Journal of CO2 Utilization 105 (2026) 103356

Contents lists available at ScienceDirect

UTILIZATION =

Journal of CO2 Utilization

S 3

journal homepage: www.elsevier.com/locate/jcou

ELSEVIER

Check for

Ferrocene-linked triazine-based porous organic polymers as multifunctional &
platforms for CO, recognition, separation and utilization

Mohamed Gamal Mohamed **"®, Wei-Chun Huang®, Mohsin Ejaz?, Yang-Chin Kao 4
Yen-Min Lo?, Ahmed A.K. Mohammed ", Yen-Ling Kuan®, Shiao-Wei Kuo "

& Department of Materials and Optoelectronic Science, Center for Functional Polymers and Supramolecular Materials, National Sun Yat-Sen University, Kaohsiung 804,
Taiwan

b Chemistry Department, Faculty of Science, Assiut University, Assiut 71515, Egypt

¢ Department of Medicinal and Applied Chemistry, Kaohsiung Medical University, Kaohsiung 807, Taiwan

ARTICLE INFO ABSTRACT

Keywords: The development of efficient materials that can capture CO; and catalyze its conversion into value-added organic
Ferrocene compounds is critically important. The concept of CO, Capture and Utilization (CCU) is gradually gaining the
Triazine

attention of researchers. In this study, we designed and synthesized ferrocene and triazine-based porous organic
polymers (POP), named FC-TPT-POP and FC-TPT-Ph-POP, through a Schiff base reaction for CO, capture, and
utilized them as catalysts to transform CO, and various epoxides into cyclic carbonates via a cycloaddition
process. The FC-TPT-POP showed high surface area (797 m? g~!) and microporosity. The presence of high
surface area, porosity, and triazine units having nitrogen basic sites showed excellent selective CO2 capture
(3.34 mmol g~ ! at 1 bar pressure/273 K, Qy of 34 kJ mol1). Both POPs show strong CO selectivity at low
pressures due to interactions between nitrogen sites and the highly polar, high-quadrupole CO5 molecules. FC-
TPT-POP outperforms FC-TPT-Ph-POP, achieving a CO2/Nga selectivity of about 40 at 273 K. Moreover, it
demonstrates outstanding catalytic performance in transforming simple terminal epoxides into cyclic carbonates
using CO; as a reactant. For example, under mild conditions (120 °C, 400 psi, 8 h), FC-TPT-POP achieved a high
conversion of 99.5 % toward propylene oxide (PO). The catalytic effect arises from the synergistic interaction of
Lewis basic nitrogen atoms in the triazine units and the metal active sites of ferrocene. Therefore, the devel-
opment of ferrocene-triazine-based POP catalysts in this study offers a promising strategy for lowering atmo-
spheric COy levels through efficient capture and catalytic conversion.

Porous organic polymer
CO,, capture
Cyclic carbonates

1. Introduction

In recent decades, the rapid pace of industrialization and human
development has led to a sharp rise in greenhouse gas concentrations,
particularly carbon dioxide (CO2), in the atmosphere [1-3]. Among
various greenhouse gases, CO3 is a major contributor to global envi-
ronmental concerns. Its increasing levels are primarily driven by the
burning of fossil fuels and the growing global population, along with
natural sources such as wildfires and biomass burning [4-7]. This steady
escalation in CO; levels is linked to serious environmental challenges,
including global warming, ocean acidification, and climate change,
highlighting the urgency of climate mitigation efforts [8,9]. One of the
most promising strategies to combat rising CO; levels is carbon capture

and utilization (CCU) [10-13]. This approach not only involves sepa-
rating CO, from emission sources but also converting it into the
value-added chemicals [14,15]. The selective capture of CO5 from
complex gas mixtures remains a critical step in this process. Various
techniques have been explored for this purpose, including chemical
absorption [16], membrane filtration [17], adsorption [18], and cryo-
genic separation [19]. In recent years, the use of CO5 as a renewable
carbon source for synthesizing useful chemical products has gained
significant momentum. However, thermodynamic stability and strong
molecular bonds of CO; make it chemically inert and difficult to act
under mild conditions. Overcoming this challenge requires the devel-
opment of efficient, low-cost catalysts that can operate under moderate
reaction conditions. Among several CO, transformation routes, the
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process of reacting CO, with epoxides to synthesize cyclic carbonates
has emerged as an attractive option [20-24]. Cyclic carbonates are
valuable intermediates that find wide application as lithium-ion battery
electrolytes, environmentally friendly solvents [25,26], and as pre-
cursors for the synthesis of aliphatic and aromatic polycarbonates as
well as polyhydroxyurethanes [27-29]. Yet, the inherent kinetic and
thermodynamic stability of CO2 continues to limit its reactivity in most
catalytic systems.

To facilitate CO, conversion, researchers are actively seeking cata-
lysts that can promote the efficient formation of cyclic carbonates from
epoxides. Porous materials have emerged as strong candidates for this
purpose due to their high surface areas and the possibility of introducing
surface-active basic sites [30-34]. These materials have been broadly
explored for their applicability in chemical sensing, gas separation,
heterogeneous catalysis, and energy storage [35-39]. Precursors such as
zeolites, metal-organic frameworks (MOFs), porous carbons, and espe-
cially porous organic polymers (POPs) have shown promise in CO,
capture and conversion technologies [40-43]. In POPs, and MOFs, the
nature of the building blocks determines the pore architecture and the
chemical environment within the pores. Since COs is a linear, non-polar
molecule with a strong quadrupole moment, surface modifications
involving electron-donating or electron-withdrawing groups (such as N,
O, P, S, or F) can enhance its interactions with the adsorbent through
dipole—quadrupole interactions [44-47]. POPs have drawn substantial
focus owing to their tunable porosity and chemical versatility. Their
modular design allows for meticulous adjustment of the structure and
functionalization, enabling the development of materials tailored for gas
storage, separation, and catalysis [48]. POPs containing basic functional
groups are especially attractive for COa-related applications, as they can
serve both as adsorbents and as catalytic platforms. To further enhance
their performance, POPs designed with Lewis or Brgnsted acid sites,
along with high densities of CO-philic functional groups, offer an in-
tegrated solution for both CO5 capture and conversion [49]. However,
challenges remain in optimizing their electronic properties and catalytic
efficiency for CO; transformation [50]. Continued innovation in POPs
design is essential to develop multifunctional systems capable of effi-
cient and sustainable CO, utilization. Liu et al. showed that the
SCTF-CF3/KI catalyst achieves 96 % yield and 99 % selectivity for
converting low-concentration CO, to bromopropene carbonate in a
metal- and solvent-free process [51]. They also developed durable
TCTB@Zn-iCOPs for efficient CO, cycloaddition to cyclic carbonates
[52]. The high-surface-area, pyridine-rich polymer TPA-HCP-Py
(1133 m? g™) can capture and convert atmospheric CO3 to cyclic car-
bonates with good yields and recyclability [53].

To address this challenge, we strategically incorporated two repre-
sentative functional units, triazine and ferrocene into the POP frame-
works. Triazine, with its nitrogen-rich structure and lone electron pairs,
serves as an excellent electron-donating group. These lone pairs facili-
tate transient electronic interactions with electrophilic species such as
CO9, making triazine an ideal component for gas capture [54-56].
Ferrocene, a well-known organometallic compound, consists of a diva-
lent iron center (Fe**) sandwiched between two cyclopentadienyl (Cp-)
rings, forming a stable, symmetric sandwich structure. Its aromatic
stability and ease of functionalization make it a versatile building block
for porous material design [57-59]. To synergize the benefits of these
two functional moieties, we covalently linked triazine and
ferrocene-based building blocks via Schiff base condensation, yielding
two novel POPs: FC-TPT-POP and FC-TPT-Ph-POP. The key building
blocks used were 1,1-diacetylferrocene (DAFC), 4,4,4"-(1,3,
5-triazine-2,4,6-triyl)trianiline ~ (TPT-3NH;), and 4,4",4""-(1,3,
5-triazine-2,4,6-triyDtris(([1,1-biphenyl]-4-amine)) (TPT-Ph-3NHy). To
the best of our knowledge, the combination of DAFC with TPT-3NH; or
TPT-Ph-3NH; to construct POPs for CO, capture and utilization has not
been previously reported. The incorporation of ferrocene into the POP
backbone introduces bifunctional catalytic sites. The iron centers act as
a Lewis acid sites to activate epoxides, while the organic framework
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provides complementary CO» philic domains. This dual-function archi-
tecture enables synergistic interactions between the gas molecules and
active sites, thereby enhancing the overall catalytic performance. Our
study focuses on the cycloaddition of CO5 with epoxide compounds to
yield cyclic carbonates value-added cyclic carbonates, which have broad
applications in lithium battery electrolytes, green solvents, and polymer
precursors. Additionally, due to the insolubility of POPs in most sol-
vents, they serve as robust, reusable heterogeneous catalysts. They can
be easily recovered through simple rinsing, demonstrating excellent
recyclability and supporting the principles of green chemistry and sus-
tainable development.

2. Experimental section
2.1. Materials

Trifluoromethanesulfonic acid (TFMS), bis(cyclopentadienyl) iron
99 % (ferrocene, FC) from Sigma-Aldrich. 4-Aminobenzonitrile (4-
aminoBZCN), and 4-amino-[1,1-biphenyl]-4-carbonitrile (4-ami-
noBPCN) from Matrix Scientific. Dimethyl sulfoxide (DMSO), acetyl
chloride (CH3COCl), dichloromethane (CH3Cly), propylene oxide (PO),
tert-butyl glycidyl ether (t-BGE), cyclohexane oxide (CHO), 2-Ethylhexyl
glycidyl ether (EHGE), and phenyl glycidyl ether (PGE) from Acros
Organics. Bis(triphenylphosphoranylidene)ammonium chloride
(PPNCL) from TCI. Aluminum chloride (AICl3) from Showa. The sche-
matic synthesis routes for 1,1-diacetylferrocene (DAFC), TPT-3NH, and
TPT-Ph-3NH, are illustrated in Schemes S1-S3, while their corre-
sponding spectroscopic data, including 'H and 13C NMR, are provided in
Figs. S1 and S2 [32,60-62].

2.2. Synthesis of FC-TPT-POP and FC-TPT-Ph-POP

A mixture of DAFC (0.45 g, 1.65 mmol) and either TPT-3NH;
(0.294 g, 0.81 mmol) or TPT-Ph-3NH; (0.48 g, 0.81 mmol) was put into
a glass container containing 50 mL of DMSO. The temperature of the
reaction mixture increased to 180 °C and was stirred under a nitrogen
atmosphere for approximately three days. After completion, the reaction
was cooled to RT, resulting in the formation of a black solid, which was
collected by filtration. The crude product was purified through Soxhlet
extraction using THF, chloroform, methanol, and acetone in sequence.
The final product, either FC-TPT-POP or FC-TPT-Ph-POP, was dried at
120 °C to yield fine black powder [Scheme 1]. Elemental analysis (EA)
for FC-TPT-POP: C (71.07 %), H (6.67 %), and N (10.32 %). EA for FC-
TPT-Ph-POP: C (83.71 %), H (5.94 %), and N (8.24 %). The Fe content of
Py-FC-TPT-POP and FC-TPT-Ph-POP was determined by inductively
coupled plasma mass spectrometry (ICP-MS) analysis to be 2.3821 wt%
and 2.3025 wt%, respectively.

2.3. Catalytic CO; utilization performance of POPs

To evaluate the catalytic potential of POPs in CO; utilization re-
actions, a high-pressure reactor system was employed to facilitate the
cycloaddition of various epoxides, such as PO, t-BGE, CHO, EHGE, and
PGE, with CO to produce the value-added cyclic carbonates. POPs were
used as the primary catalysts, while PPNCI] was introduced as an anionic
catalyst to enhance both catalytic activity and selectivity. The reactions
were carried out in a stainless-steel autoclave at a constant CO; pressure
of 400 psi and a temperature of 120 °C. Both the POP catalyst and PPNCI
were used in equal amounts (50 mg each), and the quantity of each
epoxide monomer was adjusted to maintain a catalyst to monomer
molar ratio of 1:820. This setup effectively mimics industrial conditions,
enabling a realistic evaluation of the catalytic efficiency for CO9
conversion.
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Scheme 1. Synthesis routes of (a) TPT-3NH;, (b) DAFC, (c) TPT-Ph-3NH,, (d) FC-TPT-POP, and (e) FC-TPT-Ph-POP.

3. Results and discussion
3.1. Synthesis and characterization of FC-TPT-POP and FC-TPT-Ph-POP

The target amine-functionalized monomers, TPT-3NH, and TPT-Ph-
3NH,, were synthesized via the reaction of 4-aminoBZCN and 4-ami-
noBPCN, respectively, with TMSA at 0 °C for 24 h [Schemes 1(a) and
1(c)]. Subsequently, DAFC was obtained by the acetylation of FC using
CH3COCl in the presence of AlCl3 as a Lewis acid catalyst [Scheme 1(b)].
Finally, the FC-TPT-POP [Scheme 1(d)] and FC-TPT-Ph-POP [Scheme 1
(e)] were constructed via the condensation of DAFC with TPT-3NH, and
TPT-Ph-3NH,, respectively, in DMSO as the reaction medium. The
synthesis of FC-TPT-POP and FC-TPT-Ph-POP was confirmed by FTIR
NMR, and XPS spectroscopy. In the FTIR spectrum, the ferrocene
monomer exhibited a distinct C=O stretching absorption band at
approximately 1660 cm ™!, while the NH, groups in TPT and TPT-Ph
showed characteristic N-H stretching vibrations in the range of
3300-3450 cm ™! [Figs. S3(a) and S3(b)]. After polymerization to form
FC-TPT-POP and FC-TPT-Ph-POP, these C—=0O and NH, signals dis-
appeared, and a new absorption band emerged at around 1650 cm ™%,
corresponding to the imine (C=N) stretching vibration, strong evidence
of the successful Schiff base condensation reaction, resulting formation
of the FC-TPT-POP and FC-TPT-Ph-POP networks [Fig. 1(b) and Figs. S3
(a) and S3(b)]. The characteristic vibrational bands associated with the
triazine framework, including the C=N and C-N observed at 1513 and
1362 cm ™, respectively [Fig. 1(b)]. Additionally, the presence of the
C-H stretching band on the ferrocene ring at approximately 1014 cm ™
further confirms that the structural backbone of the monomers remained
intact throughout the polymerization process [Fig. 1(b)]. Moreover,
broad peaks detected in the range of 3300-3450 cm ! in the FTIR
spectra of both FC-TPT-POP and FC-TPT-Ph-POP are likely associated
with the ~OH stretching vibrations of water molecules entrapped within
the porous frameworks [63]. These results collectively confirm the
successful synthesis of the imine-linked POPs, retaining the key struc-
tural characteristics of both the ferrocene and triazine monomers. To
further validate the Schiff base condensation reaction, solid-state °C
NMR spectroscopy was conducted [Fig. 1(c)]. The ferrocene exhibited a
distinct carbonyl carbon signal (C=0) at approximately 201 ppm, along

with characteristic cyclopentadienyl ring carbon signals between
70-80 ppm [Fig. 1(c) and Figs. S3(c) and S3(d)]. The monomers of
TPT-3NHy and TPT-Ph-3NH; both showed a clear C=N signal around
171 ppm, corresponding to the carbon atoms in the triazine ring
[Figs. S3 (c) and S3(d)]. In addition, multiple aromatic carbon signals
appeared in the 110-150 ppm region [Figs. S3 (c) and S3(d)], the
TPT-Ph-3NH, showing a higher density and slightly upfield-shifted
signals due to the additional phenyl ring in its structure. The *C NMR
spectra of FC-TPT-POP and FC-TPT-Ph-POP showed the disappearance
of the original C=0 signal, accompanied by the emergence of a new
C=N imine signal at approximately 180 ppm, clearly indicating the
formation of imine linkages through Schiff base condensation [Fig. 1(c)
and Figs. S3(c) and S3(d)]. Furthermore, both POPs retained the aro-
matic carbon signals from TPT or TPT-Ph, as well as the cyclo-
pentadienyl (Cp) carbon signals of ferrocene, between 68.34 and
79.12 ppm, suggesting that the structural integrity of the monomeric
building blocks was preserved during polymerization [61,62,64]. To
investigate the thermal stability of the FC-TPT-POP and FC-TPT-Ph-POP,
thermogravimetric analysis (TGA) was conducted in a Ny environment,
and the temperature was increased from room temperature to 800 °C
[Fig. 1(d)]. Both FC-TPT-POP and FC-TPT-Ph-POP demonstrated sig-
nificant thermal stability. The FC-TPT-POP showed Tgs at 237 °C, Tq10 at
303 °C and a char yield of 60 wt%, while the FC-TPT-Ph-POP exhibited
Tgs at 234 °C, T410 at 304 °C and a char yield of 63 wt%, respectively
[Table S1]. The FC-TPT-Ph-POP showed slightly better thermal stability
than FC-TPT-POP, which can be attributed to the increased rigidity
provided by the biphenyl spacer. These features make FC-TPT-POP and
FC-TPT-Ph-POP promising candidates for high-temperature applica-
tions, such as gas capacity and heterogeneous catalysis. The crystallinity
of FC-TPT-POP and FC-TPT-Ph-POP was investigated by powder X-ray
diffraction (PXRD) analysis. Both FC-TPT-POP and FC-TPT-Ph-POP
exhibit broad diffraction patterns without any distinct sharp peaks
[Fig. S4]. A broad hump appearing in the 26 range of approximately
18-25° indicates the presence of an amorphous structure. Such broad
features are typically associated with disordered stacking, m-m in-
teractions, or short-range ordering, which are commonly found in
organic polymeric frameworks [65]. The slightly stronger intensity
observed in FC-TPT-POP may indicate a more compact or ordered
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Fig. 1. (a) Molecular structures of FC-TPT-POP and FC-TPT-Ph-POP. (b) FTIR, (c) solid state 13C NMR, and (d) TGA of FC-TPT-POP and FC-TPT-Ph-POP. (e, g) N,
adsorption/desorption profiles and (f, h) pore size diameters of (e, f) FC-TPT-POP and (g, h) FC-TPT-Ph-POP.

stacking arrangement within the polymer backbone. In contrast,
FC-TPT-Ph-POP, which incorporates bulky biphenyl moieties, likely
experiences greater steric hindrance during polymerization, leading to
reduced stacking regularity and consequently a weaker diffraction
signal.

Overall, these PXRD results confirm that both POPS are amorphous.
To evaluate the porosity and specific surface area of the FC-TPT-POP and
FC-TPT-Ph-POP, N, adsorption/desorption isotherm measurements
were conducted and analyzed using the Brunauer-Emmett-Teller (BET)
model. Both POPs exhibit typical Type IV isotherms as defined by IUPAC
[Figs. 1(e) and 1(g)]. A notable feature is the presence of a clear hys-
teresis loop in the medium relative pressure range (P/Py ~ 0.4-0.9),
indicating that the desorption process occurs at different pressures and
rates compared to adsorption. This behavior is commonly observed in
materials with hierarchical micro- and mesoporous structures, particu-
larly those with slit-shaped pores or ink bottle-type pore geometries
[66]. The pore size distribution curves further support this observation.
Both samples exhibit pore diameters mainly in the range of 1.5-3.5 nm,
spanning the boundary between micropores and mesopores, indicating
the presence of well-developed hierarchical porosity [Figs. 1(f) and 1
(h)]. Notably, FC-TPT-POP displays a higher adsorption capacity with a
BET surface area of 797 m? g~% while FC-TPT-Ph-POP shows slightly
lower adsorption capacity, with a BET surface area of 756 m? g!

[Figs. 1(e) and 1(g)]. Further analysis of the pore size distribution re-
veals that FC-TPT-POP exhibits a sharp and symmetric peak centered at
approximately 1.9 nm, indicating a narrow and uniform pore size dis-
tribution, suggesting well-controlled pore formation and high structural
uniformity during the polymerization process. The FC-TPT-Ph-POP
shows a broader distribution, with pore sizes mainly in the range of
2.5-3.5nm [Table S1]. The signal is flatter and the peak shape less
defined, suggesting a more heterogeneous pore size distribution and a
slightly less ordered structure. This may be attributed to the steric hin-
drance introduced by the biphenyl units, which could partially limit
pore development during polymerization. Nevertheless, the material
retains a mesoporous nature with good pore volume and openness,
making it suitable for gas adsorption and diffusion applications. To
verify the elemental composition of the synthesized FC-TPT-POP and
FC-TPT-Ph-POP, X-ray photoelectron spectroscopy (XPS) analysis was
performed [Figs. 2(a) and 2(e)]. The signals corresponding to C 1s
(~284 eV), N 1s (~400 eV), and Fe 2p (~710 eV) are observed in both
POP, confirming the successful incorporation of the intended elements
carbon, nitrogen, and iron into the polymer frameworks. In addition, the
O 1s signal (~532 eV) is also detected, attributed to adsorbed atmo-
spheric moisture or CO,, and possibly minor surface oxidation of iron
species or instrumental background noise, which are commonly
observed in XPS measurements of porous materials [67]. Therefore, the
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Fig. 2. XPS spectra of (a) FC-TPT-POP, (e) FC-TPT-Ph-POP, along with the corresponding high-resolution fits for (b, f) C 1s, (c, g) N 1s, and (d, h) Fe 2p in (b-d) FC-
TPT-POP and (f-h) FC-TPT-Ph-POP. (i, m) SEM images and (j-p) SEM-EDS mapping images [C, N, and Fe] of (i-1) FC-TPT-POP, (m-p) FC-TPT-Ph-POP.

presence of oxygen is not considered an intrinsic component of the POPs
structures. We further conducted high-resolution XPS fitting analysis
focusing on the C 1s, N 1s, and Fe 2p, regions to investigate the detailed
bonding environments of the elements present in FC-TPT-POP and
FC-TPT-Ph-POP [Figs. 2(d) and 2(h)]. In the C 1s region, both POPs
exhibit a major peak centered at approximately 284.5 eV, which cor-
responds to C-C/C—C bonds originating from aromatic rings and the
cyclopentadienyl units of ferrocene [Figs. 2(b) and 2(f)]. In addition, a
distinct peak observed at around 285.9 eV is assigned to C=N bonding,
stemming from both the imine linkages formed via Schiff base conden-
sation and the internal C=N bonds within the triazine rings. The N 1 s
spectra of both POPs exhibit three well-resolved peaks located at
approximately 397.7 eV, 398.8 eV, and 399.6 eV, which are attributed
to C=N-C and C-N-C bonds within the triazine rings, as well as C=N
imine bonds [Figs. 2(c) and 2(g)]. These results confirm the successful
integration of both triazine and imine functionalities, indicating that the
resulting POPs are rich in nitrogen, that are advantageous for gas
adsorption and catalytic applications. In the Fe 2p region, both
FC-TPT-POP and FC-TPT-Ph-POP display the characteristic spin-orbit
doublet of Fe. Moreover, the FC-TPT-POP shows the Fe%* 2ps3/2 and
Fe?t 2p; 2 signals at 709.5 eV and 722.7 eV, and Fe 2ps3/2 and Fe3*
2p1/2 signals at 711.5eV and 726.2eV, respectively. For the

FC-TPT-Ph-POP, the corresponding Fe?* 2ps/, and Fe?™ 2p;,, peaks
appear at 709.8 eV and 722.9 eV, and Fe®* 2ps,; and Fe3* 2p; /5 signals
at 711.8 eV and 725.0 eV, respectively [Figs. 2(d) and 2(h)]. These
features support the presence of ferrocene-derived iron atoms exhibiting
mixed valence states in the porous network. To further confirm the
spatial distribution of elements within POPs, field-emission scanning
electron microscopy (FE-SEM) combined with energy-dispersive X-ray
spectroscopy (EDS) was conducted, as presented in Fig. 2(i-p).

The SEM images reveal aggregated particle morphology with a rough
surface texture. Additionally, elemental mapping of carbon (C), nitrogen
(N), and iron (Fe) were performed using EDS mapping. Distinct signals
for all three elements were detected in both POPs, showing a uniform
distribution across the examined areas without any noticeable aggre-
gation, localized enrichment, or elemental depletion. These results
confirm that the functional units, such as triazine and ferrocene, were
successfully and homogeneously incorporated into the polymer back-
bone during the synthesis process. Transmission electron microscopy
(TEM) combined with energy-dispersive X-ray spectroscopy (EDS)
mapping was performed to examine the elemental distribution and
structural uniformity of FC-TPT-POP and FC-TPT-Ph-POP [Figs. S5 and
S6]. The TEM images reveal an irregular, aggregated morphology. The
EDS elemental mapping clearly confirms the presence and spatial
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distribution of carbon (C), nitrogen (N), and iron (Fe). Both SEM and
TEM analysis confirm the successful incorporation and uniform distri-
bution of carbon, nitrogen, and iron within the FC-TPT-POP and FC-TPT-
Ph-POP. The observed structural uniformity highlights the effectiveness
of the POPs design and element integration strategy, providing a strong
foundation for its stability and performance in gas adsorption and cat-
alytic applications.

3.2. Comparative CO;z capture efficiency of FC-TPT-POP and FC-TPT-Ph-
POP

The high surface area and heterogeneous pore size of FC-TPT-POP
and FC-TPT-Ph-POP, combined with the presence of triazine units,
make it highly promising for CO5 capture. The triazine moieties intro-
duce abundant nitrogen sites that can act as Lewis basic centers,
enhancing the interaction with acidic CO, molecules. This synergistic
combination of structural features ensures efficient adsorption capacity
and selectivity toward COj. To investigate the gas adsorption and
selectivity, the gas adsorption isotherms of CO5 and N» were obtained at
273 and 298 K [Fig. 3]. The FC-TPT-POP and FC-TPT-Ph-POP demon-
strated CO; capture of 3.34 and 2.52 mmol g~ respectively, at 273 K.
These values were reduced to 1.44 and 1.49 mmol g~ respectively, at

(b)
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298 K [Figs. 3(a) and 3(b)]. In contrast, the N, uptake was minimal,
indicating that both POPs possess excellent CO; selectivity. The FC-TPT-
POP and FC-TPT-Ph-POP displayed reduced Ny uptake of 0.065 and
0.070 mmol g~ at 298 K, while 0.149 and 0.115 mmol g~ ! at 273 K,
respectively [Figs. 3(a) and 3(b)]. The excellent CO5 capture perfor-
mance of both POPs is attributed to their high porosity, the nitrogen-rich
s-triazine units (Lewis basic nitrogen sites), and Fe centers, which can
enhance interactions with polar CO, molecules and contribute to greater
adsorption capacity [68]. Moreover, the FC-TPT-POP demonstrates su-
perior CO; adsorption performance than FC-TPT-Ph-POP due to its high
surface and uniform microporosity, which is more favorable for CO,
capture. In FC-TPT-Ph-POP, the additional biphenyl groups introduce
greater steric hindrance and flexibility to the POP framework, resulting
in a more disordered pore structure with broader pore size distribution
and reduced packing density, which may weaken host-guest interactions
and limit the effective adsorption of CO, as compared to FC-TPT-POP.
To develop a clearer understanding of the interaction strength be-
tween the POPs and CO5 molecules, the isosteric heat of adsorption (Qs)
was calculated as a function of CO; uptake using adsorption isotherms
measured at different temperatures [Fig. 3(c)]. The FC-TPT-POP ex-
hibits higher Q values across the entire CO5 uptake range compared to
FC-TPT-Ph-POP, indicating a stronger binding affinity toward CO5. The
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Qs corresponding to FC-TPT-POP begins at approximately 25 kJ mol ™!
and gradually increases to ~32kJmol ! with increasing uptake
[Table S2]. This increasing trend indicates that CO5 molecules first
occupy adsorption sites with moderate binding energies and subse-
quently interact with higher energy sites, possibly because of coopera-
tive adsorption behavior or gradual pore saturation. The enhanced
binding affinity observed in FC-TPT-POP can be attributed to its higher
surface area, microporosity, and nitrogen content, which facilitate
stronger Lewis acid/base and n—n interactions with CO2 molecules.
However, FC-TPT-Ph-POP displays a relatively stable Q; profile, ranging
from 22 to 26 kJ mol ™, indicating a more uniform but weaker phys-
isorption process. This reduced interaction strength may be due to the
presence of biphenyl moieties, which introduce steric hindrance and
disrupt optimal CO; interactions. Both POPs exhibit the Qg values
within the range of 20-40 kJ mol !, suggesting that physical adsorption
is more dominant in CO; capture. To further assess the gas separation
performance of the POPs, the CO,/Nj selectivity was calculated at 273 K
and 298 K using Ideal Adsorbed Solution Theory (IAST) [Figs. 3(d) and
3(e)]. Both POPs exhibited relatively high selectivity in the
low-pressure region (P/Py < 0.1), which can be attributed to the higher
polarity and quadrupole moment of CO, molecules. These properties
promote stronger interactions with the nitrogen-containing active sites
within the POP frameworks. The FC-TPT-POP displays significantly
higher CO2/N3 selectivity than FC-TPT-Ph-POP at both temperatures,
particularly at 273 K in the low-pressure region, where the selectivity
reaches up to 40 [Table S2]. This indicates a stronger affinity of
FC-TPT-POP toward CO- and a more effective exclusion of N5 molecules.
Moreover, FC-TPT-Ph-POP shows lower overall selectivity, with an un-
usual trend where its selectivity at 273 K is even lower than at 298 K.
This inverse behavior may result from steric hindrance introduced by
biphenyl moieties, which could impede gas diffusion or hinder access to
adsorption sites. The elevated CO2/N5 selectivity observed for both
POPs indicates a preferential interaction with CO3 over Ny under the
tested conditions [69]. The COy/N> selectivity was also evaluated using
Henry’s law constants, derived from the early slopes of gas adsorption
curves at low pressures (up to 0.11 bar) at 273 K and 298 K [Figs. 3(f)
and 3(g)] [69]. Results showed that the FC-TPT-POP exhibited signifi-
cantly enhanced selectivity for CO, over Ny compared to the
FC-TPT-Ph-POP. To assess the cyclic stability of the POPs for practical
CO4, capture applications, a three-cycle CO, adsorption/desorption test
was performed at a constant temperature of 273 K [Figs. 3(h) and 3(i)].
The FC-TPT-POP exhibits highly stable CO, adsorption across all three
cycles, with negligible loss in its maximum uptake capacity [Fig. 3(f)].
This behavior reflects excellent regenerability and structural integrity.
The results align well with the Qg analysis, indicating that the COy
adsorption in FC-TPT-POP is predominantly governed by reversible
physisorption, supported by stable chemisorption interactions.

This dual adsorption mechanism facilitates efficient multi-cycle
stability. In comparison, FC-TPT-Ph-POP displays a gradual decrease
in CO9 uptake with each cycle [Fig. 3(i)]. This suggests possible struc-
tural relaxation, partial pore blockage, or a loss of active sites during the
regeneration process. Both POPs exhibit good cyclic stability; however,
FC-TPT-POP demonstrates higher CO, uptake and superior reusability,
underscoring its promise and reliability for long-term CO, capture ap-
plications. Fig. S7 shows the HOMO-LUMO isosurface maps of FC-TPT-
POP and FC-TPT-Ph-POP. The HOMO of both molecules is primarily
composed of the d-orbitals of Fe. LUMO is delocalized across the triazine
and benzene rings, as well as the imine group linkage. The additional
phenyl group in FC-TPT-Ph-POP further stabilizes the LUMO energy,
shifting it from -1.85 to -1.89 eV, and reduces the HOMO-LUMO
bandgap by 0.11 eV. Fig. S8 presents the molecular electrostatic po-
tential (MESP) maps of FC-TPT-POP and FC-TPT-Ph-POP. This analysis
quantitatively identifies the electrophilic and nucleophilic regions of
each molecule, highlighting their most reactive sites. Areas of high
electron density are shown in red, while regions of low electron density
appear in blue. In both FC-TPT-POP and FC-TPT-Ph-POP, the most
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nucleophilic site corresponds to the lone pairs on the nitrogen atoms of
the imine groups, exhibiting a negative electrostatic potential (ESP) of
—30 keal mol~!. The nitrogen atoms within the triazine rings display
slightly less negative ESP values of —21 kcal mol™!. Conversely, the
highest positive potential, around + 19 kcal mol !, is observed near the
terminal hydrogen atoms of the cyclopentadienyl rings. Density func-
tional theory (DFT) is one of the most widely used methods for inves-
tigating gas adsorption on POPs surfaces. In this study, DFT calculations
were employed to determine the adsorption energies and geometries of
CO2 molecules on both FC-TPT-POP and FC-TPT-Ph-POP. Multiple
possible adsorption sites were examined. The adsorption energies of CO,
were calculated to be —5.75kcalmol™! on the imine group,
—6.51 kcal mol ™! on the triazine ring, and —6.61 kcal mol™! near the
ferrocene moiety. These results indicate that the most favorable
adsorption site is near the ferrocene moiety, which exhibits the most
negative adsorption energy. However, the small difference in energy
between the triazine and ferrocene sites suggests that adsorption is likely
to occur on both, reflecting a dynamic equilibrium. Fig. SO illustrates the
optimized structure of the most stable complex formed between CO3 and
FC-TPT-POP, along with the reduced density gradient (RDG) plot
depicting the nature of intermolecular interactions. RDG analysis is a
powerful approach for visualizing noncovalent interactions. The CO,
molecule exhibits n—n interactions with the phenyl group, while its
negatively charged oxygen atoms engage in ionic interactions with the
hydrogen atoms of both the ferrocene moiety and the imine group. The
interaction with the ferrocene hydrogen is stronger, as evidenced by its
shorter bond length. These findings are consistent with MESP results
shown in Fig. S8, which revealed that the hydrogens on the ferrocene
moiety possess the highest positive electrostatic potential within the
molecule. A similar adsorption behavior was observed for FC-TPT-Ph-
POP. The most favorable site for CO, adsorption was located near the
ferrocene moiety, followed by the triazine ring, with corresponding
adsorption energies of —6.90 and —6.57 kcal mol*. The electronega-
tivity (y) and chemical hardness (n) of the three species were calculated
based on their HOMO and LUMO energies. The y values for FC-TPT-POP,
FC-TPT-Ph-POP, and CO, were 3.68, 3.65, and 4.63 eV, respectively.
Since both polymers exhibit lower electronegativity than CO,, electron
transfer occurs from the polymer to the CO5 molecule upon adsorption.
The fraction of electron transfer (AN) from the polymer to CO5 can be
estimated using Pearson’s theory as follows [70]: AN = () co, - X poly-
mer)/2(N co. + N pop), and AN for both POPs was 0.07.

3.3. Catalytic conversion performance of CO; into cyclic carbonates using
FC-TPT-Ph-POP and FC-TPT-POP

The synthesis of cyclic carbonates from CO5 and epoxides represents
an efficient and environmentally friendly strategy for CO2 utilization.
This transformation not only offers a sustainable approach to mitigate
greenhouse gas emissions but also produces high-value cyclic carbon-
ates, which are widely used as green solvents, electrolytes in batteries
[26,71,72]. Motivated by the presence of Lewis acidic ferrocene units
and nitrogen-rich triazine moieties in our synthesized POP, we investi-
gated its catalytic potential for the cycloaddition of CO, with epoxides
by employing PPNCI as a catalyst. The experiments were conducted
using a stainless-steel autoclave at a constant CO, pressure of 400 psi
and a temperature of 120 °C [Fig. 4(a)]. Firstly, control experiments
were carried out using PO as the model monomer, FC-TPT-POP, and
PPNCl as the catalyst [Fig. 4(b)]. When FC-TPT-POP was used alone as a
catalyst, the conversion of PO to cyclic carbonate was only 1.2 %,
indicating limited catalytic activity and suggesting that the POP catalyst
alone is insufficient to effectively initiate the ring-opening of the epoxide
[Figs. 4(b) and 4(c)]. In contrast, the use of PPNCI without the POP
catalyst resulted in a significantly higher conversion of 67.1 %, high-
lighting the crucial role of the catalyst in activating the epoxide. No
product formation was observed in the absence of both catalysts, con-
firming that thermal background reactions are negligible under these
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conditions. Remarkably, when FC-TPT-POP was combined with PPNCI,
the conversion of PO exceeded 99 %, clearly demonstrating a strong
synergistic catalytic effect between the two catalysts [Figs. 4(b) and 4
(c)]. The proposed reaction mechanism is illustrated in [Fig. 4(d)].
Initially, assisted by the catalyst PPNCI, the chloride ion (Cl") performs a
nucleophilic attack on the epoxide ring, promoting its ring opening to
form a reactive alkoxide intermediate. During this step, the
nitrogen-rich triazine units within the FC-TPT-POP structure act as
Lewis bases to stabilize the developing positive charge, while additional
interactions such as hydrogen bonding and n—r stacking enhance the
local concentration and activation of CO5 molecules.

Subsequently, the activated alkoxide intermediate reacts with COs,
which is efficiently concentrated and stabilized by the PPNCI catalyst.
This interaction promotes cyclization, resulting in the formation of a
five-membered cyclic carbonate [Fig. 4(d)]. Figs. S10 and S11 propose a
plausible catalytic pathway for the CO»/epoxide cycloaddition reaction
promoted by the dual-catalyst system of FC-TPT-POP or FC-TPT-Ph-POP
and PPNCL. In this mechanism, Fe?" centers within the CMP framework
function as Lewis acid sites, coordinating to the epoxide oxygen and
inducing polarization of the C-O bonds, thereby facilitating substrate
activation. Subsequently, the chloride anion (Cl") supplied by PPNCI
performs a nucleophilic attack on the -carbon of the activated epoxide,
leading to ring-opening and formation of an oxyanion intermediate. The
electron-rich triazine rings further stabilize and concentrate CO3 mole-
cules in proximity via non-covalent lone-pair---n interactions, increasing
local CO4 availability at the reaction interface. The nucleophilic oxygen
of the intermediate then attacks CO,, followed by intramolecular
cyclization, ultimately yielding cyclic carbonate products [73,74]. The
overall reaction benefits from the porous nature of the FC-TPT-POP,
which facilitates efficient mass transport. At the same time, nitrogen
sites and iron centers further contribute to directional adsorption and
catalytic stabilization, ultimately enabling high conversion. These
findings highlight the cooperative nature of the catalytic system and

confirm the potential of FC-TPT-POP as a heterogeneous catalyst for CO5
fixation into cyclic carbonates when paired with an appropriate catalyst.
To further investigate the effect of structural variation on catalytic
performance, we evaluated another POP, FC-TPT-Ph-POP, under iden-
tical reaction conditions and PO monomer. Compared to FC-TPT-POP,
FC-TPT-Ph-POP exhibited lower catalytic efficiency, achieving only
85 % PO conversion [Fig. S12]. This result suggests that the structural
features of FC-TPT-POP, such as enhanced electron density or greater
active site accessibility, may contribute to its superior catalytic activity.
Given its superior catalytic performance, FC-TPT-POP was selected for
further investigation. Subsequent studies focused on evaluating its cat-
alytic efficiency across a range of epoxide substrates to assess its
versatility and substrate scope in the cycloaddition reaction with CO,.
Fig. S13 shows CO; adsorbed on the triazine ring of the FC-TPT-POP and
FC-TPT-Ph-POP. The green color shows van der Waals interactions be-
tween the two molecules. The amount of charge transfer from the
triazine ring FC-TPT-POP and FC-TPT-Ph-POP to the CO2 was 0.07
electron, according to the Pearson theory. The DFT results indicate that
triazine N atoms not only act as CO5 binding sites but also participate
electronically by donating electron density to adjacent catalytic centers,
facilitating charge redistribution in the cycle. The charge transfer sug-
gests that triazine N enables electron migration, lowering the activation
barrier of the ring-opening/COs-insertion step proposed in Figs. S10 and
S11. Explicitly linking this electron-transfer behavior to catalyst regen-
eration would further solidify their synergistic mechanism.

To optimize the catalytic performance of FC-TPT-POP in the cyclo-
addition reaction between CO, and PO, we further assessed how changes
in reaction temperature and time affect the process's catalytic efficiency
[Fig. 5]. The temperature-dependent experiments were conducted under
a fixed reaction time of 8 h [Fig. 5(a)]. The results revealed a strong
temperature dependence; the conversion was only 11.2 % at 80 °C,
increased to 30.7 % at 100 °C, and reached nearly complete conversion
(99.5 %) at 120 °C, indicating that elevated temperatures significantly
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enhance both reaction rate and efficiency [Fig. 5(b)]. Furthermore,
under a constant temperature of 120 °C, the effect of reaction time was
examined [Fig. 5(c)]. The conversion increased from 61 % to 82 % in
6 h, and finally to 99.5 % in 8 h [Fig. 5(d)]. These findings confirm that
FC-TPT-POP possesses excellent catalytic activity and stability under
high-temperature conditions. The optimal conditions were determined
to be 120 °C for 8 h, under which high conversion efficiency can be
achieved. This demonstrates the potential of FC-TPT-POP for efficient
CO4 capture and the synthesis of value-added cyclic carbonates. To
further evaluate the substrate scope of FC-TPT-POP, a series of different
epoxide monomers, including PO, PGE, t-BGE, CHO, and EHGE, was
used [Fig. 6]. All reactions were conducted under identical conditions,
120 °C and 400 psi COy pressure, and the conversion rates were
compared at 8 and 24 h. This allowed us to investigate the influence of
epoxide structure on reaction kinetics and overall efficiency in the
cycloaddition of CO5 to form cyclic carbonates. The PO exhibited the
highest reactivity, achieving a near-complete conversion of 99.5 %
within just 8 h [Fig. 6(a)]. This can be attributed to its simple molecular
structure, high ring strain, and well-exposed epoxide group, which favor
efficient interaction with CO». The PGE contains a bulky aromatic ring;
its flexible ether side chain helps alleviate steric hindrance by increasing
the accessible space around the reactive site. This structural feature fa-
cilitates CO5 diffusion and insertion, resulting in a high conversion rate
of 95-96 % within 8 h [Fig. 6(b) and Table S3]. The t-BGE bears a large
tert-butyl substituent that introduces significant steric hindrance.
Despite also possessing an ether linkage, its conversion rate at 8 h was
only 71.2 %, requiring 24 h to reach 99 % [Fig. 6(c)] [Table S3]. This
indicates that substantial steric bulk can slow down the reaction

kinetics, necessitating longer reaction times. The EHGE, though struc-
turally larger, contains a flexible and branched alkyl chain with a high
degree of free volume. This enhances CO5 diffusion and access to the
catalytic sites, resulting in a conversion of 85.8 % at 8 h and 100 % at
24 h [Fig. 6(d)] [Table S3].

These results suggest that, in certain cases, molecular flexibility and
free volume can compensate for steric limitations. Cyclohexene oxide
(CHO), with its six-membered ring structure, exhibited the lowest
reactivity among all tested monomers. Its low ring strain and poor
accessibility of the epoxide group significantly hinder its activation by
the catalyst, leading to conversion rates of only 39 % and 43 % at 8 and
24 h, respectively [Fig. 6(d) and Table S3]. The conversion efficiency of
different epoxides is strongly influenced by their molecular structure,
including steric hindrance, chain flexibility, free volume, and ring strain.
These findings not only highlight the broad applicability of the POP
catalyst but also offer valuable insights into structure-activity re-
lationships in CO; conversion reactions. After evaluating various epoxy
monomers for their conversion into cyclic carbonates, PO was selected
for recyclability studies due to its superior conversion efficiency. A five-
cycle reuse test was conducted to assess the catalytic stability and
reusability of the materials over multiple reactions [Fig. 7]. The FTIR
spectra revealed a distinct C=O stretching vibration around 1800 cm ™!
in the reaction products, confirming the successful formation of cyclic
carbonates after five cycles [Figs. 7(a) and 7(d)]. The 1H NMR spectra
further validated the FTIR results, confirming the effective conversion of
PO into cyclic carbonates upon recycling [Figs. 7(b) and 7(e)]. The FC-
TPT-POP catalyst demonstrated excellent catalytic performance and
cycling stability, achieving conversion rates of 99.5 %, 98 %, 95 %,
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92 %, and 88 % over five consecutive cycles [Fig. 7(c¢)]. In comparison,
FC-TPT-Ph-POP also exhibited catalytic activity but with lower and
progressively declining conversion rates of 85 %, 82 %, 78 %, 74 %, and
70 % [Fig. 7(f)]. Importantly, both catalysts could be reused directly
without any regeneration, highlighting their promising recyclability and
practical applicability as heterogeneous catalytic systems. As summa-
rized in Table S4, both FC-TPT-POP and FC-TPT-Ph-POP exhibit
outstanding catalytic performance for the cycloaddition reaction of CO,
with propylene oxide (PO) to form cyclic carbonate under solvent-free
conditions. Compared with previously reported POPs and metal-
—organic frameworks (MOFs).

4. Conclusions

In this study, two POPs, designated FC-TPT-POP and FC-TPT-Ph-
POP, were successfully synthesized via a Schiff base reaction using
triazine- and ferrocene-based monomers. Their performance in CO5
capture and catalytic conversion was systematically investigated. Ni-
trogen sorption analysis revealed that FC-TPT-POP exhibited a higher
BET surface area (797 m?/ g) and a uniform pore size distribution, which
enabled superior CO, uptake and improved separation selectivity. Cat-
alytic tests with five different epoxides (PO, PGE, t-BGE, CHO, and
EHGE) demonstrated that FC-TPT-POP achieved the highest catalytic
performance, reaching 99.5 % conversion of PO at 120 °C and 400 psi

10

CO9 within 8 h. The reactivity of the epoxides was strongly influenced
by their molecular structures, including ring strain, steric hindrance,
free volume, and chain flexibility. Both POP catalysts displayed excel-
lent reusability as heterogeneous systems. FC-TPT-POP maintained
conversion rates above 98 % across three consecutive cycles without
notable loss of activity or structural integrity. This underscores the
practical advantages of these POPs, particularly in terms of recyclability
and ease of operation, when compared to conventional homogeneous
catalysts. Overall, this study demonstrates the rational design and
functional integration of triazine—ferrocene-based POPs for efficient CO,
capture and catalytic conversion. The synergy of high nitrogen content,
tunable porosity, and robust heterogeneous stability renders these ma-
terials highly promising for sustainable carbon utilization and environ-
mentally friendly catalytic applications.
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