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Porous organic polymers (POPs) for
environmental remediationt
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Modern global industrialization along with the ever-increasing growth of the population has resulted in
continuous enhancement in the discharge and accumulation of various toxic and hazardous chemicals in the
environment. These harmful pollutants, including toxic gases, inorganic heavy metal ions, anthropogenic
waste, persistent organic pollutants, toxic dyes, pharmaceuticals, volatile organic compounds, etc., are
destroying the ecological balance of the environment. Therefore, systematic monitoring and effective
remediation of these toxic pollutants either by adsorptive removal or by catalytic degradation are of great
significance. From this viewpoint, porous organic polymers (POPs), being two- or three-dimensional
polymeric materials, constructed from small organic molecules connected with rigid covalent bonds have
come forth as a promising platform toward various leading applications, especially for efficient environmental
remediation. Their unique chemical and structural features including high stability, tunable pore
functionalization, and large surface area have boosted the transformation of POPs into various macro-
physical forms such as thick and thin-film membranes, which led to a new direction in advanced level
pollutant removal, separation and catalytic degradation. In this review, our focus is to highlight the recent
progress and achievements in the strategic design, synthesis, architectural-engineering and applications of
POPs and their composite materials toward environmental remediation. Several strategies to improve the
adsorption efficiency and catalytic degradation performance along with the in-depth interaction mechanism
of POP-based materials have been systematically summarized. In addition, evolution of POPs from regular
powder form application to rapid and more efficient size and chemo-selective, “real-time” applicable
membrane-based application has been further highlighted. Finally, we put forward our perspective on the
challenges and opportunities of these materials toward real-world implementation and future prospects in
next generation remediation technology.

The environmental release and accumulation of numerous poisonous and hazardous substances has been continuously expanding as a result of modern global
industrialisation and the ever-increasing population expansion. Anthropogenic activities such as industrialization and its concomitant adverse effects, are among
the forerunners of environmental degradation. In this regard, porous organic polymers (POPs) have emerged as a new class of multifunctional porous materials and
received tremendous research attention from both academia and industry. Typically, POPs are constructed from versatile organic small molecules with diverse
linkages through strong covalent bonds which result in exciting features like high surface area and porosity, low density, high stability etc. Because of such diverse
material properties, POPs have been proven to be an excellent platform with exciting opportunities for environmental remediation applications. Consequently,
considerable efforts have been devoted to preparation and exploration of POPs with an emphasis on their environmental applications. In this review, we have
highlighted the current status and recent advances of various types of POPs towards diverse environmental applications. In addition, different synthetic strategies,
functionalization methods and applications of POPs toward environmental remediation have been discussed in detail. This review provides a complete overview of
current developments in POP materials from the standpoint of material design approach, synthetic methods, and their applicability in environmental remediation.
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The last century has witnessed a rapid upsurge in the global
population which has led to immense expansion in industrial
and agricultural sectors. Such extensive anthropogenic activities
consequently generate environmentally harmful industrial and
agricultural waste in huge amounts, contributing significantly
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toward several environmental issues, such as global warming,
contamination of soil, air and natural aqueous matrices, etc.’™
Additionally, the rapid depletion of fossil fuels because of the
enormous global energy demand constitutes a genuine threat to
the development and survival of mankind.”® To this end,
development and exploration of novel materials for task-
specific applications are of fundamental importance for sustain-
able socio-economic progress and advancement toward a clean
environment.® The emergence and promising growth of nano-
materials in the past few decades have highlighted the key role
of porosity of a material in its performance superiority in
various applications.”® Hence, porous materials hold para-
mount importance in many emerging applications and technol-
ogies owing to their several fascinating intrinsic properties such
as large surface area, diverse synthetic possibilities, tunable
architecture, etc. Especially, the past few decades have witnessed
the emergence and development of a variety of novel micro-,
meso- and even macro-porous materials such as metal-organic
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frameworks (MOFs), covalent-organic frameworks (COFs), and
porous organic polymers (POPs)."*™"®> Amongst these novel materi-
als, POPs have attracted tremendous scientific attention recently
owing to their unique advantage of combining the properties of
both polymers and porous materials (Scheme 1).'°™*® POPs repre-
sent the class of metal free organic materials, constructed from
purely organic monomers made of mostly light elements (C, H, O,
N, B, etc.) into macromolecular scaffolds. Typically, POPs offer
several structural and physiochemical advantages over other tradi-
tional as well as contemporary porous materials which make them
frontrunners as the next-generation multipurpose functional
material.">*® For example, in comparison with the traditional
inorganic materials such as activated carbon and zeolite, POPs
offer several advantages like light skeletal density, high physico-
chemical stability, large surface area and so on. Furthermore, on
demand functional moieties can also be incorporated into the POP
structures via both pre-synthetic and post-synthetic modifications.
By virtue of the liberty in monomer design and the endless variety
in chemical reactions, there exist enormous possibilities to dial in
any functionality in principle via pre-synthetic methods of POPs.
On the other hand, post-synthetic modification can be utilized as a
powerful tool to expand the functional versatility of the porous
architecture.”'>*

Owing to their intrinsic polymeric character, POPs offer
excellent good shapeability and extendibility, rendering leverage
towards molding into various macromorphologies (e.g,
membrane, bead, monolith, fiber, etc.). Such exciting features
render POPs as a next-generation multifunctional platform for
diverse applications and future technologies (Scheme 2).*** Inter-
estingly, porous polymers such as ion-exchange resins have a long
history as a utility material toward water treatment, the pharma-
ceutical industry, the food industry, petrochemical engineering,
synthetic chemistry, environmental protection, etc.® Recent years
have witnessed a significant growth of POP-based research activity
toward several burgeoning fields such as gas storage/separation,
molecular recognition, electrochemical energy storage, catalysis,
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Scheme 1 Representation of examples of different types of POPs such as PIMs,>® PAFs,*® CMPs,58 HCPs,** CTFs,*® and COFs®® and their potential
properties including strong covalent linkage, adjustable pore-structure, high surface area, chemical and thermal stability, light weight/low density,
scalable synthesis, and cost effective production. Reproduced with permission from ref. 55. Copyright 2007, The Royal Society of Chemistry; reproduced
with permission from ref. 38. Copyright 2009, Wiley-VCH; reproduced with permission from ref. 58. Copyright 2008, American Chemical Society;
reproduced with permission from ref. 41. Copyright 2014, American Chemical Society; reproduced with permission from ref. 36. Copyright 2008, Wiley-
VCH; reproduced with permission from ref. 35. Copyright 2016, Nature Publishing Group.

photo-energy conversion in solar cells, drug delivery, proton
conduction, and so on.***° In order to explore the potential of
POPs, several research groups have delved into different sub-
classes of POP materials, including covalent triazine frameworks
(CTFs), porous aromatic frameworks (PAFs), covalent organic
frameworks (COFs), hypercrosslinked polymers (HCPs), polymers
of intrinsic microporosity (PIMs), and conjugated microporous
polymers (CMPs) (Scheme 1).**% The chronological develop-
ment of diverse POP materials and the increasing number of
scientific publications relevant to these materials are summar-
ized in Schemes 3 and 4. POPs can be divided into two subclasses
mainly depending upon the degree of long-range order: amor-
phous POPs and crystalline POPs."® Amorphous POPs mainly
include porous aromatic frameworks (PAFs), hyper-crosslinked
polymers (HCPs), conjugated microporous polymers (CMPs) and
polymers of intrinsic microporosity (PIMs), while crystalline POPs
are represented by covalent organic frameworks (COFs). It is
noteworthy to mention that the prime objective of this review
article is to summarize and highlight the design principles of
amorphous POPs and their applications in environmental reme-
diation. Hence, all the crystalline POPs, such as COFs, are
excluded from this specific review. In addition to the structural

This journal is © The Royal Society of Chemistry 2023

diversity, POPs can be divided into two classes depending upon
the charge neutrality of the network: ionic porous organic poly-
mers (iPOPs) and neutral POPs.*? iPOPs can be further divided
into two, cationic POPs and anionic POPs. iPOPs are organic
porous networks with abundant ionic sites inside the network.
iPOPs provide unique windows of opportunities for fine-tuning
the ionic functionality and the electrostatic interactions of the
host network material, which plays a crucial role in improving
host-guest interactions and efficiency as a sorbent material.
Considering the rapid growth in scientific research (Scheme 4)
and future potential of these emerging materials, herein we
present a comprehensive review to highlight the current status
and recent advances of various types of POPs towards diverse
environmental applications. In the subsequent sections, we give
an overview of various subclasses of POPs and their unique
structural properties. Further, their different synthetic strategies
and functionalization methods are highlighted. Afterwards, a
detailed discussion is provided regarding the applicability of
POPs toward environmental remediation, including toxic gas
adsorption and separation, pollutant sensing, pollutant removal,
and heterogeneous catalysis (Scheme 2). Finally, we also high-
light the current challenges, windows of opportunities and future
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Scheme 2 Representative examples of applications of POPs towards
waste treatment, chemical sensing, gas adsorption, heterogeneous cata-
lysis, molecular separation, green energy, biomedicine, etc.

perspective of these promising materials for environmental
remediation.

2. Basic design principle and different
types of POPs

The POP-based research activities in the past years have evolved with
significant synergistic contribution from the ever-developing modern
organic synthesis, emerging nanotechnologies and advanced poly-
merization techniques. Typically, synthetic methods of POPs involve
various physical methods including interface polymerization, emul-
sion polymerization, suspension polymerization, polycondensation,
hyper-crosslinking, phase separation, templating, phase inversion,
drying, stretching, etc.® In addition, POP synthesis is also associated
with different modern bond-forming methodologies such as metal-
catalyzed coupling, boronic acid condensation, Friedel-Crafts alkyla-
tion, imine formation and so on."” Numerous synthetic strategies
based on the pre-synthetic approach (bottom-up) and post-synthetic
modification have been developed. In the case of pre-synthetic
design, the desired functional building blocks are chosen directly
for POP fabrication. However, to address the few existing limitations
associated with the pre-synthetic methods, such as structural defects,
economic factors and other considerations, post-synthetic
modification-based methods have emerged as an important alter-
native tool, providing a convenient solution to the above-mentioned
problems.?** Nonetheless, by virtue of the diverse organic reaction
choices and rational design of monomers, the fabrication of POPs
leads to diverse structural topologies, dimensionalities and physio-
chemical porosities. To this end, design of POP materials involves
three main aspects, i.e., geometrical aspects, topological aspects and
diverse functionality aspects.
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Geometrical aspects: The prime prerequisite for the formation
of a POP network is to have building blocks with at least two
functional reactive groups. There are two main approaches to
fabricate POPs: (1) homo-coupling of the building units via self-
condensation reactions and (2) cross-coupling of building units
with distinct geometrical properties to create a 3D polymeric
architecture. In both cases, formation of covalent bonds results
in 3D networks with fixed nanopores and permanent porosity of
the POP.*

Topological aspects: The topological consideration of POPs
is crucial from both design and control over the structural
connectivity aspects of the materials. Understanding the topo-
logical characteristics of porous materials can be beneficial for
strategic design and manifestation of such materials. The
topology of amorphous porous organic materials can be
explained via two topological models: (1) continuous random
network (CRN) model and (2) ideal amorphous solid (IAS)
model."”” Goodwin et al. have comprehended the topology of
amorphous POPs by the CRN model. According to this model,
the building units of a particular material are connected to each
other in an extended three-dimensional network structure
which is intrinsically random as well as continuous. Glass and
silica are among the most studied materials with this model. On
the other hand, the IAS model is the lesser explored one for
topological examination of porous organic materials. Developed
by Stachurski et al., this model engages with the absence of any
kind of order (short, medium, long) and exquisite random
packing of the building units.

Diverse functional groups: Different chemical systems such
as diverse aromatic systems, arenes, various heterocyclic units,
porphyrin units, different imidazolium units, phenylethynylene
derivatives, macrocyclic systems, etc. have been explored as the
building blocks for POP synthesis. Reactive groups, such as
aromatic boronic acids, bromoarenes, iodoarenes, various arene
moieties, aromatic aldehydes, aromatic amines, etc., are widely
used for the synthesis of POPs. The merits of diverse building
blocks along with the wide range of functional groups endow
POPs with unique structural and physiochemical properties.*’

2.1 Introduction to different types of amorphous POPs

2.1.1 Hyper-cross-linked polymers (HCPs). HCPs are the
oldest amorphous POP materials endued with microporosities,
impressive surface areas and low densities. HCPs are mostly
synthesized using Friedel-Crafts alkylation chemistry which is
considerably different from the synthetic protocols for other
POP materials.”® The high degree of cross-linking of HCPs results
in several unique properties such as great physiochemical stabi-
lity, conspicuous swelling, etc. The synthesis of HCPs offers
various advantages, such as inexpensive reagents, mild reaction
conditions, monolithic products, etc., which in combination help
in their large-scale production.*’*> Owing to their exciting struc-
tural and physiochemical properties, HCPs have shown excellent
promise toward various applications including gas storage and
separation, pollutant sensing and removal, catalysis, etc.>> Synthe-
sis of HCPs involves three main techniques, namely, direct one-
step polycondensation, post-cross-linking of polymers, and

This journal is © The Royal Society of Chemistry 2023
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Scheme 3 An overview of the development of amorphous porous organic polymers over time, covering key advancements in the synthesis of novel
POPs. From the left, 1969, first reported HCP,*! 2004, discovery of PIMs,>> 2007, first development of CMP (CMP-1),°® 2008, discovery of CTF,*® 2009,
first reported PAF (PAF-1),%8 2012, first development of cage-based POPs172. Reproduced with permission from ref. 41. Copyright 2014, American
Chemical Society. Reproduced with permission from ref. 55. Copyright 2007, The Royal Society of Chemistry. Reproduced with permission from ref. 58.
Copyright 2008, American Chemical Society. Reproduced with permission from ref. 36. Copyright 2008, Wiley-VCH. Reproduced with permission from
ref. 38. Copyright 2009, Wiley-VCH; Copyright 2005, American Association for the Advancement of Science. Reproduced with permission from ref. 172.

Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

utilization of external cross-linkers. In the 1960s, Davankov et al.
reported the first example of hyper-crosslinked polystyrene.** They
further continued to synthesize HCPs with polystyrene as a
precursor while exploring different cross-linkers such as chloro-
methyl methyl ether, p-xylylenedichloride, etc. for which they
achieved the maximum BET surface area of 1106 m> g~ *.**™*¢

Thereafter, they also explored vinylbenzyl chloride-divinyl
benzene as a precursor with which they achieved a BET surface
area of 2090 m* g .*” The customization of the pore size of
HCPs by changing the divinylbenzene precursor concentration
and the hyper-cross-linking conditions was established by Tan
et al.*® Such a strategy is useful for the controlled manipulation
of the porous character of HCPs. On the other hand, utilization
of external cross-linkers for the synthesis of HCPs was first
reported by Tan and co-workers in 2011.*° This strategy offers
an easy pathway to connect aromatic units through external
cross-linker knitting. Moreover, this strategy opened a new
avenue in the design and fabrication of HCPs as it allows the
utilization of a wide range of functional monomers without any
modification.

This journal is © The Royal Society of Chemistry 2023

2.1.2 Polymers of intrinsic microporosity (PIMs). PIMs are
amorphous microporous POPs fabricated from mostly rigid
polymeric chains. They feature a series of interconnected aro-
matic rings chained together with contorted/disfigured sites,
depriving them of the ability to pack efficiently. PIMs were first
introduced by McKeown et al. in 2002.°>>" They synthesized a
phthalocyanine-based POP network via adopting a phthalo-
cyanine-generation reaction of a bis(phthalonitrile) monomer.
The phthalocyanine-based POPs exhibited BET surface areas in
the range of 450-950 m* g~ '.>> The same group subsequently
reported the fabrication of porphyrin-based POPs by utilizing
the dibenzodioxane-generation reaction between the bis-(cate-
chol) monomer and meso-tetrakis(pentafluorophenyl)porphyrin.
These porphyrin-based POPs exhibited BET surface areas in the
range of 900-1000 m” g~ *.** In 2003, the same group reported
another series of PIMs, namely, PIM 1-6, among which PIM 1-3
are the classic examples of tuning the porous properties of PIMs
via altering the comonomer.>® The solution-processability of
PIMs and their thin-film formation abilities are also explored in
this report. In 2007, triptycene-based PIMs were reported which

Mater. Horiz., 2023,10, 4083-4138 | 4087
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Scheme 4 Comparison of the increasing number of publications on
POPs and related materials with the key words “hyper crosslinked poly-
mers” (HCPs), “conjugated microporous polymers” (CMPs), “polymers of
intrinsic microporosity” (PIMs), “covalent triazine frameworks” (CTFs), and
“porous aromatic frameworks” (PAFs). The result for porous organic
polymers (POPs) in each year in the profile is the sum of total publications
related to individual categories (source: Web of Science).

exhibited BET surface areas of 1065 m”> g~ '.>> Further it was
observed that the BET surface area of triptycene-based PIMs can
be improved to 1760 m” g~ ' via tuning functionalization. Recent
years have witnessed breakthroughs in the mechanochemical
approach for strategic synthesis of PIMs which enables green
solvent-free reaction and rapid synthesis. Overall, structurally
PIMs differ significantly from the other POPs as the inherent
flexibility of the polymer chains results in the generation of the
porosity of these materials.’®”” PIMs offer several key advan-
tages such as high surface areas and solubility; the soluble
nature of some PIMs makes them promising for the develop-
ment of POP-based membranes for real-time applications.
2.1.3 Conjugated microporous polymers (CMPs). CMPs are
one of the most unique classes of POP materials which offer an
extended m-conjugation along with permanent network micro-
porosity.”®®® Fabrication of CMPs involves linking of rigid
aromatic groups, either directly or through double bonds or
triple bonds, resulting in n-conjugated microporous structures.
Conjugation originates from the alternation of single and dou-
ble/triple bonds all through the network, which subsequently
result in excellent electronic properties. CPMs are intrinsically
amorphous in nature because of freedom of rotation about the
single bonds between building units."”” A broad range of
network-forming reactions and synthetic building blocks culmi-
nate in enormous possibilities of CMPs with diverse properties
and structures. In 2007, a series of CMPs, namely, CMP-1, CMP-
2, CMP-3 and CMP-4, were synthesized via the Sonogashira-
Hagihara cross-coupling reaction by Cooper and co-workers.** In
2010, the same research group reported the synthesis of another
series of CMPs exhibiting high surface areas from tetrahedral
monomers.’" Exploration of tetrakis(4-bromophenyl)-1,3,5,7-
adamantane and tetrakis(4-iodophenyl)methane monomers as
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the precursor was demonstrated to fabricate CMPs via the
Yamamoto coupling reaction yielding BET surface areas as high
as 3180 and 3160 m? g~ * respectively, which are regarded as the
highest surface area of CMP materials. Apart from Yamamoto
coupling reactions, several other reactions such as Suzuki-
Miyaura cross-coupling, Sonogashira-Hagihara cross-coupling,
and phenazine ring fusion reactions are also found to yield very
high surface areas of CMPs.**"*

2.1.4 Covalent triazine frameworks (CTFs). CTFs started
their scientific journey in 2008 from the work of Thomas and
co-workers. This exciting genre of POPs was mainly established
from the cyclotrimerization of the nitrile functional groups of
the nitrile compounds resulting in triazine rings.®®*” The most
classical CTF, namely, CTF-1, was rationalized by the cyclotri-
merization reaction of 1,4-dicyanobenzene under iono-thermal
conditions.*® The reaction conditions as well as the concentration
of the monomers, reagents and the solvent play crucial roles in the
structure and properties of CTFs. In another report, Thomas et al.
also reported the synthesis of CTF-0 polymers via the cyclotrimer-
ization of 1,3,5-tricyanobenzene with ZnCl, as a catalyst, which
exhibited a BET surface area of 232-687 m> g~ '.%” Although the
CTFs synthesized from these ionothermal reactions exhibit good
surface area, they also involve a few limitations such as complex
reaction conditions, elevated temperature, and problems in com-
plete separation of ZnCl, at the end of the reaction. To address
these issues, Cooper and co-workers came up with a unique
strategy wherein trifluoromethanesulfonic acid is used as a catalyst
and they reported a series of CTFs fabricated from aromatic
nitriles as monomers under microwave heating conditions at room
temperature.”” These CTFs were found to be semi-amorphous in
nature, but the level of orderliness could be controlled via tuning
the microwave heating conditions.

2.1.5 Porous aromatic frameworks (PAFs). PAFs are another
classical example of open framework POP materials offering
excellent stability and surface area. The presence of rigid phenyl
units along with the formation of covalent bonds results in
excellent physio-chemically stable PAF materials.°® The prime
difference between PAFs and CMPs is that the level of conjuga-
tion gets decreased in the case of PAFs upon breaking the
conjugation by the central atom of the tetrahedral monomers,
but in the case of CMPs, as the conjugation originates from the
monomers, they can maintain the conjugation.®® The first PAF
was reported in 2009, namely, PAF-1, exhibiting an excellent BET
surface area of 5600 m”> g~ .*® PAF-1 was synthesized via the
Yamamoto coupling reaction which enables direct homo-
coupling of the monomers. Along the same line, two other PAFs
were synthesized, namely, PAF-3 and PAF-4.°>7%"" Both PAF-3
and PAF-4 showed excellent BET surface areas of 2932 m® ¢~ and
2246 m” g~ ", In 2011, another very promising class of PAFs, JUC-
Zs, was reported (“JUC” stands for Jilin University, China and “Z”
for zeolites). The first example of JUC-Zs, namely, JUC-Z1, is a
porous network fabricated from p-iodooctaphenylsilsesquioxane
building units connected together via covalent bonds.”” Recently,
Zhu and co-workers established the synthesis of fullerene-based
PAF materials, which are structurally different from the other PAF
materials.”® Another class of POPs is cage-based POPs with a 3D

This journal is © The Royal Society of Chemistry 2023
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molecular framework, constructed by covalent linking of different
aromatic moieties, first reported by Zhang et al. in 2011.>'> Apart
from this class of POPs, recently, from 2015 onward, a few other
new types of amorphous POPs have been developed by employing
various functional groups, including triazine,>”* cyclodextrin,*>®
pillar[5]arene,>” calix[4]arene,*”* resorcin[4]arene,"*® C-phenyl-
resorcin[4]arene,*” etc., which have demonstrated significant
advancement in the field of environmental remediation.

3. Synthetic methods of POPs

As discussed in the introduction section, POPs are made up of
pure organic building blocks connected through covalent
bonds. The formation of covalent bonds between the small
organic linkers to synthesise the porous polymers can be done
with the help of various chemical reactions using several
systematic synthetic strategies. The widely used synthetic meth-
ods for the preparation of POPs are categorized as discussed
below. In addition, the fabrication of POP-based thin films or
mixed matrix membranes (MMMs) for the demonstration of
many prospective applications directly related to environmen-
tal remediation has also recently attracted the attention of the
entire scientific community. These synthetic techniques have
also been discussed below in detail.

3.1 Solvothermal method

The method which has been most widely used for the synthesis
of POPs is solvothermal synthesis. A large number of POPs have
been constructed by utilizing this method and further used in
different applications. In this synthetic technique, POPs are
synthesized by reacting two or more different monomers or
sometimes by reacting a single monomer in a homocoupling
way in an appropriate solvent combination under high tempera-
ture (typically 90-150 °C) for a certain time period (1-3 days). In
this synthetic condition, various organic monomers are coupled
with each other to form stable covalent bonds, which are further
propagated in either two or three dimensions to create a kineti-
cally controlled extended network, i.e., POPs. In this method, the
choice of reactants, solvents, reactant solubility and temperature
of the reaction play a crucial role in various properties of POPs,
such as morphology, surface area, degree of polymerization,
stability, etc. A few representative examples of successful develop-
ment of POPs by the solvothermal method are also discussed here.
For the first time, a 2D sandwich graphene-CMP was created by
Zhuang et al. using a solvothermal technique.”* After thermal
carbonization, this POP was employed as a 2D porous carbon
material for supercapacitor application. Wan et al utilized the
solvothermal approach to create a triazine-based CMP, which was
then used as a coating material for solid-phase extraction.”®
Recently, our group developed an imidazolium-based cationic
polymeric network (iPOP-5) by solvothermal reaction.”® In this
work, two monomers, 2,4,6-tris(4-bromomethyl)phenyl-1,3,5-
triazine (precursor-1) and 1,4-di(1H-imidazol-1-yl)benzene
(precursor-2), were reacted by refluxing in a solvent combination
of acetonitrile and tetrahydrofuran (THF) to create iPOP-5
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(Fig. 1a). Furthermore, by fine-tuning the reaction conditions
in terms of varying the reaction time, various morphologies of
iPOP-5 were fabricated. Upon reacting the reactants for
~ 8 hours the POP exhibited spherical morphology. On further
increasing the time of the reaction, the spherical morphology
was found to convert into flake morphology (Fig. 1a). In another
report, our group synthesized a porous covalent framework
(PCF-1) by applying solvothermal reaction between two different
monomers using dimethylacetamide (DMAc) solvent under a
nitrogen atmosphere.”” As a result, an off-white colored fibrous
solid product was obtained upon cooling down the reaction,
which was then modified to PCF-1-SO;H by further reacting
with chlorosulfonic acid at high temperature. This material was
further used for proton conduction application. Despite the fact
that the solvothermal approach has been widely employed in
the synthesis of POPs because it allows for relatively simple and
straightforward reaction process management, it nevertheless
has certain drawbacks, including a lengthy reaction time and
difficult reaction situation monitoring.”®

3.2 Ionothermal method

An ionothermal reaction is a type of solid-state reaction, which
has been shown to be used to synthesise various classes of POPs.
In a typical ionothermal synthesis method, no reaction solvent
has been used, rather the monomers are mixed with a molten salt
(such as ZnCl,), which acts as a catalyst as well as a reaction
solvent. The whole mixture is heated at high temperature
(>400 °C) in a sealed Pyrex tube for a long time. In this
prolonged time of reaction, trimerization occurs at high tem-
perature to give the desired POPs. One of the commonly used
POPs i.e., CTFs, have been frequently found to be constructed by
the ionothermal method owing to the exceptional compatibility
with cyano-containing monomers. By applying the ionothermal
technique, at high temperature, taking advantage of nonplanar
or distorted monomers one can easily synthesize CTF-based
POPs. However, it should be mentioned that planar monomers
are useful for the construction of crystalline CTFs as at high
temperature kinetically controlled products are dominant due to
the feasibility of reversible reaction. Therefore, although limited,
the first crystalline CTFs were made with this method.”® Coskun
et al. synthesized a charged CTF using a cyanophenyl substituted
viologen dication monomer by utilizing ionothermal reaction in
the presence of ZnCl, salt.®® By varying the temperature of the
reaction (~400, 450 and 500 °C) the authors developed variable
porosity and surface area based CTF analogues. These CTFs were
further used for carbon dioxide capture and conversion into
cyclic carbonates. Apart from cyano substituted monomers, using
molten ZnCl, as the reaction solvent and methyl ketone as the
reaction monomer, Kim and co-workers created a POP through
C~C bond formation (Fig. 1b).®" This POP was used for super-
capacitor application. Although the ionothermal method has a
few advantages such as no use of solvents, low catalyst cost, large-
scale synthesis, etc., it also suffers from several limitations.
Among them, difficulties associated with the removal of trace
amounts of spent ZnCl, and the need for monomers that are
resilient to difficult reaction conditions are the major ones.
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Fig. 1 (a) Solvothermal synthesis of imidazolium-based ionic porous organic polymers via refluxing of two monomers in THF/acetonitrile solvents.
Adapted with permission from ref. 76. Copyright 2022, American Chemical Society. (b) lonothermal synthesis of a CMP via solvent free cyclotrimerization
of methyl ketones with ZnCl, as a catalyst. Reproduced with permission from ref. 81. Copyright 2021, American Chemical Society. (c) Mechanochemical
synthesis of porous covalent triazine frameworks via the Friedel-Crafts reaction. Reproduced with permission from ref. 82. Copyright 2008, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (d) Electropolymerization fabrication of CMP-based films from a novel dendrimer. Adapted with permission from

ref. 88. Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.3 Mechanochemical grinding method

The mechanochemical synthesis method is considered as a
green technique for POP synthesis. This technique produces POPs
with relatively good yield by grinding the organic monomers or
linkers in a mortar and pestle for several minutes. The driving
force for the formation of POPs by this method is generated by the
mechanical energy produced during the grinding process. Most of
the mechanochemical reactions have been carried out without
solvent; however, liquid-assisted grinding (LAG), which entails the
addition of a tiny amount of catalytic solvent to the reaction
mixture, is used to speed up the reaction rate. This helps to
achieve a high degree of polymerization by preserving the reac-
tion’s homogeneity and thoroughly mixing the reactants to ensure
the presence of monomers. By applying the mechanochemical
method, Troschke et al. synthesized porous CTFs through the
Friedel-Crafts alkylation reaction.®” This is the first example of
application of the Friedel-Crafts alkylation reaction in a mechano-
chemical way to react carbazole moieties with electrophilic
cyanuric acid to produce amorphous triazine-based POPs
(Fig. 1c). Although the mechanochemical grinding method offers
the benefits of being environmentally friendly, using no solvents,
and taking less time, it has a few limitations also. The limited
scope of monomers, production of a large amount of oligomers, in
a few cases the presence of catalyst as impurity, etc. are viewed as
drawbacks for the mechanochemical grinding technique.
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3.4 Microwave-assisted method

The microwave-assisted solvothermal approach can increase
the synthesis efficiency and reduce the reaction time due to the
enhancement in the rate of the reaction when compared to the
solvothermal method. In this procedure, the reactants are
sonicated into solution or dispersion in an appropriate solvent
mixture before being sealed in a microwave compatible Pyrex
tube under vacuum. Thereafter, the sealed tube is heated
briefly while also being exposed to microwave radiation for a
short period of time (~10-60 min). In a report, Trabolsi et al.
synthesized viologen-based cationic covalent organic amor-
phous networks through the Zincke reaction by utilizing the
microwave solvothermal method.*® In this synthesis protocol a
triamine-based reactant was reacted with the viologen mono-
mer in an EtOH-water (4: 1) solvent mixture under microwave
irradiation of 2.45 GHz at 100 °C for 2 h in a microwave reaction
vessel (25 mL). This reaction yielded a hollow-sphere morphol-
ogy based solid powder polymer. However, upon changing the
solvent to dioxane, the reaction produced a hollow tube shaped
POP. The POPs formed in these reactions were further used for
efficient iodine capture in the cyclohexane phase. By reacting
1,3,5-triformyl-resorcinol and m-phenylenediamine reactants at
150 °C for two hours, a novel B-ketoenamine-linked CMP was
created by Wei et al. by applying the microwave technique.®*
Post-synthetic modification of POPs can also be done with the

This journal is © The Royal Society of Chemistry 2023
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help of the microwave method. Recently, Cui and co-workers
incorporated three different functional moieties into a copper
porphyrin-based CMP polymer by applying the microwave techni-
que and further used these modified POPs for photocatalytic dye
degradation application.®® The microwave solvothermal approach is
more effective in terms of less time consumption and environmen-
tally friendliness, owing to the use of microwave heating, but it is
challenging to carry out a large-scale preparation of POPs.

3.5 Room temperature synthesis method

The synthesis of POPs in the bulk powder form has also been
reported based on the room temperature synthesis method. In this
method, the reactants are mixed with each other in a particular
single solvent or a combination of solvents in the presence of a
catalyst (sometimes without the catalyst) and the whole mixture is
stirred at room temperature for certain time to complete the
reaction. By adopting this simple synthesis strategy, several POPs
have been synthesized. Using Schiff-base chemistry, Li et al. synthe-
sized three-component based hybrid covalent organic polymers
through a facile room temperature synthesis method.*® These POPs
were used to sequestrate sulfonamide antibiotics such as sulfadia-
zine (SDZ) from water with a high adsorption capacity and rapid
kinetics. This approach saves energy because it does not require
excess heat, but it can only be used in a small number of reactions.

3.6 Electropolymerization method

One of the recent techniques that have been adopted to synthesize
POPs is the electropolymerization process. Especially, apart from the
bulk powder, POP-based thin films are fabricated with this techni-
que. Among them CMP based films were found to be fabricated by
the in situ electropolymerization process. In this method, by apply-
ing voltage, POPs are constructed onto an anode (such as ITO) plate
inside a typical three electrode cell chamber, taking the electroactive
functional moieties. Using the electropolymerization method, Ma
et al. created a CMP film with a zinc porphyrin core and dimer
carbazole linkers, and it was used for an energy storage application
(as a supercapacitor).”” In another report, applying the electropoly-
merization technique, with dendritic macromolecules as the pre-
cursor, Liu and co-workers created dendrimer (TPETCz) CMP films
having extensive micro-porosity, which have excellent adsorption
capabilities for several volatile organic chemicals (Fig. 1d).*® Zhou
et al. synthesized a polybenzazole CMP membrane and used it for
ion filtration application.*® Although the simple in situ electropoly-
merization approach provides a quick and simple means to create
POPs, its limited monomer scope and expensive nature restrict its
wide-scale use. Apart from these synthetic methods, few other
synthetic procedures were reported for the development of POPs.
The catalytic vapor-assisted solvent-free method for the preparation
of POPs is one among them.”

4. Reactions involved in the synthesis
of POPs

In order to enhance the performance of porous polymers in
various applications, the fundamental challenge for synthetic
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chemists continues to be the invention of a straightforward and
highly productive synthetic route that enables control over the
specified structure and surface area in POPs. This entails
refined control over the architectural aspect of designing the
network’s topology as well as the molecular dimension. As
mentioned before, to construct porous organic polymers, the
small organic molecules or monomers must be covalently
linked with each other in the applied desired synthetic reactions.
A wide range of synthetic approaches for creating POPs have been
established up to this point. The polycondensation reaction is a
frequently utilized technique. The chemical processes that are
widely used to create POPs can be broadly categorized into metal
catalyzed and non-metal catalyzed reactions. Among the metal
catalyzed reactions, Sonogashira-Hagihara cross-coupling,
Suzuki-Miyaura coupling, Friedel-Crafts alkylation, Yamamoto
coupling (oxidative polymerization), Glaser-coupling, metal-free
Friedel-Crafts polycondensation, and Lewis acid assisted cyclotri-
merization are widely used reactions. On the other hand, among the
non-metal catalyzed reactions, benzodioxane formation, boro-
nate ester formation, amidation, boroxine formation, nitrile
cyclization, imidization, Schiff-base reaction, etc. are well estab-
lished for the synthesis of POPs.”" These synthetic reactions are
discussed in the sections that follow.

4.1 Suzuki-Miyaura coupling reactions

Two monomers, tris(4-bromo-2,6-dimethylphenyl)borane and
tris(4-dihydroxyboroylphenyl)amine, were combined by a Suzuki-
Miyaura coupling reaction to create a triarylboron-linked POP,
which was further used for capture of fluoride ions from water.*?
In another report, Xu et al. created a CMP with ethylphosphate
ligands (CMP-EP) by applying Suzuki-Miyaura coupling reactions
between 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene
and 2,7-dibromo-9,9-bis(diethyl propylphosphonate)fluorine mono-
mers (Fig. 2a).”® The polymer (CMP-EP) was found to extract
uranium metal cations from nuclear waste. Cooper et al. used
a method based on the two-step Suzuki cross-coupling reaction
to create a soluble POP (SCMP1) by adding bulky organic units,
such as tert-butyl, to the exterior of CMPs.’* The final product of
the reaction, the pyrene-based SCMP1, was found to be micro-
porous in nature with moderate surface area (505 m> g™ %).

4.2 Sonogashira-Hagihara coupling reactions

The Sonogashira-Hagihara coupling reaction refers to the copo-
lymerization of terminal alkynes with aryl halides in the presence
of a palladium catalyst along with copper species.”> Among the
polycondensation reactions, these coupling reactions have largely
been used to synthesize carbon-carbon bonded POPs since the
discovery of poly(aryleneethynylene) CMPs.’® Cooper et al. synthe-
sized fully m-conjugated poly(aryleneethynylene)-based micro-
porous polymers (CMPs) based on the palladium-catalyzed
Sonogashira-Hagihara coupling reaction. The resultant POP
exhibited high surface areas up to 834 m?> g~ . Liu et al. reported
the synthesis of metallo (Zn)-porphyrin-based CMP microspheres
with outer diameters of 320-740 nm by using silica nanoparticles
as a template.”” In another report, efficient extraction of uranium
cations has been demonstrated by developing a fluorescent POP
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Fig. 2 (a) Synthetic route to CMP-EP by the Suzuki coupling polymerization. Reproduced with permission from ref. 93. Copyright 2018, the Royal
Society of Chemistry. (b) Synthesis of the amidoxime functionalized polymer (CMPAO) by the Sonogashira—Hagihara coupling reaction. Reproduced with
permission from ref. 98. Copyright 2019, the Royal Society of Chemistry. (c) Polymerization of tetrabromo and tribromo substituted monomers via the
Yamamoto reaction. Reproduced with permission from ref. 101. Copyright 2009, American Chemical Society.

(CMPAO), which was synthesized using Sonogashira-Hagihara
coupling reactions between 1,3,5-triethynylbenzene and amidox-
ime/carboxylate-substituted fluorene moieties (Fig. 2b).”® More-
over, a hydroxyl functionalized porous aromatic framework (PAF-
18-OH) was synthesized from its precursors via Sonogashira
copolymerization.®®

4.3 Yamamoto coupling reactions

Cooper’s group developed a series of CMPs with variable surface
areas via homocoupling of 1,3,5-triethynylbenzene and 1,4-diethynyl-
benzene monomers.'” Thomas et al synthesized a series of
spirobifluorene-based CMPs using Yamamoto coupling reactions,
with various brominated monomer ratios, which exhibited a large
BET surface area (>1000 m”> g~ ') and pore volume (Fig. 2c)."" In
order to create nanofiber-based POP thin films for electrospinning
technology, the Yamamoto coupling reaction was also applied. These
films were successfully used as chemosensors and supercapacitors.'%*

4.4 Scholl coupling reactions

The Scholl coupling reaction, which involves the coupling of
phenyl rings of aromatic compounds, uses AlICl; as a catalyst
(Fig. 3a). A set of four PAFs were fabricated via the AICl; catalyzed
low-cost and straightforward synthetic Scholl coupling reaction,
taking 3D monomers, such as triphenylamine, tetraphenyl-
methane, tetraphenylsilane, and tetraphenylgermane.'®'%* All
these synthesized PAFs exhibited a high sorption capacity of CH,
and CO, gases. Li and co-workers used the Scholl coupling process
to create a number of conjugated POPs by utilizing a simple
precursor system along with AlCl; catalysis. The created CMPs
show effective gas adsorption for CH, and CO,.'* Another con-
jugated POP having carbazole units (CZ-CMP) was synthesized by
Guo et al. by applying Scholl coupling reactions."®

4.5 Ullmann coupling reactions

Dehalogenation and polycondensation of aryl halides are steps
in Ullmann coupling processes, which are catalysed by the

4092 | Mater. Horiz., 2023, 10, 4083-4138

nickel(0) complex. The Ullmann coupling reaction has been
exclusively applied for the synthesis of PAFs with large BET
surface area (>4000 m* g~').’®'%” Moreover, electron donor
groups like pyrene and electron acceptor moieties such as
phenanthrene, benzene, and pyrazine were coupled with each
other using the Ullmann coupling reaction to synthesize
donor-acceptor-based conjugated POPs."*® The resultant CMPs
have further been effectively used as a photocatalyst for hydro-
gen production under visible light owing to their outstanding
photocatalytic activity and stability.

4.6 Heck coupling reactions

In the Heck coupling reaction, an unsaturated halide is coupled
with a primary alkene in the presence of a Pd catalyst and base,
forming a C=C bond between the two units. Utilization of the
Heck coupling reaction for the development of conjugated
POPs was demonstrated by Sun et al.'® A highly luminescent
CMP was synthesized by the coupling of aromatic halides with
vinyl aromatic compounds, using Pd(Ph;), as the catalyst,
K,CO; as the base and DMF as the solvent under anaerobic
conditions. Owing to the strong fluorescence properties the
developed CMP was applied for the turn-off detection of
explosives such as picric acid.

4.7 Glaser coupling reactions

In a report by Chen et al. a 2D conjugated polymer (2D-PTNS)
was synthesized from the triethynyltriptycene monomer by
employing the Glaser coupling reaction."'® As a result of the
reaction, a bottom-up layered structure of a gelatinous mixture
was formed at the gas-liquid interface. Furthermore, the
synthesized POP exhibited gas adsorption properties. Zade
et al. synthesized a thiophene and triazine functionalized
conjugated porous polymer (TT-CPP3) by the Glaser coupling
reaction and used it for CO, capture.''’ The cost-effective
Glaser coupling process was used to create a variety of butenyl
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CMPs from arylene monomers with various configurations,
which exhibited high CO, adsorption capacity.*'*

4.8 Oxidative coupling reactions

Oxidative coupling reactions, which liberate two electrons from
the reactants and trap them by an oxidant, have arisen as a
versatile alternative to cross-coupling in the synthesis of POPs.
Nitrogen-rich conjugated polymers (NCMPs) have also been
created using oxidative coupling processes. Through this
coupling procedure, the intermediates produced when various
brominated monomers react with aniline are employed to
synthesise NCMPs.'"* Further, these POPs have been used for
gas storage and heterogeneous catalysis application. By utilis-
ing oxidative Scholl reactions of electron-rich aromatics with a
Lewis acid catalyst, most frequently FeCl; or AICl; in a CHCl,
solvent, POPs can be created.'**

4.9 Friedel-Crafts reactions

Friedel-Crafts reactions have been widely used to prepare
several POPs, including CMPs, HCPs, PAFs, etc. Owing to some
clear benefits such as being quick and easy, requiring no metal
catalyst and being inexpensive, the Friedel-Crafts reaction is
the preferred choice for many POP synthetic chemists. Geng
et al. utilized Friedel-Crafts reactions to synthesise a series of
three triazine-based polymers (TTPPA, TTDAB and Tm-MTDAB)
by the reaction of 2,4,6-trichloro-1,3,5-triazine (TCT) with three
triphenylamine derivatives (Fig. 3b)."*® These polymers exhib-
ited a high surface area and pore volume and excellent uptake
of iodine in the gas phase as well as in solution. In another
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report, the same group again synthesized three nitrogen core
containing POPs via the Friedel-Crafts reaction catalysed by
methanesulfonic acid.'*® These high BET surface area based
CMPs were used for efficient and reversible uptake of iodine
vapour. The Friedel-Crafts alkylation process was also found to
connect the aromatic motifs via methylene linkage, catalyzed by
a Lewis acid under mild conditions, which further creates PAFs.
A series of PAFs (PAF-32, PAF-32-NH, and PAF-32-OH) were
produced by reacting the monomer tetraphenylmethane and its
amino and hydroxyl derivatives.""”

4.10 Buchwald-Hartwig reactions

The Buchwald-Hartwig reaction is a widely used reaction in
organic synthesis for the formation of polar C-N bonds via
coupling of amines and aryl bromides, catalyzed by palladium.
This reaction is also known as an amination reaction. Thomas
et al. synthesized a library of 3D polyaminoanthraquinone-
based POPs by applying Buchwald-Hartwig reactions between
2,6-diaminoanthraquinone and a diverse number of bromine
substituted aryl monomers (Fig. 3c)."*® All these CMPs were
tested for supercapacitor application. It was noticed that the
Buchwald-Hartwig reaction often resulted in POPs with a
relatively low surface area. Therefore, inorganic salts such as
LiNOj3, NaCl, and NaF were also used along with the Buchwald-
Hartwig reaction to enhance of specific surface area of the
synthesized POPs. As a result, the addition of inorganic salts
greatly improved the specific surface area of the resultant CMPs
without changing their structural properties."*® A novel N-rich
POP was synthesized through the Buchwald-Hartwig reaction
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(a) Development of extended frameworks via Scholl coupling reactions with AlCls as the catalyst. Reproduced with permission from ref. 103.

Copyright 2014, the Royal Society of Chemistry. (b) Synthesis of triazine-based CMPs by the Friedel-Crafts reaction catalyzed by methanesulfonic acid.
Reproduced with permission from ref. 115. Copyright 2018, the Royal Society of Chemistry. (c) Synthesis of the polyaminoanthraquinone (PAQ) network
by the Buchwald—Hartwig reaction of monomers, TA: triphenylamine, TB: triphenylbenzene, CB: carbazole, SF: spirobifluorene, TM: tetraphenylmethane.
Reproduced with permission from ref. 118. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Creation of the pyrazine-fused CMP

(Aza-CMP) and the triisopropylsilyl CMP (TIPS-CMP) by the Friedel-Crafts
VCH Verlag GmbH & Co. KGaA, Weinheim.
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by using 1,3,5-tris(4-bromophenyl) benzene and p-phenylene-
diamine/benzidine monomers as building blocks. Owing to the
presence of electron-rich heterocyclic moieties and mesoporous
structure, this POP was applied for volatile iodine capture.™*®

4.11 Cyclotrimerization reactions

Cyclotrimerization reaction was applied for the creation of
highly porous organic frameworks, taking bifunctional acetyl
moieties as monomers. Moreover, different morphology of the
POP was found upon changing the medium of the reaction.
Highly dispersed powders were produced during solution-based
silicon tetrachloride synthesis, whereas polymeric monoliths were
produced during molten 4-toluene sulfonic acid synthesis.'*’
Bohra et al. synthesized a POP having triazine moieties in its
structure with the help of direct arylation of a polybrominated
monomer and 2,4,6-tri(2-thiophene)-1,3,5-triazine using cyclotri-
merization reaction.*" In this cyclotrimerization reaction, triazine
monomers are introduced into the structure of POPs without the
need of C-H bond preactivation in aromatic monomers. Further,
the photooxidation of benzylamine was carried out using the
produced CMPs as photocatalysts. Milner et al. explored solvent-
free synthesis of CMPs and PAFs via ionothermal cyclotrimeriza-
tion of methyl ketones.®' Highly porous POPs were synthesized by
the polymerization of 1,3,5triacetylbenzene and  tetrakis(4-
acetylphenyl)methane, catalyzed by molten zinc chloride. Thus
the prepared POP was used for charge storage or capacitor
purpose. Zade, Mandal, and co-workers synthesized a triazine-
based conjugated porous polymer (TT-CPP1) using the alkyne
cyclotrimerization reaction taking the tris(thienyl)triazine
unit."** The POP exhibited excellent adsorption of the Lewis
acidic CO, at 263 K under 100 kPa pressure. Moreover, it has
been demonstrated that amide groups can trimerize in the
presence of P,Os as a catalyst."*>

4.12 Schiff-base condensation reactions

In POP synthetic reactions, one of the most important classes of
reactions is Schiff-base condensation. This polymerization reaction
has been extensively used to develop a large number of POPs.
Aiming at functionalizing monomers with amine and aldehyde, the
process creates an imine link."** By reacting 9,10-bis-(4,6-diamino-$-
triazin-2-yljanthracene with 2-furaldehyde in a metal-free Schiff base
polycondensation process, a triazene-anthracene-based fluorescent
aminal linked POP (TALPOP) was created by Sabri’s group.'>* The
prepared highly stable POP exhibited exceptional iodine uptake in
both vapour and solution phase. By utilizing Schiff-base condensa-
tion reactions a novel nitrogen-rich triaminopyrimidine (TAP) core-
based POP (TAP-POP) was synthesized and used for heteroge-
neous base catalysts.'*® Metallic phthalocyanine-based porous
polymers (MPc-CMPs) were developed via Schiff-base condensa-
tion reactions.?® In this report, Ding et al. used their POP as a
photosensitizer to produce singlet oxygen (10,).

4.13 Aldol condensation reactions

The aldol triple condensation technique was employed for the
scalable synthesis of conjugated porous polymers with inexpen-
sive monomers. This bottom-up synthetic strategy produced
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POPs which demonstrated rapid and selective adsorption of
small organic molecules from water."” Han and colleagues
created microporous organic polymers using thionyl chloride-
catalyzed aldol self-condensation of building blocks including di-
and multiacetyls."*® A porous polymeric compound with an olefin
link was created by Lyu et al via the aldol condensation
procedure."® The olefin-linked material exhibited high stability
in harsh acid and alkaline environments and possessed a sig-
nificant specific surface area (1715 m> g~ ). Further, it was used
as a catalyst support for the benchmark Diels-Alder reaction.

4.14 Knoevenagel condensation reactions

Ma et al. prepared a olefin-linked conjugated POP (COP-CN) via the
Knoevenagel condensation reaction, which showed good stability
and excellent fluorescence property. Additionally, because of the
high N atom content, it exhibited good uranium adsorption and
separation capability.”*® Utilization of the Knoevenagel polycon-
densation reaction to create the first olefin-linked porous polymer
was demonstrated by Zhuang et al. by using 1,4-phenylene diace-
tonitrile and a C3-based aromatic aldehyde."*" The synthesized
olefin-linked CMP exhibited sheet-like morphology along with a
fully sp2-bonded C-C conjugated structure with pendant cya-
nide groups. This compound was employed as an electrode for
supercapacitors and as an electrocatalyst for the oxygen
reduction reaction. Gong et al. reported a pyrylium-containing
POP (TMP-P) via the Knoevenagel condensation reaction
between 2,4,6-trimethylpyrylium salt (TMP) and 1,4-phthal-
aldehyde monomers."** The synthesized POP exhibited efficient
visible-light-driven heterogeneous degradation of Rhodamine B dye.

4.15 Other reactions

Other types of reactions, in addition to the coupling and con-
densation reactions indicated above, have also been investigated
for the synthesis of POPs. Phenazine ring fusion links aryl
diamines and aryl diketones at high temperature. Phenazine ring
fusion reaction was employed for the successful construction of
twisted 2D conjugated polymers (Aza-CMPs) with molten aro-
matic rings (Fig. 3d)."** Triisopropyl silicon (TIPs) groups and
acetylene groups were added to the skeleton of the POP during
the solvothermal creation of a highly deformed aromatic struc-
ture (TIPs-CMPs) in a dioxane/acetic acid solvent mixture. The
distinctive structure of the polymer improved its dispersion in
solvents, making it simple to create uniform and optically
transparent films. Heterocycle linkages of monomers, such as
the reaction of aldehydes with ortho diamines, can be used to
form benzimidazole linkages. POPs with benzimidazole bonds
were also established in the literature by Rabbani, El-Kaderi and
co-workers."** Cationic cyclization polymerization has been uti-
lized to develop POPs. By using monomers with multiple acet-
ylenes, three olefin polymers were produced. These POPs were
then employed to adsorb iodine and carbon dioxide gases.'*®
Moreover, alkyne metathesis reaction was also used for the
synthesis of porous polymers, catalyzed by Mo(vi) in chloroform
solvent."®® Our group synthesized a charged viologen-based
organic network (compound-1) via the Zincke reaction between
two precursors by refluxing in a dioxane/ethanol/chlorobenzene
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solvent combination."*” This POP was used for the detoxification
of wastewater by removing selective metal-oxoanions. Li et al.
used the quaternization reaction between tetrakis(4-pyridyl-
phenyl)-ethylene (TPPE) and 1,4-bis(bromomethyl)benzene (BBMB)
to develop a cationic POP (CON-LDU2) for chemosensing and
removal application of Cr(vi)-oxoanions from water."*® The
Gilch reaction was used by Dawson et al. to create a conjugated
porous polystyrene polymer via the self-condensation of 1,2,4,5-
tetrabromomethylbenzene in an anhydrous tetrahydrofuran
solvent."®® The polymer was used for hydrogen storage applica-
tion. Hypercrosslinking was also used to create linear conju-
gated polymers. Further, cross-linking of linear polypyrrole and
polyaniline generates a porous polymer with a high BET surface
area.'*®'"! Moreover, the Chichibabin reaction was also
applied to synthesise porous polymers. The reaction between
aryl aldehyde and ketone is called the Chichibabin reaction. He
and co-workers reported the synthesis of pyridine core based
CMPs by the Chichibabin reaction.*>

It should be mentioned that because of the rapid advance-
ment of the study area, processes for the synthesis of POPs are
today not just restricted to those that result in the formation of
carbon—-carbon bonds, but also include those that result in the
covalent connection of heteroatoms like N, O, and S. Among
them, azo-linkage formation,’***** imidazolium linkage
formation,"*>'*® polyimide formation'*”'** and others"*>'>°
were found in the literature for the development of various
POPs. However, the presently employed reactions are frequently
catalysed by expensive, air-sensitive organometallic com-
pounds. Thus, the use of these catalysts raises the cost of the
polymers and reduces the amount that can be produced on a
large scale. Therefore, one needs to focus on cost reduction and
increased production of POPs for their practical application.

5. Characterization techniques for
POPs

From the discussion above, it is clear that POPs differ from
discrete molecules (such as small organic molecules, organic
cages, etc.) or linear polymers in that they are indefinitely
expanded polymeric materials that are insoluble in common
solvents. Therefore, structural as well as morphological character-
ization of POPs in the solution state is not compatible. However,
with the aid of various solid-state start-of-the-art characterization
techniques, structural analysis of POPs can be done to gain insight
into the textural and chemical composition of POPs. These
characterization tools are discussed in the following sections.

5.1 Fourier transform infrared (FT-IR) spectroscopy

For reaction monitoring as well as structural analysis of POPs,
FT-IR is one of the most significant and basic characterization
tools in order to understand the covalent bond construction,
and thus formation of the POP structure. Owing to its easy and
facile operation and analysis, this technique is widely used to
characterize POPs, which provides crucial information about
the solid polymeric backbone and functional groups present on
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it. The inclusion of various functional moieties into the POP
skeleton, whether as part of a pre- or post-synthetic strategy, is
also understood via FT-IR spectroscopy. FT-IR spectroscopy has
largely been used to characterize almost all of the known POPs.
Hupp et al. reported the synthesis and CO,/CH, gas sorption
properties of a highly stable diimide-functionalized micro-
porous organic polymer (Fig. 4a)."*” In this report, they synthe-
sized a POP by the coupling reaction of dianhydride with
tetraamine-based monomers in DMF solvent. The formation
of polyimide linkage and the presence of both monomers’
functionality in the synthesized POP were characterized by
solid-state FT-IR spectroscopy. In the FT-IR spectra it was found
that when compared to the dianhydride monomer, the carbonyl
stretching frequency in the FT-IR spectra was observed to be
pushed toward lower energy by about 100 cm ™", indicating the
establishment of amide bonds. Additionally, N-H stretches are
reduced to undetectable amounts, indicating that the initial
amines were effectively converted into imide linkages (Fig. 4a).
This technique has also been utilized to explore the structure
formation of triazine-based POPs. In a report, the Thomas
group showed the lowering of the C-N stretching vibration at
2228 cm™ " and the appearance of a triazine ring at 1507 and
1352 ecm~ ' which both are obvious signs that the triazine
production reaction is complete.® Ma et al. established the
effective incorporation of nitro groups onto the POP (PAF-1)
structure by the two asymmetric and symmetric stretching vibra-
tions of the nitro group at 1528 and 1344 cm ' in the FT-IR
spectra of PAF-1-NO,. The conversion of the nitro group to the
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Fig. 4 (a) FT-IR spectroscopy data for the formation of a diimide-based
microporous organic polymer. Reproduced with permission from ref. 147.
Copyright 2009, American Chemical Society. (B) FT-IR spectra indicating
the formation of calix[4]pyrrole-based POPs. Reproduced with permission
from ref. 152. Copyright 2021, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (c) *C CP/MAS NMR spectroscopy data indicating the for-
mation of the structure of resorcinarene cavitand polymers. Reproduced
with permission from ref. 156. Copyright 2019, American Chemical
Society. (d) TGA profile displaying the thermal stability of pristine and
desolvated iPOP-3 along with its monomers. Reproduced with permission
from ref. 39. Copyright 2021, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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amino group was also observed in the FT-IR spectra of PAF-1-
NHS,. The occurrence of absorption peaks at 1229 and 1033 cm™ ',
the typical bands of the -SO;H group, provides evidence for the
presence of sulfonic groups in the final POP structure.’>® For-
mation of calix[4]pyrrole-based porous polymeric networks was
confirmed by FT-IR analysis, as no terminal alkyne stretching
frequencies (2108 cm ™" for -C=C- and 3285 cm™ ' for terminal
alkyne -C-H) were present in the spectra of the synthesized POPs
(Fig. 4b)."** In addition to this, the retention of desired functional
groups in PAFs during synthesis and modification can also be
revealed by FTIR. For instance, the FT-IR spectra of both the
starting reactants and the as-synthesized PAF show the C-O
stretching vibration at 1728 c¢cm™' and the O-H stretching
vibration at 3431 cm ' during the synthesis of carboxyl-
decorated PAF-26-COOH. These data show the presence or reten-
tion of the carboxylic acid group in the POP structure.'*®

5.2 Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is a widely used technique to describe the
local chemical surroundings of specific nuclei. The restricted
spatial arrangements of the detectable nuclei produce consid-
erably widened spectra for materials like POPs, which are
insoluble in common solvents. In detail, when the NMR sample
is rotating at an angle of 54.74° with regard to the direction of
the external magnetic field, the dipolar-dipolar coupling in the
solid phase can be averaged. In this context, the technique that
can offer short-range ordering information about the POPs in
the solid state is the magic angle spinning nuclear magnetic
resonance (MAS NMR)."*”*>* Both "H and *C solid-state MAS
NMR spectroscopy techniques were employed to characterize
the chemical configuration of the POPs. For example, Tan et al.
developed a novel strategy to synthesize a series of microporous
polymers by utilizing knitting rigid aromatic monomers as an
external cross-linker. The structural backbone of all these POPs
was analysed by "*C cross-polarization magic-angle spinning
(CP/MAS) NMR. As a result of Friedel-Crafts synthesis, NMR
resonance peaks, which are caused by substituted aromatic
carbon and non-substituted aromatic carbon, respectively, were
near 137 and 130 ppm. Also, the carbon in the methylene linker
shows resonance peaks at about 36 ppm. Resonance peaks of
22 ppm were visible in the network based on methylbenzene,
and they can be attributed to the methyl carbon linked to the
benzene ring. Moreover, the resonance peaks in the phenol-
based network at 150 ppm were caused by aromatic carbons
connected to the phenolic hydroxyl group.'*® In another work,
along with FT-IR, solid-state cross-polarization magic angle
spinning (CP-MAS) *C NMR spectroscopy was employed to
understand the structure of resorcinarene cavitand polymers,
along with the spectra of soluble model compounds. The spectra
indicated noticeable resonances in the case of both polymers
near 153 ppm, which are suggestive of the generation of aryl C-O
bonds, as well as resonances between 136 and 129 ppm, which
correspond to aryl carbons on polymer-1. In addition, the
presence of nitrile, methylene carbon, and the methyl group,
respectively, is indicated by resonances at a chemical shift of 110,
30, and 17 ppm, respectively (Fig. 4c).">® Molecular level
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characterization of CMP-1 has also been done with the help of
'H and "*C CP/MAS NMR spectrsocopy.*> Moreover, this techni-
que was employed to explore the structural formation of a series
of calix[4]pyrrole-based crosslinked polymer networks. The solid-
state CP/MAS "*C NMR spectra of the POPs exhibited broad peaks
in the spectral range of 150-120 ppm and 110-100 ppm. These
characteristic peaks were attributed to the sp>hybridized carbons
of the aromatic phenyl and pyrrole moieties in the polymeric
structure, respectively. Additionally, peaks in the range of 90-100
ppm were attributed to the sp-hybridized acetylene (-C/C-)
groups of the POPs.">”

5.3 Thermogravimetric analysis (TGA)

One of the important characteristic features of extended poly-
meric materials (POPs) is the thermal robustness. The develop-
ment of strong, durable materials capable of withstanding
extreme heat conditions is one of the main challenges in POP
synthesis chemistry.'*® TGA is a technique used to weigh samples
before and after burning in order to determine how thermally
stable POPs are. The weight change at different temperatures in
the TGA profile of POPs can be due to multiple reasons. Among
them, the removal of the guest molecules (such as solvents) from
the framework, the breakdown of the organic polymeric struc-
ture, and the oxidation of the leftover metals from catalysts in the
coupling reactions are only a few of the factors. A common
analytical technique begins by performing TGA on POPs that
have just been produced in order to determine how many solvent
molecules are present in their pores. The temperature at which
the POPs should be activated or heated for a period of time to
archive the desolvated phase may therefore be inferred from this
TGA profile. In a typical procedure, the TGA of POPs can be done
in the temperature range of 30 to 800 °C under a N, atmosphere.
In a POP-based literature example, two cationic imidazolium
POPs have been synthesized for the metal-based oxoanion cap-
ture application. These two POPs have been characterized by
TGA.* In the pristine phase of iPOP-3, TGA analysis revealed an
initial weight loss of about 8%, which may have been caused by
retained solvent molecules. Also, the TGA curve for the desolvated
phase of iPOP-3 exhibited negligible weight loss until 300 °C, and
the profile for iPOP-4 confirms the guest free nature by showing
negligible weight loss until 350 °C (Fig. 4d).

5.4 X-Ray photoelectron spectroscopy (XPS)

POPs are majorly composed of light elements including C, N, O,
S, and P. Qualitative determination of the composition of these
elements of POPs provides insightful information. XPS is a
technique which is used to ascertain the elemental composi-
tion, which aids in describing the general makeup of POPs. A
typical XPS spectrum discloses the electron counts with respect
to the binding energy for a specific or all relevant elements
present in the composition of POPs. Along with the identity and
concentration of an element present in the POP backbone, it
also directly indicates the subshell of the expelled electron
(such as 1s, 2s, 2p, or 3d). Furthermore, this spectroscopic
method can also be used to determine the bonding pattern
between two monomer units."”® Characterization of POPs with
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the help of XPS analysis has attracted special attention in the
recent past.’®® A few of the POPs that have been characterized
by XPS analysis are described here as an exemplary example.
Among the pristine POPs, CTFs are majorly characterized by
XPS analysis. In a report, Coskun et al. explained the charged
structure of a CTF made up of viologen-based monomers.*°
They carried out XPS to recognize the nature of chemical
bonding in cCTFs. The cCTF-500 XPS survey spectrum showed
the peaks of C 1s, N 1s, O 1s, and Cl 2p, proving the materials’
purity. Furthermore, the C 1s core-level deconvoluted spectra
indicated the presence of three components with binding
energies corresponding to C-C, C=N, and C—O of 284.8,
286.8, and 289.02 eV, respectively (Fig. 5a). Moreover, the N
1s spectra of cCTF-500 exhibited three different peaks with
binding energies of 398.5, 400.5, and 402.5 eV. Among them,
the peaks at 398.5 and 400.5 eV were assigned to the nitrogen
atoms of triazine linkages, and the peak located at 402.5 eV was
assigned to the nitrogen atoms of viologen units (Fig. 5b).

5.5 Porosity measurement

The porosity of POPs, especially at the microporous scale (below
2 nm), is their primary structural characteristic."®" POPs exhibit
large surface areas with various hierarchical (micro/meso/macro)
porosities. As already discussed, the porosity of POPs generally
originates from the covalent binding of repeating units in a three-
dimensional way. It is well known that the most popular method
for determining their surface area, pore volume, and pore size
distribution is gas adsorption-desorption measurement, with the
help of the multi-layered Brunauer-Emmett-Teller (BET) adsorp-
tion isotherm. Typically, N, and Ar are inert, non-polar gases that
physically adsorb in the material’s pores to create these iso-
therms. However, due to its nonspherical shape and low critical
temperature (77 K), N, has difficulty in diffusing into the pores of
POPs of size smaller than 0.7 nm, and it takes a relatively long
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time to equilibrate. Therefore, in some cases, to measure the
pores of POPs that are less than 0.7 nm, carbon dioxide (CO,)
sorption study at 195 or 273 or 298 K is carried out. According to
the IUPAC classification, there are six different types of adsorp-
tion isotherms, which are categorized as type I to type VI and
provide details about the nature of sorption, the type of pores
based on their size, gas adsorption capacity, etc. A typical
isotherm depicts the equilibrium adsorption quantity of an
adsorptive in terms of its volume at standard temperature and
pressure (STP) as a function of relative pressure (P/P,). The shape
of the isotherms shows how POPs are structured. Micropore
filling is the cause of the quick gas uptake seen at relatively low
P/P, (< 0.1). The resulting isotherm begins as convex with respect
to the gas uptake axis and progresses to an adsorption plateau as
the relative pressure rises. This curve’s form is categorized as type
I adsorption, which is considered to be proof that the micro-
porous nature is present in the polymer. On the other hand,
mesopore containing POPs exhibit capillary condensation at
medium relative pressure with a hysteresis loop (type IV or V).
Herein, a few representative examples of the structure of POPs
with their gas uptake properties, surface areas, pore volume, and
pore size are discussed. By utilizing the Sonogashira-Hagihara
coupling reaction, Cooper et al. reported the fabrication of a
number of microporous poly(aryleneethynylene) (PAE) networks
with high BET surface areas.”® By using nitrogen adsorption and
desorption at 77.3 K, the surface areas and pore size distributions
of various POPs were calculated. All these POPs exhibited type I
N, gas sorption isotherms with BET surface areas of 512 m* g~
for CMP-5 and 1018 m” g~ for CMP-0 (Fig. 5c). Notably, in the
case of CMP-2 and CMP-5, the authors found a small increase in
the N, uptake profile at high relative pressures (P/P, > 0.8),
which may be attributed to the interparticle porosity responsible
for the meso- and macrostructures of the samples. Also, the pore
size distribution of these polymers was calculated using NL-DFT

o= HCCP4 (+1500) == HCCP-12 (+1500)

Intensity (a.u.)

UMY PR A ot S Py
: 294 202 200 288 286 284 282 280
E Binding Energy (eV)

—o-HCCP3(+1%00) | o
~9— HCCP-7 (+1000)
== HOCP-6 (+500)
~o— HCCPS

9 HCCP-3 (+1000)
0~ HCCP-2 (+500)

== HCCP-11 (+1000)
3000 =9 HCCP-10 (+509) 9

- HCCPS :
g :

g
N, adsorbed (cm’ ¢, STP)
g

N, adsorbed (cm’ g, STP)
o)
kel
ol
L
v

¢))

0 02 04 06 03 18
Relative pressare (PP

00 62 64 06 o3 10 0 02 04 o8 o2 10 ¢

Relative preware (P1F,)

19— HCCP-12 (+15)

‘8

Differetial pore volume (cm’/g |

Intensity (a.u.)

408 406 4DL 402 400 Xe 398 3%

Binding Energy (eV)

T 10
Pore diameter (nm)

.
Heeeeaareeretratatbottattattattartstrretttrsrenes” Sosanne

e eretreeraaretreteaaratettattettatbattattns Tons

; T V""O
Pore diameter (nm)

K MREA

ey 124
== HOCP3 (+8)) ICCP.T (+8)

X
N—"
F]

> \\_...-:"M §
1 «»'}lurr.l 1(410) :

104 i
p=9— HOCP-10 (+5)

s

—0= HOCP-2 (+4)

. @

-

Differential pore volume (cm’ g
Differential pore vohume (cm’ £*)

»

H P
» 1 1 100 1 [ 120
Pore width (am) Pore width (am)

tratrertvatvenren

P he 00t aettassasssttseerossassttvsovrassttattvsovatartartvstsstertrrovetnet

Fig. 5 Core-level deconvoluted XPS spectra of (a) C 1s and (b) N 1s of cCTF-500. Reproduced with permission from ref. 80. Copyright 2017, American
Chemical Society. (c) N, gas sorption isotherms, (d) NL-DFT pore size distribution profile, and (e) NL-DFT cumulative pore volume plots for CMP-0 to
CMP-5. Reproduced with permission from ref. 58. Copyright 2008, American Chemical Society. (f-h) N, gas sorption data for HCCP-1 to HCCP-12
showing type-IVa isotherms, (i—k) NL-DFT pore size distribution profile for HCCP-1 to HCCP-12. Reproduced with permission from ref. 163. Copyright

2021, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2023

Mater. Horiz., 2023, 10, 4083-4138 | 4097


https://doi.org/10.1039/d3mh00672g

Published on 10 July 2023. Downloaded by Y unnan University on 8/14/2025 11:20:43 PM.

Review

(Fig. 5d). The NL-DFT cumulative pore volume plots indicated
that the micropore volume of these POPs falls in the range of
0.38 to 0.16 cm® g~ ' (Fig. 5€). In another report, by employing
nitrogen as the sorbate molecule in a sorption assay, the porosity
properties of CPOP-1 were examined.'®® The results of N, sorp-
tion indicated the permanent microporous nature with a fully
reversible isotherm and quick absorption at low pressure
(0-0.1 bar). A close inspection of the N, sorption data at a high
relative pressure (>0.9) indicated a significant rise in the gas
uptake. This might be because of the combined effect of inter-
particle porosity associated with the meso- and macrostructures
of the polymers and interparticle void. Moreover, the BET surface
area of CPOP-1 was found to be as high as 2220 m® g™, and the
corresponding pore size distribution (PSD) was calculated with
the help of the NLDFT method as 0.62 nm. Liang and Zhao et al.
reported a strategy to develop a series of hyper-crosslinked
conjugated polymers (HCCPs) with exceptional porosity and high
surface areas.'®® The N, sorption study was applied in order to
investigate the porous properties of these POPs. These HCCPs
displayed type IVa isotherms with hysteresis for mesopores larger
than 4 nm. The steep uptake at higher relative pressures (P/P, >
0.9) may have been brought on by the existence of macropores
with molecular clustering of N, (Fig. 5f-h). Among the POPs,
HCCP-2, HCCP-6 and HCCP-11 exhibit the highest surface areas
of 2515, 3083 and 3010 m”> g™, respectively, and excellent total
pore volumes up to 3.98 cm® g~ ' (Fig. 5i-k). Apart from this, the
porous properties of highly porous polymers such as PAF (ie.,
PAF-100, PAF-101, etc.) materials have also been explored with N,
sorption data.'®*

5.6 Field emission scanning electron microscopy (FESEM)

FESEM is a microscopic technique which provides the surface
morphology of materials by scanning the surface with a
negatively charged electron beam. Besides morphology, qualita-
tive elemental analysis with their respective colour mapping can
also be performed with this technique. Apart from these, bulk
phase purity and reproducibility of POP-like materials can be
verified by FESEM images. It is important to note that the
morphology of POPs is a significant factor that influences a
number of POP attributes, including surface area and others.
Therefore, it is important to have a thorough understanding of
the morphology of POPs. Most of the POP-based studies have
explored the distinct and attractive morphologies based on
FESEM images. In the literature, various surface morphologies
of POPs have been reported including spherical, flakes, sheets,
nanorods, nanotubes, etc. A few representative examples of utility
of FESEM for microscopic analysis of POP structure are discussed
here. Bhaumik et al. characterized their synthesized series of
POPs with the help of FESEM analysis.

The morphological features of TrzPOP-1, TrzPOP-2, and
TrzPOP-3 polymers exhibited a spherical shape with an average
particle diameter of 17 to 25 nm.'®® Tan et al reported
construction of hollow microporous carbon spheres (HCSs)
from hollow microporous organic capsules (HMOCs) with a
good control over the pore morphology, hollow cavity, and the
shell thickness. This study has been finely monitored with the
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help of FESEM analysis of each synthesized HCS, which were
synthesized by using different HMOCs as precursors (Fig. 6a—f)."*®
Furthermore, the functionality and possible applications of POPs
are influenced by morphology. To explore this, a cationic organic
network has been synthesized using the Zincke reaction under
either solvothermal or microwave conditions. Depending upon the
use of solvents along with the reaction conditions, the material
revealed hollow sphere (HS), hollow tube (HT) and nanosheet
morphologies. All these morphologies have been characterized by
SEM images (Fig. 6g-k).** Additionally, the mechanism (Ostwald
ripening) of formation of hollow spheres under solvothermal
conditions was evaluated by SEM images (Fig. 61). Monitoring of
the progress of the reaction and morphological evolution with the
help of FESEM analysis was also performed by our group. Evolu-
tion of flake morphology of an ionic POP from spherical through
nanotubes and nanoribbons has been shown systematically by
respective FESEM images.”® The nature (amorphous or crystalline)
of the POPs can also be uncovered by analyzing the FESEM images.
FESEM images of solution-processable hypercrosslinked polymers
showed an amorphous bulk structure, while the surface was dense
and compact.'”” In addition to this, SEM-energy dispersive X-ray
spectroscopy (EDS) was used to assess the elemental composition
and color mapping of elements present in POPs.'®®

5.7 Transmission electron microscopy (TEM)

Another sophisticated microscopic technique is TEM, which
provides nanometer scale surface morphologies of POPs.
Unlike SEM/FESEM, TEM offers much more additional infor-
mation about the surface morphology of POPs, even at very
close to atomic level. The primary distinction between FESEM
and TEM techniques is that FESEM scans images by detecting
the electrons reflected from the sample surface, while in the
case of TEM, it makes use of transmitted electrons that pass
through the sample to produce a highly enlarged image. Apart
from TEM images, high-resolution TEM (HR-TEM) images also
provide crucial and meaningful information regarding the
details of the POP surface. Moreover, similar to FESEM, EDS
and elemental mapping analysis can also be performed by this
technique. However, TEM-EDS offers qualitative elemental
composition information of POPs close to the atomic level
(~5 to 20 nm). However the majority of the surface morphology
examination conducted on POPs using TEM is identical to that
using FESEM. A few other examples are described here. Trabol-
shi et al. showed the development of two distinct morphology
based cationic POPs by using two different amine monomers in
a solvothermal reaction. One of the POPs exhibited nanosheet
morphology, whereas the other showed nanotube morphology,
as revealed by the HRTEM images (Fig. 6m and n). Also, the d-
spacing of the nanosheets was evaluated by the low magnifica-
tion HRTEM images (Fig. 60)."®® Our group used the TEM/
HRTEM technique for morphological characterization and
morphological evolution of an ionic POP, which displayed
spherical and flake morphology.”® Similarly, in another inter-
esting report, Patra et al. demonstrated the use of TEM/HRTEM
to investigate the various morphologies of POPs as well as their
morphological evolution. In this work, the authors developed a
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Verlag GmbH & Co. KGaA, Weinheim. (g)-(k) SEM images of cationic viologen organic networks with hollow sphere (HS), hollow tube (HT) and nanosheet
morphologies. (I) Schematic diagram and the corresponding SEM images of formation of hollow spheres. Reproduced with permission from ref. 83.
Copyright 2017, American Chemical Society. (m)—(o) TEM and HRTEM images indicating the formation of nanosheets and nanotubes. The magnified
HRTEM images show the d-spacing of the nanosheets. Reproduced with permission from ref. 169. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (p)—(r) HRTEM images of three different morphologies of HCPs. (s)—(v) AFM images of iPOP-5 revealing flake-like, spherical particle and
nanosheet morphology with its height profile, respectively. Reproduced with permission from ref. 76. Copyright 2022, American Chemical Society. (w)
and (x) 3D electron-tomography images of iVOFm showing the distribution of ordered macropores. Reproduced with permission from ref. 171. Copyright

2022, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

series of three different morphology (such as irregular, rigid
sphere and sheet-like) based HCPs (FCTP, SCTP and SKTP)
depending on three different fabrication routes. The surface
morphology characterization of all these POPs was done by
TEM or HRTEM. As a result, irregular aggregate-like morphology
for FCTP, rigid spherical particles for SCTP and stacked
nanosheets for SKTP were observed from the HRTEM images
(Fig. 6p-1). Further, they performed the time-dependent morpho-
logical analysis of one POP (SKTP) using HRTEM, along with
FESEM. They found that upon changing the reaction time and
conditions, the initial nanospheres were fused to form nanor-
ibbons, which further converted into 2D-nanosheets.'” In addi-
tion to this, they also showed the TEM-elemental mapping
images, which exhibited the presence of all relevant elements
throughout the surface of the POP.

5.8 Atomic force microscopy (AFM)

AFM is another microscopic technique that is used to character-
ize the POP surface. AFM provides more informative 2D or 3D
images of POP surfaces to understand the height and surface
roughness. This technique creates images by scanning the micro-
metre square area surface of a sample with a tiny cantilever with a
depth of field of ~10-60 um. AFM is particularly important to
characterize POPs when the materials exhibited sheet/layer like
morphology or other shapes such as spherical. The height profile
images from AFM provide important information regarding the
rough surface of layers of POPs. An example of utilization of AFM

This journal is © The Royal Society of Chemistry 2023

to understand the morphology of the POP structure has been
described here. Our group demonstrated morphological investi-
gation of an ionic POP (iPOP-5) with the help of AFM images and
its height profile. In this study, an ionic polymer was synthesized,
which exhibited two different morphologies (flakes and spheri-
cal) depending upon the reaction time. The AFM images of this
POP revealed clear flake-like and spherical particle morphology
(Fig. 6s and t). Moreover, upon analyte mediated exfoliation,
these flakes were converted into nanosheets, which were again
visualized in the respective AFM images and the corresponding
height profile images(Fig. 6u and v).”® This technique has also
been used to understand the complete polymerization of mono-
mers on the surface of graphene, in the case of synthesis of POPs
with graphene. The AFM images and thickness analyses revealed
free-standing sheets with morphology similar to that of graphene
and with sizes ranging from 200 nm to several micrometers.”*

5.9 Electron tomography

The state-of-the-art characterization of POPs has skyrocketed in
the recent past with outstanding development. The electron
tomography technique is also used to visualize the presence of
large pores in the polymeric network. Moreover, the volume
rendered 3D electron tomographic images, which are recon-
structed by probing a segment of the targeted materials,
provided crucial information about the hierarchical porous
nature of POPs. In a recent report, we demonstrated the utility
of the electron tomography technique as an effective tool for
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better understanding of the hierarchical porous nature of a
charged macro-microporous organic polymer (iVOFm). In this
work, a viologen unit grafted cationic polymeric network with
macro-micro hierarchical porous nature has been constructed
and used for efficient removal of anions from water."”* A 3D
electron-tomography experiment was carried out to gain more
understanding of the hierarchical porosity structure of the
iVOFm. This showed the color-coded picture of a widespread
dispersion of macropores with enormous nanometer sizes
connected across the iVOFm volume (Fig. 6w and x).

6. Functional exploration and state-of-
the-art of POPs towards environmental
remediation

Owing to the unique characteristic features, POPs were highly
explored as promising materials in the field of various leading
applications. Advanced functions of POPs have been flourishing
in recent years by controlled engineering at the molecular level.
The diversity of POPs with customizable structure, porosity, and
function is influenced by the abundance of designable building
components. From the application view point, in-depth funda-
mental understanding of POPs with clear structure-property
correlation is typical but highly challenging. Precise control over
the structure and composition of POPs, e.g. pore size, frame-
work functionalities, etc., can render better hold over the
structure-property relationship for a specific application which
can result in optimized performances. Typically, the pore size
and surface area are the most important aspects for the applica-
tions of POPs. For example, the nanoporous (micro/meso)
nature with high surface area of POPs aids in the exploration
of a micro environment for gas storage and separation applica-
tion. However, the pore size of POPs also governs the overall
adsorption capacity toward a specific gas molecule as for an
efficient sorption process the kinetic diameter of the incoming
gas molecules should match the pore size of the POP frame-
work. In addition, by utilizing facile diverse synthetic strategies,
the introduction of functional recognition sites into the nano-
space of POPs helps in achieving selective binding affinity to
specific gas molecules. Moreover, the functional group deco-
rated pi-conjugated porous surface with confined pores of POPs
offers recognition space for different guest molecules, which
enables functional exploration towards catalysis and chemical
separation or extraction application. In particular, in applica-
tions associated with size or shape selectivity, e.g. molecular
sieving, catalysis, etc., the pore size of the POPs should be
adequately big to accommodate the substrates and allow the
reaction for high size selectivity and conversion. For such
applications, trade-off between kinetics and selectivity is also
an important factor toward overall performance. For example,
POPs and POP-based membranes often encounter such trade-
off between selectivity-kinetics and selectivity-permeability,
which limits their separation performance. To this end, POPs
with hierarchical porosity enabled with small and large inter-
linked pores are proven to be more suitable. In addition, the
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presence of appropriate pore functionalities also plays a crucial
role in targeted applications. Pre-synthetic modification of the
monomers and post-synthetic modification of the organic skele-
tons are the main pathway to incorporate targeted functionalities
inside POP structures. Installation of appropriate functionalities
can improve the chemical affinity between the POP framework and
the incoming guest molecules. Moreover, the heterogeneous nat-
ure of POPs renders superior recyclability for various potential
applications. Additionally, the presence of pure organic compo-
nents without any metal ions in the pristine POPs offers no
generation of secondary pollutants during application. Further-
more, the excellent stability of POPs in various complex environ-
ments ensures their use as a potential platform across a variety of
contexts. Taking into account the structural integrity of this review
and the specialization of environmental remediation, here, we
provide a brief overview of several types of POPs that have been
used for the challenging environmental issues such as gas storage
and separation, heterogeneous catalysis, removal of contaminants
and chemical sensing application with the relevant synthetic
approaches, and the associated mechanisms.

6.1 Environmentally related pollutant sensing

From the view point of environmental safety, human health,
chemical and food industries, defense, etc., detection of various
toxic species has piqued the interest and attention of scientists
to an increasing degree. In the past few years, considering the
importance of the detrimental effect of various harmful toxic
substances on living beings along with the national security
standards, development of potential sensors and further analy-
sis of their sensing mechanism have become a topical research
interest. Among the various sensing techniques, the lumines-
cence based detection method is regarded as more productive
over others, owing to the relatively easy technical operation, low
cost, rapid detection response, and high sensitivity."”>'”* In this
context, because of the characteristic features described above
along with the unique properties such as electronically rich pi-
conjugated structural moieties, facile incorporation of func-
tional recognition sites and the pre-concentration effect of
POPs, which trigger signal transition in highly sensitive sensing
of analytes, POPs have been widely investigated as potential
luminescence sensors for detection application.’*>*7*”7 In
addition, POPs are unique when compared to other porous
materials owing to the fine control over both electronic and
photo-physical properties at the molecular level."”® In the case
of POP-based sensing, among others, fluorescence-based detec-
tion mechanisms including photo-induced electron transfer
(PET), resonance energy transfer (RET), inner filter effects and
adsorption competition quenching along with the nature of
fluorescence quenching (such as static and dynamic) have been
widely studied in the literature."”*7® Apart from these quench-
ing or “turn-off” mechanisms, the luminescence-enhancement
or “turn-on” mechanism has also been reported for POP-based
sensing application. With the help of these insight mechan-
isms, POPs were explored towards selective and sensitive detec-
tion of multiple analytes such as heavy metal ions, explosives,
small organic molecules, gases, biological samples and many
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more. Moreover, POPs have also been used to develop various
devices for the on-site detection of different environmentally
relevant toxic chemicals. In the following section, a brief
description of the recent advancement in the field of POP based
sensing studies has been systematically organized depending
upon the nature of the analytes.

6.1.1 Explosive sensing. One of the important classes of
species that are to be detected is explosives. From the perspec-
tive of personal, environmental, and national security, selec-
tive, sensitive and fast detection of these explosives has become
a significant research topic. Among the most potential explosives,
trinitrotoluene (TNT), trinitrophenol (TNP, also known as picric
acid (PA)), 2,4-dinitrotoluene (2,4-DNT), nitro-benzene (NB), etc.
have been majorly detected by POP materials, owing to their
detrimental effect on the environment, especially towards human
beings."”® As mentioned earlier, the high porosity with large
surface area, conjugated electron rich surface, and robustness
in synergy with heterogeneous nature make POPs some of the
best compatible materials for highly sensitive and selective
identification of explosives under various conditions.

The study of sensitive detection of explosives (TNT and PA)
by developing novel luminescent POPs was first led by Cao et al.
in 2012. In this study the group synthesized three carbon-
carbon conjugated covalent organic polymers (COPs) by ration-
ally changing the central cores of the polymers from nitrogen
(COP-2) to benzene (COP-3) to triazine (COP-4) by utilizing the
Ni-metal catalyzed Yamamoto reaction.'®® After synthesis and
thorough characterization, all these COPs were employed to
detect explosives. Interestingly, these COPs were found to sense
trace concentrations (<1 ppm) of PA and TNT explosives
selectively and sensitively. In this line, in another work, to
demonstrate the role of the central core and other pendent
functional groups of polymers in the sensitive detection of PA,
two new luminescent COPs were synthesized by utilizing the Ni-
catalyzed Yamamoto coupling reaction and applied for PA
recognition.’®* The two COPs, COP-301 and COP-401, were
constructed by the coupling reaction of 1,4-dibromobenzene
with 1,3,5-tris(4-bromophenyl)-benzene and 2,4,6-tris-(4-bromo-
phenyl)-{1,3,5]-triazine, respectively. Both the benzene core con-
taining COP-301 and triazine core containing COP-401 exhibited
high fluorescence intensity in methanol, which was quenched
rapidly upon incremental addition of PA with high quenching
constant values. Along with the high sensitivity (low concen-
tration of ~1 ppm), the COPs were observed to detect PA
selectively even in the presence of other explosive analytes
including DNT, TNT, NB, and mDNB. Moreover, the authors
found electron transfer between the probe and analytes as a
major mechanism behind such quenching phenomena.
Furthermore, interestingly, the quenching constant value (Ks)
of the benzene core-based polymer (COP-301) was found to be
significantly higher than that of the triazine core-based COP-
401. The authors concluded that the relatively high LUMO
energy of COP-301 promoting the easy electron transfer from
the electron rich benzene core polymeric network to electron
deficient PA in the PET process might be the cause of such
difference in sensitivity. Thereafter, in another report, in order
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to explore the role of the length of monomers of porous organic
polymers in the detection of explosives, Cao et al. synthesized a
series of porous nanotubes (PNTs) by the coupling reaction of
1,3,5-tris(4-bromophenyl)-benzene with three different sized
monomers such as 1,4-dibromobenzene, 4,4’-dibromo-1,1’-
biphenyl and 4,4”-dibromo-1,1":4’,1"-terphenyl to produce
PNT-4, PNT-5, and PNT-6, respectively (Fig. 7a).'®* Both the
porosity or surface area and the fluorescence nature of these
polymers were found to decrease with increasing length of the
monomers of the PNTs. Further, these polymers were applied
for fluorescence based detection of PA with high quenching
constant values (2.4-6.2 x 10° M~ ") and a low limit of detection
value (<2.36 x 10~° M), which indicated the high sensitivity of
these polymers for real-time detection of PA (Fig. 7b-g). More-
over, the mechanism of selective identification of PA in the
presence of other explosives was explained with the help of
resonance energy transfer (RET) and adsorption competition
quenching.

Our group demonstrated the aqueous phase detection of
2,4,6-trinitrophenol (TNP), a highly explosive nitro aromatic
species, by developing a rationally functionalized porous
CTF."® Owing to the presence of electron-rich aromatic moi-
eties the POP (CTF-IP10) exhibits strong fluorescence in water
(Fig. 7h). Notably, this fluorescence was found to be quenched
dramatically upon introducing TNP solution in the aqueous
ethanolic phase. Almost complete quenching of emission
intensity was observed with the addition of only 80 pL of
1 mmol TNP solution (Fig. 7i). The quenching constant (Ky,)
was calculated as 8 x 10° L mol~", which is one of the high
values in the domain of POP based explosive sensing. More-
over, this fluorometric detection was highly selective towards
TNP, as no other NAC exhibits any response to CTF-IP10
(Fig. 7j). The mechanism of detection was reported as electron
transfer from the conduction band of the POP to the LUMO of
the analyte (TNP) upon absorbing light. Furthermore, because
of the electron-rich and electron-deficient surface dual func-
tionality of the CTF, it was further applied for separation of
benzene from its cyclic saturated congener, i.e., cyclohexane.

Triazine group containing polymers are a promising class of
POPs that have been used for the detection of explosives. By
utilizing the Friedel-Crafts reaction, Geng et al. developed a
covalently bonded triazine framework (TTPT) by reacting 2,4,6-
trichloro-1,3,5-triazine with tetraphenylthiophene."® TTPT was
found to sensitively and selectively detect o-NP with a K, value of
6.20 x 10°> M ! in the presence of PA, NT, NB and DNT. The
authors explored the underlying mechanism of selective detec-
tion of o-NP, which suggested the contribution of donor-acceptor
electron transfer in synergy with strong H-bonding interactions
in the quenching of fluorescence intensity.

However, the selectivity of TTPT towards o-NP over PA was
explained by the attenuation of H-bonding between the polymeric
backbone and the hydroxyl group of PA, owing to the strong
polarity of PA. As discussed above, another class of POPs that
exhibited excellent detection ability is PAFs because of their high
luminescence nature as well as superior chemical stability.
Through the Suzuki coupling reaction, Zhu et al created a
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Fig. 7 (a) Synthetic routes for preparation of PNTs by the Ni-catalyzed Yamamoto-type Ullmann cross-coupling reaction. (b—d) PL emission spectra of
PNT-4, PNT-5 and PNT-6, respectively, dispersed in solvents after adding different concentrations of PA. (e—g) Stern—Volmer plots of PNT-4, PNT-5 and
PNT-6 for sensing PA, respectively. Reproduced with permission from ref. 182. Copyright 2018, Elsevier. (h) Illustration of the preparation of CTF-I1P10.
(i) PL emission spectra of CTF-IP10, dispersed in H,O/EtOH after incremental addition of TNP. (j) Selective fluorescence response of CTF-IP10 towards
TNP in the presence of various nitroaromatics. Reproduced with permission from ref. 183. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (k) Schematic illustration of the synthesis of core—shell PAFs. (1) PL emission spectra of PP-PAF dispersed in ethanol upon incremental addition
of TNP. (m) Photographs of the PP-PAF and PPC-PPyS-PAF-2 test strips under UV light after writing with 100 ppm solutions of NT, CI-NB, DNT, TNT and
TNP. Reproduced with permission from ref. 185. Copyright 2015, the Royal Society of Chemistry. (n) Synthetic route for preparation of CMPs: PTBPE and
PTEPE-TBPE. (o) Illustration of the process of fabricating graphene-templated CMPs. (p—r) Digital photographs of electrospun PTBPE/PLA nanofibrous
films excited by sunlight and a 365 nm UV lamp, respectively. (r) SEM image. (s) Normalized fluorescence intensity of the electrospun PTBPE/PLA
nanofibrous films upon exposure to vapors of 1,2-dinitrobenzene (DNB), 1,3,5-trinitrobenzene (TNB), and 1,4-benzoquinone (BQ) for different time

periods. Reproduced with permission from ref. 102. Copyright 2015, American Chemical Society.

number of conjugated core-shell PAFs (PPC-PPyS-PAFs), with
the polypyrene PAF (PPy-PAF) serving as the shell and the
blue-emitting polyphenylene PAF (PP-PAF) serving as the core
(Fig. 7k)."®® Due to the probe-analyte electron transfer between
the electronically enriched PAFs and the electron-deficient nitro
aromatics, these core-shell PAFs exhibit enhanced sensing
responsiveness toward TNP in ethanol solution with a high
quenching constant value (Fig. 71). That being said, apart from
the solution phase, explosive detection from the vapour phase is
critically important for real-time sensing application. Consider-
ing this fact, in the above work the authors fabricated a highly
emissive thin layer of the polymer and applied it for the detection
of nitro aromatic vapours. It was observed that the strong
emission intensity of the PAF-based thin layer was quenched
when treated with nitro aromatic vapour for 2 min (Fig. 7m).
Moreover, upon vapour exposure the emission wavelength was
found to be significantly shifted. This result suggests the rapid
recognition of nitro aromatics by the developed thin-layer PAFs
and also indicates that the adopted core-shell method is a viable
protocol to create luminous POPs with unheard-of potential uses.

It is important to note that sometimes the practical conditions
for using a POP-based sensor in powder form cannot be fully
accomplished. Therefore, POPs’ capacity to be processed into
many more cohesive usable forms, such as thin films and mixed-
matrix-membranes (MMMs), is greatly valued for applications
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involving extensive real-time sensing. Notably, there are several
protocols for fabricating POP-based films or MMMs, including
crosslinking, layer-by-layer assembly, surface-initiated growth,
etc.’*"7 The development of a technique for making self-
standing, crack-free, robust thin films or MMMSs that can main-
tain their porosity and polymeric framework is greatly desired.
Additionally, POP films or MMMs can advance fluorescence
sensing technology and broaden the scope of POP materials for
sensing.

In this line, the development of POP-based microporous
films is made possible by the use of a few effective techniques
such as electron-spinning, electrochemical oxidative polymer-
ization, etc., which are prospective methods for growing high-
quality POP thin films with regulated thickness and surface
roughness suited for device construction.’”* This is particularly
important for vapour phase toxic analyte sensing. With this
aim, Scherf et al. successfully fabricated composite based POP
films by utilizing the electro-spinning method for the detection
of nitro aromatic vapors. Based on 4-iodophenyl substituted
graphene (RGO-IBz), the group at first created the graphene
templated CMP hybrids (G-CMPs) (called G-PTBPE) using the
Yamamoto cross-coupling process and further constructed the
PTBPE-based light-emitting nanofibrous films with the help of
poly(lactic acid) (PLA) (Fig. 7n and 0)."°? This hybrid PTBPE and
PLA film was found to be highly luminescent in nature with
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enough porosity, self-standing and flexible (Fig. 7p-1). Inspired
by these unique properties, the thus fabricated films were
employed for the vapour phase detection of nitro aromatics,
vapours of benzoquinone and metal ion oxidation (Fig. 7s).
Interestingly, the films were found to sense nitro explosives
rapidly with a significant quenching efficiency.

In another report, utilization of the electrochemical poly-
merization technique for the fabrication of POP-based films
and their further use for fluorescence-on and fluorescence-off
based explosive recognition was demonstrated by Jiang et al. In
this study, inspired by the remarkable n-conjugation and photo-
luminescence properties, a conjugated microporous polymer
(TCB-CMP) with a large surface area and blue luminescence
was created via condensation of the carbazole derivative TCB.'*
Thereafter, when exposed to arene vapours, TCB-CMP demon-
strated improved detection sensitivity and enabled quick
identification of arenes. Moreover, the polymer was found to
exhibit ‘turn-on’ fluorescence response in the presence of elec-
tron rich arene vapours and ‘turn-off’ or fluorescence quenching
when exposed to electron-deficient arene vapours. The TCB-CMP
polymer could be reused for sensing. The authors explored the
underlying mechanism and found the rapid absorbance fol-
lowed by broad interface interaction of arene molecules with
the polymeric network behind such drastic change in the
fluorescence properties of the CMP. In another study, by taking
the benefit of low oxidative potential and strong electroactivity,
N-substituted carbazole was employed to create conjugated
microporous polymer (CMP) films (TPBCz-CMP) using multi-
cycle cyclic voltammetry.'®” These films were then applied for
the label-free chemo- and biosensing of nitro arenes, and were
found to exhibit fluorescence enhancement and quenching
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(turn-on and turn-off) response towards electronically saturated
and deficient explosives, respectively, with a rapid response time,
excellent selectivity and reusability. As a result, when exposed for
20 seconds to 1,2-dinitrobenzene (DNB), the CMP films showed
an improved response, with 75% of the fluorescence intensity.
Also, after 20 minutes of exposure to hexafluorobenzene (HFB),
87% of the fluorescence intensity was found to be quenched.
Motivated by this work, the same group again applied the
electrochemical polymerization method to develop POP films
taking N-substituted carbazole units along with an AIE core and
a twisted linker.'®® This time, a high-throughput and simple
approach was optimized for making the porous films (poly-
TPECz) that are extremely emissive in nature (Fig. 8a-c). The
thickness of the films could be adjusted by varying the number
of CV cycles and created directly on the electrode (Fig. 8d and e).
The polyTPECz films were found to exhibit high fluorescence
quantum yield owing to the presence of AIE moieties in the
polymeric m-network. Moreover, the films were found to be
capable of detecting TNP at low concentrations in a selective
and sensitive manner based on the decrease in the strong
fluorescence intensity (Fig. 8f and g).

There are several other reports in which luminescent POPs
have been used as a potential sensory material for the detection
of various explosives by developing thin films with the help of
the electrochemical polymerization method. The Scherf group
demonstrated the use of different AIE core-based polymers for
the detection of TNT by developing films using chemical and
electrochemical oxidative coupling."®® TPE-core containing
multifunctional carbazole and thiophene AIE moieties have
been chosen for synthesizing a series of microporous polymer
networks (MPNs). Owing to the presence of AIE cores, these

—
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Fig. 8

(a) lllustration of the formation of emissive photofunctional microporous polymer-based films by electropolymerization (top: photograph of

TPECz powder, bottom: image of an emissive microporous polyTPECz film). DFT simulated (b) closed and (c) open optimal structure of the TPECz-based
segments of the polymer. (d) CV profiles of a solution of TPECz in acetonitrile/CH,Cl,. (e) Plot of the film thickness versus the number of CV cycles. (f) PL
emission spectral change and (g) degree of fluorescence quenching of a 10 nm thick polyTPECz film upon immersion in solutions of TNP and various
nitroarenes (50 ppm) in acetonitrile for 1 min, respectively. Reproduced with permission from ref. 188. Copyright 2015, Wiley-VCH. (h) Schematic
illustration of synthetic preparation of IPpop-1. (i) and (j) Fluorescence emission spectra of IPpop-1 in acetonitrile/H,O solvent upon incremental addition
of NFZ and NFT aqueous solutions, respectively. (k) Result of the recyclability test of the NFZ antibiotic detection by IPpop-1. (1) Digital images of the
application of IPpop-1@PVDF films for the detection of NFZ under UV light. Reproduced with permission from ref. 194. Copyright 2022, American

Chemical Society.
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MPNs exhibit strong fluorescence and the high degree of cross-
linking provides a large surface area. These MPN films were
further applied for the detection of nitro aromatics, wherein the
sharp fluorescence intensity was found to be quenched gradu-
ally with high sensitivity (LOD = 1 ppm) upon incremental
addition of acetonitrile solution of 50 ppm TNT. Riedl et al.
reported electro-production of POP-based thin films of a blue
fluorescent spiro-carbazole functionalized polymer (PSpCz-
MPNs) and further used them for the sensitive detection of
trace-level TNT vapour.’® Apart from this study, a few other
excellent works explored the potential of POPs and POP-based
films towards explosive sensing (Table S1, ESIT).

6.1.2 Biologically relevant toxic organic pollutant sensing.
The selective and sensitive identification of various biologically
relevant molecules such as different drug molecules including
antibiotics, pesticides, herbicides, etc. is considered to be highly
important owing to their significant importance in terms of the
environment, public safety and human health."®" Therefore,
development of efficient stable sensory materials for the detec-
tion of trace amounts of these molecules from water or different
chemical environments in a selective manner is desirable. From
this viewpoint, POPs could serve as promising materials for
sensing various biological molecules.

Tetracycline is a well known and widely used antibiotic.
Fluorescence based selective detection of tetracycline by POPs
was investigated by Liang et al.'®* In this study, two different
CMPs (CMP-LS7 and CMP-LS8) were synthesized through the
Suzuki coupling reaction of 2,4,6-tris(4-bromophenyl)pyridine
with di and tri borate substituted aromatic moieties, respectively.
Both the polymers were found to exhibit excellent porosity with
large surface areas as well as high luminescence nature due to the
presence of an expanded m-conjugated network. After under-
standing the properties of the polymers, both CMP-LS7 and
CMP-LS8 were applied for sensing and adsorption of tetracycline
(TC). Notably, these two polymers were observed to demonstrate
sensitive detection ability towards the tetracycline antibiotic with
superior quenching constant values of K, = 1.92 x 10" and
8.86 x 10 M~ " for CMP-LS7 and CMP-LSS8, respectively. Also, the
corresponding LOD values were calculated as 0.94 and 0.22 pM,
respectively. Moreover, the polymers were found to selectively
detect tetracycline even in the presence of other relevant anti-
biotics. In another work by the Bhattacharya group, by using the
Pd(0) catalyzed Suzuki-Miyaura coupling reaction, a nickel-
porphyrin core containing donor-acceptor-based CMP (PER@-
NiP-CMOP-1) was successfully synthesized and further employed
for sensing antibiotics.'®* For this study, neomycin was chosen as
the aminoglycoside antibiotic, which is an important species
exclusively used in the pharmaceutical industry as a preventive
medicine. After synthesis and characterization, the polymer was
found to exhibit turn-on blue fluorescence response with a
significant enhancement (~ 62-fold) of emission intensity when
exposed to neomycin. The LOD value for highly sensitive stereo-
specific biosensing of neomycin was calculated as 137 ppb.
Further, the insight mechanism of fluorescence-on behaviour
of the polymer was carefully explained by the authors. The
restriction of the electron transfer process from the electron rich
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petylene core to the Ni-porphyrin units owing to the formation of
a coordination complex between the amino groups of neomycin
and metal Ni** along with the generated new O-H-r interaction
causes the enhancement of fluorescence intensity. Furthermore,
the authors found the reduction of non-radiative energy loss due
to rotational freezing of the polymeric network by analyte
inclusion as another probable mechanism behind such turn-on
response of neomycin sensing. The sensing study was observed
to be highly selective towards neomycin in the presence of other
antibiotics. Motivated by these results, and to demonstrate paper
strip-based application, PER@NiP-CMOP-1 was further applied to
detect neomycin in commercial milk samples and commercially
available antibiotic tablets. The high sensitivity of this polymer
for neomycin in these systems indicated the practical application
of the POP.

Based on their electrical characteristics, such as whether
they are electron-rich or electron-deficient, antibiotics and pesti-
cides can be categorized. Therefore, the creation of materials with
electronically polarised moieties could be useful for quickly
discriminating these species. With this aim, in a recent report,
our group explored the potential of POPs towards detection of
antibiotics and pesticides, which are emerging toxic pollutants in
water."** The polymer (IPpop-1) was synthesized by reacting TFPT
and BPDO monomers at high temperature in DMAc solvent
catalyzed by K,CO; (Fig. 8h). The synthesized chemically stable
IPpop-1 exhibited a highly luminescent sky-blue colour in aceto-
nitrile/water medium. Inspired by this unique characteristic,
IPpop-1 was employed for the selective and sensitive identifi-
cation of antibiotics and pesticides in water. In the presence of
electron-deficient antibiotics like nitrofurantoin (NFT) and nitro-
furazone (NFZ), and pesticides like chloropyriphos (CHPS) and
nitrofen, IPpop-1 had a selective strong quenching response
(Fig. 8i and j). IPpop-1 was reported to have detection limits of
0.046 and 0.045 mM, respectively, and to be very sensitive to NFT
and NFZ at trace levels. Contrarily, the detection limits for the
insecticides CHPS and nitrofen were 0.470 and 0.471 mM,
respectively. The turn-off sensing behaviour was found to be
reversible (Fig. 8k) and detectable for NFZ in simulated hospital
water. In the mechanism study, both FRET and PET were found
to be responsible for the selective emission quenching. Further-
more, mixed-matrix membranes (MMMs) based on IPpop-1 were
created and used to simulate real-time antibiotic detection in
water (Fig. 8l).

As mentioned before, apart from antibiotics, another impor-
tant class of biological species is pesticides. The detection of toxic
pesticides with hyper-cross-linked polymers was demonstrated by
Wang et al. The group synthesized microporous (PAN-L) and
mesoporous (PAN-L-Br) poly-aminal networks (PAN) by applying
a condensation reaction between pendant triphenylamine and
dibromotriphenylamine chromophore groups and melamine.'*>
Both the polymers were found to exhibit high fluorescence nature
with an intense turquoise colour under the excitation of UV light.
Interestingly, the strong emission intensity of these POPs was
observed to be quenched when treated with highly toxic pesti-
cides such as fenitrothion (an insecticide) and trifluralin and
glyphosate (herbicides). The investigation of the underlying
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sensing mechanism revealed that the energy transfer from the
electron-rich triphenylamine moiety of the polymer to the elec-
tron deficient analytes (pesticides) causes the fluorescence
quenching response. In a more detailed study the authors found
that although the LUMO energy of PAN-L-Br is lower than that of
PAN-L, the bromo substituted polymer was more sensitive with
higher quenching constant values towards pesticides. The
authors addressed this interesting observation by means of
triggered mass transfer by the mesoporous cavity of PAN-L-Br,
which is much higher than that due to the microporous nature of
PAN-L. Motivated by the result, PAN-L-Br ethanolic solution@
test-paper based recyclable chemo-sensing of the toxic pesticides
was demonstrated in order to explore the practical application of
the probe towards potable sensing of biological molecules. Along
with these, there are several other representative examples, which
exhibit the potential of POPs for biological molecule or biomar-
ker sensing, and bioimaging application.'**™*®

6.1.3 Cationic pollutant sensing from water. Detection of
cations, especially metal ions, is highly important owing to their
application in biology, energy and environment. Two main
factors have prompted significant interest in the development
of POPs for the selective and sensitive detection of metal ions in
water. The first is the biochemical perspective, as metal ions are
essential for many physiological processes, and their disruption
can have serious biological health consequences. The second
consideration is the environment, as greater concentrations of
metal ions in water streams create severe environmental damage
when they exceed the permissible level.'>® On the other hand,
radioactive metal cations such as uranium ions (UO,>") are
extremely problematic due to their high level of radiotoxicity.
Therefore, preferential identification of metal cations is highly
important and desirable. In this context, owing to the high
chemical and thermal stability along with luminescence proper-
ties, POPs are ideal candidates for sensing metal cations,
especially Fe**, Cu®*, Hg*", UO,*", etc. It should be mentioned
that an extensive number of studies have been reported on
cation sensing by POP materials, and in this review a few
systemically described works have been included which are
organized in Table S2 (ESIt).

Among the heavy metal cations, the mercury ion (Hg>") is
well known for its toxicity and therefore its detection by POPs is
of interest. Sulfur containing moieties have widely been used in
a probe for selective detection of Hg”" ions. Thioether functional
groups exhibit selective affinity towards Hg>" ions due to their
facile soft-soft interaction. Inspired by this concept, Cao et al.
synthesized a thioether functionalized POP (COP-108-S) by the
coupling reaction between 1,4-dibromo-2,5-bis((ethylthio)-
methyl)benzene (DB-S) and 1,3,5-tris-(4-bromophenyl)benzene
(TBB) using the Ni-catalyzed Yamamoto reaction.”® The synthe-
sized POP exhibited high fluorescence emission in the solid
state as well as in ethanolic dispersion owing to the presence of
extended m-conjugation and the effect of aggregation caused
quenching (ACQ) of the polymeric network. Further, COP-108-S
was applied for the detection of metal cations. Interestingly, it
was found that the PL intensity was quenched upon treatment
with Hg”* and Fe®" metal cations. As an insight mechanism of
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Hg>" sensing, contribution of both electron transfer and static
quenching was reported. Moreover, in a detailed sensing study,
after the addition of 1.0 mM Hg?*, COP-108-S showed 83%
quenching efficiency. Also, the POP exhibited excellent recycl-
ability after Na,S treatment for regeneration.

It should be pointed out that the thioether alkyl chains
embellished on the polymeric structure of POPs may obstruct
the pore channels and decrease the exposure of S atoms for
coordination with Hg*", which would affect the sensing effec-
tiveness and further the sensitivity. Therefore, as an alternative
way, it would be more effective to directly introduce thioether
functionality into the backbone of POPs. This strategy moti-
vated the Yan and Yu group for demonstrating Hg>" sensing
with framework integrated thioether functional POPs. For this,
by using a simple one-pot Friedel-Crafts reaction, they were
able to create porous sulfide-bridged polytriazine nanospheres
(NOP-28) (Fig. 9a).>°" The thus synthesized sulfur rich thioether
functionalized POP was employed for Hg>" sensing in ethanol
medium. NOP-28 was found to exhibit selective binding affinity
to Hg”* metal cations and therefore the fluorescence emission
wasquenched (Fig. 9b). The turn-off sensing response was quite
selective towards Hg>" even in the presence of other metal
cations. The quenching constant (Ky,) and LOD values for the
detection of Hg** were calculated as 3.7 x 10* M and 12 ppb,
respectively.

The fact that most reported POPs are frequently insoluble
and cannot be effectively dispersed in solvents is a disadvan-
tage. This restricts their use in liquid systems, particularly in
aqueous solutions, and may hinder the processing required to
incorporate them into flexible sensing devices like films and test
papers. Creating nanometer-sized POPs (nanoPOPs) in mini-
emulsion environments, which considerably increases these
materials’ solution processability without affecting their porosity,
could be an effective strategy for enhanced sensing ability. With
this aim, in a recent report, Li et al. explored the rapid, highly
sensitive and selective detection of Hg?" ions in water with a nano
size-based solution processable POP (TPA-POP-CHO) (Fig. 9¢).>*>
The authors designed the POP in such a way that it exhibits high
fluorescence, target-specific binding sites as well as high water
dispersity. The thiosemicarbazide group was incorporated in the
triphenylamine (TPA)-fluorophore containing POP as a receptor
for Hg”*. Also, the nanometer size powder form of the POP makes
it highly solution processable. The nanoPOP was found to exhibit
remarkable selectivity for Hg>* over other ions (Fig. 9d and e) with
outstanding sensitivity (Ks, = 1.01 x 10° M~ ") and quick reaction
times. In addition, the sensing study was completely recyclable in
nature. Moreover, TPA-POP-CHO coated paper strips were fabri-
cated to demonstrate naked eye Hg** detection. This result
highlighted the portable, affordable, quick, extremely sensitive,
and reusable nature of POP sensors for sensing metal ions.

Another environmentally relevant cation is the copper (Cu**)
metal ion. Intramolecular hydrogen bond interaction within
the structure of polymeric materials is reported as a key strategy
for selective binding of Cu®" ions.>*® McGrier et al. utilized this
strategy for detection of Cu®" ions by synthesizing a series of
Schiff-base POPs based on the tris(N-salicylideneaniline) (TSA)
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incremental addition of Hg?*. Reproduced with permission from ref. 201. Copyright 2018, the Royal Society of Chemistry. (c) Synthetic route to TPA-
POP-CHO and subsequent postpolymerization modification to afford TPA-POP-TSC, which shows specific binding with Hg?* ions. (d) Fluorescence
spectra of TPA-POP-TSC nanoPOP in THF/H,O solution upon addition of various concentrations of Hg* (inset: corresponding photos under ambient
light and UV light, before and after the addition of 10 uM Hg?*). (e) Results of selective Hg?* ion sensing by TPA-POP-TSC nanoPOP. Reproduced with
permission from ref. 202. Copyright 2019, American Chemical Society. (f) Synthesis scheme of POP-HT. (g) Digital images of the POP-HT test film under
natural light and UV light before/after Fe** addition. Reproduced with permission from ref. 204. Copyright 2016, American Chemical Society.
(h) Synthetic route to PAF-5CF from post-synthetic modification of PAF-1-NH,. (i) PL emission spectra of PAF-5CF after the addition of different
concentrations of Fe**. (j) Corresponding Stern—Volmer plot of PAF-5CF. Reproduced with permission from ref. 205. Copyright 2019, the Royal Society
of Chemistry. (k) Images of TSA-POP 1 (1), TSA-POP 2 (2), and TSA-POP 3 (3) under a 365 nm UV-lamp suspended in THF before and after the addition of
metal ions. Reproduced with permission from ref. 218. Copyright 2017, the Royal Society of Chemistry. () PL emission spectra of CMPAO-4 in uranyl
solution (inset: the correlation between the PL intensity and uranyl concentration). (m) Column adsorption of uranyl ions using CMPAO-4 as the
adsorbent. The left bottle contains uranyl solution, which was subjected to column separation as shown on the right. (n) The images of CMPAO-4 in the
column exposed to UV light before and after uranyl adsorption. Reproduced with permission from ref. 98. Copyright 2019, the Royal Society of

Chemistry.

core.”™® The presence of hydroxy (-OH) groups close to the
imine bonds of the POP facilitates photoinduced enol-keto
tautomerization. As a result, the materials displayed excited-
state intramolecular proton transfer (ESIPT) and demonstrated
significant fluorescence emission in both solid and solution
states. Notably, due to the metal-ligand charge transfer process,
it was found that Cu®" ions could effectively quench the emis-
sion of the POP (Fig. 9k). In another report, Liu et al. showed
dynamic quenching of Cu®>" ions by developing silsesquioxane-
based hybrid luminescent POPs (HLPPs).>"!

Detection of uranium (as UO,>") metal cations is essential
owing to their importance in nuclear energy along with environ-
mental significance. In the literature the selective strong interaction
of the amidoxime group with UO,>" ions via coordination with the N
and O center has been widely studied.*"> Taking advantage of this

4106 | Mater. Horiz., 2023, 10, 4083-4138

selective interaction, Hua and coworkers reported a UO,>" sensing
study by synthesizing a CMP (CMPAO).”® The fluorescent polymer
was fabricated by Sonogashira coupling reactions taking 1,3,5-
triethynylbenzene as a core. Further, the POP was modified by
decorating with amidoxime (-NH,C—N-OH) and carboxylate
(-COOH) groups through the reaction of hydroxylamine hydro-
chloride (NH,OH-HCI) and base KOH. The presence of the
pi-conjugation network makes the polymer highly fluorescent
in nature. Also, the functional groups create high water dis-
persity of the POP. Thereafter, the CMPAO was used for detec-
tion of UO,*" metal ions. As anticipated, owing to the presence
of the amidoxime group the POP exhibited selective and sensi-
tive quenching of fluorescence emission with a relatively low
LOD value of 1.7 nM in water when treated with UO,>" ions
(Fig. 91). Importantly, this LOD value was found to be much
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lower than the permitted limit for U in drinking water (6.3 X
10~% M) set by WHO. The adsorption and quenching response
were also observed in a column setup under UV light (Fig. 9m
and n).

6.1.4 Biologically important metal sensing from water. The
iron metal ion, a fundamental cation, is crucial for many
physiological processes in both the ecosystem and human
beings. Significant effort has been made toward the creation
of materials for the selective and sensitive detection of Fe**, a
key metal ion in water."®® Designing sensors with Lewis basic
N-sites is considered as an effective strategy for recognition of
Fe*" ions.”®® Guided by this, Li and Shi et al. developed a
N-enriched polymer (POP-HT) through the polycondensation
of tetra(p-aminophenyl)methane and chromophoric 2,5,8-trichloro-
s-heptazine to demonstrate selective sensing of Fe** ions (Fig. 9f).>**
The N-atoms which decorate the porous surface of the highly
luminescent POP-HT act as free Lewis base sites to interact with
Lewis acidic Fe*" metal ions. As a sensing result, in acidic aqueous
or DMF solution, Fe** was found to reduce the emission intensity of
the POP continuously upon increasing the concentration of Fe®".
The LOD value of this quenching action was calculated as
5 ppm. The authors explained the mechanism of quenching
as due to the strong interaction between the N-atoms of
heptazine moieties of the POP and Fe** ions. Furthermore, a
portable, easy-to-use fluorescent test film was fabricated for the
detection of Fe’". Under 365 nm UV light, the test film appeared
bright aquamarine; nevertheless, it became black when sub-
merged in an aqueous solution of FeCl; (Fig. 9g).

As discussed above, PAFs are a promising class of porous
organic polymers exhibiting potential for various leading applica-
tions including chemical sensing, owing to their high chemical
stability, high degree of polymerization, abundant aromatic rings
induced high fluorescence, etc. Zhu and coworkers reported PAF-
based Fe®" sensing by a post synthetically modified PAF with
fluorescein (PAF-5CF) (Fig. 9h).>*> The presence of fluorescein
along with aromatic moieties makes PAF-5CF highly fluorescent
in both solid and solution state. When PAF-5CF was employed for
metal ion sensing in ethanolic solution, only Fe** was found to
quench the emission intensity with an obvious colour change
from yellow to dark under UV light. Interestingly, other metal
ions (Na*, K*, Ca**, Zn**, Ni**, A*") had negligible impact on the
emission of PAF-5CF. In addition, a similar observation was
noticed in the solid-state. This result clearly indicated the highly
selective detection ability of the PAF towards sensing Fe** ions
(Fig. 9i and j). In addition to this, a few more Fe** sensing
studies have been reported with POP materials. Yavuz et al. used
stable C-C conjugated COP-100 for dynamic fluorogenic detection
of Fe’* ions selectively with a quenching efficiency of 70.3% in
water.”® Liu and coworker reported selective and sensitive detec-
tion of Fe®* cations with AIE core containing silsesquioxane-based
hybrid porous polymers (HPPs).**” Cao et al. reported selective
detection of Fe** ions with various luminescent core containing
POPs (COP-6, 7, 9).2°

In addition to these studies, POPs are found to demonstrate
highly efficient detection ability towards other metal cations

such as AI**>** Co**,'®” and Fe**,*°® with significant quenching
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constant and LOD values, which proves the potential of POPs
for cation sensing.

6.1.5 Anionic pollutant sensing from water. Anions play a
crucial role in the environment. Several specific anions such as
cyanide (CN ™), halides (i.e. fluoride (F™), iodide (I")), and metal-
based oxoanions (i.e. chromate (CrO,>"), dichromate (Cr,0,>"),
etc.) have significant importance in the field of both biology and
environment.>'* Among them, CN™ is one of the most dangerous
and possibly lethal anionic species, posing a major hazard to the
environment and primarily to living things by ingestion or
inhalation and fast distribution throughout the body. Therefore,
the maximum permitted level of CN™ in drinking water by WHO
is 1.9 mM.>"® Another important anion with the highest per-
mitted level in drinking water of <1.5 ppm is F. An excess
amount of fluoride in water is highly hazardous, and can result in
fatal poisoning.”'® In addition to these, EPA’s priority pollutants’
list includes heavy metal-based oxoanions, which are also
regarded as possible harmful pollutants. Therefore, considering
both the biological significance and detrimental consequences of
overuse of these anionic species, selective and sensitive identifi-
cation is critically needed and substantial. In this context, POPs
have been widely used as an excellent sensory material for the
regular monitoring of these anions.

Sensing of heavy metal-based oxoanions by POPs is a topical
research interest. Among oxoanions, dichromate (Cr,0,%7) is
particularly important, which is the stable Cr(vi) species extensively
used in pigment, electroplating and printing industries."*® Cr(vi) is
one of the harmful contaminants in wastewater, and can affect
humans severely even at low concentration. Successful demonstra-
tion of Cr(vi) sensing by a POP material has been done by Wang
et al. Through the Yamamoto coupling reaction of 1,3-bis(4-
bromophenyl)-imidazolium bromide and tetrakis(4-bromo-
phenyl)-ethylene, the group created a series of TPE and
imidazolium-based cationic POPs, POPIms (Fig. 10a).’*® Due
to the presence of TPE cores, the polymers exhibited strong
fluorescence. Also, the cationic nature of the imidazolium POP
offers facile exchange of Cr,0,”~ ions with its integrated Br~ ions.
Among the synthesized POPs, POP-Im1 exhibits a broad emission
peak centered at ~595 nm with a yellow color in the solid state
(excitation at 365 nm). The emission intensity of the luminescence
was significantly reduced after Cr,0,%>~ adsorption, which was
attributed to the electron-transfer of Cr,0,”~ lowering the energy
of the n-m* transition in the polymeric network of POP-Im1
(Fig. 10b). In addition to this, the authors also explored the capture
study of Cr,0,> ions by these POPs in water. In an interesting
work, Wang et al. reported radioactive **TcO,~ detection by a
rationally modified PAF (Ir-PAF) with a luminescent iridium(m)
organometallic complex (Fig. 10c).>"” This was the first example of
a POP-based efficient sensor for facile and selective detection of
trace ReO, /TcO,  in aqueous solutions. Ir-PAF exhibited turn-on
recognition ability towards ReO, /TcO,  with a low LOD value of
556.9 ug L' (Fig. 10d and e). Moreover, the sensing of ReO, was
found to be selective in the presence of other anions as well as
recyclable up to three cycles (Fig. 10f and g).

As mentioned before, cyanide is a highly toxic anionic
species causing serious problems to living beings. Due to their
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Fig. 10 (a) Schematic representation of the synthesis of POP-Ims and POP-TBE. (b) Room-temperature solid-state emission spectra upon excitation at
365 nm for (curve a) POP-Im1 and (curve b) POP-Im1-Cr (inset: corresponding fluorescent images under UV irradiation). Reproduced with permission
from ref. 146. Copyright 2016, American Chemical Society. (c) Synthetic route to Ir-PAF. (d) and (e) PL emission spectra of Ir-PAF in NaReO, and *°TcO,~
solutions of various concentrations, respectively. (f) Relative PL emission increasing rate of Ir-PAF in different anions. (g) Solid-state PL counts and
luminescence brightness changes during three detection cycles. Reproduced with permission from ref. 217. Copyright 2020, American Chemical Society.
(h) Synthetic preparation of HBCPN-Ph and HBCPN-DCYV, and the model compound M-DCV. (i) PL spectra of HBCPN-DCV in the presence of different
concentrations of the cyanide anion in THF dispersions. (j) Ratiometric fluorescence response profiles. (k) Photos of visible fluorescence responses of
HBCPN-DCV in the THF/H,O dispersion in the presence of 100 uM concentration of various anions. Reproduced with permission from ref. 218.
Copyright 2014, the Royal Society of Chemistry. (l) Synthesis route to BMOP. (m, n) Changes in the fluorescence spectra of BMOP upon incremental
addition of F~ ions in DMSO/H,0 (8:2) and THF/H,O (9: 1) solvent combination, respectively (inset: images of BMOP dispersed in THF/H,O under UV
light before and after F~ addition and reversibility of the colour change). Reproduced with permission from ref. 220. Copyright 2015, Wiley-VCH.
(0) Synthesis route to F-CTF-3. (p)—(s) The emission spectra of F-CTF-3 dispersed in water upon incremental addition of four representative amines: PA,
DEA, DPA and ATZ, respectively (inset: corresponding Stern—Volmer plots and images of the amine treated F-CTF-3). Reproduced with permission from
ref. 226. Copyright 2020, the Royal Society of Chemistry. (t) Synthetic route to the TMBPT polymer. (u) Images of the setup for the detection of H,S (left)
and the AgNOs-loaded TMBPT powder after being stirred for 4 h at 50 °C in (1) 5 uM H,S; (2) 10 uM H,S; (3) 50 uM H,S; (4) 100 uM H.S; (5) 5 mM
glutathione; (6) 5 mM cysteine; (7) 5 mM NaSCN; (8) 5 mM Na,SOs; (9) 5 mM Na,S,0s3; (10) Kpi buffer; (11) DI water; and (12) 5 mM H,O, solution.

Reproduced with permission from ref. 231. Copyright 2014, American Chemical Society.

restricted specific functionality and the weak CN™ ion binding
affinity with the POP skeleton, POPs have not been extensively
studied for the selective detection of CN™ ions. In a report, the
Tong and Wang group explored the selective CN™ ion detection
ability of POPs by developing a hyperbranched conjugated
polymer (HBCPN-DCV) via the Suzuki coupling polymerization
reaction.”™® The synthesized HBCPN-DCV nanoparticles exhib-
ited fluorescence emission under UV light. Furthermore, the
polymer was subjected to post-synthetic modification by a
cyanide-responsive dicyanovinyl fluorophore by reacting with
the terminal functional aldehyde groups present on the surface
of the polymer (Fig. 10h). This target specific functional nanop-
robe was then applied for the detection of CN™ ions in THF
medium. Aqueous solution of tetrabutylammonium salt was
chosen as a source of CN™ ions for the sensing study. In a
sensing titration experiment, the emission peaks at 538 nm
increased as aqueous CN™ ions were incrementally added to the
THF dispersion of HBCPN-DCV, while a second peak at 640 nm
increased slowly at first and eventually disappeared at higher

4108 | Mater. Horiz., 2023, 10, 4083-4138

CN™ concentrations. A greater than 10-fold increase in emission
enhancement (at 538 nm) was noticed following the addition of
40 pM CN~ (Fig. 10i). In addition, after adding various CN™
concentrations, the emission color likewise shifted from red to
yellow to green, which was also visible with the naked eye when
seen under a UV lamp (365 nm) (Fig. 10k). The polymer was
found to be highly sensitive toward CN™ ions with a LOD value of
0.2 uM. More interestingly, the probe exhibited selective detec-
tion of CN™ ions as no other anions were found to change the
emission of HBCPN-DCV (Fig. 10j). In the mechanism study, the
enhanced energy transfer from the HBCPN core of the polymer to
the cyanide-responsive DCV fluorophore was found to play a
significant role in the fluorescence change.

Fluoride is another environmentally relevant anionic species,
which needs to be monitored. Typically, F~ ions are electro-
nically rich; therefore materials containing electron deficient
cores are beneficial for selective detection of F~ ions. From this
viewpoint, electron deficient boron (B) atom containing materi-
als/POPs are considered as one of the effective strategies for

This journal is © The Royal Society of Chemistry 2023
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sensing F~ ions. Fluorescent off may result from electron transfer
from F~ ions to the vacant p orbital of the B atom in B-containing
luminescent POPs. Taking this concept into consideration, Feng
and colleagues used the Suzuki and Sonogashira reactions to
create two novel boron-m-nitrogen-based donor-acceptor type
POPs, namely, BN-ph and BN-ph-ae, respectively.”*® Due to their
high fluorescence characteristics, these two POPs were chosen for
the F~ sensing study. An aqueous solution of tetrabutylammo-
nium fluoride (n-Bu,NF) was used as a source of F~ ions. It was
observed that the strong emission intensity of THF dispersion of
BN-ph gradually diminished as the molar ratio of fluoride was
increased. This is due to the fact that F~ ions slowly fill in the
remaining vacant orbital of the B atoms in the polymeric
structure and prevent the charge transfer from N to the B centre.
This was explained as the probable mechanism behind the
sensing of F~ ions. In another work, using a similar concept,
Maji and coworkers developed a boron-containing microporous
POP (BMOP) using methyl-protected triarylborane as a node and
diethynylbiphenyl as a linker for sensing F~ ions (Fig. 101).>*° It
was discovered that BMOP exhibits an increased fluorescence
signal when F~ ions are introduced in an aqueous/HF mixture, as
well as a clear colour change from green to blue. The POP was
found to show highly sensitive (low LOD value) and selective (in
the presence of Cl-, Br, I, NO; and SO,*~ ions) detection of
F~ ions (Fig. 10m). Moreover, BMOP also demonstrated excep-
tional recyclability from aqueous solution, in which the green
emission could be totally regenerated after adding an excessive
amount of water to F~ @BMOP due to the enormous hydration
enthalpy of the F~ ion (Fig. 10n). In the same line, Liu et al. also
explored both the colorimetric and fluorescence-based F~ ion
sensing ability of another boron-containing POP (BCMP-3) in
THF medium.”

A few other anions which were detected by POPs are I, >~
MnO,, etc. lodide (I7) is a vital component of the human body
and plays a crucial role in biological processes. Zhang and
coworkers created a carbazolic POP (Cz-TPM) for the colori-
metric detection of the I” anion.>*" After adding I" to the THF
dispersion of the POP, the colour changed noticeably, going
from practically colourless to yellow in day-light. On the other
hand, detection of $>~ ions has been demonstrated by Cao et al.
by developing a luminescent POP nanotube (PNT-1).**

According to the explanation above, creating cationic frame-
works followed by anion exchange or including electron-
deficient atoms in the primary skeletons may be effective
design methods for POP-based anion sensors. More work is
still required because the POP examples that have been docu-
mented so far are so infrequent for anion sensing.

6.1.6 Environmentally relevant small molecule sensing.
Small molecules such as volatile organic compounds (VOCs)
and other organic-inorganic molecules including amines,
molecular iodine (I,), gases like ammonia (NH;), hydrochloric
acid (HCI) vapour, etc. have been found to be sensed by POPs in
the last few years. Among them, POPs exhibited promising
results for the detection of VOCs such as benzene and its
derivatives, hydrocarbons and halo-benzenes. Most of these
molecules are carcinogenic in nature owing to their high level
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of toxicity and cause harmful effects in human beings. There-
fore, detection of these species by POPs is of paramount
interest to a broad scientific community. In the following
section a few representative examples of small molecule
sensing by POP materials have been discussed. In a work,
through the Ni-catalyzed Yamamoto reaction, Cao et al. created
three COPs with various central cores of N (COP-2), benzene
(COP-3), and triazine (COP-4) and further explored their sen-
sing ability towards VOCs along with nitro explosives.'®
Among the COPs, COP-2 exhibited turn-on luminescence
response upon exposure to diethyl ether; however, no signifi-
cant changes were observed when treated with other small
molecules/solvents like DMF and THF. On the other hand,
COP-3 and COP-4 could be selectively quenched by chloroform,
while other solvents had no effect on their emission intensity.
The difference in the recognition ability between COP-2 and
COP-3/4 was explained by the alteration of HOMO-LUMO
electron density and their corresponding band gaps. In this
way the authors explored the role of central atoms of monomers
of POPs in the tunable sensing of small molecules. Further-
more, apart from the role of central cores, the same group also
showed in a different study the importance of several pendent
functional groups of POPs for the adaptive sensing of VOCs."*°
In this study, a series of POPs (COP-401-R) with different
functional groups including carboxylic (-COOH), nitro (-NO,),
hydroxy (-OH), amine (-NH,), aldehyde (-CHO) and -SO,Cl
were synthesized. Among them, the emission intensity of COP-
401-COOH was found to be quenched when exposed to metha-
nol, whereas COP-104-SO,Cl exhibited yellow luminescence
under UV light. Moreover, COP-104-SO,Cl, in other typical
solvents including DMF, THF, MeOH, and acetone, displayed
blue luminescence. In another VOC sensing work, Yu et al. used
the simultaneous Friedel-Crafts and Scholl coupling processes
to create a number of spirobifluorene- and triazine-based POPs
(Sbf-TMPs).”** These POPs were found to be potential probes
for the detection of electron rich VOCs such as benzene and
toluene with turn-on fluorescence behaviour. Moreover, the
fluorescence intensity of the thin layer of Sbf-TMP was observed
to be enhanced upon exposure to the VOC, namely, ethyl ether
vapor. Li, Shi and co-workers demonstrated effective sensing of
1,4-dioxane by developing nitrogen rich POP-HT.*** Zhao and
Hirao et al. reported size-selective fluorescence turn-on detec-
tion of electron rich VOCs by synthesizing TPE core-based POPs
(NUS-20 to NUS-23).>*

Under the category of small molecules, various aromatic and
aliphatic amines are another important class of species that
should be identified before their concentration increases in the
environment. In this context, POPs again hold great promise
for sensing amines. Exceptional selectivity and sensitivity
toward primary aromatic amines have been demonstrated by
Zhong et al by synthesizing covalent triazine framework
nanosheets called F-CTF-3 (Fig. 100).>*° In this study, fourteen
amines from nine different classes, including primary, second-
ary, and tertiary aliphatic and aromatic amines, heterocyclic
amines, pyridine amine, and quaternary ammonium salts, have
been tested for fluorogenic identification. The group found that
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the primary aromatic amines including aniline, p-phenylene-
diamine (PDA), and 1-naphthylamine (NPA) could significantly
reduce the fluorescence emission of F-CTF-3 in water. Notably,
the quenching phenomenon was observed to be highly selective
in nature (Fig. 10p-s). In another work, Zhang et al. synthesized
two triazine-based POPs with benzothiadiazole (P1) and ben-
zene (P2) functionalities.””” Among the CMPs, P1 exhibited
fluorescence quenching response for aniline and 1,4-phenyl-
enediamine in water, whereas aliphatic amines do not cause any
change in the emission intensity. On the other hand, the P2 POP
showed turn-off and turn-on responses towards aniline/1,4-
phenylenediamine and aliphatic methylamine/TEA, respectively.

As mentioned before, molecular iodine (I,) is an example of
a small molecule, which is highly significant owing to its
radioactive isotopes (**°I and "*'I). These species are omnipre-
sent in nuclear waste, making I, detection crucial. In the recent
few years, extensive works have been reported on I, sensing and
capture by developing various excellent POPs. In order to create
POP-based sensors for I, detection, electron-rich moieties,
particularly heteroatoms like N and S, could be incorporated
into the POP structure. This is because the lone pair electrons
of heteroatoms of POPs can enhance the interactions with
iodine, which can further affect its fluorescence property.
Considering this fact, Geng and coworkers reported chemo-
sensing of I, by a CMP type POP (TTPA), having triazine and
triphenylamine moieties, synthesized through triflic acid-catalyzed
Friedel-Crafts polymerization reaction."'® The TTPA CMP was
found to detect I, in THF medium with a LOD value of 32.2 pM
and a quenching constant Kyof 2.38 x 10* M~". The mechanism
of emission quenching was found to be electron transfer from the
electron rich POP to electron deficient I, molecules. In their follow-
up works, the same group explored the potential of POPs for I,
sensing, by developing various core-based POPs. Among them, AIE
effect based TPE core containing POPs (TTTAT and TTDAT),
nitrogen containing CMPs, and thiophene and pyrene core-
based POPs (PTThP-2 and PTThP-3) demonstrated sensitive detec-
tion ability towards molecular iodine.>*%*°

Hydrogen sulfide (H,S) is a highly toxic gaseous species, and
therefore, selective sensing of H,S is desirable. Xu and coworkers
synthesized a triazine and pyrazole core-based POP called
TMBPT, which was further modified to Ag@TMBPT by post
metalation of the porous polymer with AgNO; (Fig. 10t).>** The
water dispersed metal loaded POP when treated with a trace
concentration (0.17 ppm) of H,S displayed a brown color.
Furthermore, at varied H,S concentrations, Ag@TMBPT likewise
displayed an amonotonic colour change. On the other hand,
biologically important thiols like glutathione and cysteine, as well
as other reactive sulphur species (such as thiocyanate, sulfite, and
thiosulfate), barely affected the colour of the sensing probe
(Fig. 10u). A few other research studies, including this one, have
looked into the prospective use of POP materials for selective and
sensitive detection of H,S gas.”*> Among them, in an interesting
work, Das et al. demonstrated sensing of H,S gas in a dynamic
flow-through electrical resistance measurement system by devel-
oping a hydrazide-based POP (THH-COP).>** The interaction
between the H,S gas and the -CONH-group of THH-COP results
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in a proton conduction process. This causes a sharp enhance-
ment in the electrical resistance of the THH-COP based sensor
device when the H,S gas is introduced which quickly reduces
when the H,S gas is removed.

6.1.7 Other environment related sensing. Another impor-
tant class of sensing application of POP materials is latent
fingerprint (LFP) detection. From the perspective of national
security, forensic analysis, immigration screening, etc. finger-
printing is crucial."”* Swift and sensitive LFP imaging on many
surfaces in various environments is a fundamental problem.
However, it is highly important for real-time application. Mate-
rials that are highly luminescent in the solid-state form are
suitable for LFP application. From this view, POPs are potential
candidates owing to their strong fluorescence properties in the
solid form. In addition, easy and facile manipulation of the PL
emission colour of POPs by fine-tuning and rational selection
of organic building units and thus the overall polymeric
structure offers advantages for LFP application. Considering
the above fact, Sun et al. explored the LFP utility of POPs by
synthesizing a series of three highly designed POPs by applying
the Heck coupling reaction.>** Strong fluorescence colour
based three POPs (FPP-1, FPP-2 and FPP-3) were constructed
by reacting flexible building units of tetravinylcyclotetrasilox-
ane with bromo-substituted pyrene, TPE and spirobifluorene
moieties, respectively. Upon excitation under UV light, in the
solid-state, FPP-1 to FPP-3 exhibited brick-red, yellow and green
colours with strong emission intensities centered at 606, 549
and 489 nm, respectively. Inspired by these tunable colours, the
POPs were coated on different substrates including paper, glass
pieces, plastic bags, aluminium foil, etc. by a spraying method
to identify the LFP images. As a result, the LFP images with
respective emission colours were clearly visualized under UV
light. The luminous ridge lines and nonfluorescent furrows
could be recognized easily because the relatively uniform tiny
particles of the polymers can generate high mechanical adher-
ence to the moisture and oily components of the fingerprint
ridges. It is noteworthy to mention that the amplified image
exhibited clear visualization of whorl, bifurcation, termination,
and crossing fingerprint characteristics, as well as the third-
level details of sweat pores. Further research suggested that
these materials could be used in a promising way for quick and
efficient fluorescence imaging of both old and fresh LFPs in
real-world circumstances.

Another important topic for sensing by POPs which is highly
relevant to the therapeutic, biological, and environmental
domains is pH. pH readings are crucial for various leading
applications. Since nitrogen atoms can be protonated and
deprotonated in acidic or basic environments, POP skeletons
frequently have proton acceptors that are mostly nitrogen
atoms. Now, because of this unique property of POPs, they have
been used in the determination of pH. In a study, a polyhedral
oligomeric silsesquioxane (POSS)-based hybrid POP (HPP) was
created by Jiang and Liu et al. via the Heck coupling reaction
between octavinylsilsesquioxane (OVS) and brominated distyr-
ylpyridine (Br-DSP).>** The synthesized POP exhibited fluores-
cence with the feature of pyridine cores. With these properties,
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the POP was applied for pH sensing by dispersing in buffer
solution of various pH values. When the pH was changed from
5.5 to 1.0, it was discovered that the fluorescence emission peaks
clearly shifted from green to red, with wavelength changing from
525 to 618 nm. This observation can be explained by the proto-
nation of the pyridine core of the POP. However, in an alkaline
medium, the emission peaks remained at 524 nm and emitted
green light when exposed to it. Finally, the polymer (HPP) was
found to be an acid sensor owing to its high sensitivity in the pH
range of 1 to 4. Apart from this, other studies also explored the
potential utility of POPs in the field of pH sensing.>*®

From the above discussion it can be concluded that it may
indeed be beneficial to functionalize or decorate the primary
skeletons of POPs with groups containing heteroatoms for the
purpose of sensing a specific analyte, since this facilitates POPs
to co-ordinately bind the detected analytes. Also, the highly
porous nature with large surface area of POPs offers easy
inclusion of analytes and thus triggers the interaction. More-
over, POPs are useful as sensors for industrial and commercial
use due to their reversibility and recyclable nature along with
their high chemical and hydrolytic stability.

6.2 Pollutant sequestration from water

The escalating demand of the growing human population along
with rapid industrial revolution has resulted in world-wide
environmental crisis significantly affecting society’s sources of
potable water, leading to serious problems including water scarcity
and ever-increasing water pollution. The sequestration of trace
pollutants found in water has drawn a lot of scientific attention as
water pollution has grown to be a serious global issue.**¢2%”
However, in order to satisfy this broad scientific interest, a number
of sustainable sophisticated chemical separation technologies
have been either applied in order to provide freshwater supplies
by decontaminating various polluted water systems, including
wastewater and seawater. Among them, adsorption-based purifica-
tion techniques are emerging as viable energy efficient alternatives
to other traditional procedures, owing to their excellent efficien-
cies, easy operation, and cost-effectiveness. In order to develop
highly effective adsorbents for the sorption-based separation
methods, significant advancement has been made in the past few
years.>** % As mentioned before, owing to the unique character-
istic features, POPs have been considered as an excellent potential
sorbent material in the field of wastewater treatment for removing
various contaminants, including organic contaminants, e.g., dyes,
solvent molecules, emerging pharmaceuticals and personal care
products (PPCPs), agrochemicals, etc., and inorganic contami-
nants, e.g., toxic metal ions, radionuclides, metal or metalloid-
based oxoanions, etc. These various contaminants’ removal appli-
cations of POPs have been explored in the section that follows with
illustrative examples.

6.2.1 Toxic organic pollutants sequestration. Organic pollu-
tants such as organic dyes, pesticides, antibiotics, pharmaceuti-
cals, personal care products and oils have been found in water
resources all over the world, raising concerns about potential
harmful impacts on aquatic ecosystems as well as on human
health. Therefore, effective elimination of these pollutants from
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different water streams has become a topical research interest. In
this context, POPs have been found to demonstrate efficient
sequestration of these organic toxic substances from aqueous
medium.>*'*

For example, in a recent report, we explored the potential of a
cationic porous organic polymer towards efficient removal of
various toxic anionic organic species such as dyes and antibiotics
along with inorganic contaminants.'”! In this work, we designed
and developed a viologen unit grafted cationic organic network
(ivOFm) with macro-micro hierarchical porous nature. iVOFm
was synthesized by the solid-state acid vapour assisted synthetic
strategy, using silica nanoparticles as a template to induce
macroporosity into the polymeric network (Fig. 11a). The synthe-
sized POP was characterized with the help of various state-of-the-
art techniques, which explored its unique characteristic features,
including the cationic backbone with highly dense free counter
anions, macro-micro hierarchical porosity and high chemical
stability. Interestingly, the size and number of macropores of
iVOFm were found to be easily tunable with the use of a desired
SiO, NP template. This custom-designed POP utilizes a combi-
nation of electrostatically driven ion-exchange, nanoscale sized
macropores, and particular binding sites for the intended con-
taminants. iVOFm was tested for removal of organic dyes (methyl
orange and alizarin red S) and antibiotics (sulfadimethoxine
(SDM) and sulfamethazine (SMT)) from water. iVOFm showed
ultrafast capture of all these organic toxic substances along with
iodine and metal-based oxoanions with over 93% removal in only
30 seconds (Fig. 11b). The material demonstrated rapid removal
of the antibiotic SDM with high sorption capacity from water,
even when other concomitant anions like nitrates, chloride, and
bromide are present. Moreover, iVOFm was found to sequestrate
SDM from different pH media in a recyclable manner (Fig. 11c).
In the mechanism study, the fast pollutant trapping efficiency
was found to be due to rapid pollutant diffusion through the
ordered, interconnected macropores that work in conjunction
with the cationic backbone.

The nature of the organic contaminants can be classified
based on their hydrophobic properties. Separation of organic
toxic substances can also be done by developing hydrophobic/
hydrophilic POPs. Now, hydrophobic POPs can be synthesized
by integrating hydrophobic moieties such as fluorine in the
porous surface of POPs. On the other hand, installation of
hydrophilic units generates hydrophilic core-based POPs. By
utilizing this strategy, Cooper et al. demonstrated the separation
of methyl orange dye by developing a series of POPs with various
hydrophobic/hydrophilic substituents.”** These POPs were
synthesized by the Sonogashira-Hagihara coupling reaction of
1,3,5-triethynylbenzene with derivatives of dibromobenzenes.
When these POPs were tested for capture of methyl orange in
water, an interesting result was observed. Only POPs containing
the hydrophilic hydroxyl group exhibited efficient adsorption of
dye molecules, whereas POPs without hydrophilic units were
found to not absorb methyl orange from water.

In other report, our group explored the adsorption of
cationic dyes by a postsynthetically modified anionic hyper-
cross-linked polymer (HCP-91@Na).>*> At first a cost-effective
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Fig. 11

(a) Schematic representation of solid-state synthesis of the ionic macroporous polymer (iVOFm). (b) Percentage removal efficiency with time of

iVOFm towards various pollutants in water. (c) Selective removal efficiency of the SDM antibiotic by iVOFm in the presence of other anions. Reproduced
with permission from ref. 171. Copyright 2022, Wiley-VCH. (d) Illustration of synthesis of the FesO4 embedded 120-TMA polymer. (e) Percentage removal
efficiency with time of 120-TMA@Fe towards various organic pollutants. (f) Images of magnetic separation of dyes by 120-TMA@Fe. Reproduced with
permission from ref. 246. Copyright 2022, American Chemical Society. (g) Synthesis scheme and the corresponding images of calix[4]pyrrole-crosslinked
polymers (P1-P3). (h) Percentage removal efficiency with time of the P3 polymer towards various pollutants. (i) Langmuir adsorption isotherms for the
adsorption of cationic pollutants by P3. Reproduced with permission from ref. 152. Copyright 2022, Wiley-VCH.

and chemically stable POP (HCP-91) was synthesized via the
Lewis acid FeCl; catalyzed Friedel-Crafts reaction. Thereafter,
the POP was post-synthetically modified into the anionic form
(HCP-91@Na) by the treatment of a base (NaOH). Owing to its
anionic nature with free exchangeable cations, it was applied
for cationic dye capture such as methylene blue (MB), rhoda-
mine B (RhB), and crystal violet (CV) from water. Although all
the dyes were found to be captured by the POP, the removal
kinetics of RhB was found to be faster than that of MB, owing to
their size-dependent removal property. Moreover, HCP-91@Na
was found to be selective toward cationic dyes only, as no
anionic dyes (such as methyl orange (MO)) were removed from
water, when tested with a mixture of cationic-anionic dyes (MB-
MO and RhB-MO).

It is worth mentioning that following the contaminants’
adsorption process, rapid extraction of adsorbent materials from
the sample matrix is advantageous compared to laborious cen-
trifugation or time-consuming filtration, which drains energy.

4112 | Mater. Horiz., 2023, 10, 4083-4138

This problem may be easily solved by encapsulating magnetic
nanoparticles within the porous matrix of an organic polymer.
With this target, our group synthesized a cationic polymer accom-
modating magnetic Fe;O, nanoparticles (120-TMA@Fe) via the
one-pot Friedel-Crafts reaction with external cross-linking, fol-
lowed by chemical modifications (Fig. 11d).>*® When tested for
capture of a wide range of organic micropollutants, 120-TMA@Fe
exhibited excellent adsorption capability in terms of rapid kinetics
(complete removal within only 5 min) towards anionic dyes,
aromatic models, plastic components, and pharmaceuticals
(Fig. 11e). Moreover, the POP showed a high sorption capacity of
357 mg g ' for methyl orange dye, 555 mg g ' for plasticizer
bisphenol A, and 285 mg g~ for antibiotic ibuprofen in water. In
addition, 120-TMA@Fe was found to sequestrate these pollutants
repeatedly and selectively from different chemical environments as
well as from complex real-world samples (Fig. 11f).

Macrocycle-based porous polymers are one of the best
candidates as potential sorbent materials for the effective
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removal of various toxic pollutants from water, owing to their
unique features, including suitable host-guest interactions,
robustness, stability, and insolubility.>*”**®* Among them,
calix[4]pyrrole-based moieties are promising for selective and
strong interaction with specific organic micro-pollutants. In this
line, efficient removal of organic micro-pollutants from water by
POPs has been demonstrated by developing a unique calix{4]-
pyrrole-based POP. Wang et al. synthesized a calix[4]pyrrole-based
3D POP (P1) by reacting the bowl-shaped a,a,a,a-tetraalkynyl calix-
[4]pyrrole monomer with the diketopyrrolopyrrole monomer via the
Sonogashira cross-coupling reaction (Fig. 11g).">> As the developed
POP (P1) was found to be highly hydrophobic in nature, it could not
be used as an effective adsorbent for micro-pollutants. However, it
was further modified into the neutral (P2) and anionic form (P3)
with free carboxylic acid and carboxylate anion groups, respectively
(Fig. 11h). A range of model organic micropollutants (such as dyes
(methylene blue, congo red), pesticides (paraquat, diquat), bisphe-
nol A, etc.) with varying charge, hydrophilicity, and functionality
were found to be more effectively removed by the anionic POP (P3)
compared to its neutral homologue (P2). Furthermore, the P3 POP
exhibited high removal capacities towards these pollutants (espe-
cially for cationic pollutants) in water (Fig. 11i). In the literature
most of the organic micro-pollutants reported for removal from
water are either nonpolar or charged in nature. Adsorption of
polar or neutral organic micro-pollutants is quite challenging;
however, it has been reported by Jiang et al., who developed two
amide naphthotube-crosslinked polymers.>*® Through biomi-
metic molecular recognition, these POPs were discovered to
efficiently and quickly remove a variety of polar organic micro-
pollutants from water. These POPs were further found to remove
a complex mixture of pollutants from water in a recyclable
manner. The amide functionality in the hydrophobic cavity of
the POPs exhibited hydrogen bonding sites that can interact
strongly with the polar organic micro-pollutants.

Besides pyrrole-based polymers, calixarenes are another
class of supramolecular moieties which show specific binding
affinity towards organic micro-pollutants. Removal of organic
pollutants from water by means of calix[4]arene-based POPs
(CalP2-CalP4) has been reported by Trabolsi et al. in their
report (Fig. 12a and b).>*° In this work, the authors synthesized
a series of three hyper-cross-linked n-bond-rich POPs (CalP2-
CalIP4), and further applied them for micro-pollutant capture
from water. The POPs exhibited rapid adsorption kinetics with
high sorption capacities towards a wide range of water pollu-
tants, such as bisphenol A, propranolol HCI, 1-naphthylamine,
and 2-naphthol (Fig. 12c). Among the POPs, CaIP4 demonstrated
superior regenerable adsorption performance, which outper-
formed the common commercial materials. The authors hypothe-
sized that the presence of both calixarene and alkyne functional
moieties in the POPs’ structure offers a high surface area and thus
further enhances the sorption capabilities. Huang and Sessler et al.
reported the easy and facile removal of various organic and
inorganic anionic pollutants from water by developing a
macrocycle-based hydrogel-forming polymeric material.>>" Owing
to the presence of tetracationic macrocyclic moieties, the polymer
exhibited excellent adsorption performance when treated with
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various organic salts in water. The suitable host-guest interaction
between the anions and the tetracationic macrocyclic backbone
resulted in such capture performance. Moreover, the anionic
pollutant removal efficiency of the polymeric hydrogel was found
to be regenerable with dilute HCI solution.

Another class of highly toxic organic trace water contami-
nants are perfluorinated and polyfluorinated alkyl substances
(PFAS), such as perfluorooctanoic acid (PFOA) and perfluorooc-
tanesulfonic acid (PFOS), which are of significant growing con-
cern in the recent time. Even in their very low concentration
range, these pollutants are found to be highly toxic in nature
towards living organisms, especially for human beings. Due to
their durability, these pollutants are widely used in food packa-
ging, firefighting foams, household products, and many indus-
trial operations.>®® Once released into the environment, these
“forever chemicals” will accumulate in living things because they
cannot be biodegraded in nature. Long-term exposure to PFAS
increases the risk of developing diseases like cancer, thyroid
problems, kidney disease, and autoimmune disorders.>** > It is
therefore vitally necessary to create extremely effective adsorbents
for the quick capture of PFAS pollutants from water. In this
context, POPs are well suited for the effective removal of these
harmful pollutants due to their outstanding adsorption—-
desorption characteristics.?*®

The ability of B-cyclodextrin (B-CD) to encapsulate pollutants
in clearly defined host-guest complexes is well established. Con-
trary to traditional activated carbons, crosslinked B-cyclodextrin
polymers have low surface areas and poor removal efficacy. How-
ever, the creation of POPs based on B-cyclodextrin, a bioinspired
substance (a sustainably produced macrocycle of glucose), may
hold the key to the effective removal of microorganisms from
%7 Considering this, for the very first time, Dichtel et al.
demonstrated the utilization of B-cyclodextrin-based POPs for the
effective removal of PFAS from water. In this work, the team
strategically incorporated B-cyclodextrin moieties through cross-
linking with rigid aromatic units to fabricate mesoporous POPs.
The rational integration of -CD moieties into the POP’s structure
(DFB-CDP) allows specific and strong binding affinity towards
target-specific pollutants, ie., PFAS. Although the POP exhibited
a low BET surface area (10 m? g %), the PFOA removal efficiency of
the material was found to be as high as 95% in water as it reduced
the concentration from 1 ug L™ to 20 ng L™ with a contact time of
24 hours. The material was found to eliminate a marked propor-
tion of these pollutants to reach concentrations below the permis-
sion limit by the U.S. Environmental Protection Agency (EPA)
(70 ng L™"). In another work, Dichtel et al. developed a highly
(meso) porous (263 m®> g ') P-cyclodextrin-based crosslinked
polymer (P-CDP) with rigid aromatic linkers (Fig. 12d).**® This
POP was tested for removal of a variety of micro-pollutants from
water, and it was found to exhibit very fast sequestration efficiency
especially towards bisphenol A (BPA). Its adsorption rate constants
are 15 to 200 times higher than those of activated carbons and
non-porous B-cyclodextrin adsorbent materials. Additionally, the
polymer can be repeatedly regenerated utilising a simple washing
process without losing any functionality. The polymer also sur-
passed a top-performing activated carbon for the swift elimination

water.
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Fig. 12 (a) Synthetic procedure for porous calix[4]larene polymers CalPn (n = 2-4) by the Sonogashira—Hagihara cross-coupling reaction. (b)
Representation of the network structure of CalP4 and its monomers. (c) Percentage removal efficiency of AC and CalPn polymers towards various
micro-pollutants. Reproduced with permission from ref. 250. Copyright 2022, American Chemical Society. (d) Synthetic route and schematic illustration
of the B-cyclodextrin-based P-CDP structure. (e) Percentage removal efficiency with time of various pollutants by P-CDP. (f) Percentage removal

efficiency of pollutants by P-CDP, NAC and EPI-CDP. Reproduced with permission from ref. 257. Copyright 2016, Nature Publishing Group.

of a complex blend of organic micro-pollutants at concentrations
that were meaningful to the environment (Fig. 12e and f). These
results show the potential of -cyclodextrin-based porous polymers
for fast and flow-through water treatment, which is important for
real-time application. Furthermore, the Dichtel group reported a
number of other works based on B-cyclodextrin-based POPs as
efficient adsorbents for the removal of PFAS from water.>>%2¢"

In another interesting work, Ma et al. reported a PFOA capture
study with a rationally modified PAF material (Fig. 13a).* In this
work, at first an aromatic unit containing POP was fabricated, and
was further modified by integrating three different hydrophobic
chains with quaternary ammonium functional groups to develop
three POPs called PAF-1-NDMB, PAF-1-NDMP, and PAF-1-NDMH.
Thereafter, these POPs were applied for the extraction of PFOA
pollutants from water. Among the modified POPs, PAF-1-NDMB
exhibited highly efficient removal of PFOA as it reduced the
concentration from 1 ppm to 54 ppt with a removal percentage of
99.99% within 2 min of contact time (Fig. 13b). The maximum
uptake capacity of this polymer towards PFOA was calculated as
2000 mg ¢ * (Fig. 13c). Inspired by the unprecedented performance
of this material, the group further demonstrated the breakthrough
experiment for PFOA capture. The result showed that 300 mg of
compound was able to sequestrate PFOA from a feed solution of
500 ppb and purified a total of 3530 mL of water by reducing
the concentration below the limit in the drinking water sample
(<53 ppt) (Fig. 13d). These data indicated the potential use of the
material for practical water treatment application.

As mentioned above, apart from these organic dyes, micro-
pollutants, plastics, pharmaceuticals and personal care products,

414 | Mater. Horiz., 2023, 10, 4083-4138

various organic solvents and oils are other environmentally
relevant organic toxic substances that should be eliminated from
the contaminated water bodies. Adsorption of oils and organic
solvent molecules by POPs has been explored by Deng et al.”® In
this study, the group developed a superhydrophobic conjugated
porous polymer through homocoupling polymerization reaction,
catalyzed by Pd(u) and Cu(i). Owing to the superhydrophobic
nature of the POP, it efficiently separated oils and organic
solvents from water with good selectivity, fast adsorption kinetics,
and excellent recyclability. The adsorption capacities for
1,2-dichlorobenzene were found to be 1569 wt% and 2300 wt%
for HCMP-1 and HCMP-2, respectively, which suggest their
molecular sponge like behaviour. In another similar type of
study, Ma et al. synthesized a highly hydrophobic porphyrin-
based POP (PCPF-1) through the Yamamoto reaction of
5,10,15,20-tetrakis(4-bromophenyl)-porphyrin monomers.>** The
developed POP exhibited a high BET surface area (1333 m” g~ ')
and the highest capacities for saturated hydrocarbons such as
14.7 g of n-pentane, 16.7 g of n-hexane, 22.5 g of n-heptane, 25.9 g
of n-octane, 15.4 g of cyclopentane, 25.1 g of cyclohexane and
20.5 g of gasoline. Moreover, the POP was found to separate oils
from the mixture of oil-water.

6.2.2 Inorganic pollutant sequestration. Among the major
inorganic contaminants, metal cations, metal or metalloid-
based oxoanions and radioactive species are well known. All
of these species are very toxic in nature and have a negative
impact on the environment, notably on human health, beyond
the threshold limit set by the World Health Organization
(WHO) or the United States Environmental Protection Agency

This journal is © The Royal Society of Chemistry 2023
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(U.S. EPA). Therefore, selective extraction of these metal species
from aqueous systems is of utmost research interest. Although
several effective sorbent materials have been developed, the
shortcomings of current materials force the creation of new,
more reliable substitutes that prevent swelling, have easily
accessible chelating or ion exchange sites, high saturation/
exchange capacity, and fast kinetics. In this regard, POPs are
found to present excellent performance for efficient extraction of
these species from the contaminated water systems, owing to their
modular character, high surface areas, variable pore sizes, func-
tional group decorated surfaces, and extraordinary chemical
stability.”%> %

6.2.2.1 Toxic metal ion sequestration from water. Among the
metal cations, copper ions (Cu”*) are a vital component of life.
However, they also tend to hyperaccumulate in biological fluids
and tissues, which is a symptom of pathologies like Wilson’s
and Menkes illness and other neurodegenerative disorders. In
this line, currently, diseases defined by copper hyperaccumula-
tion are difficult to diagnose due to expensive diagnostic
equipment requiring significant technical workup. Therefore,
it is particularly important to develop a simple yet versatile
method for selective monitoring of copper ions in biological
fluids.?*® With this target, Long and Chang et al. created a PAF
material that allows for the simple and inexpensive detection of
copper metal ions in biological fluid samples. The team devel-
oped a robust 3D POP (PAF-1-SMe) functionalized with highly
dense thioether groups for the selective capture and detection
of copper from biofluids as well as aqueous samples (Fig. 14a).
When tested for capture, the synthesized POP exhibited
selective extraction of Cu metal even in the presence of other
co-existing metals (Fig. 14b), with a high uptake capacity of
600 mg g~ . Moreover, PAF-1-SMe demonstrated selective detec-
tion of copper in biological samples with 8-hydroxyquinoline as
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Fig. 13 (a) Representation of different interactions of functionalized
PAF-1 with PFOA. (b) Result of the PFOA capture kinetics study for various
compounds along with PAF-1-NDMB. (c) Comparison of the PFOA satura-
tion capacity and adsorption rate constant (k,) value for PAF-1-NDMB with
other porous materials. (d) Result of breakthrough experiments for PAF-1-
NDMB and DFB-CDP in aqueous PFOA/HA solutions. Reproduced with
permission from ref. 262. Copyright 2016, Nature Publishing Group.
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a colorimetric indicator. This study provides a method for
locating copper that has been exogenously introduced to serum
and for recognizing abnormal copper levels in urine samples
from mice with Wilson’s disease.

Another heavy metal ion which is highly toxic in nature is
mercury (Hg”"). Considering the public health and environ-
mental protection, selective extraction of Hg”" is highly signifi-
cant. With this goal, Ma and coworkers addressed this problem
by developing a POP-based adsorbent (PAF-1-SH) as an efficient
nanotrap.”®® The synthesized chemically stable POP exhibited a
high surface area with densely decorated Hg”* chelating groups.
The POP-based nanotrap showed a record high uptake capacity
of >1000 mg g™ * for Hg** metal cations in aqueous medium. In
addition, within a very short period of time, the nanotrap was
found to reduce the Hg** concentration from 10 ppm to below
0.4 ppb, which is well below the acceptable limits (2 ppb) of
Hg”" in drinking water. Thus, the overall removal efficiency of
mercury ions for the sorbent was found to be >99.9%. All these
findings suggested that this POP might be utilized as a bench-
mark material for selective mercury extraction and could also
provide a fresh viewpoint for the removal of other heavy metal
ions from contaminated water for environmental rehabilitation.
In another work, by utilizing a more facile cost-effective free
radical polymerization, the same group developed POP-SH for
capture of Hg>" cations, which outperformed PAF-1-SH.>”® The
Hg>" extraction kinetics, saturation capacity and all other major
capture properties of POP-SH were found to be higher than
those of PAF-1-SH (Fig. 14c-f).

Lead is a highly toxic metal which causes serious water
pollution when found above the permitted level. Decontamina-
tion of water by removing lead metal ions has been reported by
Ying and Zhang et al.®>’! In their work, the team developed a
mesoporous POP with a poly-melamine-formaldehyde back-
bone (mPMF), which exhibited a high surface area, functionalized
with highly dense free amine groups and triazine moieties. Owing
to the unique characteristic features, this POP was utilized for lead
metal ion extraction from water. When tested, the POP was found
to demonstrate rapid removal of Pb>* ions from water in the
presence of other main group cations (Na*, K*, Ca®"). Moreover,
the authors performed the flow-through lead ion capture experi-
ment in a dynamic mode with the POP, which resulted in the
purification of ~100 mL of water contaminated with 50 ppb Pb*".
The POP was also found to show affinity towards other metal
cations such as Cd**, Pd** and Cu®" in water. Interestingly, within
5 seconds, more than 99% of Pb>* had been eliminated, bringing
the lead concentrations down to PPT levels. The mPMF lead
capture study was also determined to be recyclable.

Palladium (Pd) is a different kind of very significant metal
that is used extensively in industrial sectors due to its econom-
ically desirable characteristics including high melting point,
catalytic effectiveness, and corrosion resistance. Therefore,
extraction of palladium metal ions has become of particular
importance. Ma et al. reported selective capture of Pd metal, a
platinum group element (PEG), with a series of pyridine-
functionalized POPs (POP-Py, POP-pNH,-Py, and POP-oNH,-
Py).>”> When tested for metal capture, all these POPs were
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(a) Schematic representation of colorimetric detection and selective capture of copper with PAF-1-SMe. (b) Capacities of selective capture of

Cu-metal along with other physiologically relevant metal ions with PAF-1-SMe. Reproduced with permission from ref. 268. Copyright 2016, American
Chemical Society. (c) Hg?* sorption kinetics of POP-SH. (d) Adsorption of Hg?* versus contact time using POP-SH. The inset shows the pseudo-second
order kinetic plot for adsorption. (e) Comparison of the ng* saturation uptake amount and Ky value for POP-SH with other benchmark porous materials.
(f) Concentrations of metal ions after the breakthrough experiment with POP-SH. Reproduced with permission from ref. 270. Copyright 2021, Wiley-

VCH. (g) and (h) Pd®*adsorption isotherm (inset: Langmuir sorption model)

and sorption kinetics, respectively, of POP-Py (black), POP-pNH,-Py (blue),

and POP-oNH,-Py (red). (i) lllustration of selective Pd?* binding with POP-oNH2-Py. Reproduced with permission from ref. 272. Copyright 2020, Wiley-
VCH. (j) Synthetic route to COP-214 from commercially available monomers through the asynchronous double Schiff base strategy. (k) Selective Pd
capture of COP-214 in a mixture of various precious and transition metals. Reproduced with permission from ref. 275. Copyright 2021, Wiley-VCH.
(1) Synthesis scheme of CITCFs and their selective Pd capture and Pd-based catalyst application. (m) Pd(i) uptake isotherm of CITCF-500 (inset: Langmuir
sorption model). (n) pH dependent Pd(i) uptake efficiency of CITCF-500. Reproduced with permission from ref. 273. Copyright 2022, CellPress. (o) Two-
step synthesis scheme of COP-180. (p) Adsorption isotherms for gold (Au) capture by COP-180. (q) Gold-capture efficiencies for three consecutive
adsorption/desorption cycles. Reproduced with permission from ref. 278. Copyright 2020, United States National Academy of Sciences.

found to selectively and rapidly sequestrate Pd metal with
record uptake capacities (Fig. 14g and h). Notably, the authors
found that the strategic introduction of amine groups into the
polymers triggered the metal capture performance. Moreover,
POP-oNH,-Py exhibited superior sorption capability with high
selectivity and regeneration ability towards palladium than the
other two POPs (POP-pNH,-Py and POP-Py). The authors provided
the single-crystal X-ray data, which showed that POP-oNH,-Py
exhibited stronger complex formation with PdCl, compared to
POP-pNH,-Py owing to the intramolecular hydrogen bonding
between the amino group and coordinated chlorine molecules
(Fig. 14i). In another recent report, Coskun et al. demonstrated
selective capture of Pd by synthesizing a hierarchical porous
polyisothiocyanurate-based polymer (CITCFs) via ionothermal tri-
merization reaction of 1,4-phenyldiisothiocyanate.””® The synthe-
sized POP exhibited features such as a high surface area and
thiourea functionalized porous surface with dense sulfur atoms,
which enabled the material to capture Pd(u) (Fig. 141). The POP
showed rapid and selective extraction of Pd(u) from wastewater
with an exceptional uptake capacity of 909 mg g~ *. Moreover, the

4116 | Mater. Horiz., 2023, 10, 4083-4138

POP sequestrated Pd from solutions with a wide range of pH. In
addition, the Suzuki-Miyaura cross-coupling process was very
effective owing to the reduction of recovered Pd(u) within the
polymer network (Fig. 14m and n). In another report, Cai, Feng
and coworkers synthesized two cationic CTFs (CTF-S and CTF-L)
for the selective extraction of Pd from highly acidic nuclear waste
systems.””* The POP exhibited highly selective and efficient cap-
ture of Pd with a maximum sorption capacity of 333 mg g™, which
is the highest at 3 M HNO; among all porous adsorbents pre-
viously reported. Yavuz et al. reported the synthesis of a pyrazole-
linked POP via the asynchronous double Schiff base reaction and
used it for selective recovery of Pd (Fig. 14j).>”> The fabricated
pyrazole polymer (COP-214) was found to be highly stable chemi-
cally and thermally, and showed fast uptake and quantitative
selectivity of Pd(u) over several other interfering metals (especially
Pt(u)) in a wide pH range (Fig. 14k). The POP demonstrated
reusable capture of Pd metal thanks to a rare mechanistic insight
of size-selective strong coordination of Pd onto pyrazole units.
Among metals, gold is a precious metal that has been widely
employed in jewellery, electronics, medicine, and catalysis.””**””
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With the rise in the necessity for producing medical devices, the
demand for gold has been rising. Therefore, recovery of gold
metal is significantly important. In this domain, a number
of pioneering studies have been undertaken by Yavuz et al
In a report, a rationally designed POP with porphyrin linkers
(COP-180) was synthesized via a two step reaction and considered
for precious metal recovery (Fig. 140).””® The porous porphyrin
polymer was employed for the recovery of precious metals, and
the POP was found to demonstrate highly selective extraction of
gold (Au) from the electronic (PCB) waste leachate even in the
presence of 63 elements. The saturation capacity for gold recovery
was calculated as a record high of 1.62 g g~ ' with a swift
extraction kinetics as 99% uptake was achieved within 30 min
of contact time (Fig. 14p). Additionally, the Au capture study with
COP-180 was found to be highly recyclable (Fig. 14q). There are
several other reports which demonstrated effective and efficient
recovery of precious gold metal by means of POP materials.””* %"

6.2.2.2 Radioactive waste sequestration. Amorphous porous
organic polymers are exclusively reported in the literature for
the extraction of various radioactive species such as uranium
(**U), iodine (*2°'**'1), and others. Among them uranium extrac-
tion by POP materials has been documented so far and is
thought to be interesting with significant progress.>*>>** Here,
a few illustrative examples are discussed briefly. The best ura-
nium chelator is commonly acknowledged to be the amidoxime
group (~-C(NOH)NH,, AO).”®® Various POPs have been developed
as decorating platforms to anchor AO groups to enhance the
effectiveness of selective extraction of uranium.*®”**® Demon-
stration of POP-based U extraction has been done by Ma et al. by
synthesizing an amidoxime functionalized PAF material (PAF-1-
CH,A0).”® The group synthesized PAF-1-CH,AO by chloro-
methylation of PAF-1 followed by NaCN treatment to incorporate
the cyano groups as well as the amidoximation group (Fig. 15a).
The post-synthetic modification of PAF-1 provided abundant
binding sites for interaction with U(vi) and the adsorption
capacity was found to be 304 mg g~* (Fig. 15b). In a follow-up
work, the same group demonstrated the design strategies for
developing functional POPs to enhance the U(vi) recovery
performance.®® In this work, they compared the U extraction
capacity of two POPs (PAF-1-CH,NHAO and PAF-1-NH(CH,),AO)
having different chain lengths and degree of functional groups
grafted. When tested for U capture, PAF-1-NH(CH,),AO exhibited
the adsorption capacity of U(vi) as 385 mg g~ ', which was higher
than that of PAF-1-CH,NHAO (Fig. 15¢). Porous aromatic poly-
mers (PAFs) were found to be efficient sorbent materials for U
extraction. PAFs with amidoxime-modified building units
synthesized through the Scholl reaction (PAF-170 to PAF-172)
have also been investigated for U(vi) capture from water.>*"
Among them, PAF-170 exhibited a highly selective and ultrahigh
uranium capacity of 702 mg g~ . In another interesting work, a
vinyl linked cyano functionalized series of POPs have been
synthesized by radical polymerization reaction (POP1-CN,
POP2-CN, and POP3-CN) to show the suitable position based
binding activity of the same chelators in POPs.>*> All these POPs
were further modified into amidoxime groups called POP1-AO,

This journal is © The Royal Society of Chemistry 2023
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POP2-AO and POP3-AO, respectively (Fig. 15d). Owing to the high
BET surface areas with densely decorated AO groups, these POPs
were applied for U(w) extraction. The U capture result showed
the maximum adsorption capacities of U(vi) for POP1-AO, POP2-
AO, and POP3-AO to be 857, 504, and 1070 mg g™ ', respectively.
Also, the result indicated that because of the higher density of
amidoxime groups, POP1-AO and POP3-AO had larger adsorp-
tion capacities than POP2-AO (Fig. 15e).

Moreover, POP1-AO exhibited highly selective binding affinity
towards U(vi) compared to other competitive cations such as Na",
K', Mg>*, zn®, Cu®, Fe’", Ca®" and V>" even at excess concen-
tration. Further, the authors explained the strong complexation
of U(vi) with the AO moieties of the polymer (POP1-AO). Along
with this study, the same group created cyano functional vinyl
compounds with various amine locations to self-polymerize into
polymers, and subsequently the cyano groups were changed into
amidoximes.”® Among the synthesized POPs, POP-AO, POP-
PNH,-AO, and POP-oNH,-AO had U(vi) adsorption capabilities
of 440, 580, and 530 mg g ', respectively. Moreover, the POPs
rapidly reached >90% removal efficiency with a contact time of
1 hour. Interestingly, it was found that due to the inclusion of
amino groups and the relative locations of amidoximes, POP-
oNH,-AO had a much higher removal effectiveness under low
U(vi) concentrations than POP-AO and POP-pNH,-AO. Further-
more, the U(vi) capture study of POP-oNH,-AO was found to be
highly selective in the presence of metal cations including
transition metals, lanthanides and radioactive elements. Further,
for a summary of UO,>" capture performance of various POP-
based materials, see Table S3 (ESIY).

The functional tunability, high porosity with large surface
area and excellent physicochemical stability make POPs potential
candidates for removal of another radioactive species which is
iodine. Due to its mechanism of radioactive decay, iodine poses
serious environmental and health risks in nuclear fission pro-
ducts and natural gas production. In the recent few years,
extensive studies have been performed for adsorption of iodine
by means of various POPs, including CMPs, PAFs, and HCPs
(Table S4, ESIT). Among them conjugated porous polymers were
found to demonstrate highly efficient sorption of iodine from
both vapour phase and aqueous medium, owing to the strong
interaction between electronically rich porous surfaces and the
electron deficient iodine molecule. Recently, a number of inge-
nious binding site designs have been invented using a number of
N heteroatomic units (such as imine, amine, triazine, pyridine,
etc.) grafted onto the porous adsorbents for enhanced iodine
sorption.'***** Based on these aforementioned groups, various
POPs were created and their efficiency in removing I, from gas and
solution phases was examined.**>*°® Feng and co-workers synthe-
sized a series of CMPs (TBTT-CMP@1-3) with identical porosity
and similar polymeric structure using different lengths of diamine
monomers and TBTT.?” All these synthesized POPs were applied
for the I, capture study. Because of its distinct morphology or large
pore volume, among all the POPs, TBTT-CMP@1 was shown to
have a significantly high iodine adsorption capacity (442 wt%).
Zhu et al. synthesized a series of PAF materials (PAF-23, PAF-24,
and PAF-25) through the Sonogashira-Hagihara coupling reaction
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Society. (c) Comparison of UO,2* adsorption performance of PAF-1-NH(CH,),AO (purple) and PAF-1-CH,NHAO (green). Reproduced with permission
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~70 °C, 1 bar for compound-1 and -2. Reproduced with permission from ref. 299. Copyright 2022, American Chemical Society.

between a tetrahedral building unit (lithium tetrakis(4-iodo-
phenyl)-borate) and a number of different alkyne monomers
(Fig. 15f).>°% All these anionic borate PAFs feature three functional
sorption sites - an ionic site, phenyl rings, and triple bonds -
which collectively contribute towards a high affinity for iodine.
When tested for vapour phase I, capture, PAF-23-25 exhibited high
iodine adsorption capacities of 2.71, 2.76, and 2.60 g g~ ', respec-
tively, at 348 K temperature. The high amount of I, uptake by these
POPs was visually observed by the sharp color change of these
PAFs after I, sorption (Fig. 15f). Moreover, using an I, solution, the
iodine sorption of PAFs was further investigated, and after 24 h of
contact, it was evident to see a clear discoloration of the I, solution.

In a recent report, our group explored ionic POPs (iPOPs) as
a suitable host material for iodine/triiodide anion capture,

4118 | Mater. Horiz., 2023, 10, 4083-4138

owing to their exclusive features including high physicochem-
ical stability, a charged surface, and a tunable backbone.>*® For
this study, two chemically robust ionic POPs that have several
binding sites, such as Lewis basic nitrogen sites with imidazo-
lium cations and free exchangeable bromide anions, and a
polarizable surface with phenyl rings have been synthesized
(Fig. 15g). These sites work in concert to increase the adsorption
of I, and I;~ ions from both vapour and aqueous phase. As a
result, under the circumstances of nuclear fuel reprocessing,
extraordinary iodine uptake from the vapour phase was observed
(Fig. 15h). Moreover, almost >99% I3~ removal efficiency was
found in the case of these POPs within 30 min of contact. For I;~
anion capture, record uptake capacities and unheard-of selectivity
were noted. Owing to the excellent affinity (distribution coefficient,
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105 mL g~ ') the iPOP was able to extract iodine from samples that
had been tainted with seawater. In another report from our group,
demonstration of the role of the -OH group in synergy with
porosity in the effective capture of iodine from both vapour phase
and water medium has been explored by synthesizing three HCPs
(HCP-91, HCP-92 and non-functionalized biphenyl HCP).**® HCP-
91 and -92 exhibited 2.99 and 2.49 g. g~ capture capacity toward I,
in the vapour phase, respectively.

6.2.2.3 Anionic pollutant sequestration from water. An increas-
ing number of harmful contaminants are getting into the
freshwater supplies as a result of expanding urbanization and
rapid industrialization. The Environmental Protection Agency
(EPA) identified a few metal or metalloid-based oxoanions such
as chromate (CrO,>”), pertechnetate (TcO, ), perrhenate
(ReO, "), arsenate (AsO,>"), etc. as potential hazardous inorganic
pollutants in wastewater on the priority list.>*** Environmental
remediation has drawn a lot of attention for sustainable exis-
tence and has recently emerged as a research issue of interest
because of the rising demand for clean water and the potential
impact of these dangerous oxoanions in contaminated water.*°>
Concerns for the environment and for human health are driving
attempts to create a variety of effective methods to clean and
disinfect wastewater. Adsorption and ion-exchange-based pur-
ification techniques using porous materials are among them
and are developing as more promising than other traditional
procedures.****%* In this regard, due to its affordability, simpli-
city of use, and ability to produce less harmful secondary
species, POP-based adsorption (by chelation or ion-exchange)
of these toxic oxoanions from wastewater has attracted increas-
ing interest."*®'%83%73%7 1n some cases, it is also found to be
superior to other porous materials towards decontamination
application. A few representative examples of POP based oxoa-
nion capture studies are discussed below. In the literature
adsorption driven by the ion-exchange process is considered
to be effective for POP based oxoanion removal from water. For
this, ionic (cationic) porous organic polymers have been
explored exclusively for efficient tapping of oxoanions. That
being said, owing to the strong electrostatic interaction between
the nanoporous structure of cationic POPs with free exchange-
able counter anions and anionic oxo-pollutants, various posi-
tively charged POPs are reported. Among them, imidazolium
based cationic porous organic polymers are one of the promis-
ing candidates. By utilizing the Yamamoto reaction between two
monomers, namely, 1,3-bis(4-bromophenyl)-imidazolium bro-
mide and tetrakis(4-bromophenyl)ethylene, a series of imidazo-
lium based POPs (POP-Ims) have been prepared to demonstrate
capture and sensing of dichromate (Cr,O,””) oxoanions.'® In
this work, Wang et al. first optimized the porosity, hydrophilicity
and water dispersity of an imidazolium backbone containing
cationic POP and further applied it for Cr,0,>~ capture in water.
As a result, the polymer exhibited a capture capacity of 171.99 mg
g ! along with 87.9% removal efficiency within 5 min of contact
time. The anion exchange mechanism was investigated as the
principal cause behind this capture study as the nonionic analo-
gue of this POP showed no capture of dichromate anions.
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Moreover, POP-Im1 exhibited extraordinary selectivity in captur-
ing Cr,0,”~ and outstanding enrichment capabilities. In another
work by the same group, along with the selective detection of
Cr,0,>", fast capture with high capacity has been achieved by
developing another chemically robust luminescent imidazolium-
based main-chain ionic polymer (IMIP-Br).**® The polymer exhib-
ited rapid removal of dichromate anions (92.6% within 30 min)
with a high exchange capacity of 318 mg g~ ". In this study, for
better recycling purpose the POP was integrated with Fe;O,
nanoparticles (IMIP-Fe), and applied for repeated oxoanion
removal (Fig. 16a). As anticipated, IMIP-Fe was found to exhibit
excellent capture of Cr,0,° with superior recyclability from
contaminated water systems (Fig. 16b and c). Application of
imidazolium-based ionic POPs towards sequestration of oxo-
anions such as CrO,>~ and ReO,~ (surrogate anion of TcO,, a
radioactive oxo-pollutant) has recently been demonstrated by our
group.”® Two chemically stable iPOPs (iPOP-3 and iPOP-4) have
been synthesized which were found to exhibit rapid removal
kinetics and very high sorption capacity for CrO,>” anions
(170 and 141 mg g ' for iPOP-3 and iPOP-4 respectively) and
ReO,” (515.5 and 350.3 mg g ' for iPOP-3 and iPOP-4
respectively). Moreover, even in the presence of numerous other
co-existing anions such as Br—, Cl~, S0,>~, NO; ™, etc., both iPOPs
showed extraordinary selectivity towards Cr(vi) and R(vm). In
another recent work, we demonstrated the systematic optimiza-
tion of oxoanion sequestration kinetics towards efficient detox-
ification of toxic water by adjusting different morphologies of an
imidazolium-based cationic polymer (iPOP-5).”° The POP was
found to exhibit a variety of morphologies, including spheres,
nanotubes, and flakes, among which the flake-like polymer
[iPOP-5(F)] showed rapid capture efficiency (~99% and ~85%
removal within <60 s) with high exchange capacities of 301 and
610 mg g~ towards Cr(vi) and Re(vi) oxoanions, respectively, in
water (Fig. 16e and f). On the other hand, the spherical
morphology-based polymer [iPOP-5(S)] exhibited relatively slow
removal kinetics towards both oxoanions. Additionally, even in
the presence of overwhelming (100-fold) competing anions from
both high and low concentrations of contaminated water, iPOP-
5(F) demonstrated quick and selective removal of Cr(vi) and
Re(vn). Also, iPOP-5(F) showed excellent regeneration ability
and quick removal efficiency across a wide pH range as well as
different water systems (potable, lake, river, sea, and tannery)
(Fig. 16g and h). More interestingly, the mechanistic analysis
revealed that in situ exfoliation of flakes of the polymer into thin
nanosheets aids in achieving rapid capture efficiency (Fig. 16i).
Rhenium (Re) is one of the rarest and valuable metal
elements on Earth, and has found extensive use in aircraft and
unleaded gasoline catalysis.*” Therefore, it is determined to be
extremely vital to extract it specifically in its oxoanionic form
(ReO,"). Li et al. produced cationic POPs (SCU-CPN-2) by micro-
wave irradiation of two monomers (TIB and TBB).*'® Owing to the
large positive charge densities, SCU-CPN-2 was found to display
an ultrahigh adsorption capacity of 1467 mg g~ * for ReO, . This
maximum adsorption capacity of this polymer was found to be
the highest when compared to the previously reported anion
exchange materials. In another interesting work, Ma et al

Mater. Horiz., 2023, 10, 4083-4138 | 4119
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Fig. 16 (a) Schematic illustration of the synthesis and dichromate exchange of IMIP-Br and IMIP-Fe. (b) The ion-exchange and releasing process of
Cr,0,2~. (c) Plot of capture efficiency of IMIP-Fe in the recycling test. (d) Digital images of the recyclable process: (1) K»Cr,O; stock solution (0.55 mmol

L™Y, (2) IMIP-Fe (8.8 mgq) dispersed in K,Cr,O; solution, (3) magnetic separation of IMIP-Fe, (4) releasing of Cr,O;

2~ in KBr solution, (5) magnetic

separation of regenerated IMIP-Fe. Reproduced with permission from ref. 313. Copyright 2016, the Royal Society of Chemistry. (e and f) Removal % of
Cr0O4% and ReO, "~ anions, respectively, by iPOP-5(F) and iPOP-5(S). (g) Removal % CrO,42~ in the presence of other anions by iPOP-5(F). (h) Removal % of
CrO,42~ in different water systems by iPOP-5(F). (i) Schematic illustration of nanosheet formation from flake morphology of iPOP-5(F). Reproduced with
permission from ref. 76. Copyright 2022, American Chemical Society. (j) Synthesis scheme of CPN-tpm and its anion-exchange process. (k) Fitted
sorption isotherm curves of CPN-tpm-Cl for ReO,~ capture (inset: Langmuir model). () Comparison of ReO,~ capture capacity with other different
materials. Reproduced with permission from ref. 311. Copyright 2022, Wiley-VCH. (m) Synthesis and the ReO,~ -exchange process of SCU-CPN-1. (n) and
(o) Percentage removal of ReO, ™ in the presence of different molar concentrations of 50,42~ and NOs ™, respectively. (p) and (q) Result of the recyclability
test of SCU-CPN-1 for ReO,4 ™ at pH 7 and 3M HNOg3, respectively. Reproduced with permission from ref. 312. Copyright 2016, Nature Publishing Group.
(r) Schematic illustration of oxo-anion uptake by compound-1. (s) Digital image and (t) UV-Vis spectra of the CrO42~ capture test. Reproduced with
permission from ref. 137. Copyright 2018, the Royal Society of Chemistry. (u) Schematic representation of designing the cationic key structural feature of
SCU-CPN-4. (v) Synthesis and the ion-exchange process of SCU-CPN-4. (w) Effect of pH on ReO,4~ capture by SCU-CPN-4. (x) Result of the dynamic
sorption column test of SCU-CPN-4. Reproduced with permission from ref. 314. Copyright 2022, American Chemical Society.

reported a tetraphenylmethane-based 3D cationic polymeric
nanotrap (CPN-tpm) synthesized via solvothermal reaction of
3D building unit Tipm and 1,4-bis(bromomethyl)benzene
(Fig. 16j).*"* The thus synthesized imidazolium salt-based poly-
mers with positive charges exhibited very rapid kinetics with a
record maximum uptake capacity of 1133 mg g~ * and a k4 value
of 8.5 x 10> mL g’1 for ReO, , which is found to be one of the
maximum capacities among the reported adsorbents (Fig. 16k
and 1). Moreover, high adsorption capacity across a broad pH
range and good recyclability for at least five cycles were demon-
strated by the polymer CPN-tpm.

As discussed above, ReO,  is the nonradioactive surrogate
anion of radioactive TcO, " . Given the harsh conditions of super

4120 | Mater. Horiz., 2023, 10, 4083-4138

acidity, high ionic strength, and intense radiation field, direct
sequestration of **TcO,~ from highly acidic solution is extre-
mely difficult. However, this was demonstrated by Wang et al.
in a report by developing an excellent radiation-resistant and
hydrolytically stable imidazolium-based cationic polymeric net-
work (SCU-CPN-1).*'* At first, the counter bromine anions of
the synthesized cationic polymer were exchanged with chlorine
anions and further applied for TcO,~ capture (Fig. 16m). As a
result, highly efficient uptake of TcO,  from acidic solution
with rapid sorption kinetics and highest capture capacity was
observed. Moreover, SCU-CPN-1 showed fully recyclable and
highly selective uptake of specific oxo-pollutants even in the
presence of an excess concentration of competitive anions such

This journal is © The Royal Society of Chemistry 2023
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as NO;~ and SO,>~ (Fig. 16n-q). Again, extraction of TcO,~
under extreme chemical (acid/base) conditions was reported by
Ma and co-workers by developing a series of imidazolium-based
cationic POPs (PQA-Py-Cl, PQA-pNH,Py-Cl, PQA-pN(Me),Py-
Cl).*"* The adsorption capacities of PQA-pN(Me),Py-Cl,
PQA-Py-Cl and PQpNH,Py-Cl were found to be 997 mg g,
849 mg g ' and 642 mg g ', respectively. Importantly, after
being soaked in 12M HCI or 2M NaOH solution for a week, the
absorption capability of PQA-PN(Me),Py-Cl remained unal-
tered, indicating the stability of the POP for real-time prospec-
tive application of TcO,  collection from nuclear wastewater.
Furthermore, segregation of TcO,  under extreme basic condi-
tions was explored by using another cationic imidazolium POP
(SCU-CPN-4). Wang et al. rationally designed and synthesized
an imidazolium-based hydrophobic POP functionalized with
the bulky group, which provided protection from attack of OH™
ions because of steric hindrance and hydrophobic interaction
for efficient adsorption of TcO,  from alkaline waste medium
(Fig. 16u and v).*'* SCU-CPN-4 exhibited ultrafast and record
high adsorption capacity towards TcO,  in the pH range of
2-12. Additionally, almost 98% capture efficiency was calcu-
lated in 1 M aqueous NaOH solution (Fig. 16w). Also, the
oxoanion removal study was repeatable with six adsorption-
desorption cycles. The POP was found to show high sorption
efficacy towards TcO,  from the simulated high-level waste
stream from both the batch experiment and the dynamic
column separation test (Fig. 16x).

Owing to the inbuilt cationic nature, viologen unit grafted
ionic porous polymers were also found to be promising adsor-
bents towards sequestration of toxic oxoanions from water.>'
Our group demonstrated successful detoxification of wastewater
by selective removal of various metal-based oxoanions by synthe-
sizing a chemically stable viologen-based cationic organic net-
work material (compound-1) via the Zincke reaction (Fig. 16r)."*’
The polymer contained free exchangeable Cl™ ions, which pro-
vided an ideal platform for the removal of hazardous anionic oxo-
pollutants from water. When tested, carcinogenic anions, includ-
ing CrO,>~, MnO,~ and ReO, ", were found to be selectively and
rapidly removed from water with high adsorption capacities.
Moreover, to test the real-time aspect, a column exchange based
oxoanion capture experiment was performed (Fig. 16s and t). In
addition to these examples, the adsorption performance of other
POP materials for oxoanion capture is summarized in Table S5

(ESTY).

6.3 Gas-phase pollutant sorption and separation

6.3.1 Pristine POP-based separation

6.3.1.1 Carbon dioxide (CO,) adsorption. Humankind heavy
dependence on fossil fuels as the prime energy source has
culminated in the ever-rising concentration of atmospheric CO,
which is estimated to reach the record high level of 419 ppm
(Feb 2022) and expected to increase even further in the
future.?'*'® Because of its detrimental effects on global warm-
ing, significant research efforts have been devoted towards CO,
remediation technologies. In this regard, physisorptive separa-
tion processes are considered as the most practical solution

This journal is © The Royal Society of Chemistry 2023
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owing to their lesser energy footprints (enthalpy of adsorption,
Q < 40 kJ mol™") in comparison with the chemisorptive
methods (Q > 40 kJ mol™'). Amongst different techniques of
CO, capture, adsorptive capture by porous materials is
regarded as one of the most energetically adequate and tech-
nically achievable methods. To this end, numerous POPs have
been studied for the selective adsorption and separation of CO,
maintaining pre- or post-combustion conditions. The combi-
nation of high surface area and ease in tunability of pore
surface of POPs is among the prime advantages which render
enhancement in molecular interaction with CO,.>*°?? In an
inaugural work, Zhou and co-workers fabricated a series of
porous polymer networks (PPNs), namely PNN-3, PNN-4, and
PNN-5, via the Yamamoto homo-coupling method (Fig. 17a and
b).”* All the PPNs exhibited excellent physiochemical stability
as well as a very high BET surface area. Among them, PPN-4
exhibited a BET surface area of 6461 m” g~ " and a very high CO,
uptake of 2121 mg> g~ at 295 K and 50 bars (Fig. 17c). Both
these values were believed to be the highest values reported in
the literature for porous materials. The combination of both
exceptionally high surface area and excellent stability of PPN-4
was regarded as the dictating factor toward such high uptake
performances. In continuation of their effort, the same
research group developed novel sulfonic acid and lithium
sulfonate based PPNs, namely PPN-6-SO;H and PPN-6-SO;Li
(Fig. 17d).**® Following the same Yamamoto homocoupling
reaction with chlorosulfonic acid, PPN-6 was synthesized,
which was further neutralized to generate PPN-6-SO;Li. The
sulfonate-grafted PPN-6 materials showed significant enhance-
ment in CO, uptake capacities as the CO, uptake values for
PPN-6-SO;H and PPN-6-SO;Li were found to be as high as 13.1
and 13.5 wt % respectively at 295 K and 1 bar (Fig. 17e and f).
On the other hand, the non-grafted PPN-6 showed a gravimetric
CO, uptake of 5.1 wt %, clearly indicating the role of -SO;H and
-SO;Li groups in CO, capture. This work potentially opened a
new avenue toward exploration of various polar functional
moieties in POP synthesis for CO, capture. In search of a more
efficient material for CO, capture with enhanced capacity and
selectivity, the same group developed another functional
PPN-based system, namely, PPN-6-SO;NH,, which was synthe-
sized following the similar protocol mentioned above.*** The
surface area of PPN-6-SO;NH, (593 m> g~ ') was found to be
exactly half of that of PPN-6-SO;NH, which can be attributed to
the incorporation of a -NH, moiety resulting in partial pore
blocking of the material. Further, PPN-6-SO;NH, exhibited a
record high adsorption enthalpy of —40 k] mol~" toward CO, at
zero loading along with excellent CO, uptake in the low
pressure range. Furthermore, experimental dynamic break-
through studies revealed the excellent CO, adsorption capacity
of 1.7 mmol g~ of PPN-6-SO;NH, at 295 K and 1 bar. In a
collaborative pioneering work by Jung, Atilhan, Yavuz and co-
workers, the authors presented a unique strategy of utilization
of polymeric amidoxime materials for CO, capture.**® Acetami-
doxime (AAO-monovalent), having the highest % of amidoxime
functionality, showed the best performance toward CO, uptake
(2.71 mmol g ') at 70 °C and 180 bar. The other amidoximes,
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Fig. 17

(a) Synthetic route for PPN-3. (b) The default noninterpenetrated diamondoid network of PPN-4. (c) Excess and total CO, adsorption isotherms

of PPN-4 at 295 K. Reproduced with permission from ref. 71. Copyright 2011, Wiley-VCH. (d) Schematic representation of synthesis and grafting of PPN-
6. (e) Gravimetric CO, and N, adsorption/desorption isotherms at 295 K of the PPN-6 series. (f) IAST-predicted adsorption selectivities for PPN-6 (red),
PPN-6-SOzH (green), PPN-6-SOsLi (blue), and NaX zeolite (black). Reproduced with permission from ref. 323. Copyright 2011, American Chemical

Society. (g) Synthesis route for O-doped HAT-CTFs. (h) CO, uptake of HAT-

CTFs at 273 K and 1 bar. (i) CO, adsorption—desorption of HAT-CTF-450/600

at 273 and 297 K. Reproduced with permission from ref. 326. Copyright 2016, American Chemical Society.

i.e. terephthalamidoxime (TPAO-divalent) and tetraquinoami-
doxime (TQAO-tetravalent), showed lesser uptake of CO, than
AAO. Furthermore, polyamidoxime (PAO-polyvalent) showed a
CO, uptake of 0.53 mmol ¢ and 0.41 mmol g " at 43 °C and
70 °C, surpassing activated charcoal Norit RB3 toward CO,
uptake per unit surface area. An in situ doping strategy was
demonstrated by Dai and co-workers for the fabrication of a
new family of hexaazatriphenylene-based CTFs (HAT-CTFs) for
efficient adsorption of CO, (Fig. 17g).>*® The resulting task
specific material, namely HAT-CTF-450/600, was found to
adsorb 6.3 and 4.8 mmol g ' of CO, at 273 K and 297 K at
1 bar (Fig. 17h and i). Such high CO, uptake was correlated with
the synergistic effects of ultrananopores and abundant
CO,-interactive sites (N/O). In another work, strategic design
and synthesis of a novel dicyano monomer with the benzimi-
dazole moiety (DCBI) at room temperature were demonstrated
by Wang and co-workers (Fig. 18a).**” Further, by utilizing the
DCBIs, a series of benzimidazole functionalized CTFs, namely
CTF-BIs, were prepared under ionothermal conditions. The
CTF-BI family exhibited very high BET surface areas up to
1549 m2 g '. Moreover, owing to their suitable chemical
pore-environment, they showed selective uptake of CO, and

4122 | Mater. Horiz., 2023, 10, 4083-4138

the Qg values were found to be between 31.7 k] mol™* and
34.3 k] mol~* which is indicative of dipole-quadrupole inter-
actions between the nitrogen-rich polar binding sites and the
CO, molecules (Fig. 18b and c¢). Among the CFT-Bis, CTF-BI-11
exhibited a very high CO, uptake capacity of 21.68 wt% at 273 K.
To check the role of structural diversity in the same class of
CFTs, two new CFTs were fabricated with triptycene and
fluorene moieties via the Friedel-Crafts reaction by Janiak
and co-workers (Fig. 18d).**® The triptycene based CTF,
i.e. CTF-TPC, was found to show a record high surface area of
1668 m”> g~ ', whereas the surface area of the fluorene based
CTF (CTF-FL) was found to be 773 m> g~ '. Further, the
CO, adsorption studies revealed a very high uptake of
4.24 mmol g~ for CTF-TPC and 3.26 mmol g~ " for CTF-FL at
273 K and 1 bar respectively which in combination with cost-
effective synthesis of these CTFs make them promising toward
efficient carbon sequestration applications (Fig. 18e and f). In
another work, four highly cross-linked polyimide-based micro-
porous networks were prepared using tetraphenyladamantane
and tetraphenylmethane as net nodes and (hexafluoroisopro-
pylidene)diphenyl, biphenyl and benzophenone as linking
moieties by Wang and co-workers (Fig. 18g)."*® The resultant

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 (a) Schematic representation of the synthesis of CTF-Bis. (b) CO, adsorption isotherms at 273 K of CTF-Bis. (c) CO, adsorption isotherms at
303 K of CTF-Bis. Reproduced with permission from ref. 327. Copyright 2016, The Royal Society of Chemistry. (d) Synthesis route and model structures
for CTF-TPC and CTF-FL. e) Gas sorption isotherms of CTF-TPC. (e) Gas sorption isotherms of CTF-FL. Reproduced with permission from ref. 328.
Copyright 2016, The Royal Society of Chemistry. (g) Synthesis routes to the microporous polyimide networks. (h) and (i) Adsorption (filled) and desorption
(empty) isotherms of CO, at 273 K and 298 K for MPI-6FA, API-6FA, MPI-BPA and MPI-BTA. Reproduced with permission from ref. 148. Copyright 2016,

The Royal Society of Chemistry.

polyimide networks, namely MPI-6FA, API-6FA, MPI-BPA and
MPI-BTA, showed good thermal stability and BET surface
areas up to 781 m”> g~ and good CO, uptake performances
(Fig. 18h-k). The presence of a high density of trifluoromethyls
was found to contribute to the very high CO, uptake of
13.5 wt% for MPI-6FA at 273 K (1 bar) and resulting in an IAST
CO,/N, selectivity value of 53.5. The first study on facile catalyst-
free one pot synthesis of three novel nitrogen rich nanoporous
amide networks (NANs) was demonstrated by Zulfigar and
co-workers.”>® Fabricated with the tetraphenyladamantane
moiety, the NANs, namely NAN-1, NAN-2 and NAN-3, were found
to exhibit good CO, uptake capacity and NAN-1 in particular
showed an excellent selectivity of 74 toward CO, over N, at 273 K.
The combined merits of mesoporous architecture and the
presence of CO,-philic N-containing amide groups were believed
to be the prime reason behind such selective sorption properties of
NANs. Chang, Yang and co-workers came up with the design
and synthesis of a new type of POP, i.e. indole-based microporous
organic polymer (PINK), fabricated from the condensation
polymerization of 3,3’-diindolylmethane and 1,3,5-tris-(4-
fluorobenzoyl)benzene.*** The existing dipole-n interactions

This journal is © The Royal Society of Chemistry 2023

between the CO, molecules and the adsorbent resulted in
a high CO, uptake of 16.0 wt% at 273 K (1.0 bar) and also a
high selectivity of 15 and 32 toward CO,/N, and CO,/CH,
respectively.

Of late, Coskun and co-workers demonstrated the impor-
tance of chemical activation of porous materials to enhance the
textural properties and high surface areas of porous materials.**'
To rationalise this strategy, they synthesized a microporous CTF,
namely, CTF-1, which was further chemically activated with KOH
at 700 °C to generate chemically activated CTF-1, i.e. caCTF-1-700.
Chemical activation was found to affect the porosity of the CTF,
resulting in an improved surface area of 2367 m* g~ " and also
enhanced the gas adsorption properties significantly as the CTF
showed very high CO, uptake capacities up to 6.0 mmol g~ " at 1
bar and 273 K. Such high CO, uptake in the low pressure range
was directly correlated with the special textural properties of
caCTF-1-700 which promote the favourable dipole-quadrupole
interactions between CO, molecules and the nitrogen atoms
inside the ultramicroporous networks.

In quest of low-cost high-performance functional materials,
Tan and co-workers developed two hybrid HCPs, namely,
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HCP-PN-1 and HCP-PN-2, via Friedel-Crafts chemistry with
enhanced Lewis base (-P=N) sites.***> The combined contribu-
tion of hierarchical pores, high surface areas and the presence
of Lewis base sites resulted in a very high uptake of CO, for
both the HCPs. The saturation uptake capacities of HCP-PN-1
and HCP-PN-2 were found to be as high as 7.2 and 5.7 wt % at
273 K, and 4.9 and 3.8 wt % at 298 K. In 2019, Wang and
co-workers reported a series of four new nitrogen-enriched
microporous polymers (MPs), namely, PAN-NH,, PAN-NH-
NH,, PAN-NH-CHj;, and PAN-N-(CHj;),. These polymers were
synthesized via amine-formamide reaction of different primary,
secondary and tertiary amine groups such as formohydrazide,
formamide, N,N-dimethylformamide (DMF), and N-methylform-
amide respectively.*** The resultant four MPs exhibited BET
surface areas in the range of 612-748 m”> g~ *. Such high porosity
and the systematic tuning of the amine groups result in inter-
esting interfacial interactions between the incoming CO, mole-
cules and the porous surfaces. The trend of CO, uptake capacity
among the MPs was found to be PAN-NH-CH; > PAN-N-(CHj;),
> PAN-NH, > PAN-NH-NH,. Furthermore, PAN-NH-NH, was
found to show an excellent heat of adsorption value of 40.6 kJ
mol " along with a high CO,/N, selectivity of 151 at 273 K. In
another recent report, Das and co-workers have introduced four
newly designed triazole functionalized CTFs (TzCTFs), namely,
df-TzCTF600, df-TzCTF400, TzCTF600, and TzCTF400, based on
1,2,3-triazole substituted aromatic nitrile building blocks.***
The combination of high surface area, ultra-micropores, triazine
embedded pore surfaces and presence of CO,-phillic multi-N-
containing triazole units resulted in very good adsorption
performance toward CO,. The trend of CO, uptake capacity
was found to be df-TzCTF600 > df-TzCTF400 > df-TzCTF400 >
df-TzCTF600. In addition, transient breakthrough simulation
studies were carried out to further access the selective adsorp-
tion of CO, over N, for these polymeric materials. For a
summary of CO, sorption performance of various POP-based
materials, see Table 1 and Table S6 (ESIf).

6.3.1.2 Methane (CH,) adsorption. Methane gas is one of the
prime, widely abundant components of natural gas. It has been
the preferred choice because of its lesser environmental impacts
upon combustion in comparison with the other hydrocarbon
fuels. The ideal value for methane storage estimated by the US
Department of Energy (DOE) is 180 cm?® (STP) at 35 bar (298 K). In
this regard, POPs have been considered as the potentially ideal
sorbent material for methane storage because of their favourable
physiochemical properties.>**?*® To rationalize this, a series of
hypercrosslinked polymers were synthesized by Cooper and co-
workers to evaluate their methane storage performance.*?

The hypercrosslinked polymers were synthesized via Friedel-
Crafts condensation of bischloromethyl monomers such as 4,4'-
bis(chloromethyl)-1,10-biphenyl (BCMBP) and dichloroxylene
(DCX). Among the synthesized polymers, the BCMBP based net-
work exhibited the highest BET surface area of 1904 m* ¢~ ' and a
very high uptake of CH, (5.2 mmol g™') at 20 bar and298 K.
Furthermore, an easy synthetic strategy to produce continuous
monolithic blocks of these polymers was demonstrated,
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addressing the real-time volumetric issues for the packing of
powders. In a more recent work, Yavuz and co-workers reported
the highest volumetric working capacity for methane adsorption
by an alkane-linked flexible porous aromatic network polymer
(COP-150).**” Fabricated from benzene and 1,2-dichloroethane
via Friedel-Crafts reactions, COP-150 showed a very high
methane working capacity of 0.625 g g~ ' and 2941 1 I"" in
between the cyclic pressure range of 5 and 100 bar. These values
were found to fall in the permissible range of US DOE of 0.5 g g
(263 117" for methane storage.

6.3.1.3 Other toxic gas adsorption. Ammonia (NH3) is one of
the most annually produced gases globally because of its utiliza-
tion in various fertilizer manufacturing, chemical resources,
pharmaceutical production, etc. However, NH; is very harmful
and corrosive in nature even at low concentrations which can
lead to irritation and burning of the skin, throat, eyes, mouth and
lungs. Higher concentration of NH; can lead to permanent
damage to the lungs and cause death. Hence, immediate and
effective removal of NHj is of high importance.**®** To address
this critical issue, a family of diamondoid porous organic poly-
mers featuring isolated as well as cooperative Brgnsted acidic
functionalities were developed by Long and co-workers.**® The
parent POP material, i.e. PAF-1, was further functionalized via
nitration followed by reduction with sodium dithionite to gen-
erate BPP-1 [(CgH,-CgH;3NH,),(C)]. Further another POP, namely
BPP-2 [(C¢H,4-CeH3NH;Cl),(C)], was produced via adding HCI to
BPP-1. In addition, the sulfonated derivative of PAF-1, i.e. PPN-6-
SO;H, was also prepared to cover the spectrum of functionalities
toward NH; adsorption. Indeed, the NH; uptake performance
was found to directly depend upon the acidity of the functional
groups and the POP family registered the trend of PPN-6-SO;H >
BPP-2 > BPP-1 > PAF- 1. The excellent NH; sorption perfor-
mance of the lesser acidic functionalized POPs in comparison
with PPN-6-SO;H at both high and low pressure indicates the role
of cooperative interaction in the enhancement of NH; adsorption
capacity. Following a similar polymerization protocol, five differ-
ent POPs, namely BPP-3, BPP-4, BPP-5, BPP-6, and BPP-7, were
synthesized with different monomers. Among them, BPP-5 exhib-
ited a very high NH; uptake capacity of 17.7 mmol g~ ' establish-
ing the role of acidic sites in offering cooperative behaviour
within such materials for NH; removal application. In the same
line, the same research group came up with another Brgnsted
acidic POP based on poly(amic acid) (PAA) via a facile, one-step
and catalyst-free synthesis utilizing pyromellitic anhydride and
tetrakis(4-aminophenyl)methane.>*! Addition of water as cosol-
vent was found to be absolutely important to prevent the in situ
generation of polycyclic imide (PI). PAA showed an excellent
uptake capacity of NH; (10.7 mmol g~ ') at 298 K and 1 bar,
outperforming PI (9.0 mmol g~ '), despite the smaller pore
volume and lesser surface area. Further, dynamic microbreak-
through measurements for NH; capture were also performed to
check the potential of the material toward practical application.
As expected, PAA exhibited a higher NH; uptake in both humid
(4.4 mmol g™") and dry (2.4 mmol g~ ") conditions compared
with PI (3.4 mmol g~ and 1.1 mmol g ). In 2018, the double
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Table 1 Table of POP-based materials for carbon dioxide (CO,) gas capture

POPs BET surface area (m” g ') Temperature (K) Pressure (bar) CO, uptake (mmol g ) Qst (k] mol ) Ref.
PPN-4 6461 298 50 48.19 NM 81
BILP-2 708 273 1 3.38 28.6 82
BILP-4 1135 273 1 5.34 28.7

BILP-5 599 273 1 2.9 28.8

BILP-7 1122 273 1 4.38 27.8

ALP-1 1235 273 1 5.37 29.2 83
ALP-5 801 273 1 4.46 32.5 84
HCP-BDM 847 273 1 2.87 33.5-25.4 85
HCP-BA 742 273 1 1.92 27.4-24.1

BILP-6-NH, 1185 273 1 5.57 29.5 86
p-PDM-DVB 841 273 1 1.25 NM 87
Fe-POP-1 875 273 1 4.30 NM 88
P-PCz 1647 273 1 5.57 30.9 89
PAF-60 1094 273 1 2.53 ~34.2 90
PAF-61 793 273 1 1.82 ~34.2

PAF-62 701 273 1 1.69 ~34.2

MOPI-1 206" 273 1 3.3 39 91
MOPI-II 644 273 1 2.9 32

MOPI-III 443 273 1 3.0 32

MOPI-IV 660" 273 1 3.8 31

MOPI-V 9217 273 1 2.9 13

PINK 2090 273 1 4.11 28.9 92
CTF-TPC 1668 273 1 2.17 32 93
CTF-FL 773 273 1 1.67 35

TPB 2435 273 1 5.9 NM 94
CTF-BI-4 1025 273 1 2.47 31.7-34.3 95
CTF-BI-11 1549 273 1 2.51 31.7-34.3

NAN-2 56 273 1 1.49 31.52 96
Ni-Por-1 1711 273 1.08 3.13 24 97
TNP1 1090 273 1 178 37.0 98
TNP4 1348 273 1 196 36.5

FCDTPA-K-700 2065 273 1.13 6.51 <30.55 99
Network-1 1980 273 1 3.63 23.3 100
BILP-10 787 273 1 4.02 38.2 101
BILP-11 658 273 1 3.09 32.0

BILP-12 1497 273 1 5.29 27.6

BILP-13 677 273 1 2.57 26.7

Table 1 is in continuation of Table S6 in the ESI.

post-synthetic modification strategy was utilized via post-
oxidation and post-sulfonation to produce an acidified HCP by
Hong and co-workers.**> The parent HCP, namely 1T, was further
oxidized to produce the carboxylic acid functionalized HCP,
namely 1TC, which was further treated with chlorosulfonic acid
to produce sulfonated polymer 1TCS. The NH; uptake capacities
were found to follow the trend 1TCS (8.52 mmol g ') > 1TC
(6.41 mmol g~*) > 1T (3.8 mmol g~ ') at 298 K and 1 bar. The
trend for Qg was also found to be the same which clearly
highlights the role of high-density acidic functionalization in
preferential affinity and enhanced uptake for NH;. Further to
check the role of the hydrophobic polymer in NH; uptake, the
surface of 1TCS was coated with the PDMS hydrophobic polymer
to form 1TCS@PDMS10. 1”TCS@PDMS10 exhibited higher NH;
uptake in the low-pressure range compared to the other HCPs,
indicating the role of hydrophobicity in effective NH; sorption.
Apart from ammonia, another highly toxic and hazardous
gas is hydrogen sulfide (H,S). H,S is extremely harmful to
human health even at low concentrations causing irritation to
the eyes and damage to the respiratory system, and exposure at
higher concentration (>700 ppm) can lead to immediate
death.***2** In addition, while it is released into the air, H,S

This journal is © The Royal Society of Chemistry 2023

can react with water molecules and result in acid, which is
detrimental to both the environment and human beings. To
address this issue, a new POP, namely KFUPM-5, was prepared
via the acid catalyzed polycondensation reaction of melamine
and pyrrole by Hamouz and co-workers.**® The strategic choice
of these monomers resulted in a high density of nitrogen sites
in the POP structure which was further found to be beneficial
for H,S uptake. To check its potential toward selective H,S
sorption, KFUPM-5 was employed in a binary gas mixture of
0.2% H,S in CH, (v/v), in which KFUPM-5 exhibited excellent
retention performance toward H,S (>120 min) over CH, and a
dynamic capacity of 4.9 cm® g~ . Further, KFUPM-5 was found
to maintain its performance in up to 5 cycles. Moreover, to
mimic the real-world natural gas separation scenario, KFUPM-5
was employed toward a more complex ternary gas mixture of
H,S (0.51% v/v), CO, (9.99% v/v), and CH, (89.5% v/v) in which
KFUPM-5 showed excellent selective retention performance
toward H,S over other gases.

6.3.2 POP-membrane-based separation. Membrane-based
separation technologies are of great interest to both scientific
research and industries owing to their superior features such as
unsuppressed permeability, high selectivity, reduced carbon
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footprint, low energy consumption, small capital investment,
etc.>*® Gas separation membranes are anticipated to selectively
permeate specific gas molecules to provide efficient separation.
Recent research has revealed that various polymer membranes
such as thermally rearranged polymers, polymers of intrinsic
microporosity, polyimide polymers, polyethylene glycols, etc.
can offer dual advantage of low material cost and efficient gas
transport. In this regard, POPs are considered as one of the
most promising candidates toward fabrication of efficient gas
separation polymeric membranes owing to their continuous
microporous networks, tunable chemical structure, high sur-
face area, high thermal and chemical stability, and adjustable
textural properties.>*” Such control over structural and
chemical properties offers advantages in overcoming the long-
term existing problem of trade-off between selectivity and
permeability of membranes. In 2015, Koros reported a hydroxyl
functionalized PIM, namely, PIM-6FDA-OH, for simultaneous
adsorption of H,S and CO, from natural gas streams under
real-world conditions.>*® The authors further fabricated a
membrane derived from PIM-6FDA-OH to validate its potential
toward aggressive sour gas separations. Gas permeation experi-
ments were conducted in the gas mixture with 15/15/70% H,S/
CO,/CH, as the feed, and a high separation factor up to 29.9 for
H,S/CH, was recorded during the measurement, which was
higher than that of many commercial polyimide membranes.
The polymer membrane showed an improved plasticization
resistance toward both H,S and CO, up to 4.5 and 28 bar
respectively compared to only PIM-6FDA-OH. In addition to the
single gas adsorption, the PIM6FDA-OH film also exhibited
excellent selectivity for both CO,/CH, and H,S/CH, mixed gas
permeation studies, highlighting its potential for real-time
aggressive sour gas separations. Continuing their effort, in
2019 the same research group demonstrated ultra-selective
H,S separation via post-functionalization of PIM-1 with ami-
doxime, resulting in AO-PIM-1 with enhanced basic groups.®*°
Upon applying a ternary mixture feed comprising 20% H,S/20%
CO,/60% CH, under challenging feed pressures (up to 77 bar),
AO-PIM-1 exhibited outstanding performance toward purifica-
tion of sour gas streams. These performances were found to be
two to three times better than that of the commercially avail-
able glassy polymeric membranes. In a recent pioneering work,
Smith, Xia and co-workers reported a library of hydrocarbon
ladder polymers fabricated from norbornyl benzocyclobutene
moieties.>®® The thus synthesized PIM-based membrane,
namely, CANAL-Me-Me,F, was found to exhibit improved gas
separation properties owing to its higher ordered structure with
compact pore environments compared to that of the fresh PIM
membranes having excess free volume. This structural improve-
ment leads to improved selectivity for gas mixtures like CO,/
CH,, H,/CH,, H,/N,, 0,/N,, and H,/CO,.

6.4 Heterogeneous catalysis for pollutant degradation

Catalysis is essential for chemical transformations. Catalytic
reactions not only play a key role in the production of many
industrial chemicals and materials, but also hold paramount
importance in diverse applications such as pharmaceutical
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synthesis, environmental remediation, energy applications,
food production, etc.**'*** Depending upon the nature of the
catalyst, catalysis can be categorized into two: homogeneous
and heterogeneous catalysis. In the case of homogeneous
catalysis, the catalyst remains in the same phase with the
reactants, whereas in heterogeneous catalysis, the catalyst
remains in a different phase from the reactants. Despite the
higher activity and selectivity of homogeneous catalysts, several
drawbacks like lack of stability and hardship in catalyst/pro-
duct separation limit their practical applications. To address
these issues, significant scientific efforts have been dedicated
for development of heterogeneous catalysts with improved
features such as easy recyclability, designed active sites, good
accessibility, etc. In this regard, POPs with high surface areas,
tailored porous structures, higher pore volumes, etc. are con-
sidered as ideal for heterogeneous host materials for the
immobilization of molecular catalysts.">*>* In addition, POPs
offer several key superior advantages for any catalytic applica-
tion. For example, their interconnected hydrophilic or hydro-
phobic network structures help in enrichment of reactant
molecules and hence improving catalytic efficiency. Moreover,
the well-defined pore sizes of POPs intrinsically assist in
elective transportation of different substrate molecules with
different size, resulting in size-selective catalysis. Such features
make POPs promising carriers for heterogeneous catalysts.
Moreover, the lifetime of a catalyst in industrial reactors is
dictated by its thermal, chemical, and mechanical stability.
POP-based heterogeneous catalysts render improved stability via
immobilizing the catalysts on the POP pore surface.**> Although
POP-based heterogeneous catalysis is still in a developing phase,
the recent literature indicates that POP-based catalysts are
endowed with excellent catalytic properties, like superior stabi-
lity, high selectivity and catalytic activity, easy recovery and
recycling. Typically, two main methods are followed to synthesize
POP-based heterogeneous catalysts: (1) pre-synthetic strategies
with catalytic monomers and (2) post-synthetic modification of
POPs with catalytic units.

6.4.1 Pre-synthetic strategies with catalytic monomers.
Incorporation of necessary catalytic moieties as/into the build-
ing blocks of POPs is the most well-studied and efficient
method to obtain POP-based catalyst materials directly. This
strategy enables introduction of various catalytic moieties into
the porous networks of POPs via polymerization of the func-
tional monomers, allowing the utilization of a vast spectrum of
functional units. As a result, tailor made POP-based catalysts
for targeted application can be achieved. Based on the chemical
nature of the catalytic sites, POP-based catalysts can be divided
into two: (1) POPs with metal complexes as catalytic sites and
(2) POPs with organic moieties as catalytic sites.

6.4.2 Metal complexes as catalytic sites. Metal complexes
of salens and porphyrins are widely explored for their catalytic
properties for diverse organic reactions. Such functional hetero-
geneous catalysts can be synthesized via polymerization reaction
of metallosalen and metalloporphyrin building blocks.>>® The
structural advantage of having rigid macrocycles in porphyrins
and salens enables direct inclusion of catalytically active metal
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sites in the POPs. For example, the metalloporphyrin catalytic
sites are found to be more stabilized inside the POP structure,
improving catalytic efficiency because of the higher interactions
between catalytic sites and reactant moieties. Moreover, the
catalytic efficiency of heterogeneous catalysts can be tuned via
tuning the porphyrin metal centre and modulating the peripheral
pore environments, which have been thoroughly studied.

For example, in 2013, Farha, Hupp, Nguyen and co-workers
demonstrated a straightforward strategy for inclusion of cata-
lytically active Al-(porphyrin) moieties inside a POP, namely,
Al-PPOP, via a cobalt-catalyzed acetylene trimerization method
(Fig. 19a).>® Supercritical CO, processing was utilized as the
activation method for AI-PPOP which led to improved pore sizes
and pore volumes, and significantly enhanced the substrate
mobility and catalytic activities.

Al-PPOP was further exploited toward efficient degradation
of a nerve agent simulant, p-nitrophenyl diphenyl phosphate
(PNPDPP), via methanolic degradation reaction (Fig. 19b). In
2016, Guo and co-workers established a foam-supported stan-
dalone metalloporphyrin-based CMP composite through oxida-
tive homocoupling reaction of terminal alkynes of the Zn(u)
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complex of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin in the
presence of melamine foam (Fig. 19c-¢).**” The resulting
metalloporphyrin-CMP organogels equipped with intercon-
nected micropores and macropores also showed very good
elastic properties. Further, the CMP foam composite was found
to exhibit excellent catalytic activity towards the acyl transfer
reaction of N-acetylimidazole and 3-pyridylcarbinol (Fig. 19f).
Apart from porphyrins, salens are another class of universal
chelating ligands. Salens are the condensation products of
diamines and aryl aldehydes which can combine with a variety
of metal cations with diverse catalytic properties. Recently,
Song, Liang and co-workers have demonstrated a general strat-
egy to synthesize a series of metal-salen-functionalized POPs
(M-salen-POPs, M = Mn*>*, Co®*, Ni**) for efficient fixation of CO,
into cyclic carbonates.**® Among the M-salen-POPs, Co-salen-POP
exhibited excellent catalytic activity toward cycloaddition of both
CO, and styrene oxide, yielding a selectivity as high as 99% and 96%
yield in a CO, atmosphere (100 °C, 1 MPa) within just 30 minutes.
In an interesting work, two Anderson-type polyoxometalate
(POM) built-in CMPs, namely Bn-Anderson-CMP and Th-
Anderson-CMP, were fabricated via cross coupling reaction of
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Fig. 19

(a) Synthesis of Al-PPOPs via cobalt-catalyzed acetylene trimerization. (b) Reaction profiles for the methanolysis of PNPDPP in the presence of

4 mol % of Al-PPOP-2 and *“PAl-PPOP2. Reproduced with permission from ref. 356. Copyright 2013, American Chemical Society. (c) The CMP-gel-
mediated composite strategy for the preparation of the CMP-covered foam composite. (d) The synthetic procedure included: (i) mixing of the foam and
reaction solution, (i) gelation, and (iii) solvent removal and adhesion of CMPs to the foam. (e) Photographs of the melamine foam (left) and as-synthesized
CMP foam composites (center, right) that could be compressed and distorted and that fill into the glass syringe. (f) Product concentration versus time

plots for the formation of 3-(acetoxymethyl)pyridine (3-AMP) from NAI and 3-

PC by using composite-3, composite-1, CMP powder, Zn(TEPP) monomer,

and melamine foam as catalysts, respectively. Reproduced with permission from ref. 357. Copyright 2016, Wiley-VCH. (g) Syntheses of Fc-based CMPs
and controlled polymers. (h) Molecular orbitals of CMPs and P(Fc-DEB) together with ROS redox potentials. (i) Photooxidation reaction of CEES by Fc-
based CMPs catalysts. Reproduced with permission from ref. 360. Copyright 2019, Wiley-VCH.
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1,3,5-triethynylbenzene and tetrabromo-bifunctionalized POMs
by Chen and co-workers.**® Both of the prepared POM-CMPs
were further employed toward photocatalytic degradation of
toxic organic dyes, e.g. methylene blue (MB) and rhodamine B
(RhB). Both Bn-Anderson-CMP and Th-Anderson-CMP showed
higher photocatalytic degradation efficiency than that of their
parent building units (Anderson POM 1 and 2). Moreover,
Bn-Anderson-CMP was found to show 81% degradation effi-
ciency toward RhB in just 30 min and 92% degradation
efficiency toward Mb within just 20 mins, which are higher
than that of the performance of Th-Anderson-CMP. In addition,
conclusive evidence from a series of experiments indicates that
H,0, and 'O, are the two main active species involved in the
catalytic degradation of RhB. In another work, incorporation of
ferrocene (Fc) inside CMP backbones and systematic tuning of
their optical energy gaps were studied by Wang and co-workers
(Fig. 19¢ and h).** The Fc-based CMPs, namely, Fc-TPE-CMP, Fe-
TEB-CMP, Fc-CBZ-CMP, and Fc-Py-CMP, were prepared through
the Sonogashira-Hagihara cross-coupling reaction. Further, the
tetrakis(4-ethynylphenyl)ethene derived CMP, ie. Fc-TEB-CMP,
was found to exhibit excellent degradation efficiency toward MB
and also transform the toxic warfare agent sulfur mustard (CEES)
to lesser toxic sulfoxide (CEESO) (Fig. 19i).

6.4.3 Organic moieties as catalytic sites. Organocatalysts
are well known for their unique catalytic selectivity and activities in
diverse organic transformation reactions. POP-based organocata-
lysts provide new windows of opportunity in the domain of
organocatalysts, since they can potentially solve both the separa-
tion and recycling problems associated with the pure organocata-
lysts. Functional moieties such as various kinds of amines, imines,
pyrrolidine, boroxine, pyrene, benzodifuran, benzothiadiazole,
and bipyridyl have been used to synthesize organocatalysts. For
example, Ahn, Lee, Son and co-workers introduced benzodifuran
moieties into a microporous organic network (MON) vig a tandem
synthetic method involving Sonogashira coupling of 2,5-diiodo-1,4-
hydroquinone and 1,3,5-triethynylbenzene through intramolecular
cyclization.®® The resultant benzodifuran-introduced MONSs
exhibited excellent photocatalytic activities toward oxidative trans-
formation of primary amines into imines. In 2015, Cooper and
co-workers reported a general approach to synthesize a family
of fifteen pyrene-based CMPs using Suzuki-Miyaura polycon-
densation of 1,4-benzene diboronic acid, and/or 1,2,4,5-tetra-
bromobenzene, and/or 1,3,6,8-tetraboronic pinacol ester of
pyrene and/or 1,3,6,8-tetrabromopyrene.>®> The CMPs were
synthesized with tunable optical and electronic properties
through statistical copolymerization. Further, these polymer
networks were found to show very good performance toward
photocatalytic production of hydrogen from water, even with-
out the addition of any photosensitizers or metal cocatalysts.
The next year, Yu and co-workers came up with a series of
rationally designed porous conjugated polymers (PCPs) featuring
various transition metal binding bipyridyl sites and light harvest-
ing chromophores which can exhibit efficient photocatalytic
hydrogen generation from water splitting.>®® The combined
merits of local ordered structure, improved light absorption
and charge separation process, better wettability, etc. culminated
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in enhanced photocatalytic activity. In 2016, Wang and co-
workers reported a molecular structure design method of elec-
tron donor-acceptor conjugated polymers of polybenzothiadia-
zoles, having an appropriate energy band and good charge
separation and charge transfer abilities for visible light driven H,
evolution.>**

In an interesting work, a family of metal-free 9,9'-bifluor-
enylidene-based CMPs, namely Py-BF-CMP and TPA-BF-CMP,
were synthesized via Suzuki polycondensation.*®> Extended con-
jugation and the favourable electron-donation between the
bifluorenylidene (BF) and pyrene (Py) moieties resulted in the
lowest band gap for Py-BF-CMP. Furthermore, among all the BF-
CMPs, Py-BF-CMP exhibited the highest photocatalytic degrada-
tion activity toward RhB (81% RhB degradation within 30 mins)
which is correlated with the synergistic contribution of the high
surface area (1306 m” g~ ') and the narrowest bandgap (1.55 eV) of
Py-BF-CMP. Further, *O,~ was found to be the main active species
responsible for the degradation of RhB. Ma, Vilela, Zhang and
co-workers reported a series of well-dispersible CMP NPs, namely
B-FL3,, B-BPh; ,, B-BT;.,, B-FL3, B-BPh;, and B-BT;y, featuring
different bandgaps.**® The morphologies of the CMP NPs were
found to be tunable (nanorod, nanosphere, nanoring) via tuning
the donor-acceptor combination. Among the synthesized CMPs,
B-BT;.;, fabricated from 1,3,5-triethynylbenzene and 4,7-dibromo-
benzo[c]-1,2,5-thiadiazole exhibited the best catalytic degradation
activity toward Rhodamine B (RhB) in water. In an interesting
work, Verpoort and co-workers synthesized two low-density hier-
archical POPs with semiconducting properties via Sonogashira—
Hagihara cross-coupling of 1,4-diethynylbenzene with 1,3,5-bromo-
benzene (POP-1) and 1,2-bis(3,5-dibromophenyl)diazene (POP-2).**
Further, both the POPs showed excellent photo-degradation activity
toward different kinds of organic pollutants such as RhB, MB, azo
based dyes (methyl orange and Congo red) and also a mixture of
MO and MB. In-depth studies revealed the in situ generation of
both 'O, and O3~ for POP-1 which play a prime role in such
catalytic activity. Interestingly, POP-1 was found to maintain its
catalytic performance toward RhB, MO, MB and CR even under
natural sunlight.

6.4.4 Post-synthetic modification (PSM) of porous poly-
mers with catalytic moieties. Post-synthetic modification methods
allow made-to-order synthesis of diverse POP-based catalytically
active materials for any desired applications. Considering both the
pre-arranged network porosity and the immobilizable catalytic
functionality, the pre-synthetic strategy can be restricted in some
cases for preparation of POP-based catalysts with different catalytic
moieties. Hence, PSM-based methods have emerged as the alter-
native method for exploration of various POP-based catalysts. The
PSM methods allow inclusion of active metal sites via modulating
the organic linkers with organocatalytic units, the introduction of
organic linkers, and encapsulation of the catalytic moieties inside
the pore. In 2012, Tan, Li and co-workers presented a “knitting”
method, in which PPh; and benzene were knitted to yield
triphenylphosphine functionalized KAPs(Ph-PPh;) (Fig. 20a).>%®
This strategy allowed binding of Pd" with PPh; groups to
produce palladium-phosphine-based heterogeneous catalysts,
namely KAPs(Ph-PPh;)-Pd. The resultant catalysts were found
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hydrogenation reactions and reusability of Pd@CPP-1, Pd@CPP-2, Pd@CPP-1-NaBH4, and Pd@C. Reproduced with permission from ref. 370. Copyright
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to show excellent selective activity toward the Suzuki-Miyaura cross-
coupling reaction of aryl chlorides. In 2016, Xiao and co-workers
presented a facile and general strategy to fabricate a family of
insoluble porous organic ligands through free radical polymerization
of vinyl-functionalized diphosphine monomers followed by synthesis
of diphosphine-based POPs.**® Furthermore, metalation of these
polymers with Rh resulted in the formation of Rh/POLs catalysts.
The Rh/POLs catalysts were found to show high catalytic activity as
well as chemo/regio-selectivity toward hydroformylation of olefins
with enhanced stability and recyclability. In an early work, Wang and
co-workers demonstrated the design and synthesis of two POPs,
namely CPP-1 and CPP-2, based on “click chemistry” (Fig. 20b).>”
Further, CPP-1 and CPP-2 were utilized as hosts for post-synthesis
metalation of ultrafine Pd-nanoparticles with uniform distributions.
The prepared PA@CPP catalysts exhibited excellent catalytic activity
toward hydrogenation of nitroarenes at 25 °C under 1 atm (Fig. 20c).
A novel class of yolk-shell structured periodic mesoporous polymer
nanoparticles were successfully developed by Wu and co-workers in
2016.*”* The Au yolks were found to be homogeneously encapsulated
in the ordered polymeric mesoporous shells via a reactive interface-
guided co-assembly. Owing to their ordered mesoporous channels,
they allowed fast mobilization of the reactants and revealed excellent
catalytic reduction performance toward nitroaromatic compounds
such as 4-nitrophenol and nitrobenzene. The hydrophobic polymeric
shells allowed favourable diffusion of hydrophobic nitrobenzene
molecules, imparting selectivity in catalytic reaction over 4-
nitrophenol. For a summary of cycloaddition of epoxides with CO,
by POP-based materials see Table S7 (ESIY).

7. Concluding remarks and future
outlook

Porous organic polymers are an excellent example of materials
having the combined merits of tunable porous structures and

This journal is © The Royal Society of Chemistry 2023

controlled surface chemistry. These materials have been found
to offer diverse admirable properties and have received a great
deal of attention for use in environmental remediation applica-
tions, including toxic gas adsorption/separation, chemical
sensing, wastewater treatment, and heterogeneous catalysis.
The incorporation of functional groups within POPs enhances
their selectivity and affinity towards specific contaminants, facilitat-
ing targeted remediation strategies. Recent scientific advancements
have demonstrated that amorphous porous organic polymers that
can be synthesized via relatively easy, facile and scalable synthetic
methods can be used as versatile platforms for task-specific real-
world applications with distinctive characteristics and excellent
performances. These innovative insights into POP-based envir-
onmental remediation provide a viable means of tackling
pollution-related problems and opening the door to a more
sustainable future. As an outcome, various POPs with tunable
porosity, diverse topologies and morphologies, as well as adap-
table compositions and functions have been successfully pro-
duced (Scheme 5). In this Review, we have provided an overview
of current developments in POP materials from the standpoint
of material design, synthetic methods, and chemical reactions
involved in the creation of POPs, and state-of-the-art character-
ization for potential application in the field of environmental
remediation, which may be primarily summarized as follows.
(i) For effective gas adsorption/separation/storage applica-
tions, POPs with tunable pore architectures, controllable com-
ponents and suitable functionality have been designed and
tailored. (ii) In the case of environmentally toxic chemical
sensing application, as hosts for the designability and inclusion
of highly active components, POPs with built-in open nano-
pores and voids enable the transit of active analytes. Moreover,
the added advantage of heterogeneous nature of POPs provide
easy recyclable detection of targeted pollutants in water and
convenient recovery of the material. (iii) The development of
task-specific POPs by utilizing versatile covalent chemistry via
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post- or pre-synthetic modification of the functional elements
in POPs. The tailored pore structures combined with greatly
increased affinities toward guest molecules produce synergistic
effects for improved performances in environmental remediation
such as toxic gas or pollutant separation and identification. (iv) For
successful use in pollutant separation, POPs with customized pore
architectures, controlled surface functions, and altered structural
stiffness have been investigated. The targeted molecules can enter
and pass through the apertures due to the size sieving effect,
dynamic surface hydrophilic or hydrophobic effects, and distinc-
tive stiff architectures, which endows them with exceptional
pollutant separation performances. (v) For environment related
heterogeneous catalysts, the two major methods for creating
POP-based highly efficient catalysts are thought to be pre-
synthetic modification using building blocks integrated with
catalytic sites and post-synthetic modification of polymers with
catalytic moieties. The numerous environmental applications of
POPs have significantly advanced the field of their use.
Despite the exceptional accomplishments that have been
made in the field of POP development and their promising
utility in environmental remediation, there are still many chal-
lenges that need to be addressed. These issues associated with
insight chemistry of POPs are described below: (i) In the case of
developing functional POPs via post-synthetic modification, POPs
invariably experience compromised surface areas as a result of
pore blockage. The distribution of active sites with good porosity
while keeping several particular components is still a significant
problem in the exploration of multifunctional POPs. In this
context, when specific applications are required, porous polymer
structures can be strategically designed using the knowledge
amassed by examining the relationships between porous struc-
ture, functionality, and performance. (ii) The chemical and
physical stability of POPs under extreme conditions is another
challenge that remains to be clarified. High stability may be
bequeathed by the high friction of the POP-producing reactants.
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(iii) The molecular level fine design of POPs is an evolving
process, and the computational prediction for the creation of
novel POPs is an ongoing issue. (iv) While talking about POP-
based environmental remediation application, parameters such
as diffusion kinetics, sorption capacity, recognition sensitivity,
molecular sieving, and heterogeneous catalysis efficiency are
highly related with enthalpy of adsorption, a significant thermo-
dynamic parameter, which should be properly investigated. (v) The
system testing circumstances for porous polymers are not repre-
sentative of real-world application environments, which could be a
severe obstacle to the development of their significant capability.
(vi) Most importantly, the industrial application of laboratory-
tested high-performance POP materials should be pursued with
continuing diligence. The commercial achievements of numerous
well-known polymer materials, including polymeric separation
membranes, and ion exchange and adsorption resins, provide a
wealth of experience and knowledge in this area.

Future industrial applications should give careful considera-
tion to low-cost sustainable raw materials including monomers,
cross-linkers, solvents, catalysts, simple reaction processes that
enable large scale production, and effective material processing
techniques. It is important to highlight the value of successfully
utilizing the special synthesis and processability aspects of
POPs. Interface polymerization of monomers on porous sup-
ports is one of the solutions as it provides easy and scale-up
development of nano-filtration membranes. Many required
macroscopic forms, including membranes, fibres, and mono-
liths, can be easily manufactured from certain particular soluble
porous polymers, such as PIMs. On the other hand, POPs such as
HCPs, CMPs, and PAFs are frequently found as intrinsically
brittle and powder forms, which restrict their processability into
various aforementioned robust devices. This seriously limits their
large-scale real-time applications. In this context, significant
efforts may be undertaken to build processable composites of
these porous polymers.

The facts discussed in this review only scratch the surface of
chemistry involved in porous organic polymers and their
potential applications in environmental remediation. With
the contributions of scientists and researchers from several
disciplines, including chemistry, materials science, physics,
engineering and environmental science, this demanding sector
is becoming more multidisciplinary. Constructive interactions
between such diverse disciplines are indeed to facilitate the
further advancement in the domain of POPs.
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