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Covalent triazine polymers represent a promising class of materials composed of aromatic electron
deficient 1,3,5-triazine repeating units. They are synthesized from different triazine monomers, where
cyanuric chloride is one such monomer. It is known for its high reactivity and easy availability and has

Received 22nd July 2024, garnered significant attention due to its nitrogen-rich, stable triazine rings, and hydrophilic nature. These

Accepted 8th October 2024 versatile and flexible polymers are exploited due to their stable heteroatom-rich skeletons and porous
nature. This review discusses an overview of the synthesis of various porous polymers based on cyanuric

chloride, along with its applicability in different sectors, especially in environment protection and energy

DOI: 10.1039/d4ma0073%e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 15 2567. Downloaded on 6/2/2569 23:29:25.

(cc)

rsc.li/materials-advances

1. Introduction

Researchers have been fascinated by porous materials for
decades due to their versatility and efficiency in various appli-
cations. These materials include inorganic porous materials
such as zeolites, clay,1 and silica, as well as organic porous
materials like activated carbon (AC) and metal-organic frame-
works (MOFs).>” Zeolites are hydrated forms of sodium alumi-
nosilicates with small pore diameters,® while AC is carbon-rich
material processed from non-renewable energy sources, limiting
its further applications.”® MOFs are composed of organic linkers
coordinating with metal ions but suffer from chemical instability
due to weak coordination.® Despite possessing good surface area
and ordered porosity, these conventional materials lack stability
and regeneration ability, which limits their further applications.*

Porous organic polymers (POPs) have recently emerged as a
new generation of advanced materials.” Composed of organic
linkers of lighter elements connected through covalent lin-
kages, they possess stability towards temperature and adverse
chemical environments."® POPs exhibit structural regularity
with discrete pores, resulting in a large surface area.'" Different
synthetic protocols can be designed depending on the symme-
try of linkers and functional groups, resulting in multi-
dimensional networked structures of various geometry.'> One
of their remarkable advantages over traditional materials is
their highly tunable structures, allowing them to be tailor-made
for specific applications. Functional modification, such as
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storage. It gives an insight into the current and future perspectives for developing such polymers.

sulfonation, can be made possible even after synthesis. Once
they polymerize, they stack on each other through different
interactions."?

Covalent triazine polymers (CTPs) belong to the family of POPs
and have attracted scientific interest due to their exceptional
stability.”> They are incorporated with aromatic 1,3,5-triazine systems
(Fig. 1), rich in basic nitrogen atoms,"® stable C—=N bond, high
surface area, ordered porosity, and tolerance to humidity.** CTPs are
insoluble in most used solvents and can resist temperature changes
to some extent. Due to the abundance of basic nitrogen,'® different
interactions are possible with metals, pollutants, and gaseous
carbon dioxide, making them an alternative and regenerative
polymer** applications, such as catalysts,'*'
adsorbents,”"” electrodes, and sensors. Conjugating with aromatic
systems enhances CTPs’ stability,” and delocalization results in
unique optical characteristics. Linking with electron-rich monomers
can form donor-acceptor complexes, improving electronic
properties."® The incorporation of triazine groups into these CTPs

in various
517

Fig. 1 Representation of repeating unit in CTP.
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has resulted in altered surface properties. However, these modified
polymers demonstrate enhanced performance when compared to
similar polymers with benzene-rich structures."

In 2008, Kuhn and his colleagues achieved a major break-
through by creating the first triazine polymer through a complex
trimerization of aromatic nitrile (benzene-1,4-dicyanonitrile). This
process required high temperatures with sealed tubes, which posed
challenges in terms of the potential decomposition of monomers.*’
Another research group, led by Cooper et al., later developed CTPs at
room temperature utilizing inert solvents.”’ However, both
approaches had limitations in terms of the monomers that could
be used due to decomposition or solubility issues. The preferred
monomers were costly and required intricate synthetic pathways.
Subsequently, researchers have managed to synthesize various
triazine polymers (CTPs) using different monomers and customized
synthetic conditions.”” However, developing a simple and scalable
method for creating these CTPs has proven to be quite interesting.

2,4,6-Trichloro-1,3,5-triazine, also known as cyanuric chloride,
is a fascinating compound that is gaining attention as a monomer
for CTPs (Fig. 2). These compounds are characterized by their
heterocyclic, planar,”®> symmetric (D3, point group), and rigid
molecular structure,” with the chemical formula C;N;Cl;.>* This
crystalline white solid is synthesized through the trimerization of
cyanogen chloride at high temperatures and has a distinct
pungent odor. The molecular structure resembles that of aromatic
benzene, with alternating carbon and nitrogen atoms and three
chlorine substituted to carbon atoms.>* Despite their rigidity,
these compounds are readily available, exhibit low toxicity, and
have found applications in the chemical industry as an alternative
halogenating agent.>* They are particularly useful for activating
carboxylic acids and alcohols into their derivatives. They serve as
important precursors in the synthesis of triazine intermediates in
the production of pesticides (such as atrazine®”) and dyes.>* More
recently, there has been interest in their application as cross-
linking agents in polymers.>* This is made possible by the
presence of labile bulky chlorine atoms, which provide selectivity
with different nucleophiles.”””® The incorporation of triazine
rings contributes to the stability and enhanced properties of these
compounds for various applications.>®

Appreciating the specific role of cyanuric chloride in organic
reactions, this review offers a comprehensive overview of var-
ious CTPs (cyanuric chloride-based polymers). Although con-
siderable research has been performed on these polymers, there
is a lack of comprehensive analysis of their diverse applications.

Nitrogen

Carbon

Chlorine

Fig. 2 Cyanuric chloride linker.
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To the best of our knowledge, Jain et al.®” and Sethiya et a
have reviewed the role of cyanuric chloride as a catalyst in
organic reactions. This review presents an extensive compilation
of literature on different CTPs, including various synthetic
protocols and their applications in the fields of energy, environ-
ment, and healthcare, providing a broad outlook.

2. Synthetic approaches

Let’s explore the synthetic approaches that utilize cyanuric
chloride as a linker for forming porous polymers.

2.1. Nucleophilic substitution polymerization

Nucleophilic polymerization is a reaction where an electron-rich
nucleophile substitutes the functional group of an electron-
deficient system. In this process, cyanuric chloride acts as an
electron-deficient electrophile, and typically, the chlorine atoms
are replaced by the protons of C, or C; symmetric amines or
alcohols.'”*° The nucleophile, amine attacks one of the chlorine
atoms in the cyanuric chloride, forming a tetrahedral intermedi-
ate. Base abstracts the proton from the amine, restoring aroma-
ticity by leaving negatively charged chloride ions to depart.
Chloride ions combine with proton eliminates as HCI and thereby
regenerating the base. Similarly, the other two chlorine atoms
undergo nucleophilic substitution directing the polymerization
(Fig. 4). The significance of this method lies in the concept of
metal-free polymerization in mild, inexpensive conditions.

In 2019, Yadav et al.*' synthesized a CTP-01 by nucleophilic
substitution of p-amino phenol (C, amino alcohol) in the
presence of potassium carbonate as a base (Fig. 3). It is used
as an effective catalyst for amide synthesis. Over the years,
different combinations of amines/alcohols with cyanuric chlor-
ide (Fig. 4) have resulted in countless polymers of synthetic
feasibility and applications.

Mostly, methods of synthesizing POPs require using costly
solvents that need high temperature and pressure conditions
and toxic catalysts.’>** Additionally, some of the building
blocks are insoluble in the solvent medium, which can reduce
the effectiveness of the reaction. As a result, more environment-
friendly approaches can be utilized, such as the solvent-free
solid-state method.** In 2017, Verma et al. developed a CTP
from cyanuric chloride and urea using a solid-state approach by
heating at 140 °C. Even though the surface area was too low, it
behaved as an efficient catalyst for sequestering carbon dioxide
due to its basic nature.*”

O

NH,
cl
+ NN )N\H
] ~ -
OH CI)\N cl )Nl\ /N

p-amino phenol

Fig. 3 Scheme for the synthesis of CTP-01.
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Fig. 4 Scheme for the synthesis of CTP by nucleophilic substitution reaction with different monomers along with the mechanism.

2.2. Friedel-Craft reactions

These are C-C bond-forming electrophilic reactions in aromatic
systems involving an alkyl halide and arenes in the presence of
a Lewis acid (methyl sulfonic acid*® or AICI;) in inert solvents —
the reaction proceeds by the attack of electron-deficient cya-
nuric chloride on an electron-rich monomer. Lewis acid, anh.
AICl; reacts with cyanuric chloride, forming a carbocation
(Fig. 6(b)). This electrophilic carbocation further reacts with
electron-rich arenes, forming a cyclohexadienyl cationic system
losing its aromaticity. The aromaticity is restored by deprotona-
tion ultimately forming a new C-C bond.*”

The preferred catalysts are either methanesulfonic acid or
anhydrous aluminum chloride. The choice of catalyst depends
upon the reactivity of the building blocks.*® Methanesulfonic
acid is a non-toxic liquid catalyst with high thermal stability
and is soluble in all ratios of monomers.* It can improve the
efficiency of the reaction, favoring para-position-oriented
reactions®®*° and making it suitable for commercial applica-
tions. One of the advantages is the environmentally friendly

© 2024 The Author(s). Published by the Royal Society of Chemistry

byproducts formed during the polymerization,*" along with the
ease of separation using water.’® Anhydrous aluminum chlor-
ide is a solid catalyst, which can limit the solubility of linkers®”
and intermediate fragments to a certain extent and promote the
undesired interaction of precursors during polymerization.*®
Puthiaraj et al. (2016) synthesized a polymer from cyanuric
chloride using different linkers, such as triphenylethylene and
tetraphenyl silane, for carbon dioxide adsorption,** followed by
Stella et al. (2019 and 2020) designed a polymer from triphenyl
benzene®® and biphenyl** for supercapacitor applications. All
these polymerizations were catalyzed by anh. AlCl;.
Methanesulfonic acid was used to catalyze the reaction of
cyanuric chloride with sandwiched structured ferrocene™ by Fu
et al. (2015), which was later doped with iron atoms for its applica-
tions in gas storage. Similarly, a series of polymers for capturing
iodine and detecting 2,4-dinitrophenol were reported in this
approach by Geng et al.(2017 and 2018) from tetraphenyl derivatives
of phenylene diamine, melamine,® and biphenyl*® and by Fang
et al. (2022) from 3,4-ethylenedioxythiophene and 2,2'-bithiophene.*’

Mater. Adv, 2024, 5, 9175-9209 | 9177


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00739e

Open Access Article. Published on 15 2567. Downloaded on 6/2/2569 23:29:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

CH;SO,H
-Hcl

Fig. 5 Scheme for synthesis of CTP-02.

Xiong et al. (2014) developed a polymer using triphenyl
methane (CTP-02; Fig. 5) and tetraphenyl silane with a high
yield in methane sulfonic acid, but the reaction with benzene
and biphenyl using AICI; resulted in a low yield.*! Similarly,
Geng et al. (2020) compared the efficiency of both catalysts
using a tetraphenyl derivative of phenylene diamine polymer-
ized with cyanuric chloride. This protocol had a high yield in
methane sulfonic acid but a low yield in AICl,.*®

Until now, many polymers (Fig. 6(a)) with high yield and
other significant properties have been developed based on this
protocol**** attributed by the wide applicability, low cost, and
flexibility of the reaction conditions. The drawback of this
protocol is the irreversible nature of polymerization, resulting
in the production of amorphous polymers with side products
that affect its large-scale production.

As an alternative to this approach, Troschke reported reactions
using the mechanochemical milling technique as a green strategy,
which reduces the usage of toxic solvents and can scale up the
reaction.”® The density of the milling ball defines the reaction’s
progress as it imparts energy. As a reference, they developed a
porous polymer from cyanuric chloride and carbazole using tung-
sten carbide as the milling ball, with a 90% yield achieved in one
hour. In comparison to conventional CTPs (sealed ampule synth-
esis), these CTPs (mechanical) had a high C/N ratio without any
carbonization. Monomers with extensive conjugation can be utilized
in this reaction with high yield. Even unreactive monomers, such as
benzene, reacted with low yields. The solubility of monomers in a
particular solvent is a decisive factor and challenging for synthesiz-
ing polymers; therefore, this green method can be used for such
monomers with high yields. The abrasions due to the milling ball
affect the purity of the polymer, which must be improvised.

Cyanuric chloride itself is rich in triazine core; there is no
need for further functionalization, which substantially expands
the range of probable monomers.*”

2.3. Post-functional modification

In addition to these polymerizations, another significant advan-
tage of these materials is post-functional modification, which
enhances the efficiency of the polymer by incorporating different

9178 | Mater. Adv,, 2024, 5, 9175-9209
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functional groups based on its applications. Sulfonation, an
electrophilic substitution, is a dominant reaction in organic
chemistry where hydrogen atoms (aromatics) are replaced by the
electrophile sulfur trioxide (SO3). It incorporates the hydrophilic
character, making it suitable for use in aqueous mediums.*®

Generally, incorporating these modifications improves the effi-
ciency of polymers in different applications as these acidic func-
tional groups can capture moisture/water and can release protons
for proton-conducting membranes.*’ It improves the interaction
with different pollutants in the water, making it a superior adsor-
bent. Additionally, it can catalyze several organic reactions due to its
better reactivity.>® For example, Raza et al. developed an aromatic
porous polymer by a cascade reaction initiated by Friedel-Craft
alkylation of cyanuric chloride, triphenyl benzene and trimesoyl
chloride,” followed by sulfonation with acidic SO;H and later Schiff
base condensation with ethylene diamine and incorporared with Pd
metal. It was explored as an efficient catalyst for multicomponent
reactions. The same group explored the sulfonation of triazine
polymer CTP-03 from cyanuric chloride and p-terphenyl (Fig. 7)
with palladium incorporated for hydrogenation esterification of
nitrobenzoic acid. SO;H acts as a site for esterification.”® Babaei
et al. reported a sulfonated (1,4-butane sulfone) porous polymer
(cyanuric chloride and melamine) on mesoporous silica as a catalyst
for synthesis of hydroxymethylfurfural from fructose.*” Taheri et al.
prepared a polymer from cyanuric chloride and triphenylmethane,>
followed by modifications with SO;H for adsorption of basic blue 41
and basic blue 46. Although this functionalization affects the sur-
face properties (by blocking the pores), it improves the efficacy of
the system for different applications.*®

3. Structure—property relationship of
CTPs

The structure of CTPs is reinforced by robust alternating
C=N, C-N linked stable triazine rings. These linkages are
formed by irreversible polymerization, imparting chemical
and thermal stability to the polymers, even in harsh
conditions.”® Due to their nitrogen-rich nature,®> CTPs can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Scheme for the synthesis of CTP by Friedel-Craft reaction with different monomers along with the (b) mechanism.

effectively capture different molecules, such as pollutants and electron-rich moieties, the energy of the system is reduced
gases, making them versatile for various applications. When through effective conjugation, thereby enhancing their
these triazine rings are polymerized with different aromatic or ~ stability.>

© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 9175-9209 | 9179
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Fig. 7 Scheme for synthesis of CTP-03 followed by sulfonation.

The pore structure of CTPs can be tailored depending on the
symmetry and length of the connecting linkers, allowing hex-
agonal, trigonal, or tetragonal pore structures.””> Furthermore,
modifications can be made to these polymers, providing an
added advantage. The chemical nature of the linkers renders
the polymer with acidic/basic (charged) and hydrophilicity. As
light-weight materials, CTPs find applications in various fields.”®

CTPs exhibit structural regularity and defined pores due
to their covalent linkages, and they are typically amorphous
or semicrystalline in nature as a result of irreversible
polymerization.”® These polymers possess characteristic sur-
face area and porous properties, making them suitable for gas
adsorption, catalysis, and pollutant removal.

In the past, organic reactions were predominantly carried
out using homogeneous catalysts,>”*® which often involved
expensive solvents and led to low efficiency due to purification
requirements.”" However, CTPs are insoluble in water and most
common solvents, providing chemical stability. Consequently,
these polymers are widely utilized in catalytic applications
owing to their heterogeneous nature,’® which allows for easier
separation. They can also serve as solid support to immobilize
nanoparticles and enhance their effectiveness in various cata-
Iytic processes.®® Additionally, the stacked polymeric layers act
as channels for charge transport, making them effective as
photocatalysts.®*

The porous properties of CTPs are significantly influenced
by the synthesis conditions, including temperature, pressure,
solvent type, and catalyst used. These structure-property rela-
tionships are crucial in determining the suitability of CTPs for
various applications.

4. Applications

As introduced in this paper, CTPs possess specific remarkable
properties, such as porosity with a large surface area, thermal and
chemical stability, inexpensive linkers and nodes, and the ability
for post-modification. These properties make CTP an excellent
candidate for various applications such as catalysis, adsorption,
sensing, drug delivery, and energy storage devices (Fig. 8). This is
possible due to the stable, flexible, and heteroatom-rich triazine
systems. The following sections summarize all these applications.

9180 | Mater. Adv,, 2024, 5, 9175-9209
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4.1.

Heterogeneous catalyst

Catalysts are substances that speed up the reaction by lowering
the activation barrier without being used up.'® They are pivotal
in most transformations that make up this chemical world,
including human beings. Enzymes or metal-based molecules
have initially dominated the field of catalysis. The homoge-
neous nature of these catalysts makes them challenging to
remove, leading the researchers to explore the development of
efficient heterogeneous catalysts. This pursuit is motivated by
the need to minimize the use of expensive and toxic reagents,
which currently pose significant challenges to the field.
Recently, porous polymers and nanoparticle-encapsulated poly-
mers have occupied the field of catalysis, being insoluble and
inert in harsh conditions.

4.1.1. Organic transformations. The CTPs (cyanuric chlor-
ide with different linkers) as a catalyst towards different organic
transformations, along with their surface properties, are listed in
Table 1.

4.1.1.1. Multicomponent reactions. Mizoroki-Heck coupling
is an inevitable protocol for forming C-C bonds, which

Heterogeneous
catalyst

riazine based
organic polymery

Solid phase
extraction
membrane

Fig. 8 Applications of CTPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of CTPs (cyanuric chloride with different linkers) as a catalyst towards different organic transformations, along with their surface properties

S. No. CTP Different linkers Catalytic reaction Surface area (m*> g~ ) Ref.
1 CTP-04 Dihydroxy biphenyl Mizoroki-Heck coupling reaction 146 60
2 CTP-05 Tetraphenyl amine porphyrin Oxidation of aryl alkanes 621 62
3 CTP-13 Phenylene diamine Epoxidation of carbon dioxide 354 63
4 CTP-12 2,4,6-Trihydrazinyl 1,3,5-triazine Epoxidation of carbon dioxide 51.2 64
5 CTP-06 Melamine Knoevenagel reaction 850 15
6 CTP-06 Melamine 5-Hydroxymethyl furfural synthesis from fructose 157 22
7 CTP-01 p-Aminophenol Synthesis of amide 248 31
8 CTP-07 Thiourea Hydrogenation of nitroaromatics 90.2 16
9 CTP-11 Piperazine Methanolysis of ammonia borane 369 65
10 CTP-06 Melamine Conversion of phenylboronic acid to phenol — 13
11 CTP-08 2,4,6 Tris(p-aminophenyl)triazine Quinazoline synthesis 26.7 14
12 CTP-09 Guanidinium hydrochloride C-Se coupling reaction 81.04 66
13 CTP-10 2,4,6 Triaminopyrimidine Synthesis of benzimidazole 58.12 67

includes the foundation for many active ingredients in the
medicinal world.®® It is the coupling of alkenes and alkyl halide
catalyzed by Palladium metal. Nanosized palladium suffers
from aggregation and can leach out, blocking the catalytic
sites. So, these particles need to be supported to enhance the
catalysis. In 2014, Puthiaraj et al. developed a mesoporous
polymer CTP-04 (Fig. 9) from cyanuric chloride and dihydroxy
biphenyl, which has the dual function of supporting the metal
and enhancing the catalysis.®” The presence of heteroatoms
like O and N binds with metal species, providing solid support
for palladium particles. The as-made polymer was composed of
cauliflower-shaped particles with partial crystallinity and a
desirable BET surface area (146 m”> g~ ') and pore size of
2.34 nm. The reaction conditions were optimized using styrene
and bromobenzene as model reactants with 30 mg of catalyst in
a DMSO-water mixture for 10 hours in the presence of a 1 mmol
potassium carbonate base at 90 °C. Alkyl bromides with
electron-deactivating groups readily couple with alkenes with
alkyl or alkoxy groups. Sterically hindered molecules undergo
coupling with a long reaction time. Selectivity of bromide over
chloride groups was observed. Pd-embedded porous polymer
serves as an efficient catalyst with eight cycles of recyclability.

Metalloporphyrin is an enzyme containing metal ions that
can catalyze different chemical reactions, mainly oxidation in
drug metabolism.®® Extensive research is conducted to fix this
catalyst to a solid support, making them heterogeneous since
the porphyrins are unstable. In 2015, Zou and his co-workers
developed a porphyrinic framework CTP-05 (Fig. 10) from

M
O

OH
O + NiIN - )o\
O a e O)NI\N\/J“\O
OH O
O O o
0

Fig. 9 Schematic formation of CTP-04.

© 2024 The Author(s). Published by the Royal Society of Chemistry

cyanuric chloride and tetraphenyl amine porphyrin® with a
uniformly porous structure of surface area of 621 m> g~'. The
resulting CTP was finally metallated with manganese and com-
pared with the analogous manganese metallated tetraphenyl
porphyrin molecule. This heterogeneous catalyst could oxidize
aryl alkanes in water under moderate conditions, including the
oxidation of ethylbenzene to acetophenone with a yield greater
than 99 percent. The porphyrinic metallic sites in CTP-05 are
accessible for the adsorption of reactants and desorption of
products due to their selective nature. The size of the substrate
is inversely related to catalytic efficiency. They could recover the
catalyst and retain its ability for 15 more cycles (Fig. 11). They
compared CTP-05 with its homogenous counterpart, which could
catalyze the ethylbenzene oxidation with a yield of 91 percent. It
can be reused for three cycles, highlighting the exceptional
stability of porous polymers. An unusual behavior in the case of
4-ethyl biphenyl is that the homogenous catalyst surpassed the
heterogenous catalyst.

The creation of carbon-carbon bonds has necessitated
extensive research over the last years of chemical evolution, as
they form the basis of the synthesis of products in everyday life.”®
Previously, the Knoevenagel reaction contributed to quite a few of
these formations. It involves reacting carbonyl-rich compounds
with active H compounds in basic conditions. Different homo-
geneous and metallic-based catalysts have been investigated;
however, recent sustainability issues prompted the researchers
to try out the green-friendly heterogeneous catalyst for the Knoe-
venagel reaction. Usually, amine-rich catalysts are utilized.”* In
2018, Chaudhary et al. adopted microwave synthesis for the
nanoporous polymer (CTP-06; Fig. 12) by condensing triazine-
rich melamine and cyanuric chloride."> CTP shows amorphous
nature, a BET surface area of 850 m” g~ ' with spherically arranged
particles of micropores (1.3 nm) and mesopores (4.1-6.9 nm).
They investigated the Knoevenagel reaction between the active
compound malononitrile and different aryl aldehydes by optimiz-
ing various parameters for excellent yield. The reaction conditions
were optimized to 5 mg of CTP-06 in dioxane-water solvent for
half an hour with exceptional outcomes. Better solubility of
reacting molecules and basicity (adsorption of H,O to N-rich
sites) enhances efficiency. Thus, CTP-06 can be a future effective
catalyst (compared to the metal catalyst) with minor catalytic
activity loss after eight cycles.

Mater. Adv,, 2024, 5, 9175-9209 | 9181
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Fig. 10 Scheme for synthesis of CTP-05.
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t (h)

Fig. 11 The efficiency of catalytic conversion of ethylbenzene by CTP-05
over time (blue dots). The catalyst was separated by centrifugation after 2 h
(red dots). Adapted from ref. 62 Copyright 2015 Elsevier.

The heteroatom functionality, amide group, is prevalent in
most of the biologically relevant molecules’”> and other
chemical products’ used in our day-to-day life.”* The reported
protocols for amide synthesis demand extreme conditions and
harmful chemicals. A direct combination of acid and amine-
forming amide linkage needs to be inspected. Porous net-
worked structures are efficient catalysts in many reactions, as
they are insoluble in common solvents with excellent stability.
An asymmetric porous polymer CTP-01 (Fig. 3) was developed
by Yadav and his co-workers in 2019 as a powerful catalyst for
the direct synthesis of amide mediated in moderate conditions
with zero additives.®® The CTP prepared by this method
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Fig. 12 Scheme for synthesis of CTP-06.
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possesses a high specific surface area and pore size

(248 m*> g~', 2.72 nm), good stability, and semi-crystallinity.
Porous nature was confirmed from the morphology of irregular
clustered particles with stacking. A wide range of substrates was
considered for the activity, and it was observed that the
nucleophilic nature of amines directs the reaction (favoring
electron-donating groups). The reaction conditions are opti-
mized to 10 mg of CTP-01 in dioxane solvent under room
temperature. The selectivity of the catalyst was studied further
and observed that in a mixture of aniline, benzoic acid, and
phenol, the reaction favored the formation of amide over an
ester. The catalyst selects acid rather than an ester compound
in a mixture of methyl benzoate, aniline, and benzoic acid. The
catalyst can be reused for nine cycles with agreeing results.
Thus, CTP-01 can be a promising catalyst for many reactions
with improved yields within a short duration.

The same group has developed a catalyst composed of a
heterogenous N-rich polymer to hydrogenate nitroaromatics.'®
Nitro-derived compounds can harm living organisms, but their
reduced amino derivatives are useful as starting materials for
many valuable products. The polymer CTP-07 is synthesized
from cyanuric chloride and thiourea through a solid-state
approach (Fig. 13) and later uniformly confined with palladium
nanoparticles (Pd@CTP-07). This approach prevents the
agglomeration of metal particles while exposing them to cata-
lysis sites. The obtained amorphous CTP exhibited very high
thermal and chemical stabilities with irregular clustering of
particles agreeing the porous nature. Besides, the specific sur-
face areas of CTP reached 90.2 m”> g~ with pore size of 1.9 nm.
For example, when nitrophenol was used as the starting mate-
rial, the polymer showed a better catalytic property with a high
yield quickly, accompanied by a color change. PdA@CTP-07 and
sodium borohydride were the preferred catalysts. It was
observed that in the absence of these catalysts, no reaction
occurred. The catalyst can be reused for nine cycles and can
convert a wide range of reactants with high yield, regardless of
their nature. The researchers also studied the effect of surfac-
tants on nitro compounds, which are pollutants in water. They
found that the polarity of these surfactants affected the catalytic
performance, as denoted by the order: nitrogen > formic acid
> ammonium hydroxide. Even the steric hindrance of the nitro

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Scheme for synthesis of CTP-07.

group affected the reaction rate, with 2,4,6 trinitro < 2,4
dinitro < nitrophenol.

Researchers worldwide are interested in environmentally
friendly, green approaches for synthesizing intermediates, espe-
cially from biomass, due to the decline in natural resources.
Babaei et al. developed a polymer that is supported on amino-
modified mesoporous calcined silica (SBA-15) and acts as a
heterogeneous catalyst for generating 5-hydroxymethylfurfural
(HMF) from fructose, with a yield of 78%.> Catalysts are usually
characterized by high surface area for the accessibility of reactants
towards the active pockets. Here, the polymer, CTP-06 is synthe-
sized from triazine derivatives, cyanuric chloride, and melamine
(Fig. 12), then grafted on amino-functionalized SBA-15. It is later
modified by sulfonating to improve its acidic nature, which helps
in the dehydration of biomass. The resulting CTP possess meso-
porous, amorphous nature and surface areas (11 m> g~ ') with
regular open channels (1.7 nm; sponge morphology). The reaction
conditions were optimized for maximum yield. Different bio-
masses with varying yields were considered under optimized
conditions, including fructose, glucose, sucrose, and maltose.
Fructose yielded the highest, followed by sucrose, glucose, and
maltose. For sucrose and maltose, conversion involved three
levels: hydrolysis, isomerization to fructose, followed by dehydra-
tion. This might be a reason for the decrease in yield. Even though
glucose yielded less, increasing the reaction time could be
improved to 45%. The catalyst was reused four times with a
comparable yield, where the reported catalytic reaction resulted in
low yield with difficulties. CTP-06-SO;H/SB catalyst claims to be
an alternative catalyst with high yield in short durations.

Phenol is an inevitable ingredient in the chemical industry
as it produces various essential molecules, including those
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cl
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Fig. 14 Scheme for synthesis of CTP-08.
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used in medicine, fertilizers, dyes, and cosmetics. In a study,
Sadhasivam et al. designed a polymer that incorporated copper
nanoparticles as a catalyst to convert the phenyl derivative of
boronic acid to phenol with over 96% yield in a short time
using peroxide oxidation."® The polymer, CTP-06 was made
from heteroatom-rich monomers, cyanuric chloride, and mel-
amine (Fig. 12), later grafted with copper. These porous poly-
mer exhibited a partial crystalline ordered smooth morphology.
Phenyl boronic acid was used as the model system to study the
efficiency of this polymer. The optimized reaction was per-
formed at room temperature and yielded 99% within 10 min-
utes. The catalyst proved more efficient when electron donors
rather than electron acceptors were used. The number of rings
in the molecule also significantly affected the yield, with phenyl
derivatives being the most efficient, followed by naphthyl and
pyrene derivatives. However, when a pyridine derivative was
used, the yield decreased due to the coordination of the metal
nanoparticle with N-containing pyridine. Bulky substrates were
observed to lower the yield of the reaction. The Cu-CTP-06
catalyst was reused five times with minimal difference in yield.
Compared to other reported catalytic systems, this catalyst is an
excellent option for oxidizing phenylboronic acid without
external additives.

In 2020, Subodh et al. designed and developed an efficient
triazine-based polymeric catalyst (CTP-08) by condensing
triazine-abundant units (Fig. 14): cyanuric chloride and 2,4,6
tris(p-aminophenyl)triazine(TAPT)."* The synthesized CTP has
a hexagonal pore structure (2.86 nm) with a surface area
(26.7 m* g~ ). Being amorphous with irregular aggregation of
particles are observed in morphological studies. This catalyst
supports the synthesis of quinazolines and its derivatives. The
quinazolines are nitrogen-rich cyclic compounds that can be
associated with a variety of pharmacological activities.”> Recent
protocols for quinazoline synthesis are well known, but these
protocols have some challenges, such as catalyst solubility and
by-product formation. For the first time, a polymeric catalyst
is utilized for the multi-component one-pot synthesis of
quinazoline. The model reaction is between amino aryl ketone
and aryl aldehydic system. After optimizing the conditions

H
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(ethanol solvent, 60 °C reflux), a wide range of aldehydic
systems were considered. From the yields obtained, it was
observed that electron-withdrawing groups favor the reaction
more than electron donors. The active site responsible for
catalytic activity in the polymer was determined by converting
benzaldehyde using the catalyst CTP-08 and TAPT building
block. TAPT, being a homogenous catalyst, transforms benzal-
dehyde to quinazoline along with by-products. CTP-08, being a
heterogeneous catalyst, selectively forms quinazoline. This
suggests that the -NH group drives the transformation. CTP-
08 can be reused for six cycles with agreeing results, opening a
door for the applicability of porous polymers in multicompo-
nent reactions.

Selenium is essential in the formation of many biologically
functioning molecules as well as intermediates in many reac-
tions. As a result, the coupling of C-Se bonds is crucial for
chemists and biologists.”® Yadav et al. published a report in
2020 about a new polymer, CTP-09 synthesized (Fig. 15)
from cyanuric chloride and guanidinium hydrochloride.®®
Later, nickel nanoparticles were added to this polymer to
enhance its catalytic ability. Polymeric particles possessed a
sponge structure with amorphous ordering and surface area
(81.04 m> ¢~ ) and pore dimensions of 1.67 nm. The polymer
supports the nanoparticles and can help synthesize diaryl
selenides from haloalkanes using inexpensive selenium powder
in benign aqueous solvents in room conditions within a short
duration. The conditions for the coupling reaction were opti-
mized using the model reaction of iodobenzene with selenium.
10 mg of polymer catalyzes the reaction in the presence of
potassium carbonate as the base at room conditions for 3 hours
in aqueous DMSO conditions (1:1). The substrate scope was
studied extensively, as aryl chlorides failed for the reaction. Aryl
iodides give high yielded organoselenides compared to aryl
bromides. The yield of the reaction was independent of the
reactants’ nature, whether electron donating or withdrawing
groups were present. The uniform confinement of nickel nano-
particles on the N-rich stable framework leads to the overall
efficiency of this heterogeneous catalyst.

Benzimidazoles represent a critical starting point in the
development of drugs with various biological activities. These
nitrogen-rich aromatic compounds are often employed to create
different functional materials. However, traditional methods of
synthesizing benzimidazoles from aldehydes and 1,2-phenylene-
diamines have certain shortcomings. Aswathy et al. have over-
come these difficulties by using a porous polymer as a catalyst.®”
This catalyst polymer unites reactants while activating the alde-
hyde by providing binding sites for hydrogen bonding. As a result,
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Fig. 15 Scheme for synthesis of CTP-09.
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Fig. 16 Scheme for synthesis of CTP-10.

aryl-substituted benzimidazoles and their derivatives can be
synthesized at room temperature. The catalyst, CTP-10 was
synthesized from cyanuric chloride and triamine-derived pyrimi-
dine (Fig. 16), resulting in a low surface area (58.12 m*> g ') due to
the disorderly arrangement of layers (amorphous) with irregular
pores (11.8 nm). Benzaldehyde and o-phenylenediamine were
utilized as a model system to evaluate the efficacy of the catalyst,
and its necessity was demonstrated by the fact that in its absence,
the reaction proceeded without any yield but with the generation
of unnecessary byproducts. In the presence of the catalyst, the
yield improved due to the enhancement of basic nitrogen sites
that promote the forward reaction. The substrate scope was also
studied, and it was found that electron-deactivating groups
yielded better results than electron-rich substituents. The catalyst
can be reused for up to five cycles while retaining its activity. The
reaction’s mechanism was proposed and supported by computa-
tional approaches.

4.1.1.2. Hydrogen generation. Hydrogen is a promising
energy source crucial for a sustainable and growing population.
However, the challenge lies in the storage of hydrogen, which
can be pretty tricky. Methanol reduction of ammonia borane is
an attractive solution, as it can produce three equivalents of
molecular hydrogen.

Recently, Li et al. developed a new framework, CTP-11
(Fig. 17) by combining cyanuric chloride and piperazine.®® They
then immobilized rhodium metal within the framework to create
Rh/CTP-11. This approach helps prevent further leaching and
agglomeration of the metal, reducing the catalytic efficiency. The
polymer demonstrated a amorphous stacked structure with a
superior surface area of 369 m”> g~ (pores of 3.7 nm). Compared
to metal nanoparticles, the framework is smaller and has exposed
active sites for catalysis. However, pure framework CTP-11 was
unable to catalyze the reaction. Only the rhodium-confined frame-
works exhibited methanolysis at the highest rate compared to
other reported catalysts. Additionally, Rh/CTP-11 can be reused up
to five times, making it an environmentally friendly option. One of
the significant advantages of this framework is its ability to

N

( c ()

I s S

N o vl ji\)N\
(NN

piperazine

Fig. 17 Scheme for synthesis of CTP-11.
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Fig. 18 Scheme for synthesis of CTP-12.

operate at low temperatures, making it suitable for use even in
cold-weather countries.

4.1.1.3. Carbon dioxide utilization. Carbon dioxide emission
impacts the atmosphere in terms of climate change, leading to
global warming. It is essential to convert these gaseous mole-
cules into value-added products. The cyclic addition of electro-
philic carbon dioxide with basic epoxides generates carbonates,
useful intermediates in chemical industries. However, a suita-
ble catalyst is required to perform this reaction.

A breakthrough to mitigate the impact of carbon dioxide
emission was achieved in 2018 by Liu et al., who designed a novel
hydrazine-linked triazine polymer (CTP-12) that can capture CO,
with remarkable efficiency.®* This polymer was synthesized from
nitrogen-rich monomers, cyanuric chloride, and 2,4,6-trihydrazinyl
1,3,5-triazine via nucleophilic reaction (Fig. 18). These CTP illu-
strated amorphous nature existing in aggregate forms. Despite
having a low porous nature (pore volume of 0.28 cm® g™') and
reduced surface area (51.2 m* g~ ), CTP-12 exhibited an efficiency
of 1.86 mmol g ' or 8.2 weight (%) in capturing CO, at zero
degrees Celsius and 0.1 MPa conditions. This efficiency remained
consistent for up to five cycles. One of the significant challenges of
converting CO, into valuable substances is its stability and unreac-
tive nature. However, combining it with epoxides can form cyclic
carbonates that are synthetically important. CTP-12 is a catalyst
that can help in this conversion process when combined with a co-
catalyst, tetra-n-butylammonium bromide (TBAB), in a solvent-free
medium. To optimize this conversion, a model system was used,
which consisted of 2-ethyloxirane, CTP-12, and TBAB. Whether
the epoxides are terminal or internal, this polymer can catalyze
different substrates with various functionalities. This makes CTP-
12 an efficient, recyclable, heterogeneous catalyst for carbon
dioxide conversion. Hydrazine linkages in this polymer give it a
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Fig. 19 Scheme for synthesis of CTP-13 and CTP-13-IM.
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dual nature, enabling it to adsorb carbon dioxide and activate the
epoxides for further conversion.

Dai et al. constructed a heterogenous catalyst-based polymer,
CTP-13 from cyanuric chloride and phenylene diamine (Fig. 19),
which was later modified with a carbonyl-rich imidazolium
derivative (CTP-13-IM). The structure of CTP shows a amorphous,
flower shaped network with a reduced BET surface area from 35.4
to 16.6 m*> g " and a changed pore size from 14.46 to 17.47 nm
due to functionalization. Despite having a low surface area, CTP-
13-IM exhibited a comparable adsorption capacity to CTP-13,
highlighting the impact of the modification.*® Additionally,
CTP-13-IM had no capture for nitrogen, promoting its selectivity.
In the presence of epichlorohydrin (an epoxide), the reaction was
catalyzed five times more efficiently by CTP-13-IM than by CTP-13,
After optimizing the reaction conditions for catalysis, the polymer-
catalyzed reaction proceeded with excellent yields. Electron-
withdrawing epibromohydrin and propylene oxide produced the
corresponding carbonates with over 90% yield. CTP-13-IM out-
performed existing catalysts with five efficiency cycles in short-
duration catalysis despite having similar yields in some instances.
The nitrogen flanked by two acidic protons in imidazole activates
the epoxides towards cyclizing further, directing the reaction.

4.1.2. Electrocatalyst. Table 2 lists the CTPs (cyanuric
chloride with different linkers) as an effective electrocatalyst
with their surface properties.

4.1.2.1. Nitro reduction and water splitting. In 2016, Gopi and
his co-workers adopted a nucleophilic substitution strategy to
build a microporous framework, CTP-13 by selecting triazine-rich
cyanuric chloride and benzene 1,4 diamine in an alkaline
medium.”” The framework has a low surface area of 34 m” g~ %,
likely to be the combination of macropores and mesopores
(14.2 nm) (Fig. 19). The filamentous morphology and amorphous
pattern characterize the framework. They examined the electro-
catalytic activity for synthesized CTP-13: electrocatalytic reduction
of nitrobenzene (reduction of toxic nitrobenzene finds a way for
its safe disposal and synthesis of other starting materials) and
electrochemical oxygen evolution (hydrolytic process) based on
cyclic voltammetric studies. The activity is compared with a
standard glassy carbon electrode (GC). Regarding the reduction
of nitrobenzene, the synthesized framework resembles the per-
formance of the GC electrode. Usually, the oxygen evolution
process involves expensive metals like platinum. The modified
electrode performed better than the GC electrode but not as the
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Table 2 List of CTPs (cyanuric chloride with different linkers) as an effective electrocatalyst with their surface properties

S. No. CTP Different linkers Catalytic reaction Surface area (m*> g~ ") Ref.

1 CTP-13 1,4-Phenylenediamine Reduction of nitrobenzene 34 77
Oxygen evolution

2 CTP-13 1,4-Phenylenediamine Reduction of nitro compounds 32 78
Water splitting

3 CTP-11 Piperazine Oxygen reduction 578 79

4 CTP-14 Phloroglucinol 1,4-phenylenediamine CO, reduction 38 80
Water splitting

5 CTP-15 o-Tolidine CO, reduction >40 81
Water splitting

6 CTP-05 Tetra(p-amino phenyl)porphyrin Hydrogen generation 311.6 18

7 CTP-16 Phthalocyanine Sensing of nifedipine by its oxidation <10 82

metal catalyst. The efficiency of the material can be improved by
either carbonizing (enhancing the surface area), composite for-
mation, or adding dopants as a future scope.

In 2022, Rajagopal created an electrocatalyst for water splitting
and nitro reduction by CTP-13 (Fig. 19). This was achieved by
integrating gold nanoparticles Au@CTP-13, which increased the
material stability and directed the catalysis on the metal surface.”®
They synthesized different composites (Au@CTP-13-1 to 4) by
varying the chloroauric acid concentration from 5 x 10™* M to
2 x 107% M. These composite structures resembled amorphous
graphitic carbon with embedded spherical gold particles, posses-
sing mesopores and a surface area of 32 m> g~ '. CTP-10 alone
showed no catalytic activity towards nitro reduction, but when
incorporated with nanoparticles, it exhibited electrocatalytic
activity to reduce 4-nitrophenol and 4-nitroaniline in the presence
of NaBH,. The water splitting ability was also evaluated using
these gold-embedded polymers in alkaline conditions. In all cases,
Au@CTP-13-2 outperformed the other polymers as an efficient
electrocatalyst for nitro reduction and water splitting.
4-Nitrophenol and 4-nitroaniline were reduced to corresponding
amines within 20 and 14 minutes, respectively. Oxygen and
hydrogen evolution was observed at 288 mV and 184 mV over-
potential, respectively, at a current density of 50 mA cm >
This efficiency can be attributed to the improved stability and
redox active site driving the oxygen generation from peroxide
intermediate by lowering the binding energy for hydrogen. The
rate is expedited by the faster electron transfer between the gold
nanoparticle and polymer. Furthermore, a 2-electrode system
using Au@CTP-13-2 was designed to facilitate water splitting and
was observed to be stable in an alkaline medium with a current

density of 10 mA cm™ >,

4.1.2.2. Oxygen reduction. Chen et al. have developed a new
catalyst called Co/N-CTP-11, which can replace the expensive
platinum catalyst in oxygen reduction conversions (ORR). The
CTP-11 catalyst is made by polymerizing cyanuric chloride and
piperazine (Fig. 17), then coordinating with cobalt through the
basic nitrogen atoms.”® It is later carbonized to form cobalt-
nitrogen-doped porous polymeric sheets. The polymerization
resulted in flower shaped sheet morphology with smooth
homogeneous macropores, with specific surface areas of
117 m* ¢~ ' and pore size of 1.8 nm. Carbonization improved
the surface area to 426 m> g~' as in CTP-11-2-900. Pyrrolic

9186 | Mater. Adv, 2024, 5, 9175-9209

nitrogen is formed during the carbonization, which favors the
active binding site for cobalt ions, and pyridinic nitrogen, and
graphitic nitrogen, which favors the reduction catalysis. The
researchers varied the quantity of cobalt ions and carbonizing
temperature, represented by Co/N-CTP-11-x-T. They found that
Co/N-CTP-11-2-900 had better porous properties and high Co
and N contents. In a peroxide-saturated alkaline electrolytic
medium, there was an oxygen-reducing peak around 0.79 V,
which encouraged further study of Co/N-CTP-11 as an electro-
catalyst. The researchers compared the catalytic ability of Co/N-
CTP-11-2-900 with the standard expensive platinum/carbon
catalyst (Pt/C) often used in oxygen reduction. Co/N-CTP-11-2-
900 exhibited a half-wave potential of 0.835 V and a limiting
diffusion current density better than the Pt/C catalyst. Further-
more, this reduction reaction is a four-electron-based kinetically
controlled reduction. The acid-based catalytic performance of
Co/N-CTP-11 was worse than the Pt/C catalyst, but it performed
better in a methanol medium with an inevitable tolerance. The
uniformly dispersed Co and nitrogen contributed to the superior
performance of Co/N-CTP-11 towards ORR.

4.1.2.3. Carbon dioxide reduction and water splitting. In 2019,
Rajagopal et al. developed a polymer-modified glassy carbon
electrode (CTP-14/GC) using CTP-14 (Fig. 20), which is made up
of cyanuric chloride crosslinked with phloroglucinol and pheny-
lene diamine linkers.*® This polymer was then carbonized at
different temperatures, resulting in CTP-14, CTP-14-500, 700,
and 900, with improved surface areas of 38, 93, 201, and
304 m® g, respectively. Although carbonization increased the
carbon content, it also led to increased disorder and a low porous
nature. The materials exhibited an amorphous nature with irre-
gularly shaped morphology. The study evaluated the performance
of the material as an electrocatalyst for carboxylation and water
splitting. In both cases, the carbonized polymer was found to
be better than the normal polymer. In reducing carbon dioxide,
the model system 4-bromoacetophenone was considered, which
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Fig. 20 Scheme for synthesis of CTP-14.
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exhibited one reduction wave, where the radical carbanion formed
by the reduction of the carbonyl moiety was attacked by CO, to
form the corresponding carboxylate anion at a potential of
—1.27 V and a current density of 1.46 mA cm™ 2, characteristic
to CTP-14-700. For the water-splitting application, CTP-14-900
surpassed other polymers in the hydrogen evolution reaction with
an onset potential of —0.23 V at a current density of 183 mA cm ™.
CTP-14-700 proved better in the oxygen evolution process with an
onset potential of 1.66 V and a current density of 148 mA cm 2.
The difference in electrochemical activity is due to the presence of
electroactive pyridinic-N, pyrrolic-NH, and quaternary charged
nitrogen species, along with a large electrochemically active sur-
face area for CTP-14-700, favoring them for oxygen evolution.
Quaternary N is absent in CTP-14-900, where pyrrolic-NH and
pyridinie-N are responsible for hydrogen evolution.

In 2022, the same group explored the utilization of metal
oxide-incorporated polymers as electrocatalysts in carboxyl-
ation and water-splitting reactions. They discovered that copper
electrodes can convert propylene oxide to produce the corres-
ponding carbonate by carboxylation.®” CTP-15 was synthesized
from cyanuric chloride and o-tolidine (Fig. 21). They also
observed that triazine N aids in binding metal ions through
coordination. Additionally, CTP-15 was incorporated with oxi-
des of copper, nickel, and mixed copper-nickel nanoparticles.
CTP-15 possesses a partially crystalline structure with a graphi-
tic arrangement of atoms and a spherical morphology, while
the morphology changes to flaky clusters when decorated with
metals such as copper and nickel. The surface properties of the
polymers also varied with the addition of metals, with Cu-CTP-
15 exhibiting a surface area of 54 m*> g~ ' and Ni-CTP-15 a
surface area of 45 m”> g '. Upon assessing the electrocatalytic
performance of these polymers for carboxylation and water
splitting, it was observed that Cu-CTP-15 demonstrated super-
ior performance for carbon dioxide reduction (with an onset
potential of —2.18 V and a current density of 1 mA cm™>) and
hydrogen evolution (with an overpotential of 115 mV and a
current density of 10 mA cm™?). This was attributed to the high
surface-to-volume ratio and the availability of active sites due to
the oxidation of copper to its oxide form. Conversely, Ni-CTP-15
was found to be a better catalyst for oxygen evolution, exhibiting
an overpotential of 2900 mV and a current density of 10 mA cm 2.
The presence of a secondary NH group was thought to contribute
to this characteristic. Interestingly, the researchers also noted
that incorporating mixed metals resulted in moderate behavior
in water-splitting reactions.

4.1.2.4. Hydrogen generation. Metalloporphyrins are exten-
sively studied as catalysts for hydrogen and oxygen evolution
processes.®> However, owing to low stability and lack of active
sites, metalloporphyrins can be integrated into solid polymers
to improve efficiency. The generation of hydrogen, our future
energy source, is one of the hot topics due to the depletion of
fossil fuels.®® In 2023, Duo et al. incorporated N-rich cobalt-
based tetra-(p-aminophenyl)porphyrin and cyanuric chloride
(Fig. 10), forming a triazine polymer CTP-05 for hydrogen
generation.”® As an electron deficit system, cyanuric chloride

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Scheme for synthesis of CTP-15.

forms an electron donor-acceptor moiety with porphyrin,
improving the electronic properties. CTP-05 is characterized
by a mesoporous surface (pore size of 3.6 nm) with a large BET
area (311.6 m* g~ "), enhancing the catalytic ability. The parti-
cles existed as aggregates of irregular shaped particles. CTP-05
surpasses the existing electrocatalyst by reaching the highest
current density of 10 mA cm > within a low over-potential of
150 mV and 210 mV in acidic and alkaline medium, respec-
tively. Even though the results in the acidic and basic mediums
agree regarding a smaller Tafel slope, 100% faradaic efficiency,
10 hours to reach current density, and low charge flow resis-
tance, hydrogen evolution activity is more pronounced in acidic
than in the basic medium. Thus, future research will focus on
increasing the scalability of other porphyrin-based CTPs for
water-splitting protocols.

4.1.2.5. Oxidation of nifedipine. Recently, people suffering
from high blood pressure have increased, leading to heart
diseases and even death. To treat hypertension, doctors often
use a drug called Nifedipine, which is an antagonist. Follow-
ingly, a group of researchers led by Liu has developed a new
electrochemical sensor (Fig. 22) that uses a unique polymer,
CTP-16 made from an electron-rich aluminum-bonded hetero-
cyclic phthalocyanine and an electron-deficient cyanuric
chloride.®” These polymer existed as aggregate particles of
uniform distribution (amorphous arrangement) with negligible
surface area less than 10 m* g~ '. This polymer can effectively
detect nifedipine, which has electrochemically active properties
due to redox functional groups nitro and dihydropyridine.
Phthalocyanines are macrocyclic structures with four N in the
isoindole units that can coordinate with different metals,
forming complexes with high charge transfer ability. They are
usually bridged with electron deficit building blocks like cyanuric
chloride to enhance their properties, which can extend to form
polymers. The researchers fabricated three different electrodes to
compare the efficiency of their work. These included a commer-
cial glass electrode (GE), a modified GE with an aluminum-
bridged amine derivative of phthalocyanine (AlTaPc/GE), and a
polymer CTP-16/GE. They found that the polymer-derived elec-
trode exhibited the highest current and lowest resistance. The
presence of an anode peak and the absence of a peak in reverse
scanning indicates that the oxidation of Nifedipine seems to be
irreversible (Fig. 23). The oxidation of Nifedipine is the basis of
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Fig. 22 Scheme for synthesis of CTP-16.

sensing and underscores the CTP-16 electrode’s sensitivity and
selectivity compared to existing literature.

4.1.3. Photocatalyst

4.1.3.1. Solar fuel generation. The level of CO, emissions is
increasing daily, which can have severe consequences on our
environment. Using carbon resources for future fuel is a
promising avenue for research. Yadav et al. have dedicated
efforts to design a new synthetic approach for polymers, CTP-17
(Fig. 24) that involve cyanuric chloride and perylene imide.®
Structural studies indicated a crystalline nature of sheet-like
mesoporous structures of dimensions 3.9 nm. They have also
utilized a novel approach by using these CTPs as a photocatalyst
for generating solar fuel from carbon dioxide. The ability of
perylene as a light harvester is used to mimic naturally occurring
photosynthesis. The CTP, along with the monomer synthesized,
was coated thrice on a polyimide sheet to generate the thin film of
the photocatalyst. To study the efficiency of generating solar fuel,
they have compared the ability of the polymer CTP and monomer
as photocatalysts based on NADH regeneration and formic acid
formation. Surprisingly, the CTP catalyzed better than the mono-
mer, almost four times. This is because of the conjugated
electron-rich structure and ordered stacking of the polymer,
which endures throughout charge transport. The model system
consists of CTP as a photocatalyst and Rh complex, along with
NAD", water, and carbon dioxide. The process is initiated with
electron excitation in FMO of CTP followed by further transfer to
Rh complex. The reduced Rh complex on protonation in water
reduces NAD' to NADH, thus regenerating NADH. This, in turn,
helps formic acid formation from carbon dioxide. They studied
the stability of CTP, which may undergo dissociation, forming
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Fig. 23 Plausible oxidation mechanism of nifedipine (NIF) at pH 7.
Adapted from ref. 82 Copyright 2024 Elsevier.
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formic acid in addition to CO,. Supporting this, they experimen-
ted with catalyzation without carbon dioxide. They even per-
formed the reaction without CTP, without a source of sunlight,
without Rh complex, and NAD". In all the cases, no formic acid
formation was observed, which agrees with the stable nature of
CTP. They obtained more than a 96% yield for formic acid and the
regeneration ability of NADH, with three cycles of reusability. This
opens the future scope of the ability of CTPs as a photocatalyst.

4.1.3.2. Aerobic oxidation. A group led by Wu recently
designed a metal-free catalyst for photolytic aerobic oxidation
of benzylamine and sulfides that form sulfoxides and imines,
which are crucial for synthetic reactions.’® The catalyst was
generated from cyanuric chloride and polarizable bipyrazoles
of benzene, furan, and thiophene, named CTP-18, CTP-19 and
CTP-20 (Fig. 25). The as-made polymer was composed of porous
graphitic (flakes) structure with amorphous nature. The goal of
this work is to enhance the absorption of visible light by
introducing extended conjugation with characteristic band
gaps. Incorporating bipyrazole derivatives adds to its dipole
moment, which can alter optical and electronic properties with
efficient charge separation and transfer. The photocatalytic
performance of thioanisole and benzylamine was studied,
and it was found that CTP-20, which is rich in thiophene,
exhibited better photocatalytic activity due to its high degree of
polarization, resulting in charge separation and transfer. In
addition to this, CTP-20 has a high ability to generate reactive
oxygen species (superoxides and singlet oxygen) with small
energy of dissociating electron-hole pairs into mobile charge
carriers. CTP-20 can be reused with comparable activity for
three cycles.

0.0 N—5

O”"N" "0

perylene diimide

Fig. 24 Scheme for synthesis of CTP-17.
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Fig. 25 Scheme for synthesis of CTP-18, CTP-19,and CTP-20.

4.2. Pollutant removal

Table 3 lists the different CTPs having cyanuric chloride as the
scaffold, along with their adsoption capacity towards different
pollutants in the environment and surface area.

Rapid urbanization and industrialization result in dischar-
ging pollutants into water, which has no other substitutes.
These pollutants vary from inorganic contaminants like heavy
metal ions and radioactive nuclides to organic pollutants like
dyes, pesticides, and aromatic hydrocarbons.? They are highly
soluble, non-biodegradable, and persist in our environment.
They are highly toxic and induce harmful effects on living
organisms.’® On the other hand, available fresh water is scarce.
Finding a suitable material for removing these pollutants from
water is challenging. Recently, porous materials have been
widely used for this application.

4.2.1. Removal of organic pollutants. Detoxification of
colorless and odorless fumigants in agricultural production is
rarely reported compared to other pollutants. Tang et al. have
developed a wearable detoxifying CTP to remove these toxic
carcinogenic fumigants.”” CTP-06 was made from cyanuric
chloride and melamine (Fig. 12) and was nucleophilically
grown on a cotton fiber (SAFE-cotton) for practical applications.
The CTP prepared by this method possesses a high specific
surface area (598.2 m”> g '; 6.07 nm), good stability, and
amorphous ordered spherical particles. To test the effectiveness
of CTP, they used methyl iodide as a representative fumigant
and compared the performance of cotton fiber, SAFE-cotton,
and CTP-06. Surprisingly, both CTP-06 and SAFE-cotton per-
formed similarly, achieving equilibrium within 1 minute. No
adsorption was observed for pure cotton fiber. The experiment
was extended to other fumigants, which also showed similar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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results. Further analysis of methyl iodide in all concentrations
was studied. It was found that SAFE-cotton adsorbs less than
CTP-06, with storage for up to 1 day. An observable color
change (pale yellow-brown) was also noted during adsorption.
The nucleophilic basic N in CTP-06 and the alkylation of
triazine N by fumigants play a role in detoxification. The
reusability of CTP-06 was also demonstrated, as it could be
used for up to five cycles.

Kojo et al. undertook a study to create a new polymer by
combining cyanuric chloride and polycyclic aromatic systems,
namely anthracene and phenanthrene. This polymer was later
modified by introducing amide and imine functionalization by
oxidation, resulting in two different polymers (Fig. 26): CTP-21
and CTP-22.%® Modifying the polymer increased the interplanar
spacing and surface polarity, making it an ideal adsorption
material. Both the CTP was analyzed with amorphous nature.
Both CTP-21 (768 m*> g™ ') and its oxidized form (660 m> g™ ")
existed as rectangular aggregates whereas CTP-22 (165 m* g~ )
and its oxidized form (93 m?> g~ ') as spherical aggregates. To
test the effectiveness of the new polymer, the emerging pollu-
tants, bisphenol A, bisphenol S, and naphthol, were selected.
The results showed that both polymers could adsorb the
pollutants better than existing adsorbents. Interestingly, CTP-
21 performed better than CTP-22 despite the latter having
higher surface properties. Naphthol was found to be the most
easily absorbed out of the selected pollutants. They found that
the CTPs exhibited four times reusability with a chemisorbed
interaction with a 1:1 complexation between the adsorbent
and adsorbate. The adsorption was mainly due to the m-n
interaction and H bonding possibility endured by imine nitro-
gen and amide oxygen (Fig. 27). Overall, these CTPs have the
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Table 3 List of different CTPs of cyanuric chloride along with their adsorption capacity towards different pollutants in the environment and surface area

S.No. CTP Different linkers Adsorbate Adsorption capacity (mg g~ ')  Ref.
1 CTP-06 Melamine Methyl iodide 596.88 87
2 CTP-27 (Trimidazolyl phenyl)amine Oxoanions (chromate, rhenium oxide) 396, 441.6 3
Dyes (methyl orange) 300
3 CTP-21  Anthracene Bisphenol A 247 88
CTP-22  Phenanthrene Bisphenol S 249
Naphthol 376
4 CTP-06 Melamine Dyes (Congo red) 1581 89
5 CTP-11  Piperazine Isopropanol 165 90
CTP-23  Spiro linker
6 CTP-11  Piperazine Rhodamine B 153 91
7 CTP-28 Triphenyl methane Basic blue 41 631 53
Basic red 46 580
8 CTP-06 Melamine Direct scarlet 4 BS 215.28 5
9 CTP-24  Spiro fluorene Benzene/cyclohexane 878 92
CTP-25  Triptycene 441
CTP-26  Phenyl derived adamantane
10 CTP-29  Carbazole derivative Iodine vapour 46gg ! 93
Iodine from cyclohexane 293 mg g "
11 CTP-30  Trihydrazinotriazine Iodine from cyclohexane 340 94
Perylene 3,4,9,10 tetracarboxylic dianhydride
12 CTP-31  Tris(4-aminophenyl)amine Iodine vapour 4.62gg " 95
13 CTP-32 Diphenyl acetylene Iodine vapour 512gg" 47
Todine from n-hexane solution 667 mg g "

potential to be further exploited for other pollutants due to
their excellent adsorption capabilities.

Isopropanol is a type of volatile organic compound (VOC)
that is considered an emerging pollutant. It is extensively used in
semiconducting semiconductors, making it a significant environ-
mental concern. To tackle this issue, Lu and his team led a study
synthesizing a triazine-rich polymer CTP-23 using a mixed linker
protocol made from cyanuric chloride, linear piperazine, and
nonlinear spiro molecules (Fig. 28) as linkers.”® They utilized
multiple linkers to break the regular stacking of polymers, which
improved the surface properties and exposed the binding sites,
allowing for better interactions. Two types of polymers were
synthesized, namely CTP-11 from cyanuric chloride and pipera-
zine (Fig. 13) and CTP-23 by incorporating both linkers. BET
results showed that CTP-11 had a low surface area (302.3 m® g ')
but better carbon dioxide adsorption capacity than CTP-23 (458.8
m?® g~ '). CTP-23 had larger pores (1.2-2 nm), which reduced the
effective interaction of gas compared to CTP-11. The particles
existed in aggregate forms with amorphous ordering. Five VOCs,
including isopropanol at 800 and 1000 ppm concentrations, were
tested for their adsorption performance. The adsorption primarily
depended on the molecular diameter, polarity, and extent of
hydrogen bonding. At 800 ppm, toluene was found to be better
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Fig. 26 Scheme for synthesis of CTP-21 and CTP-22.

Phenanthrene
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adsorbed than the other VOCs due to its larger diameter, which fit
well in the pores of the polymer. At 1000 ppm, isopropanol was
found to be better adsorbed due to its hydrogen bonding ability.
The polymer developed can be reused up to five times, making it
an excellent solution for semiconductor hubs. This study high-
lights the importance of incorporating spiro derivatives to
improve adsorption.

Separating benzene/cyclohexane mixtures poses a signifi-
cant challenge for chemical industries due to their similar
boiling temperatures and the formation of azeotropes. How-
ever, these molecules are critical in various reactions as they are
the primary starting materials. Therefore, it is imperative to
develop effective adsorption and separation techniques. In this
regard, Yan et al. have designed a polymer for this purpose that

“HO_S
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Fig. 27 Adsorption mechanism of CTP-18 towards the organic pollutants:
bisphenol-A, bisphenol-S, and naphthol. Adapted from ref. 88 Copyright
2022 Elsevier.
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Fig. 28 Scheme for synthesis of CTP-23.

is synthesized from cyanuric chloride (Fig. 29) combined with
spiro fluorene, triptycene, and phenyl derivatives of adaman-
tane, which are labeled as CTP-24, 25, 26 respectively.”> The
polymerization resulted in amorphous nature with aggregation
of rough surface spherical particles. CTP-24 and CTP-25 exhib-
ited micropores with surface area of 371 and 452 m” g~ " with
pore dimensions of 0.7 and 0.56 nm. CTP-26 possessed both
micro and mesopores (1 nm and 4 nm) with surface area of
154 m® g ' To investigate the adsorption behavior of this
polymer, the researchers employed a sorption isotherm and
examined a benzene/cyclohexane/helium mixture. The results
showed that all CTPs exhibited better benzene uptake than
cyclohexane, attributed to the m-m interaction between the
polymer and the aromatic benzene, which is substantially less
in non-aromatic cyclohexane. Furthermore, the critical tem-
perature (Tc) was crucial in this process. Benzene, having a
higher Tc than cyclohexane, was significantly adsorbed. Never-
theless, the uptake of both vapors was more refined than that
reported in previous studies. Regarding vapor uptake, CTP
followed CTP-24 > CTP-25 > CTP-26. This phenomenon can
be due to the decrease in pore volume from CTF-24 to 26 due to
a reduction in the number of aromatic systems, including

triazine and benzene. They also studied the selectivity of the
vapors and found that CTF-26 > CTF-25 > CTF-24. This
surprising result can be attributed to the decrease in molecular
volume from the spacious adamantane system to the sterically
hindered spiro fluorene.

4.2.2. Removal of oxoanions and dyes. Neutral POPs are
more explored than charged POPs for different applications. In
2021, Jiao et al. introduced the concept of quaternization for
developing a charged CTP (CTP-27) from cyanuric chloride and
tri(imidazolyl phenyl)amine (Fig. 30), followed by the addition
of benzyl bromide for inducing charge to the polymer.?
Presence of hierarchical pores was identified with surface area
of 274 m* ¢~ * and amorphous nature. The quaternization of N
in the polymer enhanced the surface potential, as evidenced by
zeta potential data. Thus, anions are more likely to interact
strongly with polymers through electrostatic force. At higher
pH, interaction reduces due to negative surface potential. The
adsorptive capacity of oxo-anions was investigated with
Cr,0,°7, ReO, , and MnO,  along with interfering anions.
Interestingly, adsorption was least affected by interfering
anions, and CTP-27 has selectivity towards MnO, . Three
anionic dyes, including methyl blue, cargo red, and methyl

N

triptycene

| |

CTP-24

Fig. 29 Scheme for synthesis of CTP-24, CTP-25, CTP-26.
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Fig. 30 Scheme for synthesis of CTP-27.

orange, were considered, along with cationic dyes (methylene
blue, rhodamine B). Anionic dyes (preferably methyl blue and
Congo red) were adsorbed to a greater extent than cationic dyes.
Adsorption of anionic pollutants is directly correlated with the
temperature of the medium. pH of the solution was lowered
after adsorption due to the exchange of Cl- and Br- in the
pores. CTP-27 exhibits better adsorption (single-layer Langmuir
isotherm) than the reported polymer, which can be reused for
three cycles. Adsorption of the polymer revolves around the ion-
exchanging capacity of pore-filled CI™ and Br, strengthened by
electrostatic forces. Besides, the pollutant’s charge and size
(volume occupied) affect the ion exchange. Thus, CTP-27 has a
distinctive ability to adsorb both oxoanions and anionic dyes
from water, which is rarely reported in the literature.

The researchers Wu et al. have created a porous polymer,
known as CTP-06, using affordable reactive monomers, cyanuric
chloride, and melamine, (Fig. 12) capable of adsorbing cationic
and anionic dyes.** These amorphous porous material possessed
a surface area of 670 m> g~ with pore distributed at 1.2 nm. The
adsorption phenomenon occurs due to the basic nature of nitro-
gen, triazine N, and amino N, as well as H bonding, which
interacts with the acidic interacting sites in the anionic dyes. To
produce different polymers, the researchers carbonized CTPs at
various temperatures. They also fabricated CTP into an aerogel
CTP-06/PVDF@MF, where CTP-06 is dispersed into PVDF and
suspended in melamine foam (MF) at varying concentrations to
produce different aerogels. The researchers found that the CTP-06
exhibited remarkable efficiency in removing anionic dyes, espe-
cially Congo Red, compared to cationic dyes, with Rhodamine B
being one of the best cationic dyes. The adsorption phenomenon
occurs due to the H donor-acceptor bonding and electrostatic
interaction, which plays a significant role in all pH conditions.
The researchers performed further in-depth studies on adsorp-
tion, which revealed that both dyes were chemisorbed multilayer
with a high affinity for Congo red. They found that size was less
significant in adsorption, with Congo red, which is bulkier than
Rhodamine B, showing better adsorption. These findings under-
score the impressive capabilities of the CTP in dye removal, which
is a significant contribution to the field. Further, the cooperative
effect of anionic dyes on cationic dye adsorption was analyzed,

9192 | Mater. Adv, 2024, 5, 9175-9209

and it was found that cationic dyes showed enhanced interaction
in the presence of Congo Red. The CTP prefers Congo red, which
can further interact with cationic dyes. Adsorption of Congo red
reduces the charge on the CTP surface, which can kindle the
interaction towards cationic dyes. The effect of annealing of CTP
on adsorption was also studied, with symmetrizing amino N into
triazine systems reducing the adsorption capacity of anionic dyes.
They were able to regenerate the CTP six times with comparable
results. Further studies of the application of aerogel in adsorption
found that it exhibited better efficiency towards anionic dye
pollutants, with better adsorption when large amounts of CTP
were dispersed. The findings of this study suggest that CTPs can
help remove cationic and anionic dyes from wastewater.

Sanjabi et al. synthesized a CTP-11 from cyanuric chloride
and piperazine®® in 2023 (Fig. 17). These flower-shaped
nanosheet structures was characterized with porous surface
of 154.6 m> g~ " and size less than 50 nm and partial crystal-
linity. The polymer was more than 70% efficient in removing
different dyes from water (Fig. 31). Specifically, adsorption
characteristics (isotherm and kinetic study) for removing Rho-
damine B were studied. The adsorption matched with the
modified Langmuir-Freundlich model and fractal-like
pseudo-first-order model, indicating the heterogeneity of the
material. The reusability of the material was investigated (5
cycles), and it was observed that adsorption capacity decreased.
The material was effective in removing dyes from industrial
wastewater with the advantage of effective removal in neutral
pH under room conditions.

Taheri et al. designed and synthesized a triazine polymer,
CTP-28 using cyanuric chloride and triphenyl methane through
the Friedel-Crafts reaction in 2024 (Fig. 32). The resultant
polymer was post-functionally sulfonated with chlorosulfonic
acid and named CTP-28-SO;H.”> CTP exhibited amorphous
nature with surface area changed from 137.4 to 50.15 m* g~ "
due to sulfonation. The researchers evaluated its adsorption
ability towards two cationic textile dyes, Basic blue 41 and basic
red 46 (Fig. 33). CTP-28-SOzH efficiently removed these dyes
from aqueous media compared to unmodified CTP-28 due to
the abundant binding sites in the polymer contributed by
sulphonyl groups. Kinetic studies suggest that the polymer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 31 Changes during the adsorption before (a) and after (b) of different
dyes by CTP-11. Adapted from ref. 91 Copyright 2023 Elsevier.

follows either a pseudo-second-order or pseudo-first-order
model. The Langmuir isotherm model confirms the monolayer
adsorption ability from the thermodynamic studies. The
adsorption behavior is mainly contributed by the interaction
sites in the polymer from aromatic systems and sulphonyl
groups, facilitated by n-n interaction, H bonding, and electro-
static attraction between the dyes and the polymer. CTP-28-
SO;zH can be reused for three cycles and is superior to existing
polymers in removing these dyes.

Tadayoni and his team developed a magnetic porous adsor-
bent to remove Direct Scarlet 4BS, a widely used carcinogenic
dye in industries. Their approach involved coating iron oxide
nanoparticles on silica to create a magnetic core, which was
then functionalized with amine to react with cyanuric
chloride.” The free ends of chlorine reacted with melamine
(as in Fig. 12), and diamine-derived ethane was used to ensure
the complete conversion of chlorine atoms, resulting in
MNP@m-CTP-06. Structural analysis proved the CTP to be
spherical aggregates of porous particles (surface area of
11.39 m”* ¢~ " with 1.21 nm pores) with amorphous morphology.
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Fig. 32 Scheme for synthesis of CTP-28.

Triphenyl methane
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After optimizing the adsorption conditions, MNP@m-CTP-06
effectively adsorbed the anionic dye Direct Scarlet 4BS. At an
acidic pH of 3, MNP@m-CTP-06 removed the dye with 94%
accuracy compared to other adsorbents, following non-linear
kinetics that supported more diffusion-based adsorption (Fig. 34).
The dye was physically adsorbed onto the surface according to the
Konda isotherm model, indicating the presence of two binding
sites, one more active than the other. The binding property could
be attributed to the combined effects of electrostatic interaction
and hydrogen bonding. The presence of functionalized binding
sites (hydroxyl, azo, etc.) on the dye favored its effective removal and
was recycled for four turns.

4.2.3. Iodine capture. Nuclear energy is emerging as a
promising alternative fuel. However, nuclear power is gener-
ated through radioactive nuclide disintegration, including
long-life nuclides like iodine and its isotopes, which pose risks
to humans and the environment. To mitigate these risks, it is
crucial to eliminate these nuclides, which can be accomplished
using porous polymers. Polymers that contain electron-rich
heteroatoms and a conjugated aromatic structure are essential
for adsorbing acidic iodine. Besides these, iodine is widely used
in healthcare to detect thyroid infections and screen displays.
So, capturing and reusing this iodine can reduce its environ-
mental impact.

Xu and his team have explored a new approach of using
polymers to capture iodine. They have also developed a way to
use the captured iodine to sequester carbon dioxide, contribut-
ing to global warming.”® The researchers synthesized three
polymers containing a carbazole moiety:CTP-29-RT, and CTP-
29. CTP-29-RT was developed by linking the carbazole mono-
mer at room conditions (Fig. 35). In contrast, different CTP-29
were created by changing the reaction conditions with cyanuric
chloride as the crosslinker. It exhibited hollow structure with
surface porosity of 640 m> g~ are and micropores distributed
over 0.7 and 1.3 nm. Room temperature conditions reduced the
surface area to 422 m> g~'. CTP-29 is unique in its ability to
capture iodine vapor (4.6 g g~ ') and iodine solution (293 mg g™ )
and is hollow in nature with high nitrogen contributed by
carbazole and cyanuric chloride with carboxyl functionalization
(during the hydrolysis of carbazole moiety) followed by C-CTP-29
and CTP-29-RT. The polymers can also catalyze the conversion of
carbon dioxide to carbonates due to their high nitrogen content.
The captured iodine acts as a co-catalyst for the cycloaddition of
the carbon source, resulting in high yields. Epichlorohydrin was
chosen to optimize catalytic activity. The iodine adsorbed as
polyiodide ions can interact with the polymer, converting carbon
dioxide to carbonates. The polymers follow the order of CTP-29
> C-CTP-29 > CTP-29-RT in both the capturing of iodine and
the conversion of carbon dioxide. They can be reused for up to
three cycles with considerable efficiency.

Recently, a porous polymer, CTP-30, was developed by
Esmaeiltarkhani et al. from the monomers 2,4,6-trihydrazino-
1,3,5-triazine and perylene-3,4,9,10-tetracarboxylic dianhydride.”*
The trihydrazinotriazine monomer was synthesized using hydra-
zine and cyanuric chloride (Fig. 36). The CTP-30 polymer has a
porous structure (nanorods with surface area of 475 m* g~ * and
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micropores at 1.64 nm) with semicrystallinity, and the presence of
perylene reinforces its stability rings with aromatic conjugation.
This makes it effective in adsorbing iodine, which is electron-rich
with heteroatoms. The adsorption isotherm studies follow the
Langmuir model with a monolayer interaction with iodine. CTP-
30 has excellent adsorption properties towards iodine from a
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Fig. 35 Scheme for synthesis of CTP-29.
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cyclohexane solution (340 mg g~ ') in three hours, outperforming
existing materials. The polymer can be reused for up to four
cycles. Iodine adsorption can occur via physisorption or chemi-
sorption. The porous nature of CTP-30 allows it to capture iodine
through physisorption. At the same time, chemisorption occurs
due to the formation of a charge transfer complex between iodine
and the functional groups in CTP-30, such as phenyl, -NH, and
imine linkages.

A polymer, CTP-31 was developed by Wang et al. that can
capture iodine (Fig. 37) by polymerizing trifunctionalized cya-
nuric chloride and aminophenyl-derived amine.>® The polymer
was analysed with sheet-like, amorphous structure with char-
acteristic high surface area of 328 m> g~ " and mesopores over
3.84 nm. The technique of gravimetric analysis was used to
study the application. Over 10 hours, the polymer had an
adsorption capacity of 4.62 g g~ for gaseous iodine due to
the interaction of iodine and polyiodide ions with basic nitro-
gen and conjugated phenyl systems. A color change was
observed, indicating the diffusion of iodine into the pores of
the polymer. The material also exhibited a good retention
capacity, allowing it to store iodine and capture it. The removal
capacity of iodine from cyclohexane and aqueous phase was
also investigated. The adsorption behavior in a liquid system
was characterized by multilayer chemisorption. The mecha-
nism can be explained as follows: the iodine molecules are

physisorbed into the pores and then converted to
o
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corresponding polyiodides facilitated by charge transfer com-
plexation with the polymer functionalized with phenyl system
and heteroatoms.

Pourebrahimi et al. developed and synthesized a porous
polymer to capture iodine using the Friedel-Crafts mechanism
with cyanuric chloride.”” They also used ethyne-derived diphe-
nyl (DPA) as the other monomer for the adsorbent (Fig. 38). The
resulting polymer possess sheet-like 2D structures and large
surface areas (943 m> g~' and pores at 2.49 nm) with amor-
phous nature. This polymer, CTP-32 showed the highest
adsorption performance for iodine in a vapor state and from
a solution (hexane). The researchers compared its performance
with an analog adsorbent CTP-34 with trans-stilbene (TS),

HN~~
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N
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Fig. 37 Scheme for synthesis of CTP-31.
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Fig. 38 Scheme for synthesis of CTP-32.
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ethene linked to phenyl rings (Fig. 40). CTP-32 (5.12 g g ')
showed better capacity in both gaseous and hexane media than
CTP-34 (3.75 g g ). Both adsorbents could be reused for up to
five cycles while retaining their adsorption ability. The effi-
ciency of the adsorbent can be attributed to its high surface
properties, high N hetero effect that enables better acid-based
interactive binding, and rich conjugated m systems that pro-
mote electrostatic interactions. The possibility of charge trans-
fer is also responsible for the adsorption. It is better to adsorb
iodine from the gaseous phase (667 mg g~ ') than from the
liquid phase since the vapor interaction happens at high
temperature, and there is a possibility of solvents getting
trapped in the porous adsorbent in the liquid phase. Surpris-
ingly, most of the iodine penetrated the pore in the form of
molecular iodine rather than polyiodide form. Therefore, CTP-
32 seems to be a better adsorbent for iodine and radio-nuclear
waste than the existing polymers.

4.3. Solid phase extraction

To separate and extract different compounds, the technique of
microextraction in the solid phase (SPME) is widely employed.
The extraction process relies on the relative distribution of the
pollutant between the sample solution and the fiber coating to
ensure effective extraction. The role of the fiber coating is
pivotal in this process. For example, accurately detecting drugs
and other metabolites in the human body is critical to legal
investigations and medical treatment. Recently, researchers
have utilized a microextraction technique involving thin films
created through the electrospinning method to conduct this
analysis.®”

Samira and her team have successfully developed a nanofilm
composite comprised of cellulose (CNC), a hydroxy-rich polysac-
charide, and a polymer known as CTP-33.%® The CTP-33 polymer is
synthesized from cyanuric chloride and an amino derivative of
naphthalene (Fig. 39), while the film is strengthened with poly-
ethylene glycol. The formed polymer possessed a certain degree of
order of spherical nanoparticles uniformly distributed with a sur-
face area of 4.5 m”> g~ . Both the polymer and CNC contain ample
functionalization to extract suitable molecules. In evaluating the
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Fig. 39 Scheme for synthesis of CTP-33.

thin film’s efficacy as a microextractor of imipramine, an antide-
pressant, the presence of aromatic rings, basic amino groups, and
hydroxyl groups played a pivotal role in extraction through hydro-
gen bonding and pi-pi interaction. The nanocomposite film out-
performed individual units of CNC and commercially used
cellulosic paper.

Polycyclic aromatic hydrocarbons (PAH) and their oxyge-
nated and nitrogenated derivatives are a group of emerging
pollutants known for their malignant nature. A recent study
conducted by Wang et al. focused on the design and synthesis
of an extraction fiber from porous polymer CTP-34, which was
later fabricated onto a stainless steel aided by silicone."® CTP-
34 is formed by polymerizing cyanuric chloride with the trans
isomer of stilbene (Fig. 40). They exhibited amorphous ordering
of sheet like structure with surface area of 919 m* g * and pore
size of 2.54 nm. The researchers studied the extraction effi-
ciency of the fiber for polyaromatic hydrocarbons and their
oxygen and nitrogen derivatives. The CTP-34-based fiber is rich

Trans-stilbene

Fig. 40 Scheme for synthesis of CTP-34.
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in conjugation, making pi-pi interaction a possible reason for
its efficient extraction. As the degree of conjugation increases
from naphthalene to anthracene, the extraction capacity of the
fiber improves. It was observed that PAH exhibited better
extraction from the mixture than their derivatives, which can
be attributed to hydrophobic interaction. The researchers also
conducted real water analysis and found that the CTP-34-based
fiber was more effective than the reported ones.

Chen et al. developed an organic-inorganic porous polymer,
CTP-35 by introducing a new concept of improving the avail-
ability of binding sites to enhance its applications (Fig. 41). To
achieve this, they introduced a sterically hindered monomer to
prevent stacking arrangement.’® Cyanuric chloride and bulky
building block POSS-P (an oligomer of silsesquioxane with
phenyl rings) were selected for this purpose. Due to steric
reasons, stacking layering is reduced, exposing the available
active sites for different interactions. It was analysed with a
nano-networked smooth structure with poor crystallinity.
Different frameworks (CTP-35-xy, x, and y are molar ratios of
monomers) were synthesized by varying the ratios of the build-
ing blocks, followed by heating to high temperatures to form
CTP-35-xy-C/Si. Heating reduces the pore characteristics along
with the active binding sites. CTP-35-161 possessed the highest
surface area of 578 m> g~ . Due to better porosity of CTP-35-81
(surface area of 464 m*> g~ '), the polymer with 8 moles of
cyanuric chloride and 1 mole of POSS-P was selected for further
studies. Both CTP-35-81 and CTP-35-81-C/Si were used as the
fiber coating in SPME to enrich benzene derivatives. CTP-35-81
exhibited better results than the heated polymer due to the
decrease in available sites for interaction. Of all the benzene
derivatives, the xylene derivative was enriched effectively.

A recent study led by Weng and their team resulted in the
development of an extraction membrane designed to enrich
endocrine-disrupting  nitrophenols and their derivatives
(Fig. 42). The membrane comprises a composite PAN@CTP-36,
created by first developing a amorphous polymer CTP-36 using
cyanuric chloride and triphenyl phosphane via the Friedel-Craft
mechanism.'® The polymer was then grown in situ on polyacry-
lonitrile (PAN) fiber to form the extraction membrane, confirming

Fig. 41 Scheme for synthesis of CTP-35.
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Fig. 42 Scheme for synthesis of CTP-36.

formation by using various techniques. SEM analysis confirmed
the color change of the particles from white to brown on
incorporating the CTP-36 on to PAN. After investigating the
extraction performance of individual PAN, CTP-36, and PAN@
CTP-36 towards different nitrophenols (Fig. 43), it was observed
that the PAN@CTP-36 unit performed the best. The team then
optimized various parameters and found that this composite
membrane could efficiently enrich the respective pollutant even
at minor concentrations. This is due to the combined effect of
hydrogen bonding, hydrophobic effects, and n-n interaction,
which are contributed by the chemical nature of the composite.
Real water analysis was conducted to study the membrane’s
practical applicability for removal.

Phthalate esters (PAEs) are commonly used in plastics and
food packaging films to provide flexibility and elasticity. How-
ever, elevated levels of PAEs have been found in humans and
can interfere with biological functioning. To address this issue,
Wang et al. used a technique called extraction using a coated
stirring bar (SBSE), followed by HPLC, to detect phthalate esters
and their derivatives.'® The researchers utilized porous poly-
mer CTP-37 to coat the stir bar (Fig. 44), which was developed
from cyanuric chloride and amine terphenyl derivative. The
polymer formed is amorphous with rough surfaced particles
having a porous surface area of 56.3 m> g~ '. After optimizing
the extraction conditions, CTP-37 was evaluated and compared

0.6
CC-TPS [l PAN@CC-TPS

0.0 | | | ‘ |

4-NP 3-N 2-NP  2-ME-4-NP 4-CI-3-NP

o ) o =3
» & S i

Concentration (mg/L)

=4

Analyte

Fig. 43 Extraction of nitrophenol derivatives by PAN, CTP-36(CC-TPS)
and PAN@CTP-36 (PAN@CC-TPS). Adapted from ref. 100 Copyright 2024
Elsevier.
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to existing extractors. The performance of CTP-37 -coated bars
was better than that of commercial extractors, likely due to the
abundance of conjugating phenyl rings and basic nitrogen that
interacted with the sample matrix through n-n interaction,
hydrophobicity, and hydrogen bonding. While the performance
of HPLC using CTP-37-coated bars was lower than that of
existing membranes, it was higher than that of extraction based
on mass spectrometry. The researchers analyzed mineral water
and liquor samples. They detected two PAEs, diethyl and
dibutyl phthalates, in mineral water, but no esters were found
in the liquor samples.

Nitrobenzene is a significant intermediate for many valuable
products available in the market. However, it can also be found
to be a pollutant with carcinogenic toxicity in water sources. To
extract nitrobenzene and its aromatic derivatives (NBs) in
SPME, Chang et al. developed an amphiphilic hypercross-
linked polymer, CTP-38, from lipophilic cyanuric chloride with
pyridine (Fig. 45).'°> CTP-38 polymeric particle exhibited an
amorphous nature with irregular flake-like structure. They were
characterized with a surface area of 371 m> ¢ and pores
distributed at 3.8 nm. The extraction was followed by flame
ionization coupled with gas chromatography. The researchers
fabricated this polymer into a fiber coating for the extraction
protocol. Since nitrobenzene is polar, the researchers utilized
suitable polar adsorbents to enrich it. After optimizing the
extraction conditions, the CTP-38 could extract NB from water
with low detection limits and high enrichment (Fig. 46). Among
the pollutants, dimethyl-derived nitrobenzene exhibited better
performance. The chemically stable SPME fiber can be repeat-
edly used without losing its efficiency. Possible interactions
may occur due to electron-rich polymers and electron-deficit
nitro groups, resulting in donor-acceptor interactions. This

N\
|
“ cl 7
| B + )N[\%)N\
N -
pyridine CI” "'N” "Cl 7

Fig. 45 Scheme for synthesis of CTP-38.

Mater. Adv,, 2024, 5, 9175-9209 | 9197


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00739e

Open Access Article. Published on 15 2567. Downloaded on 6/2/2569 23:29:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Peak area (x10%) @
a N

o
C
31
o
-~
X
S
©
-
©
O 11
o
(o] T T T T v
200 400 600 800 1000
Stirring rate (rpm)
e
p— = = =
S31 —
x B
(12
@ 24 - 7'74+‘7-,k¥3——;,ﬂ
o = =
= -~ —e
© -~ - — $
D 1 — 2
{ o F—— —=
o T T T T T
250 260 270 280 290

Desorption temperature (°C)

—=— NB
—e—4-NT
—+—2,4-DMNB —=— 3-NBB

—e— 2-NT

—<— 3-NCB

View Article Online

Materials Advances

Peak area (x10*) o

Peak area (x10) Q.

o} 5 10 15 20

S —
34
— > 2 —

Peak area (x10) =h
N

4 5 6 7 8 9
Desorption time (min)
—a—26-DMNB —— 3-NT

—»—4-NCB —e— 2-NCB
—o— 4-NBB ——— 4-NIB

Fig. 46 Optimization of different parameters towards extraction of nitroaromatic compounds by CTP-38. Adapted from ref. 102 Copyright 2023

Elsevier.

polymer, CTP-38, outperforms existing fibers and adsorbents
for removing nitro compounds.

4.4. Gas adsorption and separation

List of different CTPs from cyanuric chloride with their carbon
dioxide uptake capacity and surface area is listed in Table 4.

Carbon dioxide, a greenhouse gas, accumulates in the atmo-
sphere due to increasing energy requirements from burning
fossil fuels, eventually leading to global warming. Being the
primary component of natural gas, they can solidify and
corrode the pipelines irrespective of being inert. CO, levels
must be standardized for the better usage of natural gases.
Earlier alkanol amines®® were used in excess quantity for their

Table 4 List of different CTPs from cyanuric chloride with their carbon dioxide uptake capacity and surface area

S. No. CTP Linkers Surface area (m” g ') Gas uptake Ref.

1 CTP-03 p-Terphenyl 553 33 cm® g ! 103

2 CTP-40 Tetraphenyl ethene 1200 216 mg g ! 42
CTP-41 Tetraphenyl silane 523 152 mgg '

3 CTP-13 1,4-Phenylene diamine — 0.67 mmol g~ 2

4 CTP-11 Piperazine 88.5 0.9 mmol g * 104

5 CTP-42 Styrene derivative 1266 141 mgg ' 105

6 CTP-13 1,4-Phenylene diamine 20.6 0.4 mmol g™* 4
CTP-13-NH 18 0.56 mmol g~ "

7 CTP-43 4,4'-Bis(N-carbazolyl)-1,1’-biphenyl 579 12.66 wt% 106

8 CTP-44 Tetraphenyl-1,4-phenylene diamine 883 12.98 wt% 107
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Fig. 47 Scheme for synthesis of CTP-40 and CTP-41.

separation, which suffered from difficulty in regeneration. Now,
researchers are developing porous materials that can adsorb
these gases. Cheap synthesis, selectivity of gases, and low

View Article Online

Review

energy regeneration are necessities for such materials.” Intro-
ducing NH functionality in the polymer improves the selectivity
of CO,-N, and CO,-CH, gases.°® Aromatic rings enhance the
surface properties and temperature stability."%°

Meng et al. created a membrane using a polymer enriched
with cyanuric chloride and aromatic p-terphenyl (CTP-03). The
membrane was later reinforced with polysulfone (CTP-03/PSF)
to improve its strength.'®* The as-made polymer was composed
of spherical-shaped uniformily distributed particles and a
desirable BET surface area (553.4 m”> g~ ') with hexagonal pores
at 1.2 nm. The polymer and membrane were tested for their
ability to adsorb and separate gaseous carbon dioxide and
nitrogen. Due to the abundance of nitrogen (Fig. 7), which is
responsible for dipolar interactions and van der Waals forces,
the gases diffuse into the pores. CTP-03 can accommodate
more CO, than N, due to the less polarized nitrogen atoms.
This makes it an effective tool for selective and efficient
separation of gases. The matrix membrane can also exhibit
the same properties, performing even better than CTP-03. The
researchers also studied the effect of CTP-03 composition,
pressure, and temperature on adsorption. Increasing the CTP-
03 content increased adsorption property and separation due to
better interaction with CO, than N, with increasing nitrogen
atoms. The pressure effect was the same for adsorbing CO, and
N, gases. However, at higher pressure, the separation decreased
due to better diffusion of N, than CO,. Adsorption of CO,
remained unaffected by temperature, whereas N, adsorption
improved. This reduced the separation effect of both gases.
This indicates that the membrane is highly stable across

A
A
PO A
Styrene Divinyl benzene

Polystyrene foam

Fig. 48 Scheme for synthesis of CTP-42.
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various temperatures and pressures. The polymeric matrix is
also durable, retaining its robustness for up to eight days.

Later, Puthiaraj et al. designed and developed two polymeric
adsorbents using cyanuric chloride and tetraphenyl carbon and
silane derivatives - CTP-40 and CTP-41, respectively (Fig. 47).
CTP-41 had less nitrogen content due to the bulky building
block, silane, which hindered complete polymerization.*> Both
the polymers exhibited amorphous nature with aggregation of
spherical particles. Nitrogen ratio and surface properties
(micropores at 1.2-1.3 nm) play a significant role in carbon
dioxide adsorption. Silicon content in CTP-41 deprived the basic
nature of nitrogen, which reduced its carbon dioxide capture
capacity. Therefore, CTP-40 (216 mg g~ *; 1200 m* g~ ') was better
than CTP-41 (142 mg g~ ", low surface area of 523 m® g~ ') and
other reported adsorbents. The polymeric adsorbents displayed
enhanced selective carbon dioxide capture over other gases, such
as nitrogen and methane. CTP-40 was efficient in both capture
and selective adsorption compared to other systems. Additionally,
it could store carbon dioxide (528 mg g ') and methane
(37 mg g *) with eight turns of reusability.

In 2017, Lee et al. reported a porous triazine polymer
(CTP-13) from cheap building blocks, cyanuric chloride, and 1,4
phenylenediamine® by simple nucleophilic reaction (Fig. 19).
More information on the structural and porosity is not per-
formed by the researchers. They studied the adsorption capa-
city of carbon dioxide during the post-combustion process and
compared the results with polymer CTP-11 (cyanuric chloride
and piperazine; Fig. 17). CO, is chemisorbed to the surface due
to interaction with the NH group. CTP-11 (0.85 mmol g )
exhibited better CO, uptake than CTP-13 (0.67 mmol g %),
which is attributed to the weak interaction of amino moieties
towards CO, in CTP-13 due to resonating aromatic rings. CTP-
13 gets saturated better than CTP-11, even though the sorption
process is irreversible. CTP-13 exhibited better adsorption
compared to aliphatic diamine polymers. Regeneration is poor
in this material due to chemisorbed gas molecules, which
cannot be desorbed as expected.

The same group constructed a CTP-11 (Fig. 17) from cyanu-
ric chloride and piperazine by metal-free nucleophilic substitu-
tion in 2018."°" They have focused on its ability to adsorb
carbon dioxide from natural gas (as methane) under atmo-
spheric parameters instead of post-combustion. CTP-11 has a

View Article Online
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reasonable surface area (88.5 m> g ') with petal-shaped
morphology. These petal-like particles aggregate into a bulky
spherical shape, which restricts the diffusion of gas molecules
owing to low surface properties (mesopores at 9.7 nm). CO,
sorption isotherm reflects that these molecules occupy the
mesopores at low partial pressure. On increasing pressure,
adsorption rises due to the clustering of molecules and occu-
pancy in these mesopores. The absence of hysteresis indicates
the physisorption of CO, with a low value of heat of adsorption,
minimizing energy usage for regeneration of the adsorbent. The
material exhibits a selectivity in adsorbing CO, (0.9 mmol g™ )
over CH, (0.1 mm g '). This selectivity is due to the interaction
between electron-rich adsorbent and oxygen atom owing to its
high quadrupole moment.**’

Hierarchical porous polymers are a class of polymers with
many different types of pores, including macropores, micro-
pores, and mesopores. Duan et al. developed nitrogen-rich
polymers (CTP-42) from cyanuric chloride.'®® Styrene and divi-
nylbenzene were polymerized using a free radical mechanism
to create a microporous polystyrene foam matrix. Later, cyanu-
ric chloride was added using a Friedel-Crafts reaction to create
meso- and micropores (Fig. 48). The molar ratios of styrene,
divinylbenzene, cyanuric chloride, and DCM solvent were varied
to create different CTP-42 (CTP-42-1 to CTP-42-9). CTP-42-6 had
the highest surface area (1266 m* g~ ") of all the CTP-42s’. CTP-42
are better at adsorbing carbon dioxide at room temperature than
other porous polymers. This could be important for developing
more efficient and sustainable carbon capture technologies. The
researchers looked at the effect of nitrogen content and porous
properties on adsorption. They found that micropore volume
had the most significant influence on adsorption, followed by
surface area and nitrogen content. CTP-42-6 had the highest
surface area and microporous volume, making it the best
adsorbent among the CTP-42s. At lower temperatures, CTP-42-
6 had a greater capacity for adsorption with low adsorption heat
values, meaning it had good physisorption properties and could
be regenerated. CTP-42-6 also had a higher selectivity for carbon
dioxide over nitrogen gas.

In 2020, Mukhtar et al. reported the synthesis of triazine
polymer from the monomers cyanuric chloride and 1,4-
phenylene diamine (Fig. 19) by nucleophilic reaction protocol
forming CTP-13.* It was later modified with monoethanolamine,

Fig. 49 The steric effect leading to lower adsorption of CO,. Adapted from ref. 4 Copyright 2020 Elsevier.

9200 | Mater. Adv, 2024, 5, 9175-9209

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00739e

Open Access Article. Published on 15 2567. Downloaded on 6/2/2569 23:29:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

4,4'-Bis(N-carbazolyl)-1,1'-biphenyl

Fig. 50 Scheme for synthesis of CTP-43.
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Fig. 51 Scheme for synthesis of CTP-44.

commonly used for CO, capture, forming CTP-13-NH. These
amorphous polymers exhibited a decrease in surface area from
20.61 to 18.61 m* g ' on functionalization. Both the polymers
were characterized and studied for their ability to adsorb carbon
dioxide and selective adsorption of CO, and CH,. Although
modifications reduced the surface area, they increased the N
content of these stable polymers, which, along with the presence
of electron-deficient triazine rings, is essential for interaction
with acidic CO, (Fig. 49). These polymeric structures are
enriched with ultra micropores, which are better suited for high
carbon dioxide adsorption than nitrogen and methane due to
structural diameters. Even in low-pressure regions, carbon diox-
ide adsorption is highly pronounced, strengthened by amine
functional groups and ultramicro porosity. The modifications
have enhanced the gas capture by 40% compared to CTP-13,
which agrees with the adsorption study. The selectivity of CO,
over CH, has increased by 30% in CTP-13-NH compared to CTP-
13 due to the poor interaction of non-polar methane molecules
with the polymer. Thus, CTP-13-NH can purify natural gas better
than the reported combinations with a high surface area. This
narrows down the concept of surface area being less significant
for carbon dioxide capture.

Sadak and his team have successfully developed three
different types of polymers using carbazolyl (YBN) fixed core
treated with various linkers such as dimethoxy methane (YBN-
DMM), dimethoxybenzene (YBN-DMB), and cyanuric chloride
(CTP-43; Fig. 50). CTP-43 existed as amorphous, aggregate
particles with surface area of 579 m* g~ and ultramicropores
(0.57 nm) and mesopores (5.86 nm). They have conducted
extensive research to study the impact of changing the linkers
on capturing and storing different gases.'®® The results of the
research indicate that the adsorption of carbon dioxide
decreases as the temperature increases. Among the three

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymers, the methoxy methane-derived polymer (YBN-DMM)
performs best due to the size matching of the pores and carbon
dioxide. Although all the polymers have almost similar
CO, capture capacity, CTP-43 exhibits high CO, affinity as it
contains essential nitrogen electron density. The trend of
decreased adsorption with an increase in temperature is also
observed for gaseous nitrogen, methane, CO, and oxygen. YBN-
DMM performs better than the other two polymers, followed by
CTP-43 and YBN-DMB, respectively. The thermodynamic calcu-
lations predicted the physical adsorption of gaseous molecules,
which reduces the energy consumption for the durability
of the polymers. CTP-43 exhibits better adsorption of hydrogen
among the three polymers due to the presence of nitrogen
atoms. Additionally, with increasing temperature, CTP-43
has better selectivity for CO, than other gases, followed by
YBN-DMM and YBN-DMB. This can be attributed to the abun-
dant triazine system with nitrogen atoms. The research demon-
strates that YBN-DMM is the most effective polymer for
capturing and storing gases, but CTP-43 had better selectivity.

Later, the same research group led by Cucu et al. designed a
protocol to use tetraphenyl-derived phenylene diamine (TPPA)
instead of a fixed core moiety like carbazole (Fig. 51). The TPPA
was treated with dimethoxymethane (DMM), dimethoxybenzene
(DMB), and cyanuric chloride (CC) following the Friedel-Craft
mechanism.'” The result was three porous polymers: TPPA-
DMM, TPPA-DMB, and CTP-44. These amorphous aggregated
polymeric particles exhibited ultramicropores at 0.57 nm along
with pores at 2.05 nm and surface area of 742 m> g~'. When
exploring the carbon dioxide capture capability, it was found that
the adsorption decreased with an increase in thermal conditions,
which agreed with previous results. The lower interaction between
the polymer and gas may have been due to resonance stabili-
zation. In the last study, TPPA-DMB, with high surface properties,
exhibited better gas adsorption than YBN-DMM. However, at 320
K, CTP-44 surpassed other polymers with a unique adsorption
ability. Dimethoxy benzene derived polymer (TPPA-DMB) had
higher carbon dioxide, nitrogen, oxygen, and CO uptake at higher
temperatures. However, due to the abundant nitrogen atoms
responsible for H bonding, CTP-44 enhanced its adsorption for
methane and hydrogen even at high temperatures. TPPA-DMM
selectively adsorbs carbon dioxide over nitrogen, whereas TPPA-
DMB has selectivity over methane, oxygen, and CO. But at higher
temperatures, CTP-44 improved its selectivity over oxygen, and
CO. A trend of decrement in the properties was observed due to
the change in the core moiety.

Mater. Adv.,, 2024, 5, 9175-9209 | 9201
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Fig. 52 Scheme for synthesis of CTP-45 and CTP-46.

4.5. Energy storage devices

Inspired by the idea of utilizing organic molecules to modify
the inorganic catalyst to prevent aggregation from accessing the
binding pockets, Chen et al. designed a hybrid polymer, CTP-35
from bulky monomers (Fig. 41). They have chosen triazine
derivative, cyanuric chloride, and sterically hindering phenyl-
derived polymeric silsesquioxane (POSS-P) to avoid stacking the
polymeric layers and generate heteroatom-rich networks.”®
Here, the phenyl rings can covalently bond with the cyanuric
carbon by substituting for chlorine atoms. They have varied the
molar ratios of both monomers to generate different polymers
represented by CTP-35-xy (x: y being the ratio of monomers). All
these monomers were carbonized to a high temperature. They
have explored the application of this polymer in solid phase
extraction as discussed above. The polymer was fabricated to
utilize its ability as an electrode (anode) in lithium battery-
future battery. Here, CTP-35-81, having enhanced pore char-
acteristics regarding volume and binding sites, was chosen as
the anode. The charging/discharging cycles of lithium ions in

9202 | Mater. Adv,, 2024, 5, 9175-9209
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the electrode were analyzed. The polymer showed remarkable
stability, high affinity for electrons, and conductivity. The
lithium adsorption and storage can be attributed to the inter-
action of the metal ion with basic triazine N and triazine C,
followed by phenyl rings in POSS-P. After 2000 cycles at the
2 A g current density, the polymer exhibited a release rate of
817mAh g™

4.6. Fluorescent sensors

Many porous polymers have been explored as fluorescent
sensors for nitroaromatic compounds and iodine.®”®® In
2021, Geng et al. synthesized a triazine framework using
cyanuric chloride as the core with thiophene and carbazole-
derived triphenylamine as the linkers (CTP-45 and CTP-46) as
an efficient sensor (Fig. 52) with fluorescence behavior for
detecting nitro aromatic compounds including picric acid and
iodine.""" In addition to this, it can also retain the captured
iodine. These polymers existed in aggregate forms with amor-
phous nature. They possess remarkable surface area as CTP-45

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with 1235 m”> g~ (pores at 1.65 nm) and CTP-46 with
2501 m* g~ (pores at 1.8 nm). The conjugation enhanced by
thiophene, carbazole, and triazine system improves the fluores-
cence ability, whereas the non-planar triphenyl amine prevents
the quenching effect due to aggregation. Both CTPs exhibited
strong fluorescence when dispersed in THF and dioxane,
respectively. Both frameworks could quench the fluorescence
by adding pollutants, picric acid (fast response of 20s), and
iodine, better than reported sensors. In the case of radioactive
iodine, sensing is mainly due to the interaction between the
CTP and polyiodides formed by charge transfer. However, the
sensing ability of the iodine solution (66.82% and 52.13%) is
lower than the gaseous phase (2.58 and 3.82 g g~ %, respectively)
due to the blocking of pores by the solvents. CTP-45 proved
to be a better sensor than CTP-46 and other thiophene-
derived sensors.

4.7. Health-care applications

The physico-chemical properties of triazine polymers make
them useful in various applications, as discussed earlier.
However, their biological implications are less explored, mainly
driven by their biocompatibility. In this context, some of their
applications in the field of healthcare are discussed.

4.7.1. Drug release. Inorganic compounds and coordina-
tively linked metal frameworks''>"'® are widely studied as drug
carriers. The biocompatibility and nontoxicity of these materials
matter a lot in their applications."** In 2011, Zhao and his co-
workers synthesized a porous framework (CTP-11) from cyanuric
chloride and piperazine by a cost-efficient moderate nucleophilic
reaction (Fig. 17). The framework exhibited a structural
regularity(partial crystalline) and morphological regularity (plate-
like). They are thermally stable with reasonable surface area
(182.7 m* ¢~ ") and pores centered at 1.18 nm - the presence of
flexible linkers (like piperazine) and kinetically regulated reaction-
induced lower crystallinity. CTP-11 was utilized to uptake and
release ibuprofen,’™® an anti-inflammatory drug. It was the first
time an organic framework had been explored for such an
application. Zero cellular toxicity was identified for CTP-11. 1 g
of CTP-11 could absorb 0.35 g of ibuprofen. It exhibited an initial
discharge (75% discharge rate) within 10 h. There was a discharge
rate of 50% within five hours and complete discharge over 46 h.
The discharge ability was better than MOFs'*>*'®''” and compar-
able or superior to extensively researched inorganic mesoporous
material MCM-41.""® CTPs can be promoted as potential candi-
dates for drug delivery because of ease of functionalization,
stability, and porosity.

4.7.2. Antibacterial agents. To date, the antibacterial activity
of porous polymers is attributed to oxidative destruction by
singlet oxygen produced in situ by photon absorption of con-
jugated polymers via photosensitization. Porous polymers as
effective antimicrobial agents have been rarely explored. In
2020, Rajagopal et al. designed a porous polymer CTP-15
(Fig. 21) from cyanuric chloride and methylated benzidine
(o-tolidine) to investigate antibacterial activity."'® The polymers
are characterized as semi-crystalline, resembling graphitic car-
bons with irregular shapes and mesoporous in nature, with a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surface area of 38 m”> g~ '. Antibacterial action towards Gram-
positive (Staphylococcus aureus) and Gram-negative (Pseudomonas
aeruginosa) bacteria was evaluated by the optical density method
(MIC value; minimum concentration to inhibit the bacterial
growth in the culture medium) and the direct contact method
(which calculates the colony forming unit) and compared
with CTP-14 (cyanuric chloride crosslinked with phloroglucinol
and p-phenylene diamine; Fig. 20). This comparison depicts
the role of nitrogen functional groups towards antibacterial
action. Both methods complement each other in showing that
the two polymers exhibit the desired activity, preferring
P. aeruginosa bacteria. CTP-15 outperformed CTP-14 with a low
MIC value and zero colony formation. This remarkable ability of
CTP-15 is due to a higher nitrogen ratio with triazine N and
secondary amine N and a linear linker expanding the porosity. In
CTP-14, oxygen linkage from phloroglucinol, in addition to
nitrogen content, suppresses the inhibition rate. This widens
the future scope of porous polymers in the biological arena.

5. Comparison with other porous
materials

The realm of porous materials encompasses a variety of options,
including activated carbon, zeolites, silica, metal organic frame-
works (MOFs), and porous organic polymers (POPs). These mate-
rials are utilized across various applications due to their distinct
surface properties, large surface area, and inherent porosity.

Activated carbon is characterized by a carbon-rich net-
worked structure with a substantial surface area. On the other
hand, zeolites are inorganic, hydrophilic porous materials,
while MOFs are constructed from metal-centered organic poly-
mers linked through weak coordination. While these materials
exhibit efficient performance across different applications, they
are susceptible to chemical instability and deactivation by
moisture."*'*® Additionally, the presence of metal linkers ren-
ders them non-biocompatible, and they often entail high-cost
synthetic protocols. To overcome these limitations, attention
has turned to these porous CTPs. These materials offer stabi-
lity, rigidity, and distinctive porous characteristics while being
free from metal, rendering them biocompatible, non-toxic, and
requiring low synthetic strategies.

For pollutant adsorption, the previously mentioned porous
materials have been utilized as adsorbents, albeit with limita-
tions in adsorption capacity, stability, and reusability."*" In
contrast, CTPs have demonstrated efficiency as adsorbents due
to their versatile interactions with adsorbates, facilitated by
their functionalization, an attribute lacking in other porous
materials despite their high surface area."”?

Over the years, organic catalysis relied on enzyme-mediated
or metal-based -catalysts, necessitating the use of toxic
and expensive chemicals and solvents, often leading to poor
efficiency in purification and separation of the catalyst.*!
Subsequently, zeolites,"** activated carbon,'** silica,"** and gra-
phene oxides'*® were employed. However, due to stability con-
cerns with the aforementioned materials, CTPs have emerged as

Mater. Adv,, 2024, 5, 9175-9209 | 9203


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00739e

Open Access Article. Published on 15 2567. Downloaded on 6/2/2569 23:29:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

an alternative catalyst, serving as a solid support for immobiliz-
ing nanoparticles and enhancing catalytic activity.

Zeolites exhibit high adsorption capacity for CO,, determined
by their charge density and pore size. Conversely, their hydrophilic
nature diminishes adsorption in humid climates, necessitating
high regeneration temperatures."””'*® Similarly, MOFs, being
chemically unstable, exhibit limited gas adsorption." Silica and
activated carbon also display low adsorption capacity.'*® Contrast-
ingly, CTPs have found wide application in gas adsorption and its
separation,” solidifying their position as an emerging alternative
porous material for various applications.

6. Conclusions

Over the years, researchers worldwide have been developing
and investigating different triazine-rich porous polymers for
potential applications. These polymers are rich in heteroatoms,
mainly nitrogen, and exhibit excellent surface properties such
as large surface area, pore diameter (in nm scale), and stable
C=N bonds. They exhibit a larger surface area than other
reported porous materials. As a result, they show promise as
materials for addressing current research challenges.

This review provides an overview of the synthesis of various
polymers (CTPs) using cyanuric chloride as a linker and
inspects its applications across different domains. Cyanuric
chloride is a cost-effective linker commonly employed in con-
structing these polymers. Its high reactivity, planar structure,
and symmetric C; point group allow for easy substitution
with nucleophiles such as amines, alcohols, or aromatic hydro-
carbons, resulting in polymerization in either two or three
dimensions, depending on the conditions. Despite its irritant
properties and low toxicity, it is valued as a superior cross-
linking agent owing to its stable N-rich triazine structure,
broadening its potential applications.

In exploring cost-effective synthetic protocols for CTPs, it
becomes apparent that the Friedel-Crafts reaction surpasses
traditional substitution reactions in terms of its environmen-
tally friendly approach to enhancing surface properties, espe-
cially surface area. Nonetheless, it is crucial to acknowledge the
limited applicability of Friedel-Crafts reactions in synthesizing
certain polymers due to scalability challenges. The solvent-
mediated synthesis protocols necessitate prolonged heating at
high temperatures and use costly, hazardous solvents and
catalysts. As a result, the synthetic strategies employing greener
approaches, such as solid-state or environmentally friendly
solvent medium, hold significant importance. Recently, the
interest in mechanochemical approaches involving ball milling
for synthesis has steadily increased.

The solubility of the building blocks in the solvent is a major
concern that needs to be addressed for the polymer to pre-
cipitate during the reaction. The poor or partial solubility of
cyanuric chloride in commonly used solvents, such as dichlor-
omethane and dimethylformamide, can affect the reaction,
resulting in low yield. The yield of the reaction has a significant
impact and must be scaled up.
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Most of the CTPs from cyanuric chloride reported in the
literature are semi-crystalline or amorphous in nature. This is
due to the stable C=N bonds and irreversible polymerizations.
It is important to explore the development of crystalline CTPs
with improved surface properties in the future.

The exceptional features of these CTPs include a stable
heterogeneous nitrogen-rich triazine structure (catalyst and
electrode materials), porous surface properties (adsorption
and gas separation), low density (useful for hydrogen storage),
and semiconductive nature (optics and photocatalysis). Many
CTPs are currently being effectively utilized in the applications
mentioned above. The nitrogen atom in the triazine rings can
incorporate metal atoms (dopants), increasing the availability
of active sites for binding and making them efficient catalysts.
The porous structure, with its large surface area, can trap
pollutants or gas molecules (acting as an adsorbent). Polymers
with conjugated structures and widely spaced linkers decrease
the band gap, enhancing charge transfer and optical properties
(important for photocatalysis). Carbonization at higher tem-
peratures enhances porosity and exposes active sites for elec-
trochemical applications, but it may also degrade the polymer.

Advancements have been made in optimizing efficiency for
different applications. One such advancement is post-functional
modifications. Despite reducing surface area and porosity, these
modifications help the polymer become a better absorbent or
catalyst by exposing the binding sites. The chemical and thermal
stability endowed by the polymer improves reusability and
renewability (adsorption and catalysis). Magnetic polymeric
composites have recently been examined in adsorption, simpli-
fying the separation and filtration process. However, these
polymers are less explored for biological applications. The
biocompatibility of these polymers has to be discussed along
with cytotoxic studies. It’s important to further investigate these
modifications for efficient applications.

The computational designing of these polymers and their
evaluation in different applications has been relatively under-
researched. This makes it easier to synthesize appropriate
polymers for the required applications.

In most applications, CTPs have been found to outperform
existing materials with comparable or better results. They can
be used as an alternative to expensive metals in catalysis or for
the adsorption of pollutants, carbon dioxide, and more. In
addition, they can serve as a superior electrode material in
energy storage devices. Therefore, CTPs are an advanced mate-
rial capable of addressing major environmental and energy
issues, and they open possibilities for further exploration in all
fields. Despite the significant progress in the field of CTPs and
their promising applications, there is still room for improve-
ment in the synthetic protocols and their potential
applications.

Data availability
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