Open Access Article. Published on 12 February 2025. Downloaded on 3/14/2026 5:50:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC

Sustainability

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
1404

Received 22nd October 2024
Accepted 24th December 2024

DOI: 10.1039/d4su00661e

rsc.li/rscsus

Sustainability spotlight

Spaced functionalization of poly(ionic liquid)s for
boosting the catalytic conversion of CO, into cyclic
carbonatest

Qianmer&g Zhao,?® Shaifei Liu,® Wen Liu,”® Menggian Fu, & ¢ Zhenyang Xu,”
Qian Su® *® and Weiguo Cheng @ *®

Preparation of cyclic carbonates from CO, and epoxides via cycloaddition is a well-established synthetic
route, which is not only economical but also in line with the atomic economy. To overcome the
problem of the cluster formation of hydrogen-bond donors in functionalized poly(ionic liquid)s, which
reduces their catalytic activity, a series of spacer-functionalized poly(ionic liquid) catalysts were
developed.
performance of the active sites and the long-chain alkyl groups prevent interactions between hydrogen-
bond-donor groups, thus increasing the utilization of the active sites. Among the developed poly(ionic
liquid) catalysts, the poly(ionic liquid) P[AC;,VIM][Br] containing amino groups demonstrated the highest
catalytic activity (propylene oxide conversion up to 99%), which was comparable with that of bulky ILs.

In poly(ionic) liquids, the hydrogen-donating effect enhances the intrinsic catalytic

The best catalytic performance of P[AC;,VIM][Br] was attributed owing to its multiple functions in not
only activating CO, and epoxides but also stabilizing Br~. Furthermore, the amphiphilicity of amino-
functionalized poly(ionic liquid)s boosted their catalytic suitability for epoxide substrates with lipophilic
edge groups, which was better than that of conventional poly(ionic liquid)s. Through XPS and NMR
analyses, a mechanism of operation is proposed in which imidazole and hydrogen donor groups act co-
operatively in epoxy during the reaction to assist in ring-opening. Thus, this study provides a new
approach for improving the catalytic performance of poly(ionic liquid) catalysts from the viewpoint of an
intrinsic reaction and utilization of the active sites.

The conversion and utilization of carbon dioxide are very important. The preparation of cyclic carbonates from carbon dioxide is a very effective route for the

utilization of carbon dioxide. However, poly(ionic liquid)s, which are the current environmentally friendly catalysts used to catalyze this reaction, need to
improve their catalytic performance and reduce the energy consumption. In this regard, we improved the catalytic activity by introducing long alkyl chains in
functionalized poly(ionic liquid) catalysts. Furthermore, this work adheres to UN sustainable development goals SDG 9 (industry, innovation, and infra-
structure) and SDG 13 (climate action).

1 Introduction

epoxides considered a feasible and mature carbon utilization
method.>® Cyclic carbonates are used in battery electrolytes, polar

The increasing CO, emissions is seriously affecting our planet's
ecosystem.'™ Therefore, the capture and utilization of CO, have
become a worldwide research topic, with the preparation of cyclic
carbonates through the cycloaddition reaction of CO, and
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solvents, chemical intermediates, etc.” Many types of catalysts,
including metal complexes,® metal salts,” and ionic liquids (ILs),
have been developed for cycloaddition reactions.'® Among these,
ILs are considered promising catalysts owing to not only their
high catalytic performance but also their advantages of eco-
friendliness, high solubility, and customizable structure, which
provide a broad space for the application of ILs."

Previous studies have shown that ILs could achieve higher
catalytic activity by introducing functionalized hydrogen-
donating groups, enabling a high conversion of epoxides
under mild reaction conditions."> However, homogeneous ILs
are difficult and costly to separate, which limits their applica-
tion in industrial production.”® Thus, the dehomogenization of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ILs is essential for further promoting their industrial applica-
tion.™ ILs immobilized on a support can effectively simplify
their separation, but there is a possibility in the support causing
mass transfer hindrance, leading to a lowered activity compared
with that of bulky ILs.*

Poly(ionic liquid)s (PILs) offer the advantages of ILs in terms
of eco-friendliness and customizable structure and have higher
structural flexibility than immobilized ILs and higher stability
than IL monomers.'* Therefore, they could serve as a good
alternative to heterogeneous catalysts for cycloaddition reac-
tions. The early application of PILs as catalysts for cycloaddition
reactions was reported by Han et al.,"”” who developed PILs via
free radical polymerization, achieving a 97.4% yield of cyclic
carbonate at 110 °C, 6 MPa CO,, 0.6 mol% and 7 h. Thereafter,
many researchers have focused on PIL catalytic cycloaddition
reactions. However, conventional PILs typically face issues with
a low catalytic efficiency due to their simple structure and
functions.* To further improve the catalytic performance of
PILs, some researchers have tried to introduce functional
groups into the polymeric skeleton, obtaining functionalized
PIL catalysts.'® For instance, Yang et al.'® prepared PILs with
carboxyl functional groups for cycloaddition reactions, obtain-
ing increased yields from 76% to 97%. Shi et al.** synthesized
a series of hydroxyl- and carboxyl-functionalized PILs for
cycloaddition reactions, achieving a high yield of nearly 99%.
Studies have shown that functionalized groups can form
hydrogen bonds with epoxides, which then induces ring-
opening of the epoxide. In addition, functionalized groups
can form synergistic effects with Br~ in ILs, increasing the
catalytic activity of Br. Therefore, functionalized PILs generally
have better catalytic properties. However, functionalized groups
tend to form clusters among themselves, leading to the aggre-
gation of active sites. This aggregation of active sites is not
conducive to the full utilization of the active sites, so incorpo-
rating spacer groups was proposed as a means to improve the
utilization of the active sites.*® Thus, to improve the intrinsic
activity and promote the utilization of the active sites, an
important strategy is to introduce both functional groups and
spacer groups into polymeric skeleton.

In the present study, new kinds of PIL catalysts were con-
structed with long-chain alkyl groups introduced to the separa-
tion site. To explore the roles of the functional groups in PILs for
catalytic processes, three kinds of hydrophilic hydrogen-donating
groups (carboxyl, hydroxyl, and amino) were introduced into the
PIL skeleton. Consequently, a series of spaced functionalized PIL
catalysts, P[XC;,VIM][Br] (C,H,A), were developed for catalyzing
cycloaddition reactions. Analytical characterization and activity
evaluation of the catalysts were performed, allowing comparison
of the effects of different functional groups on the overall catalytic
performance of the PILs, and the best catalyst was thus obtained
and optimized. The preferred catalysts were then evaluated for
assessing their recyclability and substrate suitability. Finally, the
roles of different functional groups in the reaction process and
their relationship with the catalytic activity were revealed. This
study provides new ideas for the design and development of
heterogeneous PIL catalysts from the viewpoint of their intrinsic
activity and utilization of the active sites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 Materials

1-Vinylimidazole, 99%, Shanghai Aladdin Biochemical Tech-
nology Co.; divinylbenzene (DVB), 99%, Shanghai Aladdin
Biochemical Technology Co.; azobisisobutyronitrile (AIBN),
98%, Sinopharm Chemical Reagent Co.; 1-bromododecane,
99%, Shanghai Aladdin Biochemical Technology Co.; anhy-
drous ethanol, analytically pure, Beijing Chemical Factory;
propylene oxide (PO), 99%, Shanghai Aladdin Biochemical
Technology Co.; propylene carbonate (PC), 99%, Shanghai
Aladdin Biochemical Technology Co.; carbon dioxide, 99%,
Beijing Huatong Jingke Gas Chemical Co.; epichlorohydrin, AR,
Sinopharm Chemical Reagent Co.; chloropropenyl carbonate,
99%, Sinopharm Group Chemical Reagent Co.; styrene oxide,
98%, Shanghai McLean Biochemical Technology Co.; styrene
carbonate, 98%, Shanghai Macklin Biochemical Technology
Co.; cyclohexyl epoxide, 99%, Shanghai Macklin Biochemical
Technology Co.; cyclohexene carbonate, 98%, Shanghai Mack-
lin Biochemical Technology Co.; sodium hydroxide, AR,
Shanghai Aladdin Biochemical Technology Co.; cyclooctane
carbonate 99%, Shanghai Aladdin Biochemical Technology Co.;
octenyl carbonate, 99%, Sinopharm Chemical Reagent Co.; 2-
bromoethanol, 95%, Shanghai McLean Biochemical Tech-
nology Co.; 2-bromoacetic acid, 98%, Shanghai McLean
Biochemical Technology Co.; 2-bromoacetic acid, 98%,
Shanghai McLean Biochemical Technology Co.

2.2 Catalyst synthesis

2.2.1 Synthesis of brominated 1-dodecyl-3-vinylimidazole
([C12VIM][Br]). First, 0.94 g of 1-vinylimidazole (0.01 mol) and
2.50 g of 1-bromo-1-n-dodecane (0.01 mol, whereby 1-bromo-1-n-
dodecane was slightly overdosed) were weighed, and added into
a 25 mL single-necked flask and refluxed by condensation for
24 h at 70 °C. When the reaction was finished, the upper layer was
separated using a partition funnel. After that, acetonitrile was
added and the solution was stirred, and then the reaction solu-
tion was condensed and refluxed at 80 °C for 5 h. The reaction
solution was then placed in the refrigerator for 36 h for precipi-
tation of the product. The crude product was obtained by distil-
lation under reduced pressure, and washed with ethyl acetate
three times, and then finally dried in a vacuum oven at 50 °C for
36 h to give the [C;,VIM][Br] monomer.

2.2.2 Synthesis of 3-carboxyethyl-1-vinylimidazole bromide
([VCEIM][Br]). First, 1-vinylimidazole (0.94 g, 0.01 mol) and
methyl bromoacetate (1.37 g, 0.01 mol) were taken and dissolved
in 25 mL of acetonitrile. Then the reaction was carried out in
a constant temperature oil bath at 60 °C for 12 h. After the reaction
was completed, the reaction solution was washed with ethyl
acetate several times, and placed in the refrigerator for 36 h for
precipitation of the product. A white solid was obtained by pouring
out the upper layer of the liquid, and was placed in a vacuum
drying oven at 50 °C for 48 h to obtain the monomer [VCEIM][Br].

2.2.3 Synthesis of 3-hydroxyethyl-1-vinylimidazole bromide
([VHEIM][Br]). First, 1-vinylimidazole (0.94 g, 0.01 mol) and 2-
bromoethanol (1.12 g, 0.01 mol) were dissolved in 25 mL
anhydrous methanol. Then the reaction was carried out at 70 °C

RSC Sustainability, 2025, 3, 1404-1414 | 1405
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for 24 h. After completion of the reaction, the reaction solution
was washed three times with ethyl acetate, and placed in the
refrigerator for 36 h for precipitation of the product. The solid
product was filtered and dried in a vacuum oven at 50 °C for
48 h to obtain the monomer [VHEIM][Br].

2.2.4 Synthesis of 3-aminoethyl-1-vinylimidazole bromide
([VAEIM][Br]). First, 1-vinylimidazole (0.94 g, 0.01 mol) and 2-
bromoethylamine hydrobromide (1.84 g, 0.01 mol) were dis-
solved in 25 mL acetonitrile, and then the solution was stirred at
80 °C for 4 h. After the reaction was complete, it was left to stand
until a layered was obtained. Next, NaOH (0.40 g, 0.01 mol) was
added to the mixture for neutralization. After filtration, a liquid
crude product was left behind and was left to stand for 24 h
until the solution became layered. It was then separated using
a separatory funnel, and the lower solution was collected. The
waxy product obtained after extraction with acetonitrile is the
[VAEIM]|[Br] monomer.

2.2.5 Synthesis of P[XC;,VIM][Br]. To obtain a representa-
tive example of P[HC,,VIM][Br], [VHEIM][Br] (2.06 g, 0.01 mol),
[C1.VIM][Br] (3.43 g, 0.01 mol), divinylbenzene (DVB) (3.9 g, 0.03
mol) (keeping [VHEIM][Br]: [C;,VIM][Br]: DVB = 1:1:3), and
50 mL acetonitrile were added to a 100 mL three-neck flask with
condensation reflux, and stirred until completely dissolved.
Then, azobisisobutyronitrile (AIBN) (0.98 g, 0.3 mmol, 0.6%)
was added and stirred until it was completely dissolved. The air
was displaced by the Schlenk technique to obtain an N, envi-
ronment. The reaction solution was heated up to 75 °C to
initiate the reaction. After 24 h, the crude product was obtained
and was washed with water and ethanol repeatedly three times
using a mixture of ethanol and water in a 4 : 1 ratio. Afterwards,
the product was placed in a 50 °C vacuum drying oven for 48 h
to obtain the white-powdered P[HC,,VIM][Br]. Carboxy-
functionalized P[CC;,VIM][Br] and amino-functionalized P
[AC;,VIM][Br] were also synthesized by the same method.

2.3 Catalytic activity test

The synthesis of propylene carbonate was carried out in a 25 mL
microreactor equipped with pressure and temperature sensors.
First, 1.72 g propylene oxide (PO) and a certain amount of PIL
catalyst were added. After quickly sealing the reactor, the air inside
the reactor was replaced with CO, and then the reactor was heated
up. When the temperature of the reactor reached the target
temperature, the pressure was increased to the target value and
maintained until the end of the reaction. After the reaction was
completed, the reactor was cooled to room temperature. The
pressure valve was carefully screwed open to bleed off excess gas
from the reactor, and then the reactor was opened and the product
collected with a pipette and analyzed by gas chromatography.

2.4 Catalyst characterization

The thermal stability of the samples was analyzed using a DTG-
60H thermal analyzer (Shimadzu, Japan) in an N, atmosphere
with a temperature programming rate of 10 °C min . The surface
morphology of the samples was analyzed by scanning electron
microscopy (SEM, JSM6700 F, JEOL). The Fourier transform
infrared (FT-IR) spectra of the PILs were recorded using a Thermo
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Nicolet 380 instrument and KBr as a reference for characterizing
the specific groups in the samples. The elemental composition
(i.e., C/H/N) was analyzed on a Vario EL Cube elemental analyzer to
estimate the content of ILs in the PILs. An Agilent 7890 gas
chromatography (GS) system with an FID detector and HP-5
capillary column (30 m x 0.25 mm x 0.25 pm) was used to
determine the conversion and selectivity. The chemical environ-
ment of hydrogen on the samples was analyzed using a Bruker
AVANCE III 600 MHz spectrometer with DMSO as the deuterium
reagent and tetramethylsilane (TMS) as the internal standard. The
ion binding energy of the sample surface was determined by X-ray
photoelectron spectroscopy (XPS, ESCALAB250Xi). A physical
adsorption meter (ASAP 2020 HD88) was used to test the CO,
adsorption properties of the samples. The swelling properties were
measured by weighing the weight of the sample before and after
swelling, with propylene carbonate used as the solvent.

3 Results and discussion
3.1 Structural characterization of P[XC;,VIM][Br]

In order to determine the monomer structure, the synthesized
ILs were characterized by electrospray ionization (ESI) and
nuclear magnetic resonance (NMR). The ESI characterization
results are shown in Fig. 1, where three peaks could be observed
corresponding to the molecular weights of the three monomers:
[VHEIM][Br]-139; [VCEIM][Br]-153; [VAEIM][Br]-138. The 'H
NMR results of the monomer [VXEIM|[Br] are shown in Fig. 2,
and the peak position and integration area in the spectrum are
consistent with the results in the literature. The above findings
confirmed that the synthesized monomer [VXEIM][Br] was
consistent with the desired target structure.

To further determine the structural information of the
synthesized monomers and polymers, the materials were
analyzed by FT-IR, as shown in Fig. 3. The characteristic peak at
1550 cm ™" presented in all three spectra represented the vibra-
tional peak of the imidazole ring, while the peak at 1170 ecm ™" was
related to the stretching vibrations of the C-N bond on the
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Fig. 1 ESI spectra of [VXEIM][Br].
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Fig. 2 H NMR spectra of [VXEIM][Br].

imidazole attached to the alkyl chain, proving that the imidazole
group in the monomer remained after polymerization.”* The
characteristic peaks near 3000 cm ™" were the C-H and stretching
vibration peaks of C-H and H-C-H on the main chain, which
became larger in the FT-IR spectra of the PILs obtained after
polymerization, verifying the successful introduction of long alkyl
chains in the PILs. Another peak at 1650 cm ™" was attributed to
the characteristic peak of -C=C- while the peak at 970 cm™ " was
the vibrational peak of unsaturated C-H. These two peaks were
significantly reduced after polymerization with respect to the
vibrational peak of the imidazole ring (1550 cm '), indicating that
the successful polymerization of the monomer. For the amino-
functionalized P[AC;,VIM][Br] and the corresponding monomer
[VAEIM][Br], the FT-IR characterization results are shown in
Fig. 3(a). In the spectrum of [VAEIM][Br], the peaks at 3140 and
835 cm™ ' belonged to the stretching vibration peak and twisting
vibration peak of amino groups, respectively, which proved that
the amino functional group was successfully introduced, and the
above two amino characteristic peaks were retained in the FT-IR
spectrum of P[AC;,VIM][Br] after the polymerization.>® For the
hydroxyl-functionalized P[HC,,VIM][Br] and the corresponding
monomer [VHEIM]|[Br], the FT-IR characterization results are
shown in Fig. 3(b). It could be seen that new characteristic peaks
at 1080 and 881 cm ' appeared in the spectra, which were
attributed to the stretching and bending vibrational peaks of C-O,
respectively, which proved the successful incorporation of
hydroxyl functional groups.”**® The FT-IR spectra of the carboxyl-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functionalized P[CC;,VIM][Br] and the corresponding monomer
[VCEIM][Br] are shown in Fig. 3(c). The characteristic peak at
1760 cm ™" was due to the stretching vibration of C=0, which
proved the successful introduction of the carboxyl functional
group.”® The above results indicate that all the functionalized ILs
monomers were successfully synthesized and polymerized with
long alkyl chains to obtain the targeted PILs. In addition, solid-
state nuclear magnetic and elemental analyses were also con-
ducted on P[XC;,VIM][Br], with the results shown in Fig. S1 and
Table S1,T proving that the synthesized structure was consistent
with the desired target structure.

In order to investigate the thermal stability of the synthesized
PILs, thermogravimetric analysis (TGA) was next performed on
the synthesized P[XC;,VIM][Br]. The results are shown in Fig. 4.
From the TGA curves, it could be seen that the initial decompo-
sition temperature of all the PILs was around 230 °C, which was
the starting decomposition temperature of the imidazole group.
After that, another loss occurs at 330 °C, which was the complete
decomposition temperature of the imidazole group. The
decomposition continued when the temperature was raised to
around 400 °C, which was the decomposition temperature of the
benzene ring in the crosslinker DVB, which was fully decom-
posed by 450 °C. The TGA results prove that the synthesized PILs
had high thermal stability.>

Furthermore, the morphology, crystalline, and swelling
properties of P[XC,,VIM][Br] were also characterized, as shown
in Fig. S2-S4 and Table S2.} Both the SEM (Fig. S21) and XRD

RSC Sustainability, 2025, 3, 1404-1414 | 1407
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Fig. 4 TGA curves of P[XC1,VIM][Br].

(Fig. S37) characterizations showed that P[XC,,VIM][Br] had an
amorphous structure. The characterization results for the
contact angle (CA) between P[XC;,VIM][Br] and water are shown
in Fig S4,t indicating that the introduction of long alkyl chains
could effectively improve the lipophilicity of P[XC;,VIM][Br]. As
shown in Table S2,f the BET and swelling test results of P
[XC1,VIM][Br] indicated that only a small amount of large pores
was formed by accumulation of the three PILs. Among all the
prepared P[XC;,VIM][Br] compounds, P[AC;,VIM][Br]| contain-
ing amino groups demonstrated the highest swelling.

1408 | RSC Sustainability, 2025, 3, 1404-1414

To explore the CO, adsorption capacity of all the prepared P
[XC1,VIM][Br] catalysts, CO, adsorption tests were conducted,
as shown in Fig. 5. As can be seen from the curves, all the
functionalized PILs had a certain adsorption capacity for CO,,
with the amino-functionalized P[AC;,VIM][Br] showing
a slightly stronger CO, adsorption capacity than that of the
other two polymers (P[HC,,VIM]Br] and P[CC;,VIM][Br]),
which may be due to the stronger interaction between the
amino group and CO,.*” The higher CO, adsorption capacity
could facilitate the capture of CO, as a reactant molecule, thus
improving the catalytic efficiency.

In order to further explore the reason for the higher CO,
adsorption capacity of amino-functionalized P[AC,,VIM]|[Br], P
[AC,,VIM][Br] was mixed with CO, for a period of time, and FT-
IR characterization of the samples before and after mixing was
performed, and the results are shown in Fig. 6 (left). The results
showed that after mixing, the spectrum of P[AC,,VIM]Br]
showed a distinct new characteristic peak at around 1780 cm ™",
which was attributed to the stretching vibration of the ester
group -C=0. It can be seen in the partial enlargement in Fig. 6
(right) that the N-H torsional vibration peak was shifted from
831 cm™ ' to 849 cm ™', and the N-H stretching vibration peak
was shifted from 3440 cm™! to 3650 cm™*, and also that the
peak shape was obviously broadened. The above changes in the
two N-H peaks indicate that the hydrogen atoms on the amino
group formed hydrogen bonds with CO,. In addition, the N-C

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stretching vibrational peak of the amino group was observed
around 1050 cm ', with a significantly increased signal inten-
sity, indicating the increase in the connected functional groups.
Also, a new peak representing -OH emerged around 3000 cm™ .
The above evidence prove that the chemical environment of the
amino group was changed significantly, rather than just
a simple physical adsorption effect. It is presumed that the
amino group interacted with CO, to form the intermediate
carbamate and CO, was activated.?® This explains the better CO,
adsorption performance of P[AC;,VIM][Br] than the other two
samples. The higher CO, adsorption capacity, and the forma-
tion of carbamate intermediates are both favorable for the
adsorption and activation of CO, during the reaction process,
thus improving the catalytic activity.

3.2 Evaluation of the catalytic performance of P[XC;,VIM]
[Br]

The catalytic performances of the synthesized PILs (P[XC;,VIM]
[Br]) and the corresponding IL monomers ([VXEIM][Br]) were
evaluated using propylene oxide (PO) as a model substrate, and
the results are shown in Table 1. First, the IL monomers were
evaluated and compared. It could be seen that all three IL
monomers demonstrated high catalytic efficiency (>95%) and
selectivity (>99%) under the reaction conditions at 120 °C (Table

P[AC,,VIM][Br]+CO,

PIAC,,VIM|[Br]

Transmittance (%)

1 L L 1 1L 1
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Wavenumber (cm")
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Table 1 Cycloaddition of CO, with PO catalyzed by P[XC1,VIM][Br]
and [VXEIM][Br]

Entry® Catalyst Conv. (%) Sel. (%) TOF® (h™1)
1 [VHEIM][Br] 96 99 51
2? [VHEIM][Br] 42 99 22
3 [VCEIM][Br] 96 99 51
4° [VCEIM][Br] 40 99 21
5 [VAEIM][Br] 95 99 50
6° [VAEIM][Br] 62 99 32
7° [VIM][Br] 35 99 18
8 P[HC,,VIM][Br] 93 99 49
9 P[CC4,VIM][Br] 89 99 47
10 P[AC,VIM][Br] 96 99 51
11° P[AC,,VIM][Br] 99 99 26
12° [C1VIM][Br]*° 94 99 25
13° P[C1,VIM][Br]*° 65 99 13
144 2b '° 44 100 23

@ Reaction conditions: 1 h, 120 °C, 2.5 MPa, 2 mol%. ? Reaction
conditions: 1 h, 80 °C, 2.5 MPa, 2 mol%. ¢ Reaction conditions: 2 h,
120 °C, 2.5 MPa, 2 mol%. ¢ Reaction conditions: 2 h, 120 °C, 2.0 MPa,
1.0 mol%. ¢ Turnover frequency (TOF): molar amount of PO converted
per unit time per unit molar of catalyst.

1, entries 1, 3 and 5). To further compare the catalytic activity of
the three monomers, the temperature was lowered to 80 °C,
whereby the order of the three monomers’ activity was [VAEIM]
[Br] (62%, Table 1, entry 6) > [VHEIM][Br] (42%, Table 1, entry 2)
> [VCEIM][Br] (40%, Table 1, entry 4). This order may be due to
the fact that the amino group not only acted as a hydroxyl bond
donor to facilitate ring-opening of the epoxide, but also served
to capture CO,.”® The effect of the hydrogen donor group on the
catalytic performance of the ILs was analyzed. It was found that
the PO conversion of the three functionalized ILs [VXEIM][Br] at
1 h and 80 °C was much higher than that of the ILs [VIM][Br]
without the hydrogen donor group (35%, Table 1, entry 7).
Furthermore, the catalytic performance of [C;,VIM][Br] (Table
1, entry 12) was compared with that of [VXEIM][Br] containing
a hydrogen-bond donor at 120 °C, and the PO conversion of
[VXEIM][Br] containing a hydrogen-bond donor at 1 h (>95%)
was found to be higher than the PO conversion of [C;,VIM][Br]
in 2 h (94%). All the above phenomena proved that the

3

Kl

g 849 - 831
E : N-H

Z . :

S 460 3440 ==

= N-H C-N

——P[AC|VIM ] |Br|
——P[AC12VIM] [Br[+C0O,

JL 1

1000

3400 3200 3000

Wavenumber (¢m™)

Fig. 6 FT-IR spectra of P[AC,,VIM][Br] after and before interaction with CO,.
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Fig. 7 Recyclability of P[AC;,VIM][Br].

introduction of hydrogen donor groups could effectively
improve the catalytic performance of PILs. This is consistent
with the results in the previous literature.>

In addition, the differences in the catalytic activity of the
PILs were compared. Among the three functionalized PILs, the
catalytic activity of the amino-functionalized P[AC,,VIM][Br]
(96%, Table 1, entry 10) was found to be slightly higher than
that of the other two polymers, P[CC,,VIM][Br] (89%, Table 1,
entry 9) and P[HC,,VIM]|[Br] (93%, Table 1, entry 8), which was
in line with the order of the IL monomers' catalytic activity.
Through comparison of the functionalized PILs with conven-
tional PILs, it was found that the PO conversion increased from
that of conventional PILs, 65% (P[C,,VIM][Br], Table 1, entry
13), to that of functionalized PILs, 99% (P[AC,,VIM][Br], Table
1, entry 11), with a significant increase in the catalytic activity,
which was in agreement with the trend in the catalytic activity of
the IL monomers. This may be due to the fact that propylene
oxide is a weakly polar molecule, and the functionalized amino,
carboxyl, and hydroxyl groups are hydrophilic, so that the
hydrogen donor improves the affinity between the PILs and the
reactive substrate, promoting the utilization of the active sites,
and thus improving the catalytic activity of the PILs. It could
thus be concluded that the introduction of hydrogen donor
groups helped to improve the catalytic activity, both for the IL
monomers and PILs. Among all the functionalized PILs, the
amino-functionalized PILs showed the highest catalytic activity
among the three PIL catalysts synthesized, while the carboxyl-
functionalized PILs had the weakest catalytic activity. Further-
more, comparing the catalytic performance of conventional
hydrogen bond-functionalized PIL (TOF of 23 h™*, Table 1, entry
14) with that of the long chain alkyl-functionalized PIL
synthesized in this paper (TOF 49 h™', Table 1, entry 8), it was
found that long chain alkyl groups could substantially improve
the catalytic performance of PIL, indicating that the strategy of
isolating the hydrogen bond donors with long chain alkyl
groups is effective.

Finally, the catalytic activity of the synthesized functional-
ized PILs (Table 1, entries 8, 9 and 10) were compared with the
monomers (Table 1, entries 1, 3 and 5), whereby the polymer-
ized P[AC,,VIM][Br] achieved a 96% PO conversion with a TOF
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Fig. 8 FT-IR spectra of P[AC,,VIM][Br] before and after use.

of 51 h™" (Table 1, entry 10), which was comparable with the
amino-functionalized [VAEIM|[Br] showing 95% PO conversion
(Table 1, entry 5). Meanwhile, the other two PILs showed a slight
decrease in catalytic activity compared to the corresponding
monomers, whereby the PO conversion of the hydroxyl-
functionalized catalyst decreased from 96% ([VHEIM][Br],
Table 1, entry 1) to 93% (P[HC,,VIM][Br], Table 1, entry 8), and
that of the carboxyl-functionalized catalyst decreased from 96%
([VCEIM][Br], Table 1, entry 3) to 89% ([CC,,VIM][Br], Table 1,
entry 9), which may be attributed to the higher swelling prop-
erties of the amino-functionalized P[AC;,VIM][Br], leading to
the full utilization of the active sites (Table S17). Therefore, the
optimal catalyst was P[AC;,VIM][Br]. In addition, by extending

Table 2 Catalytic suitability for epoxides catalyzed by P[AC;,VIM][Br]

Entry” Epoxide Product Conv. (%) Sel. (%)
\/& i
1 c 9 99 99
ar™
A X,
2 o I 97 99
CeHo
o o
3 Ph” Qo 85 99
Ph)_/
A X,
4 CgH17 Qo 84 99
CgHy7

o

CIZ>=0 84 99
0,

(IO>=0 35 99
o

N
Qo 57 99
)_/

PH
O,
8¢ QO C[()):o 17 99

¢ Reaction condition: 2 h, 120 °C, 2.5 MPa, 2 mol% P[AC;,VIM][Br].
b Reaction condition: P[VIMO0.4][Br].**  Reaction condition: P[C,VIM]
[Br].*®

SR,

~
b

T

=y
WZO
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the reaction time to 2 h, the optimal catalyst P[AC;,VIM][Br]
exhibited a high catalytic activity with a PO conversion of 99%.

The optimized PIL catalyst P[AC;,VIM][Br]| was examined to
assess its recyclability. As the results show in Fig. 7, after
washed with ethyl acetate three times after the reaction and
dried for the next use, the catalyst maintained high catalytic
performance for five cycles.

The structural changes of the catalysts after recycling were
examined by FT-IR characterization and the results are shown
in Fig. 8. It could be seen that the main active site imidazole
groups (1160, 1550 cm ') and amino groups (835 cm™ ) in the
PIL catalysts were retained. In addition, the TG curves obtained
before and after use of P[AC,,VIM][Br] were compared, and were
basically consistent, as shown in Fig. S4.7 Indicating that the
optimized catalyst had good recyclability.

In order to investigate the substrate suitability of the opti-
mized PIL catalyst P[AC,,VIM][Br], the activity of PJAC;,VIM][Br]
was evaluated using different reaction substrates and the
results are shown in Table 2. The results showed that P
[AC,,VIM]|[Br] had good substrate suitability. Specifically, P
[AC;,VIM][Br] demonstrated high catalytic activity for epichlo-
rohydrin (Table 2, entry 1), and its catalytic performance was
significantly better than that of conventional PILs for reaction
substrates with lipophilic groups, such as oxidized styrene and
epoxycyclohexane. The conversion of epoxycyclohexane was
increased from less than 60% with conventional PILs (Table 2,
entries 6-8) to more than 80% with P[AC;,VIM]|[Br] (Table 2,
entries 3 and 5). For oxidized styrene, the conversion was

/A
7/

@ ‘ |
' 1
A s 1 !
IVCEIMIIBI| ‘ ) I
NI fise) ; !
] VEIMI I )
pm
; 1 1 1
| i\ I JIVEIM[Br}+PO ’J
1 1 |
|
) : I | 1 [VEIM][Br] ‘
] L T
: | 1 |
Y S Y | il
10.0 ” 25 2.0 1.5 1.0
ppm
7r
(©)

IVARIMI[Br|+ PO

206
IVAEIM|{Be

[VAIM]|Br]+PO

| | 1 1
? A :- ! [VAIM]|[Br]
i | ] [
! A ha PO
10.0 o 2.5 2.0 1.5 1.0
ppm
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increased from 57% with conventional PILs (Table 2, entry 7) to
85% with P[AC,,VIM][Br] (Table 2, entry 3). This may be due to
the fact that the amphiphilic groups in P[AC;,VIM][Br]| improve
the compatibility of the catalysts in the reaction substrate and
thus increase the catalytic activity. In addition, P[AC;,VIM|[Br]
also showed high catalytic activity for epoxides with long alkyl
chains. Among them, butyl and octyl groups have large steric
hindrance, which is not conducive to contact between the active
sites and the reactants, although the catalytic activity of P
[AC1,VIM][Br] still reached 97% (Table 2, entry 2) and 84%
(Table 2, entry 4), respectively, which also indicates that P
[AC;,VIM][Br] had better compatibility with the reaction
substrate.

3.3 In-depth study of the P[XC,,VIM][Br] structure-
performance relationship

A series of characterizations were conducted on the macro-
scopic and long-range structure of P[XC;,VIM][Br], as shown in
the ESIL,f which showed there were no significant differences
compared to conventional PILs. Therefore, in order to further
explore the reason for the improvement in the catalytic perfor-
mance of P[XC;,VIM|[Br] from the perspective of its molecular
structure, '"H NMR and XPS characterizations were carried out
to study the interactions between the intramolecular hydrogen-
donating groups and the imidazole groups, and their interac-
tions with the reaction substrate (PO). Since PILs are essentially
insoluble in solvents, the IL monomers were used to represent P

(b) |
Ve anap rpee !
" I
MW MY |
e o
e I. -
| : :
o "
\ [VCIM][Br]+PO J
. 1 1
| | C
P L (veIm)Br
: 1 1 1
[ W | PO
10.0 ” 2.5 2.0 1.5 1.0
(d) .
1
1
1
]
1
5T 530 84T AU = s 1
"
I | - | |
! ! i ! !
! ! [VHIM|[Br]+PO
\ 1 ]
l | : ] ! | IVHIMIBr] |
\ | 1 ]
! A [ | PO
10.0 " 25 2.0 1.5 1.0
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Fig. 9 H NMR spectra of PO with and without the ILs (a) [VEIMI[Br]; (b) [VCEIMIIBr]; (c) [VAEIMIIBY]; and (d) [VHEIMI[Br].
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Fig. 10 XPS spectra of P[XCy,VIMI[Br] (a) N 1s; (b) Br 3d.

[XC1,VIM][Br]. The four IL monomers, the reaction substrate
PO, and their mixtures were characterized by "H NMR and the
results are shown in Fig. 9. First, the interactions between the
hydrogen-donating groups and imidazole groups were
analyzed. The changes in the chemical environment after
introducing hydrogen-donating groups into the imidazole
group were compared (Fig. 9(a)). Here, the peaks between 9.25-
10.00 ppm represented C2-H on the imidazole. It was found
that the C2-H peaks of hydroxyl-functionalized [VHEIM][Br]
(9.70 ppm) and amino-functionalized [VAEIM][Br] (9.69 ppm)
changed less with the introduction of the hydrogen-donating
group compared to that of the non-functionalized [VEIM][Br]
(9.70 ppm), whereas the carboxyl-functionalized [VCEIM][Br]
(9.55 ppm) C2-H peak was shifted by 0.15 ppm to higher field,
which represents a decrease in the electron-withdrawing
capacity of C2-H on imidazole due to the introduction of the
carboxyl group, which is unfavorable for the reaction to take
place.

It could be seen that after the ILs were mixed with PO, the
peaks representing the C2-H on the imidazole and the four
hydrogens on PO were shifted by different degrees (around 0.1
ppm), suggesting that there was an interaction between the
imidazole group of the ILs and PO, which was likely due to the

Binding Energy (eV)

formation of hydrogen bonds between the C2-H in the imid-
azole and the oxygen in PO. This hydrogen bond may play a role
in inducing ring-opening in the reaction. Among the three
functioned ILs, upon mixing the carboxyl-functionalized
[VCEIM][Br] (Fig. 9(b)) with PO, shifts in the peaks represent-
ing the four hydrogens on PO (ca. 0.01 ppm) were noted, but
were all smaller than those seen with the other two function-
alized ILs (ca. 0.03 ppm, Fig. 9(c and d)), indicating that the
interaction of [VCEIM][Br]| with PO was weaker. Combined with
the findings above, it is speculated that there was a weaker
interaction between the carboxyl-functionalized [VCEIM][Br]
with PO due to the reduced electron-withdrawing capacity of the
C2-H on the imidazole group, which is in agreement with the
activity evaluation showing that the carboxyl-functionalized
[VCEIM][Br] had the weakest catalytic performance.

Finally, the interaction between the three hydrogen-donating
groups and PO were investigated (Fig. 9(b-d)), and it could be
seen that the peaks representing the hydrogen on the three
hydrogen-donating groups were shifted by varying degrees after
mixing with PO, wherein the peaks for [VAEIM][Br], [VCEIM]
[Br], [VHEIM][Br] were shifted by 0.005, 0.2, and 0.05 ppm,
respectively. Therefore, it is presumed that the three hydrogen-
donating groups can also form hydrogen bonds with the oxygen

(@ q‘*,? PG ‘g0 © ;} 2
( 2 @45, 3
a&f‘% i QeffJ ,);} _,WJ Ji
Y Jg’: Jg J)/)) 2 2 9
?) 7 9 ° 9 5
@ (e) 0 o

Fig. 11 Structures determined by DFT of (a) [AC1,VIMI[Br] + PO; (b) [CC1oVIMIBr] + PO; (c) [HC1,VIMIIBr] + PO; (d) [AC1,VIMIIB]; (e) [CCiLVIMI

[Brl; (f) [HC1oVIM][Br].
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in PO and assist the C2-H on the imidazole group to activate
PO, which explains the enhancement of the catalytic activity of
the ILs after the introduction of hydrogen-donating groups.

To further compare the effect of different hydroxyl-donating
groups on the imidazole group, the chemical states of two
elements, namely N and Br, in the synthesized functionalized
PIL catalysts P[XC;,VIM][Br] were characterized by XPS, and the
results are shown in Fig. 10. By fitting the plot of N 1s
(Fig. 10(a)), two peaks were generated with binding energies of
401.21-401.36 eV and 399.20-399.35 eV, which were attributed
to N on the imidazole ring and electron transfer due to strong
interactions with the surrounding charged ions, respectively.**
By fitting the Br 3d plot (Fig. 10(b)), peaks with binding energies
of 68.09-68.96 eV and 67.08-67.74 eV were obtained, which
were attributed to Br™ in the ILs. The binding energies of Br~ in
P[AC,,VIM][Br] was greater than that of the other two polymers,
increasing from 68.09 and 67.08 eV for P[HC;,VIM][Br] to 68.09
and 67.10 eV for P[CC,,VIM][Br] and 68.96 and 67.74 eV for P
[AC1,VIM][Br]. This increasing trend may be due to the fact that
the amino group plays a role in stabilizing Br~, leading to an
increase in the binding energy of Br~. The binding energy of N
in P[AC,,VIM][Br] is smaller than that of the other two polymers
(Fig. 10(a)), which suggests that the amino group contributes to
the reduction of the binding energy of Br~ to the imidazole
cation. (P[HC;,VIM][Br]: 401.29 eV and 399.20 eV; P[CC;,VIM]
[Br]: 401.36 eV and 399.35 eV; P[AC;,VIM][Br]: 401.21 eV and
399.20 eV, with an overall decrease of about 0.15).*®

In order to further verify the interaction between the active
sites and PO, DFT simulations were carried out on the structure
of the ILs before and after combining with PO, as shown in
Fig. 11. First, the bond lengths of PO after the interaction
between PO and the ILs were compared, and it was found that
the addition of ILs led to the elongation of the PO bond lengths
by about 0.02 ([CC;,VIM][Br] + PO (1.45 and 1.46 A) (Fig. 11(b));
[HC,VIM][Br] + PO (1.45 and 1.45 A) (Fig. 11(c)); [AC,,VIM][Br]
+ PO (1.45 and 1.45 A) (Fig. 11(a)); PO (1.43 and 1.44 A)), which
proved that there was an interaction between PO and the ILs.

Fig. 12 Proposed catalytic mechanism for the cycloaddition reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This is consistent with the results in the "H NMR character-
ization. The charge densities of Br~ in the three ILs were
simulated and the results showed the following trend:
([CC1.VIM][Br] (—0.618) (Fig. 11(e)) < [HC,,VIM][Br] (—0.644)
(Fig. 11(f)) < [AC1,VIM][Br] (—0.677) (Fig. 11(d))). Larger charge
densities favored the occurrence of interactions between Br~
and PO during the reaction, which was consistent with the
results from the activity evaluation. The bond length between
Br and the imidazole ring was also calculated and the result
showed the following trend: ([CC,,VIM][Br] (3.55 A) (Fig. 11(e)) <
[HC,,VIM][Br] (3.88 A) (Fig. 11(f)) = [AC,,VIM][Br] (3.88 A)
(Fig. 11(d))). The bond in [CC,,VIM][Br] was found to be shorter
than in the other two ILs, while the bond length difference
between [HC;,VIM][Br] and [AC;,VIM][Br] was not significant.
The longer bond facilitated freeing Br—, thus promoting the
reaction. This is consistent with the results showing that
[CC1,VIM][Br] had the worst activity in the evaluation.

Based on the '"H NMR characterization results and previous
studies,? and taking the best amino-functionalized P[AC,,VIM]
[Br] as an example, a possible catalytic mechanism is proposed,
as shown in Fig. 12. First, the C2-H of the imidazole on the
cation of the PILs interacts with the O in the epoxide to form
a hydrogen bond, while the amino group also forms a hydrogen
bond with the O, thus synergistically activating the epoxide. At
the same time Br~ is freed from the PILs and nucleophilically
attacks the less hindered C in the epoxide, leading to ring-
opening of the epoxide, during which the amino group also
plays a role in stabilizing Br . The carbamate intermediate
formed by amino-activated CO, is inserted into the alkyl
carbonate anion formed by the ring-opening, while the amino
group is regenerated. Finally, the alkyl carbonate anion
undergoes intramolecular cyclization to form a cyclic carbonate
while the catalyst is regenerated.

4 Conclusion

A series of space-functionalized PIL catalysts with both hydro-
philic hydrogen-donating groups (carboxyl, hydroxyl, and
amino) and long-chain alkyl groups was successfully synthe-
sized in this study and used to catalyze cycloaddition reactions.
It was found that the introduction of hydrogen donor groups
could enhance the intrinsic catalytic performance of the active
sites, and the introduction of separating groups could effec-
tively improve the utilization of hydrogen-donating groups.
Among the synthesized PIL catalysts, the amino-functionalized
PIL catalyst P[AC;,VIM]Br] exhibited the highest catalytic
performance, which was comparable with that of bulky ILs. This
could be mainly attributed to the multiple roles of the amino
group in stabilizing the bromide ion and activating CO, while
acting as a hydrogen donor for the ring-opening process. In
addition, the catalyst demonstrated good recyclability and
better substrate suitability for epoxide substrates with lipophilic
edge groups than conventional PIL catalysts. Finally, a possible
mechanism for the cycloaddition reaction was proposed. This
study provides new ideas for the design of PIL catalysts from the
viewpoint of the intrinsic reaction and utilization of the active
sites.
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