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Abstract: The development of efficient and metal-free heterogeneous catalysts for the chemical
fixation of CO2 into value-added products is still a challenge. Herein, we reported two kinds of polar
group (−COOH, −OH)-functionalized porous ionic polymers (PIPs) that were constructed from
the corresponding phosphonium salt monomers (v-PBC and v-PBH) using a solvothermal radical
polymerization method. The resulting PIPs (POP-PBC and POP-PBH) can be used as efficient
bifunctional heterogeneous catalysts in the cycloaddition reaction of CO2 with epoxides under
relatively low temperature, ambient pressure, and metal-free conditions without any additives. It
was found that the catalytic activities of the POP-PBC and POP-PBH were comparable with the
homogeneous catalysts of Me-PBC and PBH and were higher than that of the POP-PPh3-COOH
that was synthesized through a post-modification method, indicating the importance of the high
concentration catalytic active sites in the heterogeneous catalysts. Reaction under low CO2

concentration conditions showed that the activity of the POP-PBC (with a conversion of 53.8%
and a selectivity of 99.0%) was higher than that of the POP-PBH (with a conversion of 32.3% and a
selectivity of 99.0%), verifying the promoting effect of the polar group (−COOH group) in the porous
framework. The POP-PBC can also be recycled at least five times without a significant loss of catalytic
activity, indicating the high stability and robustness of the PIPs-based heterogeneous catalysts.

Keywords: porous ionic polymers; CO2 elimination; bifunctional heterogeneous catalysts;
cycloaddition reaction

1. Introduction

The transformation of CO2 into industry products seems to be an attractive way for the
elimination of CO2 and relieving the effect of global warming [1–3]. Nowadays, CO2 could
be readily transformed into fruitful products, including CO [4], formic acid [5], CH4 [6,7],
methanol [8,9], cyclic carbonates [10–13], and so on [14]. Due to the relatively green process
and high atom-economy, as well as the wide application of the cyclic carbonates in the
industry process, the cycloaddition of CO2 with epoxides to form cyclic carbonates have
attracted much attention recently, although the market size for cyclic carbonates is still
limited (300–400 kta) compared with the emission of 40 Gta of CO2 [11,15–19]. Nowadays,
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various catalysts, including homogeneous [11,17,20] and heterogeneous [21–25] catalysts
have been developed for the cycloaddition reaction to form cyclic carbonates. However,
most of these catalysts are homogeneous and severe conditions, such as high temperature
and high pressure or extra additives served as co-catalysts are always required [22,26].
Obviously, the utilization of homogeneous catalysts or additives will complicate the cata-
lysts’ separation and product purification; the separation processes of the catalysts from
the reaction mixture are energy-intensive [27–29]. In this case, the development of novel
heterogeneous catalysts has drawn the attention of many researchers. Otherwise, little
research has focused on the transformation of low concentration CO2 [30]. Therefore, the
development of highly efficient heterogeneous catalysts which can promote the coupling
reaction under relatively mild and co-catalyst-free conditions are essential.

Recently, various novel porous materials, including metal–organic frameworks (MOFs),
covalent organic frameworks (COFs), and porous organic polymers (POPs) have been devel-
oped and show fruitful applications, including catalysis, sensor, gas capture and separation,
due to their unique porosity structure and the tunability of the chemical structure [31–35].
Among them, porous organic polymers (POPs), which always have special hierarchical
porosity, high stability, and a relatively high surface area, are good candidates for hetero-
geneous catalysis [36–41]. Porous ionic polymers (PIPs), as one of the POPs which are
constructed from the organic ionic compound of monomers, are potential players for the
transformation of CO2 into cyclic carbonates, due to their intrinsic ionic structure and CO2-
philic properties [42–45]. Through a copolymerization method, Han and coworkers [46]
prepared an ionic liquid polymer catalyst from imidazolium salt and divinylbenzene, which
could promote the cycloaddition reaction of CO2 with epoxides under co-catalyst free con-
ditions, although a relatively higher reaction temperature and higher CO2 pressure were
needed. Wang et al. [47] decorated the imidazolium salt with a hydroxyl electrophilic center,
and the catalytic performance of the resulting catalyst was remarkably improved (the reac-
tion can be readily promoted at atmospheric CO2 at 70 ◦C). The excellent performance of
these catalysts was attributed to the functional polarity structure of the polymers, as well as
the porous structure [43,48–51]. Different from those copolymerization strategies, Sun et al.
synthesized a series of PIPs from the corresponding vinyl-functionalized phosphonium
salt monomers which can be used as robust and efficient heterogeneous catalysts for the
transformation of atmospheric CO2 into cyclic carbonates under metal-free conditions at
298 K without any additives [52].

In this work, we reported two kinds of polar group (−COOH, −OH)-functionalized
PIPs that were constructed from the corresponding vinyl-functional phosphonium salts
through a solvothermal radical polymerization method (noted as POP-PBC and POP-
PBH, respectively). The resulted PIPs can be used as heterogeneous catalysts for the
cycloaddition reaction of CO2 with epoxides under ambient conditions. The catalytic
activities of the heterogeneous catalysts are comparable with those of the homogeneous
monomer catalysts (MePBC and PBH). The catalysts outperform those that are synthesized
from the post-modification method, demonstrating the importance of high concentration
catalytic active sites in the heterogeneous catalysts. It was also found that the POP-PBC
was more active than the POP-PBH (with a conversion of 53.8% versus 32.3%), indicating
the more promotive role of the −COOH group than the −OH group. The POP-PBC catalyst
could be fully reused at least five times without a significant loss of catalytic activity,
indicating the high stability and robustness of the PIPs-based heterogeneous catalysts.

2. Materials and Methods
2.1. Materials

THF was dried using LiAlH4. Other reagents and solvents, including 4-bromostyrene,
bromoacetic acid, 2-bromoethanol, azobisisobutyronitrile (AIBN), epichlorohydrin, propy-
lene oxide, 1,2-epoxybutane, 1,2-epoxyhexane, and styrene oxide were all commercially
available and used without further purification.
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2.2. Catalyst Preparation

Synthesis of the POP-PBC. The POP-PBC was synthesized from the v-PBC monomers
through a solvothermal polymerization method. Typically, 1.0 g of v-PBC was dissolved
in 10 mL of DMF, followed by the addition of 50 mg of AIBN. After maintaining in an
autoclave at 373 K for 24 h, the product with a light-yellow color was finally obtained after
washing with CH2Cl2 and drying under vacuum for 12 h to give the POP-PBC (0.96 g,
96% yield).

Synthesis of the porous ionic polymer POP-PBH. The POP-PBH was synthesized from
the v-PBH monomers through a solvothermal polymerization method. In a typical run,
1.0 g of v-PBH was dissolved in 10 mL of DMF, followed by the addition of 50 mg of AIBN.
After maintaining in an autoclave at 100 ◦C for 24 h, the product POP-PBH was finally
obtained as a white powder after washing with CH2Cl2 and drying under vacuum for 12 h
(0.98 g, 98% yield).

2.3. Catalytic Activity Test

Typically, in a Schlenk tube with 10 mmol of epoxides, the catalysts were added and
the CO2 was purged with a balloon and reacted at 333 K for 48 h. The conversion and
selectivity were determined by 1H NMR spectroscopy. For catalytic evaluation under a low
CO2 concentration, 15% CO2 mixed with 85% N2 in volume was used. For the recycling
tests, the catalyst was filtered and washed with CH2Cl2 three times and dried in air. The
catalyst was then used for the next run directly.

2.4. Characterizations

Nitrogen sorption isotherms of the various materials were collected at Micromeritics
ASAP 2020M, and the samples were dried under vacuum at 373 K for 12 h. The surface
areas were calculated from the sorption isotherms using the Brunauer–Emmett–Teller
(BET) method. CO2 sorption isotherms were performed on the Micromeritics ASAP2010
under 1 atm CO2 at 298 K and 273 K. The samples were also treated under vacuum at
373 K for 12 h. An X-ray photoelectron spectroscopy (XPS) was performed on a Thermo
ESCALAB 250 with Al Kα irradiation at θ = 90◦ for X-ray sources; the binding energies were
calibrated using the C1s peak at 284.9 eV. The Fourier transform infrared (FTIR) spectra
were measured on a Nicolet iS10 (Thermo Fisher, Waltham, MA, USA) IR spectrometer in
the range of 400–4000 cm−1. A thermal gravimetric analysis (TGA) was performed on a
SDT Q600 V8.2 Build100 thermogravimetric analyzer under N2 flow. An elemental analysis
was carried out in the vario MACRO cube organic element analyzer (Elementar, Frankfurt,
Germany). The scanning electron microscopy (SEM) images of the samples were recorded
on Hitachi SU 1510 apparatus. Transmission electron microscopy (TEM) experiments were
performed on a JEM-2100F field emission electron microscope (JEOL, Tokyo, Japan) with
an acceleration voltage of 110 kV. 1H NMR spectra were recorded on a Bruker Avance-400
(400 MHz) spectrometer. Chemical shifts were expressed in ppm downfield from TMS at
δ = 0 ppm. 13C and 31P magic-angle spinning (MAS) NMR spectra were carried out on a
Varian infinity plus 400 spectrometer with a magic-angle spin probe in a 4-mm ZrO2 rotor.

3. Results

Porous ionic polymers POP-PBC and POP-PBH are prepared using a solvothermal
radical polymerization method from the corresponding vinyl-functionalized phosphonium
salts monomers, and the polymers were finally obtained in nearly quantitative yields after
the removal of the solvents and drying under vacuum (as shown in Scheme 1 and the
Experimental Section). The vinyl functional phosphonium salts monomers (v-PBC and
v-PBH) were synthesized accordingly through the facile phosphorylation reactions of bro-
moacetic acid and 2-bromoethanol, respectively, with the tri(4-vinylphenyl) phosphine. For
comparison, the heterogeneous catalyst POP-PPh3-BC that was constructed using a post-
modification method and a series of homogeneous catalysts, including (carboxymethyl)tri-
p-tolylphosphonium bromide (Me-PBC) and (2-hydroxyethyl) triphenylphosphonium
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bromide (PBH) was synthesized. It is worth mentioning that the attempt to synthesize
(carboxymethyl)triphenylphosphonium bromide (PBC) failed, which is mainly due to
many side effects of the phosphorylation reaction of triphenylphosphine with bromoacetic
acid (Scheme S1), according to the literature [53]. However, when the tri(4-methylphenyl)
phosphine was introduced, the Me-PBC could be obtained with high purity (Figure S3).
Therefore, the Me-PBC was used instead of the PBC. The synthesis processes and character-
ization details of Me-PBC and PBH are listed in the Supplementary Materials.
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Scheme 1. Illustration of the synthesis process of PIPs from the vinyl-functionalized monomer.

The chemical structure and composition of the polymers were evaluated by the solid-
state NMR spectroscopy and FT-IR spectroscopy, and the POP-PBC was used as a represen-
tative material for further discussion. Figure 1A shows the 13C solid state NMR spectra of
the POP-PBC. The main peaks are at around 31.7, 41.9, 119, 132, 150, and 164 ppm, which
are almost the same with that of the v-PBC monomer (as show in Figure S1), indicating
that the structure of the monomer was well maintained after the polymerization reaction.
The peaks at around 110 ppm that were related to the vinyl groups disappeared, and a
series of new peaks appeared at about 41.9 ppm, which is assigned to the alkyl groups
from the radical polymerization, confirming the quantitative polymerization of the vinyl
group. Figure 1B shows that the 31P NMR spectra of the POP-PBC and the sharp peak
at about 20.4 ppm finely coincided with the phosphonium salt monomer, which further
confirms the maintenance of the phosphonium salts monomer in the polymer after the
polymerization reaction.
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Figure 1. (A) 13C and (B) 31P solid state NMR spectrum of the POP-PBC.

These results were further confirmed by the FTIR spectroscopy of the POP-PBC and
v-PBC. As shown in Figure S5, the peak at 1500 cm−1 belonging to the vinyl group of v-PBC
disappeared in the spectrum of POP-PBC, implying the successful polymerization of the
vinyl group under the solvothermal condition. The peak at 1700 cm−1 that was attributed
to the free carboxyl group in the spectrum of POP-PBC and v-PBC confirms the sound
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maintenance of the polar group in the phosphonium salt after radical polymerization.
Similar results are also observed in the POP-PBH as show in Figure S6.

The pore structures of the PIPs were determined by the N2 sorption tests. As shown
in Figure 2A, the N2 sorption isotherm of the POP-PBC collected at 77 K shows a typical
type I and type IV curve. The rapid increase in the isotherm at a relative pressure (P/P0) of
below 0.1 is due to the existence of micropores, and the obvious hysteresis loop at a relative
pressure (P/P0) of higher than 0.40 is due to the contribution of mesopores, indicating
the hierarchical structure of the PIPs materials. The nonlocal density functional theory
calculation shows that the pore size distribution of the POP-PBC was mainly at 2.5 nm
(Figure 2B). The BET surface area of the POP-PBC is calculated to be 772 m2/g, with a total
pore volume of 0.57 cm3/g. For the POP-PBH, the BET surface area is calculated to be
643 m2/g, with a total pore volume of 1.3 cm3/g (Figure 2C). The pore size was mainly
distributed at 5.8 nm (Figure 2D). It has been demonstrated that the high surface area and
porosity structure of the heterogeneous catalysts are beneficial for the reagents diffusion
and thus could promote the catalytic activities. The N2 sorption isotherm of POP-PPh3-BC
and the corresponding textural parameters are presented in Figure S7 and Table S1.
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Figure 3 shows the SEM and TEM images of the POP-PBC and POP-PBH. As shown
in Figure 3A,C, both POP-PBC and POP-PBH are composed of spherical particles and
show amorphous morphologies. These results are also confirmed by the TEM images
(Figure 3B–D). A thermogravimetric analysis (TGA) was used to test the stability of the
PIPs. As show in Figure S8, both the POP-PBC and POP-PBH are stable up to 473 K, which
suggests they are stable enough for the coupling of CO2 under nearly ambient conditions.
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The CO2 affinity and capture property of the PIPs were characterized by CO2 ad-
sorption tests at different temperatures of 273 and 298 K under 1 bar CO2. As shown in
Figure 4A, the CO2 adsorption capacity of the POP-PBC at 273 K is 1.98 mmol/g (87 mg/g),
which slightly decreases to 1.23 mmol/g (54 mg/g) at 298 K. For the POP-PBH, the CO2
adsorption quantity is a little lower than that of the POP-PBC, giving values of 1.82 and
1.10 mmol/g at 273 and 298 K, respectively (Figure 4C). These values are comparable to
other porous materials that were reported previously (Table S2) [26,54,55]. The isosteric
heat of the CO2 adsorption (Qst) of POP-PBC that is calculated from the isotherms using the
Virial method is about 31.7 kJ/mol at zero coverage (Figure 4B), which is also higher than
that of the POP-PBH (30.6 kJ/mol, Figure 4D) and is comparable to those of other porous
organic polymers that are used for CO2 capture. Obviously, the relatively high adsorption
capacity and moderate values of Qst is helpful to the CO2 activation and transformation
in the reaction process. The CO2 sorption isotherm of POP-PPh3-COOH is presented in
Figure S9; the Qst was calculated to be 29.5 kJ/mol.

These catalysts were tested for the cycloaddition reaction of CO2 with epoxide under
solvent-free conditions at a relatively low temperature (313–333 K) and 1 atm pressure
of CO2 by using high boiling points of epichlorohydrin as typical substrates instead of
the propylene oxide. As shown in Table 1, with a catalyst loading of 0.5 mol.%, the
catalytic activity of POP-PBC is relatively low at 313 K (with a yield of 35.1%, Table 1,
entry 1) after 48 h reaction, and it can be optimized to 75.8% (Table 1, entry 2) when the
temperature increases to 333 K. For the POP-PBH catalyst, the yield is about 76.8% at a
catalyst loading of 0.5 mol% (Table 1, entry 3). The almost complete transformation of the
substrate could be obtained when the loading amount of POP-PBC and POP-PBH were
increased to 1.0 mol% (yields of 96.2% and 97.2%, respectively, Table 1, entry 4 and 5).
These results are comparable with or higher than those of the literature-reported ionic
liquids polymer-based heterogeneous catalysts [26,56,57] and MOF based bifunctional
heterogeneous catalysts [46,58,59] (Table S3). It should also be noted that the catalytic
activity of the POP-PBC is comparable to that of Me-PBC (with a yield of 86.2%, Table 1,
entry 6). Furthermore, the heterogeneous catalyst POP-PPh3-BC that was synthesized
from the post-modification of POP-PPh3 with bromoacetic acid was also illustrated in this
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transformation as a control experiment. Under the same conditions, the yield on the catalyst
POP-PPh3-BC (45.7%, Table 1, entry 7) is lower than that on the POP-PBC. We hypothesize
that it may be attributed to the POP-PBC that was synthesized from the polymerization of
v-PBC, which possesses a relatively higher concentration of the catalytic active sites than
that of POP-PPh3-BC.
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We further explored their catalytic activity under low concentrations of CO2, as it is
known that the concentration of CO2 in the industrial exhaust gases is about 7–15 vol.%.
Until now, the development of novel heterogeneous catalysts for low concentration CO2
elimination without the soluble additives is still rare and remains challenging. Therefore, we
further tested the conversion of these functional porous organic polymers as heterogeneous
catalysts at low CO2 concentrations with epichlorohydrin as the substrate. As shown in
Figure 5, after a reaction time of 96 h the conversion of epichlorohydrin over the POP-PBC is
53.8% with a selectivity of 99.0%, which is higher than that of POP-PBH (with a conversion
of 32.3% and 48.9% and a selectivity of 99.0%). Considering their similar catalytic sites and
the same catalyst loadings, the excellent activity of the POP-PBC could be attributed to the
higher uptake capacity and affinity of POP-PBC with CO2.

A recycle test was carried out to test the reusability and stability of the catalysts. As
shown in Figure 6, the POP-PBC could readily recycle five times without significant loss of
the catalytic activity. The FT-IR spectrum of the POP-PBC catalyst after recycling five times
show that its structure is almost consistent with the fresh POP-PBC (Figure S11), suggesting
the robustness of the PIPs-based heterogeneous catalysts.
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Table 1. Catalytic performance of different catalysts in the cycloaddition of CO2 with epichlorohydrin
to form cyclic carbonate 1.

Entry Catalysts Molar Ratio (mol.%) Temp. (◦C) Yield (%) 2 TON

1 POP-PBC (24.0 mg) 0.5 40 35.1 70.2

2 POP-PBC (24.0 mg) 0.5 60 75.8 151.6

3 POP-PBH (23.3 mg) 0.5 60 76.8 153.6

4 POP-PBC (48.0 mg) 1.0 60 96.2 96.2

5 POP-PBH (46.6 mg) 1.0 60 97.5 97.5

6 MePBC (18.2 mg) 0.5 60 86.2 172.4

7 PBH (19.4 mg) 0.5 60 80.6 161.2

8 POP-PPh3-BC (35.7 mg) 0.5 60 45.7 91.4
1 Conditions: epichlorohydrin (925 mg, 10 mmol), catalyst (molar ratio was based on the ionic liquid molecular),
1 atm of CO2, 48 h. 2 Determined by liquid NMR.
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Figure 5. The catalytic performance of the heterogeneous catalysts POP-PBC and POP-PBH in
the cycloaddition of CO2 with epoxide under low CO2 concentration (15% CO2 and 85% N2, v/v)
condition. Reaction conditions: epichlorohydrin (925 mg, 10 mmol), 1.0 mol.% of catalysts were used
under low CO2 concentration (15% CO2 and 85% N2, v/v) condition at 333 K for 96 h.
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We also explored the catalytic activity of the POP-PBC and POP-PBH with various
substrates. As show in Figure S12, propylene oxide, 1,2-epoxybutane, 1,2-epoxyhexane,
and styrene oxide were tested. The catalytic activity decreased dramatically with the
increasing molecular size of the substrates, suggesting that the POP-PBC and POP-PBH
have an excellent molecular size for use as selective heterogeneous catalysts. Based on
the current results, as well as the previous reports, the proposed catalytic mechanism of
POP-PBC and POP-PBH in the cycloaddition reaction of CO2 with epoxides is illustrated
in Figure S13. Firstly, through the hydrogen bonding between the polar group in POP-PBC
or POP-PBH and the O atom of epoxides, the substrate is activated and an intermediate is
formed through a nucleophilic attack of Br− anion to the epoxide to open the epoxy ring
from the carbon atom with less steric resistance. Then, CO2 is inserted into the oxygen
anion of the open epoxy ring to form the halocarbonate. Finally, the cyclic carbonate is
obtained from the corresponding ring-closing step and the heterogeneous catalyst is ready
for the next catalytic cycle.

4. Discussion

We have synthesized two kinds of polar group-functionalized porous ionic polymers
(PIPs) using a solvothermal radical polymerization method from the corresponding phos-
phonium salt monomers (v-PBC and v-PBH). The resulting PIPs (POP-PBC and POP-PBH)
can be used as efficient heterogeneous catalysts in the cycloaddition reaction of CO2 with
epoxides under relatively low temperature and ambient pressure. The catalytic activities
of the POP-PBC are comparable with those of the homogeneous catalysts (MePBC and
PBH), indicating the importance of polar group and high catalytic active sites. Moreover,
the POP-PBC catalyst can be fully reused at least five times without obvious loss of the
catalytic activity, showing the high stability of the heterogeneous catalyst. However, due to
the complex synthesis process of those catalysts, as well as the expensive precursors, the
practical applicability of these materials is still a problem and the development of a facile
post-modification method for the preparation of these heterogeneous catalysts is currently
underway in our lab.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym14132658/s1, Scheme S1: Illustration of the phos-
phorylation reactions of the bromoacetic acid with the triphenyl phosphine, Figure S1: Liquid 1H,
13C and 31P NMR of v-PBC, Figure S2: Liquid 1H, 13C and 31P NMR of v-PBH, Figure S3: Liquid
1H and 31P NMR of Me-PBC, Figure S4: Liquid 1H, 13C and 31P NMR of PBH, Figure S5: The
FT-IR spectrum of POP-PBC and v-PBC, Figure S6: The FT-IR spectrum of POP-PBH and v-PBH,
Figure S7: N2 sorption isotherm of POP-PPh3-COOH, Figure S8: The TG isotherms of POP-PBC
and POP-PBH, Figure S9: CO2 sorption isotherm and the Qst of POP-PPh3-COOH, Figure S10: The
FT-IR spectrum of POP-PBC and the catalyst after recycle for 5 times POP-PBC-5th, Figure S11: The
catalytic activities of the heterogeneous catalyst POP-PBC and POP-PBH in the cycloaddition of CO2
with different epoxide substrates. Reaction conditions: epoxide (10 mmol), 60 ◦C for 48 h, Figure S12:
The proposed mechanism of the cycloaddition of epoxide and CO2 into cyclic carbonate catalyzed by
the heterogeneous catalyst POP-PBC, Figure S13: The crude product NMR of cycloaddition reaction
over POP-PBC, Table S1: The textural parameters of various polar groups functionalized hierarchical
porous organic polymers, Table S2: CO2 adsorption performances over various porous materials,
Table S3: Comparison of Various Catalysts Proposed for Cycloaddition of CO2 with Epichlorohydrin.
References [60–66] are cited in the supplementary materials.

Author Contributions: Conceptualization, Z.D.; Data curation, Y.B. and J.M.; Formal analysis, Z.D.;
Investigation, Y.L., J.L. (Jianliang Liu) and Y.B.; Methodology, Y.L., J.L. (Jianliang Liu), Y.B., L.Z., J.M.
and J.L. (Jiayi Liu); Supervision, Z.D., F.Z., Y.X. and J.-Q.L.; Validation, J.L. (Jianliang Liu), L.Z., J.M.
and J.L. (Jiayi Liu); Visualization, F.Z.; Writing—original draft, Y.L.; Writing—review & editing, Z.D.,
F.Z., Y.X. and J.-Q.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (21902145)
and Zhejiang Provincial Natural Science Foundation (LY22B030006).

https://www.mdpi.com/article/10.3390/polym14132658/s1


Polymers 2022, 14, 2658 10 of 12

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mandil, C. Tracking Industrial Energy Efficiency and CO2 Emissions; IEA Publications: Paris, France, 2007.
2. Spalding, M.D.; Brown, B.E. Warm-water coral reefs and climate change. Science 2015, 350, 769–771. [CrossRef] [PubMed]
3. Hughes, T.P.; Baird, A.H.; Bellwood, D.R.; Card, M.; Connolly, S.R.; Folke, C.; Grosberg, R.; Hoegh-Guldberg, O.;

Jackson, J.B.C.; Kleypas, J.; et al. Climate change, human impacts, and the resilience of coral reefs. Science 2003, 301,
929–933. [CrossRef] [PubMed]

4. Wang, X.; Chen, Z.; Zhao, X.; Yao, T.; Chen, W.; You, R.; Zhao, C.; Wu, G.; Wang, J.; Huang, W.; et al. Regulation of coordination
number over single Co sites: Triggering the efficient electroreduction of CO2. Angew. Chem. Int. Ed. 2018, 57, 1944–1948.
[CrossRef] [PubMed]

5. Sun, X.; Lu, L.; Zhu, Q.; Wu, C.; Yang, D.; Chen, C.; Han, B. MoP nanoparticles supported on indium-doped porous carbon:
Outstanding catalysts for highly efficient CO2 electroreduction. Angew. Chem. Int. Ed. 2018, 57, 2427. [CrossRef] [PubMed]

6. Matsubu, J.C.; Yang, V.N.; Christopher, P. Isolated metal active site concentration and stability control catalytic CO2 reduction
selectivity. J. Am. Chem. Soc. 2015, 137, 3076–3084. [CrossRef] [PubMed]

7. Wang, C.; Guan, E.; Wang, L.; Chu, X.; Wu, Z.; Zhang, J.; Yang, Z.; Jiang, Y.; Zhang, L.; Meng, X.; et al. Product selectivity
controlled by nanoporous environments in zeolite crystals enveloping rhodium nanoparticle catalysts for CO2 hydrogenation. J.
Am. Chem. Soc. 2019, 141, 8482–8488. [CrossRef]

8. Behrens, M.; Studt, F.; Kasatkin, I.; Kühl, S.; Hävecker, M.; Abild-Pedersen, F.; Zander, S.; Girgsdies, F.; Kurr, P.; Kniep, B.-L.; et al.
The active site of methanol synthesis over Cu/ZnO/Al2O3 industrial catalysts. Science 2012, 336, 893–897. [CrossRef]

9. Lam, E.; Larmier, K.; Wolf, P.; Tada, S.; Safonova, O.V.; Coperet, C. Isolated Zr surface sites on silica promote hydrogenation of
CO2 to CH3OH in supported Cu catalysts. J. Am. Chem. Soc. 2018, 140, 10530. [CrossRef]

10. North, M.; Pasquale, R.; Young, C. Synthesis of cyclic carbonates from epoxides and CO2. Green Chem. 2010, 12,
1514–1539. [CrossRef]

11. Ema, T.; Miyazaki, Y.; Shimonishi, J.; Maeda, C.; Hasegawa, J. Bifunctional porphyrin catalysts for the synthesis of
cyclic carbonates from epoxides and CO2: Structural optimization and mechanistic study. J. Am. Chem. Soc. 2014, 136,
15270–15279. [CrossRef]

12. Babu, R.; Kathalikkattil, A.C.; Roshan, R.; Tharun, J.; Kimb, D.; Park, D. Dual-porous metal organic framework for room
temperature CO2 fixation via cyclic carbonate synthesis. Green Chem. 2016, 18, 232. [CrossRef]

13. Kathalikkattil, A.C.; Babu, R.; Roshan, R.K.; Lee, H.; Kim, H.; Tharun, J.; Suresh, E.; Park, D. An lcy-topology amino acid MOF
as eco-friendly catalyst for cyclic carbonate synthesis from CO2: Structure-DFT corroborated study. J. Mater. Chem. A 2015, 3,
22636. [CrossRef]

14. Liu, X.; Li, X.; Qiao, C.; Fu, H.; He, L. Betaine catalysis for hierarchical reduction of CO2 with amines and hydrosilane to form
formamides, aminals, and methylamines. Angew. Chem. Int. Ed. 2017, 56, 7425–7429. [CrossRef]

15. Paddock, R.L.; Nguyen, S.T. Chemical CO2 fixation: Cr(III) salen complexes as highly efficient catalysts for the coupling of CO2
and epoxides. J. Am. Chem. Soc. 2001, 123, 11498–11499. [CrossRef]

16. Sun, J.; Fujita, S.-I.; Zhao, F.; Arai, M. Synthesis of styrene carbonate from styrene oxide and carbon dioxide in the presence of zinc
bromide and ionic liquid under mild conditions. Green Chem. 2004, 6, 613–616. [CrossRef]

17. Qin, Y.; Guo, H.; Sheng, X.; Wang, X.; Wang, F. An aluminum porphyrin complex with high activity and selectivity for cyclic
carbonate synthesis. Green Chem. 2015, 17, 2853–2858. [CrossRef]

18. Zhang, M.; Chu, B.; Li, G.; Xiao, J.; Zhang, H.; Peng, Y.; Li, B.; Xie, P.; Fan, M.; Dong, L. Triethanolamine-modified mesoporous
SBA-15: Facile one-pot synthesis and its catalytic application for cycloaddition of CO2 with epoxides under mild conditions.
Micropor. Mesopor. Mat. 2019, 274, 363–372. [CrossRef]

19. Liu, D.; Li, G.; Liu, J.; Wei, Y.; Guo, H. Mesoporous titanium-silicalite zeolite containing organic templates as a bifunctional
catalyst for cycloaddition of CO2 and epoxides. ACS Appl. Mater. Inter. 2018, 10, 22119–22129. [CrossRef] [PubMed]

20. Sun, J.; Han, L.; Cheng, W.; Wang, J.; Zhang, X.; Zhang, S. Efficient acid–base bifunctional catalysts for the fixation of CO2 with
epoxides under metal- and solvent-free conditions. ChemSusChem 2011, 4, 502–507. [CrossRef] [PubMed]

21. Su, Q.; Qi, Y.; Yao, X.; Cheng, W.; Dong, L.; Chen, S.; Zhang, S. Ionic liquids tailored and confined by one-step assembly with
mesoporous silica for boosting the catalytic conversion of CO2 into cyclic carbonates. Green Chem. 2018, 20, 3232–3241. [CrossRef]

22. Aguila, B.; Sun, Q.; Wang, X.; O’Rourke, E.; Al-Enizi, A.M.; Nafady, A.; Ma, S. Lower activation energy for cat-
alytic reactions through host-guest cooperation within metal-organic frameworks. Angew. Chem. Int. Ed. 2018, 57,
10107–10111. [CrossRef] [PubMed]

23. Zhou, Z.; He, C.; Xiu, J.; Yang, L.; Duan, C. Metal–organic polymers containing discrete single-walled nanotube as a heterogeneous
catalyst for the cycloaddition of carbon dioxide to epoxides. J. Am. Chem. Soc. 2015, 137, 15066–15069. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aad0349
http://www.ncbi.nlm.nih.gov/pubmed/26564846
http://doi.org/10.1126/science.1085046
http://www.ncbi.nlm.nih.gov/pubmed/12920289
http://doi.org/10.1002/anie.201712451
http://www.ncbi.nlm.nih.gov/pubmed/29266615
http://doi.org/10.1002/anie.201712221
http://www.ncbi.nlm.nih.gov/pubmed/29345804
http://doi.org/10.1021/ja5128133
http://www.ncbi.nlm.nih.gov/pubmed/25671686
http://doi.org/10.1021/jacs.9b01555
http://doi.org/10.1126/science.1219831
http://doi.org/10.1021/jacs.8b05595
http://doi.org/10.1039/c0gc00065e
http://doi.org/10.1021/ja507665a
http://doi.org/10.1039/C5GC01763G
http://doi.org/10.1039/C5TA05688H
http://doi.org/10.1002/anie.201702734
http://doi.org/10.1021/ja0164677
http://doi.org/10.1039/b413229g
http://doi.org/10.1039/C4GC02310B
http://doi.org/10.1016/j.micromeso.2018.09.011
http://doi.org/10.1021/acsami.8b04759
http://www.ncbi.nlm.nih.gov/pubmed/29896960
http://doi.org/10.1002/cssc.201000305
http://www.ncbi.nlm.nih.gov/pubmed/21275061
http://doi.org/10.1039/C8GC01038B
http://doi.org/10.1002/anie.201803081
http://www.ncbi.nlm.nih.gov/pubmed/29766629
http://doi.org/10.1021/jacs.5b07925
http://www.ncbi.nlm.nih.gov/pubmed/26584402


Polymers 2022, 14, 2658 11 of 12

24. Chen, J.; Zhong, M.; Tao, L.; Liu, L.; Jayakumar, S.; Li, C.; Li, H.; Yang, Q. The cooperation of porphyrin-based porous polymer
and thermal-responsive ionic liquid for efficient CO2 cycloaddition reaction. Green Chem. 2018, 20, 903–911. [CrossRef]

25. Jayakumar, S.; Li, H.; Chen, J.; Yang, Q. Cationic Zn–porphyrin polymer coated onto CNTs as a cooperative catalyst for the
synthesis of cyclic carbonates. ACS Appl. Mater. Inter. 2018, 10, 2546–2555. [CrossRef]

26. Dai, Z.; Sun, Q.; Liu, X.; Bian, C.; Wu, Q.; Pan, S.; Wang, L.; Meng, X.; Deng, F.; Xiao, F.-S. Metalated porous porphyrin polymers
as efficient heterogeneous catalysts for cycloaddition of epoxides with CO2 under ambient conditions. J. Catal. 2016, 338,
202–209. [CrossRef]

27. Clegg, W.; Harrington, R.W.; North, M.; Pasquale, R. Cyclic carbonate synthesis catalysed by bimetallic aluminium–salen
complexes. Chem. Eur. J. 2010, 16, 6828–6843. [CrossRef]

28. North, M.; Wang, B.; Young, C. Influence of flue gas on the catalytic activity of an immobilized aluminium(salen) complex for
cyclic carbonate synthesis. Energy Environ. Sci. 2011, 4, 4163. [CrossRef]

29. Dai, Z.; Tang, Y.; Zhang, F.; Xiong, Y.; Wang, S.; Sun, Q.; Wang, L.; Meng, X.; Zhao, L.; Xiao, F.-S. Combination of binary active
sites into heterogeneous porous polymer catalysts for efficient transformation of CO2 under mild conditions. Chin. J. Catal. 2021,
42, 618–626. [CrossRef]

30. Ding, M.; Liu, X.; Ma, P.; Yao, J. Porous materials for capture and catalytic conversion of CO2 at low concentration. Coord. Chem.
Rev. 2022, 465, 214576. [CrossRef]

31. Fischer, S.; Schmidt, J.; Strauch, P.; Thomas, A. An anionic microporous polymer network prepared by the polymerization of
weakly coordinating anions. Angew. Chem. Int. Ed. 2013, 52, 12174–12178. [CrossRef]

32. Zhang, Y.; Li, B.; Ma, S. Dual functionalization of porous aromatic frameworks as a new platform for heterogeneous cascade
catalysis. Chem. Commun. 2014, 50, 8507–8510. [CrossRef] [PubMed]

33. Sun, Q.; Dai, Z.; Meng, X.; Xiao, F.-S. Porous polymer catalysts with hierarchical structures. Chem. Soc. Rev. 2015, 44,
6018–6034. [CrossRef]

34. Zhu, Y.; Zhu, D.; Chen, Y.; Yan, Q.; Liu, C.-Y.; Ling, K.; Liu, Y.; Lee, D.; Wu, X.; Senftle, T.P.; et al. Porphyrin-based donor–acceptor
COFs as efficient and reusable photocatalysts for PET-RAFT polymerization under broad spectrum excitation. Chem. Sci. 2021, 12,
16092–16099. [CrossRef] [PubMed]

35. Fu, Z.; Wang, X.; Gardner, A.M.; Wang, X.; Chong, S.Y.; Neri, G.; Cowan, A.J.; Liu, L.; Li, X.; Vogel, A.; et al. A stable covalent
organic framework for photocatalytic carbon dioxide reduction. Chem. Sci. 2020, 11, 543–550. [CrossRef]

36. Zhang, P.; Li, H.; Veith, G.M.; Dai, S. Soluble porous coordination polymers by mechanochemistry: From metal-containing
films/membranes to active catalysts for aerobic oxidation. Adv. Mater. 2015, 27, 234–239. [CrossRef] [PubMed]

37. Sun, Q.; Dai, Z.; Liu, X.; Sheng, N.; Deng, F.; Meng, X.; Xiao, F.-S. Highly efficient heterogeneous hydroformylation over
Rh-metalated porous organic polymers: Synergistic effect of high ligand concentration and flexible framework. J. Am. Chem. Soc.
2015, 137, 5204–5209. [CrossRef]

38. Sun, L.-B.; Liu, X.-Q.; Zhou, H.-C. Design and fabrication of mesoporous heterogeneous basic catalysts. Chem. Soc. Rev. 2015, 44,
5092–5147.

39. Sun, Q.; Dai, Z.; Meng, X.; Wang, L.; Xiao, F.-S. Task-specific design of porous polymer heterogeneous catalysts beyond
homogeneous counterparts. ACS Catal. 2015, 5, 4556–4567. [CrossRef]

40. Alsbaiee, A.; Smith, B.J.; Xiao, L.; Ling, Y.; Helbling, D.E.; Dichtel, W.R. Rapid removal of organic micropollutants from water by a
porous β-cyclodextrin polymer. Nature 2016, 529, 190–194. [CrossRef]

41. Dai, Z.; Sun, Q.; Liu, X.; Guo, L.; Li, J.; Pan, S.; Bian, C.; Wang, L.; Hu, X.; Meng, X.; et al. A hierarchical bipyridine-constructed
framework for highly efficient CO2 capture and catalytic conversion. ChemSusChem 2017, 10, 1186–1192. [CrossRef]

42. Welton, T. Ionic liquids in catalysis. Coord. Chem. Rev. 2004, 248, 2459–2477. [CrossRef]
43. Liu, F.; Wang, L.; Sun, Q.; Zhu, L.; Meng, X.; Xiao, F.-S. Transesterification catalyzed by ionic liquids on superhydrophobic

mesoporous polymers: Heterogeneous catalysts that are faster than homogeneous catalysts. J. Am. Chem. Soc. 2012, 134,
16948–16950. [CrossRef] [PubMed]

44. Willa, C.; Yuan, J.Y.; Niederberger, M.; Koziej, D. When nanoparticles meet poly(ionic liquid)s: Chemoresistive CO2 sensing at
room temperature. Adv. Funct. Mater. 2015, 25, 2537–2542. [CrossRef]

45. Guo, Z.; Jiang, Q.; Shi, Y.; Li, J.; Yang, X.; Hou, W.; Zhou, Y.; Wang, J. Tethering dual hydroxyls into mesoporous poly(ionic
liquid)s for chemical fixation of CO2 at ambient conditions: A combined experimental and theoretical study. ACS Catal. 2017, 7,
6770–6780. [CrossRef]

46. Xie, Y.; Zhang, Z.; Jiang, T.; He, J.; Han, B.; Wu, T.; Ding, K. CO2 cycloaddition reactions catalyzed by an ionic liquid grafted onto
a highly cross-linked polymer matrix. Angew. Chem. Int. Ed. 2007, 46, 7255–7258. [CrossRef]

47. Wang, X.; Zhou, Y.; Guo, Z.; Chen, G.; Li, J.; Shi, Y.; Liu, Y.; Wang, J. Heterogeneous conversion of CO2 into cyclic carbonates
at ambient pressure catalyzed by ionothermal-derived meso-macroporous hierarchical poly(ionic liquid)s. Chem. Sci. 2015, 6,
6916–6924. [CrossRef]

48. Liang, S.; Liu, H.; Jiang, T.; Song, J.; Yang, G.; Han, B. Highly efficient synthesis of cyclic carbonates from CO2 and epoxides over
cellulose/KI. Chem. Commun. 2011, 47, 2131–2133. [CrossRef]

49. Soll, S.; Zhao, Q.; Weber, J.; Yuan, J. Activated CO2 sorption in mesoporous imidazolium-type poly(ionic liquid)-based polyam-
pholytes. Chem. Mater. 2013, 25, 3003–3010. [CrossRef]

http://doi.org/10.1039/C7GC03801A
http://doi.org/10.1021/acsami.7b16045
http://doi.org/10.1016/j.jcat.2016.03.005
http://doi.org/10.1002/chem.201000030
http://doi.org/10.1039/c1ee01074c
http://doi.org/10.1016/S1872-2067(20)63679-8
http://doi.org/10.1016/j.ccr.2022.214576
http://doi.org/10.1002/anie.201303045
http://doi.org/10.1039/C4CC04012K
http://www.ncbi.nlm.nih.gov/pubmed/24947140
http://doi.org/10.1039/C5CS00198F
http://doi.org/10.1039/D1SC05379E
http://www.ncbi.nlm.nih.gov/pubmed/35024131
http://doi.org/10.1039/C9SC03800K
http://doi.org/10.1002/adma.201403299
http://www.ncbi.nlm.nih.gov/pubmed/25389070
http://doi.org/10.1021/jacs.5b02122
http://doi.org/10.1021/acscatal.5b00757
http://doi.org/10.1038/nature16185
http://doi.org/10.1002/cssc.201601375
http://doi.org/10.1016/j.ccr.2004.04.015
http://doi.org/10.1021/ja307455w
http://www.ncbi.nlm.nih.gov/pubmed/23009896
http://doi.org/10.1002/adfm.201500314
http://doi.org/10.1021/acscatal.7b02399
http://doi.org/10.1002/anie.200701467
http://doi.org/10.1039/C5SC02050F
http://doi.org/10.1039/C0CC04829A
http://doi.org/10.1021/cm4009128


Polymers 2022, 14, 2658 12 of 12

50. Gao, C.; Chen, G.; Wang, X.; Li, J.; Zhou, Y.; Wang, J. A hierarchical meso-macroporous poly(ionic liquid) monolith derived from a
single soft template. Chem. Commun. 2015, 51, 4969–4972. [CrossRef]

51. Ji, G.; Yang, Z.; Zhang, H.; Zhao, Y.; Yu, B.; Ma, Z.; Liu, Z. Hierarchically mesoporous o-hydroxyazobenzene polymers: Synthesis
and their applications in CO2 capture and conversion. Angew. Chem. Int. Ed. 2016, 55, 9685–9689. [CrossRef]

52. Sun, Q.; Jin, Y.; Aguila, B.; Meng, X.; Ma, S.; Xiao, F.-S. Porous ionic polymers as a robust and efficient platform for capture and
chemical fixation of atmospheric CO2. ChemSusChem 2017, 10, 1160–1165. [CrossRef] [PubMed]

53. Thierbach, D.; Huber, F. Darstellung sowie Kristall−und Molekülstruktur von [(C6H5)3PO]2 · H2O · HBr. Z. Anorg. Allg. Chem.
1979, 457, 189–193. [CrossRef]

54. Ravi, S.; Puthiaraj, P.; Ahn, W.-S. Hydroxylamine-anchored covalent aromatic polymer for CO2 adsorption and fixation into cyclic
carbonates. ACS Sustain. Chem. Eng. 2018, 6, 9324–9332. [CrossRef]

55. Cao, J.; Shan, W.; Wang, Q.; Ling, X.; Li, G.; Lyu, Y.; Zhou, Y.; Wang, J. Ordered porous poly(ionic liquid) crystallines: Spacing
confifined ionic surface enhancing selective CO2 capture and fixation. ACS Appl. Mater. Interfaces 2019, 11, 6031–6041. [CrossRef]

56. Guo, Z.; Cai, X.; Xie, J.; Wang, X.; Zhou, Y.; Wang, J. Hydroxyl-exchanged nanoporous ionic copolymer toward low-temperature
cycloaddition of atmospheric carbon dioxide into carbonates. ACS Appl. Mater. Interfaces 2016, 8, 12812–12821. [CrossRef]

57. Song, H.; Wang, Y.; Xiao, M.; Liu, L.; Liu, Y.; Liu, X.; Gai, H. Design of novel poly(ionic liquids) for the conversion of CO2 to cyclic
carbonates under mild conditions without solvent. ACS Sustain. Chem. Eng. 2019, 7, 9489–9497. [CrossRef]

58. Bahadori, M.; Tangestaninejad, S.; Bertmer, M.; Moghadam, M.; Mirkhani, V.; Mohammadpoor-Baltork, I.; Kardanpour, R.; Zade-
hahmadi, F. Task-specifific ionic liquid functionalized-MIL-101(Cr) as a heterogeneous and efficient catalyst for the cycloaddition
of CO2 with epoxides under solvent free conditions. ACS Sustain. Chem. Eng. 2019, 7, 3962–3973. [CrossRef]

59. Sun, Y.; Huang, H.; Vardhan, H.; Aguila, B.; Zhong, C.; Perman, J.A.; Al-Enizi, A.M.; Nafady, A.; Ma, S. Facile approach
to graft ionic liquid into MOF for improving the efficiency of CO2 chemical fixation. ACS Appl. Mater. Interfaces 2018, 10,
27124–27130. [CrossRef]

60. Rabbani, M.G.; El-Kaderi, H.M. Template-Free Synthesis of a Highly Porous Benzimidazole-Linked Polymer for CO2 Capture
and H2 Storage. Chem. Mater. 2011, 23, 1650–1653. [CrossRef]

61. Ben, T.; Li, Y.; Zhu, L.; Zhang, D.; Cao, D.; Xiang, Z.; Yao, X.; Qiu, S. Selective adsorption of carbon dioxide by carbonized porous
aromatic framework (PAF). Energy Environ. Sci. 2012, 5, 8370–8376. [CrossRef]

62. Ren, S.J.; Dawson, R.; Laybourn, A.; Jiang, J.X.; Khimyak, Y.; Adams, D.J.; Cooper, A.I. Functional conjugated microporous
polymers: From 1,3,5-benzene to 1,3,5-triazine. Polym. Chem. 2012, 3, 928–934. [CrossRef]

63. Yang, Y.; Zhang, Q.; Zhang, Z.; Zhang, S. Functional microporous polyimides based on sulfonated binaphthalene dianhydride for
uptake and separation of carbon dioxide and vapors. J. Mater. Chem. A 2013, 1, 10368–10374. [CrossRef]

64. Liebl, M.R.; Senker, J. Microporous Functionalized Triazine-Based Polyimides with High CO2 Capture Capacity. Chem. Mater.
2013, 25, 970–980. [CrossRef]

65. Huang, Y.; Lin, Z.; Fu, H.; Wang, F.; Shen, M.; Wang, X.; Cao, R. Porous Anionic Indium-Organic Framework with Enhanced Gas
and Vapor Adsorption and Separation Ability. ChemSusChem 2014, 7, 2647–2653. [CrossRef]

66. Xie, Y.; Wang, T.-T.; Liu, X.-H.; Zou, K.; Deng, W.-Q. Capture and conversion of CO2 at ambient conditions by a conjugated
microporous polymer. Nat. Commun. 2013, 4, 1960. [CrossRef]

http://doi.org/10.1039/C4CC09091H
http://doi.org/10.1002/anie.201602667
http://doi.org/10.1002/cssc.201601350
http://www.ncbi.nlm.nih.gov/pubmed/27976539
http://doi.org/10.1002/zaac.19794570122
http://doi.org/10.1021/acssuschemeng.8b01588
http://doi.org/10.1021/acsami.8b19420
http://doi.org/10.1021/acsami.6b02461
http://doi.org/10.1021/acssuschemeng.9b00865
http://doi.org/10.1021/acssuschemeng.8b05226
http://doi.org/10.1021/acsami.8b08914
http://doi.org/10.1021/cm200411p
http://doi.org/10.1039/c2ee21935b
http://doi.org/10.1039/c2py00585a
http://doi.org/10.1039/c3ta11621b
http://doi.org/10.1021/cm4000894
http://doi.org/10.1002/cssc.201402206
http://doi.org/10.1038/ncomms2960

	Introduction 
	Materials and Methods 
	Materials 
	Catalyst Preparation 
	Catalytic Activity Test 
	Characterizations 

	Results 
	Discussion 
	References

