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ABSTRACT: Conjugated microporous polymers (CMPs) as a new type of
conjugated polymers have attracted extensive attention in academia and industry
because of the combination of microporous structure and 7-electron conjugated
structure. The construction and application of gels and monoliths based on CMPs
constitute a fertile area of research, promising to provide solutions to complex
environmental and energy issues. This review summarizes and objectively analyzes
the latest advances in the construction and application of processable CMP gels and
monoliths, linking the basic and enhanced properties to widespread applications. In
this review, we open with a summary of the construction methods used to build
CMP gels and monoliths and assess the feasibility of different preparation
techniques and the advantages of the products. The CMP gels and monoliths with
enhanced properties involving various special applications are then deliberated by
highlighting relevant scientific literature and discussions. Finally, we present the
issues and future of openness in the field, as well as come up with the major

challenges hindering further development, to guide researchers in this field.

KEYWORDS: conjugated microporous polymers, gels, supercritical drying, processability, hierarchical porous, advanced applications

1. INTRODUCTION

Conjugated microporous polymers (CMPs) are emerging
conjugated polymers with inherent microporous structure and
unique 7-electron conjugated structure,' > which are consid-
ered strong candidates for solving global environmental and
energy issues. Compared to the already grown crystalline
metal—organic frameworks (MOFs)°™® and covalent organic
frameworks (COFs)’™'* as well as the existing porous
materials," ™' the unique advantages of the CMP family are
mainly that the amorphous properties allow the use of more
abundant building units and more flexible synthetic means to
explore the interaction of the extended #-conjugate framework
with the micropores.'” ™" The flexibility of the design leads to
mutative chemical and structural properties, thus affecting
potential applications”’** including gas adsorption, heteroge-
neous catalysis, light harvesting, and energy storage.

Given the complex external environment and diversified
application requirements, 6processable gels and monoliths are
expected to flourish.'>*>*° To improve the processability and
applicability, researchers have explored various forms of CMPs
such as soluble CMPs*’~*” and CMP thin films.”"~** The
main advantage of the CMP platform is the flexible design to
control the microstructure and macrostructure of the CMP-
based materials at the molecular level. Therefore, introducing
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the rigid supercrosslinking properties of CMPs into traditional
gelatinous and monolithic skeletons is feasible, thus expanding
the family of CMP materials.

The key points in the development of CMP gels and
monoliths are to address the vulnerability and unprocessability
of the original powdery CMP.*”**7*° With careful design, the
processable CMP gels and monoliths are expected to show
amazing potential in widespread applications.”’~*" The
timeline of major milestones toward advancement in CMP
gels and monoliths is illustrated in Figure 1.

Reviewing the CMP materials family, the processability and
device integration has been identified as the great challenges in
this field. To explore the wider application range of the CMP
materials family and achieve interesting combinations of
porosity and conjugation, researchers in the interdisciplinary
field have made a joint effort for these challenges. In 2011, Li
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Figure 1. Selected quintessential processable CMPs at different time periods: 2011;% 2012;%7 2013;7° 2014;>7313%* 2016, 2017;** 2018;*°

2019;*° 2020.%

et al.”® used a sponge with a macropore structure to provide
support for the synthesis of CMPs and obtained the
processable CMP treated sponge for the first time, which is
a good start in this field. Andrew L. Cooper, one of the pioneers
of the CMP family, led the synthesis of the first soluble CMP,
which can be further processed from solution into thin films.*”
Gu et al. provided a new electrochemical approach to
preparing CMP films, achieving precise control of the
electrochemical properties of carbazole-based CMP films,*
and further achieving comprehensive control of the thickness
of these films.*' These films have high cross-linking degrees,
remarkable electrochemical properties, and rapid responsive-
ness, showing great potential in organic photovoltaic cells and
high-sensitivity sensor applications.””*"

In 2014, the concept of CMP aerogel was first proposed by
Du et al,** and the CMP composite gel interlaced with two
components was first formed by Wang et al. in a knitting
manner,”” whose pore characteristics can be adjusted by
changing monomer concentration, reaction temperature, and
solvent type. Subsequently, Tan et al.*' synthesized a layered
porous structure with micropores, mesopores, and macropores
by knitting, and Bao et al. further demonstrated that adjusting
the mole ratio of the synthetic monomer for CMPs could not
only adjust the pore characteristics of the CMPs but also adjust
their thermal stability and microstructure.”” In 2016, Kim et al.
synthesized CMP-based sponges using a homogenized electro-
spun nanofiber as the reinforcement for rapid adsorption of
organic dyes in water”’ and further synthesized fluoride-
functionalized CMP-based sponges supported Ag metal
nanocatalysts for rapid removal of 4-nitrophenol from
water** in the following year.

Also in 2017, Patra et al.*® synthesized soluble, processable,
multifunctional CMPs based on tetraphenylcyclopentadiene.
The polymers not only have gas adsorption properties but also
have strong tunable luminescence properties,45 which extends
the application of the CMP family in the optical field. In 2018,
Li’s group reported for the first time novel CMPs containing
benzotriazole moiety monomers, which have excellent thermal
insulation performance and is considered a promising thermal

insulation material.”® In 2019, they also found that a class of
biphenyl CMP-derived carbon aerogels, which not only retain
low thermal conductivity (0.192 W m™" K™') but also have
excellent photothermal conversion performance (86.8% under
1 Sun irradiation) and are considered as candidate materials
for a variety of photothermal conversion applications such as
distillation, desalination, and the production of fresh water.*
In 2020, Liao et al.* successfully grafted a polytriphenylamine-
based CMP network to carbon nanotube fibers to prepare all-
solid-state wheel-twisted fiber-shaped supercapacitors. The
supercapacitor has high area specific capacitance (671.9 mF
cm™ at a current density of 1 mA cm™) and excellent stability
(retainin§ 84.5% of the initial capacitance after 10 000 bending
cycles),** which opens up a way for the application of the
CMP family in wearable electronic devices.

Cooper reviewed the research progress of CMPs in 2009
and emphasized the potential applications of these materials in
the future.” CMPs allow functional exploration of 7z-conjugated
frameworks and nanopores to meet challenges in gas
adsorption, heterogeneous catalysis, luminescence, light
harvesting, and electric energy storage. In 2012, Vilela et
al.*’ presented the challenges faced by the synthesis,
characterization, and testing of CMPs in areas such as energy
conversion and production, with special emphasis on the
morphological control aspects of CMPs and the significance of
these properties in energy applications. In 2013, Jiang et al.’
further reviewed the progress in molecular design principle,
synthesis, and structural research, and came up with the
frontier of potential applications of CMPs, to promote the
rapid development of the materials.

Recently, Lee and Cooper reviewed the progress in gas
adsorption, chemical encapsulation, photocatalysis, photo-
emission, sensing, energy storage, biological application, and
solar fuel production since the beginning of CMP research, and
proposed the future development prospects of these
materials.*® They also compared the prospects of CMPs with
the growing of conjugated crystalline COFs. Vilela et al.*’
highlight the selection work of CMPs, including basic
structural design principles, various synthetic schemes, and
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Figure 2. Diagram summary of the fundamentals and versatile applications of conjugated microporous polymer gels and monoliths.

Table 1. Main Construction Methods for the Formation of CMP Gels and Monoliths

representative S, Vi

ET | gotal 1
methods methodology elaboration samples (m*g™") (m’g™") ref
supercritical advantages: adjustable synthesis parameters, economic advantage, mild synthetic conditions; PTEB 1701 1.01 34
drying deficiencies: low mechanical strength of the obtained materials TPM-BD- 1008 0.50 54
CMP
RGO-g-P;HT 523 ~34% S5
PDVB-BF,IL 417 0.50 56
surfactant advantages: promoting the uniform distribution of the synthesis atmosphere makes the obtained PTEB-F-5" 1027 0.96 S1
assistance gels more uniform, reducing the polymerization degree of the polymers to improve their pore  gpicop 57
structure; deficiencies: increased synthetic conditions; surfactant consumption .
An-CPOP-2 1130 1.02 58
CMP-TST 432.3 59
controllable advantages: synthetic diversity; adjustable physical and chemical properties of the obtained ZnTEPP 906.4 0.43 29
interweave materials; deficiencies: unmanageable reaction conditions MP-0.8 463 0.17 60
MPN 1800 1.60 61
PTEPE-TBPE 1083 1.51 62
CMP-BT 217.9 0.71 63
CMP-F 316.8 64
bottom-up advantage: simple synthesis process; porous structure of the carrier is retained and the hierarchical HCMP-1 9SS 33
processing porous structure is easily formed; deficiencies: poor application stability of the obtained material popp.o 928 33
PVASi@ 447 43
TEDB-NH,
CMP-H 340 0.23 52
PUS-MOP-A 306 53

“Approximately 34 cm® g”! vs 0.15-2.81 cm® g~' from micro- and mesoporous conjugated polymers. "With an initial fluorosurfactant
concentration of 5 mg mL7% 9,10-Bis(diphenylmethylene)-9,10-dihydroanthracene as the building unit with 2,4,6-trichloro-1,3,5-triazine as
external cross-linkers; PTEB, poly(1,3,5-triethynylbenzene); TPM, tetrakis(4-ethynylphenyl)methane; BD, butadiynylene; RGO, reduced graphene
oxide; P3HT, poly(3-hexylthiophene); PDVB, polydivinylbenzene; IL, ionic liquid; SMCP, sulfonated microporous conjugated polymer; TST,
tristyryl-s-triazine unit; ZnTEPP, polymeric $,10,15,20-tetra(4-ethynylphenyl)porphyrin-Zn(II)); MP-0.8, which was synthesized using a 0.8:1
molar ratio of bis(bromothiophene) monomer to 1,3,5-triethynylbenzene; MPN, microporous polymer network; TEPE, 1,1,2,2-tetrakis(4-
ethynylphenyl)ethene; TBPE, 1,1,2,2-tetrakis(4-bromophenyl)ethene; CMP-BT, benzothiadiazole-based conjugated microporous polymer; CMP-
F, fluorine-containing conjugated microporous polymers; PVASi@ TEDB-NH,, the compressible MOP composite produced by 2,5dibromoaniline
and 1,3,5-triethynylbenzene in a dispersion of homogenized PVASi nanofibers; CMP-H, nanotube-like CMP by one-step chemical synthesis via
cross-coupling of 1,4-diethynylbenzene and 2,4,6-tribromophenol; PUS-MOP-A, which was prepared by carrying out Sonogashira—Hagihara
coupling reaction of 1,3,5-triethynyl benzene, 1.4-diiodobenzene, and 2,5-diiodobenzoic acid in a polyurethane sponge.

39703 https://doi.org/10.1021/acsami.2c10088
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Figure 3. Supercritical drying technology for conjugated microporous polymer aerogels. (a) Schematic demonstration of the synthetic route toward
the PTEB aerogel via Glaser coupling reactions and a following freeze-drying process. (b) Schematic illustration of the structure and preparation
procedures of supercritical drying, and (c) demonstration of monolithic and porous PTEB aerogels acquired from corresponding organogels via
freeze-drying, which differs from traditional vacuum drying in avoiding directly crossing the gas—liquid phase line. (d) SEM images and TEM
images of the aerogel obtained from freeze-drying. Reproduced with permission from ref 34. Copyright 2014 Wiley—VCH.

up-to-date applications of these common CMP materials. To
accelerate the development of CMPs in the field of clean
energy, we comprehensively reviewed the latest progress of
CMPs in the field of clean energy,'® including hydrogen
storage, carbon dioxide capture, metal-ion rechargeable
batteries, supercapacitors, fuel cells, and photovoltaic cells,
presenting the assembly principles and methods of CMP-
nanoparticles (NPs), nanotubes (NTs), and thin films, also
introduced the computer simulation methods for predicting
and guiding the synthesis and application of CMPs.

With the development of science and technology, process-
able gels and monoliths are expected to flourish.”> CMPs as a
design platform, the rigid supercrosslinking properties can be
introduced into the traditional gel and monolith frameworks,
and the microstructure and macroscopic structure of the
networks can be fundamentally controlled by adjusting the

reaction conditions and the ratio of reaction monomers.’’ The
field of research is still in its infancy, so this review aims to
provide a comprehensive and solid introduction to the
development of CMP gels and monoliths, including the latest
breakthroughs and their impact on the wider scientific
community, which will give individuals a quick understanding
of this field and make joint efforts to promote the development
of this field. In this review, we summarize the up-to-date
progress in the construction of CMP gelatinous and monolithic
structures, illuminating the feasible formation mechanisms as
well as the unique properties of CMP gels and monoliths
(Figure 2). We then describe the widespread applications of
CMP gels and monoliths including biomedical, flame-retardant
insulation materials, heterogeneous catalysis, carbon dioxide
fixation, water purification, and sensors. Finally, we address the
open issues in this field and present future perspectives. We
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Figure 4. Illustration of synthetic strategy for homogeneous CMP aerogels by a fluorosurfactant-assisted Glaser coupling reaction. (a) Molecular
structure and the functions of the employed fluorosurfactant. (b) Reaction conditions of the Glaser coupling reaction (Hay’s condition). (c, d)
Schematic diagrams of the gelation mechanism for PTEB gels without and with fluorosurfactants, respectively. (e) PTEB wet gel with different
initial fluorosurfactant concentrations (three samples on the left) and with 10 mg mL™' CTAB. The white dashed line indicates the interface
between the top dark gel layer and the bottom light gel. (f) Corresponding aerogels after freeze-drying. (g) In situ ratio of bottom-to-top dissolved
oxygen (DO) variation with time evolution. Reproduced with permission from ref 51. Copyright 2015 Wiley—VCH.

hope that this review will inspire researchers in the materials
fields to come up with innovative ideas for new materials and
applications based on processable CMP gels and monoliths.

2. CONSTRUCTION PRINCIPLES AND METHODS

Processable CMP gels and monoliths provide a platform to
independently control the macroscopic shape and chemical
composition of CMP materials, which has the potential to extend
the properties and applications of CMPs. This section introduces the
required knowledge in the construction of CMP gels and monoliths,
including freeze-drying synthesis of CMP aerogels,”* assisted synthesis
of CMP wet gels,51 the manufacture of the CMP-treated foams and
sponges, etc.””*>*? The main construction methods are summarized
in Table 1. Conceptually, these methods can be extended to existing
CMPs to form processable CMP gels or monoliths. There is still a lot
of clarification to be made around the basic requirements for CMP gel
and monolith formation. Generally, the CMP monoliths are
composed of processable matrix monoliths and CMP fillers. The

CMP gels are three-dimensional (3D) bulk materials consisting only
of cross-linked nanoscale CMPs, which are a branch of amorphous
CMPs.

2.1. Supercritical Drying. Supercritical drying technology can
improve the pore structure of polymer gels and monoliths.”> Among
them, the freeze-drying process dries the samples by solvent
sublimation.”® The polymer was synthesized by Glaser coupling
reactions and then used the freeze-drying process to form an aerogel
with abundant porosity (Figure 3a). Compared to homogeneous
coupling reactions that require inert gas protection,”’~"° this strategy
can be carried out under mild conditions and atmospheric
connectivity. On this basis, this method has certain economic
advantages. Noteworthily, the atmospheric air plays a critical role in
the formation of CMP gel. Therefore, the external atmospheric
environment needs to be kept stable during the reaction process to
facilitate the uniform formation of the CMP gel.

Theoretically, the freeze-drying procedure does not damage the
properties of the material itself.>*°® In the drying procedure, because
the solvent sublimation process bypasses the gas—liquidus (Figure 3b,

https://doi.org/10.1021/acsami.2c10088
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Figure 5. Adjust the monomer concentration, reaction temperature, and solvent type to prepare the CMP xerogels with adjustable microporosity.
(a) Controllable interweave processing for the CMP xerogels (b). Corresponding SEM images of fibrous ZnP framework xerogel and CMP-
interwoven interpenetrating xerogels. The insets show (A) the THF solution of reaction mixtures and (B) the ZnP organogel after the alkyne
homocoupling reaction, respectively. Reproduced with permission from ref 29. Copyright 2014 American Chemical Society.

c),** the dramatic change in polymer surface tension is avoided. Thus,
the size shrinkage and internal structure collapse caused by the
aggregation of polymers is effectively inhibited. Finally, polymer gels
and monoliths with hierarchical porous structures are obtained
(Figure 3d, including micro/nanopores and interconnected macro-
pores). This strategy could provide an unparalleled opening for the
development of CMPs to improve the properties from powdery to a
processable phase.

2.2. Surfactant Assistance. For surfactant assistance, the
introduction of surfactant mainly has the following functions:***"**
The surfactant adsorbs at the gas—liquid interface and can prevent
oxygen from entering the solution from the air during the
polymerization process, ensuring uniform dissolved oxygen in the
solution and making the synthetic polymer gel more uniform. The
surfactant can coordinate with the catalysts to reduce the degree of
polymerization and eventually change the pore structure; the
functional group chains of the surfactant can also increase the
hydrophobicity of the resulting polymer gel. For instance, the
fluorosurfactant is introduced into the Glaser coupled reaction system
to synthesize the CMP wet gel in an O, atmosphere (Figure 4a, b).>!
The existence of fluorosurfactant is beneficial to the uniform
distribution of dissolved oxygen (Figure 4g), and the latter is vital
to obtaining a uniform gel.

The interfacial reaction at the gas—water interface rapidly forms a
dense gel layer due to the abundant dissolved oxygen, which may
hinder the subsequent oxygen penetration and uniform distribution,
leading to an inhomogeneous gel or even no formation (Figure 4c). In
contrast, when fluorosurfactants are present, the gas—water interface
is isolated by the surfactant/catalyst ligands to prevent the reaction
system with uniform dissolved oxygen distribution from being
disturbed by air, thus forming a homogeneous gel (Figure 4d).

Meanwhile, the content of the surfactant influences gels formation. To
illustrate, a sufficient fluorosurfactant is more conducive to capturing
catalyst to obtain a more uniform gel by reducing the degree of
polymerization (Figure 4e, f).

2.3. Controllable Interweave Methods. Controllable inter-
weave methods to construct processable pure CMP gels include
adjusting the monomer type and the molar ratio as well as reaction
conditions such as the reaction temperature and the solvent. In 2016,
Li’s research group controlled the formation of a CMP aerogel by
adjusting the ratio of alkynyl and bromine functional groups in the
monomers.*” When the ratio is 1.5:1, the microstructure of the
polymer is mainly composed of many nanospheres and a small
number of nanotubes. When the ratio is 3:1, the opposite situation
occurs. When the ratio is increased to 5:1, the CMP is composed of
pure nanotube structures and forms a tight gel structure. Finally, when
the monomer ratio is further increased to 9:1, the CMP is composed
of amorphous nanoparticles.

Appropriate reaction conditions can promote the monomer and
catalyst to form a homogeneous solution phase, while the adjustment
of the monomer can accelerate the transition of the solution phase to
the gel phase, both of which lead to controllable interweaving to form
a porous gel morphology.”””"”* As shown in Figure 5a, the sequential
interpenetrating CMP xerogel network was synthesized by changing
the poly(aryleneethynylene) (PAE) and Zn"-porphyrin-based (ZnP)
network content as well as the reaction temperature and the solvent
type. Increasing the temperature can accelerate the gelation of the
PAE network, during which temperature-controlled sequential
polymerization is used to further form the CMP woven inter-
penetrating network organogels. First, the ZnTEPP monomer and
TEB were polymerized at 25 °C for 24 h under the action of a catalyst
to form a ZnP-based CMP network. The reaction was then heated to
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Figure 6. Superhydrophobic conjugated microporous polymer treated sponge. From left to right are simulation structure, SEM image, and TEM
image of the HCMP-1 (top), as well as the measurement of contact angle with water and with diesel oil for the HCMP-1, camera image of the
HCMP-1 treated sponge, and optical microscopy image of the HCMP-1 treated sponge (below). Reproduced with permission from ref 33.

Copyright 2011 Royal Society of Chemistry.

60 °C, and the immobilized TEB monomer was polymerized in ZnP-
based CMP organogels to form double CMP interpenetrating
networks, thus forming completely rigid dual-CMP-knitting xerogels.

Many common organic solvents are suitable for the internal
interweaving of CMP gels, such as tetrahydrofuran, dimethylforma-
mide, acetone, dioxane, toluene, and dimethyl sulfoxide.”” The CMP
xerogels present an interwoven fibrous network of microstructures
(Figure Sb) after removing the organic solvent. Meanwhile, the pore
properties of CMP xerogels can be effectively adjusted by adjusting
the ratio of PAE and ZnP (Figure Sb). This provides a feasible
strategy for bridging the difference in the specific surface area and the
pore size distribution between the amorphous porous polymer and
crystalline ordered porous material such as MOFs and COFs.
Furthermore, bearing in mind the flexibility and controllability of the
interweaving process and the inherent extended 7-conjugate network,
the processable CMP gels present broader future applications than
powdery CMPs as well as ordinary MOFs and COFs.

Given the future applications, the CMP gels synthesized by the
controllable interweave also show enhanced mechanical robustness
for further processing.’**® For instance, the compressible CMP gel
was prepared using a conventional Sonogashira—Hagihara reaction of
1,3,5-triethynylbenzene (TEB) and the bis(bromothiophene) mono-
mer (PBT-Br) and by adjusting the ratio of the two monomers,
which has strong mechanical strength and remains essentially
unchanged after 10 cycles of repeated stress loading and unloading.
Furthermore, to meet the diversity of application needs, different
shapes of ultralightweight CMP gels can be constructed,®® such as
rod, line, or cylinder, which provides a feasible strategy for
processable, mechanical robustness, and flexible CMP gels with
special applications.

The electrospinning is used later to construct CMP gels, which is a
viable and universal technique for preparing nanofibers. The method
is cost-effective and scalable and is commonly used to construct
nanofiber materials consisting of interpenetrating macropores, fully
connected hollow structures, and densely distributed micropore
networks.””’* CMP materials synthesized by this method have
microscopic nanofiber structures, and the overall material usually has

high flexibility and a high surface area to volume ratio,’" ~** which is
conducive to the preparation of wearable soft electronic devices
including chemical sensors and filtration membranes.

In 2015, Yuan et al. synthesized CMP composite materials by the
electrospinning method and used them to prepare light-emitting
nanofiber films with high flexibility."> Based on the high chemical
sensitivity of the CMP material itself, this nanofiber film containing
CMP components has been used as a sensitive environmental
monitoring sensor.”” Furthermore, compared to porous carbon
without graphene templates,” the carbon nanomaterials obtained
from the pyrolysis of the CMP material exhibit an increased electrical
capacity. In addition, Jing et al. recently prepared CMP comgosite
nanomaterials using polyimide as a matrix by electrospinning.** The
assembled CMP-based filtration membrane has high application
potential in emulsion separation and shows high oil/water separation
performance.

2.4. Bottom-up Processing. The bottom-up processing for the
construction of CMP monoliths usually involves the following steps:
A foam with rich pore and elastic properties is first immersed into the
synthetic precursors of CMP, then make the foam or sponge in the
soaking and reaction by CMP networks securely wrapped and
penetration, the final cleaning and drying product. In 2011, Li’s group
prepared CMP sponge composites using commercial polyurethane
sponges physically adsorbing the self-assembling HCMPs (homocou-
pling polymerization of 1,3,5-triethynylbenzene and/or 1,4-dieth-
ynylbenzene).*> The CMP sponges have superhydrophobic/oil-wet
properties due to the use of monomers with corresponding properties
as well as retaining the interpenetrating pore of the original sponge
(Figure 6). This opens the door to a new world of processable CMP
monoliths.

Subsequently, Tan’s group prepared the CMP-treated foams using
a commercial polyurethane sponge as the carrier by in situ
Sonogashira—HaS%ihara reaction of 1,4-diethynylbenzene with 2,4,6-
tribromophenol.”” As well as Chang et al. prepared a compressible
CMP sponge composite (PUS-MOP-A) by in situ polymerization of
carboxyl-containing 2,5-diiodobenzoic acid, 1,3,5-triethynyl benzene,
and 1,4-diiodobenzene on a block and compressible polyurethane
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Figure 7. Compressible conjugated microporous polymer treated foam. (a) Sequential images of PUS-MOP-A in as-prepared, compressed, and
released states. Reproduced with permission from ref 53. Copyright 2017 Elsevier. (b) Synthesis of PVASi@ TEDB-NH, and PVASi@TEDB. SEM
images of PVASi (c) before and (d) after homogenization. Reproduced with permission from ref 43. Copyright 2016 Elsevier.

sponge (Figure 7a).>® The porous composites were transformed from
superhydrophobic to superhydrophilic by KOH treatment,> which
could provide more accessible catalytic active sites for photocatalysis.
Furthermore, Chang et al. used the PVA-silica nanofiber (PVASi)
obtained from poly(vinyl alcohol) (PVA) and tetraethyl orthosilicate
(TEOS) as a substrate to prepare a compressible CMP-based foam
with core—shell structure by an in situ Sonogashira—Hagihara
reaction of 2,5-dibromoaniline with 1,3,5-triethynylbenzene (Figure
7b).** This compressible property could be attributed to the retention
of the cross-linked structure (Figure 7c, d) of the original foam by the
CMP-based foam.

In conclusion, the infiltration property of the carrier material
should be considered in the bottom-up processing. The carrier does
not affect the chemical properties and adsorption properties of CMP
composite monoliths. Due to the combination of porous carrier and
CMP material by purely physical interaction, this composite material
has poor application stability under harsh conditions. Therefore, the
researchers developed in situ polymerization and interweave strategies
for the synthesis of pure CMP gels and monoliths. In the process of
interweaving, attention should be paid to the effects of monomer type
and proportion as well as reaction conditions on gel formation.
Finally, to eliminate the influence of polymer surface tension and
promote uniform gel synthesis, supercritical drying technology, and
surfactant-assisted method are used.

3. BASIC AND ENHANCED PROPERTIES

3.1. Basic Concept. Compared with CMP powders, the
reported CMP gels and monoliths demonstrate outstanding
ductility, as well as structural and chemical properties, which
facilitate their further application. CMP monoliths usually
inherit the outstanding processability and elasticity of matrix
materials and have a bright application prospect in the fields of
adsorption and catalysis.”******* CMP gels are synthesized
from pure CMP by adjusting the reactive monomer and

reaction conditions, which are new gels with both CMPs and
bulk characteristics.

Among them, CMP hydrogels have 3D conjugated networks
composed of cross-linked hydrophilic polymers and biopol-
ymers or nanofibers,”*””” which have a wide range of
applications in biomedical applications including drug delivery,
tissue engineering, and wound healing. Aerogels are 3D porous
solid networks that can be transformed from hydrogels,”®””
and the conversion process usually requires a special drying
process to ensure that the microstructure and macroscopic size
of the aerogel remain stable before and after drying.

In 2014, the concept of “CMP aerogel” was proposed for the
first time.”* The CMP aerogels have higher porosity and
remarkable adsorption performance than most CMP-based
materials developed at present.””" The emergence marks a
step forward in the field of synthesis and engineering
applications of CMP materials. Processing CMPs into arbitrary
shapes and structures has the potential to bring interesting
properties to them. Compared with common powdered CMPs
or other gels and monoliths, processable CMP gels, and
monoliths have enhanced properties such as hierarchical
porous structure, mechanical robustness, and thermostability.
Especially, the z-conjugation effect of conjugated groups in
CMP gel is different from ordinary polymer gel. For these
highly conjugated porous gel networks, the z-conjugation
effect on the backbone of polymerization coupled with mass
transfer in porous systems leads to many unique properties,
including fast electron transport and highly efficient matter
exchange, which promotes their applications in energy
sto1ra~ge,45‘80’81 light-energy conversion,””** and electrochemi-
luminescence.*”

3.2. Hierarchical Porous Materials. Compared with
conventional porous materials, CMPs usually have larger
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Figure 8. Functionalized hierarchical porous conjugated microporous polymer monoliths. (a) Illustration of the synthetic route for functionalized
hierarchical porous polymeric monolith and metal loading. (b) Optical images of monoliths before (upper, white) and after (lower, light brown)
hyper-cross-linking with different 4VP content of (A) S, (B) 10, and (C) 15%. (c) N, sorption isotherms and (d) pore size distribution of HCP-F-
monolith-X (X means 4VP content). Reproduced with permission from ref 88. Copyright 2020 Elsevier.

specific surface areas and more microporous struc-
tures.”>*>*>% Meanwhile, functionalized hierarchical porous
CMP gels and monoliths can be obtained by flexible
adjustment of synthesis method and/or comonomer, which
have enhanced mass transferability than powdered CMP
materials because the issue of diffusion inhibition caused by
a single microporosity is solved."”*”*® As shown in Figure 8a,
the macroporous precursor was prepared by copolymerization
using 4-vinylpyridine (4VP), styrene (ST), and divinylbenzene
(DVB) as raw materials, as well as then formed nanopores in
the macroporous matrix through dimethoxymethane/form-
aldehyde dimethyl acetal (FDA) cross-linking reaction, thus
build the hierarchical porous structure composed of connected
macropores and plentiful micropores.

The interconnected macropores morphology (Figure 8a;
SEM image) remains stable during the cross-linking process
and after metal loading. The hierarchical porous CMP
materials (Figure 8b) appear light brown and increase in size
after hyper-cross-linking with 4VP. The N, adsorption
isotherm and pore size distribution curve can reveal the pore
structure in more detail (Figure 8¢, d). The pore structure and
specific surface area of the polymer can be easily adjusted by
changing the monomer ratio. For example, the highest BET-
specific surface area of the network can reach 528 m* g”' by
adjusting the dosage of 4-VP.*® Furthermore, with the increase
in the 4-VP group, the surface area decreases while the
macropores still exist,”® which may be because the increase in
the pyridine group increases the hydrophilicity, resulting in the
instability of the emulsion interface during the synthesis
process and thus loss of the micropores. Processable CMPs
with hierarchical porous catalysts or catalyst support are
expected in the heterogeneous catalysis.

3.3. Mechanical Robustness. Mechanical robustness is
critical to the industrial service life of the CMP monolithic
nanofoams (CMP-MNs), usually in terms of the ability to
remain stable under various stresses (Figure 9a).>® Due to the
permeable and cross-linked elastic open networks and the
unique microstructure (Figure 9b), the mechanical robustness

of the CMP monolithic nanofoams is superior to ordinary
polymer gels*”**?® and graphene-based aerogels,””” as well as
comparable to aerogels based on carbon nanotube.””*

The uniaxial and biaxial compression (Figure 9¢, d) can
demonstrate that the prepared CMP monolithic nanofoams
have robust mechanical compression cycle properties. Due to
the partial structural destruction and energy dissipation of the
CMP monolithic nanofoam,*® a clear hysteresis can be
observed in the first compression cycle. However, no palpable
hysteresis can be observed in the subsequent continuous
compression cycle tests, indicating that the structure of the
CMP monolithic nanofoam is stable after the first compression
cycle. The mechanical robustness provides exhilarating
processability and scalability for the porous polymer to
promote further industrial application.

3.4. Thermostability. The CMPs are usually formed by
cross-coupling, so the synthesized products have enhanced
thermostability, despite the mild synthesis temperature.4’33
The porous rigid structure of the CMPs restricts the
convection of hot air, thus forming a barrier that prevents
the transfer of oxygen and heat to keep the structure stable at
high temperatures. For instance, the benzotriazole-based CMP
(ZCMP-1) was prepared by cross-coupling polymerization
with an ethynyl to bromo functional group ratio of 1:1 using
toluene as solvent at 70 °C (Figure 10a), showing enhanced
thermal stability at about 400 °C with a lowest peak heat
release rate (pHRR) of 9.9 W g™' and a lowest thermal
conductivity of 0.03 W m™ k™1.%*

Meanwhile, thermogravimetry analysis (TGA) (Figure 10b)
showed that the increase in nitrogen-containing groups in the
ZCMP networks could further increase thermal stability.
Interestingly, processable gels based on the prepared ZCMPs
are more conducive to shaping and application (Figure 10c).
In addition, the ZCMPs reveal a rough surface in the
microscopic state (Figure 10d), which can form an expansion
layer at high temperatures to effectively protect the internal
main material.*® Based on the advantages, the CMPs could
have a promising future in the field of green building materials.
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Figure 9. Monolithic nanofoams based on conjugated microporous polymer nanotubes with ultrahigh mechanical robustness. (a) Compression
diagram of CMP-MN:ss. (b) Molecular network, SEM images, and TEM images of the CMP-MNss. (c) Compressive stress—strain curves of CMPs-
MNT1 for the first to the tenth test cycle. (d) Compressive stress—strain curves of CMPs-MN2 for the first to the tenth test cycle. The inset shows
camera photos of CMPs-MN1 and CMPs-MN2 under 500 g weight, respectively. Reproduced with permission from ref 36. Copyright 2018 Royal

Society of Chemistry, .

3.5. Photoluminescence. Photoluminescence is of great
significance for the applications of materials in the fields of
optics, biomedicine, and environmental monitoring. Compared
with insoluble powdered CMPs,”>~"” the processable CMP-
based materials have enhanced quantum yield and photo-
luminescence properties.”””® For instance, the processable
photoluminescent CMP (TBDC-BZ) synthesized by tetrakis-
(4-bromophenyl)-S,5-dioctyl cyclopentadiene (TBDC) with
benzothiadiazole (BZ) (Figure 1la), which shows strong
yellow fluorescence with a highly polar excited state in
tetrahydrofuran.45 Suitable dyes, such as S-octyl-1,2,3,4,5-
pentaphenyl-1,2-cyclopentadiene (OPCP) and perylene red
(PR), are subsequently encapsulated into the TBDC-BZ matrix
to form solutions, nanoparticles, gels, and films.

The spectral characteristics (Figure 11b) and the Commis-
sion Internationale de I'Eclairage (CIE) coordinates (Figure
11c) further indicate the high-quality white light emission for
the processable CMP-based materials. Meanwhile, the time-
resolved emission (TRES) spectra (Figure 11d) indicate the
change of excitation state with delay time, which elaborate the
energy transfer phenomenon between OPCP and TBDC-BZ
matrix and between OPCP and PR. Interestingly, the
processable CMP can be stripped to prepare transparent

films, which show intense light-induced white light emission
(Figure 1le), and have promising applications in optics and
biomedical and environmental monitoring.

3.6. Self-Healing. Not all polymer gel systems possess self-
healing properties because in many cases the valence bond
interactions on the backbone of the polymerization are
irreversible.””'” When the gel is physically damaged, the
damaged surface is unable to recombine at the molecular scale
under environmental conditions. In this regard, Belali et al.
designed and synthesized the CMP-based chitosan hydrogel
(CS/NH,-TPP) by Schiff-base reaction using tetrakis(4-
aminophenyl)porphyrin (NH,-TPP) and 2,4,6-tris(p-formyl
phenoxy)-1,3,5-triazine (TRIPOD) as monomers and chitosan
as a cross-linking agent (Figure 12a)."”" Due to the dynamic
imine bonds at the molecular level, the CS/NH,-TPP hydrogel
can self-healing without additional stimulation in the environ-
ment. It is noteworthy that the storage/loss modulus ratio of
the CS/NH,-TPP hydrogel decreases significantly at acidic pH
(Figure 12b), which is due to the instability of imine bonds
under acidic conditions.

The CS/NH,-TPP hydrogel has a cross-linked microporous
structure with a diameter of 20—30 ym and a pore wall
thickness of 200—400 nm, which is stable at a stress of about
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Figure 10. Benzotriazole-based conjugated microporous polymer gels with enhanced thermal insulation properties. (a) Synthesis of the ZCMPs.
(b) TGA curves of ZCMPs under nitrogen and air. (c) Digital photograph of ZCMPs/EP composites. (d) SEM images and higher magnification
images of ZCMP-1 (1,3,5-triethynylbenzene as the monomer) and ZCMP-2 (1,4-diethynylbenzene as the monomer). Scale bar: 1 gm, 100 nm.
Reproduced with permission from ref 38. Copyright 2018 Royal Society of Chemistry.

100% (Figure 12c). In addition, the strain measurements
(Figure 12d) and the rheological analysis (Figure 12e) showed
that the CS/NH,-TPP hydrogel could recover its original
properties after dissociation.

Further, light microscope images (Figure 12f) proved the
self-healing ability of micropores of the CS/NH,-TPP
hydrogel. When the hydrogel was cut into two pieces and
then put together, the slits healed gradually over time, and the
width of the slits decreased significantly after 15 min and
healed completely after 30 min. For the macro level, when the
hydrogel disk was drilled with a large hole (the diameter is
one-third of the diameter of the disk), the pores completely
disappeared and took on the appearance of the initial hydrogel
disk after 30 min without external stimulation (Figure 12g).
Through controlled experiments (Figure 12h), it can be
observed that CS/NH,-TPP self-healing hydrogels have better
self-healing performance than normal hydrogels.

For application, The CS/NH,-TPP hydrogel modified with
folic acid (FA) can be used as a pH-sensitive, injectable,
targeted drug delivery system.'’" If the strength and function
of the CMP hydrogel are further enhanced and can be molded
into any shape, it will be possible to form a gel with a more
complex state for practical applications.

4. EXTENSIVE APPLICATION PROSPECT

This section mainly introduces the application prospect of
CMP gels and monoliths, including drug delivery and wound
healing, flame retardant and insulation, heterogeneous
catalysis, clean water supply, gas storage, and sensors. As an
illustration of this, some CMP gels are conjugated with
components with specific biological functions to form hydrogel
networks, which can effectively control their degradation rate
and immune irritation in vivo.”””'®" Meanwhile, a CMP-based
hydrogel nanofiber membrane synthesized by electrospinning
can selectively kill pathogens under visible light while

providing sustained protection to the wound.”® As typical
catalysts, CMP gels and monoliths with adjustable pore shape
and size §reatly facilitate the transport of matrix and catalytic
products.””**'"> Furthermore, compared with CMP powders,
CMP gels and monoliths have better recyclability and
portability, improving their application value in the field of
flame retardant, gas adsorption, and sensing.

4.1. Drug Delivery and Wound Healing. With the
CMPs as a platform, the conjugated cross-linking of porphyrins
into the CMP hydrogel network is an effective strategy to solve
the two major challenges faced by porphyrins in the field of
biomedical science, the lack of biocompatibility and cell
selectivity. Belali et al. obtained a pH-sensitive and cancer-
targeting photosensitizer carrier (CS/NH,-TPP/FA) by
conjugating cross-linking porphyrin groups into the CMP
hydrogel network through a Schiff-base reaction and then
surface modification with FA.'”" The microporous cross-linked
structure can reduce the accumulation of porphyrin in the
biological environment. The properties of hydrogels increase
the biocompatibility of porphyrin-based drug, . and the
conjugated cross-linked structure provides a more stable
chemical structure to prevent the leaching of porphyrins in
biological circulatory systems.

The microporous structure of CS/NH,-TPP/FA effectively
prevents the aggregation of porphyrin units and promotes
energy transfer to improve the release of singlet oxygen.
Compared with porphyrin alone (0.5), the CS/NH,-TPP/FA
showed a higher singlet oxygen quantum yield (0.64).""!
Meanwhile, the CS/NH,-TPP/FA hydrogel with high bio-
logical compatibility and stability in biological circulatory
systems showed high stability in biological medium (pH 7.4)
and could release porphyrin-based photosensitizer rapidly and
in large quantities in the physiological acidic condition (pH
5)."%" This is beneficial, as the CMP hydrogel provides a
teasible way for building smart drug delivery hydrogel systems
to advance anticancer technologies in a safer direction.
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Figure 11. Processable conjugated porous organic polymer with efficient white light emission. (a) Schematic illustration depicting the versatile use
of a strongly fluorescent and soluble TPDC—BZ for efficient white light emission. (b) Spectral characteristics of the WLE nanoparticle dispersion:
(i) absorption and (ii) emission (4., = 340 nm) spectra. Inset: photograph of WLE nanoparticles under irradiation at 365 nm. (c) Chromaticity
diagram (CIE 1931) of the nanoparticles (x = 0.29, y = 0.32). (d) Time-resolved emission (TRES) spectra of an aqueous dispersion of
nanoparticles with the wavelength range from 400 to 650 nm and delay time from 54 ps to 7.8 ns. (e) Photographs of (i) a transparent gel coated
on a quartz plate and (ii) a free-standing thin film in daylight. (iii) Gel-coated quartz plate and (iv) thin-film exhibiting white light emission under
UV light. Reproduced with permission from ref 45. Copyright 2017 Royal Society of Chemistry.

Modeled on human cells, FA-functionalized CMP hydrogels
have excellent selectivity to kill cancer cells, with little damage
to normal cells, due to the presence of FA contributing to
recognizing cancer cells.””'*" In 2020, Razzaque et al. reported
the high biocompatibility of FA-functionalized hyper-cross-
linked microporous organic polyethylene capsules (HMOCs-
FA), which can recognize cancer cells and deliver anticancer
drugs.”” Pyrene units are added to the capsules to further
enhance the fluorescent imaging, the pyrene-added HMOCs-
FA aliased as Py-HMOCs-FA. As shown in Figure 13, the
contrast agent (DAPI) used to locate the nucleus appears blue,
while doxorubicin (DOX) emits red fluorescence. Compared
with free DOX and DOX-loaded Py-HMOC (Py-HMOC/
DOX), the DOX-loaded Py-HMOC-FA (Py-HMOC-FA/
DOX) can transport DOX around the cancer cell nucleus
more stably and accurately and release. This further confirms
that the CMP hydrogel is a robust platform for the effective
and selective delivery of anticancer drugs to cancerous tissues.

In addition, to replace traditional antibacterial wound
dressings, Landfester et al. prepared a CMP-based hydrogel
nanofibrous membrane for photocatalytic sterilization that
provides continuous protection for a wound surface under
visible light.”® Preparation of the photoactive CMP-based

wound dressings (Figure 14a) includes the first preparation of
the photoactive benzo[c]-1,2,5-oxadiazole-based CMP nano-
particles (TBO NPs) by polymerization in microemulsion and
then embedding TBO NPs into poly(vinyl alcohol) (PVA)
hydrogel nanofibers via colloidal electrospinning. The CMP-
based nanofibrous membrane (PVA-TBO nanofibrous mem-
brane) has a highly cross-linked structure that prevents
embedded TBO NPs from leaking into the wound, as well as
outstanding mechanical robustness that prevents the nano-
fibrous membrane from being damaged during use.

For the Escherichia coli (E. coli) K-12 and Bacillus subtilis (B.
subtilis) model system, the PVA-TBO nanofibrous membrane
has outstanding disinfection performance under visible light.
The PVA-TBO nanofibrous membrane could inactivate 100%
B. subtilis and E. coli K-12 under visible light irradiation after 60
and 120 min of irradiation, respectively (Figure 14b), while
pure PVA nanofibrous membrane cannot inactivate bacteria
under light and PVA-TBO nanofibrous membrane cannot
inactivate bacteria under dark conditions. The nanofibrous
membrane allows for the insertion of other functional agents
and growth factors, and the CMPs have functional adjustment
properties, which together provide a powerful platform for the
manufacture of multifunctional wound dressings. Furthermore,
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Figure 12. Conjugated microporous polymer-based chitosan hydrogel with self-healing property. (a) Chemical structures of preparation of CS/
NH,-TPP hydrogel. (b) Storage modulus (G’) and loss modulus (G’’) of CS/NH2-TPP hydrogel as functions of frequency at different pH values
(hydrogels were immersed in buffers pH 7.4, 6.8, and 5.0 for 1S h before tests). (c) Damage-healing property of hydrogel demonstrated by the
continuous step strain (1% strain — 300% strain — 1% strain — 600% strain — 1% strain) measurements. (d) G’ and G’ of the hydrogel from
strain amplitude sweep (4 = 1—1000%) at a fixed angular frequency (0.1 rad/s) and (e) G’ and G”' of original and self-healed hydrogel. (f)
Microscopic self-healing property of CS/NH,-TPP hydrogel at neutral pH. (g) Macroscopic self-healing property of CS/NH,-TPP hydrogel at 0—
30 min. (h) Self-healing process after injection (dark purple, self-healing hydrogel; pink, gelatin hydrogel). Reproduced with permission from ref
101. Copyright 2018 Elsevier.

Figure 13. Functionalized hollow hyper-cross-linked microporous organic polyethylene capsules for doxorubicin delivery to cancer cells. Confocal
microscopy images of DOX delivery to MCF-7 cell lines and MDA-MB-231 cell lines at different times by Py-HMOCs-DOX, Py-HMOCs-FA-
DOX, and Py-HMOCs-FA-DOX + Free FA (scale bar = 200 nm). Reproduced with permission from ref 77. Copyright 2020 Royal Society of
Chemistry.
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Figure 14. Conjugated microporous polymer gels as a platform for photocatalytic disinfection. (a) Schematic description of the fabrication process
of the visible-light-active nanofibrous membrane: Synthesis of TBOs by miniemulsion polymerization and fabrication of PVA—TBO nanofibers by
colloid electrospinning. (b) Photocatalytic inactivation of E. coli K-12 and B. subtilis in the presence of PVA and PVA—TBO membranes under dark
conditions and visible light irradiation, as well as photographs of E. coli K-12 and B. subtilis colonies on an agar plate. Reproduced with permission

from ref 76. Copyright 2018 Royal Society of Chemistry.

Figure 15. Conjugated microporous polymer monolithic nanofoams for flame retardant and insulation. (a) Schematic illustration of the flame-
retardant mechanism of ZCMPs, and a possible mechanism for decomposition of ZCMP-1 and ZCMP-2.. Reproduced with permission from ref 38.
Copyright 2018 Royal Society of Chemistry. (b) Thermographic images of FCMP-1 and FCMP-2. (c) Thermal conductivity values of powdery
FCMP-1 and FCMP-1 foam. Reproduced with permission from ref 103. Copyright 2018 Elsevier.

due to the limitations of the application conditions, the novel
light-active CMP-based nanofibrous membrane is effective
only for uncovered wound healing,

4.2. Flame Retardant and Insulation. The development
of multifunctional green materials with low thermal con-
ductivity and high flame-retardant performance is of great
significance to the development of modern energy-saving
buildings. With the advantages of high mechanical robustness,

processability, and thermal stability, CMP monoliths have
great potential to be used as new insulation materials in
modern building construction.”®'*>'** In 2018, Li’s group, as a
pioneer, used the Sonogashira—Hagihara coupling reaction to
reasonably design fluorine-rich CMP (FCMP) foams with heat
insulation and flame retardant properties.'”> Compared with
graphene oxide aerogel,105 FCMP foams have comparable
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Figure 16. Elastic metalloporphyrin-containing conjugated microporous polymer monolith for process intensified acyl transfer. (a) CMP-gel-
mediated composite strategy for the preparation of the CMP-covered foam composite; the synthetic procedure included mixing of the foam and
reaction solution, gelation, solvent removal, and adhesion of CMPs to the foam. (b) Photographs of the melamine foam (left) and as-synthesized
CMP foam composites (center). Representation of the acyl transfer reaction with a doubly bound intermediate in the micropore of ZnP-based
frameworks (right, filling the glass syringe). Reproduced with permission from ref 87. Copyright 2016 Wiley—VCH.

thermal conductivity (0.021 W m™" K™') and pHRR values
(104-112 W g™).

The insulation mechanism of the system is mainly that the
low density and thermal conductivity of CMP monoliths
hinder heat conduction, as well as the limitation of hot air
convection by micropores of CMP monoliths. Furthermore,
the flame-retardant effect can be enhanced by introducing
functional groups into CMP networks. Therefore, Li’s group
introduced the benzotriazole group into the CMP networks to
prepare new benzotriazole-based CMP (ZCMP) composite
monoliths that can produce a “green” gas (nitrogen) during
combustion to enhance flame retardancy.’® The flame
retardant mechanism of ZCMP composite monoliths is
shown in Figure 15a, where the surface of the CMP monoliths
is degraded into carbon material to form a protective layer
under high temperature; at the same time, nitrogen is
generated during the degradation process to block oxygen
and prevent the further destruction of ZCMP composite
monoliths.

A thermal imaging test (Figure 15b) shows the surface
temperature distribution of the FCMPs, which is often used to
characterize the radiation transfer of the materials. Compared
with FCMP-2 (1,4-diethynylbenzene as alkynyl monomer), the

light blue part of FCMP-1 (1,3,5-triethynylbenzene as alkynyl
monomer) in the thermal image test indicates that it has a
better thermal insulation effect. Meanwhile, the thermal
conductivity of FCMP-1 foam is lower than that of FCMP-1
powder (Figure 15c), so the FCMP-1 foam has better thermal
insulation performance than FCMP-1 powder. The processed
FCMP-1 foam has enhanced compression properties compared
to the powdered CMPs, making it easier to embed into the
wall as a flame-retardant material.

4.3. Heterogeneous Catalysis. Although CMPs have a
highly stable conjugated porous structure and high density and
accessible catalytic center,'*°~"' diffusion in the microporous
pores is easily inhibited in the presence of excessive reaction
substrates. The hierarchical porous CMP foams have micro-
porous pores and open channels, which can promote mass
transfer, strengthen the catalytic process, and achieve the
highest catalytic efficiency.””**'?> As shown in Figure 16a, the
CMP monolith is formed by using melamine foam as the
scaffold and a CMP organogel as the outer body, and the foam
skeleton remains open to maintain elasticity and large
channels. The hierarchical porous structure of the CMP-
mediated foam facilitates the diffusion of the substrate in
macropores and micropores, as well as is beneficial to the
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Figure 17. Butadiynylene-based conjugated porous polymer xerogels for CO, and CH, adsorption. (a) Synthetic routes for the four BD-CMPs,
BD: butadiynylene. (b) Volumetric CO, and CH, sorption analysis for the four BDCMPs at 273 K (adsorption, filled symbols; and desorption,
empty symbols). Reproduced with permission from ref 54. Copyright 2017 Royal Society of Chemistry and Chinese Chemical Society.

transfer of reaction products such as acyl groups (Figure 16b).
Compared with the CMP powder,” the CMP-mediated foam
has a higher product yield, although the specific surface area
decreased.”” This further indicates that both macroporous
channels and microporous structures can improve the reaction
rate.

From the practical effect, the loading efficiency of CMP solid
adsorption on the foam surface or void is lower than
expected.”” Meanwhile, to develop a new generation of
heterogeneous catalysts with good selectivity, high catalytic
activity, and recoverability, it is usually necessary to introduce
some special catalytic active sites. To illustrate, functionalized
CMP monoliths serve as platforms to support uniformly
dispersed noble metal nanoparticles with hierarchical porous
structures and coordination environments within the struc-
tures, and to control fine-sized metal nanoparticles with
adjustable functionalized monomers and appropriate reduction
methods. In 2020, Tan et al. prepared CMP monoliths with
different functions by changing the monomer ratio of 4-
vinylpyridine (4VP) and styrene (St).*® Due to the hierarchical
porous structure and coordination environment, the prepared
CMP monoliths provide abundant anchoring sites for metal
precursors. Then sodium borohydride (NaBH,) and the
thermal reduction method can be used to reduce the metal
precursors in the confined space to uniformly dispersed metal
nanoparticles with fine particle size or even metal single atoms.
For hydrogenation of 4-nitrophenol (4-NP), the CMP
monolithic catalysts exhibit outstanding catalytic performance
because of the hierarchical porous structure and abundant
catalytic activity active sites. Meanwhile, the CMP monolithic
catalysts have admirable catalytic stability. Among them, the
Au@HCP-F-monolith-15 (15 denotes 15% monomer content

of 4VP) can maintain high catalytic efficiency in five
consecutive cycles and maintain the fine size of the metal
catalytic center.

Introducing a sulfur site into the CMP foams, the structure
loaded with Ag and the Ag-supported CMP foam catalysts
could be obtained.”* However, the loading effect of CMPs only
changes its infiltration performance, which contributes little to
the ultimate adsorption performance of the composite.
Meanwhile, using the pure physical interaction composite in
a harsh environment for a long time is difficult, which limits
the further application of CMPs. In this regard, the
introduction of noble metal catalytic sites into CMP monoliths
through a polymerization reaction eliminates the noble metal
loading process and produces stable chemical anchoring.'*”
Due to the anchoring effect provided by the coordination
groups of the CMP monolith and the confining effect provided
by the micropores of the CMP monolith, fine and uniformly
dispersed noble metal catalytic active sites are formed in
molecular networks of the CMP monolith. The catalyst
showed good activity in the low-temperature catalytic 4-NP
reduction reaction and could keep the catalytic activity stable
in a continuous flow state.

4.4. Gas Storage and Conversion. The CMP gels are
one of the best organic porous polymers for gas storage due to
the large specific surface area and outstanding gas affinity. In
2017, Chen et al. reported a convenient and efficient method
(Figure 17a) for weaving a series of processable CMP xerogels
with adjustable structures and properties.”* All BD-CMPs
formed stable physical gels in situ and were freeze-dried into
xerogels. The BD-CMP xerogels have large specific surface
areas (up to 1008 m?* g™"), large total pore volumes (up to 1.11
cm® g™'), a hierarchical pore structure, and a fully extended 7-
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Figure 18. Conjugated microporous polymer gels derived hollow-carbon-nanotube aerogels for efficient solar steam generation. (a) UV—vis—NIR
absorption spectra of the CMPCAs. Inset is a schematic diagram of solar energy absorption. (b) Schematic of solar steam generation. (c) Camera
photos of steam generated under varied solar irradiation energy of 1-, 2-, and 3 kW m~2 (1—3 sun). (d) Evaporation rate (red, left-hand side axis)
and solar steam efficiency (blue, right-hand side axis) of CMPCA-1 and CMPCA-2 under different illuminations. Reproduced with permission from

ref 39. Copyright 2018 Wiley—VCH.

conjugate network. The CMP xerogels can be used for gas
adsorption applications, and the CO, absorption capacity and
CH, adsorption capacity are up to 3.78 and 0.95 mmol g/,
respectively (Figure 17b). In general, with the increase in
specific surface area, the amount of gas adsorption will also
increase. However, compared with the non-nitrogenous CMP,
the CMP with a nitrogenous skeleton has a higher gas affinity,
which can compensate for the small specific surface area. As a
illustration, although the specific surface area is smaller, TPA-
BD-CMP (Figure 17b, blue line) has a larger gas capacity than
TPB-BD-CMP (Figure 17b, red line).

The CMP gels not only have a hierarchical porous structure
to capture CO, but also provide catalytic active sites to convert
stored CO, into valuable chemicals to decrease CO, levels in
the atmosphere. For instance, Zhang et al. developed a series of
metalloporphyrin-based porous polymer gels (MTAPP-GO; M
= Zn, Co, Pd; GO = glyoxal) using the dynamic covalent
chemistry and postmodification strategies for the adsorption
and chemical conversion of CO,.""" The obtained reticular gels
have hierarchical porous structures, showing a strong affinity
for CO, and the ability to capture a large amount of CO,.
Meanwhile, the CMP gels also have catalytic active sites to
catalyze the heterogeneous cyclic addition of CO, and
epoxides into cyclic carbonate. Among them, ZnTAPP-GO
has the best catalytic performance and can be treated by the
postmodification method to obtain ZnTAPP-GO-r with higher
catalytic stability, which can be recycled at least five times.

The activity of the cycloaddition reaction of CO, and
various epoxy substrates catalyzed by ZnTAPP-GO-r is related
to the epoxy substrates."'" Specifically, the conversion rate of
various ZnTAPP-GO-r-catalyzed epoxy substrates to the
corresponding cyclic carbonate is more than 88%, and the
conversion rate of the CMP gel catalyzing the cycloaddition
reaction of epoxypropyl phenyl ether is more than 99% in 10 h.
Conversely, in the epoxidation of cyclohexane, the ZnTAPP-
GO-r has only 34% conversion with low catalytic selectivity
(45%). In the long term, the works provide a solution based on
polymer chemistry and gel chemistry for the adsorption and
chemical fixation of greenhouse gases.

4.5. Clean Water Supply. Solar steam generation has
received a lot of attention in the field of clean water supply and
is one of the most efficient ways to collect solar energy to
produce freshwater. With the open channel structure, rich
porosity and high specific surface area,’> low thermal
conductivity, and wide light absorption range,''”'"> CMP
gels provide new openings for the design and manufacture of
photothermal conversion materials with adjustable structure,
adjustable porosity, and high solar conversion efficiency.””'"”
For instance, CMP aerogels composed of hollow nanotube
wounds were synthesized by the monomer regulation method,
and then new CMP carbon aerogels with high mechanical
strength were obtained by simple carbonization. Meanwhile,
CMPCAs were treated with a solution of sulfuric acid saturated
with ammonium peroxysulfate to increase the superhydrophilic
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Figure 19. Superhydrophobic perfluorous conjugated microporous polymer monolith for solvents and oils adsorption. (a) Synthesis route of
PFCMP-0. (b) SEM micrograph, corresponding EDX F mapping, HR-TEM micrograph, and the water contact angle of PECMP-0. (c) Adsorption
capacities of PECMP-0 for different solvents and oils. (d) Top images from left to right are the untreated sponge (0.6 X 0.6 X 0.6 cm®), the
PFCMP-0 treated sponge before adsorption, and the treated sponge after adsorption; the bottom images display the octane (dyed by red oil)
adsorption process. Reproduced with permission from ref 114. Available under a CC BY license.

wettability to speed up the transport of water molecules.” The
CMPCAs retain composed of randomly aggregated hollow
carbon nanotubes and form a hierarchical rigid network of
nanopores after a series of treatments. Due to the porous
structure, super hydrophilicity, low thermal conductivity, and
excellent light absorption performance, the obtained CMPCAs
can absorb almost 100% light in the range of 200—2500 nm
(Figure 18a) for water evaporation. As shown in Figure 18a—d,
the obtained CMPCAs are high performance in the field of
solar steam generation, the evaporation rates reached up to
4.1778 and 3.9186 kg m > h™! for CMPCA-1 and CMPCA-2,
respectively. Furthermore, CMPCA-1 has a higher light energy
conversion efficiency than CMPCA-2,* which could be due to
the enhanced capillarity of CMPCA-1 micropores that can
accelerate the transport of water molecules.

In addition, oil spills and industrial organic pollutants cause
global water pollution, which seriously affects the clean water
supply and the health of the ecological environment.
Constructing effective adsorption materials for the removal
of oil and organic pollutants from water relies on the unique
properties of CMP gels, such as adjustable properties,
hierarchical porosity, mechanical robustness, and chemical
stability, is a constructive strategy to solve the global water
environmental issues.” In 2011, Li et al. reported the first case
of a superhydrophobic CMP sponge with excellent oil—water

separation performance.”> Because of the open pores and
surface superhydrophobicity, the CMP sponge can easily
adsorb and separate oil from water without absorbing water.
Meanwhile, the superhydrophobic CMP sponge also has a high
adsorption rate for polar organic pollutants and toxic
pollutants, for instance, about 700—1500 wt % for HCMP-1
(synthesized by polymerization of 1,3,5-triethynylbenzene)
sponge and about 600—2300 wt % for HCMP-2 (synthesized
by polymerization of 1,3,5-triethynylbenzene and 1,4-dieth-
ynylbenzene) sponge.”

In 2015, Deng’s group then reported a superhydrophobic
perfluorous CMP (PFCMP-0), which was synthesized by
homocoupling polymerization of 1,3,5-trifluoro-2,4,6-triethyl-
benzene (Figure 19a).114 Field emission scanning electron
microscopy (FE-SEM) image and high-resolution transmission
electron microscopy (HR-TEM) image showed the PFCMP-0
network morphology and high microporosity, as well as the
energy-dispersive X-ray spectrometer (EDX) analysis, showed
that fluorine atoms replaced hydrogen atoms uniformly
distributed in the PFCMP-0 network (Figure 19b). Compared
with other CMPs, fluorine substitution provides PECMP-0
with higher thermal stability (thermal decomposition temper-
ature above 300 °C). Compared with commercial activated
carbon, the PFCMP-0 treated sponge has an excellent
adsorption capacity for oil, organic pollutants, and heavy
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Figure 20. Intelligent conjugated microporous polymeric adsorbent materials with ultrafast adsorption of pollutants and response to environmental
pollution. Schematic illustration for the (a) fabrication, (b) pH-response and pollutant-sensitive behavior, and (c) rapid contaminant removal
performance of the all-in-one porous polymer adsorbent. Reproduced with permission from ref 115. Copyright 2019 Wiley—VCH.

metal jons (Figure 19¢; 1200—3000 wt %) and rarely adsorbs
water (Figure 19¢; 142 wt %). Meanwhile, the PECMP-0-
treated sponge has a rapid absorption rate, completely
removing the octane from the water in about 40 s (Figure
19d). Theoretical calculations showed that the outstanding
properties of the PECMP-0-treated sponge may be due to the
internal fluorine substitution and continuous triple bond.

In 2017, Chang et al. prepared the compressible hierarchical
porous CMP composites (PUS-MOP-A) by using 1,3,5-
triethylbenzene, 1,4-diiodibenzene, and 2,5-diiodibenzoic acid
as raw materials as well as polyurethane sponge (PUS).”
Among them, PUS was used as a template to construct a
compressible hierarchical porous skeleton, and 2,5-diiodoben-
zoic acid was used as a comonomer to provide a pH-sensitive
pore surface. Meanwhile, adjusting the mole proportion of 1,4-
diiodibenzene was used to form a fibrous micropore network
in the porous channel of PUS-MOP-A. Finally, to adapt to the
use in an aqueous environment, PUS-MOP-A was treated with

KOH to convert the hydrophobic carboxyl group into a
hydrophilic carboxylate anion to form a hydrophilic PUS-
MOP-A (PUSU-MOP-Aa). The obtained PUSU-MOP-Aa can
be used to assemble portable water purification devices for the
rapid removal of methylene blue in the water. More
interestingly, PUS-MOP-Aa also has selective adsorption
properties, preferentially removing cationic dyes from water.

The CMP-based monoliths mentioned above have good
selective adsorption performance and excellent stability for a
variety of organic substances and oils, which have great
potential for large-scale removal of toxic pollutants in water
and solving environmental problems caused by marine oil
spills. Currently, there are still many factors hindering the
development of CMP gels and monoliths in the field of
environmental adsorption, such as the slow absorption rate,
which affects their application in rapid and continuous flow
devices.
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Figure 21. Humidity-sensitive conjugated microporous polymer gel with high sensitivity, rapid response recovery, and high stability. (a) Response
and recovery curve of PTPPBr sensor between 11 and 95% RH (1 V AC, 100 Hz). (b) Stability of the PTPPBr sensor. Reproduced with permission

from ref 120. Copyright 2014 Royal Society of Chemistry.

To treat pollutants more effectively from a complex
environment, it is necessary to build intelligent CMP gels
with ultrafast adsorption of pollutants, response to environ-
mental pollution, and real-time monitoring capabilities. In this
regard, Wu et al. developed a novel multifunctional CMP
adsorption gel, the monodisperse hyper-cross-linked poly(4-
chloromethylstyrene) nanosphere (xPCMS).""> Then carba-
zole dithioester (Cz), maleic anhydride (MAh), and hairy
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
were introduced into xPCMS step by step to obtain
«PCMS-MAh/CEA-PDMAEMA-Cz (xPCPC; Figure 20a).
The key to the successful design of the adsorbent is the
synergy between the various functional components of the
material. The high specific surface area and benzyl chloride
groups of xPCMS provide high adsorption properties and
functional graft sites. The surface-grafted PDMAEM can detect
electron-sensitive aromatics and heavy metal ions due to the
stretching/shrinking of the PDMAEM in acid/base conditions,
resulting in visible pH-sensitive fluorescence changes (Figure
20b). Furthermore, the adsorbent has good adsorption
performance in the high-speed flow adsorption test (Figure
20c). This work combines contaminant monitoring and
adsorption to provide a solution for quickly detecting and
removing contaminants from water, which points out a feasible
direction for the construction of advanced smart CMP gels.

In developed countries and urban areas, the quality of
drinking water is guaranteed thanks to powerful water
purification plants and comprehensive pipe network distribu-
tion systems. However, in some developing countries and rural
areas, the problem of water pollution has not been well solved.
Diseases and deaths due to water pollution continue to
threaten the inhabitants of these areas. In these areas, the
investment cost of building centralized water purification and
distribution systems is too high and there is a lack of existing
facilities to support it. Improving the quality of drinking water
in these areas will require a shift from traditional water
purification models to ones that are low cost and easy to
implement and maintain. The processable CMP gels and
monoliths with water purification properties''™""® provide

viable technical support for modular water purification units
for the small-scale treatment of specific water sources, such as
household taps, community wells, and farm wastewater.

4.6. Humidity Sensors. Humidity-sensitive materials used
as humidity sensors usually need to have a fine and stable
structure and strong water resistance. Currently, the hydro-
philic groups in amphiphilic polymer gels interact strongly with
water molecules; especially, the condensation of dew after a
long time of work can lead to the dissolution of the polymer
gel, which makes the sensor lose high sensitivity and
stability.''” Therefore, a water-resistant polymer gel with a
well-defined chemical structure is needed to ensure the
stability of the humidity sensor under high humidity
conditions.

The CMP gels have adjustable structure and performance
and can be controlled by adjusting reaction conditions and
monomer ratio,”'®** which provides a feasible way the
improvement of humidity-sensitive materials in humidity
sensors. Zhang et al. synthesized the humidity-sensitive CMP
gel (PTPPBr) by Friedel—Crafts reaction using triphenylphos-
phine as raw material (Figure 21a), which has a highly cross-
linked skeleton structure, and the hydrophobic skeleton is
uniformly modified by hydrophilic ions.'** Many hydrophilic
ions on the polymer skeleton rapidly interact with water
molecules, the humidity-sensitive CMP gel (PTPPBr) provides
high sensitivity, rapid response recovery, and small hysteresis
(Figure 21b). Meanwhile, the highly cross-linked skeleton of
the polymer provides excellent stability, maintaining sensor
impedance stability for up to 120 days under different relative
humidity conditions (Figure 21c). The CMP gel has
outstanding sensing properties of high sensitivity, fast response
recovery, insignificant humidity response hysteresis, and long-
term impedance stabilization under high humidity conditions,
which is of great significance for the practical application in
humidity sensors.

In addition, smart polymers can respond to a variety of
environments such as temperature, pH, and light stimu-
1i,"*'~">* which have received extensive attention in the field of
sensors. >~'*” In an era of expanding population and
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increasing demand for food choices, food varieties are
becoming more diverse and supply chains are becoming
more global. To protect consumers from adulteration and
fraud and to quickly identify contaminated food in response to
global emergencies (such as outbreak management require-
ments), we need to develop more stable and responsive
polymer materials that can be used to enhance sensor
performance. Compared with ordinary smart polymer gels,
the CMP gels have super cross-linked frameworks, which can
maintain a high surface area and hierarchical porous structure
in the dry state, which is incomparable to ordinary smart
polymer gels. This is conducive to the design of a more stable
and sensitive food detection sensor.

5. FUTURE PERSPECTIVES

In terms of construction, avoiding the formation of amorphous
powder products is a prerequisite for the formation of
generalized CMP gels and monoliths. In this review, we
discuss in detail the basic formation routes of different CMP
gels and monoliths. For example, the bottom-up processing®’
is flexibly applied to the composition between other CMP
monomers and different support substrates. Compared to
amorphous powders, the composite CMP gels and monoliths
offer enhanced processability and mechanical robustness.
However, the payload of the resulting final product by this
method is limited. As well as the internal microporous of the
CMP component could become blocked, reducing molecular
accessibility.

Fortunately, the advantage of CMPs at the forefront of
chemistry and material design lies in the unlimited monomer
pairing and diverse synthetic pathways. Therefore, the
structure and properties of CMPs can be finely adjusted to
form pure CMP gels and monoliths with highly cross-linked
structure, permanent microporous, and interpenetrating
macropores by adjusting the monomer type and/or molar
ratio as well as the reaction conditions. However, the
formation mechanism of the synthetic pure CMP gels and
monoliths is still poorly understood. Particularly, Accurate
exploration of the interactions between nano-CMPs in the
polymerization process is lacking. The systematic experimental
verification and/or theoretical explanation of the intrinsic
factors of the monomer molecule conversion into the final
polymer is the basis for the further controlled synthesis of
CMP gels and monoliths. Meanwhile, a finer understanding of
these controlled internal parameters and the resulting
controlled shaping process is conducive to reconstructing the
existing CMP family for the preparation of pure CMP gels and
monoliths.

In terms of properties and characterization, the CMP gels
and monoliths retain the extended 7-conjugated structure and
high specific surface area of the original CMPs as well as the
hierarchical porous structure of gels and monoliths. The bulk
CMP gels and monoliths differ from amorphous powdered
CMPs in that they also have enhanced ductility and
processability. In this regard, the uniaxial and biaxial
compression experiments can demonstrate the mechanical
robustness of the CMP gels and monoliths under stress.
Meanwhile, the bulk CMP gels and monoliths retain the
thermostability of the original CMPs, and TGA can be used for
thermostability evaluation to distinguish between bulk CMPs
and ordinary bulk materials. Furthermore, if the CMP gels and
monoliths respond to li‘g_ht radiation, combining some special
spectroscopic analysis'> is required to characterize the

properties change during the light treatment. If the CMP
gels and monoliths have self-healing, further information'®' on
the rheology analyses, storage modulus and loss modulus, and
morphology are also required.

In terms of potential applications, compared to other widely
reported materials,'**~"°° the multifunctional CMP gels and
monoliths with careful design display promising prospects for
widespread applications including gas separation, electro-
chromic devices, and energy storage.81’137’ 38 Clinically, the
injection of specific hydrogels into the body is an ideal method
for drug delivery to target cells.””"**~'*! For this regard, the
CMP gels serve as a powerful platform to conjugate
components with specific biological functions into hydrogel
networks and effectively control the release rate and immune
irritation of vaccines.””””'**'*3 For heterogeneous catalysis,
with the help of powerful polymerization tools, different
catalysis active molecules such as metalloporphyr-
in, 09107144145 binol-derived phosphoric acid,'**'*® Tréger’s
base,'””'"” and N-heterocyclic carbene''’ can be introduced
into the reconstructed 3D CMP conjugated networks for
specific chemical applications. In addition, in the field of
hydrogels and energy applications,”*>*'**~"** the CMP gels
and monoliths with binding sites can tightly bind conductive
materials for broad application prospects.

6. CONCLUSION

This review provides an objective analysis of the selected
sample literature, elucidates the basic concepts, focuses on the
construction methods and properties of the selected CMP gels
and monoliths, and demonstrates the applications of the
resulting gels and monoliths in drug delivery and wound
healing, flame retardant and thermal insulation, heterogeneous
photocatalysis, and sensing. As a finely modulated chemical
platform, the diversity and versatility of the CMP monomer
matrices in CMP gels and monoliths offer infinite options for
regulating the application properties of processable polymer
materials, including the appearance and shape. The 3D
nanoscale cross-linking networks within the processable
polymer translate molecular-scale information into material
properties, offering interesting diverse properties and potential
for widespread applications.

Theoretically, the existing amorphous powdery CMP family
can be reconstructed with the construction principles and
methods described in this review to produce processable CMP
gels or monoliths with enhanced properties for device
applications. Meanwhile, the newly designed CMPs can obtain
ductility and processability by the gelation, providing new
opportunities for the CMP family to solve energy and
environmental issues. However, the field of CMP gels and
monoliths is in its infancy. Compared to the conventional
amorphous CMPs, the cause of CMP gel formation has never
been systematically explained theoretically and verified
experimentally, which is unfavorable to the controlled synthesis
of CMP gel and monoliths. The subsequent work should make
use of the diversity of monomer molecules in the CMP family
to theoretically study the influence of molecular structure and
activity on the formation mechanism of CMP gels and
monoliths.
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