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Benign-by-design synthesis of covalent triazine-
imidazolium networks under room temperature
aqueous conditions for CO, utilization

Niloofar Abbasi,? Piero Mastrorilli,” Stefano Todisco® and Mojtaba Khorasani () *2¢

In this study, we have described that the nucleophilic aromatic substitution reaction between a
hydroxyl-tagged imidazolium and cyanuric chloride in a mixture of water and acetone as a reaction
medium at room temperature leads to the formation of a new series of imidazolium-based covalent
triazine frameworks (CTFs). The material denoted as I-CTF-1 was identified as a family of nitrogen-rich
cationic polymers. The influence of polar solvents, including pure DMSO and its aqueous solutions, as
well as the presence of ionic surfactants, such as CTAB or SDS, on the textural properties of the
synthesized cationic CTFs has been examined. The elemental analysis indicated that the polymerization
occurred meticulously, as evidenced by the strong correlation between the theoretical and experimental
loading values of imidazolium and triazine groups. **C CP-MAS NMR confirmed that both triazine and
imidazolium groups are incorporated into the CTF network. The presented CTF was thermally stable
until 300 °C. I-CTF-1 also exhibited an interesting CO, adsorption capacity of 2.2 mmol g~1. This
catalyst displayed excellent activity toward direct coupling of carbon dioxide with various types of
terminal epoxides under 1 mol% catalyst, and 10 bar CO, at 80 °C. It could be recycled at least 4 times

rsc.li/materials-advances

Introduction

Recently, the development of functionalized covalent organic
polymers has garnered significant interest owing to their wide-
ranging application in various fields such as gas separation,
energy storage, electronic devices, and catalysis."””> The organic
compositions of these materials facilitate the efficient diffusion of
organic substrates to the catalytic sites and allow for a typically
high loading of catalysts.>* The covalent triazine frameworks
(CTFs) or triazine-based covalent organic polymers represent a
vital subgroup of covalent organic polymers, classified as polymer
networks that possess aromatic triazine functional groups.>®
Triazine groups can provide the possibility for the coordination
of metal cations.” It has been also well-documented that the
presence of triazine groups greatly enhances the adsorption
capacity of CO,, making CTF an outstanding candidate for
applications related to CO, capture or conversion.*° The process
of synthesizing covalent triazine frameworks is usually categorized
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without any remarkable decrease in its activity or selectivity.

into two fundamental strategies: the construction of triazine units
or the incorporation of triazine components.*'* The first method
typically includes nitrile trimerization under ionothermal condi-
tions, while the second strategy involves the integration of triazine
derivatives into the CTF framework by means of various chemical
bonds."" Utilizing these approaches has allowed the development
of CTFs with desirable characteristics, which makes them suitable
for various applications. The choice of synthesis conditions plays
a crucial role in determining the final properties of the CTFs,
which subsequently influences their effectiveness in catalytic
applications.'? Most importantly, green chemistry fundamentally
prioritizes the development of CTFs by reducing environmental
impact, minimizing energy consumption, utilizing solvent-free
approaches or safe solvents, and employing cost-effective reagents
and catalysts, while still achieving high efficiency.

Imidazolium cations with halide as a counter ion are one
of the highly eco-sustainable classes of organocatalysts for the
production of cyclic carbonates through the direct coupling of
CO, and epoxides.”*° The cyclic carbonates are extensively
used as polar aprotic solvents, as intermediates in pharmaceu-
ticals, and in polymer design.>" It is believed that this strategy
not only plays a significant role in minimizing CO, emissions
but also supports the integration of renewable resources into
chemical synthesis.”” To date, to allow the recovery and reuse
of the imidazolium catalyst, various types of polymer network
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have been used for the immobilization of the imidazolium
catalyst for CO, cycloaddition to the epoxides.>*® It is well-
documented that by incorporating imidazolium groups into a
solid polymer network that is modified with electron-donating
or hydrogen bond donor groups, we can significantly boost the
activity of the imidazolium catalyst through a synergistic
effect.?*' On the other hand, recent advancements have
revealed that in addition to the presence of triazine groups,
the CO, capture capacity of CTFs can be enhanced by incorpor-
ating CO,-philic groups, including N-heterocyclic moieties.**?*
The aforementioned features can be collectively pictured in the
decorated CTFs with imidazolium groups (Im-CTFs), which
have recently drawn substantial attention in the area of carbon
dioxide conversion reactions. Im-CTFs are typically synthesized
through the direct trimerization of imidazolium linkers tagged
by nitrile groups.**° The direct trimerization of imidazolium
derivatives containing nitrile groups at elevated temperatures
or in the presence of superacids results in the formation of
imidazolium-based CTFs with a high porosity that show con-
siderable promise for a range of applications, especially in
areas that demand materials with large surface areas, including
catalysis and gas storage.*®*' However, the dehalogenation and
graphitization processes that occur for the prepared CTF layers
at elevated temperatures likely result in a decrease of both
halide and nitrogen content within this specific type of
CTF.>*** These limitations might be particularly problematic
in the context of imidazolium precursors with iodide ions,
which are notably susceptible toward oxidation. In response
to these restrictions, some research efforts have been redirected
to the synthesis of cationic CTFs through the incorporation of
triazine components, utilizing the reaction between imidazo-
lium precursors and triazine derivatives. Zhong et al. described
the synthesis of an organic polymer based on imidazolium and
triazine through the Sonagashira reaction, utilizing suitable
monomers in the presence of palladium and copper catalysts at
100 °C in DMF as the solvent.*> Wen and co-workers have reported
the synthesis of the imidazolium-based porous triazine polymer by
the Debus-Radziszewski reaction of 1,3,5-(4-aminophenyl)triazine,
formaldehyde and glyoxal at 80 °C.** Recently, Van der Voort et al.
introduced an imidazopyridinium-based covalent organic frame-
work (COF) with triazine units by a two-step strategy through first
imine-COF formation with a picolinaldehyde derivative and an
appropriate amine and then cyclization of the picolinaldehyde-
dimine parts of the COF intermediate.*> While the aforementioned
methods present intriguing possibilities, they also face significant
challenges, including the requirement for elevated temperatures,
the risk of dehalogenation, the necessity of expensive metal
catalysts, and the reliance on high-cost precursors. The Sy2
substitution reaction between suitably modified substrates com-
prising imidazole and triazine groups at higher temperatures
has also emerged as an effective route for the synthesis of
imidazolium-triazine-based covalent organic polymers.**>° Huang
and co-workers have described how a supramolecular porous ionic
network can be prepared using the direct quaternization of 2,4,6-
tris-imidazoyl-1,3,5-triazine with cyanuric chloride, followed by
hydrolysis and in situ assembly.”" One-pot base-mediated synthesis
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of the nitrogen-rich ionic porous network via nucleophilic sub-
stitution and quaternization of H-imidazole with cyanuric chloride
under basic conditions at 80 °C has been introduced by Pan and
co-workers.*® In light of the straightforward nature of the above
processes, it appears that the simplest technique for synthesizing
imidazolium-based CTF materials is the incorporation of triazine
through nucleophilic substitution reactions. However, the direct
attachment of imidazolium cations to the triazine units has caused
electron deficiency of the triazine rings, an issue that may limit
their potential application in CO, adsorption capacity. Therefore,
the synthesis of cationic CTFs under ambient conditions by using
readily available precursors while the triazine ring has electron-
donating groups still faces some challenges.

In 1959, Allan and Allan described that the 2,4,6-tris(4-
formylphenoxy)-1,3,5-triazine derivatives can be prepared in nearly
quantitative yield by the dropwise addition of an aqueous solution
of sodium phenoxide to a solution of cyanuric chloride in acetone
at room temperature.>® Although several COFs or CTF precursors
have been synthesized using this methodology, so far, to the best of
our knowledge, there is no report on the synthesis of any cationic
CTF or related polymers by using this simple reaction.'* There-
fore, we decided to use this strategy for the synthesis of a new series
of cationic CTFs by using the direct reaction of homemade aryl
imidazoliums tagged by hydroxyl functional groups with commer-
cially available cyanuric chloride (Scheme 1). The advantages of this
method include adopting mild reaction conditions, the use of
readily available imidazolium precursor, and using aqueous
solution as a green chemical environment. This strategy also avoids
the necessity for high temperatures, precious metal catalysts, or
expensive precursors. This approach is notably distinct from pre-
vious studies, as it involves the direct integration of electron-
donating groups into the triazine rings, thereby endowing them
with properties that enhance their interaction with CO,. We have
also investigated the impact of solvent and ionic surfactants during
the synthesis of Im-CTFs, emphasizing the significance of ambient
conditions. The final materials were employed as recoverable
organocatalysts for direct coupling of carbon dioxide with various
types of epoxides under mild reaction conditions.

Experimental section

Synthesis of N',N>-bis(4-hydroxylphenyl)ethane-1,2-diimine

A 30 mL round-bottom flask was charged with 4-aminophenol
(5.46 g, 50 mmol), glyoxal (3.4 mL, 30 mmol, 40% in water), and
70 mL of 2-propanol. To this mixture, a few drops of acetic acid
were added as a catalyst. The reaction was conducted at 40 °C
for 24 hours. The solid product was collected via filtration and
subsequently washed with 2-propanol and diethyl ether, yielding
N',N*-bis(4-hydroxylphenyl)ethane-1,2-diimine (5.02 g, 20.9 mmol,
84% yield).>

Synthesis of 1,3-bis-(4-hydroxyphenyl)imidazolium chloride
(BHPICI)

A round-bottom flask was charged with 30 mL of ethyl acetate
and heated in an oil bath to a temperature of 70 °C. To this,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The general pathways for the synthesis of Im-CTF.

N',N*-bis(4-hydroxylphenyl)ethane-1,2-diimine (5.0 g, 20.8 mmol)
and paraformaldehyde (0.687 g, 22.9 mmol) were added. After
approximately 30 minutes, during which all solids dissolved
completely, the dropwise addition of a trimethylsilyl chloride
(TMSCI) solution (1.9 g, 600 pL, 17.46 mmol) in ethyl acetate
(354 pL) was performed. The mixture was stirred for 2 hours at
70 °C and then cooled in a refrigerator at 4 °C overnight. Following
this, the reaction mixture was vacuum filtered and washed with
ethyl acetate, resulting in a brown powder (4.8 g, 80% yield).>*

Synthesis of 1,3-bis-(4-hydroxyphenyl)imidazolium iodide
(BHPII)

1,3-Bis-(4-hydroxyphenyl)imidazolium chloride (0.5 g,
1.5 mmol) was dispersed in 8 mL of deionized water. After
deoxygenation through argon gas bubbling, the mixture was
sonicated for 10 minutes. A saturated potassium iodide (2.0 g,
12.0 mmol) solution in deionized water was then added gradu-
ally, and the mixture was stirred at room temperature for
8 hours under an argon environment. The resulting solid was
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washed several times with deionized water and acetone, fol-
lowed by drying under vacuum at 60 °C overnight.

Synthesis of CI-CTF

A mixture of 1,3-bis-(4-hydroxyphenyl)imidazolium chloride
(0.519 g, 1.8 mmol) and sodium hydroxide (140 mg, 3.5 mmol)
was prepared by dissolving them in a 20 mL solution of acetone
and water (v/v = 1:1) while stirring in an ice bath. Subsequently,
a solution of cyanuric chloride (0.221 g, 1.2 mmol) in 10 mL of
acetone was added dropwise to the flask. Following a reaction
period of 6 hours, 50 mL of distilled water was introduced into
the reaction mixture and the resulting solid was collected
through filtration and was first washed with dilute sodium
bicarbonate solution and then multiple times with water and
acetone to yield 0.555 g of CI-CTF (91% yield).

Synthesis of I-CTF-1

The procedure for synthesizing CI-CTF was adopted, except that
1,3-bis-(4-hydroxyphenyl)imidazolium  iodide  (0.684 g,
1.8 mmol) was used. Finally, 0.720 g (93%) of I-CTF-1 was
obtained. The iodide ion content was quantified using Andrew’s
titration method. In this procedure, a pre-weighed I-CTF-1 catalyst
was added to a mixture of carbon tetrachloride and hydrochloric
acid, and subsequently titrated with a potassium iodate standard
solution. The endpoint of the titration was determined by the
disappearance of the violet coloration associated with free iodine.

Direct coupling of epoxides with CO, catalyzed by I-CTF-1

A stainless steel high-pressure reactor was charged with epoxide
(5 mmol) and I-CTF-1 (0.024 g, 1 mol%). The reactor was then
gradually pressurized to 10 bar, and the reaction mixture was
stirred at 80 °C for the specified duration. After the required
time, the mixture was allowed to cool to ambient temperature,
followed by a slow depressurization of the reactor. Subsequently,
5 mL of ethyl acetate was added to facilitate the separation of the
catalyst from the reaction mixture. The supernatant was col-
lected and analyzed via gas chromatography, utilizing trimethyl-
benzene (TMB) as the internal standard. Further purification
was achieved through column chromatography using a solvent
mixture of ethyl acetate and n-hexane (1:5). All products were
verified using 'H- and "*C-NMR and FTIR spectroscopy.

Reusability of I-CTF-1 during the coupling of epichlorohydrin
with CO,

After the first runs as mentioned above, I-CTF was carefully
washed with dichloromethane (2 x 10 mL) and hot ethanol (2 x
10 mL) and then dried under vacuum overnight. The catalyst
was then employed exactly as in the first run.

Results and discussion

The imidazolium linkers tagged by hydroxyl groups were pre-
pared through a two-step process, beginning with p-amino
phenol and glyoxal, followed by the formation of the imidazo-
lium ring in the presence of paraformaldehyde and trimethylsilyl
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chloride. With an emphasis on the CTF synthesis under ambient
temperature, subsequently, the synthesis of the corresponding
X-CTFs was achieved through the stoichiometric reaction of
homemade imidazolium linkers with commercially available
cyanuric chloride in various solvents to yield X-CTFs, where X
denotes the counter ions associated with the imidazolium
groups. We first investigated the role of the reaction medium
in synthesizing the related CTFs. In a water:acetone (1:2)
mixture as the solvent, I-CTF-1 was synthesized. The obtained
CTF was first characterized by nitrogen physisorption analysis to
gain more information about its porosity. I-CTF-1 exhibited
a type IV isotherm and H3 hysteresis loop according to the
IUPAC classification (Fig. 1a).”° The surface area was found to be
27 m* g, indicating that the related CTF is a nonporous
polymer. It is worth noting that immediately after the addition
of a homogeneous solution of imidazolium linker to the trans-
parent cyanuric chloride solution, a new solid was observed.
Therefore, fast and irreversible polymerization of the precursor
leads to a highly packed solid network with low porosity. These
observations may be related to the fact that the formed aromatic
C-O bond is strong with a length of 1.37 A and a bond energy of
460 k] mol !, which forms completely unidirectionally very
quickly and does not allow the formation of the expected layered
structures with a high surface area.’® However, I-CTF-1 was
insoluble in typical organic solvents such as THF, DMAc, DMSO,
NMP, and DMF, indicating the presence of covalently cross-
linked networks. In the next step, we have investigated the role of
the addition of DMSO as a polar aprotic solvent to the aqueous
acetone medium. We expected that DMSO would prevent fast
polymerization and lead to CTFs with a higher surface area. In
this regard, I-CTF-2 was synthesized while the mixture of water:-
acetone:DMSO was used as the reaction medium (see SI for
details). Unfortunately, I-CTF-2 also had a low surface area of
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Fig. 1 Nitrogen adsorption—desorption isotherms for (a) I-CTF-1 and (b)
Cl-CTF and SEM images for (c) I-CTF-1 and (d) CI-CTF.
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11 m? g~ ' (Fig. S1). Even the stepwise addition of DMSO did not
have an effect, and the resulting I-CTF-3 with a surface area of
17 m* g~ " was achieved (Fig. S2). We also found that no CTF was
obtained in dry DMSO alone as a reaction medium. Recently,
surfactant-assisted synthesis of COFs and CTFs has been
described for the preparation of COFs or CTFs with a high
surface area.’’ ®" The imidazolium precursor under the initial
basic conditions has a negative charge and when its polymeriza-
tion proceeds, its surface changes to positively charged due to
the presence of imidazolium groups. In this regard, the effect of
two ionic surfactants, cetyltrimethylammonium bromide (CTAB)
and sodium dodecyl sulfate (SDS), to improve the surface area of
CTFs has been studied. We found that I-CTF-4 in a very low
reaction yield can be obtained if CTAB was first added to an
aqueous acetone solution containing I-imidazolium precursor
and NaOH. Besides the low reaction yield, I-CTF-4 still shows a
low surface area of 24 m* g~ " (Fig. S3). A similar result was also
observed for I-CTF-5 with a low surface area of 22 m* g~ ' in
which SDS as an anionic surfactant was used instead of CTAB
(Fig. S4). It seems that in our CTF system, the fast and irrever-
sible formation of C-O bonds can be explained by both thermo-
dynamic and kinetic factors. The C-O bond has a high bond
dissociation energy, so its formation is energetically favourable.
After these bonds are formed, they strengthen the polymer
backbone and make it highly rigid and resistant to reverse
reactions. This strong thermodynamic stability likely causes
the appearance of dense, cross-linked networks with a low
surface area, instead of porous layered structures. On the other
hand, the polymerization proceeds via irreversible nucleophilic
aromatic substitution (SyAr), where the activation energy for
C-O bond formation is sufficiently low under our reaction
conditions.®” This leads to rapid chain propagation and minimal
opportunity for defect healing or rearrangement, emphasising
the formation of tightly packed structures. Also, because the
formation of C-O bonds is not well-oriented, it does not promote
growth in two dimensions and stacking between layers, which
can suppress the overall porosity. Additionally, the lack of
reversible steps limits the formation of extended open networks,
favouring compact morphologies. Additionally, the process was
found to be independent of medium polarity or surfactants. This
means that the fast polymerization of CTF precursors does not
rely on ionic surfactant preorganization or polar environments
to create porous structures. We found that under identical
reaction conditions for I-CTF-1, if the imidazolium precursor
with chloride ions (BHPICI) was used, again a dense and non-
porous polymer denoted as CI-CTF with a surface area of
22 m® g ' was obtained (Fig. 1b). I-CTF-1 and CI-CTF were
selected from the described CTFs for more detailed character-
ization and catalyst testing, thanks to their simple preparation
technique. Scanning electron microscopy (SEM) analysis and
energy dispersive X-ray spectroscopy (EDS) were performed to
examine the morphology and elemental distribution of I-CTF-1
and CI-CTF. Both CTFs exhibited an aggregated spherical mor-
phology with particle diameters of about 500 nm (Fig. 1c and d).
The EDS maps of I-CTF-1 confirmed that all expected elements,
such as nitrogen, carbon, oxygen, and iodine, were homogeneously

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distributed in the sample (Fig. 5S). The absence of chloride ions
in this sample rules out any possible exchange of chloride ions
coming from the reaction of cyanuric chloride hydroxyl-tagged
imidazolium precursor. All expected elements were also
observed in the EDS elemental mapping of CI-CTF (Fig. S6).
The presence of functional groups and related bonds in the
synthesized CTFs was further revealed by Fourier transform
infrared (FTIR) spectroscopy. The sharp peaks at 1550 cm™ " are
assigned to the stretching vibration of C=N in imidazolium
and triazine rings (Fig. 2a and b). The FTIR data also confirm a
high polymerization degree for the related CTFs due to the
disappearance of the peaks assigned to C-Cl of triazine and
OH in the imidazolium precursors. The sharp peaks around
1490 cm ™! can also be assigned to C=C of the aromatic rings
in the imidazolium precursors. The incorporation of cationic
imidazolium groups was further confirmed by zeta potential
analysis (Fig. 2c and Fig. S7). The surface potentials for I-CTF-1
and CI-CTF were found to be 48 and 29 mV; these findings are
in good agreement with the results of FTIR. Despite a low
surface area, I-CTF-1 could adsorb the unusual amount of
2.2 mmol g~! CO, under a pressure of 1 bar at room tempera-
ture (Fig. 2d). The higher adsorbent capacity of I-CTF-1 can be
related to the high density of imidazolium and electron-rich
triazine groups in the sample. To assess the thermal stability of
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Fig. 2 FTIR spectra for (a) I-CTF-1 and (b) Cl-CTF. (c) Zeta potential curve
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CTF-1and (f) CI-CTF.
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Table 1 CHN results and loading of imidazolium groups for the synthe-
sized CTFs

Materials %C %N C/N®  Im” [mmol g~'] TA® [mmol g~'] Im/TA?
I-CTF-1  41.9 11.9 4.1 (4.2) 2.1 (2.3) 1.4 (1.5) 1.5 (1.5)
CI-CTF  45.6 14.1 3.7 (4.2) 2.5 (2.9) 1.7 (1.9) 1.5 (1.5)
Re-I-CTF- 42.5 11.8 4.2 (4.2) 2.1 (2.3) 1.4 (1.5) 1.5 (1.5)
1

¢ Experimental C/N molar ratio calculated from %C and %N. The values
in parentheses indicate the theoretical C/N molar ratio derived from the
theoretical formula of (Cs;H33N1206X3)- > The experimental loading of
imidazolium groups was calculated using (10 x %N)/(14 x 4). The
values in parentheses indicate the theoretical loading of imidazolium
groups.  The experimental loading of triazine rings was calculated
from %N and the equation of (10 x %N)/(14 x 6). The values in
parentheses indicate the theoretical loading of triazine groups.
4 Experimental imidazolium to triazine molar ratios in CTFs, which
are in good agreement with theoretical values (number in parentheses).

both CTF catalysts, thermogravimetric analyses (TGA) were
performed under a nitrogen atmosphere (Fig. 2e and f). Two
samples demonstrated a similar weight loss of approximately
2 to 8% occurring below 100 °C, which is attributed to the
desorption of water and solvents that were retained within
the structures of the organic network of the CTFs. Despite the
organic nature of the CTFs, the main weight loss of both CTFs
begins at 350 °C, confirming the high thermal stability of the
samples. These findings prove the formation of the organic
network from cyanuric chloride and imidazolium precursors.
The results of elemental analysis for both CTFs showed a good
relation between theoretical and experimental calculations
(Table 1). By considering the formula of (Cs;H;33N;,06X3), for
both CTFs, where X is chloride or iodide ions, a theoretical
carbon to nitrogen molar ratio (C/N) of 4.2 was estimated for
both CTFs. The experimental C/N molar ratio was found to be
4.1 and 3.7 for I-CTF-1 and CI-CTF, respectively. These data
confirm a good co-polymerization of the CTF precursors. From
the observed nitrogen content and using the equation of (10 x
%N)/(14 x 4), the loading of imidazolium groups was estimated
to be 2.3 and 2.9 mmol g~ for I-CTF-1 and CI-CTF, respectively,
in very close to those from theoretical calculations. The loading
of triazine groups was also estimated for both CTFs, which was
in good agreement with the theoretical calculations. More
importantly, both the theoretical and experimental molar ratio
of imidazolium to triazine rings was found to be 1.5 for I-CTF-1
and CI-CTF, a finding clearly confirming that the polymeriza-
tion process was complete. The loading of iodide ions of I-CTF-
1 was found to be 2.1 mmol g~' by Andrew’s titration, which
was in agreement with the CHN calculation.

The X-ray photoelectron spectroscopy (XPS) survey of I-CTF-1
established the presence of carbon, nitrogen, iodide, and
oxygen in the catalyst (Fig. 3a). The C 1s XPS spectrum was
fitted to three peaks at approximately 284.8 eV, 286.2, and
288.1 eV (Fig. 3b). The first peak corresponds to C—C and C-C
bonds. The middle peak can be assigned to C—=N bonds in both
the triazine and imidazolium units. The last peak is associated
with the C-O bond. The N 1s spectrum was also deconvoluted
into two peaks (Fig. 3c). The peak at a lower binding energy of
399.5 eV is attributed to the nitrogens of the triazine nodes,
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while the peak at a higher binding energy of 402 eV relates to
electron-deficient nitrogens in the imidazolium rings of the
linker. The peaks corresponding to iodide ions appeared as two
distinct peaks at 618.3 eV and 629.8 eV, with a doublet separa-
tion of 11.5 eV, which can be associated with I 3d;,, and I 3d3,,
respectively (Fig. 3d). Interestingly, the absence of peaks related
to chloride ions around 200 eV indicates that all chloride ions
were thoroughly replaced by iodide ions. Overall, these findings
support the successful polymerization of home-made imidazo-
lium groups with cyanuric chloride. The incorporation of bis-
phenyl imidazolium groups was also confirmed by cross-
polarization magic-angle-spinning >*C NMR (CP MAS “C-
NMR) spectroscopy (Fig. 3e). All aromatic carbons could be
observed with a similar pattern to its >*C NMR in the liquid
phase. The broad peak around 123.7 ppm can be assigned to
aromatic carbons of phenylene groups. The sharp peak cen-
tered at about 132.4 ppm is related to carbons of imidazolium
rings (NCHCH). The peak observed at 152.5 is correlated to the
carbons bonded to oxygen atoms. The carbon (N-Mx0043;=N")
of the imidazolium rings was observed at 158.4 ppm. Finally,
the highly deshielded carbon around 174.1 can be related to the
triazine rings of I-CTF-1. These results also clearly confirmed
that imidazolium and triazine rings are successfully incorpo-
rated into the network of I-CTF-1.
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After the characterization of both I-CTF-1 and CI-CTF, their
activity toward the cycloaddition of CO, to epoxide was
checked. We first focused on the I-CTF-1 catalyst. To do this,
the direct coupling of epichlorohydrin (ECH) as a model sub-
strate with carbon dioxide was investigated in a high-pressure
single reactor under solvent-free conditions. The conversion of
ECH was determined by gas chromatography (GC) analyses
with trimethylbenzene (TMB) as a typical internal standard
(Table 2). Under the conditions of 0.75 mol% I-CTF-1, with
10 bar of CO, at 70 °C, it was observed that only 52% of ECH
was able to convert into the corresponding ECH carbonate
within 5 h (Table 2, entry 1). The increase of catalyst loading
to 1 mol% leads to an improvement of the reaction yield to 84%
(Table 2, entry 2). The reaction yield was increased to 98% using
either 1 or 1.25 mol% I-CTF, under 10 bar CO, at 80 °C within
5 h (Table 2, entries 3 and 4). Therefore, 1 mol% I-CTF-1 was
selected for the next optimization tests. Our studies showed
that a decrease in reaction time to 3 hours, while keeping all
other conditions unchanged, resulted in a poor ECH conver-
sion of 52% (Table 2 entry 5). So, the best time was found to be
5 h. The effect of CO, pressure was then investigated. It was
found that under the lower pressures of 5 and 7.5 bar, respec-
tively, 73 and 75% ECH conversion was observed, while ECH
quantitatively transformed to the corresponding cyclic carbo-
nate under a higher pressure of 15 bar CO, (Table 2, entries 6-
8). Due to easy operation and safety issues, 10 bar CO, was

) xa0® ? s
B e Blig r22 selected as the best condition. Therefore, 1 mol% I-CTF, 10 bar
304 6] " ° : :
| CO,, 80 °C, and 5 h were established as the best reaction
2] 14] . . .
\W 1) e b conditions (Table 2, entry 3). Under these conditions, 1,3-bis-
201 ul . . . . . .
o W\“M'u' oy cas) £10 (4-phenol)imidazolium iodide (BHPII) in homogeneous form
&157 i ] . . . . . .
© hanar! {ﬂ\ ks N just resulted in 5% yield. This result carefully highlights the
S,
] Y o importance of the vicinity of imidazolium groups and triazine
5 T 1(4d) 4]
T T .‘WLN\
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d , P s Table 2 The possible coupling of CO, with epichlorohydrin catalyzed by
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- 7 I-CTF-1 (1) 5 80 7.5 75 75 15
8 I-CTF-1 (1) 5 80 15 99 99 20
9 BHPII (1) 5 80 10 5 5 1
” 10 Br-CTF (1) 5 80 10 74 74 15
11 CI-CTF (1) 5 80 10 35 35 7
. . 12°¢ CTF 5 80 10 3 — —

-100 [ppm]
Fig. 3 XPS spectrum of I-CTF-1: (a) survey, (b) C 1s, (c) N 1s, and (d) | 3d.

(e) *C CP-MAS NMR spectrum of |-CTF-1 (the peaks marked by red stars
are the spinning resonance of the aromatic rings).
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“ Reaction condltlons eplchlorohydrln (5 mmol) under the described
condltlons GC yield by using trimethylbenzene as the internal stan-
dard ~ TONs were determined by (mmol of product)/(mmol of halide).

4 Turnover frequency calculated by TON/time (h). ¢ 20 mg of catalyst
without imidazolium units denoted as CTF was used (see SI for details).
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in the solid network of I-CTF-1 for CO, conversion. It is well-
documented that the nature of the halide ion plays a critical
role in the mentioned CO, conversion. To further elucidate
this, we performed comparative reactions using CI-CTF and Br-
CTF (see SI for details). The catalytic activity followed the trend
I-CTF-1 > Br-CTF > CI-CTF, which correlates well with the
known nucleophilicity and leaving group tendencies of halide
ions under solvent-free conditions (Table 2, entries 10 and 11).
Notably, this trend is consistent with our recent reports, further
validating the structural design strategy employed for I-CTF-1.%?
To experimentally confirm the role of imidazolium groups with
iodide ions in catalytic activity, we synthesized a structurally
analogous covalent triazine framework lacking imidazolium
units, referred to as CTF. This control material exhibited a
significantly lower CO, adsorption capacity of 1.5 mmol g *
compared to CI-CTF (Fig. 2d) and a markedly reduced conversion
of ECH under identical reaction conditions (Table 2, entry 12).
These results strongly indicate that the presence of imidazolium
rings plays a crucial role in enhancing both the CO, adsorption
capacity and the catalytic performance.

In the second part of the catalysis studies, the potential of
I-CTF-1 for the synthesis of cyclic carbonates with different
epoxides has been explored (Table 3). Despite highly reactive
ECH, other epoxides needed a slightly longer reaction time to
obtain excellent conversion. The short-chain aliphatic epoxides
such as propylene or butylene oxide were nearly completely
converted to their corresponding cyclic carbonate in good
yields (Table 3, entries 1 and 2). Alkyl derivatives of glycidols
also underwent conversion to the related cyclic carbonates,
resulting in nearly quantitative yields (Table 3, entries 3-6).
Butyl glycidyl carbonate could be furnished from its epoxide in
excellent yield under the optimized reaction conditions
(Table 3, entry 3). Phenyl glycidyl carbonate, an effective
monomer for the synthesis of polycarbonates, serves as an
alternative to caprolactam for application as a suture thread
and can be selectively synthesized using the catalytic protocol
we have presented (Table 3, entry 4). It is noteworthy that
glycidyl ether derivatives, which possess functional groups that
are sensitive to oxidation or polymerization, such as allyl
glycidyl or glycidyl methacrylate ethers, were selectively trans-
formed into their cyclic carbonates without any indication of
side reactions (Table 3, entries 5 and 6). The presented catalyst
also exhibited excellent results toward styrene oxide, consid-
ered a relatively sluggish terminal epoxide, resulting in a 92%
yield under the described reaction conditions. Unlike the
previously discussed terminal epoxides, cyclohexene oxide,
classified as a less-reactive internal epoxide, yielded only 10%
conversion to the corresponding cyclohexene carbonate. This
was observed despite increasing the catalyst loading to 2 mol%
and raising the reaction temperature to 100 °C (see Table 3,
entry 8). In the next stage, regarding the higher stability of CI-
based catalysts under oxidizing conditions for long times, we
also checked the activity of the CI-CTF catalyst for the title CO,
cycloaddition reaction (Table S1). After checking various para-
meters, it was found that by using ECH as a model substrate,
3 mol% CI-CTF and 10 bar CO, at 100 °C are the best reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Substrate scope for the synthesis of 5-ring cyclic carbonates
catalyzed by I-CTF?

o}
i ~
I-CTF-1 o
R \/Q
CO, (10 bar) R\A/O
80 °C
Entry Epoxide Time (h) GC yield® (%) TON?

15 98 98

o]
/Q
2 \/& 24 97 97

0
3 P AN 08 98
0
o
4 ©/ \/A 24 97 97
O
5 o~ 24 98 98
o
0
6 O 24 98 98
o
7 (j/u 24 92 92
0]

24° >10 5

¢ Reaction conditions: epoxide (5 mmol), I-CTF-1 (24 mg, 1 mol%) and
CO, pressure (10 bar) at 80 °C unless otherwise stated. 2 mol% I-CTF-
1 at 100 °C. © GCyield by using trimethylbenzene as the internal standard.
4 TONs were determined by (mmol of product)/(mmol of iodide).

conditions (Table S1, entry 4). We also found that the already
studied epoxides were selectively coupled with CO, under the
described reaction conditions (Table S2).

We also investigated the possible recovery of I-CTF-1 during
the direct coupling of CO, with ECH under the described
reaction conditions in entry 3 of Table 2. After the first run,
the catalyst was collected from the reaction medium, washed
several times with hot ethanol and dichloromethane, and dried
under a vacuum overnight. The catalyst was used for another
run. We found that I-CTF-1 could be recycled for at least 4
reaction cycles without any remarkable decline in its activity or
selectivity (Table S3). As anticipated, the recovered catalyst
displayed an isotherm identical to that of the fresh catalyst,
given that I-CTF-1 itself lacked porosity (Fig. S8). Elemental
analysis confirmed that the composition of the catalyst did not
undergo any alteration, and the content of carbon and nitrogen
was found to be 42.5 and 11.8%, respectively (Table 1, entry 3).
Consistent with the findings from CHN analysis, TGA exhibited
a similar weight loss pattern for the recovered catalyst com-
pared to the fresh catalyst, suggesting that the catalyst’s com-
position remained stable throughout the catalytic processes
and did not decompose into its constituent monomers (Fig. S9).

Although our presented I-CTF-1 or CI-CTF exhibited a low
surface area, they showed excellent activity toward the cycload-
dition of CO, to epoxides under relatively mild reaction
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conditions. To provide perfect insights, their activity has been
compared with that of some similar supported imidazolium-
based catalysts in terms of catalyst textural properties and the
required reaction conditions. The activity of the presented
catalyst clearly parallels that of catalysts derived from meso-
porous organosilica materials, which include imidazolium
catalysts with iodide ions previously reported by our group
(Table S5). Our catalyst was also compared to recent catalysts
built by incorporating imidazolium groups into the CTF, COF,
and POP. It is inferred from these comparisons that the
presented catalyst exhibited similar activity to the selected
catalytic systems. Our catalytic system could be operated with
slightly higher loading amounts of catalyst but at much lower
temperatures, whereas most of the compared catalysts have
been optimized to use lower loading of catalyst at higher
temperatures. The high activity of the presented catalyst under
relatively mild reaction conditions was reflected in its organic
nature as well as its multi-functionality. The organic nature of
the catalyst allows the organic substrate to diffuse easily into
the network of the catalyst where halide ions as catalytic centers
are located. In light of the chemistry of CTFs embedded with
imidazolium functionalities, and considering recent experi-
mental and computational studies, we propose a plausible
reaction mechanism that underscores the synergistic inter-
action between the triazine core and imidazolium ring. Density
functional theory (DFT) calculations, in situ FTIR spectroscopy,
and experimental data collectively demonstrate that the triazine
ring behaves as a Lewis base, engaging with the electrophilic
carbon center in CO,.*****® This interaction promotes the
spatial localization of CO, near the imidazolium-rich domains
of the framework, enhancing adsorption efficiency. Moreover,
while the halide counter ions of imidazolium act as Lewis bases
and actively participate in epoxide ring-opening reactions, the
imidazolium moiety itself contributes to enhanced CO, adsorp-
tion through dipole-quadrupole interactions.®* The resulting
synergy between the closely packed imidazolium groups and
electron-rich triazine motifs within the organic framework not
only improves the mass transport of organic substrates and local
CO, enrichment but also facilitates efficient CO, activation. This
concerted mechanism significantly enhances the catalytic per-
formance of halide ions in the chemical fixation of CO, under
relatively mild reaction conditions. For illustrative clarity, the
proposed mechanism and interplay are schematically repre-
sented in Fig. S14.

Conclusion

In summary, the effect of the reaction media and the presence
of ionic surfactants on the textural properties of a series of
imidazolium-based covalent triazine frameworks with iodide
ions (I-CTF) at room temperature has been investigated. It was
found that in the absence of ionic surfactants, both aqueous
DMSO or acetone solution led to nonporous and high-density
imidazolium-triazine-based polymeric networks with an excel-
lent reaction yield. However, SDS or CTAB as an ionic surfactant
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could not improve the textural properties of the resulting CTFs.
However, the presented catalyst was found to be an active
catalyst for CO, cycloaddition of a variety of terminal epoxides
into their corresponding five-membered cyclic carbonates.
Despite the low surface area of the I-CTF catalyst, it was
comparable to previously reported imidazolium-based catalysts
with CTF families for the title reaction. The significant loading
of imidazolium groups alongside electron-rich triazine units
promotes the CO, adsorption capacity of the I-CTF catalyst.
These features demonstrate an enhancement in the catalytic
performance attributed to the co-supported iodide ions.
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