@ nanomaterials

Article

Nitrogen-Rich Porous Organic Polymers with Supported Ag
Nanoparticles for Efficient CO,; Conversion

Jinyi Wu 109, Shasha Ma !, Jiawei Cui !, Zujin Yang 2

check for
updates

Citation: Wu, J.; Ma, S.; Cui, J.; Yang,
Z.; Zhang, ]. Nitrogen-Rich Porous
Organic Polymers with Supported
Ag Nanoparticles for Efficient CO,
Conversion. Nanomaterials 2022, 12,
3088. https://doi.org/10.3390/
nano12183088

Academic Editor: Danil N. Dybtsev

Received: 6 August 2022
Accepted: 31 August 2022
Published: 6 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jianyong Zhang 1-*

MOE Laboratory of Polymeric Composite and Functional Materials, School of Materials Science and
Engineering, Sun Yat-sen University, Guangzhou 510275, China

School of Chemical Engineering and Technology, Sun Yat-sen University, Guangzhou 510275, China
*  Correspondence: zhjyong@mail.sysu.edu.cn

Abstract: As CO, emissions increase and the global climate deteriorates, converting CO, into valu-
able chemicals has become a topic of wide concern. The development of multifunctional catalysts
for efficient CO, conversion remains a major challenge. Herein, two porous organic polymers
(NPOPs) functionalized with covalent triazine and triazole N-heterocycles are synthesized through
the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. The NPOPs have an abundant
microporous content and high specific surface area, which confer them excellent CO, affinities with
a CO, adsorption capacity of 84.0 mg g~! and 63.7 mg g, respectively, at 273 K and 0.1 MPa.
After wet impregnation and in situ reductions, Ag nanoparticles were supported in the NPOPs
to obtain Ag@NPOPs with high dispersion and small particle size. The Ag@NPOPs were applied
to high-value conversion reactions of CO, with propargylic amines and terminal alkynes under
mild reaction conditions. The carboxylative cyclization transformation of propargylic amine into
2-oxazolidinone and the carboxylation transformation of terminal alkynes into phenylpropiolic acid
had the highest TOF values of 1125.1 and 90.9 h™!, respectively. The Ag@NPOP-1 was recycled
and used five times without any significant decrease in catalytic activity, showing excellent catalytic
stability and durability.

Keywords: porous organic polymers; Ag nanoparticles; CO, conversion; CO, adsorption; multifunctional
catalysis

1. Introduction

The massive consumption of fossil energy has led to an increase in CO, emissions
in recent years, and the accompanying environmental problems are becoming progres-
sively rigorous. Reducing CO; emissions has been an imperative and urgent measure at
the present moment [1,2]. To address this issue, the conversion of CO; into high-value-
added chemical products at atmospheric pressure is a promising approach, since CO, is
a sustainable and accessible C; feedstock [3]. There have been reports on the conversion
of CO; into various valuable chemicals, including CO [4,5], CHy4 [6,7], formic acid [8,9],
methanol [10,11], cyclic carbonate [12,13], oxazolidinones [14,15], propargylic acid [16,17],
etc. Considering the thermodynamic stability and kinetic inertia of CO, [18], it is both chal-
lenging and groundbreaking to explore catalysts with efficient catalytic activity. Up to now,
many catalytic systems have been applied to the high-value conversion of CO,, including
zeolites [19,20], ionic liquids [21,22], inorganic salts [23,24], metal-organic frameworks
(MOFs) [25,26], covalent organic frameworks (COFs) [27,28], porous organic polymers
(POPs) [29,30], etc. Despite the previous efforts of many researchers, there are some defi-
ciencies in the catalytic efficiency and catalytic scope of these systems; therefore, it is of
great importance to develop catalysts with high efficiency and stability that can be applied
to multiple scopes of high value-added conversions of CO,.

Covalent triazine frameworks (CTFs) are a novel catalogue of porous organic polymers.
Due to their controllable functional framework, adjustable pore structure, high specific
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surface area, and excellent chemical stability, they have attracted extensive attention since
Kuhn et al. reported the ionothermal synthesis in 2008 [31]. They have been widely used
in various fields, including adsorption [32,33], separation [34,35], energy storage [36,37],
and catalysis [38,39]. A large number of inherent pores and the rich content of nitrogen
atoms in CTFs endow them with attractive affinity and adsorption capacity for CO, [40,41].
Researchers have theoretically demonstrated the existence of van der Waals forces between
the molecular dipole moment of CO, and the negative electrostatic potential near the
triazine-N atom [42]. Some reports show that CTFs can be applied to the conversion
of CO;, [43,44]; however, due to a lack of metal active centers, the catalytic efficiency of
the system still needs to be improved. The introduction of metal active centers into the
CTF framework can greatly improve its catalytic efficiency for CO, conversion [45]. As a
powerful synthesis tool, the copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction
has made rapid development and is widely employed in materials [46], biomedicine [47],
and sensing [48] since its discovery by Sharpless in 2001 [49]. The triazole ring produced
by the CuAAC reaction is rich in nitrogen atoms, and these nitrogen atoms have a strong
coordination interaction with metals. A series of metal-supported porous organic polymers
based on the CuAAC reaction have been reported to be applied in the catalysis field [50,51].

In this work, we construct two N-rich porous organic polymers (NPOPs) using
the CuAAC reaction of 2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine (TET) with tetrakis(4-
azidophenyl)methane (TAM) and 1,4-diazidobenzene (DAB) based on the covalent triazine
frameworks functionalized with triazole rings. Owing to the abundant nitrogen content in
NPOPs, they show an excellent affinity and adsorption for CO,. Subsequently, the NPOPs
are used as supports for Ag nanoparticles, and Ag@NPOPs are synthesized by wet impreg-
nation and reduction. The Ag@NPOPs are catalytically active in the carboxycyclization of
propargylamine and the carboxylation of terminal alkynes with CO, to exhibit excellent
catalytic activity and stability.

2. Materials and Methods
2.1. Synthesis of NPOP-1

The 2,4,6-Tris(4-ethynylphenyl)-1,3,5-triazine (157.5 mg, 0.41 mmol) and tetrakis(4-
azidophenyl)methane (150.0 mg, 0.31 mmol) were dissolved in 120 mL DMF. Then Cu(PPhj)3
Br (28.0 mg, 0.03 mmol) was added, and the resulting solution was heated at 100 °C for
48 h. The yellow solid was obtained by filtration and washed by acetone, CH,Cl,, and
EtOH (30 mL) for three times in turn. Finally, the brownish-yellow solid was dried under
reduced pressure at 60 °C for 6 h (270.6 mg, 88%).

2.2. Synthesis of NPOP-2

The 2,4,6-Tris(4-ethynylphenyl)-1,3,5-triazine (238.2 mg, 0.62 mmol) and 1,4-azido
benzene (150.0 mg, 0.96 mmol) were dissolved in 120 mL DMFE. Then Cu(PPhs);Br (83.7 mg,
0.09 mmol) was added, and the resulting solution was heated at 100 °C for 48 h. The yellow
solid was obtained by filtration and washed by acetone, CH,Cl,, and EtOH (30 mL) for

three times in turn. Finally, the brownish-yellow solid was dried under reduced pressure at
60 °C for 6 h (326.1 mg, 84%).

2.3. Synthesis of AQ@NPOP-1

NPOP-1 (30.0 mg) was added to an AgNO3 aqueous solution (20 mmol L™ 1.3.0mL),
and stirred for 12 h. Then the solid was washed by water (10 mL) three times. After that,
the residue was added to 10 mL MeOH and stirred for 6 h. The reaction mixture was
filtered and washed by water (10 mL) three times. Finally, the black solid was dried in a
vacuum at 60 °C for 6 h.

2.4. Synthesis of AQ@NPOP-2

NPOP-2 (30.0 mg) was added to an AgNO3 aqueous solution (20 mmol L-1,3.0mL),
and stirred for 12 h, then the solid was washed by water (10 mL) three times. After that, the
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residue was added to 10 mL MeOH and stirred for 6 h. The reaction mixture was filtered
and washed by water (10 mL) three times. Finally, the black solid was dried in a vacuum at
60 °C for 6 h.

2.5. Carboxylative Cyclization of Propargylic Amines with CO;

In a typical experiment, propargylic amine (0.2 mmol), 1,8-diazabicyclo [5.4.0] undec-
7-ene (DBU) (0.1 mmol), and the catalyst (1.0 mg) were mixed in acetonitrile (1.0 mL), and a
CO;, balloon was equipped. CO, was then charged into the reaction system after degassing
and charging with CO, three times. After the reaction mixture was stirred at 50 °C for 2 h,
the catalyst was filtered and the yield was determined by 'H NMR with 1,4-dinitrobenzene
as the internal standard. To obtain pure products, the concentrated crude product was
purified by column chromatography.

2.6. Carboxylation of Terminal Alkyne

In a typical experiment, 1-ethynylbenzene (0.2 mmol) and the catalyst (1.0 mg) were
mixed in DMSO (1.0 mL), and a CO; balloon was equipped. CO, was then charged into
the reaction system after degassing and charging with CO, three times. After the reaction
mixture was stirred at 60 °C for 12 h, the system was cooled to room temperature. After
the addition of water (2 mL), the solid was separated by filtration and washed with water
(2 mL x 3). The filtrate was acidified with 1 mol L~! HCl to pH = 1, and then extracted with
CH,Cl, (5 mL x 3). The yield of propiolic acid was determined by the 'H NMR. To obtain
pure product, the concentrated crude product was purified by column chromatography.

2.7. Recycle Procedure of the Catalyst

After the reaction, the catalyst was separated from the reaction solution by centrifuga-
tion and then washed by CH,Cl, (10 mL x 3), water (10 mL x 3), and ethanol (10 mL x 3)
in sequence. After that, the catalyst was dried under a vacuum at 60 °C for 6 h. Then the
recovered catalyst was used as the catalyst in subsequent catalytic reactions.

Considering the difficulty of recovering a small amount of catalyst, a simultaneous
grouping experiment was performed. First, the feeding amount was increased by five
times with 5.0 mg of catalyst added. After the first catalytic reaction, the catalyst was
separated from the reaction solution by centrifugation, and then washed by CH,Cl,, water,
and ethanol in turn. After that, the catalyst was dried under reduced pressure at 60 °C for
6 h. Then, from this, 1.0 mg catalyst was taken to catalyze the second round of reaction,
and a simultaneous experiment continued using the remaining catalyst. After the second
round of reaction and recovery, 1.0 mg catalyst was taken to catalyze the third round of
reaction. Accordingly, experimental data were obtained for four consecutive rounds.

3. Results and Discussion
3.1. Synthesis and Characterization

NPOP-1 and NPOP-2 were obtained by the reaction of 2,4,6-tris(4-ethynylphenyl)-1,3,5-
triazine (TET) with tetrakis(4-azidophenyl)methane (TAM) and 1,4-diazidobenzene (DAB)
via the CuAAC reaction (Scheme 1, Figures S1-55). The 2,4,6-Tris(4-bromophenyl)-1,3,5-
triazine was obtained under strong Brensted acid conditions using 4-bromobenzonitrile [52].
The acetylene groups were introduced by a Pd-mediated Sonagashira coupling reaction
to give the triazine compounds containing terminal acetylene groups [53,54]. Two com-
pounds containing azide groups, TAM and DAB, were obtained by treatment of tetrakis(4-
aminophenyl)methane or p-phenylenediamine with hydrazine hydrate under acetic acid
conditions [55,56]. The CuAAC reaction was carried out in DMF at 100 °C for 24 h, us-
ing Cu(PPhs)3Br as the catalyst. Brownish-yellow powders NPOP-1 and NPOP-2 were
obtained, which were insoluble in various organic solvents. Elemental analysis tests prove
that the C, H, N contents were 66.72%, 4.56%, and 15.33% for NPOP-1 and 63.39%, 4.05%,
and 22.31% for NPOP-2 (Table S1). Subsequently, Ag@NPOPs were obtained by wet
impregnation and in situ reductions, where the NPOPs were first dispersed in AgNOs3
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aqueous solution, and afterward the adsorption and anchoring process of Ag*, methanol
was used as the reducing agent to obtain Ag@NPOPs. The Ag content of Ag@NPOP-1 and
Ag@NPOP-2 was 0.93 wt% and 1.29 wt%, respectively, determined by ICP.
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Scheme 1. [llustrated synthetic procedures of NPOPs and Ag@NPOPs.

The structures of NPOP-1 and NPOP-2 were identified by Fourier transform infrared
(FT-IR) spectra (Figure 1). After the reaction, the characteristic peaks of azide groups at
2114 cm~! and 2143 cm~! for TAM and DAB attenuated significantly, and the terminal
alkynyl-based characteristic absorption peak of TET at 3290 cm ™! disappeared [55]. In
addition, the characteristic peak of a triazole ring was observed at 1609 cm ! and 1615 cm !
for NPOP-1 and NPOP-2, respectively, demonstrating the conducting of click reactions
and the formation of a triazole ring [57]. Moreover, the characteristic absorption peaks
of Ag@NPOP-1 and Ag@NPOP-2 have no obvious difference, which confirms that the
chemical environment has no change after the embedding of Ag NPs. In particular, the
FT-IR spectra are consistent with the original spectrum, and the characteristic peaks are
retained after 24 h of immersion in the 6 mol L~! HCl aqueous solution or 6 mol L~!
NaOH aqueous solution (Figure S6), proving the excellent chemical stability of NPOP-1
and NPOP-2.

(a) (b)
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NPOPT 3200 — Rl 3290
\\\6ﬁ//////////1 \M\M PWKVW\J 4’“\\v//////r’VJ\m’uﬁ’\w/vmwwﬂvﬂ/v
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Figure 1. FT-IR spectra of: (a) TAM, TET, NPOP-1, and Ag@ NPOP-1, (b) DAB, TET, NPOP-2
and Ag@ NPOP-2.
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The chemical structure of the two NPOPs were further investigated using solid-
state NMR solid-state '3C cross-polarized / magic-angle-spinning nuclear magnetic reso-
nance (1*C CP/MAS NMR) spectroscopy (Figure 2). The characteristic resonance peak at
170.7 ppm can be attributed to the sp?-hybridized carbon atom in the triazine ring [58]. The
peaks at 147.6 ppm and 133.9 ppm originate from the two carbon atoms on the triazole
ring, proving that the click reaction was conducted, which is further evidenced by the
absence of the characteristic signal of alkyne carbon at 80 ppm. Additionally, the peak at
66.3 ppm in NPOP-1 corresponds to the alkane quaternary carbon in the precursor TAM,
and the remaining peaks, in the range from 143 ppm to 110 ppm, are attributed to the
phenyl carbon atoms [59].

(@) ’

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
S/ppm

Figure 2. Solid-state 13C CP/MAS NMR spectra of: (a) NPOP-1, and (b) NPOP-2.

Scanner electron microscopy (SEM) and a transmission electron microscope (TEM)
were employed to characterize the morphologies of NPOPs. The SEM images of NPOP-
1 and NPOP-2 revealed randomly aggregated porous structures by tiny particles with
disordered pores (Figure 3). NPOP-1 shows a fluffy and porous three-dimensional network
structure, while NPOP-2 is made of tight randomly packed rod-shaped units. There is
no significant change in the morphology of Ag@NPOPs, which proves that the anchoring
of Ag nanoparticles does not alter the structure of NPOPs. Furthermore, EDS elemental
distribution mappings of Ag@NPOP-1 manifest the uniform distribution of Ag, C, and N
elements (Figure 3 and Figure S7). TEM images further present the porous structure of
NPOPs; both NPOP-1 and NPOP-2 exhibit a highly cross-linked network-like structure
(Figure 4). HR-TEM demonstrates that the Ag nanoparticles are uniformly distributed
on the NPOPs’ substrates, the diameters of the Ag nanoparticles are 5.28 £ 1.64 nm and
9.72 + 1.16 nm for Ag@NPOP-1 and Ag@NPOP-2, respectively. Apparently, Ag@NPOP-1
has much smaller Ag NPs.
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Figure 3. SEM images of: (a) NPOP-1, (b) Ag@NPOP-1, (c) NPOP-2, and (d) Ag@NPOP-2. The EDS
elemental mappings of: (e) Ag@NPOP-1, (f) C, (g) N, and (h) Ag.

5.28+1.64 nm

012345678 9101121
Size/nm
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Figure 4. TEM images of: (a) NPOP-1, (b) Ag@NPOP-1, (d) NPOP-2, and (e) Ag@NPOP-2. Ag
nanoparticle size distribution of: (¢) Ag@NPOP-1, and (f) Ag@NPOP-2.

Powder X-ray diffraction (PXRD) patterns show that NPOP-1 and NPOP-2 both exhibit
broad diffraction peaks at around 20°, indicating the amorphous structure of NPOPs
(Figure S8). In particular, the PXRD pattern of Ag@NPOP-1 shows no diffraction peaks
of the Ag NPs, which may be attributed to the high dispersion and small particle size of
the Ag NPs [60]. In comparison, the PXRD pattern of Ag@NPOP-2 shows a weak peak at
38°, corresponding to the Ag (111) crystal planes [61]. These results are consistent with the
HR-TEM, indicating the smaller Ag NPs of Ag@NPOP-1. The thermogravimetric analysis
displays that the weight loss below 100 °C is attributed to the volatilization of the remaining
solvents. NPOP-1 has comparatively better thermal stability than NPOP-2 (Figure S9);
NPOP-1 maintains thermal stability up to 230 °C, and NPOP-2 gradually decomposes
above 100 °C.

The chemical states and interaction of Ag with N in the NPOPs were determined
by XPS measurements (Figure 5 and Figure S10). The N 1s spectra of NPOPs can be
deconvoluted into three peaks, appearing at: 401.28 eV, 400.22 eV, and 399.13 eV for NPOP-
1, and 401.29 eV, 400.05 eV, and 398.90 eV for NPOP-2, which correspond to trizolic N=N,
trizolicpyrrolic N, and triazine C=N, respectively [62]. After loading Ag nanoparticles, due
to the coordination between N and Ag, the N 1s peaks have a positive shift. The trizolic
N=N and trizolicpyrrolic N in Ag@NPOP-1 have a 0.22 eV shift toward the higher BE filed
in comparison with a 0.12 eV shift of triazine C=N. Similarly, Ag@NPOP-2, trizolic N=N,
and trizolicpyrrolic N have a 0.19 eV shift toward the higher BE filed in comparison with a
0.10 eV shift of triazine C=N. This indicates that stronger coordination interactions exist
between Ag and the triazole ring. The XPS spectra of the Ag 3d region of Ag@NPOPs further
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revealed the presence of Ag species. The double binding energy signals, at 374.62 eV and
368.61 eV for Ag@NPOP-1, and at 375.23 eV and 369.31 eV for Ag@NPOP-2, are attributed
to the 3d;,, and 3d5/, binding energies of the Ag(0) peaks, respectively [63].In addition,
the signals existing at 375.70 eV and 369.63 eV for Ag@NPOP-1 are 3d3,, and 3ds,, of
Ag(d+) species, which may be due to partial oxidation of the material during preparation
and testing.
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Figure 5. XPS and deconvoluted spectra of high-resolution N 1s for: (a) NPOP-1 and Ag@NPOP-1,
and (b) NPOP-2 and Ag@NPOP-2. XPS and deconvoluted spectra of high-resolution Ag 3d for:
(c) Ag@NPOP-1, and (d) Ag@NPOP-2.

The porosity of the NPOP-1 and NPOP-2 were investigated by N, isothermal adsorption-
desorption measurements at 77 K. As shown in Figure 6, NPOP-1 displays a representative
type IV adsorption isotherm, and NPOP-2 exhibits a typical type I isotherm. The N
adsorption-desorption isotherms of both the NPOPs manifest a rapid growth of N, uptake
in a low relative pressure range P/P, < 0.01, demonstrating the existence of micropores.
The presence of mesopores is evidenced by the hysteresis loop that accompanies the
desorption curve. Moreover, the sharp increase of N, uptake after P/P, > 0.9 in the
adsorption isotherm of NPOP-2 indicates the presence of macropores. The Brunauer-
Emmett-Teller (BET) specific surface areas of NPOP-1 and NPOP-2 are calculated to be
481 and 233 m? g~ !, respectively, as shown in Table S2. The total pore volumes of NPOP-1
and NPOP-2 measured at P/P, = 0.9 are 0.39 and 0.55 cm® g1, respectively. The micropore
volumes are 0.23 cm® g~! for NPOP-1 and 0.11 cm? g~ ! for NPOP-2, accounting for 59.0%
and 20.0% of the total pore volumes, respectively. The higher specific surface area of NPOP-
1 probably results from the rigid steric structure of the precursor TAM, which qualifies the
permanent pore structure and high porosity seen in NPOP-1. Nevertheless, the higher total
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pore volume of NPOP-2 may be attributed to its partial macropores. Furthermore, the BJH
and Horvath-Kawazoe models are used to evaluate the pore size distribution of NPOPs.
The BJH model indicates that no macropores exist in NPOP-1, while a wide distribution
range of macropores and mesopores from 20-80 nm are shown in NPOP-2 (Figure S11).
The Horvath-Kawazoe model is used to explore the micropore distribution of NPOPs. The
results show that the micropore distribution plot of NPOP-1 shows a predominant peak at
0.82 nm, and the micropores of NPOP-2 are mainly concentrated in the range of 1.19-3 nm.
It is worth mentioning that the specific surface areas of the NPOPs are lower than the related
materials, which may be attributed to the high catalytic activity of Cu(PPhs);Br [64—66].
This leads to the rapid generation of a low-polymerized framework with few overlapping
parts, and the remaining precursors connect randomly resulting in the formation of an
unregulated framework structure.

(a) 400 (b) 80 Ad
NPOP-1 adsorption g S _
350 NPOP-1 desorption Des NPOP 1
- = NPOP-2 adsorption Ads 273K
© 300 NPOP-2 desorption " W 60
& 481 m?g” > |
'_
£ 250+ _ g
200 £
S . T 404 298 K
o Q
o 150 py 5
5 - o"
2 100+ R e O 204
>50A___.---' 233m*g
0 T T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
AP AP
0
(C) 70 (d) 40
bee  NPOP-2 NPOP-1
60 225 35
- s NPOP-2
'o 50 Des 273K - 304
(2] —_
£ g 25
8 40 S
o] N4
5 = 204
S 304 298 K 7
o Q 154
O 20
10
104 5
0 T T T T 0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30 40 50
AP, CO, uptake/mg g

Figure 6. (a) N, adsorption—desorption isotherms of NPOP-1 and NPOP-2 at 77 K. CO, adsorption—
desorption isotherms, at 273 K and 298 K, of: (b) NPOP-1, (c) NPOP-2, and (d) isosteric heats of CO,
adsorption of NPOP-1 and NPOP-2 calculated with the virial method.

Considering the high porosity and abundant N content of NPOPs, we further inves-
tigated their CO, adsorption performance. As shown in Figure 6, at 273 K and 0.1 MPa,
the CO, adsorption capacity is 84.0 mg g~ ! for NPOP-1 and 63.7 mg g~ ! for NPOP-2. At
298 K and 0.1 MPa the CO, adsorption capacities of NPOP-1 and NPOP-2 are 51.6 and
39.8 mg g~ !, respectively. The higher CO, uptake value of NPOP-1 may be attributed to its
higher specific surface area and abundant microporous content. Both the NPOPs exhibit
competitive CO, adsorption values compared to related triazine-/triazole-based porous
organic polymers reported in the literature (Table S3) [65-83]. To further understand the
interaction between CO, and NPOPs, the CO, isosteric adsorption heats (Qst) are calculated
based on the Clausius-Clapeyron equation using the CO, adsorption isotherms at 273 K
and 298 K (Figures 6, 512 and S13). The Qs values of NPOPs both decrease with the increase
in CO; adsorption amounts. At zero coverage, the Qs values of NPOP-1 and NPOP-2 are
calculated to be 32.56 and 32.51 k] mol !, respectively. The Qs values are higher than other
porous adsorbents and triazine-/triazole-based porous organic polymers (Table S3) [84,85].
Higher Qg values suggest stronger interactions between NPOPs and CO,; moreover, the
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NPOP-1 shows a larger Qs; than NPOP-2 at the same absorption value, implying a stronger
affinity between CO; and NPOP-1. The high CO, uptake may originate from the large
specific surface area and abundance of the electron-rich N element of NPOPs [86].

3.2. Catalytic Activity of AQ@NPOPs towards CO, Conversion
3.2.1. Carboxylative Cyclization of Propargylic Amines with CO,

The conversion of CO, into high-value chemicals under mild conditions (atmospheric
pressure) is a promising approach to reducing the greenhouse effect and saving valuable
fossil energy. Among these promising reaction pathways, the carboxylative cyclization
reaction of CO, with propargylamine to 2-oxazolidinone is representative; moreover, oxa-
zolidinones have been widely used as chemical intermediates and pharmaceuticals [87,88].
It is of vital importance to explore the mild reaction conditions and the higher reaction effi-
ciency. Considering that the NPOPs have a high adsorption capacity for CO,, Ag@NPOPs
were used as the catalysts in the carboxylative cyclization reaction of CO, with propar-
gylamine. The N-benzylprop-2-yn-1-amine [89] was used as a model substrate to study
optimal reaction conditions (Figures S14 and S15), and the results of various controlled ex-
periments are shown in Table 1. When CH3CN was used as a solvent and DBU as a base, the
yield of 2-oxazolidinone was 97.0% for Ag@NPOP-1 with a TOF value of 1125.1 h~!, and
93.0% for Ag@NPOP-2 with a TOF value of 777.7 h~! (Table 1, Entry 2, 3). The Ag@NPOP-1
shows a higher catalytic efficiency because of its larger specific surface area, higher CO,
adsorption capability, and smaller Ag NPs size. No product was detected when NPOP-1
or NPOP-2 were used as catalysts, which proves the vital role of Ag NPs in the catalysis
reaction (Table 1, Entry 4, 5). Similarly, no product was detected in the absence of DBU,
proving the essential role of DBU as a base. Additionally, the catalytic efficiency in different
solvents was investigated, and the product yields in DMSO, DMEF, and EtOH were 58%,
42%, and 15%, respectively (Table 1, Entry 7-9). Therefore, CH3CN is the optimal solvent.
In addition to DBU, other different common bases were also adopted to explore the catalytic
effect, when we replaced DBU with Cs,CO3 and K,CO3, the 2-oxazolidinone yields were
only 4.0% and 2.0%, respectively, in CH3CN. When NaOH was used as a base, no product
was detected. The influence of temperature in the reaction was also investigated. At
lower temperatures, the product yields were significantly reduced as a result of inadequate
reactivity. When the reaction temperatures were 40 °C and 30 °C, the product yields of
2-oxazolidinone were 86.0% and 40.0%, respectively.

Table 1. Catalysis of NPOPs and Ag@NPOPs for the carboxylative cyclization of propargylic amines
with CO, 2.

o O
Catalyst \(
H + C02 _—
\/N\Q (ballon)  Base 5/\/N\©
Entry Catalyst Solvent T/°C Base Time/h Yield/% TOF/h—1

1 \ CH3;CN 50 DBU 2 N.A.

2 Ag@NPOP-1 CH3CN 50 DBU 2 97.0 1125.1
3 Ag@NPOP-2 CH3CN 50 DBU 2 93.0 777.6
4 NPOP-1 CH;CN 50 DBU 2 N.A.

5 NPOP-2 CH3CN 50 DBU 2 N.A.

6 Ag@NPOP-1 CH3CN 50 \ 2 N.A.

7 Ag@NPOP-1 DMSO 50 DBU 2 58 672.7
8 Ag@NPOP-1 DMF 50 DBU 2 42 487.2
9 Ag@NPOP-1 EtOH 50 DBU 2 15 174.0
10 Ag@NPOP-1 CH3CN 50 Cs,CO3 2 4.0 46.4
11 Ag@NPOP-1 CH3CN 50 K>CO3 2 2.0 232
12 Ag@NPOP-1 CH3CN 50 NaOH 2 N.A.
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Table 1. Cont.

Catalyst P
% H + CO; s,
\/N (ballon) Base N

)

Entry

Catalyst

Solvent T/°C Base Time/h Yield/% TOF/h—1

13
14

Ag@NPOP-1 CH;3CN 40 DBU 2 86.0 997.5
Ag@NPOP-1 CH3CN 30 DBU 2 40.0 464.0

2 Reaction conditions: Propargylic amine (0.2 mmol), Ag@NPOP-1 or Ag@&NPOP-2 (1.0 mg), base (0.1 mmol), CO,
(balloon), solvent (1.0 mL). The reaction mixture was stirred at 50 °C for 2 h. Yield was calculated by TH NMR
with 1,4-dinitrobenzene as internal standard.

3.2.2. Carboxylation of Phenylacetylene with CO,

The carboxylation of terminal alkynes to phenylpropiolic acid is another feasible
way to realize the high-value transformation of CO;. Furthermore, it accords with the
atomic economy concept and is more environmentally friendly compared to traditional
methods. Propiolic acid is a valuable intermediate utilized in pharmaceuticals and fine
chemicals [90,91]. We chose 1-ethynylbenzene as a model substrate (Figure 516), and the
results of various controlled experiment are shown in Table 2. When Ag@NPOP-1 was
used as the catalyst and the reaction time was 12 h at 60 °C with 3 eq. Cs,COj3, the yield of
3-phenylproparylic acid reached 94.0%, slightly higher than that of Ag@NPOP-2 (92.1%)
(Table 2, Entry 1, 2). Surprisingly, the reaction also proceeded with metal-free NPOP-1 and
NPOP-2, but the product yield was only 55.4% and 51.2%, respectively (Table 2, Entry 3, 4),
which suggests that the nitrogen atoms in the triazole and triazine rings act as active
sites to promote CO, conversion. By increasing the amount of catalyst from 2.0 mg to
5.0 mg, the yield of 3-phenylpropargylic acid was 94.2%, proving that a larger amount
of catalyst could not significantly facilitate the catalytic efficiency. Subsequently, several
solvents were screened: DMF gave a medium yield of 73.7%, and the product yields in
MeCN and EtOH were much lower at 11.9% and 3.4%, respectively (Table 2, Entry 6-8).
Accordingly, DMSO is the best solvent for this reaction because CspCO3 has a higher
solubility in DMSO and it also works as a good solvent for CO, due to its higher polarity.
In addition to Cs,CQOj3, other bases were tested. When K,COj3, DBU, or NaOH were used
as a base, the yield of 3-phenylproparylic acid was 11.5%, 51.0%, and 4.3%, respectively
(Table 2, Entry 9-11), suggesting that Cs,CQO3 is the preferable base. Apart from that,
the influence of different base dosages in the reaction was explored. When Cs,CO3 was
2 eq. and 1 eq., the corresponding product yield was 60.8% and 24.5%, respectively. The
reduction in the amount of base was followed by a reduction in the product yield. It shows
the base’s essential role in the conversion of COy, as it helps the deprotonation process
of phenylacetylene to facilitate the formation of reaction intermediates. Additionally, the
impact of temperature on the reaction was also investigated, and reducing temperature
led to a notably decreased yield, when the reaction was conducted at 50 °C and 40 °C, the
product yield was 65.2% and 18.0%, respectively.

Table 2. Catalysis of NPOPs and Ag@NPOPs for the carboxylation of phenylacetylene with CO; 2.

Catalyst HCI
— .+ CO, y == COOH
(ballon) Base

Entry

Catalyst

o Base Time . o TOF
Solvent T/°C (Amount/mmol) /h Yield/% /h-1

w

Ag@NPOP-2
Ag@NPOP-1
NPOP-2

DMSO 60 Cs,CO5(0.6) 12 92.1 64.2
DMSO 60 Cs,CO5(0.6) 12 94.0 90.9
DMSO 60 Cs,CO5(0.6) 12 51.2
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Table 2. Cont.
< > — .+ co, Catalyst HCI < > —  coon
(ballon) Base
o Base Time . o TOF
Entry Catalyst Solvent T/°C (Amount/mmol) /h Yield/% Jh1
4 NPOP-1 DMSO 60 Cs,C0O5(0.6) 12 55.4
5 Ag@NPOP-1 b DMSO 60 Cs,C0O5(0.6) 12 94.2 36.4
6 Ag@NPOP-1 DMF 60 Cs,C0O5(0.6) 12 73.7 71.2
7 Ag@NPOP-1 ACN 60 Cs,CO35(0.6) 12 119 11.5
8 Ag@NPOP-1 EtOH 60 Cs,C0O5(0.6) 12 3.4 3.3
9 Ag@NPOP-1 DMSO 60 K,CO3(0.6) 12 115 11.1
10 Ag@NPOP-1 DMSO 60 DBU(0.6) 12 51.0 49.3
11 Ag@NPOP-1 DMSO 60 NaOH (0.6) 12 4.3 4.2
12 Ag@NPOP-1 DMSO 60 Cs,CO35(0.4) 12 60.8 58.8
13 Ag@NPOP-1 DMSO 60 Cs,C0O5(0.2) 12 24.5 23.7
14 Ag@NPOP-1 DMSO 50 Cs,C0O5(0.6) 12 65.2 63.0
15 Ag@NPOP-1 DMSO 40 Cs,CO5(0.6) 12 18.0 174

Reaction conditions: () Phenylacetylene (0.2 mmol), catalyst (2.0 mg), CO, (balloon), solvent (1.0 mL). The
reaction mixture was stirred at 60 °C for 12 h. Yield was calculated by "H NMR. (°): catalyst, 5.0 mg.

3.3. Catalyst Stability

Recycling tests were conducted to confirm the reusability and endurance of Ag@NPOP-
1 toward the carboxylative cyclization of propargylic amines and the carboxylation of
phenylacetylene with CO, (Figure 7a,b). After being used for five times, the yield of
2-oxazolidinone and phenylpropionic acid were 93.0% and 90.4%, respectively, with no
distinct loss of catalytic efficiency. TEM of reused Ag@NPOP-1 (Figure 7c) shows that the
Ag NPs remain uniformly dispersed on the NPOP substrate with slight agglomeration,
with an average particle diameter of 5.7 nm. The FT-IR and PXRD (Figures 517 and S18) of
Ag@NPOP-1 show that there is no significant change after it is used five times, proving the
excellent reusability of Ag@NPOP-1.

(a)100- (b)wo_
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o ke
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3 4 1 2 3 4 5
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Figure 7. Recycling performance of Ag@NPOP-1 displaying: (a) carboxylative cyclization of propar-
gylic amines, (b) carboxylation of phenylacetylene with CO,, (¢) HR-TEM image, and (d) Ag particle
size distribution of Ag@NPOP-1 after reuse for five cycles.
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3.4. Catalytic Mechanism

The catalytic efficiency of Ag@NPOPs is compared with the reported data. As shown
in Tables 54 and S5, Ag@NPOPs exhibit highly competitive catalytic activity for both the
CO; conversion reactions and the TOF values of Ag@NPOPs are much higher than those
of most reported catalytic systems [16,17,63,92-110]. The excellent catalytic activity is
attributed to the following three aspects: (1) Ag@&NPOP-1 contains two kinds of nitrogen
heterocycles, triazine and triazole rings, which can absorb and enrich CO, and can anchor
Ag NPs as well; (2) The abundant micropores and high specific surface area of NPOP-1
endow it an outstanding affinity and adsorption capacity for CO,; (3) The high dispersion
and small particle size of Ag NPs in Ag@NPOP-1 further enhance its catalytic activity.

Based on the above observations and previous reports [100,111], a possible catalytic
mechanism of carboxylative cyclization of propargylic amines with CO, is proposed
(Scheme 2). When propargylamine enters the pores of NPOP-1, the amino and carbon-
carbon triple bonds in propargylamine interact with Ag NPs, further leading to the activa-
tion of hydrogen protons on the amino group, and, with the assistance of DBU, the CO,
molecule adsorbed by NPOP-1 attacks the amino group to produce a carbamate interme-
diate (III). Subsequently, the negatively charged oxygen attacks the carbon-carbon triple
bond, resulting in an intramolecular cyclization of propargylamine with the formation of
a negatively charged carbon-carbon double bond (IV). After the proton from DBUH" is
seized, the final 2-oxazolidinone product is generated.

Apart from that, the mechanism of the carboxylation of terminal alkynes is postu-
lated (Scheme 3) [112,113]. First, the terminal alkynes enter the pores of NPOP-1 and
are deprotonated by the immobilized Ag NPs with the assistance of Cs,COg3, forming
the Ph-C=C-Ag@NPOP-1 intermediate (II). Subsequently, the CO; molecule enriched by
adsorption of abundant nitrogen atoms in the triazine and triazole rings attacks the adjacent
nucleophilic active alkyne carbon and further inserts into the C-Ag bond to form a cesium
carboxylate species (IV). In the presence of Cs;COj3; and nearby terminal alkynes, the ce-
sium carboxylate detaches from the Ag NPs and enters the solvent, where Ag@NPOP-1 is
regenerated and adsorbs new terminal alkynes for the next round of catalysis. Eventually,
the carboxylate is acidified by hydrochloric acid to obtain propargylic acid.

Scheme 2. Proposed catalytic mechanism of carboxylative cyclization of propargylic amines with
CO; catalyzed by Ag@NPOP-1.
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Scheme 3. Proposed catalytic mechanism of carboxylation of terminal alkynes with CO, catalyzed
by Ag@NPOP-1.

4. Conclusions

In summary, we have synthesized organic porous polymers NPOP-1 and NPOP-2
functionalized with triazine and triazole nitrogen heterocycles by the click reaction. The
NPOPs are porous with specific surface areas of 481 m? g~! for NPOP-1 and 223 m? g !
for NPOP-2. The abundant nitrogen content confers high CO, affinity and adsorption
capacity on the NPOPs with the CO, adsorption capacity of NPOP-1 and NPOP-2 of
84.0 and 63.7 mg g~ !, respectively, at 273 K and 1 atm. The Ag@NPOPs are obtained
by simple wet impregnation and in situ reductions with highly dispersed small-size Ag
nanoparticles. The Ag@NPOPs show excellent catalytic activity in the catalysis of the
high-value conversion of CO, with propargylamine and terminal alkynes, with the high-
est TOF values reaching 1125.1 h~! and 90.9 h—!, respectively. The Ag@NPOP-1 shows
higher catalytic efficiency because of its larger specific surface area, higher CO, adsorption
capability, and smaller Ag NPs size. The Ag@NPOPs show excellent catalytic stability and
durability with no significant decrease in catalytic activity after five consecutive cycles.
More than demonstrating a dual-functional CO, conversion catalyst, this work provides
some new inspirations for the design and construction of novel multifunctional catalysts.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/nano12183088/s1, Additional experimental details,
Figures S1-518: (NMR, IR, EDS, XPS spectra, PXRD, TG, pore size, adsorption data, and Tables S1-S5:
(elemental analysis, porosity, CO, absorption, and catalysis data)).

Author Contributions: The manuscript was written with the contributions of all authors. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the NSF of Guangdong Province, grant number 2019A1515010710.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.


https://www.mdpi.com/article/10.3390/nano12183088/s1

Nanomaterials 2022, 12, 3088 14 of 18

Acknowledgments: The authors are grateful for the support of the NSF of Guangdong Province
(Grant No. 2019A1515010710).

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

References

1. Mensah, C.N.; Long, X.; Boamah, K.B.; Bediako, I.A.; Dauda, L.; Salman, M. The Effect of Innovation on CO, Emissions of OCED
Countries from 1990 to 2014. Environ. Sci. Pollut. Res. 2018, 25, 29678-29698. [CrossRef]

2. Al-Ghussain, L. Global Warming: Review on Driving Forces and Mitigation. Environ. Prog. Sustain. Energy 2019, 38, 13-21.
[CrossRef]

3. Zhang, Q.; Yang, C.; Guan, A.; Kan, M.; Zheng, G. Photocatalytic CO, Conversion: From C1 Products to Multi-carbon Oxygenates.
Nanoscale 2022, 14, 10268-10285. [CrossRef]

4.  Abdinejad, M,; Tang, K.; Dao, C.; Saedy, S.; Burdyny, T. Inmobilization Strategies for Porphyrin-based Molecular Catalysts for
the Electroreduction of CO,. J. Mater. Chem. A 2022, 10, 7626-7636. [CrossRef]

5. Usman, M.; Humayun, M.; Garba, M.D.; Ullah, L.; Zeb, Z.; Helal, A.; Suliman, M.H.; Alfaifi, B.Y.; Igbal, N.; Abdinejad, M.; et al.
Electrochemical Reduction of CO,: A Review of Cobalt Based Catalysts for Carbon Dioxide Conversion to Fuels. Nanomaterials
2021, 11, 2029. [CrossRef]

6. Yang, Y.; Zhao, Y.-X,; He, S.-G. Conversion of CHy Catalyzed by Gas Phase Ions Containing Metals. Chem. Eur. |. 2022, 28,
€202200062.

7. Zheng, H; Yang, Z.; Kong, X.; Geng, Z.; Zeng, ]. Progresses on Carbon Dioxide Electroreduction into Methane. Chin. |. Catal.
2022, 43, 1634-1641. [CrossRef]

8. Liu, X.; Zhong, H.; Wang, C.; He, D.; Jin, F. CO; Reduction into Formic Acid under Hydrothermal Conditions: A mini Review.
Energy Sci. Eng. 2022, 10, 1601-1613. [CrossRef]

9. Li, W.-b,; Yu, C,; Tan, X.-y,; Cui, S.; Zhang, Y.-f.; Qiu, ].-s. Recent Advances in the Electroreduction of Carbon Dioxide to Formic
Acid over Carbon-based Materials. New Carbon Mater. 2022, 37, 277-287. [CrossRef]

10. Biswal, T,; Shadangi, K.P; Sarangi, PK,; Srivastava, R K. Conversion of Carbon Dioxide to Methanol: A Comprehensive Review.
Chemosphere 2022, 298, 134299. [CrossRef]

11. Li, Z;Shi, R;; Ma, Y.; Zhao, J.; Zhang, T. Photodriven CO, Hydrogenation into Diverse Products: Recent Progress and Perspective.
J. Phys. Chem. Lett. 2022, 13, 5291-5303. [CrossRef]

12.  Hui, W.; Xu, X.-Y.; Mao, F.-F; Shi, L.; Wang, H.-J. N/O-rich Multilayered Ultramicroporous Carbon for Highly Efficient Capture
and Conversion of CO, under Atmospheric Conditions. Sustain. Energy Fuels 2022, 6, 3208-3219. [CrossRef]

13.  Yao, Q.; Shi, Y.; Wang, Y.; Zhu, X.; Yuan, D.; Yao, Y. Bifunctional Rare-Earth Metal Catalysts for Conversion of CO, and Epoxides
into Cyclic Carbonates. Asian J. Org. Chem. 2022, 11, €202200106. [CrossRef]

14. Chen, X.-C.; Zhao, K.-C,; Yao, Y.-Q.; Lu, Y;; Liu, Y. Synergetic Activation of CO, by the DBU-organocatalyst and Amine Substrates
towards Stable Carbamate Salts for Synthesis of Oxazolidinones. Catal. Sci. Technol. 2021, 11, 7072-7082. [CrossRef]

15. Bu, C; Gong, Y.; Du, M.; Chen, C.; Chaemchuen, S.; Huy, J.; Zhang, Y.; Diaz Velazquez, H.; Yuan, Y.; Verpoort, F. Green Synthesis of
2-Oxazolidinones by an Efficient and Recyclable CuBr/Ionic Liquid System via CO,, Propargylic Alcohols, and 2-Aminoethanols.
Catalysts 2021, 11, 233. [CrossRef]

16. Bu, R.; Zhang, L.; Gao, L.-L.; Sun, W.-].; Yang, S.-L.; Gao, E.-Q. Copper(I)-Modified Covalent Organic Framework for CO,
Insertion to Terminal Alkynes. Mol. Catal. 2021, 499, 111319. [CrossRef]

17.  Li,M.; Zhang, L.; Zhang, Z.; Shi, J.; Liu, Y.; Chen, J.; Sun, N.; Wei, W. SiO,-Coated Ag Nanoparticles for Conversion of Terminal
Alkynes to Propolic Acids via CO; Insertion. ACS Appl. Nano Mater. 2021, 4, 7107-7115. [CrossRef]

18. Peters, M.; Kohler, B.; Kuckshinrichs, W.; Leitner, W.; Markewitz, P.; Miiller, T.E. Chemical Technologies for Exploiting and
Recycling Carbon Dioxide into the Value Chain. ChemSusChem 2011, 4, 1216-1240. [CrossRef]

19. Gao, W,; Guo, L,; Cui, Y;; Yang, G.; He, Y.; Zeng, C.; Taguchi, A.; Abe, T.; Ma, Q.; Yoneyama, Y.; et al. Selective Conversion of CO,
into Para-Xylene over a ZnCr,O4-ZSM-5 Catalyst. ChemSusChem 2020, 13, 6541-6545. [CrossRef]

20. Azhari, N.J.; Nurdini, N.; Mardiana, S.; Ilmi, T.; Fajar, A.T.N.; Makertihartha, I.G.B.N.; Subagjo; Kadja, G.T.M. Zeolite-based
Catalyst for Direct Conversion of CO, to czr Hydrocarbon: A Review. J. CO2 Util. 2022, 59, 101969. [CrossRef]

21. Du, Y.-R; Yang, X.; Wang, Y.-F; Guan, P.-X.; Wang, R.; Xu, B.-H. Immobilization Poly(ionic liquid)s into Hierarchical Porous
Covalent Organic Frameworks as Heterogeneous Catalyst for Cycloaddition of CO, with Epoxides. Mol. Catal. 2022, 520, 112164.
[CrossRef]

22. Long, G;; Wu, D,; Pan, H.; Zhao, T.; Hu, X. Imidazolium Hydrogen Carbonate Ionic Liquids: Versatile Organocatalysts for
Chemical Conversion of CO, into Valuable Chemicals. J]. CO2 Util. 2020, 39, 101155. [CrossRef]

23. Gao, W,; Xiao, J.; Wang, Q.; Li, S.; Vasiliades, M.A.; Huang, L.; Gao, Y,; Jiang, Q.; Niu, Y.; Zhang, B.; et al. Unravelling the
Mechanism of Intermediate-Temperature CO, Interaction with Molten-NaNO3-Salt-Promoted MgO. Adv. Mater. 2022, 34, 2106677 .
[CrossRef] [PubMed]

24. Kim, L; Park, J.; Yoo, Y. Formation and Polymorph Transformation trends of Metal Carbonate in Inorganic CO, Conversion

Process Using Simulated Brine: Study for Post-treatment of Industrial brine via CO,Conversion. Process Saf. Environ. Prot. 2022,
162, 313-327. [CrossRef]


http://doi.org/10.1007/s11356-018-2968-0
http://doi.org/10.1002/ep.13041
http://doi.org/10.1039/D2NR02588D
http://doi.org/10.1039/D2TA00876A
http://doi.org/10.3390/nano11082029
http://doi.org/10.1016/S1872-2067(21)63967-0
http://doi.org/10.1002/ese3.1064
http://doi.org/10.1016/S1872-5805(22)60592-4
http://doi.org/10.1016/j.chemosphere.2022.134299
http://doi.org/10.1021/acs.jpclett.2c01159
http://doi.org/10.1039/D2SE00469K
http://doi.org/10.1002/ajoc.202200106
http://doi.org/10.1039/D1CY01298C
http://doi.org/10.3390/catal11020233
http://doi.org/10.1016/j.mcat.2020.111319
http://doi.org/10.1021/acsanm.1c01101
http://doi.org/10.1002/cssc.201000447
http://doi.org/10.1002/cssc.202002305
http://doi.org/10.1016/j.jcou.2022.101969
http://doi.org/10.1016/j.mcat.2022.112164
http://doi.org/10.1016/j.jcou.2020.101155
http://doi.org/10.1002/adma.202106677
http://www.ncbi.nlm.nih.gov/pubmed/34729827
http://doi.org/10.1016/j.psep.2022.04.015

Nanomaterials 2022, 12, 3088 15 of 18

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Lan, J.; Qu, Y.; Wang, Z.; Xu, P; Sun, J. A Facile Fabrication of a Multi-functional and Hierarchical Zn-based MOF as an Efficient
Catalyst for CO,Fixation at Room-temperature. Inorg. Chem. Front. 2021, 8, 3085-3095. [CrossRef]

Gao, Z,; Liang, L.; Zhang, X.; Xu, P; Sun, ]. Facile One-Pot Synthesis of Zn/Mg-MOF-74 with Unsaturated Coordination Metal
Centers for Efficient CO, Adsorption and Conversion to Cyclic Carbonates. ACS Appl. Mater. Interfaces 2021, 13, 61334-61345.
[CrossRef]

Lu, M.; Zhang, M,; Liu, J.; Chen, Y.; Liao, J.-P; Yang, M.-Y.; Cai, Y.-P; Li, S.-L.; Lan, Y.-Q. Covalent Organic Framework Based
Functional Materials: Important Catalysts for Efficient CO, Utilization. Angew. Chem. Int. Ed. 2022, 61, €202200003. [CrossRef]
Kou, M.; Liu, W.; Wang, Y.; Huang, J.; Chen, Y.; Zhou, Y.; Chen, Y.; Ma, M.; Lei, K.; Xie, H.; et al. Photocatalytic CO,Conversion
over Single-atom MoNjSites of Covalent Organic Framework. Appl. Catal. B 2021, 291, 120146. [CrossRef]

Zhang, X.; Wang, J.; Bian, Y.; Lv, H.; Qiu, B.; Zhang, Y.; Qin, R.; Zhu, D.; Zhang, S.; Li, D.; et al. A Novel Conjugated Microporous
Polymer Microspheres Comprising Cobalt Porphyrins for Efficient catalytic CO, Cycloaddition under Ambient Conditions. J.
CO2 Util. 2022, 58, 101924. [CrossRef]

Du, J.; Ouyang, H.; Tan, B. Porous Organic Polymers for Catalytic Conversion of Carbon Dioxide. Chem. Asian J. 2021, 16,
3833-3850. [CrossRef]

Kuhn, P; Antonietti, M.; Thomas, A. Porous, Covalent Triazine-Based Frameworks Prepared by Ionothermal Synthesis. Angew.
Chem. Int. Ed. 2008, 47, 3450-3453. [CrossRef] [PubMed]

Shan, H; Li, S.; Yang, Z.; Zhang, X.; Zhuang, Y.; Zhu, Q.; Cai, D.; Qin, P; Baeyens, J. Triazine-based N-rich Porous Covalent
Organic Polymer for the Effective Detection and Removal of Hg(II) from an Aqueous Solution. Chem. Eng. J. 2021, 426, 130757.
[CrossRef]

Cai, H-Q.; Zeng, G.; You, Z.-X.; Wang, C.; Sun, L.-X.; Bai, F-Y,; Xing, Y.-H. Cu(ii) and Zn(ii) Frameworks Constructed by
Directional Tuning of Diverse Substituted Groups on a Triazine Skeleton and Supermassive Adsorption Behavior for Lodine and
Dyes. Dalton Trans. 2022, 51, 5457-5470. [CrossRef] [PubMed]

Chang, Y.; Huang, H.; Zhu, H.; Zhao, Y.; Wang, L.; Sun, Y.; Zhong, C. Robust Carbazole-based Covalent Triazine Frameworks
with Defective Ultramicropore Structure for Efficient Ethane-selective Ethane-ethylene Separation. Chem. Eng. |. 2022, 427, 131726.
[CrossRef]

Yan, J.; Sun, H,; Wang, Q.; Lu, L.; Zhang, B.; Wang, Z.; Guo, S.; Han, F. Covalent Triazine Frameworks for the Dynamic
Adsorption/Separation of Benzene/Cyclohexane Mixtures. New J. Chem. 2022, 46, 7580-7587. [CrossRef]

Mohamed, M.G.; El-Mahdy, A.FM.; Takashi, Y.; Kuo, S.-W. Ultrastable Conductive Microporous Covalent Triazine Frameworks
based on Pyrene Moieties Provide High-performance CO, Uptake and Supercapacitance. New J. Chem. 2020, 44, 8241-8253.
[CrossRef]

Jiang, F.; Wang, Y.; Qiu, T.; Yang, G.; Yang, C.; Huang, J.; Fang, Z.; Li, ]. Synthesis of biphenyl-linked Covalent Triazine Frameworks
with Excellent Lithium Storage Performance as Anode in Lithium Ion Battery. ]. Power Sources 2022, 523, 231041. [CrossRef]
Huang, G.; Lin, G.; Niu, Q.; Bi, ].; Wu, L. Covalent Triazine-based Frameworks Confining Cobalt Single Atoms for Photocatalytic
CO;, Reduction and Hydrogen Production. J. Mater. Sci. Technol. 2022, 116, 41-49. [CrossRef]

Zhang, B.; Zhang, Y.; Hou, M.; Wang, W.; Hu, S.; Cen, W.; Cao, X.; Qiao, S.; Han, B.-H. Pristine, Metal ion and Metal Cluster
Modified Conjugated Triazine Frameworks as Electrocatalysts for Hydrogen Evolution Reaction. J. Mater. Chem. A 2021, 9,
10146-10159. [CrossRef]

Sun, R.; Wang, X.; Wang, X.; Tan, B. Three-Dimensional Crystalline Covalent Triazine Frameworks via a Polycondensation
Approach. Angew. Chem. Int. Ed. 2022, 61, €202117668.

Lu, C; Yang, J.; Wei, S.; Bi, S;; Xia, Y.; Chen, M.; Hou, Y.; Qiu, M.; Yuan, C.; Su, Y,; et al. Atomic Ni Anchored Covalent Triazine
Framework as High Efficient Electrocatalyst for Carbon Dioxide Conversion. Adv. Funct. Mater. 2019, 29, 1806884. [CrossRef]
Qi, S.-C; Wu, J.-K,; Ly, J; Yu, G.-X,; Zhu, R.-R;; Liu, Y;; Liu, X.-Q.; Sun, L.-B. Underlying Mechanism of CO, Adsorption onto
Conjugated Azacyclo-copolymers: N-doped Adsorbents Capture CO,Chiefly through Acid-base Interaction? |. Mater. Chem. A
2019, 7, 17842-17853. [CrossRef]

Liu, M.; Zhao, P,; Zhang, W.; Cheng, X.; Fei, H.; Ma, J.; Liu, F. Rational Self-assembly of Triazine- and Urea-functionalized
Periodic Mesoporous Organosilicas for Efficient CO, Adsorption and Conversion into Cyclic Carbonates. Fuel 2022, 315, 123230.
[CrossRef]

Yue, C.; Wang, W.; Li, F. Building N-Heterocyclic Carbene into Triazine-Linked Polymer for Multiple CO, Utilization. Chem-
SusChem 2020, 13, 5996-6004. [CrossRef]

Lan, X.; Du, C; Cao, L.; She, T.; Li, Y,; Bai, G. Ultrafine Ag Nanoparticles Encapsulated by Covalent Triazine Framework
Nanosheets for CO, Conversion. ACS Appl. Mater. Interfaces 2018, 10, 38953-38962. [CrossRef] [PubMed]

Zhang, D.; Gao, Y.; Luan, T.-X,; Cheng, K.; Li, C.; Li, P.-Z. Facile Construction of a Click-based Robust Porous Organic Polymer
and its In-situ Sulfonation for Proton Conduction. Micropor. Mesopor. Mater. 2021, 325, 111348. [CrossRef]

Taiariol, L.; Chaix, C.; Farre, C.; Moreau, E. Click and Bioorthogonal Chemistry: The Future of Active Targeting of Nanoparticles
for Nanomedicines? Chem. Rev. 2022, 122, 340-384. [CrossRef]

Li, B.; Hu, R.; Qin, A.; Tang, B.Z. Copper-based Ionic Liquid-catalyzed Click Polymerization of Diazides and Diynes toward
Functional Polytriazoles for Sensing Applications. Polym. Chem. 2020, 11, 2006-2014. [CrossRef]

Kolb, H.C,; Finn, M.G.; Sharpless, K.B. Click Chemistry: Diverse Chemical Function from a few Good Reactions. Angew. Chem.
Int. Ed. 2001, 40, 2004-2021. [CrossRef]


http://doi.org/10.1039/D1QI00104C
http://doi.org/10.1021/acsami.1c20878
http://doi.org/10.1002/anie.202200003
http://doi.org/10.1016/j.apcatb.2021.120146
http://doi.org/10.1016/j.jcou.2022.101924
http://doi.org/10.1002/asia.202100991
http://doi.org/10.1002/anie.200705710
http://www.ncbi.nlm.nih.gov/pubmed/18330878
http://doi.org/10.1016/j.cej.2021.130757
http://doi.org/10.1039/D2DT00067A
http://www.ncbi.nlm.nih.gov/pubmed/35333277
http://doi.org/10.1016/j.cej.2021.131726
http://doi.org/10.1039/D2NJ00727D
http://doi.org/10.1039/D0NJ01292K
http://doi.org/10.1016/j.jpowsour.2022.231041
http://doi.org/10.1016/j.jmst.2021.11.035
http://doi.org/10.1039/D1TA00589H
http://doi.org/10.1002/adfm.201806884
http://doi.org/10.1039/C9TA04785A
http://doi.org/10.1016/j.fuel.2022.123230
http://doi.org/10.1002/cssc.202002154
http://doi.org/10.1021/acsami.8b14743
http://www.ncbi.nlm.nih.gov/pubmed/30338979
http://doi.org/10.1016/j.micromeso.2021.111348
http://doi.org/10.1021/acs.chemrev.1c00484
http://doi.org/10.1039/C9PY01443H
http://doi.org/10.1002/1521-3773(20010601)40:11&lt;2004::AID-ANIE2004&gt;3.0.CO;2-5

Nanomaterials 2022, 12, 3088 16 of 18

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Cho, K.; Yang, H.-S.; Lee, I.-H.; Lee, S.M.; Kim, H.J.; Son, S.U. Valorization of Click-Based Microporous Organic Polymer:
Generation of Mesoionic Carbene—Rh Species for the Stereoselective Synthesis of Poly(arylacetylene)s. J. Am. Chem. Soc. 2021,
143, 4100-4105.

Li, L.; Zhao, H.; Wang, J.; Wang, R. Facile Fabrication of Ultrafine Palladium Nanoparticles with Size- and Location-Control in
Click-Based Porous Organic Polymers. ACS Nano 2014, 8, 5352-5364. [CrossRef] [PubMed]

Liu, Z; Su, Q.; Ju, P; Li, X,; Li, G.; Wu, Q.; Yang, B. A Hydrophilic Covalent Organic Framework for Photocatalytic Oxidation of
Benzylamine in Water. Chem. Commun. 2020, 56, 766-769. [CrossRef] [PubMed]

Qiang, H.; Chen, T.; Wang, Z; Li, W.; Guo, Y.; Yang, J.; Jia, X.; Yang, H.; Hu, W.; Wen, K. Pillar[5]Arene Based Conjugated
Macrocycle Polymers with Unique Photocatalytic Selectivity. Chin. Chem. Lett. 2020, 31, 3225-3229. [CrossRef]

Klinkebiel, A.; Beyer, O.; Liining, U. Substituted 1,3,5-Triazine Hexacarboxylates as Potential Linkers for MOFs. Molecules 2019,
24,3480. [CrossRef]

Yoon, J.; Choi, H.M.; Lee, S.J. Cu(ii)Cl, Containing Bispyridine-based Porous Organic Polymer Support Prepared via Alkyne-azide
Cycloaddition as a Heterogeneous Catalyst for Oxidation of Various Olefins. New |. Chem. 2020, 44, 9149-9152. [CrossRef]
Siddiki, A.A.; Takale, B.S.; Telvekar, V.N. One Pot Synthesis of Aromatic Azide Using Sodium Nitrite and Hydrazine Hydrate.
Tetrahedron Lett. 2013, 54, 1294-1297. [CrossRef]

Song, J.-R.; Duan, W.-G; Li, D.-P. Synthesis of Nitrogen-Rich Polymers by Click Polymerization Reaction and Gas Sorption
Property. Molecules 2018, 23, 1732. [CrossRef] [PubMed]

Du, Y,; Liu, H. Triazine-Functionalized Silsesquioxane-Based Hybrid Porous Polymers for Efficient Photocatalytic Degradation of
Both Acidic and Basic Dyes under Visible Light. ChemCatChem 2021, 13, 5178-5190. [CrossRef]

Pandey, P,; Farha, O.K.; Spokoyny, A.M.; Mirkin, C.A.; Kanatzidis, M.G.; Hupp, J.T.; Nguyen, S.T. A “Click-based” Porous Organic
Polymer from Tetrahedral Building Blocks. J. Mater. Chem. 2011, 21, 1700-1703. [CrossRef]

Lan, Y.-T;; Yang, X.-Y.; Liu, S5.-X.; Miao, Y.-X.; Zhao, Z. Highly Dispersed Silver Nanoparticles Supported on a Hydroxyapatite
Catalyst with Different Morphologies for CO Oxidation. New J. Chem. 2022, 46, 6940-6945. [CrossRef]

Guo, Y,; Yang, D.-P; Liu, M.; Zhang, X.; Chen, Y.; Huang, J.; Li, Q.; Luque, R. Enhanced Catalytic Benzene Oxidation over a Novel
Waste-derived Ag/eggshell Catalyst. . Mater. Chem. A 2019, 7, 8832-8844. [CrossRef]

Mukherjee, S.; Das, M.; Manna, A.; Krishna, R.; Das, S. Newly Designed 1,2,3-triazole Functionalized Covalent Triazine
Frameworks with Exceptionally High Uptake Capacity for both CO, and Hj. J. Mater. Chem. A 2019, 7, 1055-1068. [CrossRef]
Zhang, Y.; Lan, X.; Yan, F; He, X.; Wang, J.; Ricardez-Sandoval, L.; Chen, L.; Bai, G. Controllable Encapsulation of Silver
Nanoparticles by Porous Pyridine-based Covalent Organic Frameworks for Efficient CO, Conversion using Propargylic Amines.
Green Chem. 2022, 24, 930-940. [CrossRef]

Liu, X;; Du, J; Ye, Y;; Liu, Y,; Wang, S.; Meng, X.; Song, X.; Liang, Z.; Yan, W. Boosting Selective Co,H, /CHy4, CoH4/CH, and
CO,/CHy4 Adsorption Performance via 1,2,3-triazole Functionalized Triazine-based Porous Organic Polymers. Chin. ]. Chem. Eng.
2022, 42, 64-72. [CrossRef]

Puthiaraj, P; Kim, H.S.; Yu, K.; Ahn, W.-S. Triphenylamine-based Covalent Imine Framework for CO, Capture and Catalytic
Conversion into Cyclic Carbonates. Microporous Mesoporous Mater. 2020, 297, 110011. [CrossRef]

Popp, N.; Homburg, T.; Stock, N.; Senker, J. Porous Imine-based Networks with Protonated Imine Linkages for Carbon Dioxide
Separation from Mixtures with Nitrogen and Methane. J. Mater. Chem. A 2015, 3, 18492-18504. [CrossRef]

Dong, B.; Wang, D.-Y.; Wang, W.-J. Post-Functionalization of Hydroxyl-Appended Covalent Triazine Framework via Borrowing
Hydrogen Strategy for Effective CO, Capture. Microporous Mesoporous Mater. 2020, 292, 109765. [CrossRef]

Fu, Y; Wang, Z; Li, S.; He, X,; Pan, C.; Yan, J.; Yu, G. Functionalized Covalent Triazine Frameworks for Effective CO, and SO,
Removal. ACS Appl. Mater. Interfaces 2018, 10, 36002-36009. [CrossRef]

Fu, Y.; Wang, Z.; Fu, X,; Yan, J.; Liu, C,; Pan, C,; Yu, G. Acid/Hydrazide-Appended Covalent Triazine Frameworks for Low-
pressure CO, Capture: Pre-designable or Post-synthesis Modification. |. Mater. Chem. A 2017, 5, 21266-21274. [CrossRef]
Zhong, H.; Su, Y,; Chen, X,; Li, X.; Wang, R. Imidazolium- and Triazine-Based Porous Organic Polymers for Heterogeneous
Catalytic Conversion of CO; into Cyclic Carbonates. ChemSusChem 2017, 10, 4855-4863. [CrossRef]

Li, G.; Zhang, B.; Yan, J.; Wang, Z. Micro- and Mesoporous Poly(Schiff-base)s Constructed from Different Building Blocks and
Their Adsorption Behaviors Towards Organic Vapors and CO, Gas. J. Mater. Chem. A 2014, 2, 18881-18888. [CrossRef]
El-Mahdy, A.EM.; Kuo, C.-H.; Alshehri, A.; Young, C.; Yamauchi, Y.; Kim, J.; Kuo, S.-W. Strategic Design of Triphenylamine- and
Triphenyltriazine-based Two-dimensional Covalent Organic Frameworks for CO, Uptake and Energy Storage. . Mater. Chem. A
2018, 6, 19532-19541. [CrossRef]

Xu, Y,; Jin, S.; Xu, H.; Nagai, A,; Jiang, D. Conjugated Microporous Polymers: Design, Synthesis and Application. Chem. Soc. Rev.
2013, 42, 8012-8031. [CrossRef]

Fang, X,; Liu, C.; Yang, L.; Yu, T,; Zhai, D.; Zhao, W.; Deng, W.-q. Bifunctional poly(ionic liquid) Catalyst with Dual-active-center
for CO, Conversion: Synergistic Effect of Triazine and Imidazolium Motifs. J. CO2 Util. 2021, 54, 101778. [CrossRef]

Xu, G.; Zhu, Y,; Xie, W.; Zhang, S.; Yao, C.; Xu, Y. Porous Cationic Covalent Triazine-Based Frameworks as Platforms for Efficient
CO; and Iodine Capture. Chem. Asian J. 2019, 14, 3259-3263. [CrossRef]

Saleh, M.; Baek, S.B.; Lee, HM.; Kim, K.S. Triazine-Based Microporous Polymers for Selective Adsorption of CO;. J. Phys. Chem.
C 2015, 119, 5395-5402. [CrossRef]


http://doi.org/10.1021/nn501853g
http://www.ncbi.nlm.nih.gov/pubmed/24773300
http://doi.org/10.1039/C9CC07661A
http://www.ncbi.nlm.nih.gov/pubmed/31845677
http://doi.org/10.1016/j.cclet.2020.04.020
http://doi.org/10.3390/molecules24193480
http://doi.org/10.1039/D0NJ01174F
http://doi.org/10.1016/j.tetlet.2012.12.112
http://doi.org/10.3390/molecules23071732
http://www.ncbi.nlm.nih.gov/pubmed/30012967
http://doi.org/10.1002/cctc.202101231
http://doi.org/10.1039/c0jm03483e
http://doi.org/10.1039/D2NJ00464J
http://doi.org/10.1039/C8TA10822F
http://doi.org/10.1039/C8TA08185A
http://doi.org/10.1039/D1GC04028F
http://doi.org/10.1016/j.cjche.2021.09.032
http://doi.org/10.1016/j.micromeso.2020.110011
http://doi.org/10.1039/C5TA02504D
http://doi.org/10.1016/j.micromeso.2019.109765
http://doi.org/10.1021/acsami.8b13417
http://doi.org/10.1039/C7TA05416E
http://doi.org/10.1002/cssc.201701821
http://doi.org/10.1039/C4TA04429K
http://doi.org/10.1039/C8TA04781B
http://doi.org/10.1039/c3cs60160a
http://doi.org/10.1016/j.jcou.2021.101778
http://doi.org/10.1002/asia.201901017
http://doi.org/10.1021/jp509188h

Nanomaterials 2022, 12, 3088 17 of 18

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Neti, V.S.PK,; Wu, X,; Deng, S.; Echegoyen, L. Selective CO, Capture in An Imine Linked Porphyrin Porous Polymer. Polym.
Chem. 2013, 4, 4566-4569. [CrossRef]

Rabbani, M.G.; Sekizkardes, A.K.; Kahveci, Z.; Reich, T.E.; Ding, R.; El-Kaderi, HM. A 2D Mesoporous Imine-Linked Covalent
Organic Framework for High Pressure Gas Storage Applications. Chem. Eur. |. 2013, 19, 3324-3328. [CrossRef]

Ren, S.; 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]

Liu, J.; Zhang, X.; Wen, B.; Li, Y.; Wu, J.; Wang, Z.; Wu, T.; Zhao, R.; Yang, S. Pre-carbonized Nitrogen-rich Polytriazines for The
Controlled Growth of Silver nanoparticles: Catalysts for Enhanced CO, Chemical Conversion at Atmospheric Pressure. Catal. Sci.
Technol. 2021, 11, 3119-3127. [CrossRef]

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 Carbon Dioxide Capture and Catalytic Conversion. ChemSusChem 2017, 10, 1186-1192. [CrossRef]
[PubMed]

Zhu, X.; Chai, S.; Tian, C.; Fulvio, PF; Han, K.S.; Hagaman, E.-W.; Veith, G.M.; Mahurin, S.M.; Brown, S.; Liu, H.; et al. Synthesis
of Porous, Nitrogen-Doped Adsorption/Diffusion Carbonaceous Membranes for Efficient CO, Separation. Macromol. Rapid
Commun. 2013, 34, 452-459. [CrossRef] [PubMed]

Wu, Z.; Liu, Q.; Yang, X; Ye, X.; Duan, H.; Zhang, J.; Zhao, B.; Huang, Y. Knitting Aryl Network Polymers-Incorporated Ag
Nanoparticles: A Mild and Efficient Catalyst for the Fixation of CO, as Carboxylic Acid. ACS Sustain. Chem. Eng. 2017, 5,
9634-9639. [CrossRef]

Liao, C.; Liang, Z.; Liu, B.; Chen, H.; Wang, X,; Li, H. Phenylamino-, Phenoxy-, and Benzenesulfenyl-Linked Covalent Triazine
Frameworks for CO, Capture. ACS Appl. Nano Mater. 2020, 3, 2889-2898. [CrossRef]

Bhanja, P.; Modak, A.; Bhaumik, A. Porous Organic Polymers for Storage and Conversion Reactions. ChemCatChem 2019, 11,
244-257. [CrossRef]

Germain, J.; Fréchet, ]. M.].; Svec, F. Nanoporous Polymers for Hydrogen Storage. Small 2009, 5, 1098-1111. [CrossRef]

Zhang, Z.; Ye, J.-H.; Wu, D.-S.; Zhou, Y.-Q.; Yu, D.-G. Synthesis of Oxazolidin-2-ones from Unsaturated Amines with CO; by
Using Homogeneous Catalysis. Chem. Asian ]. 2018, 13, 2292-2306.

Shi, Y.; Zhao, J.; Xu, H.; Hou, S.-L.; Zhao, B. Eco-friendly Co-catalyst-free Cycloaddition of CO, and Aziridines Activated by a
Porous MOF Catalyst. Sci. China Chem. 2021, 64, 1316-1322. [CrossRef]

Singudas, R.; Reddy, N.C.; Rai, V. Sensitivity Booster for Mass Detection Enables Unambiguous Analysis of Peptides, Proteins,
Antibodies, and Protein Bioconjugates. Chem. Commun. 2019, 55, 9979-9982. [CrossRef]

Manjolinho, E; Arndt, M.; Gooflen, K.; Goofsen, L.J. Catalytic C—-H Carboxylation of Terminal Alkynes with Carbon Dioxide. ACS
Catal. 2012, 2, 2014-2021.

Dubrovskiy, A.V.; Larock, R.C. Intermolecular C—O Addition of Carboxylic Acids to Arynes. Org. Lett. 2010, 12, 3117-3119.
[CrossRef] [PubMed]

Islam, S.S.; Biswas, S.; Ali Molla, R.; Yasmin, N.; Islam, S.M. Green Synthesized AgNPs Embedded in COF: An Efficient Catalyst
for the Synthesis of 2-Oxazolidinones and x-Alkylidene Cyclic Carbonates via CO, Fixation. ChemNanoMat 2020, 6, 1386-1397.
[CrossRef]

Khatun, R.; Biswas, S.; Biswas, LH.; Riyajuddin, S.; Haque, N.; Ghosh, K,; Islam, S.M. Cu-NPs@COF: A Potential Heterogeneous
Catalyst for CO;Fixation to Produce 2-Oxazolidinones as Well as Benzimidazoles under Moderate Reaction Conditions. J. CO2
Util. 2020, 40, 101180. [CrossRef]

Ghosh, S.; Riyajuddin, S.; Sarkar, S.; Ghosh, K.; Islam, S.M. Pd NPs Decorated on POPs as Recyclable Catalysts for the Synthesis
of 2-Oxazolidinones from Propargylic Amines via Atmospheric Cyclizative CO, Incorporation. ChemNanoMat 2020, 6, 160-172.
[CrossRef]

Chen, J.-M,; Qj, L.; Zhang, L.; Li, L.-J.; Hou, C.-Y,; Li, W.; Wang, L.-]. Copper/DTBP-Promoted Oxyselenation of Propargylic
Amines with Diselenides and CO;,: Synthesis of Selenyl 2-Oxazolidinones. J. Org. Chem. 2020, 85, 10924-10933. [CrossRef]
[PubMed]

Wang, M.-Y.; Song, Q.-W.; Ma, R; Xie, ].-N.; He, L.-N. Efficient Conversion of Carbon Dioxide at Atmospheric Pressure to
2-Oxazolidinones Promoted by Bifunctional Cu(ii)-Substituted Polyoxometalate-Based Ionic Liquids. Green Chem. 2016, 18,
282-287. [CrossRef]

Zhang, X.; Chen, K.-H.; Zhou, Z.-H.; He, L.-N. Reduced Graphene Oxide Supported Ag Nanoparticles: An Efficient Catalyst for
CO, Conversion at Ambient Conditions. ChemCatChem 2020, 12, 4825-4830. [CrossRef]

Zhou, Z.-H.; Xia, S.-M.; Huang, S.-Y,; Huang, Y.-Z.; Chen, K.-H.; He, L.-N. Cobalt-Based Catalysis for Carboxylative Cyclization
of Propargylic Amines with CO, at Atmospheric Pressure. J. CO2 Util. 2019, 34, 404—410. [CrossRef]

Ghosh, S.; Molla, R.A.; Kayal, U.; Bhaumik, A.; Islam, S.M. Ag NPs Decorated on a COF in the Presence of DBU as an Efficient
Catalytic System for the Synthesis of Tetramic Acids via CO, Fixation into Propargylic Amines at Atmospheric Pressure. Dalton
Trans. 2019, 48, 4657-4666. [CrossRef]

Liu, X.; Wang, M.-Y.,; Wang, S.-Y.; Wang, Q.; He, L.-N. InSitu Generated Zinc(II) Catalyst for Incorporation of CO; into 2-
Oxazolidinones with Propargylic Amines at Atmospheric Pressure. ChemSusChem 2017, 10, 1210-1216. [CrossRef]


http://doi.org/10.1039/c3py00798g
http://doi.org/10.1002/chem.201203753
http://doi.org/10.1039/c2py00585a
http://doi.org/10.1039/D0CY02473B
http://doi.org/10.1002/cssc.201601375
http://www.ncbi.nlm.nih.gov/pubmed/27860370
http://doi.org/10.1002/marc.201200793
http://www.ncbi.nlm.nih.gov/pubmed/23450623
http://doi.org/10.1021/acssuschemeng.7b02678
http://doi.org/10.1021/acsanm.0c00155
http://doi.org/10.1002/cctc.201801046
http://doi.org/10.1002/smll.200801762
http://doi.org/10.1007/s11426-021-1006-9
http://doi.org/10.1039/C9CC03424B
http://doi.org/10.1021/ol101017z
http://www.ncbi.nlm.nih.gov/pubmed/20545313
http://doi.org/10.1002/cnma.202000284
http://doi.org/10.1016/j.jcou.2020.101180
http://doi.org/10.1002/cnma.201900505
http://doi.org/10.1021/acs.joc.0c01519
http://www.ncbi.nlm.nih.gov/pubmed/32786223
http://doi.org/10.1039/C5GC02311D
http://doi.org/10.1002/cctc.202000738
http://doi.org/10.1016/j.jcou.2019.07.027
http://doi.org/10.1039/C9DT00017H
http://doi.org/10.1002/cssc.201601469

Nanomaterials 2022, 12, 3088 18 of 18

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Brunel, P.; Monot, ].; Kefalidis, C.E.; Maron, L.; Martin-Vaca, B.; Bourissou, D. Valorization of CO,: Preparation of 2-
Oxazolidinones by Metal-Ligand Cooperative Catalysis with SCS Indenediide Pd Complexes. ACS Catal. 2017, 7, 2652-2660.
[CrossRef]

Chang, Z; Jing, X.; He, C.; Liu, X,; Duan, C. Silver Clusters as Robust Nodes and m—Activation Sites for the Construction of
Heterogeneous Catalysts for the Cycloaddition of Propargylamines. ACS Catal. 2018, 8, 1384-1391. [CrossRef]

Ghosh, S.; Ghosh, A.; Riyajuddin, S.; Sarkar, S.; Chowdhury, A.H.; Ghosh, K; Islam, S.M. Silver Nanoparticles Architectured
HMP as a Recyclable Catalyst for Tetramic Acid and Propiolic Acid Synthesis through CO, Capture at Atmospheric Pressure.
ChemCatChem 2020, 12, 1055-1067. [CrossRef]

Lan, X,; Li, Q.; Cao, L.; Du, C.; Ricardez-Sandoval, L.; Bai, G. Rebuilding Supramolecular Aggregates to Porous Hollow N-Doped
Carbon Tube Inlaid with Ultrasmall Ag Nanoparticles: A Highly Efficient Catalyst for CO, Conversion. Appl. Surf. Sci. 2020, 508,
145220. [CrossRef]

Zhang, Z.; Shi, ].; Zhu, T.; Zhang, L.; Wei, W. Nitrogen-Doped Mesoporous Carbon Single Crystal-Based Ag Nanoparticles for
Boosting Mild CO, Conversion with Terminal Alkynes. ]. Colloid Interface Sci. 2022, 627, 81-89. [CrossRef] [PubMed]

Zhang, W.; Mei, Y.,; Huang, X.; Wu, P; Wu, H.; He, M. Size-Controlled Growth of Silver Nanoparticles onto Functionalized
Ordered Mesoporous Polymers for Efficient CO, Upgrading. ACS Appl. Mater. Interfaces 2019, 11, 44241-44248. [CrossRef]

Shi, J.; Zhang, L.; Sun, N.; Hu, D.; Shen, Q.; Mao, F.; Gao, Q.; Wei, W. Facile and Rapid Preparation of Ag@ZIF-8 for Carboxylation
of Terminal Alkynes with CO, in Mild Conditions. ACS Appl. Mater. Interfaces 2019, 11, 28858-28867. [CrossRef] [PubMed]
Shah, D.J.; Sharma, A.S.; Shah, A.P; Sharma, V.S.; Athar, M.; Soni, ]J.Y. Fixation of CO; as a Carboxylic Acid Precursor by
Microcrystalline Cellulose (MCC) Supported Ag NPs: A More Efficient, Sustainable, Biodegradable and Eco-Friendly Catalyst.
New J. Chem. 2019, 43, 8669-8676. [CrossRef]

Liu, X.-H.; Ma, J.-G.; Niu, Z.; Yang, G.-M.; Cheng, P. An Efficient Nanoscale Heterogeneous Catalyst for the Capture and
Conversion of Carbon Dioxide at Ambient Pressure. Angew. Chem. Int. Ed. 2015, 54, 988-991. [CrossRef]

Li, Y; Dong, Y.; Kan, J.-L.; Wu, X.; Dong, Y.-B. Synthesis and Catalytic Properties of Metal-N-Heterocyclic-Carbene-Decorated
Covalent Organic Framework. Org. Lett. 2020, 22, 7363-7368. [CrossRef]

Cao, C.-5,; Xia, S.-M.; Song, Z.-].; Xu, H; Shi, Y.; He, L.-N.; Cheng, P.; Zhao, B. Highly Efficient Conversion of Propargylic Amines
and CO, Catalyzed by Noble-Metal-Free [Zn116] Nanocages. Angew. Chem. Int. Ed. 2020, 59, 8586-8593. [CrossRef]

Lan, X.; Li, Y.; Du, C.; She, T.; Li, Q.; Bai, G. Porous Carbon Nitride Frameworks Derived from Covalent Triazine Framework
Anchored Ag Nanoparticles for Catalytic CO, Conversion. Chem. Eur. ]. 2019, 25, 8560-8569. [CrossRef]

Cui, Y,; Xu, Z.; Li, H.-Y,; Young, D.J.; Ren, Z.-G.; Li, H.-X. Synthesis of a Pyrazole-Based Microporous Organic Polymer for
High-Performance CO, Capture and Alkyne Carboxylation. ACS Appl. Polym. Mater. 2020, 2, 4512-4520. [CrossRef]


http://doi.org/10.1021/acscatal.7b00209
http://doi.org/10.1021/acscatal.7b02844
http://doi.org/10.1002/cctc.201901461
http://doi.org/10.1016/j.apsusc.2019.145220
http://doi.org/10.1016/j.jcis.2022.07.043
http://www.ncbi.nlm.nih.gov/pubmed/35841711
http://doi.org/10.1021/acsami.9b14927
http://doi.org/10.1021/acsami.9b07991
http://www.ncbi.nlm.nih.gov/pubmed/31313900
http://doi.org/10.1039/C8NJ06373G
http://doi.org/10.1002/anie.201409103
http://doi.org/10.1021/acs.orglett.0c02721
http://doi.org/10.1002/anie.201914596
http://doi.org/10.1002/chem.201900563
http://doi.org/10.1021/acsapm.0c00592

	Introduction 
	Materials and Methods 
	Synthesis of NPOP-1 
	Synthesis of NPOP-2 
	Synthesis of Ag@NPOP-1 
	Synthesis of Ag@NPOP-2 
	Carboxylative Cyclization of Propargylic Amines with CO2 
	Carboxylation of Terminal Alkyne 
	Recycle Procedure of the Catalyst 

	Results and Discussion 
	Synthesis and Characterization 
	Catalytic Activity of Ag@NPOPs towards CO2 Conversion 
	Carboxylative Cyclization of Propargylic Amines with CO2 
	Carboxylation of Phenylacetylene with CO2 

	Catalyst Stability 
	Catalytic Mechanism 

	Conclusions 
	References

