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Abstract: Two-dimensional (2D) porous polymers with a planar architecture and high specific
surface area have significant applications potential, such as for photocatalysis, electrochemical
catalysis, gas storage and separation, and sensing. Such 2D porous polymers have generally
been classified as 2D metal-organic frameworks (MOFs), 2D covalent organic frameworks
(COFs), graphitic carbon nitride, graphdiyne, and sandwich-like porous polymer nanosheets.
Among these, 2D porous polymers with sp>-hybridized carbon (Csp?) bonding are an emerging

field of interest. Compared with 2D porous polymers linked by B-O, C=N, or C=C bonds, Csy-

linked 2D porous polymers exhibit extended electron delocalization resulting in unique
optical/electrical properties, as well as high chemical/photostability and tunable
electrochemical performance. Furthermore, such 2D porous polymers are one of the best

precursors for the fabrication of 2D porous carbon materials and carbon skeletons with
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atomically dispersed transition-metal active sites. In this review, the rational synthetic
approaches for 2D porous polymers with Csp? bonding are summarized. Finally, their current
practical photoelectric applications, including for gas separation, luminescent sensing and

imaging, electrodes for batteries and supercapacitors, and photocatalysis are discussed.

1. Introduction

Materials with intrinsic porous structures (i.e., microporosity (<2 nm), mesoporosity (2—50 nm),
and macroporosity (>50 nm)) have been developed for a wide range of applications, including
molecular separation, gas storage, and catalysis.['¥ Compared with inorganic porous materials
(e.g., zeolites), porous polymers have gained considerable attention over the last decade because
of their rich porosity, skeletons composed of light elements, tunable chemical composition,
diverse functionality, processability, and well-developed synthetic methods.>) On the basis of
their bonding and building blocks, porous polymers have been classified into covalent organic
frameworks (COFs),[1%-16]  metal-organic frameworks (MOFs),[!724 covalent triazine

frameworks,[23-34 porous organic polymers (POPs),>>#3] hypercrosslinked polymers,[#4-33]

54-73 74-88]

conjugated microporous polymers (CMPs),*73) porous aromatic frameworks (PAFs),!
polymers of intrinsic microporosity (PIMs),38 supramolecular organic frameworks
(SOFs),-19221 "and  hydrogen-bonded organic frameworks (HOFs).['3-108] These diverse
classifications overlap to some extent. Currently, research has focused on the construction of
porous polymers with controlled porous frameworks and multifunctionality using new
polymerization strategies. However, these porous polymers generally exhibit fair-to-poor
processability as they typically precipitate directly from the organic solvent during the
polymerization process, resulting in uncontrolled morphologies because of the rigid building
blocks that comprise the polymeric framework. Hence, the rational design and controlled

preparation of polymers with microscopic porous structures and macroscopic morphologies is

of significant interest.
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Porous polymers with a zero-dimensional (0D) morphology can easily be fabricated via the
thermodynamic equilibrium approach to realize a low surface tension. Sparked by the discovery
of graphene, porous polymers with one-dimensional (1D) and two-dimensional (2D)
morphologies have gained increasing attention.[!-!12] Two-dimensional porous polymers
(2DPPs) have a planar architecture along with numerous attributes, including optical anisotropy,
high conductivity, reversible redox properties, and a high specific surface area. This makes
them promising materials for application as films for gas separation, membranes for fuel cells,

[112-120

thin-film electrodes for batteries and supercapacitors, and solar cells. 1 The preparation of

single-layer 2D nanomaterials with atomic thickness on a large scale is difficult and the field
of 2DPPs is broadly composed of: (1) single-layer frameworks with atomic thickness;!2!:122]
(2) layered structures;[!23-12%1 (3) free-standing nanosheets;!!!>126-1281 and (4) sandwich-like
structures with asymmetric and symmetric surfaces,[!?133] etc. With the help of efficient
synthetic protocols, many 2DPPs have been well documented to date.

Currently, these 2DPPs not only have planar morphologies but also have tuneable
hierarchical porous architectures. 1341331 Various functional building blocks can be efficiently
incorporated into the 2DPPs framework through facile polymerization methods. Moreover,
single/few-layered 2D polymers can also be obtained from layered 2DPPs via high energy
shearing, e.g., ultrasonication assisted exfoliation!!3®!37] or ball-milling!'*8). However, most
reported 2DPPs have been typically based on C-N/C=N,13%-141l and B-0O,**] which have low
n-delocalization that restricts their optical/electric properties and energy-related applications.
In this regard, the construction of novel 2DPPs with high conductivity, low bandgaps, and
exciton transport are highly desirable.

The sp?-hybridized carbon (Csp?) bond has one valence electron on each carbon center that
resides in a p, orbital, which is orthogonal to the other three sigma bonds. Thus, Csy>-bond-
based materials with continuous delocalized orbitals exhibit high electron mobility after doping

with an oxidant. This has allowed for the construction of many conjugated polymers, including
3
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polyacetylene, polythiophene, poly(p-phenylene vinylene), and polyfluorene. Compared with
inorganic materials and small-molecule organic materials, these conjugated polymers have
numerous advantages, including low weight, affordability, and flexibility. For high-
performance optoelectronic applications, p- to n-type semiconductor charge transfer could be
controlled in conjugated polymers via the incorporation of electron-withdrawing heteroatom
moieties into the conjugated polymer framework. In addition, the conjugated polymer structure
can be tuned from 0D dendritic/hyperbranched polymeric structures to 1D linear polymeric
structures; however, it is difficult to realize simultaneous two-dimensional growth during
polymerization to obtain the 2D layered morphologies. This can be attributed to the free rotation
of chemical bonds in the building blocks and poorly reversible Cs>—Csp2 coupling reactions with
rapid kinetics during polymerization. Therefore, to the best of our knowledge, there are few
reports on Cgpy? bond-based 2DPPs.

Since the first Cyp>-linked 2DPP was reported in 20072411, a large number of amorphous Csp-
linked 2DPPs have been realized via confined interfacial or solid polymerizations.
Subsequently, several classical methods, including the Ullmann reaction, the Suzuki—-Miyaura
reaction, the Yamamoto coupling reactions, the Gilch coupling reaction, the Mizoroki—-Heck
reaction, and photoinduced polymerization have also been successfully used to prepare 2DPPs
with Csp»—Csp? linkages. Importantly, new reactions, including oxidative polymerization
reactions, sulfur-replacing reactions, dehydrogenative coupling reactions, and
cyclotrimerization reactions have also been reported for the fabrication of Cs—Csp? bond-based
2DPPs. Furthermore, inspired by the formation of the dynamic covalent bond in COFs,
crystalline Csp-linked 2DPPs have been reported via the Knoevenagel condensation and Aldol
condensation reactions with reversible Csp—Csp? linkages. While there are numerous reports on
remarkable 2DPPs (e.g., graphdiyne and 2D COFs), a systematic review of the synthesis and
applications of Csy-linked 2DPPs has not yet been published. In this review article, synthetic

methodologies for Csy-linked 2DPPs have been highlighted, and they can be divided into three
4
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sections: the solution polymerization, solid-state polymerization, and surface polymerization
approaches. In each section, several polymerization methods, chemical structures, porosities,
and applications of corresponding Csp-linked 2DPPs are discussed. As shown in Figure 1, the
milestone for different Csp- Csp? linked 2DPPs based on different reactions are introduced. In
this review, we will introduce the history of the 2DPPs based on Csy>- Csp2 linkages, including a
few non-2D cases for better overview of this field. In the final section, summaries of the work
done on Cgy-linked 2DPPs and the challenges that need to be addressed in future work are

discussed.

2. Liquid-phase polymerization approach

Csp-linked 2DPPs are a series of quasi-two-dimensional planar porous polymers composed of
covalently Cyp>-linked repetitive monomers that form single layers or stacks of several layers in
the perpendicular direction. Currently, the traditional carbon-carbon reactions, including the
Gilch reaction, the Mizoroki—-Heck coupling reaction, the Suzuki—Miyaura cross-coupling
reaction, the Yamamoto coupling reaction, the Knoevenagel condensation reaction, the Aldol
condensation reaction, oxidative polymerization, and the S-replacing reaction have been
demonstrated as convenient approaches to realize Csp-linked 2DPPs. While most Csy>-linked
porous polymers show irregular or spherical morphologies, some notable reports on Cgp>-linked

2DPPs have been published demonstrating their potential photoelectric and energy applications.

2.1. Gilch reaction

The Gilch reaction was first reported by Gilch et al.['#31in 1966 and subsequently developed by
Rehahn et al.l'*1 It was one of the most widely used methods to realize high-molecular-weight
poly(p-phenylenevinylenes) (PPV) (Scheme 1A). Because of the readily available monomers,
mild reaction conditions, and facile film preparation, many PPVs have been synthesized for

organic light-emitting diodes (OLEDs).[14:146]
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Inspired by the facile synthesis of PPVs, Cooper et al. synthesized a mesoporous PPV
network with a high surface area via the Gilch coupling polymerization of the monomer 1,2,4,5-
tetrakis(bromomethyl)benzene (TBMB) in 2008 (Figure 2).'*7l The structure of the
mesoporous PPV (Figure 2a) was well characterized using solid-state NMR spectroscopy
(Figure 2b). The N, adsorption/desorption isotherms (Figure 2c) of the mesoporous PPV
collected at 77.3 K exhibited a type IV isotherm, according to the [UPAC classification. The
significant H2 hysteresis loop in the desorption branch indicated a predominantly mesoporous
structure. The BET surface area reached up to 761 m? g!, and the total pore volume quantified
at a relative pressure of 0.99 amounted to 0.63 c¢cm?® g'!. The mesoporous PPV exhibited
satisfactory performance for hydrogen storage applications; however, the low synthesis yield
and solubility of the bromomethyl monomers limits the preparation and application of Cgp>-

linked CMPs using the Gilch coupling reaction.

2.2. Mizoroki—Heck coupling reaction

In the early 1970s, Mizoroki and Heck first reported the carbon—carbon coupling reaction
between aryl halides or vinyl halides and activated alkenes in the presence of a base (Scheme
1B) using zerovalent palladium complexes with labile tertiary phosphanes as catalysts.[!48-150]
Subsequently, effective and convenient methods for preparing various olefin compounds were
reported using palladium complexes with high oxidation stability as catalysts via the Heck

(1511321 To date, the Heck coupling reaction is the most powerful method to

coupling reaction.
couple aromatic halides with alkenes and the reaction conditions allow for a broader range of
donors and acceptors to construct various olefin-substituted conjugated small molecules and
polymers.

An important building block for the construction of various luminescent olefin-containing

conjugated polymers via the Heck coupling polymerization is 1,3,5-tri(4-ethenylphenyl)

benzene (TEPB). Sun et al. reported a series of luminescent microporous organic polymers
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(LMOPs) by Heck polymerization of TEPB and different aromatic halides (Figure 3a).['>3] The
structure of LMOPs were well characterized by 'H-'3C CP/MAS NMR spectroscopy. As shown
in Figure 3b, signals of phenyl and bis-substituted vinyl carbon atoms in the range of 127-141
ppm were observed in all the LMOPs, while the terminal vinyl of TEPB at ca. 114 ppm was
strongly suppressed after polymerization. This indicated the successful preparation of CMP via
Heck coupling polymerization. Moreover, high degrees of polymerization were achieved for all
the LMOPs, as determined by the strong carbon signals from triphenylamine or
tetraphenylmethane. As the solid state luminescent spectra of TEPB and LMOPs (Figure 3c),
the monomer TEPB, LMOP-1, LMOP-2 and LMOP-3 show bright blue emission at 450 nm,
wide emission band centred at 475 nm, green luminescence at 515 nm, red-shift emission at
458 nm compared to the emission of LMOP-3a, respectively. The luminescence of TEPB and
LMOPs can be effectively quenched by picric acid, which indicates that they can be used as
sensitive sensors for explosion detection. Subsequently, a one-pot preparation of LMOPs has
been reported in which the Suzuki-Heck reaction with trihalide or tetrahalide-aromatic
derivatives have been employed in the preparation of vinyl-substituted building blocks.!'>* All
of LMOPs had large specific surface areas, a narrow pore size distribution, and strong and
tunable luminescence, which could be applied as fluorescent sensors for explosives detection.
However, the scanning electron microscopy (SEM) images indicate that these LMOPs
exhibited irregular spherical morphologies with sizes of several micrometers because of the
twisted conformation of the monomers.

Zhu et al. reported a type of Csp>-linked porous aromatic framework synthesized via the Heck
reaction of p-divinylbenzene with 1,3,5-tris(4-bromophenyl)benzene (Figure 3d).['>>] The pore
structure and surface area of the molecularly imprinted PAFs (MIPAFs) were adjusted by
varying the content of ion-imprinted complex (Figure 3e). The BET surface area of the PAF
reached up to 524 m? g!. The SEM images and high-resolution transmission electron

microscopy (HRTEM) images demonstrated that such PAF exhibited sub-micrometre cubic
7
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particles and had an amorphous structure which was consistent with the powder X-ray
diffraction (PXRD) results. Furthermore, MIPAFs could also be constructed by incorporation
of an ion-imprinted complex in the PAF architecture via the same Heck coupling
polymerization. Among them, the MIPAF-11c obtained by introducing 30% ion-imprinted
complex in the PAF system has good selectivity for UO»?" (Figure 3f). All in all, these MIPAFs

demonstrated efficient uranium extraction with high selectivity from simulated seawater.

2.3. Suzuki—-Miyaura cross-coupling reaction

The Suzuki—Miyaura reaction was first reported by Suzuki, Miyaura, and Yamada in 1979. It
is a typical C-C cross-coupling reaction between aryl, alkenyl boronic acid, a boronic ester and
organic halides, such as chlorine, bromine, iodoarene or olefin that is catalyzed by a zerovalent

palladium complex and a suitable base (Scheme 1C).[!

Furthermore, potassium
trifluoroborates and organoboranes have been used as reactants in place of boronic acids or
boronate esters in new Suzuki—Miyaura reactions.['>” The reaction mechanism and the scope
of synthetic applications were reviewed by Suzuki and Miyaura in 1995.[158]

Because of its broad functional group tolerance, mild synthetic conditions, and moderate
yield, the Suzuki-Miyaura reaction has been widely used for the construction of Csp>-linked
conjugated polymers. In 2008, Weber et al. firstly reported a series of poly(p-phenylene)-based
CMPs synthesized by Suzuki coupling polymerization of 2,2°,7,7’-tetrabromo-9,9’-
spirobifluorene with various aryl-diboronic acid catalyzed by palladium acetate and
triphenylphosphine as the base. This CMP exhibited a stable interpenetrating network (IPN)
without phase separation, which enabled a high electroluminescence efficiency.[!>! On the
basis of this unique architecture, various building blocks have been incorporated for the
synthesis of poly(phenylene)-based CMPs with a rigid microporous structure and high

[160,161

photoluminescence or two-photon fluorescence in the solid-state. I For example, a

polyphenylene-based CMP (PP-CMP, Figure 4a-1) was synthesized whose structure was
8
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verified by the solid-state 'H-'3C CP/MAS NMR spectrum (Figure 4a-2) , and showed two
broad peaks at 140.2 and 129.0 ppm assignable to substituted and unsubstituted phenyl carbons,

1621 Besides, the energy-transfer process was also studied through transient
gy p g

respectively.|
fluorescence spectra (Figure 4a-3), indicating the time scale required for the energy transfer was
on the nanosecond scale. These results showed that the energy transfer process was controlled
by rapid exciton diffusion and can be used as an antenna for a light-harvesting system. In
addition, the synthesized analogous CMPs showed promising applications as sensors,!!%3] for
selective gas absorption,['® and for organic pollutant recovery.l'>) However, using the
traditional Suzuki protocol, these Cgp-linked CMPs were often amorphous with a 0D
morphology.

Jiang et al. reported a CMP (FeP-CMP) with a metalloporphyrin unit as the key building
block synthesized via traditional Suzuki polymerization. It was composed of small 2D plate-
shaped monoliths of ~100-300 nm in size.['®] For FeP-CMP (Figure 4b-1), the rigid and planar
metalloporphyrin unit had a strong contribution to the realization of the 2D morphology. The
PXRD results further confirmed the amorphous character of FeP-CMP. The solid-state 'H-!*C
CP/MS NMR spectrum of FeP-CMP only gave a weak and broad peak due to the high-spin
paramagnetic effect. On the other hand, the free-base porphyrin CMP displayed two broad twin
peaks at 127.7, 140.7 ppm and 119.3, 155.7 ppm, corresponding to the phenylene linkages and
the porphyrin macrocycles, respectively (Figure 4b-2). Because of the presence of Csp>-linked
iron (IIT) porphyrin in the skeleton, FeP-CMP was developed as a heterogeneous catalyst for
efficient conversion of sulfide to sulfoxide with activated oxygen at ambient temperature and
pressure (Figure 4b-3). Recently, Zhao’s group proposed the use of 1,1,2,2-tetraphenylethylene
(TPE) as a rigid and planar building block to construct layered porous frameworks.!'%”] After
Suzuki cross-coupling of 1,2-diphenyl-1,2-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)ethane and hexakis(4-bromophenyl) benzene that was catalyzed by

tetrakis(triphenylphosphine)palladium(0), the obtained bulk Cgy-linked porous polymer (NUS-
9
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25) powder exhibited a layered structure.l'®8 Ultrathin 2D NUS-25 nanosheets with a high
aspect ratio were easily obtained via ultrasonic exfoliation of the bulk powder in acetonitrile
Importantly, the presence of two free peripheral phenyl rings in TPE could effectively prevent
re-stacking of layered NUS-25 structure. The average thickness of the NUS-25 nanosheets was
~3.0 nm, while the lateral size ranged from 2 to 20 pm. While the NUS-25 bulk powder was
amorphous, the NUS-25 nanosheets exhibited small crystalline domains as determined via HR-
TEM imaging. This was attributed to the eclipsed AA stacking in the few-layered
microstructures. The NUS-25 nanosheets with strong fluorescence were applied as a selective
chemical sensor toward acenaphthylene in various polycyclic aromatic hydrocarbons. Three
Csp-linked organic porous nanosheets (NUS 27-29) were prepared via Suzuki coupling

1691 Because of their strong aggregation-induced

polymerization and ultrasonic exfoliation.!
emission (AIE), these nanosheets could be used as fluorescent probes for in vitro live-cell

imaging after encapsulation in biocompatible ZIF-8 MOFs.

2.4. Yamamoto coupling reaction

The Yamamoto coupling reaction is a common carbon—carbon coupling reaction of aryl-halide
monomers with a nickel complex as catalyst, such as bis(1,5-cyclooctadiene) nickel (0) (Ni
(COD)z2)) (Scheme 1D). Yamamoto et al. first reported the preparation of poly(p-phenylene)
via dehalogenation polycondensation with Magnesium catalyzed by a nickel complex in
1977.1701 Subsequently, they continued their work advancing the Yamamoto coupling

U7-173] To date, the Yamamoto coupling reaction has been widely used for the

reaction.
synthesis of Cgp-linked CMP networks. Compared with other coupling reactions, this
polymerization method is simple and can form high-molecular-weight polyaromatics using

single halogen-functionalized monomers, rendering it a notable method for the formation of

Csp-linked polymeric networks.

10
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The first Csp-linked CMPs bearing spirobifluorene and benzene units synthesized via the
Yamamoto coupling polymerization were reported by Thomas et al., and they exhibited high
surface areas of up to 1275 m? g!. Moreover, the surface area, pore volume, and their
fluorescence properties could be effectively adjusted via copolymerization with an additional
linear linker.['”# A Cgp-linked porous aromatic skeleton of PAF-1 from polycondensation of
tetrakis(4-bromophenylmethane) was reported by Zhu’s and Cooper’s group separately. These
PAF-1s had exceptional surface areas (BET surface area: 5640 m? g'!), excellent thermal and
hydrothermal stability, high gas uptake capacity (10.7 wt% at 77 K, 48 bar for hydrogen; 1300
mg g! at 298 K, 40 bar for carbon dioxide), and satisfactory organic vapor absorption

741751 Many of the Cyy-linked CMPs synthesized via the Yamamoto reaction

performance at RT.!
not only had high surface areas and significant chemical and thermal stability, which were
beneficial for gas storage and separation applications.[!76177] Additionally, they also had tunable
photoelectric properties, including for their emission wavelengths and band gaps, that
demonstrated promising potential for application in organic electronics, photocatalysis, and
sensing.[!78]

In contrast with relatively flexible building blocks, 2D nanostructure could be readily
constructed via the Yamamoto coupling polymerization of rigid units, such as TPE and
porphyrin derivatives. Jiang et al. reported the synthesis of a Csp>-linked CMP containing TPE
(TPE-CMP). It had strong luminescence in both the solution and solid state. This was because
of the limited rotation of the structural units in the polymeric network structure.l'’” TPE-CMP
was amorphous as evidenced by XRD. However, it demonstrated 2D platelet-like particles, and
the size of the 2D nanostructure increased from 25 nm to 255 nm with increasing
polymerization time. HR-TEM images directly revealed the homogenous microporous nature
of the TPE-CMP. The TPE-CMP demonstrated had pores with average size of 0.8 nm and its

BET surface area reached up to 1665 m? g! after reaction for 72 h. They also demonstrated that

the network promoted electron conjugation and stimulated exciton migration. The same group
11
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subsequently also reported a Cgp-linked CMP (Figure 5a-1) via the Yamamoto reaction using
diindolocarbazole as a monomer in dehydrated DMF catalyzed by bis(1,5-
cyclooctadiene)nickel(0). '8 SEM imaging (Figure 5a-2) demonstrated that TCB-CMP had a
2D flake morphology with a size between 200 to 500 nm. HR-TEM imaging revealed the porous
structure of TCB-CMP; it had a homogeneous micropore distribution with a size of less than 2
nm. TCB-CMP exhibited type I sorption isotherms, and its BET surface area and pore volume
were calculated to be 1280 m? g and 0.923 cm? g, respectively. The UV-Vis and fluorescence
spectra of the polymers are shown in Figure 5a-3. The blue-emitting TCB-CMP (the inset in
Figure 5a-3) and linear polymer CB-LP displayed absorption bands at 384 nm (dotted red curve)
and 363 nm (black dotted line) respectively. The emission bands were observed at 468 nm with
a quantum yield of 10% (solid red curve) and 445nm with a quantum yield of 0.6% (black solid
line) for TCB-CMP and CB-LP, respectively. The degree of fluorescence depolarization (p-
value) of TCB-CMP (0.0018) was lower than p-value of CB-LP (0.062), which facilitated the
migration of excitons over three-dimensional networks. Remarkably, TCB-CMP displayed
fluorescence-on and fluorescence-off chemosensing characteristics with rapid response times
and a high sensitivity upon exposure to electron-rich and electron-deficient arene vapors,
respectively. This was due to the synergistic effects of the Csy>-linked conjugated network and
the large surface area.

Porphyrins are another rigid building blocks used for the construction of 2D conjugated
polymers. Feng et al. synthesized a cobalt porphyrin-based conjugated mesoporous polymer
(CoP-CMP) framework via template-free Yamamoto polycondensation of 5,10,15,20-
tetrakis(4’-bromophenyl) porphyrin-Co (II) in dry dioxane under Ni (COD); and 2,2’-bipyridyl
(Figure 5b-1).1"81 The Fourier transform infrared spectroscopy (FTIR) results indicated a high
degree of polymerization for CoP-CMP. While the XRD results demonstrated that CoP-CMP
was amorphous, it was formed by 2D ribbon-like monoliths with a high aspect ratio. The

resulting CoP-CMP had a high BET surface area of ~1158 m? g'! and mesopores with a size of
12
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~3.87 nm. Moreover, the CoP-CMP could be used as a precursor for the fabrication of nitrogen-
enriched porous carbon materials with encapsulated cobalt nanoparticles (CoP-NPC) via direct
pyrolysis. After thermal treatment, the CoP-NPC retained a regular ribbon-like morphology
with lengths of up to tens of micrometers, widths ranging from hundreds of nanometers to
micrometers, and a highly porous interconnected framework (Figure 5b-2). The TEM images
show that cobalt nanoparticles with highly crystalline structure were encapsulated within
graphitic carbon materials. As an electrochemical electrode, these hybrid materials showed
excellent oxygen reduction reaction (ORR) catalytic activity and high stability in an O:-
saturated aqueous solution of 0.1 M KOH and 0.5 M H»SOs, respectively. CoP-NPC800
exhibited a positive onset potential and a high diffusion-limiting current (4.6-4.8 mA cm?)
using a commercial 20 wt% platinum-carbon (Pt/C) as the standard (LSV curves was shown in
Figure 5b-3). This approach provided new ideas for nano-carbon materials for fuel cells,
batteries and supercapacitors. Dai et al. prepared a covalent organic polymer (COP-P-M, M =
Fe, Co, or Mn) via a nickel-catalyzed Yamamoto reaction of the 5,10,15,20-tetrakis(4’-
bromobiphenyl) metal-porphyrin complex (Figure 5¢-1).[182] The resultant COPs were insoluble
in common solvents and were amorphous because of the free distortion of phenyl rings in their
monomer. For COP-P-Fe and COP-P-Co, 2D layered graphene-like structures were observed
in the SEM image (Figure 5c-2). Subsequently, the carbonization of COP-P-M was
demonstrated as a facile strategy to produce metal-incorporated 2D porous carbon (C-COP-P-
M, M = Fe, Co, or Mn) with a rather uniform metal/nitrogen distribution and good stability in
both alkaline and acid media. From Figure 5c-3, the electrocatalytic performance of the three
metal-doped C-COP-P-M (M = Fe, Co, or Mn) electrodes was significantly improved compared
to the metal-free C-COP-P. These C-COP-P-M have been suggested as a class of
electrocatalysts for ORR. Among them, C-COP-P-Co exhibited well-defined cathodic ORR
peaks for 4e oxygen reduction in Oz-saturated 0.1M KOH with a peak potential at 0.77 V. The

kinetic limiting current density of C-COP-P-Co derived from the K-L plots was 13.50 mA cm"
13
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2at 0.75 V, which was higher than that of commercial Pt/C. This work provided a new way for
the rational design and development of new and efficient ORR electrocatalysts.

Cao and Dai found that in addition to porphyrin, tris(4-bromophenyl)amine and 2,4,6-tris-
(4-bromo-phenyl)-[1,3,5] triazine could also form 2D Cgp-linked CMPs (COP-4 and COP-T)
when used as the rigid building blocks. This might be caused by the weak intramolecular
interaction (e.g., hydrogen bonding). The locations of the nitrogen atoms and the pore sizes
could be controlled in the resulting CMPs, and they were used as a precursor for well-defined
N-doped porous graphitic carbon materials obtained via post-synthesis carbonization. For ORR
applications, they exhibited excellent electrocatalytic activity, high stability, and low methanol
poisoning. This was an approach for the construction of N-doped carbon materials for
application as promising metal-free electrodes for efficient energy conversion and

storage.[183:184]

2.5. Knoevenagel condensation reaction

The Knoevenagel condensation reaction is a classic organic method employed for converting
an aldehyde or ketone into a cyano-substituted and cis-configuration preferred olefin using a
base as catalyst (Scheme 1E). The Knoevenagel condensation was first carried out in high yield
with an inorganic heterogeneous catalyst, such as clay and zeolite.[!33] Many catalysts have been
used over the past century to perform this reaction, leading to different olefin yields. Currently,
organic bases (e.g., piperidine and potassium #-butoxide) have been considered as efficient
homogeneous catalysts for the Knoevenagel condensation reaction. Compared with the noble
metal-based cross-coupling reaction, this reaction is usually sustainable and inexpensive for the
synthesis of Cgp>-linked conjugated polymers without residual metal contaminants, which is
beneficial for a wide range of photoelectric applications, such as OLEDs, solar cells, and
photocatalysts. Because of its unique porous architecture, the synthesis of Csp-linked

conjugated porous polymers has been well studied via efficient metal-free-catalyzed
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Knoevenagel condensation under mild reaction conditions. Because of the reversible formation
of olefin linkages in the Knoevenagel condensation, some fully sp’-carbon COFs have been
reported. In this section, the Csy>-linked conjugated porous polymers obtained via Knoevenagel

polycondensation have been divided into two categories according to their crystallinity.

2.5.1 Noncrystalline olefin-linked conjugated porous polymers

The conjugated polymers with a rigid skeleton have a high tendency to aggregate in a selective
solvent or the solid state, leading to energy dissipation with low-emission. Cyanostilbene is an
inherent AIE chromophore, which can easily be constructed via the Knoevenagel reaction of
benzaldehyde and phenylacetonitrile. Chen et al. synthesized a series of solid-state emissive
Csp-linked CMPs containing cyanostilbene (CS-CMPs) by the Knoevenagel polycondensation
of aldehyde-substituted monomers with 2,2°-(1,4-phenylene)diacetonitrile (Figure 6a) in THF
and methanol using sodium hydroxide as a catalyst.'®) As shown in Figure 6b, all the
polymeric networks demonstrated highly hierarchical porous morphologies comprised of
spherical particles with sizes ranging from the nanometer to micrometer scale. These CMPs
were amorphous powders and had BET surface areas ranging from 330 to 866 m? g'!. Because
of the presence of cyanostilbene, all the CS-CMPs showed strong luminescence and their
emission color and band gaps could be efficiently adjusted via the incorporation of various
aldehyde-functionalized monomers, leading to tunable conjugation properties. These porous
solid-emitting materials were relevant to a wide range of applications, including organic
electronics, optoelectronic, sensors, and bio-imaging. Thomas’s group reported the production
of Cgyy-linked CMFs via the Knoevenagel polycondensation of (benzene-1,3,5-triyl)
triacetonitrile as the main building block with commercial terephthalaldehyde and benzene-
1,3,5-tricarbaldehyde (Figure 6¢ and d).'®”] These conjugated porous polymers had amorphous
porous structures, which exhibited high CO, capture (90 mg g!) and selectivity over nitrogen

gas (CO2/N2 = 96). These CMPs showed mesoporous characteristics with moderate BET
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surface areas and irregular textures. The optical properties of the CMPs could be efficiently
tailored via the side-chain substituents of 1,4-phenylenediacetonitrile to form intramolecular
charge transfer complexes via their donor-acceptor conjugated system, demonstrating their
potential application for photocatalytic hydrogen evolution. The highest HER rates for the
CMPs was for TFPT-OCH3 (22.1 umol h'!); its performance originated from its porous structure,
good dispersibility in water, having the narrowest optical band gap, and strong push—pull
interactions for charge separation.

In 2017, we effectively synthesized a series of conjugated porous polymers OB-POPs with
many cyano-substituted fully sp’-carbon skeletons through the polycondensation of
tricyanomesitylene with different aldehyde-substituted arenes via an organic base-catalyzed
Knoevenagel reaction in high yields (> 95%) (Figure 6¢).['%] In contrast with the CS-based
CMPs above, the XRD spectra of the OB-POPs showed two broad peaks at 20 = 20° and 43°,
indicative of the graphitic (002) and (101) diffractions, respectively. This suggested that the
OB-POPs had a 2D layered structures; however, the morphologies of the OB-POPs appeared
to be related to their porous structures. OB-POP-2, OB-POP-3, and OB-POP-4 revealed an

agglomeration of nanoparticles (50 nm) in the loose texture, while OB-POP-1 showed dense-

layered blocks in the size range of 5-30 um associated with a microporous texture; this could
be attributed to the relatively rigid repeat unit of the OB-POP-1 skeleton. Because of their high
BET surface areas and broad visible-light absorption, these OB-POPs exhibited photocatalytic
activity for hydrogen evolution from water using triethanolamine as the sacrificial electron
donor and 3 wt% Pt as a cocatalyst. Here, OB-POP-3 had the highest HER of 45.4 pmol h!,
which was because it had the highest apparent quantum yield (AQY) of 2.0% at 420 nm (Figure
6f). This work provided some valuable tips for designing high-performance porous polymer-

based photocatalysts.

2.5.1 2 Crystalline olefin-linked 2D COF's
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Construction of crystalline 2D COFs requires the formation of dynamic covalent bonds (e.g.,
B-0, C-N/C=N) during the polymerization process. Because classical Cs,—Csp? connections are
formed via irreversible metal-catalyzed cross-coupling reactions, Cgp-linked 2D-conjugated
COFs have not been realized before 2016. Our group reported the first olefin-linked 2D-
conjugated COF (2DPPV) prepared via Knoevenagel polycondensation of 1,4-phenylene
diacetonitrile and 1,3,5-tris-(4-formylphenyl)benzene under the catalysis of Cs2COs3 in o-
dichlorobenzene (2DPPV, Figure 7a-1).['%9) Both FTIR and X-ray photoelectron spectroscopy
(XPS) confirmed the olefin-linked conjugated structure for the as-synthesized polymer
framework. The OM and SEM images demonstrated sheet-like flakes with sizes ranging from
a few to a hundred microns. The thickness of 2DPPV was between 50 and 300 nm. Moreover,
thin nanosheets could be obtained by exfoliation via steel ball milling. HR-TEM images of the
2DPPV clearly demonstrated the ordered structure with apparent layered textures. The average
distance of each layer was 0.35 nm, corresponding with the typical 2D structural characteristics
for the COFs. PXRD spectra indicated the highly periodic structure of the 2DPPV with
crystalline features (Figure 7a-2). Simulated XRD was carried out to further understand the
stacking of the layered structure. Here, the serrated-type stacking with an “A-B—-A-B” type
alternating arrangement was in line with results from the PXRD and nitrogen physisorption.
2DPPV served as the ideal carbon-rich precursor for the preparation of porous carbon materials
for use as an electrode for energy storage and conversion. After pyrolysis at 800 °C under an
argon atmosphere, the 2DPPV-800 exhibited a low onset potential at 0.85 V vs. RHE for ORR,
and a specific capacitance of 334 F g! at 0.5 A g'! in a supercapacitor.

Jiang et al. reported the 2" olefin-linked 2D-conjugated COF (sp’C-COF, Figure 7b-1)
constructed by the Knoevenagel polycondensation of tetrakis(4-formylphenyl) pyrene and 1,4-
phenylenediacetonitrile under the catalysis of NaOH in a mixture of mesitylene/dioxane.!!*!

This sp?’C-COF adopted a 2D belt-like morphology. The PXRD results revealed strong
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diffraction peaks, indicating the crystalline structure of sp’C-COF. Both experimental and
calculation results suggested sp?C-COF adopted stacked layers with a separation of 3.58 A,
creating ordered pyrene columnar arrays and 1D nanochannels (Figure 7b-2). This extended 2D
tetragon lattice with sp? carbon backbones along two directions led to the formation of the
overlapping layer framework. Because of its fully-conjugated backbone with favorable AA-
stacking, a semiconductor sp’C-COF with a low band gap of 1.9 eV could be oxidized by iodine
vapor to form a metallic material with a conductivity of 7.1x102 S m'!. The generated free
radicals were bound to pyrene, forming a paramagnetic carbon structure with a high spin density.
Below 10 K, a ferromagnetic phase transition was found in sp?C-COF, in which the spin-spin
coherence developed with unidirectionally aligned spins across the material. Additionally, a
series of olefin-linked 2D-conjugated COFs has been synthesized via the Knoevenagel
polycondensation of tetraphenylpyrene knots with phenyl, biphenyl and terphenyl linkers,
enabling the realization of as-prepared sp’C-COFs with different n-conjugation lengths. All of
the sp’C-COFs adopted the AA stacking mode, with a tetragon skeleton with interweaved sp’
carbon-conjugated backbones and tetragonal channels with theoretical pore sizes of 1.9, 2.4,
and 2.7 nm, respectively, according to analysis of the experimental and simulated results. These
Csp-linked 2D COFs exhibited high stability and strong luminescence under various
conditions.['”!) The band gap and emission of the resulting stable framework could be adjusted
by the attached monomer. Moreover, thin bright nanosheets could be peeled off from bulk
powder. Subsequently, Jiang et al. '°? functionalized sp?C-COF with the electron-withdrawing
end group 3-ethylrhodanine (ERDN) to form a D-A m-conjugated system to realize a narrow
band gap, electron transfer, and exciton splitting. The unique properties of the sp?C-COFgrpn
allow them to harvest visible light for continuous and efficient production of hydrogen from
water. The highest obtained HER rate was 2,120 pmol h'! g! upon irradiation at wavelengths >

420, which was superior to that of state-of-the-art nitrogen-doped g-C3N4 and CTF-1.
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Li et al. reported the preparation of a Csy-linked 2D-conjugated COF (TP-COF) based on

triazine as the main building block via Knoevenagel polycondensation (Figure 7¢c-1).11%3 The
SEM image shows the layered morphology of the TP-COF with sizes in the micrometer range.
The PXRD profile shows intense peaks at 2.7° and 4.7° which could be attributed to the 100
and 110 crystal planes, respectively, demonstrating the AA stacking structure of the TP-COF
(Figure 7c-2). TP-COF exhibited record coenzyme regeneration efficiency for the synthesis of
L-glutamate from a-ketoglutarate with a yield of 97% within 12 min.

Except for end-group functionalization, optically or electrochemically active building blocks
have been incorporated into the Csy>-linked 2D-conjugated COFs. Feng et al. reported a kind of
Csp-linked 2D COF (2D CCP-HATN, Figure 7d-1) constructed via the base-catalyzed
Knoevenagel polycondensation of 1,4-phenylenediacetonitrile ~ with  redox-active
hexaazatrinaphthalenederivative (HATN-6CHO).['4 A 2D layered framework was obtained
with AA stacking (Figure 7d-2) and a BET surface area of 317 ¢m? g!. To enhance the
conductivity of the porous materials, 2D CCP-HATN was grown in situ on the surface of the
carbon nanotubes (CNT) to obtain 2D CCP-HATN@CNT core-shell hybrids. The well-defined
channels along the stacking direction facilitated fast ion diffusion and ion intercalation with
redox-active of HATN. This allowed for the use of the 2D CCP-HATN@CNT as a cathode
material in lithium-ion batteries (LIBs) and it demonstrated a high capacity of 116 mA h g,
excellent cycling stability, and rate capability. Wang et al. synthesized and characterized a
porphyrin-based Cg-linked 2D-conjugated COF (Por sp’C-COF, Figure 7e-1) via
polycondensation of 5,10,15,20-tetrakis(4-benzaldehyde)porphyrin and 1,4-

1951 Por-sp’C-COF had a flake-like nanoparticle morphology with

phenylenediacetonitrile.
strong crystalline diffraction signals, which yielded an eclipsed AA stacking in the 2D
polymeric framework (Figure 7e-2). This network demonstrated a BET surface area of 689 m?

gl and a high selective sorption of 51 for a mixture of CO»/N». Considering its narrow bandgap

and the photochemically-active behavior of porphyrin, Por- sp?C-COF was applied as a metal-
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free heterogeneous photocatalyst for aerobic oxidation. Under irradiation with a white LED
light for 30 min, the yield of the reaction from dibenzylamine to N-benzylidenebenzylamine
reached 99%. Furthermore, it exhibited a good recycling performance and tolerated various
dibenzylamine with electron-withdrawing or electron-donating substituents as reaction
substrates.

Recently, Zhang et al. reported the synthesis of a series of Csy>-linked 2D-conjugated COFs
(g-CxNy-COFs) based on 3,5-dicyano-2,4,6-trimethylpyridine (DCTMP) as the main building
block (Figure 7f-h).[1%] After the Knoevenagel condensation reaction with 4,4”-diformyl-p-
terphenyl (DFPTP), 4,4’-diformyl-1,1’-biphenyl (DFBP), and 1,3,5-tris(4-formylphenyl)
benzene (TFPB), respectively, three 2D conjugated COFs bearing trans-olefin linkages were
obtained in high yields. Intense reflection signals at 20 between 2.62° and 26.27° were observed
in the PXRD patterns, which agreed with an AA-eclipsed layer stacking model. Although the
macroscopic morphology of the g-CxNy-COFs was not 2D, the HR-TEM images revealed a
periodic porous framework containing an ordered alignment with a high degree of crystallinity,
which was consistent with the PXRD analysis. These g-CxNy-COFs were used as
photocatalysts for hydrogen generation, with g-C4N3-COF displaying the highest HER rate of
129.8 pumol h'!. They also prepared a new Cgp-linked 2D-conjugated COF (Figure 7i) with a
rigid planar skeleton via the Knoevenagel reaction of DCTMP and 1,3,5-tris-(4-formyl-
phenyl)triazine.['7) This 2D conjugated COF possessed extended n-electron delocalization, a
high surface area, and a unique nanofibrous morphology. The freestanding thin film was readily
fabricated after self-assembly with single-walled CNTs; it demonstrated excellent areal
capacitances of 15.2 mF cm, a remarkable rate capability, and outstanding energy densities in
micro-supercapacitors. In the latest development, Qiu et all'® used 2,4,6-tris(4-
formylphenyl)1,3,5-triazine (TFPT) and 2,2°,2°’-(benzene-1,3,5-triyl)triacetonitrile (BTAN) to
synthsize two sp? carbon-conjugated COFs: TFPT-BTAN and TFPT-BTAN-AO (Figure 7).

Remarkably, TFPT-BTAN-AO with good chemical, thermal, and radiation stability shows
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excellent ability to absorb UO»?*. Such method opens the way for the detection and extraction

of heavy metal ion containing pollutants.

2.6. Aldol condensation reaction

In general, the strong electron-withdrawing substitution of nitriles appended by olefin linkage
during the Knoevenagel condensation reaction might lead to instability of the Csy-linked 2D-
conjugated COFs. The star-shaped 2,4,6-tri((E)-styryl)-1,3,5-triazine (TST) constructed via the
reversible Aldol condensation reaction of 2,4,6-trimethyl-1,3,5-triazine (TMT) and

200] Inspired by these

benzaldehyde (Figure 8a) was reported by Fang et al.['*° and Meier et al.
works, Zhou et al. synthesized a novel fluorescent triazine-based covalent organic polymer
(COP-1) using TMT and phthalaldehyde as monomers. Semi-crystalline COP-1 could be used
as a fluorescent sensor for HCl and NH3 gases.[2°!] In 2019, Yaghi et al. reported the first
unsubstituted olefin-linked 2D COF (COF-701 in Figure 8b) created by linking TMT and 4,4’-
biphenyldicarbaldehyde (BPDA) via Bronsted acid-catalyzed Aldol polycondensation.[>°2! The
wide-angle X-ray scattering (WAXS) results indicated high crystallinity COF-701, with a
staggered AB stacking mode (Figure 8c). The SEM image indicated the presence of COF-701
particles. Because of the high specific surface area (1715 m? g'!) and high stability in acidic and
basic conditions, COF-701 could be used to immobilize the strong Lewis acid BF3-OEt; in its
pores and yield BF3cCOF-701, which served as heterogeneous catalysts for the Diels—Alder
reaction (Figure 8d).

Zhang et al. reported two unsubstituted olefin-linked 2D COFs (g-C1sN3-COF and g-C33N3-
COF) synthesized via polycondensation of TMT with DFBP and TFPB, respectively.2%]
According to the experimental PXRD and simulation results, the crystalline g-C1sN3-COF and
g-C33N3-COF demonstrated an eclipsed AA layer stacking, surface areas of 1170 m? g! and

752 m? g'!, respectively, and one prominent distribution peak were observed for both g-CsN3-

COF and g-C33N3-COF. Moreover, g-C33N3-COF showed photocurrents of ~45 pA cm™ at 0.2
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V vs. RHE when used as a photoelectrode, which can be used for photocatalytic hydrogen

generation.

2.7. Oxidative polymerization reaction

Oxidative polymerization is an efficient method for preparing porous polymers with Cgp>—Csp?
connections. It involves building blocks containing thiophene, pyrrole, or aniline end-groups
with strong oxidants (e.g., ammonium persulfate and FeCls) in anhydrous solvents. Oxidative
reaction with FeClsz usually has a short reaction time and a high yield, allowing for
polymerization with a more simple and convenient approach than others. Thomas et al. first
described the synthesis of a microporous conjugated poly(2,2°,7,7 -tetrathienyl-9,9’-
spirobifluorene) based on thiophene linkages (Figure 9a).124] These polymers could fill the
pores of the conjugate network to create an IPN with a controlled structure. Because their
covalent microporous organic networks had many sulfur ligands as metal-binding sites, various
catalytically activity nanoparticles effectively grew on the pore walls of these polymers, and
they could be applied as heterogeneous catalysts. In the same year, Yu et al. reported the
oxidative polymerization of spirobifluorene with terminal thiophene groups to form a Cgp-
linked CMP.12%5] The hydrogen adsorption capacity of the obtained materials was proportional
to the surface area. However, the sulfur atoms had no significant effect on the hydrogen
adsorption. To enhance their adsorption capacity at an ambient temperature, new Cspy>-linked
CMPs (PTTPP) have been prepared via oxidative polymerization using thiophene-

1.120¢] These CMPs showed a high specific surface area

functionalized porphyrin as a monome
of 1522 m? g'! and a hydrogen absorption capacity of 5.0 mass% H> at 77 K and 65 bar. The
porphyrin core provided coordination sites for a variety of transition-metal ions. For example,

P(Fe-PTTPP) revealed a slight increase in the heat of adsorption for hydrogen. Moreover, other

works have also reported various Csp>-linked CMPs prepared via oxidative polymerization of
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thiophene or carbazole functionalized monomers, which were applied for gas storage,?!

[207 208]

optoelectronic devices,?” and explosive detection.!

However, most Csp>-linked CMPs constructed via oxidative polymerization do not feature
controlled 2D morphology because of the flexible structure of their monomers. To overcome
this issue, Liu et al. synthesized a highly conductive 2D porphyrin COF (TThPP) on the surface
of copper foils using tetrakis (4-thiophenephenyl) porphyrin (TThP) as a monomer through
oxidation polymerization (Figure 9b and ¢).[? The TThPP film composed of flat nanosheets
completely covered the surface of the copper foil (Figure 9d). The thickness of the TThPP film
was ~1.2 um. Ultrathin TThPP nanosheets with a thickness of 3.8 nm could be achieved via
exfoliation of the as-prepared film, which was further confirmed by AFM imaging. The
arrangement of the laminated sheets of TThPP greatly facilitated carrier transport, layered
storage of lithium ions, and electrolyte transport. Figure 9¢ showed CVs of TThPP electrode
mixed lithium-ion capacitor (LIC) at different scanning rates. The CV curve at the low scanning
rate of 5 mV s! is almost rectangular, indicating the ideal capacitance behaviour. The
galvanostatic charge—discharge voltage curves (Figure 9f) of LIC in the range of 1.8-3.8 V at
different current densities showed the curve close to the triangle, indicating the excellent
capacitive behaviour of LIC. Besides, the TThPP film exhibited a high specific capacity of 666
mA h g'! at a current density of 200 mA g! as a LIB anode, and a specific capacitance of 82.79
F ¢! at a current density of 50 mA g! as a supercapacitor anode. These results represent the
application of Cs2-linked 2D COFs as next-generation electrode materials.

The advantages of the oxidative polymerization method include a low cost, mild reaction
conditions, use of a single monomer without extra substitutes, and easy scale-up. Oxidative
polymerization can be easily used to prepare conjugated porous polymers with Cgp—Csp?
connections but they have difficulty realizing 2D morphologies. Even when a 2D morphology

was achieved, the ordering of the 2D nanosheets was unclear. Because of the uncontrollable

23



WILEY-VCH

and fast polymerization, this was not the best approach to realize 2D porous polymers, except

210 [211]

for 2D templates!?!% or for interfacial polymerization.

2.8. S-replacing reaction

Poly(isothianaphthene) (PPA-S) with Cs»—Csy> connections could be constructed efficiently
using phthalic anhydride as the starting material with Lawesson’s reagent (P4S10). To discover
new approaches for synthesis of Cgp>-linked 2D conjugated porous polymers, we developed a
new type of sulfur-enriched conjugated polymer nanosheet 2DP-S (Figure 10a) via an S-
replacing synthesis approach.?!2] The as-prepared 2DP-S comprised quinoidal polythiophene
and p-phenylenevinylene along the horizontal and vertical directions, respectively. The SEM
images in Figure 10b shows many free-standing 2D sheets with sizes up to several micrometers,
suggesting a high aspect ratio of up to ~400. A uniform thickness of 7.0 + 1.0 nm indicated the
formation of an ultrathin polymeric layer of 2DP-S nanosheets. However, XRD analysis of
2DP-S revealed two broad peaks at 24.5° and 43°, indicating amorphous carbon, which may be
ascribed to the nonplanar structure due to hindrance by S atoms. Such Cgp-linked polymer
nanosheets could be further used as carbon precursors for the direct construction of N/S co-
doped porous carbon nanosheets (N/S-2DPC) with controlled N/S ratios and high specific
surface areas of 1153 m? g'! via high-temperature treatment and ammonia activation (Figure
10c). They were applied as electrochemical catalysts for ORR. Among them, N/S-2DPC-60
showed an ORR peak-potential of 0.65 and an onset-potential of 0.77 V in Oz-saturated 0.1 M
KOH. By studying the relationship between the N/S ratio and the ORR performance (Figure
10d), a higher diffusion current density and a more positive initial potential can be found in N/S
co-doped 2DPCs, indicating N/S-co-doped 2DPCs superior to S-doped porous carbon
nanosheets. In 2DPCs, an ultralow half-wave potential (0.75 V vs. RHE) and the highest
nitrogen content (5.39 wt%) of N/S-2DPC-60 showed that nitrogen doping has a positive effect

on ORR performance. To investigate the crossover effects, the electrocatalytic selectivity of the
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fuel molecule methanol to N/S-2DPC-60 and Pt/C was performed (Figure 10e). When methanol
(v/v, 2%) was added, the current of N/S-2DPC-60 barely changed, while the current of Pt/C
dropped sharply to negative, suggesting that N/S-2DPC-60 is better than commercial Pt/C
catalysts in avoiding cross effects. Furthermore, N/S-2DPC-60 was also employed to construct
a Zn—air battery with a power density of 0.69 mW cm™ at a current density of 2.1 mA c¢cm™.
These results indicated that such method of preparing porous carbon nanosheets with high
specific surface area and controllable N/S ratio offers new approach for high performance

batteries, supercapacitors, etc.

2.9. Interfacial synthesis
The interface is a natural planar surface for the construction of 2D polymeric nanostructures,

231 and 2D polyanilinel>!4l, Interfacial synthesis is a new method for

such as 2D polyimidel
synthesis of new 2D materials. At present, researchers have reported the latest research progress
on the construction of nano-building materials on interface. 2!1>21¢) As shown in Figure 11a-1,
in the presence of Pd catalyst and base, 2D COF can be prepared by interfacial method via
Suzuki reaction. The reaction can be divided into two phases: the aqueous phase containing the
inorganic base and the organic phase containing the catalyst (Figure 11a-2). During the reaction,
the components in the organic phase meet the organic base in the aqueous phase at the interface
to begin the transfer of metallization. Since the hydroxide/halogen exchange or hydroxylation
of the borate ester group in this step is reversible (Figure 11a-3), the entire polymerization can
be kept in equilibrium by low temperature, thus giving the product an internal order. Li et al.
reported the synthesis of two Cgp-linked 2D conjugated COFs films (2DCCOF1 and
2DCCOF2) at the liquid—liquid interface via Suzuki reactions under relatively mild conditions
(Figure 11b-1, ¢-1).2!7] During the polymerization process, the reaction occurred exclusively

when the metal transferred and contacted the inorganic base in the aqueous phase at the liquid—

liquid interface. After slow polymerization at a low temperature (2 °C) for a month, large, stable
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sheets with high fluorescence under the UV light were obtained, indicating the successful
formation of a conjugated polymer system via the Suzuki reaction. Optical microscopy (OM)
showed that the two films were flat thin sheet with cracks and mm-sized in the lateral direction.
AFM images also demonstrated the flat nature of 2DCCOF1 and 2DCCOF2 with thickness of
18 nm and 23 nm, respectively. The films have straight edges, indicating the presence of
crystalline facets. For 2DCCOF1, HR-TEM imaging demonstrated a layered structure with 2D
periodicity (Figure 11b-2). The fast Fourier transformation (FFT) revealed a hexagonal pattern
and the spots matched with the simulated diffraction pattern of a structure with A-B-C stacking
(Figure 11b-3). Thinner 2DCCOFI1 sheets could be exfoliated in N-methyl-2-pyrrolidone
(NMP) via ultrasonication. In contrast, 2DCCOF2 adopted a stair-like multi-layer structure and
orthogonal features at the edges, which indicated a square lattice with a d-spacing of 1.1 nm in
small domains from the low-magnification TEM image (Figure 11c-2). The FFT pattern also
revealed a similar square periodicity with AB aggregation in the 2DCCOF2 film (Figure 11c-
3). When used as the channel material in a field-effect transistor (FET), the carrier mobility of
Cyp-linked 2DCCOF1 could reach up to 3.2x10% ¢cm? V! s7!, which was three orders of
magnitude larger than C=N linked 2D COF films. Furthermore, 2DCCOF1 also exhibited
comparable electrochemical hydrogen evolution reaction (HER) activity via horizontal

deposition on a copper electrode.

3. Solid-state polymerization approach

Solution polymerization methods involving various metal catalysts usually suffer from a lack
of control over the degree of polymerization and limited small-scale production for the
synthesis of Cgy-linked conjugated porous polymers, which limits their further industrial
applications for photo/electrochemical-catalyzed energy storage and conversion. Compared
with solution polymerization, solid-phase polymerization allows formation of conjugated

polymers with a well-defined structure and provides multi-dimensional control over the
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polymerization direction. Moreover, solid-phase polymerization process is not significantly
affected by the solvent and catalyst.*!®! Hence, solid-state polymerization has been
demonstrated as one of the best approaches to realize Cgy-linked 2D conjugated porous
polymers. The solid-state polymerization methods presented in this section have been divided
into two parts that discuss thermally-initiated endogenous polymerization reactions and

photoinduced polymerization reactions.

3.1. Thermally-induced endogenous polymerization reaction

Generally, the dehalogenation temperature for halogenated aromatic hydrocarbons is as high as
700 °C. Most aromatic hydrocarbons are unstable at high temperatures, however, endogenous
solid-phase polymerization is hard to be carried out to realize novel structures.l*!®] To verify
whether pre-arranged monomers can promote the conversion of crystals to polycrystals, Loh et
al. prepared crystalline 2D-conjugated aromatic polymers (2D-CAP) driven by a endogenous
solid-state Csp—Csp? coupling polymerization of 2,7,13,18-
tetrabromodibenzo[a,c]dibenzo[5,6:7 uinoxalineino-[2,3-i]phenazine (2-TBQP) (Figure
12a).2"1 For this, 2-TBQP was first sublimed and recrystallized in a tube furnace to obtain 2-
TBQP needle-like single crystals that were millimeters to centimeter in size. Single-crystal
XRD results indicated that 2-TBQP had a packed lamellar structure with face-to-face stacking,
indicating strong m— interaction at a distance of 3.269 A. Furthermore, the zigzag packing of
each unit cell favors the debromination reaction, and thus the concomitant Csy>—Csp? coupling
reaction. Because of the high thermal stability of the phenazine ring-fused compound, a gray
needle-like crystalline polymer (2D-CAP) was obtained via debromination of the red single
crystal (2-TBQP) at 520 °C for 6 h. As presented in the SEM image, the 2D morphology with
a layered structure of 2D-CAP is similar to that of the 2-TBQP crystal. Exfoliation of
nanosheets using Scotch tape revealed triangular sheets with a length of 15 microns and neat

edges (Figure 12b). AFM further confirmed the sheet-like structure with neat edges and a sheet
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thickness of ~1 nm, similar to single-layered graphene (Figure 12c¢). In the XRD pattern, the
diffraction peaks at 6.2° and 26.7° were assigned to the (110) and (002) plane, respectively,
which demonstrated satisfactory agreement with simulation results (Figure 12d). The
experimental XRD results demonstrated the good crystalline order of layered 2D-CAP with an
AA-eclipsed stacking, which agreed with the simulated results. The as-prepared 2D-CAP
showed a type I isotherm, indicating significant micropores with a homogeneous diameter of
0.6 nm. The BET surface area of 2D-CAP reached 539 m? g'!. On application as the anode in a
sodium battery at room temperature, a stable capacity, high rate capability as well as long-term
cycling stability could be obtained because of the rapid charge and discharge of sodium ions
with 2D-CAP (discharge—charge profiles in Figure 12¢).

Loh et al. also reported two important Csy>-linked 2D conjugated porous polymers via the
thermal debromination of 2,7,11,16-tetrabromotetrabenzo|a,c,h,j]phenazine (2-TBTBP] and
3,6,14,17-tetrabromodibenzo[a,c]dibenzo[5,6:7,8]-quinoxalino-[2,3-i]phenazine (3-TBQP) at
520 °C for 3 h.[22%1 The polymerization yield of 2-TBTBP and 3-TBQP were ~48% and ~61%,
respectively, which was near the theoretical values (51.68% and 59.95%). This suggested that
the solid-state Csp—Csp? coupling polymerization method had a high conversion of brominated
monomers. In particular, CAP-2 (Figure 12f) de-brominated from 3-TBQP retained its original
needle shape with lamellar features, which was similar to its precursor. Additionally, the CAP-
2 could be mechanically exfoliated into few layered flakes using Scotch tape. The lateral size
of the exfoliated CAP-2 sheets was ~6 um with neat edges. The AFM height profile revealed
that this sheet was ~4 nm thick and comprised of ~10 layers. As shown in Figure 12g,
asymmetric supercapacitors were studied in a potential window of 0-1.6 V. Similar to the three-
electrode battery, the current density increases with the increase of the scan rate. Even at high
scan rates (100 mV s1), the battery showed good energy storage rate capability. The
nanocrystalline 2D CAP-2 exhibited a distinct layered structure with a high regular pore size in

the range of 0.7-1.0 nm and a high electrical conductivity of 6.0 x 10> S cm!, which facilitated
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its application in supercapacitors. As the positive electrode in a three-electrode system, CAP-2
provided a specific capacitance of 233 F g! at a current density of 1.0 A g ina 2 M KCl
electrolyte (Figure 12h). CAP-2 also had excellent cycle life and capacity retention of ~80%
over 10,000 cycles. These results demonstrated that thermally-induced endogenous
polymerization is a simple approach to prepare Cgy-linked conjugated porous polymers with a
regular pore size and a 2D planar structure under catalyst-free and solvent-free conditions. The
as-prepared materials had promising performance in applications for energy storage and
conversion, like batteries and supercapacitors; however, the harsh solid-state polymerization
conditions limited the monomers that could be used to prepare Cgp>-linked 2D conjugated porous

materials.

3.2. Photoinduced polymerization reaction

Besides thermal stimulus, light irradiation is another non-contact method that can trigger
chemical reactions in the solid state to form Csp—Csy? connections (Scheme 1F). For instance,
anthracene and its derivatives have rich photophysical and photochemical properties. They have
been applied to a wide range of systems, including energy migration probes and sensors, triplet

(2211 Tmportantly, the

sensitizers, and photochromic substrates for 3D memory materials.
photodimerization of anthracene under UV irradiation results in a considerable change of its
physical properties.!???) Hence, the photodimerization method is a facile approach for the
preparation of 2D porous conjugated polymers with Cs>—Csp? connections.

Sakamoto et al. first reported the rational synthesis of ordered, free-standing monolayered
2D conjugated polymer sheets with internal periodicity composed of areal units. This was
accomplished by the crystallization of a photoreactive monomer containing 1,8-
diethynylanthrylene and a subsequent photo-polymerization process (Figure 13a and b).2%1 A

single crystal of monomers was composed of layers parallel to each other. Therefore, the two-

dimensional organization could be well-controlled because of the low molecular motion of the
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lattice; hence, lateral polymerization occurred in a predefined manner (Figure 13c and d). The
crude polymeric sheets could be purified by washing with an organic solvent (e.g., TCE) to
remove unreacted monomer crystals, and the obtained pure cross-linked polymeric sheets were
stable even at 80 °C for 1 day. Individual monolayers could be exfoliated from the pure
polymeric sheet with lateral dimensions of 1-2 pm and a uniform thickness of 2.5 nm via heating
at 150 °C in NMP. Later, Sakamoto et al. reported the synthesis of a series of 2D conjugated

224-2291 While 2D conjugated porous polymers

porous polymers via [2+2] photocycloaddition.!
with Csy—Csp? connections are easily achieved via the solid-state photoinduced polymerization

approach, most of these polymers were not fully Csp-conjugated systems because sp’-carbon

was present after cyclization between alkyne and anthracene.

4. On-surface polymerization approach

Over the past decade, on-surface synthesis has been regarded as an effective bottom-up
approach to construct new conjugated molecules,>**including 0D, 1D, and 2D materials. Well-
defined graphene nanoribbons have been reported by covalently coupling small reactive
precursors on lattice surfaces under ultra-high vacuum (UHV) upon thermal treatement.[23!]
Additionally, this method has advantages that include: (1) the formation of irreversible and
stable covalent bonds endows the molecule with high thermal stability; (2) covalent assembly
facilitates electronic transport, making the network suitable for numerous applications; (3)
compared with reactions in solution, this is a solvent-free reaction with high level control of the
molecules and substrates at the atomic level, allowing for a precise molecular structure over a
large temperature range; (4) the in situ reaction products on the surface of the substrate is
convenient for their practical application, mitigating the solubility issues that often accompany
solution syntheses; (5) scanning probe microscopy is facile tool for characterization and
manipulation of the obtained molecules and materials.[3% 233 In this section, we introduce on-

surface preparation methods for 2D conjugated porous polymers with Cs,>—Csp? connections and
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Csp-based skeletons, including the Ullmann coupling reaction, the cyclotrimerization reaction,

the dehydrogenative coupling reaction, and the condensation reaction.

4.1. Ullmann coupling reaction

The Ullmann reaction is a kind of copper-catalyzed Cs—Csp? dehalogenation reaction for the
synthesis of symmetric biaryls first reported in 1901.1234231 Typically, two molar equivalents
of aryl halide reacted with one molar equivalent of copper at high temperatures (> 200 °C) to
form one molar equivalent of diaryl molecules and copper halide (Scheme 1G). Currently,
various aryl halides with nucleophilic substituents (e.g., phenoxides) have been used as
functional reactants in copper-catalyzed Ullmann-type reactions. The mechanisms of the
Ullmann coupling reaction has been reviewed in detail by Bent et al. in 1993.123¢) Subsequently,
Hla et al. used scanning tunneling microscope (STM) to investigate the Ullmann reaction in a
UHV chamber on the Cu (111) facet in a step-by-step manner.?*” In addition, researchers found
that Au (111), Ag (111), Ag (110) and highly oriented pyrolytic graphite could also be used for
Ullmann reactions.[238-240]

In 2007, Grill et al. reported the synthesis of Csy-linked 2D conjugated polymeric
nanostructures via the Ullmann reaction of tetra(4-bromophenyl) porphyrin (BrsTPP) with
halides on Au (111) at a high temperature (Figure 14a).[>*!! For this, the porphyrin-based
monomer was first deposited on the surface at room temperature; dissociation of the substituent
Br atoms on the Br4TPP occurred when the sample was annealed at 590 K and macromolecular
nanostructures of various shapes formed on the surface via intermolecular Cgy- Csp? linkage of
the monomers (Figure 14a and b). To obtain porphyrin frameworks with 2D patterns, a
monomer with four possible connections was required. By changing the number and the relative
position of the bromine atoms on the porphyrin-based molecule, the nano-architecture of the
macromolecular structure on connection between the molecules on Au (111) could be

controlled. These structures include dimers, 1D linear polyporphyrins, and 2D polyporphyrins.
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The resulting Cg>-linked 2D polyporphyrin should realize fast charge transfer on the molecular
building blocks. They could have potential applications as new functional materials for use in
the electronic, optical or magnetic sciences. Because of the different dissociation energies of
the halogen substituents, Grill et al. reported a strategy for the preparation of Cgp-linked
conjugated porous polymers in a hierarchical manner.**?1 The 5,15-bis(4’-bromophenyl)-
10,20-bis(4’-iodophenyl)porphyrin  (trans-Br2[; TPP) molecules proceeded through two
sequential steps to form a 2D conjugated network from the 1D linear nanostructure on the Au
(111) on heating at 120 °C and further heating at 250 °C. The fabrication of heterogeneous
nanostructure with high selectivity was realized via the Ullmann coupling reaction of trans-
BrLTPP with dibromoterfluorene. Moreover, the substrate-directed growth of Cgp>-linked 2D
polyporphyrin nanostructures was also achieved on the anisotropic Au (100) surface.
Halogenated metalloporphyrins are satisfactory building blocks for the preparation of
expanded 2D polymer sheets with high chemical and mechanical stability, as further confirmed
by Smykalla et al.?*¥] Unfortunately, all of aforementioned cases demonstrate a rather low
degree of polymerization. Fasel et al. reported a well-ordered 2D covalent network with a fully
Csp-based skeleton from an iodinated cyclohexa-m-phenylene (Figure 14¢).?**] This molecule
represented a typical monomer for the construction of porous graphene, featuring a Csp>-linked
covalent conjugated network with a low defect density. Moreover, the dehalogenation reaction
of iodinated cyclohexa-m-phenylene via the Ullmann coupling reaction on (111) surfaces of
various metals had been investigated. Figure 14d shows STM images of the Csp-linked
polyphenylene networks with different morphologies supported on Cu (111), Au (111), and Ag
(111). A branched morphology with low-density clusters was found on Cu (111) (Figure 14d-
1), while small 2D compact domains were observed on the Au and Ag surface (Figure 14d-2,3).
A more ideal 2D polyphenylene with highly ordered networks was achieved on the silver

surface after polymerization at 825 K for 5 min. DFT simulations indicated that the balance
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between the diffusion and intermolecular coupling had a large influence on the morphology of
2D polyphenylene on the surfaces of these metals.

Perepichka et al. reported atomic-layer thin 2D m-conjugated porous polymers through
Ullmann coupling on Ag (111) using tetrabromotetrathienoanthracene (TBTTA) as the
monomer under UHV conditions (Figure 14¢).***) After annealing at 300 °C for 10 min, a
porous network of P2TTA with low-range order was observed via STM (Figure 14f). The high-
resolution STM micrographs indicated the presence of two kinds of adjacent building blocks
with short (1.2 + 0.1 nm) and long (1.5 £ 0.1 nm) connections, attributed to the linkage of
P2TTA and the organometallic network by TTA—Ag-TTA bonding. The HOMO of the 2D
conjugated network was shifted towards the Fermi level by 0.6 eV on polymerization,
suggesting the controlled construction of Cgy-linked 2D conjugated polymers with tailored
band-gaps. 1,3,5-tris(4-bromophenyl)benzene (TBPB) is another important building block for
the preparation of Cgy-linked 2D conjugated polymers via the Ullmann coupling reaction.
Gutzler et al. reported the reticular synthesis of 2D conjugated COFs built from TBPB on the
surface of Cu (111) under UHV conditions. After annealing to 300 °C, hexagonal patterns with
distances of 1.24 + 0.06 nm were observed, indicating the transition of TBPB from a
protopolymer to a Cg-linked 2D disordered COF.[24¢] Beton et al. also investigated the Cgp-
linked 2D conjugated polymer from TBPB via the Ullmann coupling reaction on an Au (111)
substrate.?*’ The TBPB could self-assemble as an ordered, close-packed array on the surface
of Au, which transformed into 2D conjugated network consisting of quadrilateral to octagonal
polygons. This 2D conjugated porous polymer could serve as a host to capture sublimed C60.
Recently, Gutzler et al. reported the synthesis of Csy-linked 2D conjugated COF from TBPB
on the two interfaces of #-BN/Ni (111) and graphene/Ni (111).248] Unfortunately, the well-
defined nanostructure 2D conjugated COF with long-range order was still not observed.
Lackinger et al. demonstrated that hierarchical Ullmann coupling polymerization of 1,3-bis(p-

bromophenyl)-5-(p-iodophenyl)benzene was better than direct polymerization to achieve a 2D
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conjugated porous polymer with a densely packed nanostructure and a uniform single pore.[?#]
The influence of the reaction parameters like surface temperature, and heating and deposition
rates on the morphologies observed via STM were in agreement with the simulation results.
The thermodynamic and kinetic mechanisms of the Ullmann reaction on gold and silver

surfaces have been also been well-studied by Lackinger et al.[?%%]

4.2. Cyclotrimerization reaction

The transition metal-catalyzed [2+2+2] cyclotrimerization reaction is a powerful method for
one-pot construction of various complex polycyclic aromatic hydrocarbons with a high yield
(Figure 15a).12°1232] Liju et al. reported the synthesis of Cgy-linked conjugated microporous
polyphenylenes with tunable pore size via the ethynyl [2+2+2] cyclotrimerization using
inorganic dicobalt octacarbonyl nanoparticles as catalyst.[*>!] These porous polymers had BET
surface areas higher than 1000 m? g!, which could be used as functional materials for efficient
hydrogen capture. However, this reaction had regioselectivity issues, leading to uncontrolled
morphologies. To realize conjugated porous polymers with 2D morphologies, Lackinger et al.
investigated the on-surface polymerization of 1,4-diethynylbenzene (DEB) monomers on Cu
(111) via the cyclotrimerization reaction.[*>*) DEB showed well-ordered self-assembly on the
surface of Cu (111). However, disordered 2D covalent networks with complex structures were
observed after thermal activation. Thus, the exploration of Csy>-linked 2D conjugated organic
nanostructures on different metal surfaces and crystallographic orientations of the monomers is
highly desirable.

Fasel et al. reported a 2D polymer with a honeycomb structure via on-surface
cyclotrimerization reactions of 1,3,5-tris-(4-ethynylphenyl) benzene (TEB) on Au (111) (Figure
15b).12%1 Upon annealing the TEB/Au (111) sample at 433 K, STM images revealed a fully
Csp-linked interconnected porous network with a pore-to-pore distance of 1.7 = 0.1 nm, which

was consistent with the 2D polyphenylene structure (Figure 15¢). On increasing the annealing
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temperature to 523 K, the similar conjugated networks were unaltered. Compared with Ag (111)
and Cu (111), the yield of the cyclotrimerization was high and reached up to 75% on the surface
of Au (111), possibly because of the efficient formation of a metallacyclopentadiene
intermediate. Gao et al. investigated the cyclotrimerization of 4,4’-diethynyl-1,1’-biphenyl
(DEBP) on the Au (111) surface by combining STM measurements with DFT calculation
(Figure 15d).1%°%) As illustrated in Figure 15e-1, the monomer of DEBP was first self-assembled
into ordered structures on the atomically flat Au (111) surface. During annealing at 100 °C,
triple bonds of DEBP were cyclotrimerized into one benzene ring to form the Csp>-linked 2D
polymeric networks (Figure 15e-2). From Figure 15e-3 to Figure 15e-5, the coexistence of
symmetric 1,3,5- and asymmetric 1,2,4-trisubstituted benzene rings was observed via
cyclotrimerization of diyne monomers. Moreover, the ratio of the regioselectivity was 5.6:1,
which was higher than that of solution polymerization. This indicated that the synthesis of the
1,2,4-isomeric structure was suppressed by the surface-assisted cyclotrimerization on Au (111).

Chi et al. presented a type of surface-assisted cyclotrimerization for the construction of a
Csp-linked 2D conjugated polymeric network from acetyl-substituted molecules on the surface
of Ag (111) under UHV (Figure 15f).12%% After deposition of 1,3,5-tris(4-acetylphenyl)benzene
(TAPB) on the metal surface, irregular conjugated porous networks with zigzag edges and
similar heights of TAPB were observed (Figure 15g). The HR-STM demonstrated an extended
pyramidlike structure involving ten molecules, which was realized by the dimerization coupling
of adjacent acetyls and cyclotrimerization coupling of trifunctional acetyls (Figure 15h-i),
which was further confirmed by the XPS spectra. The pore-to-pore distance of the nanopores
was 14.9 £ 0.2 A, in agreement with the calculated value for the 2D polyphenylene structure.
This is a universal strategy for the preparation of a Cgy-linked 2D polymeric network from

acetyl-substituted molecules from alternate metal substrates, including Au (111) and Cu (111).

4.3 Dehydrogenative reaction
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As aforementioned, the cyclotrimerization of arylalkanes often suffers from unwanted by-
products on the surfaces during the surface-assisted polymerization of Cgp-linked 2D
conjugated polymeric networks. The harsh synthetic conditions of these monomers limit their
applications for optical and electric devices. The metal-catalyzed aromatic C-H bond activation
of aromatic molecules for the construction of conjugated polymers with Csy—Csp> bond has
attracted significant interest.[””] Recently, cross-dehydrogenative coupling reactions with
various transition-metal catalysts exhibited both regio- and enantio-selectivity.[?*8! Thus, the
direct C-H activation of aromatic groups with multi-substituent groups could be confined to
construct Csp>-linked 2D conjugated nanostructures on the metal surface.

Xu et al. synthesized Cgpr-linked 2D conjugated porous polymers using Co (II)
phthalocyanine (CoPc) as a building block via the dehydrogenation coupling reaction (Figure
16a).2>°1 As shown in Figure 16b-1, CoPc showed a well-resolved island structure on the Ag
(110) substrate. The HR-STM image of single CoPc in Figure 16b-2 clearly demonstrated that
its molecule. After annealing at 680 K to trigger C-H activation of CoPc, a Cgp2-linked 2D
polymeric network was successfully formed via aryl-aryl coupling of CoPc (Figure 16b-3,4).
This network was distinct from that of the self-assembled precursor, indicating the CoPc
structure was joined at specific C sites with Csy>—Csp? bonds in a uniform staggered fashion.
The selective aryl—-aryl coupling at the C; sites had four structural motifs, leading to a disordered
2D conjugated polymeric network. The dehydrogenation coupling reaction of CoPc on other
metal substrates (e.g., Au (111), Cu (100) and Cu (110)) revealed a 2D conjugated polymeric
network; however, networks with less regularity were also found on these surfaces. Chi et al.
reported the preparation of various 2D conjugated polymeric networks (Figure 16¢ and e) from
1,3,5-tris(4-hydroxyphenyl)benzene (THPB) and 4,4°’’-dihydroxy-p-quaterphenyl (DHQP) via
a regioselective aromatic C-H activation reaction using a hydroxyl group as the guiding
group.!28% THPB molecules could be self-assembled into well-ordered structures on both gold

and silver surfaces. After annealing at 340 °C, two-dimensional polyphenylene frameworks
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formed via diselective ortho C-H activation on Au (111) (Figure 16d-1,2), which could be
attributed to the successive breaking of the ortho C-H bonds. In contrast, irregular porous
networks were obtained on the Ag (111) surface at 300 °C (Figure 16d-3). In the STM images
shown in Figure 16d-4, a shoulder—shoulder joined THPB structure can be observed, which
indicated monoselective ortho C-H activation on Ag (111). Similar to THPB, the DHQPs
formed 2D and 1D conjugated polymeric networks on the surface of Au (111) and Ag (111),
respectively (Figure 16f). The controlled diselective ortho C-H activation and monoselective
ortho C-H activation were caused by the different energy barriers for dehydrogenation with
different metals. The structures of the conjugated polymeric networks were well characterized

via XPS measurement.

4.4 On-surface 18e-cyclization reaction

Covalent polymerization on a surface was easily restricted to one-dimensional growth because
of the irreversible formation of covalent bonds. Therefore, the surface-assisted construction of
rigid building blocks with two-dimensional growth has received increasing attention. However,
the formation of benzene from the cyclotrimerization reaction often suffers from the presence
of non-planar asymmetric 1,2,4-trisubstituted benzene rings. This leads to the uncontrolled
formation of 2D polymeric networks. Compared with the cyclotrimerization reaction, the
formation of phthalocyanine with a larger rigid structure is rather attractive. Abel et al. reported
the synthesis of a 2D-conjugated organometallic sheet with 18e-cyclization of phthalocyanine
on the metal surface via co-evaporation of Fe and 1,2,4,5-tetracyanobenzene (TCNB) under
UHV conditions.?*!l At room temperature, a contamination-free Cgy>-linked 2D conjugated
phthalocyanine film formed on Au (111) and Ag (111), with a TCNB to iron atom stoichiometry
of 2:1 (Figure 17a). As shown in Figure 17b, the polymeric film network had a square structure
with a size of ~10-30 nm. HR-STM (Figure 17c) showed a measured periodicity of 1.15 + 0.1

nm in two directions, indicating the covalent nature of the Csy—Csp bonds in the film, which
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was consistent with the DFT calculation results. When an insulating film of NaCl/Ag (100) was
used as the substrate, the defect-free organometallic sheet with a square structure covered the
NaCl island. This approach opens a new avenue for the construction of various electric devices
via soft lithography of organic semiconductive films transferred from the insulating NaCl film

to other substrates

5. Conclusions

Because of their exclusive physical and chemical properties, 2D porous polymers with sp’—
carbon-based connections and fully sp’-bonded carbon skeletons hold potential for
breakthrough innovation in numerous technologically relevant areas: electronics, catalysis,
membrane technology, sensing as well as energy storage and conversion. In a nutshell, bottom-
up fabricated 2D porous polymers can be produced as freestanding sheets with tailored
properties. Although the "rise of graphene" triggered an intensive research endeavour on 2D
materials, this area is still underdeveloped compared to 1D and 3D architectures. Taking
advantage of new and improved synthetic methodologies that are continuously emerging, more
sophisticated tools are becoming available for the preparation of 2D porous polymers with
precisely defined chemical composition and structure leading to novel and outstanding
material’s properties. However, the development of such 2D porous polymers remains a
substantial challenge because of the poor balance between the 2D morphology and Cgp—Csp?
connections. In addition, the formation of poorly reversible Cs—Csy bonds is usually
detrimental to the formation of a 2D morphology with conjugated polymers. As summarized in
this review, several reactions have been used to synthesis 2D conjugated porous polymers or
conjugated porous polymer nanosheets, including Gilch raction, Mizoroki—Heck, Suzuki—
Miyaura and Yamamoto coupling reactions, Knoevenagel, Aldol condensation reaction,
oxidative polymerization reaction, S-replacing reaction, thermally initiated endogenous

polymerization reaction, photoinduced polymerization reaction, Ullmann coupling reaction,
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cyclotrimerization reaction, dehydrogenative reaction and on-surface 18e-cyclization reaction.
In each case, only limited 2DPPs were reported to date via controlled design of the building
blocks and optimizing the reaction conditions for confined formation of Csy—Csp2 bonds for 2D
directional growth. Because of their 2D morphology and conjugated framework, many practical
applications of as-developed 2DPPs with Csp—Csp? connections have been demonstrated in the
fields of optoelectronics and energy storage and conversion, especially as electrodes for
batteries and supercapacitors, precursors for porous carbon-based electrocatalysts, membranes
for gas separation, and probes for solid luminescence. Enhancing the structural complexity
could generate multifunctional Cgy-linked 2DPPs with specific properties for a range of
applications. Very recently, none-6-membered Csp rings, e.g., 4-, 5-, 7-, 8-membered rings,
based 2D structures are emerging as new stars of this field.[26?!

While Csp-linked 2DPPs are a fascinating class of porous materials, the progress of their
design and synthesis and exploration of their functionalities is insufficient compared with many
other types of 2D soft nanomaterials. To resolve some urgent issues, several improvements
need to be considered: (1) Searching for new synthetic methodologies to construct Csp>-linked
2DPPs with controlled morphologies. For example, the design of rigid building blocks is key
for the preparation of Csp>-linked 2DPPs, except tetraphenylethylene and porphyrin. In addition,
new dynamic covalent Cs—Csy2 bonds need to be explored for olefin-linked 2D-conjugated
COF. (2) The exfoliation of such 2DPPs could produce ultrathin 2D polymers with atomic layer
thickness and a large horizontal area. (3) Development of Csy-linked 2DPPs with unique
optical/electrical properties is highly desirable for environmental and energy application. If
these challenges can be met, Csy>-linked 2DPPs will become increasingly attractive for research

and practical application in the future.
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Figure 2. a) Mesoporous PPVs network. b) 'H-'3C CP/MAS dipolar dephasing NMR spectra
recorded at a MAS rate of 12 kHz and a CP contact time of 2 ms. c¢) Nitrogen
adsorption/desorption isotherms at 77.3 K. Reproduced with permission.['4” Copyright 2008,

American Chemical Society.
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Figure 3. a) Synthesis of LMOPs via the Heck reaction of aromatic halides and 1,3,5-tri(4-
ethenylphenyl) benzene. b) *C CP/MAS NMR spectra of LMOPs (structures of LMOPS are
presented in a) and '*C NMR of TEPB. ¢) Solid state luminescent spectra of TEPB and LMOPs.
Reproduced with permission.!>3 Copyright 2013, Royal Society of Chemistry. d) Synthetic
routes of MIPAF-11-a. e) Nitrogen adsorption isotherms for MIPAFs. f) Ion capacity of
MIPAF-11c¢ in the presence of different interfering ions. Reproduced with permission.[!*3]
Copyright 2018, Wiley-VCH.
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Figure 4. a-1) Structure of PP-CMP and Coumarin 6. a-2) Solid-state 'H-1*C CP/MAS NMR
spectrum of PP-CMP. a-3) Transient fluorescence spectra of PP-CMP O coumarin 6 (coumarin
6 content = 2.9 mol %) observed at 0, 1, and 3 ns after exposure to laser pulse. Reproduced with
permission.['®?] Copyright 2010, American Chemical Society. b-1) Structure of nanoporous
polymer with metalloporphyrin built-in skeleton (FeP-CMP). b-2) Solid-state 'H-13C CP/MAS
NMR spectrum of free-base porphyrin CMP. b-3) Transformation of sulfides to sulfoxides
catalysed by FeP-CMP. Reproduced with permission.['%) Copyright 2010, American Chemical
Society.
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Figure 5. a) Demonstrates the structure a-1) and SEM image a-2) of carbazole-based CMP
(TCB-CMP). a-3) UV-vis (dotted curves) and fluorescence spectra (solid curves) of TCB-CMP
(red) and CB-LP (black) powders. Reproduced with permission.['®] Copyright 2012, American
Chemical Society. b-1) The structure of metalloporphyrin-based conjugated mesoporous
polymer frameworks (M = Co, H2). b-2) SEM image of CoP-CMP800. b-3) LSV curves in O»-
saturated 0.1 M KOH at 10 mV s™! at 1600 rpm. Reproduced with permission.!'8!) Copyright
2013, Wiley-VCH. c-1) COP-P-M (M = Fe, Co, and Mn). ¢c-2) SEM image of COP-P-Fe. c-3)
LSV curves of metal-incorporated C-COP-P-M in O;-saturated 0.1M KOH at 1600 rpm at a
sweep rate of 5 mV s !. Reproduced with permission.['8? Copyright 2014, Wiley-VCH.
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Figure 6. a) Synthetic routes of the four cyanostilbene-based conjugated polymers. b) Photos
of Bn-CS-CMP, TPA-CS-CMP, TPE-CS-CMP, and TPM-CS-CMP under illumination of a 365
nm UV lamp. Reproduced with permission.!'3¢) Copyright 2016, Royal Society of Chemistry.
¢, d) Structure of P5 ¢) and P6 d). Reproduced with permission.'”] Copyright 2017, Wiley-
VCH. e) Synthetic process of olefin-bridged porous organic polymers OB-POP-3. f) Overlay
of UV—vis absorption and wavelength-specific AQY on H: evolution using Pt-modified OB-
POP-3. Reproduced with permission. 1#] Copyright 2017, Wiley-VCH.
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Publishing Group. (i) g-C34Ne-COF. Reproduced with permission.l'”l Copyright 2019, Wiley-
VCH. (j) TFPT-BTAN and TFPT-BTAN-AO. Reproduced with permission.['”8] Copyright
2020, Nature Publishing Group.
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Figure 8. a) Reaction scheme of Aldol condensation between TMT and benzaldehyde to yield
the model compound TST. b) Synthesis of COF-701 by aldol condensation between TMT and
BPDA. c) Pawley refinement of COF-701 (staggered, AB) against the experimental WAXS
pattern. Colour code of the structure model: H, white; C, gray; N, blue. d) Catalytic activity of
BF3CCOF-701 in a Diels-Alder reaction. Reproduced with permission.[?21 Copyright 2019,
American Chemical Society.
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Figure 9. a) Synthesis route of poly-2,2°,7,7 -tetrathienyl-9,9’-spirobifluorene. Reproduced
with permission.?°*] Copyright 2016, Wiley-VCH. Synthesis route b) and c) side view of the
model structure of TThPP based on quantum-chemical density functional theory (DFT)
calculations (porphyrin: pink, thiophene: yellow; H atoms are omitted for clarity). d) High-
magnification SEM image of the TThPP film, e) CV curves of TThPP electrode hybrid
capacitors. f) Galvanostatic charge—discharge voltage profiles at various current densities.
Reproduced with permission.??! Copyright 2016, American Chemical Society.
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Figure 10. a) Preparation of 2DP-S and 2DPCs. i) Phosphorus pentasulfide, xylene, 140 °C, 3

d; ii) nitrogen, 800 °C, 900 °C, or 1000 °C, 5 °C min™!, 2 h; iii) ammonia gas, 800 °C, 5-90 min.

PA: 1,2-benzenedicarboxylic anhydride; PDA: 1,2,4,5-benzenetetracarboxylic anhydride. b)
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SEM images of 2DP-S. c) N and S elemental analysis of the N/S-2DPCs based on X-ray
photoelectron spectroscopy (XPS) results. d) Rotating disk electrode (RDE) voltammograms of
2DPCs and Pt/C at a rotation rate of 1600 rpm. e¢) Chronoamperometric responses in Oa-
saturated 0.1 M KOH for the N/S-2DPC-60 (black line) and Pt/C (red line) electrocatalysts at
0.65 V, where the arrow indicates the addition of 2% (v/v) methanol. Reproduced with
permission.?!2] Copyright 2016, Wiley-VCH.

m
a-1) ._X Pd catalyst a-2) ¥——/
@>» B base w;h):se.—( B),, Pd catalyst
3
OH-
Pd(Ar;)X ~— Pd(Ar,)(OH) water phase |

base

O -

Figure 11. a-1) The model Suzuki reaction between aryl monomers. a-2) Synthesis of 2D-COF
on the interface by Suzuki reaction (Ar = aryl group; X = halide; B = boronic group; m,n > 2
and at least one > 3). a-3) Reversible hydroxide/halogen exchange or hydroxylation of boronic
group in the transmetalation step (OH™ was generated by the reversible hydrolysis of CO32").
Synthetic routes b-1) and HRTEM images b-2) for 2DCCOF1 and 2DCCOF2. b-3) Side view
and top view of the A-B-C... stacked structure. c-3) Top view of the proposed structure with
AB aggregation. Reproduced with permission.?!” Copyright 2019, Wiley-VCH.
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Figure 12. a-¢) Structure, characterization and energy storage performance of 2D-CAP: a)
Structure, b) TEM image, c) AFM profile, d) XRD pattern and e) Galvanostatic charge—
discharge profiles of 2D-CAP. Reproduced with permission. 2!°1 Copyright 2017, Nature
Publishing Group. The structure (f), cyclic voltamograms (g) and corresponding specific
capacitances of the asymmetric cell (h) of CAP-2. Reproduced with permission.[??° Copyright
2018, American Chemical Society.
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Figure 13. a) The C9,10 anthracene positions of one monomer being opposed to the alkynes of
the adjacent monomers at distances of 4.4 and 3.6 A, respectively. b) Chemical structure of the
monomer. ¢) Laminar crystal structure obtained by XRD with all anthracenes and alkynes
displayed as space filling and all other parts as stick models. The monomers oriented up and
down are presented in red and gray, respectively. d) Laterally hexagonally packed monomers
in each layer. e, f, SEM micrographs of photo-irradiated monomer crystals swollen in an
organic solvent. Curved rods e), with a remaining hexagonal cross-section f). Reproduced with
permission.[?3?] Copyright 2012, Nature Publishing Group.
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Figure 14. a) Surface formation of 2D porphyrin networks based on Csp—Csp? connections. b)
Chemical structure of the BrsTPP molecule (substituent Br atoms are highlighted in red).
Reproduced with permission.*!! Copyright 2007, Nature Publishing Group. ¢) Chemical
structure of a fraction of the polyphenylene network. d) STM images of polyphenylene
networks on Cu (111) 1), Au (111) 2), and Ag (111) 3). Reproduced with permission.[>*4!
Copyright 2010, American Chemical Society. €) The structure of the covalent polymer P2TTA.
f) 1. STM image of the P2TTA polymer on Ag (111) (U =-0.8 V, I =0.5 nA). 2. Close-up of
polymeric (left molecular model) and organometallic (right model) structures; coadsorbed
atomic Br is observed in the lower portion of the image in a v/ 3 Xy 3-R30° reconstruction
(U=-0.7 V,1=0.8 nA). 3. STM topography of polymeric and organometallic structures (U= -
0.7 V, T = 0.8 nA). Reproduced with permission.?**) Copyright 2013, Royal Society of
Chemistry.
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Figure 15. a) Ethynyl cyclotrimerization reaction. b) Chemical structure of a fraction of a 2D
polyphenylene network. c-1) Low-magnification STM image of the 2D polymer network
obtained by cyclotrimerization of TEB on Au (111) at 160 °C. The inset is a magnified image.
c-2) STM image of a regular domain of the 2D honeycomb polymer with the corresponding
structural model depicted in ¢-3). Reproduced with permission.?>* Copyright 2014, Royal
Society of Chemistry. d) Experimental procedure and proposed polymeric mechanism. (Upper
panel) DEBP monomers were thermally deposited onto the Au (111) surface. (Lower panel)
Annealing caused cyclotrimerization of the diyne molecules: three triple bonds were
cyclotrimerized into one benzene ring with either 1,3,5- (blue) or 1,2,4- (red) trisubstitution. e)
STM images of the molecular layer before and after annealing. e-1) Initial deposition on the Au
(111) surface with approximately 0.5 ML coverage. The inset is a magnified image with several
molecular models superimposed to guide the eyes. e-2) After annealing at 100 °C, the diyne
molecules were polymerized, generating networks with branch and hexagon structures. e-3)
Magnified images clearly demonstrate two types of molecular interconnection, highlighted by
solid black and dashed blue circles and denoted by I1 and 12, respectively. e-4, e-5) High-
resolution images (left) and molecular orbitals (right) of the two patterns. I1 and I2 correspond
to symmetric 1,3,5- and asymmetric 1,2 4-trisubstitutions, respectively. Reproduced with
permission.[?>>] Copyright 2014, American Chemical Society. f) Acetyl cyclotrimerization
reaction. g) Representative STM image g-1) and magnified image g-2) after deposition with the
substrate held at 590 K. Scanning parameters of ¢ to e are V, =1 V and It= 20 pA. Structural
model h) and reaction product 1) of the trifunctional acetyl compounds (newly formed phenyl
ring highlighted in blue). Reproduced with permission.[?>] Copyright 2015, American
Chemical Society.
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Figure 16. a) Chemical structure of the CoPc molecule and the formed 2D polymer structure.
Large-scale b-1) and close-up STM images b-2) of the self-assembled CoPc structure on Ag
(110). STM image b-3) and close-up STM image b-4) of the 2D polymer structure.
Reproduced with permission.[?**! Copyright 2015, Royal Society of Chemistry. ¢, d) Structural
models c¢), STM images d-1, d-3), and close-up STM image d-2, d-4) of THPB on Au (111)
and Ag (111) surfaces. e, f) Structural models e¢), STM images e-1, e-3), and close-up STM
image e-2, e-4) of dihydroxy-p-quaterphenyl (DHQP) f) on Au (111) and Ag (111) surfaces.
Reproduced with permission.[®l Copyright 2016, American Chemical Society.

Figure 17. a) Synthesis reaction 2D iron phthalocyanine organometallic polymer (poly-FePc).
b, ¢) STM images of poly-FePc formed on an Ag (111) surface (square unit cell, 1.15 nm
large). Reproduced with permission.[?°!] Copyright 2011, American Chemical Society.
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