Dioxane 4M KOH 110°C/3d 613 m2 gt 2018 63
sp2c-COF-3 o-DCB 1M TBAH 120°C/3d 737 m2 gt
igﬁm:ig&; gz . gz 0-DCB C5,C05 (s) 120°C/3 d Zg; :z gj 2019 71
Bpy-sp2c-COF C,+C, °'DC'(31/71’)B”°H 4M NaOH 120°C /3 d 432 m2 gt 2019 93
Por-sp2c-COF C+ G 0-DCB 5M DBU 80°C /3 d 689 m2 gt 2019 9%
TP-COF G+ G, Dioxane Cs,CO03 (s) 120°C/3d 232 m?2gt 2019 99
CCP-HATN C+Co DM/?;Z’;DCB Cs,CO0s (s) 120°C/3 d 317 m2g! 2019 119
pewrs i RONN gy ems 87T e
;g EEE; C+ G DM/?;Z’;DCB 0.IMCs,CO;  120°C/3d igg :z gj 2020 64
2D CCP-Th G, DMAc/0-DCB (3/7)  0.1M NEt,OH 150°C /3 d 200m? gt 2020 90
2D CCP-BD DMAc/0-DCB (1/1) 0.1 M Cs,CO5 120°C /3 d 441 m2gt
(Bsprj_cs'pcgc"g” G+ G, Dioxane 4M KOH 110°C /3 d 572 m2 gt 2020 94
Py-BSZ-COF C+G 0-DCB 1M TBAH 120°C/3d 600 m? gt 2020 98
TFPT-BTAN Cs+ Gy 0-DCB 4M DBU 90°C /5 d 1062 m? g 2020 108
:g::m C+ G °'DC'(3;71‘)B”°H 5M NaOH 120°C /3 d Eig 2; gj 2020 113
;B:m C3+C, °'DC'(33/77‘)B uOH KOH (s) 120°C /4 d gig 22 gj 2020 115
4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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cyano-sp2c-COF 0-DCB/n-BuOH o —
(2DPPV] CG+G, (1/4) Cs,CO0;5 (s) 120°C/3 d 327 m?g 2020 127
CCOF 17 MeOH/dioxane o
CCOF 18 C+GC (1/1) 4M KOH 120°C/4d / 2020 129
Unsubstituted sp2-carbon Conjugated COFs
Mesitylene/dioxane o — .
COF-701 CG+G JCH5CN (1/1/0.1) TFA 150°C/3d 1366 m? g 2019 47
V-COF-1
(g-C18N3-COF) MeOH/mesitylene o 1341 m?g?
VcOrD C:+C, /1 0r 1/1) NaOH (s) 180°C /4 d 627 m2 gt 2019 29
(8-C33N3-COF)
COF-1
(g-Cé%V;:ZCOF) C3+GCy Dioxane/EtOH 1M NaOH 100°C /3 d 880 m2g? 2019 62
COF-3
g-C4oN3-COF Gt C 1235 m2 gl
g-C3:N3-COF c3 . C2 DMF Piperidine 150°C /3 d 864 m2 gl 2019 85
g-C3,N;-COF 373 1012 m2 gt
g-C1gN3-COF C+G, 0-DCB/n-BuOH KOH (s) . 1170 m2 gt
g-C33N5-COF C3+GC3 (3/7) NaOEt (s) 120°C/3d 752 m2 gt 2019 88
g-C34Ne-COF C+GC DMF Piperidine 180°C/3d 1003 m? gt 2019 125
TTO-COF Mesitylene/dioxane o — .
(TM-TPT) C+C JCH;CN (1/1/0.1) TFA 150°C/3d 390 m?g 2020 48
COF-701 C+G, MeOH/CH;CN . 736 m? g1 ;
g-C1sN3-COF CatCs (1/1) TFA 120°C/3d 790 m? g1 2020 50
2D-PPQV1 DMAc/mesitylene o 440 m2 gt .
>D-PPQY2 CG+C, /1) Cs,COs (s) 120°C /3 d 100 m2 gt 2020 72
g-Cs,Ng-COF . . 855 m2 gl
a-CooNo-COF C+ G DMF Piperidine 180°C/3d 1000 m? g1 2020 89
COF-p-3Ph - 963 m2 gt
COF-p-2Ph 23 : EZ DM(Fl//c’l')D c8 P":I‘:r\'/ld/i”e 180°C/3d 1036 m2 gt 2020 100
COF-m-3Ph 373 1231 m2 gt
TM-TPT-COF 3+ C3 - ) NaOEt (s 120° 10m2g- 1
co Cs+C ° DCZ{;’”B”OH OFt (s) 20°C/3d 810 m2 g 2020 03
PT-BN L o 1150 m2 gt
PB-BN C3+Cs DMF Piperidine 170°C/3d 968 m? g1 2020 114
g-C30Ng-COF 0-DCB/n-BuOH 120°C /3 d 784 m2 gt
g-C4sNe-COF GG (3/7) KOH (s) 150°C /3 d 830 m2g-! 2020 126
TAT-COF ) S
TPB-COF C3+Cs MeOH/('ln/is)'ty'e"e NaOH (s) 180°C /4 d 7901;;2‘% . 2020 128
(8-C33N3-COF) g
9-DCB: o-dichlorobenzene; DMAc: Dimethylacetamide; DMF: N,N-Dimethylformamide; d-MA: Dimethylamine; TBAH:
Tetrabutylammonium hydroxide; DBU: 1,8-Diazabicyclo[5.4.0Jundec-7-ene; TFA: Trifluoroacetic acid.
bCOFs made by the topology-templated synthesis in the presence of imine-linked COF analogs as templates.
¢COFs made by Aldol condensation.
4COFs made by a one-pot reaction that combines cyclotrimerization of CH;CN and subsequent Aldol condensation.
¢ COFs made by Horner-Wadsworth-Emmons reaction.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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2.3. Advantages of sp2c-COFs over other prototypical COFs

A diverse array of COFs with linkages ranging from boron-based
linkages such as boroxine, boronate ester, borazine, and spiroborate
, nitrogen-based linkages such as imine, B-ketoenamine, azine,
hydrazone, imide, triazine, squaraine, imidazole, urea, aminal,
phenazine, and pyrimidazole, to other robust linkages such as aryl
ether and benzofuran have been reported to date.> As an emerging
class of novel COFs, sp?c-COFs are advantageous due to their
unparalleled combination of structural features as follows:

(1) Chemical stability. In contrast to dynamic linkages such as boron-
based linkages and most nitrogen-based linkages that are vulnerable
against aggressive chemicals, sp? C=C linkages with limited
reversibility are chemically nonlabile, thereby leading to
extraordinary chemical stability in various media including air, light,
acidic, alkaline, and redox environments. The exceptional chemical
stability not only allows for postsynthetic modification (PSM) of sp?c-
COFs under extreme conditions but also underpins their superior
performance over common COFs in applications under stringent
conditions.

(2) High crystallinity. sp?c-COFs bypass the common crystallinity-
stability dichotomy in COF chemistry and possess remarkable
crystallinity. By comparison, chemically robust COFs such as covalent
triazine frameworks,”? and phenazine-linked COFs display limited
crystallinity.>3

(3) Structural complexity. The expansive library of monomers
depicted in Fig. 1B coupled with the reticular synthesis has resulted
in a rapidly increasing number of sp2c-COFs (> 40 in total) since 2016.
In contrast, robust COFs bearing linkages such as imide,>* aryl
ether,’® phenazine,’” benzoxazole,?® and imidazole®> have
significantly fewer reported structures, even some were developed
prior to the emergence of sp2c-COFs. This is presumably due to the
crystallization issue in de novo synthesis or reliance upon specialty
linkers.

(4) m-electron delocalization. The intra-sheet m-electron
delocalization over the 2D COF lattice is interrupted by non-
conjugated (e.g., boron-based linkages) or polar linkage like imine,
thus compromising their performance in optoelectronic applications.
By contrast, the fully conjugated backbone of sp?c-COFs exhibits
uninterrupted m-electron delocalization along the 2D lattice, which
facilitates the migration, transfer, and transport of photons, holes,
spins, and electrons, rendering them highly appealing in
optoelectronics, spintronics, and energy storage.’® lJiang’s group
demonstrated that sp?c-COF showed a redshift in UV-Vis absorption
relative to its imine-linked COF analog,3! validating that the sp? C=C
linkage is superior to the C=N bond in terms of transmission of m-
electrons over the lattice.

(5) Photoluminescence. Developing emissive and stable COFs has
been a central topic in sensing applications.>” However, most imine-
linked 2D COFs are none or weakly luminescent, largely due to
fluorescence quenching processes originating from m-rt stacking
interactions along with rotationally labile imine linkages.>® Very
limited emissive imine-linked 2D COFs have been made by
incorporating  chromophore struts such as pyrene or
dehydrobenzoannulene into 2D polygons.>®®! In contrast, sp? C=C

linkages readily merge photoluminescence and stability to produce a
variety of robust light-emitting 2D COFs. To name a few, an
unsubstituted sp?c-COF (COF-1, aka g-C,3sN3-COF) presents a strong
greenish-blue emission with a remarkable photoluminescence
quantum vyield (PLQY) of 25% whereas its imine-linked COF analog
(COF-LZU1) is nonluminescent;®? An isoreticular family of cyano-
substituted sp2c-COFs (sp2c-COF, sp2c-COF-2, and sp?c-COF-3) emit
strongly at 622, 606, and 609 nm, respectively.5> Notably, the
emissive properties of sp2c-COFs are well retained even after 1-year
exposure to air while imine-linked COFs lost inherent properties.
Most recently, a cyano-substituted sp?c-COF (2D CCP-2) displays the
highest PLQY of 32.3 % among the 2D conjugated polymers and
COFs.%* The emissive sp2c-COFs with exceptionally high PLQY and
durable photophysical properties present immense potential in
various applications pertaining to lighting, bioimaging, and
chemosensing.

Despite these notable advantages, sp2c-COFs are comparatively
underexplored in comparison to other prototypical COFs such as
imine-linked COFs, which were developed in 2009 and constituted
the largest family of COFs nowadays.®> Hence, sp?c-COFs possess
relatively insufficient structural complexity and limited synthetic
methodologies, which calls for more scientific attention to diversify
the sp2c-COF library and advance their use in diverse applications.

2.4 Mechanistic insights into the formation of sp2c-COFs

The underlying mechanistic understanding of the crystallization
pathway that governs COF formation and consequent properties is
of utmost importance for the predictive synthesis of COFs.% Previous
mechanistic investigations were merely limited to boronate ester-
and imine-linked 2D COFs. In 2016, Dichtel’s group revealed that
imine-linked 2D COF was formed through a disorder-to-crystalline
transition in which an amorphous polymer was formed quickly in the
early stage and reconstructed into a crystalline material gradually.®”
They recently (2020) revised the mechanism and demonstrated that
imine-linked 2D COFs formed as crystalline sheets in an extremely
short time (~1 min) and rearranged into networks with more 3D
order.®® Up to now, the mechanistic study of sp?c-COF formation
remains largely elusive and far lags behind the rapid development of
new sp2c-COFs.

2 T T T T T T T T T T
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Fig. 2. Energy profiles at different stages (1-6) calculated using the
DFT-NEB method describing the proposed reaction mechanism of
the Knoevenagel condensation with Cs,COs as a catalyst. Reproduced
from ref. 71 with permission from Wiley-VCH, copyright 2019.

Knoevenagel condensation, the most prominent reaction for
the synthesis of sp?c-COFs, exhibits dynamic characteristics under
thermodynamic control. For instance, Lehn’s group demonstrated
the dynamic cross-Knoevenagel C=C/C=C exchange catalyzed by
secondary amines such as L-proline.®® Later, a dynamic covalent
C=C/C=N exchange between the Knoevenagel compound and imine
was revealed under catalyst-free conditions.” In light of the dynamic
nature, the formation of sp2c-COFs is prone to undergo the classic
error-correcting and defect-healing process via thermodynamic
equilibria. In 2019, Feng’s group provided the first mechanistic
insight into the pivotal role of catalytic Cs,CO; in the synthesis of
cyano-substituted sp?c-COFs (i.e., 2D-CN-PPVs) via Knoevenagel
condensation.” By using density functional theory (DFT)-nudged
elastic band (NEB) calculations, they found that Cs,CO3; can
effectively lower the energy barrier towards the initial C-C bond from
stage 1 to stage 3 (Fig. 2), far surpassing other base catalysts.
Through forming a five-membered transition state by bridging
oxygen and nitrogen, Cs* facilitates a “quasi-reversible” C-C bond
formation that is essential for achieving crystalline networks.
Likewise, they recently (2020) used DFT calculations to map out the
energy profile of the Horner-Wadsworth-Emmons (HWE) reaction in
the presence of Cs,CO3;, which aids the formation of unsubstituted
sp2c-COFs (CCP-Th and CCP-BD).”2 The energy profile indicates that
Cs* forms a six-membered cyclic transition state to induce the
reversible C-C formation in the HWE reaction, which is key to
achieving the crystalline COFs.

Given the limited mechanistic studies that only focused on Cs*-
catalyzed formation of sp?c-COFs, we envisage that more elaborate
and broadly applicable investigations such as scrambling
experiments,”® kinetic studies,’* in-situ X-ray diffraction analysis,”®
and computational simulation’® are demanded to elucidate the

Materials Chemistry: Frontiers

crystallization process of sp2c-COFs catalyzed by other catalysts
beyond Cs,COs.

3. Applications of sp? carbon-conjugated COFs

By merging a set of structural uniqueness such as well-ordered
structures, amenable pore metrics, extended m-conjugated
skeletons, permeant porosity, and outstanding chemical stability into
one material, sp?c-COFs have been broadly exploited in various
applications. In this section, we will summarize the progress in the
multifunctional applications of sp?c-COFs and underscore their
advantages by comparison with the imine-linked COF analogs and
other reported systems.

3.1 Photocatalysis

Photocatalysis, which enables the direct solar-to-chemical
conversion, has gained considerable attention in modern catalysis.””
Among numerous heterogeneous photocatalysts such as inorganic
semiconductors,’”® metal-organic frameworks (MOFs),”® and m-
conjugated polymers,8 COFs stand out as extraordinary candidates
due to their inherent regularity, permanent porosity, eco-friendly
characteristic, tunable light harvesting, accessible open 1D channels,
and high photostability. Consequently, enormous efforts have been
directed to the development of COF-based photocatalysts.8!
Compared with conventional imine-, hydrazone-, or azine-linked
COFs, which have limited capability of exciton migration and
insufficient chemical robustness, sp2c-COFs demonstrate strong
light-harvesting, enhanced charge carrier mobilities over 2D lattices,
and superior photostability, which are detrimental to the high
efficiency of photocatalysis. This unique set of features empower
sp2c-COFs as emerging heterogeneous photocatalysts in a range of
photocatalysis such as photocatalytic water splitting, CO, reduction,
nicotinamide adenine dinucleotide phosphate (NADH) regeneration,
degradation of organic pollutants, oxidation of arylamines,
hydroxylation of arylboronic acids, and C-H trifluoromethylation of
arenes (Table 2).

Table 2. The summary of the photocatalytic performance of sp?c-COFs in diverse photocatalysis. @

T
sp2c-COFs . '5'“. Photocatalysis Co-catalyst Sacrificial agent Solvent Activity Ref.
irradiation
Photocatalytic H, TEOA
2c- 1 g1
sp?c-COF >420 nm evolution Pt (10 vol %) Water 1360 mmol h™l g 84
g-C4oN5-COF . 4120 umol h-1g?
g-C;N3-COF > 420 nm Pho:/ﬁi:zﬂc Ha Pt / Water 542 umol h-lg? 85
g-C37N3-COF 396 umol h-1g?
g-C1gN3-COF Photocatalytic H, TEOA 292 umol h-1g?
g-C33N3-COF >420 nm evolution Pt (10 vol %) Water 74 umol h-1g? 88
g-Cs4Ng-COF Photocatalytic H, TEOA 2519 pmol h-1g?
g-Cs5,Ng-COF >420 nm evolution Pt (10 vol %) Water 1172 umol h-1g? 89
CCP-Th Photoelectrochemical 0.1M
-2
CCP-BD >420nm water reduction / / Na,SO, 79 pAcm=atov 2
COF-alkene Photocatalytic H, TEOA I
(2DPPV ) >420 nm evolution Pt (20 vol %) Water 2330 umol h™tg 91
. 1040 mmol g h'! for
Bpy-sp2c-COF > 420 nm Photocatalytic CO; ¢ c0),cy / 0-1M co 93
reduction Na,SO,4 . L
with 81% selectivity

This journal is © The Royal Society of Chemistry 20xx
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. 17.93 mmol g h for
Bpy-sp2c-COF >420 nm thf:;f,?g:,ﬁ co; CoCl, / Water co 94
with 81% selectivity
Photocatalytic oxidation 99%
-sp2c-
Por-sp’c-COF >420nm of secondary amines / / CH5CN 0.5h,RT %6
Photocatalytic oxidation 90-98%
_sp2c- +
Por-sp%c-COF 623 +£8 nm of arylamines TEMPO / CH3CN 15-30 min, RT 97
1. Photocatalytic 1.99% in 12-24 h, RT
Py-BSZ-COF 520 nm oxidative amine coupling / / CH3CN 2.56-91% in 12-48 h, 98
2. thioamide cyclization RT
Photocatalytic Phosphate 90.4% within
TP-COF 420 nm NADH regeneration / / buffer 10 min, RT 9
1. Photocatalytic
degradation of dyes . .
TTO-COF > 420 nm 2 C-H / / 1. Water 1.>99% in 20 min, RT 48
(TM-TPT-COF) - . ) . 2. DMSO 2.98% in 16 h, RT
trifluoromethylation of
arenes
COF-p-3Ph Photocatalytic 99%,
COF-p-2Ph >420 nm hydroxylation of / Triethylamine  CH3CN 74%, 100
COF-m-3Ph arylboronic acids 60% in 4 h, RT
3TEOA: triethanolamine; TMPO: 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl; NADH: nicotinamide adenine dinucleotide phosphate; DMSO:
Dimethyl sulfoxide; CH3CN: acetonitrile; RT: room temperature.

 Conjugation

m Conjugation
Fig. 3. Scheme of sp2c-COFs for photocatalytic H, evolution reaction.
A. The synthesis of sp2c-COF by Knoevenagel condensation. B. The
synthesis of sp2c-COFgrpy With electron-deficient ERDN end groups.
Inset: electron donor-acceptor pull-push effects on the 2D skeletons.
C. Reconstructed crystalline 2D layer of sp2c-COF that allows the 1t
conjugation along x and y directions. D. Assembled light-driven
interlocked system for H, production from water based on a sp?c-
COF and Pt water-reduction centers. Reprinted from ref.84 with
permission from Elsevier, copyright 2018.

Photocatalytic hydrogen evolution reaction (HER), which turns
solar energy into H, from water, is recognized as a sustainable route
to H,, an essential alternative clean energy to address the pressing
energy demand in the post-carbon future. Since the first COF

8 | J. Name., 2012, 00, 1-3

photocatalyst for HER in 2014,82 considerable endeavors have been
devoted to applying COFs for efficient H, production from water.83 In
2018, lJiang’s group developed a cyano-substituted sp?c-COF by
Knoevenagel condensation between tetrakis(4-formylphenyl)
pyrene and 1,4-phenylenediacetonitrile (PDAN),®* and the obtained
COF was utilized in photocatalytic HER for the first time (Fig. 3A). The
unique combination of m-conjugation, crystallinity, porosity, and
photostability enabled sp2c-COFs to harvest a broad range of light
and produce a steady H, evolution rate of 1360 mmol h~g? from
water. To further enhance the light absorbance and narrow the
bandgap, they integrated the electron-deficient 3-ethylrhodanine
(ERDN) motif into the sp?c-COF to afford donor-acceptor
heterojunction (sp2c-COFggpn, Fig. 3B). Consequently, sp?c-COFggpn
showed dramatically boosted photocatalytic activity with striking
high H, evolution rates of 2120 and 1240 mmol h=1g upon light
irradiation at wavelengths of 420 and 498 nm, respectively, which far
exceeded those of the pristine sp?c-COF, amorphous counterpart,
other common COFs and state-of-the-art systems such as graphitic
carbon nitride (g-C3N4). Notably, the imine-linked COF counterpart
was completely inactive under identical conditions, underscoring the
advantages of sp?c-COFs in photocatalytic HER.

Not only cyano-substituted sp2c-COFs but also unsubstituted
sp2c-COFs showed remarkable activity in photocatalytic HER. In 2019,
Zhang's group reticulated 3,5-dicyano-2,4,6-trimethylpyridine with
4,4"-diformyl-p-terphenyl, 4,4'-diformyl-1,1’-biphenyl (DFBP) and
1,3,5-tris(4-formylphenyl) benzene (TFPB) to afford three
unsubstituted sp?c-COFs (g-CaoN3-COF, g-C3;N3-COF, and g-Cs;Ns-
COF, respectively).?> The high surface area (up to 1235 m?g?),
ordered structures, and well-aligned band energy levels rendered g-
C40N3-COF as a promising catalyst for visible-light-driven HER. In the
presence of platinum (Pt) co-catalyst, g-C4oN3-COF displayed a high
H, production rate of 4120 umol h-g? at a wavelength of 420 nm,
with a remarkable apparent quantum efficiency (AQY) of 4.84%,
exceeding the AQYs of most COF photocatalysts such as imine-linked
N3-COF,8 hydrazone-linked TFPT COF,32 and 8-ketoenamine-linked

This journal is © The Royal Society of Chemistry 20xx
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FS-COFs.87 DFT calculations on the free-energy changes revealed that
the pyridine-nitrogen in g-C4N3s-COF acts as the primary active site
for HER, Likewise, two triazine-cored unsubstituted sp?c-COFs (g-
C1gN3-COF and g-C33N3-COF) were developed via Knoevenagel
condensation of 2,4,6-trimethyl-1,3,5-triazine (TMTA) with ditopic
1,4-diformylbenzene and tritopic TFPB, respectively.8¢ Noteworthy,
g-C1gN3-COF film, obtained by in situ growth on indium tin oxide,
showed a high photocurrent of up to 45 puA cm=2at 0.2 V vs reversible
hydrogen electrode (RHE) and rapid interfacial charge transfer. Upon
visible light irradiation, Pt-modified g-C;gN3-COF exhibited a H,
production rate of 292 pmol h-1g! with an AQY of 1.06% at 420 nm,
which is significantly higher than that of its imine-linked COF analog,
which nearly lost its crystallinity upon 4 hour light exposure,
indicating the superior photostability of sp?c-COFs over their imine-
linked COF counterparts.

The polarity of sp?c-COFs can profoundly influence their
semiconducting properties and subsequent photocatalytic
performance. For example, two unsubstituted sp?c-COFs (g-Cs4Ng-
COF and g-Cs5,Ng-COF) with tuned polarity were recently developed
by reticulating 2,4,6-tris (4'-formyl-biphenyl-4-yl)-1,3,5-triazine with
D3n-symmetric tricyanomesitylene and C,,-symmetric 3,5-dicyano-
2,4,6-trimethylpyridine, respectively.®? The octupolar n-conjugated
g-Cs4Ng-COF exhibited enhanced light harvesting as well as photo-
induced charge generation and separation relative to g-Cs;Ng-COF.
Due to these distinguishing features, g-Cs4;Ng-COF robustly produced
H, at a rate of 2518.9 mmol h! gl that was among the highest values
of COF-based photocatalysts. Besides HER, g-Cs4Ng-COF displayed
one of the highest photocatalytic O, evolution rate (51 mmol h'1 g%)
among COF systems, indicating the immense prospect of sp?c-COFs
for spontaneous photocatalytic water splitting into H, and O,.
Moreover, g-Cs4Ng-COF showed significantly higher photocatalytic
performance than that of the less-symmetric g-Cs,Ng-COF, implying
that altering the geometric symmetry of monomers within sp2c-COFs
could exert a profound effect on their photocatalytic performance.

In addition to photocatalytic water splitting,?°°! photocatalytic
conversion of CO, into value-added hydrocarbons has been a
continuous hot topic in clean energy research.®? In 2019, Chen,
Sprick, Cooper, and co-workers encapsulated a molecular rhenium
complex, [Re(bpy)(CO);Cl], into a 2,2'-bipyridine-containing sp?c-COF
to fabricate a heterogeneous photocatalyst (Re-Bpy-sp?c-COF).%3
Due to the strong visible-light absorption up to 694 nm, high CO,
binding affinity, and exceptional photostability, Re-Bpy-sp?c-COF
gave a high CO production rate of 1040 mmol g h-! with an 81%
CO/H, selectivity under 17.5 hours visible-light irradiation,
substantially outperforming its homogeneous Re counterpart.
Furthermore, upon the addition of a photosensitizer, Re-Bpy-sp2c-
COF showed an increased CO production rate up to 1400 mmol g*
h1 with an improved selectivity of 86%. Loading colloidal Pt
nanoparticles into Re-Bpy-sp?c-COF resulted in the co-formation of
CO and H,, whose composition can be well adjusted by varying the
amount of loaded Pt. Moreover, the amorphous counterpart was
catalytically inactive, suggesting that the structural regularity of COFs
is essential to the effective CO, reduction. Replacing the Re with
earth-abundant cobalt complex in Bpy-sp?c-COF (sp?c-COFgp,-Co)
lead to a CO production at 17.93 mmol g! with an 81.4% CO/H,
selectivity,® placing it among the highest performing non-noble-
metal COF catalyst in photocatalytic CO, reduction. Theoretical
calculations coupled with in situ transient techniques revealed that
the facile intramolecular electron delivery via electron cascade in the
sp2c-COF contributed to the high efficiency in CO, photoreduction.

Photoredox organic transformation provides a viable means to
fine chemicals with minimal side products, low-energy consumption,

This journal is © The Royal Society of Chemistry 20xx
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and eco-friendly characteristics. The exploration of COF
photocatalysts has evoked substantial interest recently.®> In 2019,
the first porphyrin-based cyano-substituted sp2c-COF (Por-sp?c-COF)
was derived from Knoevenagel condensation of Cj-symmetric
5,10,15,20-tetrakis(4-benzaldehyde) porphyrin and C,-symmetric
PDAN.%6  Por-sp2c-COF was deployed as a heterogeneous
photocatalyst for the visible-light-induced oxidation of secondary
amines to imines, which remains a grand challenge for COFs carrying
normal linkages owing to the presence of chemically aggressive
arylamines. The robust sp? C=C linkages and enhanced m-conjugation
endowed Por-sp2c-COF with exceptional chemical stability toward
high-concentration amines and superior photocatalytic activity over
its imine-linked Por-COF counterpart, which was completely
decomposed under identical conditions. Notably, Por-sp?c-COF
outperformed plenty of prior photocatalysts, such as g-C3Ng,
conjugated microporous polymers, and MOFs. In recent subsequent
work (2020), Por-sp?c-COF was combined with 2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO) to afford a cooperative
photocatalyst for the first red-light-induced oxidation of
arylamines.®” Por-sp2c-COF showed high yields within just 30 minutes
at room temperature in the oxidation of various substituted
arylamines under red light illumination. Importantly, Por-sp?c-COF
was readily reusable in 3 consecutive photocatalytic runs whereas its
imine-linked Por-COF analog failed to survive under the same
conditions, clearly highlighting the advantages of sp?c-COFs over
traditional COFs in photocatalysis that involves harsh conditions.?®

The first triazine-based sp?c-COF (TP-COF) was prepared
through Knoevenagel condensation of 2,4,6-tris(4-formylphenyl)-
1,3,5-triazine (TFPT) and PDAN in 2019.%° The improved chemical
stability and m-conjugation endowed by sp? C=C linkages, together
with the tailorable semiconducting properties from triazine cores,
make TP-COF a promising artificial photosystem | (PSl). For the first
time, TP-COF was used to catalyze the coenzyme regeneration
wherein a-ketoglutarate was converted to L-glutamate under visible-
light illumination. Remarkably, TP-COF exhibited a record-high yield
of 97% in only 12 minutes, rendering it the highest-performing
artificial PSI. Just recently, a series of isoreticular unsubstituted sp2c-
COFs (COF-p-3Ph, COF-p-2Ph, and COF-m-3Ph) were derived by
coupling tricyanomesitylene with C,- or C3-symmetric aryl aldehydes
catalyzed by organic bases at 180 °C.2%0 The resultant COFs possessed
high surface areas (up to 1231 m? g™1), superb n-conjugation, broad
light harvesting, and tunable bandgaps. Consequently, sp?c-COFs
efficiently catalyzed the visible-light-induced aerobic oxidation of
various aryl boronic acids with excellent yields at room temperature,
significantly outperforming the corresponding amorphous analogs,
g-CsN,s, and previously reported benzoxazole-linked COF
photocatalyst (LZU-190). Remarkably, COF-p-3Ph can be reused for
at least 10 catalytic cycles without apparent decay in both activity
and crystallinity. Along this line, a triazine-based unsubstituted sp2c-
COF (TTO-COF) was constructed by a trifluoroacetic acid-catalyzed
Aldol condensation between TMTA and TFPT.*8 Thanks to the sp? C=C
linkage, TTO-COF showed high chemical stability under harsh
conditions and broad light absorption with an optical bandgap of
2.46 eV. These unique features enabled TTO-COF to catalyze the
photocatalytic degradation of organic dyes in aqueous medium and
C-H functionalization of aromatic substrates with high yields and
good reusability up to 3 cycles, which outperformed g-CsN; and its
imine-linked COF counterpart.

Despite the promising progress of sp2c-COFs in photocatalysis,
the exploration of sp2c-COF photocatalyst is still in the nascent stages
and merits further efforts. Therefore, it is necessary to extend the
applicability of sp2c-COFs to a range of sought-after photocatalytic
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applications. On the other hand, an in-depth molecular-level
mechanistic insight into the underlying photocatalytic processes is of
prime significance but remains elusive. Hence, fundamental
understandings are called for to elucidate the complex reaction
pathway and guide the rational design of COF photocatalysts.0!

3.2 Other catalysis

Aside from photocatalysis which dominates the catalytic applications
of sp?c-COFs, they have also been exploited in conventional
heterogeneous organocatalysis and electrocatalysis. However, the
relevant study is still in its infancy and deserves further research
efforts.102

The first unsubstituted sp?c-COF (COF-701) was reported by
Yaghi’s group in 2019 through Aldol condensation between TMTA
and DFBP using trifluoroacetic acid as a catalyst.*” COF-701 adopted
a unique staggered conformation and the largest Brunauer-Emmett-
Teller (BET) surface area of 1366 m? gt among all the established
sp?c-COFs. The unsubstituted sp? C=C linkage endowed COF-701 with
outstanding chemical stability toward acid, base, and organolithium
reagents. To highlight the stability and advance the use of sp?c-COF
in heterogeneous catalysis, they immobilized a strong Lewis acid,
BF3-OEt, into COF-701 to afford a rare acidic COF catalyst. The
obtained BF;@COF-701 not only retained inherent primary structure
but showed high activity in a Diels-Alder reaction.

In addition to the benchmark Lewis-acid organocatalysis, sp?c-
COF has been explored as an efficient electrocatalyst with
outstanding performance. Most recently (2020), a triazine-cored
unsubstituted sp2c-COF (TM-TPT-COF, aka TTO-COF) was developed
by Knoevenagel condensation of TMTA and TFPT catalyzed by
EtONa.193 TM-TPT-COF served as a promising scaffold for hosting Pt
nanoparticles due to its high stability, ordered micropores, nitrogen-
rich pore interiors, and large BET surface area. Upon the facile
reduction with methanol, ultrasmall Pt nanoparticles with an average
size of 2.1 nm were uniformly distributed throughout the COF
(Pt@COF) without compromising the inherent properties of the host.
Notably, Pt@COF demonstrated high activity in the electrocatalytic
oxygen reduction reaction (ORR) in an acid media with an onset
potential of 1.05 V versus RHE and a half-wave potential of 0.89 V,
which outperformed the commercial Pt/carbon and prior reported
Pt-based electrocatalysts. The excellent ORR performance was
rationalized by the synergistic effects of robust triazine-based
skeletons, enhanced electron transfer, ordered porous structures,
and highly accessible ultrasmall Pt nanoparticles. This work unlocks
the vast potential of sp?c-COFs in electrocatalysis such as ORR and
will trigger more consideration in other catalytic transformations.104

3.3 Radionuclides sequestration

Water pollution has evolved into a global crisis that jeopardizes
public health. Among the various contaminants, radionuclides raised
substantial concerns due to the ever-increasing use of nuclear power
and improperly disposed nuclear wastes in the aquatic environment,
which spurred significant efforts toward radionuclides sequestration.
Compared with existing remediation methodologies, adsorptive
removal has been deemed as environmentally benign, easy-to-
operate, energy-efficient, and cost-effective.1%> Adsorbent materials
with a set of unique features including high binding affinity, rapid
kinetics, selectivity, stability, and large capacity are highly demanded
yet represent a grand challenge. Unlike developed adsorbents such
as activated carbons, zeolites, MOFs, and porous organic polymers,
COFs hold great promise for radionuclides sequestration from water
owing to the lightweight characteristic, periodic structures, high
surface areas, modular functionalities, and accessible chelating
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sites.1% However, poor chemical stability rooted in dynamic linkages
severely restricted their broad use in real life radionuclides
sequestration.107
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Fig. 4 A. Synthesis of amidoxime-tagged TFPT-BTAN-AO via PSM of
TFPT-BTAN. B. Adsorption isotherm of UO,%* for TFPT-BTAN-AO and
amorphous POP-TB-AO at pH 4. C. Adsorption kinetics of UO,%* for
TFPT-BTAN-AO and amorphous POP-TB-AO at pH 4. D. The extraction
efficiency of UO,2* at different pH. E. The selective adsorption of the
test metal ions. Reprinted from ref.108 with permission from
Springer Nature, copyright 2020.

To address this issue, Qiu and co-workers firstly developed a
stable and emissive amidoxime-tagged sp?c-COF (TFPT-BTAN-AQ) for
simultaneous uranium detection and removal from water. TFPT-
BTAN-AO was constructed by Knoevenagel condensation of TFPT and
2,2',2"-(benzene-1,3,5-triyl)triacetonitrile (BTAN), followed by the
conversion of pendant cyano groups to amidoxime moieties, which
are well known for the efficient uranium chelation (Fig. 4A).1%8 The
emissive TFPT-BTAN-AO exhibited ultrahigh sensitivity toward uranyl
jons (UO,%*) as low as 6.7 nM via a fluorescence quenching
mechanism. Moreover, the abundant and highly accessible
amidoxime adsorption sites arranged in the regular 1D nanochannels
enabled the use of TFPT-BTAN-AO as a solid extractor with a high
uranium uptake capacity of 427 mg g~ and fast adsorption kinetics,
significantly outperforming the amidoxime-free TFPT-BTAN,
amorphous analogs (Figs. 4B and 4C), and previously reported COF
adsorbents such as 6-ketoenamine-linked COF-TpDb-AO,'® and
azine-linked ACOF.11% Notably, the robust sp? C=C linkage ensured a
high uranium removal efficiency in a broad pH range of 2-12 (Fig. 4D),
highlighting the ultrastability and prospect of TFPT-BTAN-AO in
practical uranium mining. Moreover, the significantly higher
distribution coefficient than the distinguishing standard underscored
the superb affinity of TFPT-BTAN-AO toward UO,2* (Fig. 4E).
Extending this strategy to other COFs, Qiu’s group subsequently
developed two new amidoxime-based sp?c-COFs with varying

This journal is © The Royal Society of Chemistry 20xx
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topologies and functionalities.!! The triazine-cored hexagonal TP-
COF-AO showed an exceptionally high uranium uptake capacity of
436 mg g, rapid adsorption in just 10 minutes, and excellent
reusability for at least 8 cycles. The other tetragonal COF-PDAN-
AO,'12 obtained by stepwise PSM of COF-PDAN (aka sp?c-COF in Fig.
3), also exhibited extremely high sensitivity toward UO,2* as low as
6.5 nM, even in the presence of competing metal ions. Moreover,
COF-PDAN-AO was highly recyclable and showed a high uranium
uptake capacity of 410 mg g~* even in an acidic media at pH 4.

To further augment the uranium sequestration, photo-
enhanced extraction emerged as a promising and feasible approach
recently. For example, two optoelectronically active amidoxime-
tagged sp%c-COFs were applied for photo-enhanced uranium
extraction from seawater. The COFs (NDA-TN-AO and BDA-TN-AQ)
were constructed by condensing  2,2,2"-(benzene-1,3,5-
triyl)triacetonitrile (TN) with naphthalene-2,6-dicarbaldehyde (NDA)
or 4,4'-biphenyldicarboxaldehyde (BDA), respectively.113
Subsequently, the inborn cyano groups were converted to uranyl
chelating amidoxime moieties. Owing to the fully conjugated 2D
backbones and excellent semiconducting properties, NDA-TN-AO
exhibited high antibacterial activity and excellent photo-reduction of
UY'to UV, Further, upon the illumination of simulated sunlight, NDA-
TN-AO showed a drastically enhanced uranium uptake capacity from
486.4 to 589.1 mg g, positioning it as the highest-performing
uranium adsorbents. They attributed the boosted adsorption to the
positive surface charge of NDA-TN-AO induced by the photoelectric
effect to electrostatically attract [UO,(CO3)s]*, which allowed the
NDA-TN-AO to extract uranium at a capacity of 6.07 mg g in natural
seawater under light illumination. Moreover, the ultrastable NDATN-
AO adsorbent can be fully recycled for 6 consecutive runs and the
adsorption capacity increased after 27-day light irradiation,
highlighting the exceptionally high long-term stability. Encouraged
by the initial success, three new amidoxime-based sp2c-COFs (PT-BN-
AO, BD-TN-AO, and ED-TN-AQ) were analogously achieved by the
PSM of cyano-containing sp?c-COFs recently.’1411> The consequent
superb anti-biofouling activity and photoelectric effect enabled a
much higher uranium extraction capacity in natural seawater than
that without light irradiation.

Amidoxime-based sp2c-COFs represent an emerging paradigm
for simultaneous uranium detection and sequestration with high
selectivity, capacity, rapid kinetics, and good reusability, unleashing
the enormous potential of sp?c-COFs for practical uranium
monitoring and removal from seawater. However, the current use of
sp?c-COFs in water remediation merely focused on uranium
extraction. Hence, extending the applicability of sp?c-COFs in the
detection and subsequent extraction of other high-priority water
contaminants such as heavy metal ions, volatile organic chemicals,
perfluorinated compounds, and oil spills is of fundamental and
practical interest.

3.4 Cathode in lithium-ion batteries

Lithium-ion batteries (LIBs) are the dominant energy storage
technology nowadays in powering commercial electronics and
electric vehicles due to their unparalleled combination of high energy
and power density.!'® In a marked difference from inorganic
cathodes that suffer from drawbacks including low energy density,
safety hazards, and environmental pollution, organic cathodes
provide an appealing alternative due to their unique features such as
lightweight, environmental benignity, high theoretical capacity,
structural tunability, and functional flexibility.'” Among the wide
array of organic polymer cathodes, COFs have emerged as promising
organic cathode materials for LIBs due to the unique structural
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attributes.’’® Up to now, the exploration of COF cathodes mainly
focused on imine-linked 2D COFs, whose insufficient electrochemical
stability severely stunted their practical application in rechargeable
batteries.

The first implementation of sp?c-COF (CCP-HATN) as a high-
performance organic cathode for LIBs was demonstrated by Feng’s
group in 2018.11° CCP-HATN was synthesized by linking 2,3,8,9,14,15-
hexa(4-formylphenyl) diquinoxalino[2,3-a:2’,3'-c]phenazine (HATN-
6CHO) with PDAN through Knoevenagel condensation (Fig. 5A). The
sp? C=C linkages empowered CCP-HATN with exceptional chemical
and electrochemical stabilities. CCP-HATN retained its crystallinity
upon the exposure to aqueous HCl (12 M) and NaOH (12 M) while
the imine-linked COF counterpart (2D C=N HATN) was decomposed.
Apart from enhanced stability, CCP-HATN displayed superior redox
properties over C=N HATN evidenced by the cyclic voltammetry
curve. To further improve the electrical conductivity of pristine COF,
CCP-HATN was grown in situ on the surface of carbon nanotubes
(CNTs) with the retention of crystallinity (Fig. 5B). When
implemented as an organic cathode for LIBs, the obtained CCP-
HATN@CNT composite showed a high capacity of 94 mAh g even at
1.0 A g, outperforming most prior HATN-containing materials.120-122
Moreover, it exhibited remarkable long-term cycling stability with
91% capacity retention after 1000 cycles (Fig. 5C). The high
performance was presumably due to the high electrochemical
stability of sp2c-COF, core-shell nanostructure, and a surface-
controlled pseudocapacitive process.
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Fig. 5. A. Schematic illustration of 2D CCP-HATN; B. TEM images of
2D CCP-HATN and 2D CCP-HATN@CNT; C. Charge-discharge profiles
of 2D CCP-HATN@CNT at different current densities and cycling
performance of 2D CCP-HATN@CNT at 0.5 A g1. Adapted from ref.
119 with permission from Wiley-VCH, copyright 2019.

The use of sp2c-COFs as electrodes remains largely unexplored
relative to imine-linked COFs considering only one attempt made to
date. We anticipate that leveraging the structural merits of sp2c-COFs
will pave a promising avenue to develop advanced organic electrodes
for various alkali ion batteries such as LIBs, sodium-, and potassium-
ion batteries.

3.5 Supercapacitors
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Supercapacitors, one of the most vital electrical energy storage
systems, are ubiquitously utilized in portable electronics and electric
vehicles.’?® The increasing energy demand necessitates the
development of high-performance supercapacitors with high
capacitance, ultrafast charge-discharge rate, and long life cycle. COFs
have emerged as an apt candidate for advanced supercapacitors,
primarily due to their large surface areas, periodic skeletons, atomic-
level tunability, and densely distributed redox-active motifs in
regular channels of COFs.!>* For the fabrication of COF
supercapacitors, there are typically two main strategies, that is,
direct carbonation of COFs into porous carbons and doping COFs
with electrically conducting additives.

sp?c-COF-derived porous carbons (2DPPV-700-900) for
supercapacitors were developed in 2016 by the pyrolysis of the first
cyano-substituted sp2c-COF (2DPPV) under an inert atmosphere at
various temperatures (700, 800, and 900 °C). 2DPPV was prepared
by Knoevenagel condensation of PDAN and TFPB using Cs,COs as a
catalyst and possessed abundant pendant cyano groups in the
ordered 2D lattice,3° which enabled the formation of nitrogen-doped
porous carbons with a high surface area of up to 880 m2 g~! upon
pyrolysis. When used as supercapacitors, 2DPPV-800 exhibited a high
specific capacitance of 334 Fg™ at 0.5 Ag™?!, exceeding those of
2DPPV-700, 2DPPV-900, and most reported porous carbons.
Notably, 2DPPV-800 had exceptionally high cycling stability without
any capacitance loss even after 10000 cycles, revealing the great
potential of using sp?c-COF as template precursors toward 2D
carbons for high-performance energy storage. However, the high-
temperature pyrolysis destroys the long-range orders of COFs and
leads to unforeseeable structural changes.

In addition to COF-derived carbons obtained via pyrolysis, sp?c-
COFs can be alternatively composited with electronically conductive

materials for energy storage. In 2019, Zhang’s group developed a
new unsubstituted sp2c-COF (g-C34Ng-COF) by reacting 3,5-dicyano-
2,4,6-trimethylpyridine with TFPT using piperidine as a catalyst (Fig.
6A).12> g-C34Ns-COF possessed ordered porous structure, triazine-
based skeleton, unique nanofibrous morphology, and superb
stability against aggressive chemicals. The freestanding g-C3;Ng-COF
film was prepared by vacuum filtration with single-walled carbon
nanotubes as conductive additives. The mechanically robust thin film
enabled the first fabrication of COF-based interdigital micro-
supercapacitors (MSC) through mask-assisted vacuum filtration.
Remarkably, the obtained flexible COF-MSC showed high specific
areal capacitances and excellent energy densities, outperforming
most reported MSCs using different electrode materials such as
graphene and phosphorene. In a recent follow-up study (2020), two
new unsubstituted sp2c-COFs were prepared by linking TMTA with
tritopic triazine-cored aldehydes (g-C3oNg-COF and g-C,3Ns-COF, Fig.
6B and 6C).'2 When doped with carbon nanotubes (CNTs),
continuous and mechanically robust COF/CNT films were obtained
via a stepwise vacuum filtration/hot-pressing process. The COF/CNT
film was further fabricated into interdigital microelectrodes and
assembled on polyethylene terephthalate substrate to afford flexible
COF-MSCs, which exhibited a high areal capacitance and volumetric
energy density, significantly exceeding those of the commercial
energy storage devices and g-C3;Ng-COF-MSC. Further, both COF-
MSCs showed excellent cycling stability and retained nearly 95%
capacitance after 5000 charge/discharge cycles. These flexible,
robust, and tailor-made sp?c-COF-based MSCs open up numerous
opportunities in the development of advanced portable electrical
energy storage devices.
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Fig. 6. The preparation of three isoreticular sp?c-COF-MSC devices through vacuum filtration with a lab-made interdigital mask. Modified

from ref. 125 with permission from Wiley-VCH, copyright 2019.
3.6 Optical applications

The highly emissive properties, together with the tailor-made
architecture, exceptional photostability, and high surface area,
endow sp?c-COFs with vast potential in optical applications such as
optoelectronic devices, information security protection, and
chemosensors. Importantly, the atomic-level modularity of
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composition and topology renders sp2c-COFs as an ideal platform to
precisely tailor the optoelectronic properties and establish clear
structure-property correlations, thereby offering fundamental
principles for the rational design of tailor-made emissive COFs.

The first cyano-substituted sp2c-COF, cyano-sp?c-COF (aka
2DPPV) was recently (2020) found to display strong two-photon
absorption and fluorescence owing to the extended sp? carbon-

This journal is © The Royal Society of Chemistry 20xx
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conjugated backbone and intramolecular interaction.?’ In sharp
contrast, its boronate ester- and imine-linked COF analogs had no or
weak luminescence in the solid state. To explore its use in
information encryption, cyano-sp?c-COF was blended with
polyvinylidene fluoride to afford a “security ink” to print the logo and
badge of Sun Yat-sen University (SYSU), which were invisible under
visible light. By illuminating with near-infrared (NIR) light, both logo
and badge displayed yellow two-photon emission and thus can be
distinguished (Fig. 7A). Further, they explored the use of cyano-sp?c-
COF in the design of white light-emitting diode (LED) devices, which
emerged as a promising alternative to conventional light sources.
They blended commercial green phosphor (8-Sialon: Eu?*) with
cyano-sp?c-COF to regulate the commission on illumination (CIE)
coordinates. Using a dip-coating method, a thin COF/green phosphor
film was homogeneously coated onto a blue LED chip (Fig. 7B). The
CIE coordinates and color rendering index of the COF-based LED
device were well adjusted by altering the ratio of green phosphor and
COF, giving rise to a high color rendering index and high luminous
efficacy. The obtained CIE coordinates were fairly close to those of
pure white light (Fig. 7C). Motivated by the enormous promise of
sp?c-COFs as efficient metal-free phosphors in the design of white
LEDs, Huang’s group recently developed two emissive unsubstituted
sp2c-COFs, TAT-COF and TAB-COF (aka g-C33N3-COF) with distinct
monomer planarity for the fabrication of white LED devices, which
were produced by a simple coating of COF films onto a cyan LED
chip.1?® Furthermore, mixing two COFs with adjusted ratios lead to
colors across the whole visible spectrum. Interestingly, TAT-COF,
synthesized by reacting TMTA with a planar 2,7,12-triformyl-5,10,15-
triethyltriindole (TAT), displayed broader absorption, slower
transient absorption decay kinetics, stronger interlayer charge
transfers than those of TPB-COF synthesized with a propeller-like
monomer (TFPB). To gain an in-depth mechanistic insight, they
resorted to a combination of time-resolved absorption/emission
spectroscopy and computational simulation and demonstrated that
the intrinsic structural parameters including backbone planarity, n-
conjugation, dipole moment orientation, and interlayer aggregation
play a crucial role in the exquisite control of the exciton relaxation
pathway and PLQY of sp?C-COFs, offering unprecedented
fundamental guidance for the rational design of emissive sp2c-COFs.

A T ]

i 4

Fig. 7 Optical applications of cyano-sp?c-COF. A. Photographs of the
cyano-sp2c-COF ink printed logo of SYSU 2019 and Sun Yat-sen
University under visible light or NIR. B. Photograph of the LEDs: the
pristine LED (turning off), the pristine LED (turning on and emitting
blue light), the pristine LED coated with a thin coating layer (turning
off), and the coated LED (turning on and emitting white light). C. A
CIE-1931 chromaticity diagram and the positions (marked by the
stars) for blue LED (0.15, 0.03) and warm white LED (0.39, 0.37).
Reproduced from ref. 127 with permission from Wiley-VCH,
copyright 2020.

Apart from the intriguing applications in designing white LEDs,
sp?c-COFs also show great promise as efficient sensors for detecting
various substances. For instance, Jiang and co-workers
demonstrated the use of an emissive cyano-substituted sp2c-COF
(Fig. 3A) in the ultrasensitive detection of Cu?* ions (structure in Fig.

This journal is © The Royal Society of Chemistry 20xx
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3A).53 Upon the addition of Cu?*, the fluorescence of sp2c-COF in
tetrahydrofuran was effectively quenched whereas the addition of
Zn?* that cannot bind to cyano groups was incapable of quenching
the emission, suggesting the metal-cyano interaction was critical for
triggering fluorescence sensing. Notably, sp?c-COF displayed
extremely high sensitivity to the Cu?* ion with a striking ppb-level
detection limit and an extremely high fluorescence quenching rate
constant (4.1 x 10 M= s7), indicating the exceptionally high
selectivity and effectiveness of the sp?c-COF sensor for detecting
Cu?* ions. Besides metal ions, chiral substrates detection is of
immense importance in both academia and industry. Just recently,
the first chiral crown ether-containing sp2c-COFs (CCOF 17 and CCOF
18) were developed by Knoevenagel condensation of dibinaphthyl-
22-crown-6-based tetrabenzaldehyde with PDAN and 4,4-
biphenyldiacetonitrile, respectively.'?® The robust sp? C=C linkages
allowed for the successful crystal-to-crystal transformation via the
direct reduction of C=C bonds. By virtue of the emissive properties,
robust frameworks, and built-in chiral crown ether groups as
recognition sites, CCCOFs was applied as enantioselective sensors
and exhibited remarkable fluorescence recognition for three chiral
amino alcohols with high enantioselectivity, outperforming their
reduced COF counterparts, molecular analogs, and most previously
reported chiral sensors.

Albeit the great promises, the potential of sp2c-COFs as
chemical sensors has not been fully unleashed. Exploring emissive
sp2c-COFs as smart sensors for detecting various in-demand
substances such as gas, explosives, humidity, biomolecules, and
metal ions is much desired.>”

4. Conclusion and prospect

The sp2c-COFs have been in the limelight in the development of next-
generation advanced COFs over the past few years. In this review, we
have comprehensively overviewed the recent advances in the
development of sp?c-COFs. The diverse chemistry toolbox coupled
with the reticular synthesis has furnished an increasing number of
sp2c-COFs since 2016. The unmatchable structural merits of chemical
stability, crystallinity, synthetic availability, continuous n-
conjugation, photoluminescence, and atomic-level modularity have
established sp?c-COFs as a versatile material platform for a
widespread range of applications including heterogeneous catalysis,
radionuclides sequestration, lithium-ion batteries, supercapacitors,
information encryption, white LEDs, and chemosensors. Despite all
these initial accomplishments within such a short period, this field is
far from mature with several major challenges that must be tackled
to achieve the fullest potential of these materials.

(1) The lack of thorough mechanistic understanding of sp?c-COFs
formation hinders the predictive synthesis and rational
upgrading of COFs. Whether the crystallization pathway of sp2c-
COFs resembles those of boronate ester- and imine-linked COFs
or not remains to be explored. We envision that a powerful
combination of experiment, characterization, and computation
such as scrambling test, kinetic studies, in-situ chemical probes,
and computational simulations will undoubtedly shed more
light on the crystallization process of sp2c-COFs.

(2) The fundamental insight into the photophysical properties of
sp2c-COFs is of utter significance for the rational design,
synthesis, and exploitation of emissive COFs through
establishing direct structure-luminescence relationships. In this
regard, a synergistic engagement of advanced spectroscopic
characterizations such as femtosecond transient absorption
spectroscopy and computational investigations is expected to
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provide a panoramic view of key parameters such as excited

states, exciton interactions, and relaxation dynamics, which will

decipher the origin of optical behaviors of sp2c-COFs.

(3) The sluggish solvothermal synthesis with lengthy reaction times
(3-5 days) greatly impedes the discovery and practical utility of
sp2c-COFs. Developing broadly applicable approaches that
enable the expeditious synthesis of sp2c-COFs through
innovations in energy sources such as mechanical agitation and
microwave irradiation, monomers, catalysts, and activation
protocols like supercritical CO, activation is highly demanded.3°

(4) The limited scope of sp2c-COF applications, which are
dominated by photocatalysis and uranium sequestration,
necessitates the exploration of sp2c-COFs in other fields
wherein imine-linked COFs have been widely exploited such as
gas separation,’3! sensing, 132134 proton conduction,’3 drug
delivery,'3¢ chiral chemistry,3” and optoelectronics.>* The
advancement of sp2c-COFs in cutting-edge applications will
certainly harness their fullest potential and propel the
development of new COFs.

(5) sp%c-COFs developed thus far dominantly adopt 2D
conformation with uniform pores except for a single example of
kagome-type sp?c-COF-5.%° Hence, developing heteropore sp?c-
COFs with hierarchical porosities and innovative functions
merits more efforts in the future.138 Further, the exploration of
3D COFs remains uncharted yet highly desired.'3®

(6) sp?c-COFs are mostly aggregated brittle powders with
nonprocessability, which is thought of as a roadblock in their
practical utility in catalysis, water remediation, and
optoelectronic applications.’*® Developing sp2c-COF thin
films'#! or processable COF-polymer composites!? is largely
underexplored and worth more efforts.

(7) To further enhance the structural complexity and chemical
stability of sp2c-COFs, chemical manipulation of sp2-carbon
linkages by either PSM or one-pot cascade reactions offers a
viable means to achieve these goals.*3 At the present, the PSM
of sp2c-COFs mostly concentrated on the chemical conversion
of pedant cyano groups into amidoxime moieties except for two
latest reports on the direct reduction!?® and light-induced [2+2]
cycloaddition of sp? C=C linkages.** Beyond PSM, a unique one-
pot cascade reaction that combined Knoevenagel condensation,
cyanide shift, ring-closure, and oxidation led to unprecedented
benzofuran-linked COFs.'*> We envision that the chemical
manipulation of sp? C=C linkages will pave a new route to
radically new COFs with compelling materials properties.

The designed synthesis of novel sp?c-COFs will continue to be
the frontier of COF research due to their unrivalled combination of
crystallinity, porosity, stability, modularity, and functionality. We
envision the portfolio of sp?c-COFs will be further diversified to
compete with the dominant imine-linked COFs by means of
developing a new library of monomers and the PSM of established
sp2c-COFs. This discovery process of sp2c-COFs will be greatly
accelerated by innovations in energy source, monomer design,
catalyst, nucleation control, and workup activation as well as
computational high-throughput screening.1¢ Moreover, developing
sp2c-COF-based composites by the synergistic integration of COFs
and functional materials such as metal nanoparticles, enzymes,
MOFs, and polymers is still in its nascent stage yet merits more
scientific efforts. Last but not the least, an in-depth mechanistic
understanding of the formation and emergent performance in
specialty applications is of paramount importance for the
mechanism-based synthesis and rational improvement of sp?c-COFs.
Though being in a nascent stage, continuous and interdisciplinary
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scientific endeavors along these promising directions will lay a solid
groundwork for the bright future of sp2c-COFs.
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