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Abstract

The catalytic cycloaddition between carbon dioxide (CO,) and epoxides represents one of the most efficient and eco-friendly
strategies to advance carbon neutrality in the industrial sector. Recently, porous organic polymers (POPs) have gained
prominence as pivotal porous materials extensively utilized for efficient capture and conversion of CO,. To address the
multifaceted requirements of CO; capture, activation, and immobilization, the design of functionally stable and structurally
ordered POPs presents a viable and promising substitute to metal-organic frameworks (MOFs). This review delivers a
thorough and in-depth examination of the latest advancements in designing and synthesizing POPs catalysts tailored for
converting CO; into cyclic carbonate. Recent developments in POPs can be categorized into two primary groups according to
the catalytic mechanisms: single activation mechanism POPs and multi-activation mechanism POPs. These groups highlight
four key types of catalysts: triazine ring-structured catalysts, hydrogen bond donor (HBD)-based catalysts, ionic liquid-
modified catalysts, and metal-complex catalysts. Considerable attention has been dedicated to the rational design, pre-
synthetic methodologies, and post-synthetic modification strategies of organic polymer monomers. This review seeks to offer
an exhaustive perspective that informs the cycloaddition-based conversion for CO; into cyclic carbonates, driving the
innovation and development of diverse POPs with expansive industrial potential.
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1. Introduction

The increase in global carbon dioxide (CO,) emissions is an
unavoidable consequence of both industrialization and
urbanization. Based on the International Energy Agency (IEA)
report, fossil fuel combustion constitutes the primary source
of CO, emissions, accounting for approximately 70% of
emissions.!! industrial ~ production,

global Moreover,

transportation, and agricultural activities considerably

contribute to the overall CO, emissions.! These activities not
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only severely pollute the environment but also intensify global
climate change. To address this pressing global environmental
challenge, scientists and policymakers have proposed a range
of solutions. First and foremost, the reduction of fossil fuel
consumption is essential for mitigating CO, emissions. This
objective can be accomplished by improving energy efficiency
and advancing clean energy sources, including solar, wind,
and biomass.’¢ In addition to reducing CO; emissions,
technologies for CO capture and storage (CCS) perform a
vital part in mitigating climatic variation.[™! CCS technology
effectively reduces atmospheric CO; concentrations by
capturing CO; emissions from industrial sources and
subsequently storing it underground. Moreover, converting
CO; into high-value organic compounds represents another
highly effective strategy for mitigating CO; levels, with
catalytic cycloaddition reactions serving as a pivotal
mechanism. These reactions enable the transformation of CO»

into organic products like cyclic carbonates, which hold

Eng. Sci., 2025, 35, 1525 |1


https://www.espublisher.com/

Review article

Engineered Science

substantial economic and industrial value.l'%!" In the domain
of CO2 POPs
considerable attention owing to their distinct structures and

conversion technology, have garnered
remarkable properties. POPs, as functional porous materials
linked by covalent bonds, offer advantages including porous
structural stability, high specific surface area, and ease of
active site modification.'>!”7 Based on their structural
attributes, POPs are categorized into crystalline covalent
organic frameworks (COFs),['1 and amorphous POPs.[20.21]
Amorphous POPs present distinct advantages, including
enhanced dispersibility and chemical stability, which support
the development of catalysts with superior performance. By
contrast, tailored COFs exhibit a well-defined architecture
characterized by regularly arranged nanopores and accessible
open channels, providing a homogeneous surface environment
and a pronounced spatial confinement effect.l??! Substantial
advancements have been made in designing and synthesizing
POPs catalysts. Researchers have attained various porosities
and chemical compositions by optimizing organic monomer
types and employing diverse crosslinking strategies.?-7)
Moreover, the enhancement of catalytic activity and
selectivity has been realized through the incorporation of
active sites.®321 However, challenges continue to exist
regarding the stability and recyclability of these catalysts. To
address these challenges, researchers are investigating
innovative preparation methods and modification strategies
designed to enhance catalyst stability and recyclability.33-3]
With regard to applications in CO, conversion technology,
catalytic ring addition reactions have been successfully
industrialized. Nonetheless, technological innovation remains
essential owing to stringent production conditions and
intrinsic limitations of the catalysts.?” In conclusion, CO,
capture and conversion technologies constitute a vital strategy
for combating global climate change. POPs catalysts,
characterized by their unique structures and performance
attributes, exhibit considerable potential in CO, conversion
applications. Continued research and technological innovation
are anticipated to yield more efficient, stable, and sustainable
CO; conversion technologies, thus helping mitigate the
greenhouse effect and fostering a green, low-carbon society.
This review provides a thorough examination of recent
advances in designing and synthesizing POPs for capturing
and converting CO; into cyclic carbonates. The classification
and analysis of POPs are based on the catalytic mechanisms
and active components, as illustrated in Scheme 1.03841
Additionally, this paper delves into pivotal elements involving
specific surface area, average pore size, CO, adsorption
capacity, elucidating the prevailing understanding of the
structure-property relationship of catalysts. Finally, this
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review summarizes the challenges and future perspectives in
catalyst design, offering valuable insights alongside a
comprehensive overview. The objective is to furnish both
theoretical and practical guidance for advancing development
in COz resource utilization technologies.
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Scheme 1: Schematic illustration of tailored POPs in the
cycloaddition reaction of CO; to epoxides.

2. Catalytic mechanisms of CO; and epoxide cycloaddition
reactions

Within the realm of capturing and converting CO,, the
transformation into compounds with practical application
holds Notably,
converting CO» and epoxides into cyclocarbonates through

value profound strategic importance.
cycloaddition reactions has emerged as an efficient and
promising avenue for CO» utilization. This reaction attains
100% atom economy, thereby maximizing efficiency while
yielding cyclocarbonate products with significant economic
value. Such processes align closely with the principles of
sustainable chemistry. Cyclocarbonates are widely recognized
the

physicochemical properties, such as high dipole moment, high

as optimal polar solvents due to impressive
dielectric constant, high boiling point, excellent stability, and
good solubility. Moreover, as a critical intermediate in
chemical synthesis, cyclocarbonates serve a multitude of
applications. Cyclocarbonates play pivotal roles in the
synthesis of polymer materials such as polyurethane,
polycarbonate, and polyglycerol. Additionally, in industrial
applications, carbonates serve as raw materials for engineering
plastics, additives, and fixatives for synthetic fibers, and
dispersants for water-soluble dyes, thereby underscoring their

versatility and importance within the chemical industry.[*-4
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Among various synthetic processes, the cycloaddition
reaction of CO» with epoxides is distinguished via its unique
capability to produce cyclocarbonates without generating any
by-products, thus achieving high carbon atom utilization and
substantial economic benefits.[**! Extensive studies have
investigated the active mechanisms of various catalysts
employed in CO; cycloaddition reactions.* However, to
accurately elucidate the fundamental mechanism underlying
the CO»
physicochemical

cycloaddition  reaction, = comprehensive
This

encompasses detailed analyses of reaction kinetics and

investigations are indispensable.
theoretical calculations employing density functional theory
(DFT), which are critical for elucidating reaction pathways
and guiding catalyst design.’!! Broadly, the mechanisms on
cycloaddition reactions can be categorized into three primary
aspects: (1) activation of epoxy compounds, (2) activation of
carbon dioxide, (3) synchronous activation of CO; and epoxy

compounds as illustrated in Scheme 2.
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Scheme 2: Three kinds of possible activation models for the
cycloaddition reaction of CO, with epoxides.

2.1 Activation of epoxides

The activation of epoxy compounds represents a crucial step
in the synthesis of cyclocarbonates. According to extensive
research, Lewis acidic catalysts have been demonstrated to be
effective in this activation process. The catalytic cycle
diagram elucidates this mechanism: initially, the Lewis acid
catalyst coordinates with oxygen atoms in the epoxy
compounds, facilitating nucleophilic attack and resulting in
the ring cleavage of the epoxides.’3¢ Afterwards, the ring-
opening intermediate reacts with CO», yielding a cyclic
carbonate intermediate. Finally, the cyclization reaction
produces desired cyclic carbonate products, releasing the
nucleophile and catalyst. Central to this mechanism are two
nucleophilic substitution reactions occurring on the identical
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carbon atom. The reaction is an Sn2 mechanism, typically
favored at less hindered sites within the epoxide structure,
followed by an intramolecular substitution reaction. The rate
of this two-step process has been demonstrated through DFT
calculations to depend significantly on the characteristics of
the catalyst, nucleophile, and substrate used.’>”!

2.2 Activation of CO;

The activation of CO; also performs a vital part in
cycloaddition reactions. Generally, the activation process of
CO3 can be categorized into three distinct steps: (a) The
catalyst interacts with CO-, forming carboxylate or carbonic
acid intermediates. (b) These CO, activation intermediates
function as nucleophiles, thereby facilitating the ring-opening
of epoxides. (¢) A subsequent intramolecular reaction occurs
at the group, Yyielding the product
cyclocarbonate, while simultaneously regenerating the

carbonyl final
catalyst. Catalysts that facilitate these reactions encompass
nitrogen-based organics and metal complexes, such as those
incorporating amino and sulfonic acid groups as HBDs,
triazine structures, tertiary amines, guanidine, amidines, and
various metal complexes.’8¢!l These catalysts significantly
enhance reaction efficiency and selectivity by promoting the
effective binding of CO; to epoxides, thereby creating novel
opportunities for synthesizing high-value cyclocarbonates.

2.3 Simultaneous activation of epoxide and CO;

The mechanisms delineated earlier represent partial aspects of
the activation of the reaction system. Although these
the of CO,
cycloaddition, they are inadequate in isolation to facilitate the

mechanisms significantly enhance rate
reaction under mild conditions. Contemporary catalyst design
emphasizes the integrating of these activation mechanisms.
[lustrative examples include synergistic approaches involving
nucleophilic systems and activated epoxides,/®>% and
strategies prioritizing simultaneous activation of both CO; and
epoxides.[77l These integrated approaches not only augment
cyclocarbonate yield but also strive to advance the
industrialization of the catalytic cycloaddition between CO,

and epoxides.

3. POPs with a single activation mechanism

3.1 Triazine rings and the derivatives-modified POPs
Triazines belongs to six-membered aromatic heterocyclic
compounds possessing three nitrogen atoms, endowing it with
abundant alkaline sites due to its high nitrogen content. This
characteristic allows triazine to interact with CO, molecules
through lewis acid-base interactions, effectively activating
inert CO2 molecules and facilitating their adsorption and
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transformation. Additionally, triazine exhibits remarkable
chemical stability, preserving its structure and properties even
under rigorous reaction conditions.”"” Furthermore, triazine
rings can be utilized to construct porous materials with regular
pores, such as covalent triazine polymer frameworks (CTFs).
These frameworks enhance the diffusion and adsorption of
CO; molecules, thereby markedly improving their catalytic
efficiency.

3.1.1 POPs with Triazine ring

In 2012, Roeser et al. synthesized multi-alkali CTFs (Scheme
3 TZ-POPs-1) utilizing dicyan compound precursors via a
ZnCl, melting process. They first applied these materials in
the cycloaddition reactions involving CO; with linear and
cyclic carbonate compounds. Benefiting from large specific
surface areas, controllable pore structure, and sufficient
the exhibited
exceptional catalytic activity and stability. It is worth noting

alkaline  sites, heterogeneous catalysts
that the catalysts can still maintain over 90% of the catalytic
activity after 6 cycles, with no significant structural changes.
The study further emphasized that increasing the pyridine
groups in CTFs significantly boosted the catalytic activity at
lower reaction temperatures, highlighting the pivotal role of
basic sites in the activation of CO». The architecture of the
polymer monomer profoundly influences the structure and
porosity of the triazinyl network. Roeser's team polymerized
1,3,5-benzenetrinitrile within melted ZnCl,, modifying the
polymer monomeric structure to synthesize CTF-0 (Scheme 3
TZ-POPs-2). They also found that the ratio of monomer to
ZnClz,

construction, porosity, and pore volume. Elevated reaction

reaction time, and temperature notably affect
temperatures facilitated the formation of amorphous samples
with surface areas reaching 2000 m?/g, thereby demonstrating
enhanced catalytic activity and achieving complete CO>
conversion under comparable conditions.” Furthermore,
Roeser et al. synthesized CTF P-HAS (Scheme 3 TZ-POPs-3)
utilizing 2,6-dicyanopyridine at 600 °C, yielding a material
with large nitrogen content (15.9 wt%) and a specific surface
area (1745 m?/g), along with superior microporous and
mesoporous properties. The introduction of pyridine groups
augmented the basic sites in CTF P-HAS, enhancing CO»
activation and catalytic performance. Notably, CTF P-HAS
accomplished 100% epichlorohydrin conversion and 94.6%
selectivity at 130 °C, 0.69 MPa CO; pressure over 4 hours.!"®!
Additionally, Li et al. fabricated serial metal-free covalent
triazine frameworks (Scheme 3 TZ-POPs-4) employing 2,5-
dicyanopyridine (2,5-DCP) as a precursor. These frameworks
exhibited exceptional thermal stability, multilayer pore
structure, and elevated nitrogen content. The BET specific
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surface area of 2,5-DCP-CTFs reached up to 1768 m?/g. When
combined with metal-free conditions and a co-catalyst, these
materials exhibited robust catalytic activity in converting CO»
and epichlorohydrin into cyclocarbonates, achieving optimal
conversion and selection rates of 99.1% and 95.5%, under
conditions of 130 °C and 7.0 bar CO; pressure over 4 hours.l"”!

While the mentioned method can produce triazine ring
materials with a certain degree of crystallinity, the high-
temperature reaction conditions may result in partial
carbonization of the materials, consequently restricting their
performance in specific applications. In 2017, Tan et al.
introduced an innovative synthesis method for triazine rings,
founded upon the polycondensation reaction of aromatic
aldehydes and amidines. This methodology resulted in CTF-
HUST-3,
micropores and mesopores, with a CO, adsorption capacity of
13.91 wt% at 297 K. Notably, the heat of CO; adsorption
associated with CTF-HUST-3 surpasses that of the majority of

characterized by a considerable number of

other nitrogen-rich porous organic frameworks, underscoring
its potential in CO> capture applications.” To address the
limitations of amorphous CTF structures synthesized using
previous methods, Tan ef al. further refined their synthesis
approach in 2018. They achieved enhanced crystallinity via in
situ oxidization of alcohols to aldehyde groups, resulting in
series of CTF materials with improved thermal stability and
catalytic activity.[

3.1.2 POPs with Phosphazene ring

The phosphazene ring structure, akin to the triazine framework,
exhibits potential for applications in CO, capture and
conversion. Notable differences of phosphazene ring and
triazine framework lie in CO: adsorption mechanisms,
catalytic active sites, and reaction conditions. The triazine
framework primarily relies on nitrogen atoms to adsorb and
interact with CO: molecules via Lewis acid-base interactions
at higher temperatures and pressures, while the phosphazene
ring with highly electron-enriched phosphazene core and
surrounding aromatic rings as active sites, can more
effectively adsorb and activate CO: molecules under milder
conditions.”

In 2022, Vengatesan M. Rangaraj et al. pioneered the
synthesis of phosphazene-core-containing covalent triazine
frameworks (Pz-CTFs), marking the inaugural application in
CO; capture. Pz-CTFs are distinguished by the exceptional
porosity, specific surface area (1009 m*g), ultra-microporous
architecture, and a highly electron-enriched phosphazene core,
substantially augmenting the CO, adsorption performance.
The breakthrough lays the groundwork for the advancement
of catalyst designs.[®%
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3.2 HBD-modified POPs

3.2.1 Hydroxyl group

HBDs are crucial to catalyze the cycloaddition reactions of
CO, with epoxides to synthesize cyclic carbonates.’®-%] One
category of HBD facilitates the ring-opening of epoxides via
composing hydrogen bonds with substrate molecules, while
another category excels in activating CO; to promote the
reaction.®%1 In 2019, Kewei H et al. achieved precise control
over the positioning of catalytic functional groups in porous
organic materials through molecular engineering techniques.
They integrated hydroxyl groups with phosphonium salts to
greatly enhance the activity of cycloaddition reactions
involving epoxides and CO5. The incorporation of a hydroxyl
group into the phosphate and indium salt molecule as an HBD
effectively activated epoxy ring-opening process, as depicted
in scheme 4 (HBD-POPs-1).5% Jiang et al. synthesized a
multifunctional super-crosslinked ionic polymer, PDCX-OH,
exhibiting a high affinity for CO; through self-condensation,
quaternary ammonium, and ion exchange processes. Under
metal-free and solvent-free conditions, PDCX-OH (Scheme 4
HBD-POPs-2) achieved an impressive yield of 93%.57
Additionally, Guo et al. designed and successfully synthesized
two novel hydroxyl-rich POPs, PPDA-P5 and TB-P5,
featuring azo bridging. PPDA-P5 and TB-P5 (Scheme 4 HBD-
POPs-3) were synthesized employing fully hydroxylated
aromatic  hydrocarbon p-
phenylenediamine and Troger base (TB) diamines as linkers,
respectively. These polymers exhibit strong nitrogen affinity,
rendering them effective heterogeneous catalysts for COx.

macrocycles as Ccores,

Engineered Science Publisher

TB-P5, demonstrated

compared to PPDA-P5, highlighting the advantageous role of

superior catalytic performance

TB as an organic base.3!

3.2.2 Amino groups and their derivative groups

In contrast to the studies, Wan et al. focused on CO; activation
via HBDs and successfully synthesized a series of innovative
polymer catalysts incorporating amide functional groups and
bromine ions (Scheme 4 HBD-POPs-4). The catalysts were
prepared using N, N'-methylenebisacrylamide (MBA) and
polyvinylimidazole bromide salt (VxBr) as raw materials. The
polymers exhibit large specific surface areas, controllable pore
amide-HBDs
nucleophilic sites, contributing to exceptional catalytic

structure, abundant and bromide ion
activity and stability, and could be reused at least 10 times
without significant activity loss. Increasing the number of
amide units significantly enhanced catalytic performance even
at lower reaction temperatures, underscoring the crucial role
of amide units in facilitating CO> activation.® Dai's team also
contributed by synthesizing POP-PA-NH2 functionalized
with -NH2 groups, as illustrated in Scheme 4 (HBD-POPs-5).
This material exhibits exceptionally efficient catalytic activity
in cycloaddition reactions under mild conditions, showcasing
its capability to function without the necessity of co-
catalysts."

The formation of hydrogen bonds markedly diminishes the
activation energy required for reactions, accelerates reaction
kinetics, and stabilizes transition states, thereby enhancing the
HBDs

indispensable function in catalytic systems designed to

yield of cyclic carbonate products. serve an
facilitate CO> conversion, constituting a pivotal element in
achieving efficient and environmentally sustainable CO
of catalysts
incorporating HBDs, the cycloaddition reaction of CO> can be

utilization. Through meticulous design
optimized, offering an effective pathway for synthesizing

cyclic carbonates with diverse applications.

3.3 Ionic liquids-modified POPs

Ionic liquids (IL) are defined as room temperature melting
salts, consisting of organic cations and inorganic/organic
anions, renowned for its unique physicochemical properties.*!-
%1 IL has been widely investigated as a catalyst for
immobilizing CO, attributed to its exceptional solvent
properties and adaptable chemical structure. In 2016, Wang's
team synthesized a series of multi-active COF polymers
incorporating (ZnXy),
triphenylphosphine (PPh3) via post-synthetic metallization
(Scheme 5 IL-POPs-1). These POPs catalysts capitalize on the
synergistic effects of ionic liquids and uniformly dispersed

ionic liquids, =zinc salts and
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Zn-PPh3, embedded within a microporous and flexible
Consequently, they exhibit exceptional
performance in CO; capture and conversion, achieving the
highest activity levels reported for heterogeneous catalysts
(initial conversion frequencies up to 5200 h!). Furthermore,
the catalyst can be easily recovered and reused five times
without a significant loss of activity.l”! Imidazolium-based
ionic liquids have garnered significant attention for their
exceptional activation properties in epoxide reactions. In 2020,
Zhang et synthesized AMIMBr@H2P-DHPhCOF
(Scheme 5 IL-POPs-2) by  grafting 1-alkyl-3-
methylimidazolinium-based IL (AMIMBr) on channel walls
of two-dimensional covalent organic frameworks (2D-COF),
H2P-DHPh COF, employing a post-synthesis strategy. The
active sites on the imidazolium group were crucial for the
efficient ring-opening of epoxides, significantly enhancing
catalytic activity compared to the original H2P-DHPh COF. %!
Liao's team synthesized [HBIM-6]Br-DCX(3) (Scheme 5 IL-
POPs-3), an imidazole hyperionic polymer (HIP) with high

framework.

al.

ionic density through the Friedel-Crafts reaction of a-
dichloro-paraxylene and the monomer [BIM-6]Br.

This
properties in cycloaddition reactions between CO; and

material demonstrated exceptional catalytic
epichlorohydrin without auxiliary catalysts and solvents,
acquiring a productivity and selectivity of 99% in 1 hour.”
Similarly, Zhao et al. introduced a new approach involving
grafting imidazolium salts into COFs through acid-base
neutralization strategies, which is depicted in Scheme 5 (IL-

POPs-4).181 Additionally, Yan et al. successfully synthesized

6| Eng. Sci., 2025, 35, 1525

BMIMA4F-Py-COF (Scheme 5 IL-POPs-5), a novel ionic
liquid-immobilized COF, by immobilizing imidazolium ionic
liquid precursors onto a COF via quaternary ammonium
reactions. The material exhibited outstanding catalytic
properties in cycloaddition reactions between CO; and
epoxide in the absence of solvents or co-catalysts, owing to its
high specific surface area, unidimensional open channel
construction, and catalytic activity of L.

3.4 Metal complexes POPs

3.4.1 Porphyrin-based POPs

Well-engineered metal-functionalized POPs have
demonstrated superior catalytic activity when compared to
conventional organocatalysts derived from ionic liquids.['%0-102
Recently, there has been notable advancement in metal
complex catalysts, especially in integrating Salen and
porphyrin structures into highly stable porous organic
frameworks, which has attracted considerable attention.['03:104]
Metalloporphyrin complexes demonstrate outstanding
performance in catalyzing oxidation, cycloaddition reactions,
C-H bond activation, and various other processes.!!®! Their
diverse and adjustable structures enable the design of catalysts
with precise functionalities, particularly in adsorbing and
activating CO; during cycloaddition reactions with
epoxides.['9%1971Tn 2017, Tan and colleagues successfully
synthesized a porphyrin-based highly cross-linked polymer
known as HUST-1 using an AlCls-catalyzed Friedel-Crafts
reaction. Subsequently, cobalt ions were introduced into the
central coordination site of porphyrins, resulting in HUST-1-
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Co (Scheme 6 M-POPs-1) owning cobalt loadings of 0.39
mmol/g. HUST-1 and HUST-1-Co possess microscopic pore
sizes of 0.68 nm and 1.17 nm, as well as successive medium
and large pore construction that promote interactions between
pore walls and CO,, thereby facilitating catalytic processes.!%%!
Recently, Chen and colleagues synthesized metalloporphyrin-
based high crosslinked polymers (Scheme 6 M-POPs-2) via
Friedel-Crafts reaction. These M-HCPs feature numerous
steady nano-sized pores, a large BET surface area, and
outstanding CO»/N, adsorption separability. Experimental
effects showed the turnover frequency (TOF) of AI-HCP in
propylene oxide (PC) is 14,880 h™! under conditions of 100 °C
and 3.0 MPa. Furthermore, these catalysts are capable of being
recovered and reused times

exceeding 35 using

straightforward filtration or centrifugation methods avoiding
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loss of catalytic properties, suggesting promising potential for
industrial applications.!'*”!

3.4.2 Salen-based POPs

Given the complexity and rigidity inherent in porphyrin
synthesis, catalytic systems utilizing Salen structures with
metal complexes have emerged as promising alternatives.
Salen, known as Schiff base ligands, exhibit a quadrilateral
ring structure composed of two nitrogen atoms and two
oxygen atoms. The versatile and adaptable nature of Salen
structures renders them ideal for designing innovative
catalysts and functional materials. Li et al. successfully
synthesized COF-Salen, Salen-based COF
characterized by large surface area (1646 m*/g), consistent
pore diameter (1.86 nm), and a layer crystal construction of

a novel

Eng. Sci., 2025, 35, 1525 |7
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AA stacking, demonstrating exceptional stability in acid-base
environments while preserving a well-ordered crystal
structure. Metallizing COF-Salen with metals such as Co
enables the transformation into COF-Salen-Co (Scheme 6 M-
POPs-3) catalysts possessing high BET surface areas and
crystalline structures. The catalysts not only exhibited high
catalytic activity but also showed good stability, with no
significant loss of activity after 5 cycles. Li et al. proposed that
the distinctive layered crystal structure of COF-Salen-M
efficiently immobilizes active sites.'')  Conjugated
microporous polymers (CMPs) represent a new type of porous
materials distinguished by high specific surface areas,
extensively utilized in heterogeneous catalysis and gas

separating. Zou et al. recently reported Zn-Salen-CMP, a novel

8| Eng. Sci., 2025, 35, 1525

conjugated microporous polymer synthesized via Sonogashira
coupling reaction using Zn-Salen compounds. Zn-Salen-CMP
demonstrated outstanding catalytic properties, particularly in
the chemical solidification between CO, and epoxides,
especially when used in conjunction with the cocatalyst
TBAB.M!

3.4.3 Titanyl POPs

Maya et al. utilized Friedel-Crafts reaction to fabricate FePc-
POP, a microporous-mesoporous organic polymer derived
from commercially available iron phthalocyanine (FePc) and
biphenyls. FePc-POP features a specific surface area of 427
m?/g and an iron loading of 5.42%. This method enables the
direct synthesis of heterogeneous catalysts from ferrous
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Table 1: Results of CO; cycloaddition with substrate over a variety of POPs.

Yield Selectivit
Entry Catalyst Cocatalyst Substrate Reaction condition e crectvity Ref.
(%) (%)
TZ-POPs-1/2 CTF-0/1 NONE ECH 0.7 MPa, 130 °C, 4 h 81.2 94.4 [75]
TZ-POPs-3 CTF P-HAS NONE ECH 0.7 MPa, 130 °C, 4 h 100 95.8 [76]
TZ-POPs-4 2,5-DCP-CTF NONE ECH 0.7 MPa, 120 °C, 4 h 95 95.9 [77]
1,2-Epox
HBD-POPs-1 PPS-mOH-Bn NONE 0.1 MPa, 50 °C, 3 d 98 99 [86]
ybutane
HBD-POPs-2 PDCX-OH NONE PO 0.5 MPa, 60 °C, 6 h 91 99 [87]
HBD-POPs-3 TB-P5 TBAB PO 1.0 MPa, 80 °C, 48 h 96.0 99 [88]
P(MBA-
HBD-POPs-4 NONE PO 0.1 MPa, 80 °C, 12 h 95 99.7 [89]
V3Br)—2
HBD-POPs-5 POP-PA-NH2 NONE ECH 0.1 MPa, 60 °C, 96 h 84.7 99 [90]
PPh3-ILBr-
IL-POPs-1 NONE PO 3.0 MPa, 120°C, 6 h 92 99 [95]
ZnBr2@POPs
AMIMBr@H2P
IL-POPs-2 NONE PO 1.0 MPa, 120 °C, 24 h 95 95 [96]
-DHPh COF
[HBIM-6]Br-
IL-POPs-3 NONE ECH 0.1 MPa, 140°C, 1 h 99 99 [97]
DCX(3)
IL-POPs-4 COF-HNU14 NONE PO 2.0 MPa, 120 °C, 24 h 96 99 [98]
BMIMA4F-Py-
IL-POPs-5 COF NONE ECH 4.0 MPa, 120 °C, 24 h 99 99 [99]
M-POPs-1 HUST-1-Co NONE PO 0.1 MPa, 25 °C,48 h 94.6 99 [108]
M-POPs-2 Al-HCP TBAB PO 1.0 MPa, 40 °C, 1 h 99 99 [109]
M-POPs-3 COF-salen-Co TBAB PO 2.0 MPa, 120 °C, 3 h 95 99 [110]
M-POPs-4 Zn-salen-CMP-2 TBAB PO 3.0MPa, 120°C, 1.5h 92 99 [111]
M-POPs-5 FePc-POP NONE ECH 0.3 MPa, 90 °C,3 h 94 99 [112]

monomers. FePc-POP incorporates a "Fe-N" bond and, in
combination with DMAP (4-(dimethylamino)pyridine),
effectively activates CO; to facilitate cycloaddition reactions.
Under relatively mild conditions (90 °C and 3 bar CO, for 3
hours, without solvent), FePc-POP achieves turnover numbers
(TON) up to 2700.0'2 Table 1 presents the key consequences
of various POPs which catalyzing epoxide versus CO-
cycloaddition.

4. Multi-activation mechanisms

Instead of concentrating solely on individual activator groups
or structures tailored to activate either epoxides or CO.,
researchers are progressively investigating novel catalytic
approaches. The strategy entails leveraging the synergistic
interplay of two or more active groups to craft catalysts that
exhibit superior overall performance. This trend has spurred
the creation of catalysts proficient not only in intensifying the
activation of epoxides or CO: individually but also in
concurrently activating both species.

Engineered Science Publisher

4.1 POPs with Triazine ring and HBD

Mohanty et al. employed melamine and 2-hydroxy-1,3,5-
benzentricarboxaldehyde to synthesize multifunctional
nitrogen-rich nanoporous polymers (Scheme 7 TH-POPs-1). -
OH, -NH, and triazine moieties within the polymers act as
potent functional groups. Specifically, the triazine ring
interacts with CO: molecules through the nitrogen atoms,
activating CO: via Lewis acid-base interactions. Meanwhile,
the -OH serve as HBDs, forming hydrogen bonds with the
epoxy groups of epoxides, thereby reducing the activation
energy required for ring-opening and promoting the
cycloaddition reaction.l'! Liu's group synthesized crown
ether-functionalized porous organic polymers (CE-POPs) via
a Schiff base condensation reaction, wherein trans-
di(aminodibenzo)-18-crown-6 was linked to a trialdehyde-
type monomer and the synthesis was performed in DMF
solvent under reflux conditions. KI@CE-POPs (Scheme 7
TH-POPs-2) modified with potassium ions, phenolic hydroxyl

and triazine units, exhibited synergistic catalytic activity,
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exceptional catalytic efficiency and broad substrate

compatibility in a moderate environment (100 °C and 1.0
MPa), alongside excellent recyclability and stability.l''¥ Yin et
al. also contributed to advancing crystalline COF materials.
They rapidly synthesized bipyridine-based TAPT-BP-COF
with high crystallinity as backbones within just 1 h using
supercritical CO, (scCO;) activation. Subsequently, they
completed the preparation of doubly cationic TAPT-BP2+-

COF (Scheme 7 TH-POPs-3) through quaternization reactions.

Featuring CO,-philic groups (imine and triazine), a charged
backbone, and appropriate pore sizes, TAPT-BP2+-COF
showed 55.6% increase in CO, capture capacity, along with
improved conversion rates and yields. Moreover, it exhibited
excellent stability, allowing for ten cycles of reuse without
significant loss of activity.!'”]

4.2 POPs with Triazine rings and ionic liquids

In 2017, Ali Coskun et al. pioneered the synthesis of charged
covalent triazine backbone catalysts (cCTFs). The resulting
cCTF-500 (Scheme 8 TI-POPs-1) exhibited an impressive
specific surface area of 1247 m?/g. The ionic functional groups
incorporated into POPs significantly enhance CO; adsorption
capacity. Specifically, the positively charged pyridine groups
in cCTFs can interact with CO: through electrostatic
interactions, facilitating CO: adsorption. Meanwhile, the
triazine ring structure provides additional adsorption sites and
promotes the activation of CO:. The dual-action mechanism,
combining electrostatic interactions and Lewis acid-base
interactions, significantly improves the overall catalytic
performance.l'') Hongliang Huang's team synthesized 1,3,5-

10| Eng. Sci., 2025, 35, 1525

tris(4-cyanopyridine-1-methyl)-tribromobenzene (TPM)
cationic CTFs (CCTFs) exploiting ZnCl, as both catalyst and
reacting media for prussiate terpolymerization. CCTF-TPM-
400 (Scheme 8 TI-POPs-2) exhibited characteristics including
high-density pyridine cation sites, a substantial specific
surface area (1206 m*/g), excellent CO, adsorption ability
(61.4 cc/g at 1 bar, 273 K), and outstanding catalytic efficiency
in cycloaddition reactions in a moderate environment (0.7
MPa CO,, 100 °C, 24 h).""7 Additionally, Dai et al.
structured CTFs
straightforward solvothermal approach employing melamine
The CTFs further
functionalized with imidazole groups to yield CTF-IM

synthesized hierarchical through a

and 1,4-phenylenediamine. were
(Scheme 8 TI-POPs-3), which displayed exceptional catalytic

activity in metal-free, halogen-free, and solvent-free
environments. Under optimized conditions (120 °C, 2.0 MPa,
2.5 h), CTF-IM achieved an impressive productivity 94.6%,
and exhibited good stability, with no significant decline in
catalytic performance after 5 cycles. Dai underscored the
contributions of Lewis acidic and basic groups within CTF-
IM, which facilitated the activation of epoxides and CO,,

respectively.!'!®]

4.3 POPs with Triazine rings and metal complexes

Meng et al. investigated layered porous metallized melamine-
formaldehyde (PMF) catalysts, engineered to enhance mass
transport in catalytic reactions. PMFs were metallized to
produce hierarchical porous Zn@ah-PMFs (Scheme 9 TM-
POPs-1), featuring BET surface area of 497.01 m?%g.
Increased Zn*" correlated with accelerated adsorption rates.
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The catalyst was employed in CO; cycloaddition experiments
with co-catalyst TBAB, achieving a remarkable 99%
conversion rate and separability at 100 °C and 2.0 MPa CO,
pressure within 0.5 hours. The metal ions (Zn**) in the
catalysts interact with the epoxy groups of epoxides,
stabilizing the reaction intermediates. Meanwhile, the triazine
ring structure provides additional activation sites, promoting
the adsorption and activation of CO:. The synergistic effect
between the metal ions and the triazine ring enhances the
overall catalytic efficiency.l'"”! Similarly, Liu et al. synthesized
two metal-containing triazine polymer catalysts (Zn-TPAMP
and Zn-TPBMP) from melamine and various aldehyde
precursors. N> adsorption choroisotherm and pore diameter
compositions of TPAMP and TPBMP (Scheme 9 TM-POPs-
2), revealed the microporous and mesoporous structures. Both

H H H  H

TM-POPs-1 TM-POPs-2
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catalysts exhibited excellent CO; adsorption capacities, with
Zn-TPAMP displaying high catalytic activity (TOF: 1383 h'!)
owing to plentiful mesopores and zinc ions. With the addition
of tetrabutylammonium bromide, at 100 °C, 2.0 MPa CO;
pressure lasting 1 h, Zn-TPAMP achieved better yields of
cyclic carbonate with CO; and propylene oxide.[*]
Furthermore, Ahn et al. synthesized covalent imine backbone
(CIF) materials, specifically TPA-TCIFs (Scheme 9 TM-
POPs-3). The CIFs were subsequently functionalized with M*
(Zn>" and Co?") for cycloaddition reactions. While surface
areas of specimens partially decreased after functionalization,
the catalytic activity was significantly enhanced, showcasing
outstanding structural properties and improved -catalytic
efficiency, and the activity was sustained after five rounds of

recycling.[?!]

TM-POPs-3
Scheme 9: POPs with Triazine rings and metal complexes.
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4.4 POPs with HBD and ionic liquids

Liu and colleagues synthesized pyridyl ionic porous organic
polymers (Py-iPOPs) incorporating hydroxyl and pyridyl
radicals in situ, employing an acetonitrile-functionalized
pyridinium ionic liquid and polyaldehyde monomer via alkali-
catalyzed Knoevenagel condensation. Py-iPOP-1 (Scheme 10
HI-POPs-1) exhibited outstanding catalytic activity, achieving
99% yield and selectivity in converting CO; and glycerol
carbonate to cyclic carbonate in moderate environments (0.1
MPa CO,, 60 °C, 48 hours). The hydroxyl groups as HBDs
facilitates epoxide ring opening, synergistically enhanced by
the pyridine groups. Specifically, the pyridine groups provide
the additional nucleophilic sites to interact with CO. and
promote its activation. The dual-action mechanism,
combining hydrogen bonding and nucleophilic activation,
significantly improves the overall catalytic performance.!'??]
Guo et al. synthesized a novel multifunctional histidine-based
supercross-linked polymer, HIPs-Br-His (Scheme 10 HI-
POPs-2), integrating multiple hydrogen bond donors,
nucleophilic ion sites, and Lewis bases. In moderate
environments (70 °C, 1 MPa), devoid of metal catalysts or
solvents, HIPs-Br-His exhibited robust catalytic properties.['?]
Additionally, Cai et al. synthesized resorcinol/formaldehyde
resin via solvent-free self-assembly, subsequently modifying
by HBr to yield nitrogen-doped POP featuring protonation IL
locus, PIP-HP-HBr (Scheme 10 HI-POPs-3). The material
retained a large surface area following the formation of ionic
sites and demonstrated synergistic effects of hydroxyl groups
and Br ions, facilitating high catalytic activity without metals,
solvents, or co-catalysts. Additionally, PIP-HP-HBr achieved
a maximum yield of 99% and can be reused with performance
remaining largely unchanged after five cycles.!'?#

4.5 POPs with HBD and metal complexes
Recently, Chen et al. synthesized phosphorus-ion-based

12| Eng. Sci., 2025, 35, 1525

I

Br
Cl H N H
3r
H
H
NI
H(

HI-POPs-2 HI-POPs-3

Qo

4 X

2
g 26

HM-POPs-1
Scheme 11: POPs with HBD and metal complexes.

porous hypercrosslinking polymers (Scheme 11 HM-POPs-1)
using octavinylsesquioxane (VPOSS) and the cost-effective
organic ionic  salt methyltriphenylphenyl  bromide
([Ph3PMe]Br) through an AlCls-catalyzed Friedel-Crafts
reaction. These polymers incorporate various active centers,
comprising uncombined CI" and Br", POSS-rich Si-OH HBDs
groups formed from POSS cage cleavage during synthesis,
and metal halide complex anion [AICI3Br]". The HBDs (Si-OH
groups) form hydrogen bonds with the epoxy groups of
epoxides, reducing the activation energy required for ring-
opening. Meanwhile, the metal halide complex anion
[AICI3Br] activates and interacts with CO2.['>*]

4.6 POPs with Ionic liquids and metal complexes

Beyond the above mentioned studies, the covalent
modification strategy with metal complexes has surfaced
as a promising research avenue, facilitating the seamless
integration of active groups. Zhang and co-workers devised
the innovative multi-component heterogeneous catalyst,
POM@ImTD-COF (Scheme 12 IM-POPs-1), through
immobilizing imidazole ionic liquids (ImTD) onto COFs,
exploiting electrostatic interactions with polyoxymetalate
(POMs). The exceptional catalytic efficacy of POM@ImTD-
COF arises from synergies between the ionic liquids and
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POMs. In cycloaddition reactions, the ionic liquid, alongside
the co-catalyst n-Bu4NBr, facilitates the breaking of C-O
within epoxy compounds, whereas Lewis acidic POMs drive
the process of ring-opening. These diverse activation
pathways enhance the robust catalytic efficiency of
POM@ImTD-COEF.[12¢]

Ma et al. prepared the zinc porphyrin-based ionic POP
(Scheme 12 IM-POPs-2) catalyst employing a newly devised
pyridine-functionalized cationic zinc porphyrin monomer
(ZnTPyPBr4). The bimodal heterogeneous catalyst, endowed
with zinc (II) active centers and nucleophilic Br-,
demonstrated robust catalytic properties in the absence of
solvent and cocatalyst. Particularly notable are its remarkable
turnover frequency (TOF) values, reaching as high as 15,500
h'! for CO, and epichlorohydrin at 120 °C and 1.0 MPa.[27)
Wang et al. utilized a solvothermal approach to copolymerize

Engineered Science Publisher

pyridine-functionalized zinc porphyrin (ZnTPyPBr4) with
divinylbenzene (DVB), yielding ZnTPyPBr4/DVB (1:30)-
iPOP (Scheme 12 IM-POPs-3) possessing large specific
surface areas, superior CO> adsorption efficiency, plentiful
bifunctional Zn and Br- sites. This catalyst demonstrated best
catalytic property reported thus far in cycloaddition reactions,
achieving 99% conversion rate.!'®)

Cao et al. engineered and synthesized a pioneering cationic
POP, AI-CPOP, integrating Salen-(Al) and imidazole
effectiveness. The porous polymer plays a dual role as
catalysts and excels at facilitating cycloaddition reactions. Al-
CPOP (Scheme 12 IM-POPs-4) efficiently synthesizes cyclic
carbonates under atmospheric pressure without requiring
additional co-catalysts. Within Al-CPOP, Salen-(Al) functions
as a Lewis acid, complemented by imidazole chloride serving
as a Lewis base. Collectively, the components catalyze the
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cycloaddition reaction by activating epoxides and facilitating
the nucleophilic attack on C-O bonds by chloride ions derived
from imidazole. This process initiates the ring-opening
reaction, generating new intermediates. The nitrogen-rich
backbone of AI-CPOP enhances the capacity for CO;
adsorption, thereby enhancing CO, capture efficiency and
accelerating overall reaction rate.!'>”)

4.7 POPs with Triazine rings, HBDs and ionic liquids
Besides integrating two catalytic strategies, current research
explores the integration of three simultaneous catalytic active
sites. For example, Sun et al. successfully engineered a series
of multifunctional ionic COFs through the covalent grafting of
functionalized imidazole onto the triazinyl COF backbone
using a post-synthetic modification strategy. IM-COF-Br-
Vinyl (Scheme 13 TT-POPs-1) features multiple active sites,
including CO,-affinity basic sites, hydrogen bond donors, and
nucleophilic anions. Specifically, the triazine ring provides
basic sites that interact with CO-, promoting its adsorption and
activation. The hydroxyl groups act as HBDs, forming
hydrogen bonds with the epoxy groups of epoxides, reducing
the activation energy required for ring-opening. Meanwhile,
the nucleophilic anions (Br") interact with the epoxy groups,
further promoting the ring-opening process. The framework
demonstrates outstanding catalytic performance in a moderate
environment without solvent, co-catalyst, and metal.
Optimization of conditions enabled IM-COF-Br-Vinyl to
achieve a conversion rate of 96.49% for epichlorohydrin with
a selectivity exceeding 99% at 100 °C, 0.5 MPa, and 6 h.['3%
Furthermore, Liu et al. synthesized an alkene-modified
melamine-based POP (MPOP-4A) using a one-pot method,
subsequently modifying with imidazole ions to produce the
final catalyst (Scheme 12 TT-POPs-2). The structure of
MPOP-4A-IL incorporates an array of active centers,
including hydrogen bond donors, nitrogen centers, and
nucleophilic groups, which collectively enhance efficiency
and catalytic activity in chemical reactions. The MPOP-4A-IL
catalyst was found to retain high catalytic activity even after
being recycled six times.!3!

4.8 Miscellaneous POPs

Lin et al. have made a significant contribution to the field of
catalysis by developing a novel class of materials known as
ionic conjugated microporous polymers (iCMPs). They
synthesized these polymers through a simplified one-step
Debus-Radziszewski reaction, which is a significant
advancement in the synthesis of such materials. The resulting
Imidazole-linked iCMP-1@CIl (referred to as Scheme 14 O-
POPs-1) was obtained through a direct anion exchange
process with halides. This innovative method not only
simplifies the synthesis but also introduces a unique feature:
the imidazole group's interaction with the halogen anion. This
synergy effect markedly enhances catalytic efficiencies of the
material, particularly in the process of epoxides ring-opening,
a reaction of great importance in the chemical industry. The
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efficiency of this catalyst is highlighted by its performance.['3?!
In a parallel development, Yu et al. have synthesized covalent
triazine frameworks (Scheme 14 O-POPs-2) with remarkable
properties. The frameworks, prepared at 400 °C using 3,6-
dicyanocarbazole as the monomeric precursor, boast a
substantial specific surface area of 982 m?/g and a high
nitrogen content of 15.33 wt%. These characteristics make
them highly effective catalysts for epoxides ring-opening
reactions. When combined with the cocatalyst TBAB
(tetrabutylammonium bromide), the performance of catalysts
is further enhanced, demonstrating exceptional catalytic
properties in CO; activation. In a moderate environment of
25 °C and 0.1 MPa CO; pressure, these catalysts achieve a
conversion efficiency of over 96% in cycloaddition reactions,
thereby effectively contribute to forming cyclic carbonates.!!*?!
For application in CO, capture and catalysis, Ahn and
collaborators have also made strides in the synthesis of porous
matters. They have developed triazine polymers (QP-CTP)
through a process involving cyanochloride and tetraphenyl
substitution, and further integrated these polymers with ferric
oxide nanoparticles to create porous Fe3;O4@QP-CTP
architectures. At 273 K and 1 bar, these materials, as depicted
in Scheme 14 O-POPs-3, exhibit an impressive CO;
adsorption amount of 83 mg/g.

When used in conjunction with tetrabutylammonium
bromide, they catalyze the reaction at 0.1 MPa CO, pressure
and 50 °C for 12 hours, achieving a conversion rate of 91%
and a selectivity of 98% for propylene oxide, as described in
reference.l'**l Sarkar and colleagues have demonstrated
quaternary ammonium salts can be effectively immobilized
onto a microporous COFs. By harnessing the synergistic
effects among multiple active centers within the COFs, such
as Br~ and NH*", along with highly accessible microporous
channels and excellent CO; enrichment capacity of the
frameworks, these modified COFs (Scheme 14 O-POPs-4)
have been shown to facilitate the coupling of CO, with various
epoxides. Notably, cyclic carbonates can be acquired in yields
surpassing 99% with selectivity exceeding 99%. The catalytic
system can be reused at least five times, maintaining nearly
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the same level of catalytic performance, as reported in
reference.!'’! These advancements showcase the innovative
approaches being taken to develop materials with enhanced
catalytic properties for CO; capture and conversion, which are
crucial in sustainable chemical processes and the development
of green technologies. The work of Lin et al. highlights the

importance of interdisciplinary collaboration and the
integration of novel synthetic strategies to address
contemporary challenges in catalysis and material science.
Table 2 provides a comprehensive summary of the
principal outcomes the principal outcomes associated with the
diverse POPs discussed earlier concerning their performance

Table 2: Results of CO, cycloaddition with substrate over a variety of POPs.

Entry Catalyst Cocatalyst ~ Substrate Reaction condition Yield (%) Selectivity (%)  Ref.

TH-POPs-1 MNENP NONE ECH 120 °C, 0.4 MPa, 20 h 100 100 [113]
TH-POPs-2 KI@CE-POP-2 NONE ECH 100 °C, 1.0 MPa, 12 h 96 unknown [114]
TH-POPs-3 TAPT-BP?*-COF NONE ECH 120 °C, 2.0 MPa, 12 h 99.3 99 [115]
TI-POPs-1 cCTF-500 NONE PO 90 °C, 1.0 MPa, 12 h 99 unknown [116]
TI-POPs-2 CTF-TPM-400 NONE ECH 100 °C, 0.7 MPa, 24 h 99 unknown [117]
TI-POPs-3 CTF-IM NONE ECH 120 °C, 2.0 MPa, 2.5 h 94.6 100 [118]
TM-POPs-1 Zn@ah-PMF TBAB PO 100 °C, 2.0 MPa, 0.5 h 99 99 [119]
TM-POPs-2 Zn-TPBMP TBAB PO 100 °C, 2.0 MPa, 1 h 99 unknown [120]
TM-POPs-3 Zn/TPA-TCIF(BD) NONE PO 40 °C, 0.5 MPa, 10 h 99.3 99.7 [121]
HI-POPs-1 Py-iPOP-1 NONE glycidol 60 °C, 0.1 MPa, 48 h 99 99 [122]
HI-POPs-2 HIPs-Br-His NONE PO 110°C, 1.0 MPa, 1 h 97 unknown [123]
HI-POPs-3 PIP-HP-HBr NONE EH 120 °C, 1.0 MPa, 8 h 99 unknown [124]
HM-POPs-1 P-iPHCP-14 NONE EH 60 °C, 0.1 MPa, 48 h 96 99 [125]
IM-POPs-1 POM@ImTD-COF  NONE ECH 80 °C, 0.1 MPa, 24 h 99 99 [126]
IM-POPs-2 ZnTPyPBr4-iPOP NONE ECH 120 °C, 1.0 MPa, 6 h 99 99 [127]

ZnTPyPBr4/DVB-
IM-POPs-3 POP NONE ECH 80 °C, 0.5 MPa, 18 h 99 99 [128]
i

IM-POPs-4 Al-CPOP NONE ECH 120 °C, 0.1 MPa, 24 h 99 95 [129]
TT-POPs-1 IM-COF-Br-Vinyl NONE ECH 100 °C, 0.5 MPa, 6 h 96.49 99 [130]
TT-POPs-1 MPOP-4A-IL NONE ECH 120 °C, 1.0 MPa, 8 h 95 99 [131]
O-POPs-1 iICMP-1@Cl NONE ECH 130 °C, 1.0 MPa, 8 h 98 99 [132]
O-POPs-2 CTF-CSU19 TBAB ECH 90 °C, 1.0 MPa, 48 h 96 unknown [133]
O-POPs-3 Fe304@QP-CTP TBAB PO 50°C,0.1 MPa, 12 h 91 98 [134]
O-POPs-4 MA-PDA IL@COF _ NONE ECH 90 °C, 0.1 MPa, 12h 99 99 [135]
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in catalyzing epoxide versus CO» cycloaddition reactions.
From the viewpoint of chemical reaction engineering, a
catalyst must exhibit three fundamental attributes-high
efficiency, specificity, and reliability-to meet the stringent
requirements of industrial applications. These attributes serve
as the foundation for the industrial implementation of POPs.
Achieving high-performance catalysts necessitates finely
optimizing preparation conditions and meticulously designing
functional monomers to develop tailored POPs with active
catalytic sites. Nevertheless, this approach escalates the
expenses associated with synthesizing porous organic
polymers. Hence, substantial advancements are imperative
before attaining industrial-scale production of these materials.

5. Conclusion and outlook

In summary, customized POPs are emerging as highly
effective and readily recyclable heterogeneous catalysts adept
at capturing carbon dioxide and converting it into cyclic
carbonates in a moderate environment. Incorporating
functional groups like triazine structures, H-bond donors,
ionic liquids, and metal complexes into the POPs framework
not only augments the efficiency of CO; capture and
conversion but also facilitates the activation of epoxy
compound ring-opening reactions. The triazine basic unit in
covalent triazine frameworks can capture and activate CO,,
underscoring the importance of optimizing nitrogen content,
preserving crystal structure integrity, and selecting appropriate
functional groups during CTF synthesis. Precise design is
essential to enhance material properties while maintaining
structural integrity.['3¢13% Introducing HBD modifications on
POPs engenders synergistic effects in the activation pathway
of epoxy compounds, thereby enhancing their ring-opening
reactions.['“*1#2] Jonic liquid-modified POPs possess the ability
to incorporate both anions and cations as a viable strategy to
tailor ionic functionalities through either pre- or post-synthesis
modifications.l'4-14]  Metal complex-modified POPs can
catalyze reactions under ambient conditions, attributable to
interactions involving metal-oxygen coordination bonds.['47-14°]
The preceding analysis clearly indicates that, although
catalysts designed for the activation of epoxides or the fixation
and conversion of CO, are capable of facilitating these
processes, their catalytic efficacy requires enhancement to
satisfy industrial requirements. Consequently, developing
catalysts proficient in activating both epoxide and CO,
simultaneously warrants the attention of researchers. For
instance, increasing the CO adsorption ability of POPs
facilitates the concurrent capture and conversion of CO,.['3"
The catalytic activity of POPs has been augmented by
preparing high-performance bifunctional catalysts capable of
simultaneously activating CO, and promoting the ring opening
of epoxides.[!3!]

Nonetheless, the advancement of metal complexes and
ionic liquid-modified POPs remains nascent, and further
research in this direction should be encouraged. From the
viewpoint of driving the innovation and development of
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diverse POPs with expansive industrial potential, the research
on POPs needs to focus on four aspects: simplicity of
preparation method, industrial applicability of structure,
operability of catalytic conditions, and recyclability of
catalytic performance to meet the stringent requirements of
industrial applications. Specifically, it is crucial to highlight
that the stability and cycle numbers of the POPs are of
paramount importance for practical industrial applications.
Although most of the POPs reported in this article show good
performance in single reactions, the long-term stability and
recyclability over multiple cycles are essential for sustainable
and cost-effective industrial processes. Future research should
focus on developing catalysts that can maintain high
performance over numerous cycles while minimizing
structural degradation and loss of activity. The long-term
stability and recyclability will pave the way for the large-scale
application of POPs catalysts in CO: capture and conversion
technologies. As the synthesis of porous organic polymers
continues to innovate and advance, we confidently anticipate
the emergence of more highly customized POPs catalysts in
the near future. Given the exceptional properties, these
innovative materials will significantly contribute to mitigating

the greenhouse effect and promoting environmental
sustainability.
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