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Porous organic polymers (POPs) have shown significant potential for CO, capture and utilization due to
their high surface areas, tunable porosity, high stability, and ease of modification. Developing POPs for
CO, capture and catalytic conversion offers a viable solution to rising CO, emissions. This study presents
POPs composed of pyridine units, serving as dual functional materials that act as sorbents for CO,
capture and as substrates supporting silver chalcogenolate clusters (SCCs) for catalytic CO, conversion.
The scalable and cost-effective synthesis of these POPs enabled the design of pilot-scale breakthrough
apparatus with two parallel POP sorbent beds for continuous CO, capture from simulated flue gas,
achieving a high working capacity of 20 Lque gas kgpop+ ™ for flue gas separation. Given the practical
feasibility of using POPs for CO, capture and the high catalytic activity of POPs loaded with SCCs in CO,
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converting the captured CO, into oxazolidinone achieves a high space-time yield of up to 9.6 g Lpop*
day™! in continuous operation. This study provides a viable strategy for CO, capture and utilization using
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Introduction

The increasing emissions of CO, and the accumulation of this
greenhouse gas in the atmosphere have significantly impacted
climate change, posing a threat to the human living environ-
ment." Post-combustion capture of CO, from point sources is
considered a feasible strategy to reduce CO, emission.”™ In
this process, CO, is selectively captured from emissions such
as flue gas generated by burning fossil fuels in various indus-
tries, employing technologies like absorption, adsorption, or
membrane separation. The captured CO, can be either perma-
nently stored underground or converted into valuable products
such as fine chemicals, polymers, and fuels via catalytic pro-
cesses. Compared to the costly CO, storage method involving
compression, transportation, injection, and the risk of
leakage, direct utilization of CO, presents a more economically
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cost-effective, dual-functional porous materials.

friendly approach. Therefore, carbon capture and utilization
emerge as a promising strategy for mitigating CO,
emissions.>®

Porous organic polymers (POPs) represent a novel class of
functional porous materials constructed by linking purely
organic linkers via covalent bonds, exhibiting significant
potential in both CO, capture and CO, conversion.” *?
Compared to traditional inorganic porous materials, POPs
offer distinct advantages such as high surface area, tunable
pore size, and rich surface chemistry. Moreover, the synthetic
diversity and ease of modification of POPs facilitate the design
of materials with tailored properties and functionalities for
specific applications.”®'* One common strategy for functiona-
lizing POPs involves introducing heteroatoms into the
framework."®™” For instance, incorporating nitrogen-contain-
ing pyridine units into POPs can create strong interactions
with CO, molecules via Lewis acid-base interactions and
electrostatic forces.'® Additionally, the nitrogen atoms in pyri-
dine units, with their lone pair electrons, can act as coordi-
nation sites for bonding with transition metal ions, thereby
introducing catalytically active centers into POPs.'™*
Consequently, designing POPs with specific functional groups
represents a viable approach for developing dual-functional
materials capable of both CO, capture and conversion.
Although POPs have been extensively studied as sorbents for

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/greenchem
http://orcid.org/0000-0002-5108-6487
http://orcid.org/0000-0002-5496-9664
http://orcid.org/0000-0003-0512-8532
http://orcid.org/0000-0002-5342-3686
https://doi.org/10.1039/d4gc03494e
https://doi.org/10.1039/d4gc03494e
https://doi.org/10.1039/d4gc03494e
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc03494e&domain=pdf&date_stamp=2024-10-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc03494e
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026021

Open Access Article. Published on 24 September 2024. Downloaded on 1/13/2026 7:42:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

CO, capture and as catalysts or catalyst supports for CO, con-
version separately, the coupling of CO, capture and CO, con-
version in a flow process utilizing POPs as dual-functional
materials has not yet been developed. Furthermore, practical
applications of POPs in CO, capture and conversion remain
limited primarily due to their high synthesis cost, harsh syn-
thesis conditions, and the resulting challenges associated with
scale-up synthesis.

Remarkably, recent studies have demonstrated the feasi-
bility of synthesizing POPs through cost-effective and environ-
mentally friendly approaches, facilitated by the wealth of
available organic linkers and the versatility of polymer chem-
istry. For instance, Xu et al. reported the kilogram-scale syn-
thesis of crystalline covalent triazine frameworks—a subclass
of POPs—using the low-cost linker 1,4-dicyanobenzene cata-
lyzed by polyphosphoric acid.** Similarly, Zhang et al
reported the synthesis of olefin-linked covalent organic
frameworks (COFs)—a type of crystalline POP—via a melt
polymerization method employing inexpensive monomers
tetramethylpyrazine and terephthalaldehyde.>® Recently, we
also developed the green and low-cost synthesis of imine and
aminal-linked POPs using diamine and dialdehyde linkers in
green solvents such as water and ethanol at room tempera-
ture.>* The advantages of low cost and scalability in the syn-
thesis process are highly beneficial for their practical appli-
cations, such as in adsorption and catalysis. Additionally, we
achieved the aqueous synthesis of a series of imine-linked
COFs with high surface areas under ambient conditions.>®
These results have inspired us to integrate low-cost and scal-
able POP-based materials into chemical engineering pro-
cesses such as separation, purification, and catalysis, to
advance their real-world applications. Herein, we developed
cost-effective pyridine-based porous organic polymers (POPs)
as sorbents for CO, capture and as substrates to immobilize
catalysts composed of silver chalcogenolate clusters (SCCs)
for catalytic CO, conversion. By coupling the CO, capture and
catalytic CO, conversion processes, we enabled continuous
capture of CO, from flue gas and its direct conversion into
fine chemicals (Fig. 1).

CcO,

VSL-VSA
CO0VO00000
100000004
200000000

POP SCC-POP

. {

(o]

)\/N—R

Fig. 1 Illustration of the sequential flow CO, capture and conversion
process.
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Results and discussion
Synthesis and characterization of POPs

The POPs incorporating pyridine units were synthesized via
Schiff-base condensation between organic monomers, specifi-
cally diaminopyridine and aromatic dialdehyde.>* By employ-
ing cross-condensation reactions of distinct diamines, namely
3,5-diaminopyridine (3,5-DAP) and 2,6-diaminopyridine (2,6-
DAP), with dialdehydes such as terephthalaldehyde (TPA), iso-
phthalaldehyde (IPA), and 4,4-biphenyldicarboxaldehyde
(BDA) in ethanol with aqueous acetic acid as the catalyst, six
unique POPs were synthesized (Fig. 2a). Key synthesis para-
meters, including monomer and acetic acid concentration,
reaction temperature, and reaction time were optimized,
aiming to achieve high specific surface areas for the POPs
(Tables S1-37). The synthesis conducted on a sub-gram scale
resulted in POPs with surface areas ranging between 340 and
590 m” g', under solvothermal conditions at 120 °C. All of
the POPs exhibited a notable N, uptake at low partial pressures
(P/Py < 0.05) at 77 K, indicating the formation of microporous
structures (Fig. 2b and S1}). Pore size distribution analysis
revealed micropores within the range of 0.5-1.6 nm in the
POPs. The POPs showed mainly an amorphous structure with
high thermal stability (Fig. S2 and 37). The molecular structure
of the POPs was characterized using solid-state >C nuclear
magnetic resonance (NMR) spectroscopy and infrared (IR)
spectroscopy. The C NMR spectra showed characteristic
bands corresponding to carbon atoms in aminal and imine
bonds at chemical shifts of 52 and 162 ppm, respectively. The
intense bands observed between 110 and 150 ppm were attrib-
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Fig. 2 (a) Synthesis route of POPs; (b) N, sorption isotherms of the
POPs recorded at 77 K. The inset shows the pore size distribution calcu-
lated from the adsorption branches; (c) solid-state **C NMR spectra, and
(d) infrared spectra of the POPs; (e) optical images of sub-kilogram syn-
thesis of 2,6-DAP-TPA POP and the product; (f) N, sorption isotherm
and pore size distribution of 2,6-DAP-TPA POP synthesized at a sub-
kilogram scale; and (g) infrared spectra of 2,6-DAP-TPA POP synthesized
at different scales.
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uted to aromatic carbons, while a weak band at 193 ppm indi-
cated the presence of carbon atoms in residual aldehyde end
groups (Fig. 2¢).”**” Consistently, IR spectra displayed stretch-
ing vibrations of C=N bonds at 1634 cm™" and those of the N-
H bonds of aminal groups at 3390 cm™*, respectively. These
results confirmed the formation of imine and aminal linkages
in the POPs (Fig. 2d). Notably, the formation of aminal lin-
kages could result in a branch network, which is crucial for
achieving high porosity in the polymer synthesized via [2 + 2]
Schiff-base condensation.

To enable large-scale production of POPs and to further
their practical applications, we scale up the synthesis while
reducing the reaction temperature. In this context, cost-
effective monomers 2,6-DAP and TPA were selected for the
scale-up synthesis of the POP. Through careful optimization of
the synthesis conditions, we successfully synthesized 2,6-
DAP-TPA POP at a lower temperature of 80 °C, achieving scales
of ~2 g, 10 g, and 20 g and a high yield of ~98% (Table S47).
Notably, the moderate synthesis conditions enabled the pro-
duction of POPs in polypropylene plastic buckets instead of
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autoclaves, significantly facilitating large-scale production. As
shown in Fig. 2e, five parallel synthesis batches yielded a total
of ~110 g product, denoted as LSS-2,6-DAP-TPA POP (LSS:
large scale synthesized). The scaled-up reactions resulted in
products with high specific surface areas reaching up to
745 m* g~ (Fig. 2f). Importantly, scaling up the synthesis did
not result in significant changes to the molecular structure of
2,6-DAP-TPA POP (Fig. 2g). The synthesis costs of the POP were
calculated to be ~63 USD per kg and ~2420 USD per ton at
different production scales (Table S51), which are comparable
to that of commercial porous materials such as activated
carbon and zeolite, and much cheaper than the production
costs of most reported POPs, covalent organic frameworks,
and metal-organic frameworks.

CO, adsorption and breakthrough experiments

The performance of the POPs in CO, capture was initially
evaluated through the study of their CO, and N, sorption
isotherms (Fig. 3a and S4-67). The POPs demonstrated
curved CO, adsorption isotherms with significant adsorption
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Fig. 3

POP bed 2

(a) CO, adsorption isotherms of POPs recorded at 273 K; (b) CO,-over-N; selectivity of POPs at 273 K; (c) heat of adsorption of CO, for

POPs; (d) gravimetric CO, uptake of LSS-2,6-DAP-TPA POP at 298 K and elevated temperatures. (e—1) Column breakthrough experiments using
LSS-2,6-DAP-TPA POP for CO, capture from simulated flue gases at 293 K: (e) breakthrough curves of simulated flue gases at 293 K under dry and
humid conditions, and in the presence of SO, and NO,, with a volumetric ratio of CO, to N, in the gas mixtures of 15% : 85%; (f) adsorption and de-
sorption processes of the breakthrough test; (g) breakthrough curves of gas mixtures with different compositions (CO,/N, = 15 v%/85 v%, 66 v%/34
v%, 87 v%/13 v%, from left to right) for mimicking a multi-bed separation process, and (h) the resulting increased CO, concentration in the purified
gas mixture; (i) optical images of the column and the sample (15 g of LSS-2,6-DAP-TPA POP) used in the pilot-scale breakthrough test; (j) results of
pilot-scale breakthrough experiments at different flow rates; and (k) schematic view and (l) optical image of the continuous CO, capture apparatus

coupled with 2 POP beds (MFC = Mass Flow Controller).
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capacities reaching up to 2.95 mmol g' at 1 bar and
1.08 mmol g~ " at 0.15 bar, both measured at 273 K. Based on
the single-component CO, and N, adsorption isotherms
recorded under identical conditions, the CO,/N, selectivities
of the POPs were found to range from 48 to 94 using Ideal
Adsorbed Solution Theory (IAST)*® for a simulated flue gas (15
v% CO,/85 v% N,) at 273 K (Fig. 3b and Tables S6, 71), which
are comparable with those of reported POPs (Table S8f). The
notable CO, uptake and the high CO,/N, selectivity can be
attributed to the presence of (ultra)micropores and the N
species in the POPs, which promote strong interactions with
CO, molecules. Based on the adsorption isotherms recorded at
different temperatures (273, 293, and 298 K), the heat of
adsorption of CO, (Qs) for POPs was calculated to be
29.4-32.7 k] mol™" (Fig. 3c). The moderate Q values enabled
efficient temperature swing adsorption (TSA) and regeneration
of the adsorbent at lower energy costs. As expected, up to
45 wt%, 60 wt%, and 90 wt% of captured CO, can be released
from LSS-2,6-DAP-TPA POP when the temperature is increased
from 25 °C to 50 °C, 70 °C, and 100 °C, respectively, under TSA
conditions, and the sorbent can be fully regenerated at 150 °C
(Fig. 3d). Moreover, the sorbents demonstrate excellent stabi-
lity during cyclic adsorption, with no significant changes in
CO, uptake observed across several TSA and vacuum swing
adsorption (VSA) cycles (Fig. S77).

To demonstrate the effectiveness of POPs in post-combus-
tion CO, capture, the POP powders were packed into a column
as a fixed bed sorbent to separate a simulated flue gas (15 v%
CO,/85 v% N,) in breakthrough experiments.*>*° Specifically,
the breakthrough experiments were carried out at 293 K, using
1.0 g of POP powder. The flow rate of the gas mixture was set
at 2 mL min~!, and the pressure was maintained at 1 bar
throughout the tests. The POPs exhibit distinct selectivity for
CO, over N,. Pure N, elutes rapidly at 2.4 min, whereas CO,
breaks through the column at 18-26.4 min (Fig. 3e and S87).
This finding suggests that the sorbent bed selectively captures
CO, molecules from the simulated flue gas and, hence, a puri-
fied gas with increased CO, concentration can be obtained by
applying elevated temperature and/or vacuum on the bed.
Moreover, neither the presence of moisture (at a relative
humidity of 85%) nor the presence of NO, and SO, (totaling
100 ppm) in the simulated flue gas significantly affected the
separation efficiency, demonstrating the potential of using the
POPs for CO, capture from real flue gas. Calculations based on
breakthrough curves indicate that the CO, concentration in
the purified gas could reach up to 66 v%, significantly higher
than the initial 15% in the simulated flue gas. When the satu-
rated column was flushed with helium (He) at a flow rate of
2 mL min~" at room temperature for 20 min, most of the N,
was eluted, while a significant amount of the captured CO,
remained in the column (Fig. 3f). This is due to the relatively
higher binding affinity between CO, and the POP bed com-
pared to that between N, and the POP. On increasing the
temperature to 150 °C after the He flush, the desorption
curves showed only CO, signals, indicating that pure CO, gas
with a high purity of >99 v% could be collected. To simulate
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the multi-bed separation process, a gas mixture (comprising
66 v% CO, and 34 v% N,), mimicking the gas component
obtained from the first separation process, was subjected to
breakthrough experiments (Fig. 3g). The results demonstrate
that the CO, concentration in the purified gas could increase
up to 87 v% and 93 v% after the second and third upgrading
processes, respectively (Fig. 3h). Furthermore, the POP bed
showed significant separation efficiency at an elevated temp-
erature of 313 K, which is close to the operational temperature
used in practical post-combustion CO, capture processes
(Fig. S97).

To further assess the working capacity and efficiency of
POPs for practical CO, capture from flue gas, we conducted a
pilot-scale breakthrough experiment using a larger column
filled with 15 g of 2,6-DAP-TPA POP (Fig. 3i). At a flow rate of
2 mL min~", CO, elutes from the sorbent bed after a prolonged
period of 249.6 min, with CO, adsorption reaching equili-
brium at 729.6 min. In contrast, N, breaks through the
column in a much shorter time of 9.6 min (Fig. 3j). It was cal-
culated that 120.17 mL of CO, and 50.89 mL of N, were
adsorbed on the sorbent bed. Subsequently, a pre-vacuumed
flask with a volume of 250 mL was connected to the column,
which was then heated to 150 °C to release the captured gas.
Monitoring the pressure change in the flask over time revealed
the desorption kinetics, indicating that 120 and 150 mL of gas
could be captured in 10 and 30 min, respectively (Fig. S107).
Gas chromatographic analysis of the collected gas revealed a
CO,/N, ratio of 66.5 v%/33.5 v%, which is close to the value
calculated from the breakthrough curves. When the flow rate
is increased to 10 mL min™", CO, starts to elute from the
sorbent bed at 48.0 min, while N, elutes at 4.8 min. The
results suggested that the CO, concentration in purified gas
could reach up to 60 v%. This result indicated that increasing
the gas flow rate from 2 to 10 mL min~" did not significantly
affect the separation efficiency, probably because of the rapid
kinetics of CO, adsorption on the POPs (Fig. S11}). A higher
flow rate could significantly increase the overall CO, separation
working capacity. By integrating two POP sorbent beds for sim-
ultaneous operation—one absorbing and the other desorbing
and releasing purified CO,—continuous gas capture was
enabled (Fig. 3k and 1). The alternating roles of the beds
enabled continuous separation under combined TSA-VSA con-
ditions, achieving a CO, capture working capacity of ~20 L of
flue gas per kg of POP sorbent per hour.

Catalytic CO, conversion

Given the high porosity and abundant pyridine units serving
as coordination sites in POPs, we anchored SCCs onto the
polymer to impart catalytic activity and facilitate CO, trans-
formation (Fig. 4a). The selection of SCCs is due to their
ability to act as m-activators of the carbon-carbon triple bond,
enabling efficient cycloaddition of alkynes.*'* Specifically, a
molecular SCC, [Ag33S;(“BuS);6(CF3C00);1(CH;CN),],** was
immobilized onto the POPs via coordination between the Ag
atoms in the cluster and the N atoms in the pyridine unit of
the POPs, resulting in six hybrid composites Ag;;-3,5-DAP-TPA

Green Chem., 2024, 26, 10960-10968 | 10963
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Fig. 4 (a) Synthesis route of Ags3-3,5-DAP-TPA POP; (b) XRD patterns of 3,5-DAP-TPA POP and its counterparts loaded with Agss clusters; (c) N,

sorption isotherms and pore size distribution of 3,5-DAP-TPA POP and Ags3-3,5-DAP-TPA POP; (d and e) TEM images and (f) EDS elemental
mapping images of Agsz-3,5-DAP-TPA POP; and Ag 3d (g) and S 2p (h) XPS spectra of Agss and Agsz-3,5-DAP-TPA POP. (i) High resolution N 1s XPS
spectra of 3,5-DAP-TPA POP and Agss-3,5-DAP-TPA POP. Agss = [Ags3Ss(*BuS):16(CFsCO0);1(CHsCN),4l.

POP, Ag;;-3,5-DAP-IPA POP, Ags;-3,5-DAP-BDA POP, Ags;-2,6-
DAP-TPA POP, Ag;;-2,6-DAP-IPA POP, and Ags;-2,6-DAP-BDA
POP. The Ag loadings on the composites were determined to
be 2.47, 1.05, 1.41, 1.76, 2.75, and 1.52 wt%, respectively, by
Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). All the composites showed an amorphous structure
based on X-ray diffraction (XRD) analyses, similar to their POP
counterparts (Fig. 4b and S13%). The absence of diffraction
peaks for the silver cluster indicates that no isolated cluster
molecules were present in the composites. Additionally, Ags;-
POPs exhibited comparable high thermal stability to POPs,
with an onset decomposition temperature of ~400 °C in air,
which is crucial for their utilization at elevated temperatures.
The residual materials obtained after the thermal decompo-
sition of Ag;;-POPs at 800 °C under air were identified as
elemental Ag through XRD analysis, confirming the successful
immobilization of the Agss; cluster (Fig. S147). More signifi-
cantly, the rich microporosity, high surface area, and high CO,

10964 | Green Chem., 2024, 26,10960-10968

adsorption capacity were retained in the POPs after the immo-
bilization of the cluster, which is greatly beneficial for their
application in catalytic CO, conversion (Fig. 4c and S15%). The
surface area and CO, adsorption capacity of the POPs slightly
decreased upon loading Ags;; due to the increased bulk
density. The composites showed a similar nanosphere mor-
phology to their POP counterparts, with a diameter of 1-2 pm
(Fig. 4d, e and S16, 171). Elemental mapping using energy-dis-
persive X-ray spectroscopy indicated the uniform distribution
of Ag and S elements on the surface of the substrate (Fig. 4f).
The composites and the molecular Ag;; cluster showed similar
high-resolution Ag 3d and S 2p X-ray photoelectron spectra
(XPS), indicating that the molecular structure of the Agssz
cluster remained intact upon coordination bonding to the
POPs (Fig. 4g and h). Additionally, analysis of N 1s and C 1s
XPS spectra and infrared spectra indicated that the immobiliz-
ation of Ags; did not influence the molecular structure of the
POPs (Fig. 4i and $18, 197).
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The catalytic activities of Ags3-POPs were evaluated through
CO, cycloaddition with N-methylpropargylamine (1a) in the
presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as the co-
catalyst under 1 bar pressure of CO,. Key parameters, includ-
ing the solvent, reaction time, and reaction temperature, were
optimized through screening experiments using Agss-3,5-
DAP-TPA POP as the catalyst (Table S9t). The use of CH;CN as
the solvent resulted in higher yields than with other solvents
such as CH3;OH, THF, and DMF (Table S9, entries 1-4F).
Notably, catalysis at room temperature achieved yields of up to
80%, which increased to 95% when the temperature was elev-
ated to 60 °C (Table S9, entries 4 and 5%). The catalytic reac-
tions exhibited fast kinetics, achieving yields of 50%, 85%,
and 90% after 1, 3, and 6 h, respectively, with a maximum

View Article Online
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yield of 95% after 24 h (Fig. 5a). More significantly, the catalyst
showed high activity for CO, cycloaddition even at low CO,
concentrations. A relatively high yield of 66% was achieved
using a simulated flue gas (15 v% CO,/85 v% N,) under
ambient pressure. When the CO, concentration in the gas
mixture reached 60% or higher, the catalytic efficiency was
comparable to that when using pure CO, (Fig. 5b and
Table S10t). The high catalytic activity of Ag;;-POPs can be
attributed to the homogeneous distribution of high-density
silver centers as n-Lewis acid catalytic sites within the porous
polymer networks, enabling efficient activation of alkyne sub-
strates and facilitating rapid mass transport for catalytic con-
version (Fig. 5¢). In addition, the high CO, adsorption capacity
of Ags;3-POPs enabled increased local concentration of CO, on
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(a) Kinetics of CO, cycloaddition with 1a using Agss-3,5-DAP-TPA POP and the results of the hot filtration experiment; (b) influence of CO,

partial pressure on CO, cycloaddition with 1a using Agsz-3,5-DAP-TPA POP; (c) proposed catalytic mechanism using Agss-3,5-DAP-TPA POP for
CO, cycloaddition with 1; (d) yields of different catalysts for CO, cycloaddition with N-methylpropargylamine (1a); (e) catalytic results using Agss-
3,5-DAP-TPA POP for CO, cycloaddition with propargylamines with different N-substituents; (f) cyclic catalytic performance using Agzs-3,5-
DAP-TPA POP for CO, cycloaddition with 1a; and comparison of (g) Ag 3d XPS spectra and (h) XRD patterns of the as-synthesized Agszs-3,5-

DAP-TPA POP and recycled catalyst after the reaction.
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the porous surface, which accelerated reaction kinetics and
improved the overall conversion efficiency.>>*® Control experi-
ments using Ags; and its precursors ‘BuSAg and CF;COOAg
resulted in significantly lower yields of 53%, 32%, and 29%,
respectively, while using pure POP resulted in a negligible
yield of 9%. These results demonstrated the importance of
integrating POPs and Ags;, highlighting the synergistic effect
of the high catalytic activity centers and the porous structure
of Ags3-POP for highly efficient CO, conversion.

Under the same conditions, other Ag;;-POPs gave slightly
lower yields of 80-89% after 24 h (Fig. 5d). It was observed that
loading Ag;; onto 2,6-DAP-derived POPs resulted in slightly
lower catalytic activity compared to those synthesized from 3,5-
DAP. This difference in catalytic efficiency can be attributed to
the steric effects introduced by the different positions of Ags;
coordination on the POPs. In the 2,6-DAP-derived POPs, the
side groups at the 2 and 6 positions of the pyridine ring,
where the Ag;; cluster is coordinated, create a crowded
environment around Agz; clusters. This steric hindrance
restricts the access of reactant molecules, reducing the cata-
lytic efficiency. Conversely, in the 3,5-DAP-derived POPs, the
side groups at the 3 and 5 positions are further apart, creating
a less crowded environment around the active sites. This
reduced steric hindrance allows easier access for reactant
molecules to the silver clusters, enhancing the catalytic
efficiency. Using various propargylamine substrates for the
catalytic conversions also resulted in high yields of 90-93% for
different oxazolidinones (2b-e) (Fig. 5e and Table S117).
Remarkably, a gram-scale catalytic reaction was conducted,
and the catalytic efficiency did not significantly decrease with
scaling up of the reaction, yielding approximately 1.47 g of the
product 3-methyl-5-methylene-2-oxazolidinone (2a)
(Scheme S2t). The catalytic efficiency of Agz3-POPs is compar-
able to that of previously reported silver cluster and POP-based
catalysts in similar CO, cycloaddition reactions (Table S127).

Moreover, the catalysts demonstrated good reusability,
maintaining high catalytic activity for at least five consecutive
cycles (Fig. 5f). Hot filtration experiments confirmed that no
further catalytic reaction occurred once the catalyst was
removed from the mixture, indicating negligible leaching of
the silver ions or clusters into the solution during the reaction
(Fig. S197). Consistently, XPS and XRD studies revealed that
the composition and structure of the catalyst remained intact
during the catalytic reactions (Fig. 4g, h and S207}). The high
stability of the catalyst can be attributed to the strong coordi-
nation between the POP substrate and the Ags; clusters.

Sequential flow CO, capture and conversion

Given the high catalytic activity and good recyclability of the
Ag33-POPs in CO, cycloaddition under mild conditions, the
high CO, capture performance of the POPs, and the cost
efficiency and scalability of both the POP sorbents and cata-
lysts, we envisioned the feasibility of using the purified flue
gas from the POP sorbent beds as feedstock for highly efficient
CO, conversion (Fig. 6a and b). Consequently, we subjected
the collected gas, with a volume of 150 mL and a CO, concen-
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Fig. 6 (a) Schematic view and (b) optical image of the apparatus for
sequential CO, capture and conversion from simulated flue gas (MFC =
Mass Flow Controller); (c) catalytic results of 8 continuous sequential
CO, capture and conversion processes; and (d) image of the purified
product obtained from several entries of sequential processes.

tration of 66% obtained from the pilot-scale breakthrough
experiment at a flow rate of 2 mL min™", to catalytic conversion
using Agss-3,5-DAP-TPA POP as the catalyst. This resulted in a
high yield of 90% for the product 2a. Remarkably, the presence
of 50 ppm of NO, and 50 ppm of SO, in the simulated flue gas
had no significant influence on the catalytic efficiency (yield:
88%). Furthermore, we coupled the developed 2-bed TSA-VSA
process with the catalysis process, enabling continuous CO,
capture from flue gas and subsequent CO, conversion. To
achieve a high space-time yield (STY) for practical production,
we increased the flow rate of simulated flue gas from 2 to
10 mL min~'. As observed in the breakthrough studies,
increasing the flow rate reduced the separation time in a
single POP bed from 10 h to 2 h, resulting in a significant
improvement in the working capacity for flue gas separation
from 4 t0 20 Lgye gas kgpop ' h™' and a slight decrease in the
CO, concentration in the purified gas from 66% to 60%. The
use of the collected gas with slightly lower CO, concentration
gave a high yield of 86%. Under the optimized conditions, the
sequential CO, capture and conversion process resulted in a

This journal is © The Royal Society of Chemistry 2024
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high STY of 9.6 g Lpop ' day ' for the production of 2a
(Fig. 6¢, d and Table S137).

Conclusions

To conclude, a series of POPs serving as dual functional
materials have been successfully synthesized in a cost-effective
and scalable manner. The rich microporosity of the POPs
enabled the capture of CO, from simulated flue gas with high
adsorption capacity and selectivity. The pyridine units in the
POPs provide anchoring sites for immobilizing silver chalco-
genolate clusters, facilitating the design of efficient hetero-
geneous catalysts for CO, cycloaddition into oxazolidinones.
The POPs were used as sorbents in a pilot-scale breakthrough
unit, enabling continuous CO, capture from simulated flue
gas with high working capacity by employing a combined TSA
and VSA technique. Moreover, by integrating CO, capture with
CO, conversion units, a sequential flow process was developed
that captures CO, from flue gas and directly converts the cap-
tured CO, into fine chemicals. Future studies may focus on
modifying or hybridizing the scalable POPs to optimize CO,
capture performance further, aiming for higher working
capacity, selectivity, and lower energy costs. Additionally, the
design of metal-free POP-based catalysts for highly efficient
CO, conversion will significantly enhance the sustainability of
the catalytic process. Furthermore, investigating how to retrofit
the developed materials and techniques with existing indus-
trial processes for CO, capture and utilization is crucial for
their practical applications.
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