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The development of metal-free, high effective and recyclable catalysts plays a pivotal role in transforming
CO, into high value-added products such as cyclic carbonates. In this paper, we introduced the hydrogen
bond donor (HBD) groups into poly(ionic liquid)s via free radical polymerization, which successfully
combined the HBD and ionic liquids (ILs) into one heterogeneous catalyst. The HBD could synergistically
activate epoxides with hydroxyl functionalized ionic liquids and efficiently catalyze the cycloaddition
of CO, into cyclic carbonates. The yield of propylene carbonate (PC) reached 94% (at 105 °C, 2 MPa CO,,
3 h), which far exceeded poly(ionic liquid)s without HBDs functionalization (PC yield 72%), and even
approached bulk ionic liquids (PC yield 95%). Moreover, HBD-functionalized poly(ionic liquid)s (HPILs)
exhibited excellent recyclability after five runs and afforded wide substrate scope. According to the
experimental results, 'H NMR spectra and density functional theory (DFT) calculations showed
2-hydroxyethyl methacrylate (HEMA) and the hydroxyl of ILs would form strong H-bonds with epoxides
contributing to the ring-opening process of epoxides, and a possible HBD and nucleophilic anion
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synergistically catalytic mechanism was proposed. The method herein paved a brand new way for green

rsc.li/pccp technology and utilization of poly(ionic liquid)s.

sufficiently. Introducing an efficient catalyst, which could active
CO, and epoxides, is mandatory to facilitate the cycloaddition
reaction.

Hitherto, many catalysts have been developed for the cycload-
dition reaction, such as ammonium salts,”® phosphonium
salts,'® alkali metal salts,""'* and organic catalysts.”>"” These
homogeneous catalysts with higher activity are complicatedly
separated from the reaction system. However, the heterogeneous
catalysts, including transition metal complexes,"®'® metal-
organic framework (MOFs),*® covalent organic frameworks,”"*

Introduction

Carbon dioxide, the dominant culprit of greenhouse effect and
climate change, is a type of abundant and renewable C1 feed-
stock for the synthesis of high value-added chemicals as well."™®
Therefore, it is extremely urgent to find effective and rational
approaches to capture and chemically immobilize the abundant
CO,. Typically, the fixation of CO, into epoxides implements the
recyclable and valuable utilization, conforming to the atom
economy and green chemistry’ (Scheme 1). In addition, the

products, cyclic carbonates, are important commercial products
for synthesizing durable polycarbonates, polar solvents, and
green electrolytes for batteries.”** However, the thermodynamic
stability and kinetic inertia of CO,, which has a specific linear
molecular structure, prevents this reaction from occurring
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are easily separated from the products, but disadvantaged by the
limitation of interphase mass transition. Therefore, the develop-
ment of catalysts with high-activity and easy separation becomes
the focal point in recent researches.

Ionic liquids (ILs) showed excellent chemical-physical properties,
such as low vapor pressure, low flammability, and electrochemical
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Scheme 1 CO, cycloaddition reaction.
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stability. For example, the acyclic and cyclic alkyl and ether-
functionalized sulfonium ILs, with low melting pint, low
viscosity and good conductivity, could be used as potential
electrolytes for electrochemical applications.>®> Furthermore,
some ILs could be applied as catalysts.>»>*> Although the ILs
with halogen ion exhibited excellent catalytic performance in
the cycloaddition reaction,”®>° they were usually too complicated
to separate from these products. Nonetheless, the supported ILs
showed their advantages of superior stability and reusability but
hindered by relatively low reactivity and easy depletion of active
sites in the supports.>***" Moreover, poly(ionic liquid)s (PILs) are
usually built up by IL units, which contain the properties derived
from the ILs and polymers such as flexibility, high thermal
stability and easy preparation.*>* Typically, the structures and
properties of PILs can flexibly be regulated by changing the
constituents or pendants, which are suitable for the
catalysis.*>***” Therefore, the PILs could be used as a type of
efficient catalysts for the cycloaddition reaction. Owing to the high
specific surface area and efficient active sites, the PILs are
promising candidates for CO, capture and chemical
conversion.’®** Han et al** first synthesized the cross-linked
polymer with supported ionic liquids by radical polymerization,
which performed efficient activity in the CO, cycloaddition reac-
tion. According to the previous research, the Brensted acid
sites**® and Lewis basic sites'” can activate and accelerate the
ring-opening process of epoxides, which facilitate the smooth
conduction of the cycloaddition reaction.

Therefore, designing PILs that contain high-density nucleophile
electrophile sites is a rational approach to attain high catalytic
activity.*® Wang et al.*” developed a type of amino acid anion
paired mesoporous PILs, which effectively catalyze the CO,
conversion without co-catalysts and metal-/halide-free in an
ambient condition. Xie et al.*® synthesized a series of sponge-
like hypercrosslinked imidazolium-based mesoporous PILs
(PVIm-6-SCD) that could simultaneously facilitate CO, capture
and conversion. Next, Li et al.*® synthesized a series of hetero-
geneous PILs catalysts via thiol-ene click reaction under ultra-
violet light. The thiourea acted as an electrophilic center and
ammonium bromide as nucleophilic sites in the PILs could
synergistically catalyze CO, conversion. The two hydrogen
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Scheme 2 The synthesis of HPILs.
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atoms of thiourea in the PILs could activate the epoxides by
forming strong hydrogen bonds (H-bonds).

Nevertheless, these PILs generally exhibited lower reactivity
than bulk ionic liquids, thus increasing the consumption of
ionic liquids. Chen et al*® synthesized the crystalline viologen-
based porous PILs via the Menshutkin reaction. They summarized
that the synergistic effect of the enriched Br~ anion and available
H-bonds coming from intrinsic water molecules leads to the
remarkable catalytic performance. However, our group has
previously reported that the synergistic effect of H-bonds with
the halogen anion could activate the oxygen of C-O, resulting in
the ring-opening of epoxides.**>"

Furthermore, extra HBDs could form H-bonds with the
epoxides except for the hydroxyl-functionalized ILs. Han
et al>® found that the hydroxyl of diols and cellulose could
form H-bonds with PO to activate the epoxide and accelerate
the reaction. Sun et al.>® studied and simulated the ethylene
glycol (EG)/HEBimBr binary catalysts in the CO, cycloaddition
reaction, where EG as HBDs could form H bonds with epoxides.
Our preliminary research found that adding a little amount of
H,0 or alcohol in this reaction system could enhance the
conversion of epoxides.*>*">* However, these HBDs usually
acted as co-catalysts to form a homogeneous binary system or
as additional agents. It needed additional purifying process to
obtain the pure cyclic carbonates products.

Herein, we prepared a series of HBD-functionalized
poly(ionic liquid)s (HPILs) that were synthesized through the
free radical polymerization of hydroxyl-functionalized ILs
monomers, HBDs monomers and cross-linkers as shown in
Scheme 2. Through 'H NMR, FT-IR, and element analysis, the
structure of the HPILs was confirmed. All of the prepared HPILs
acting as recyclable heterogeneous catalysts were evaluated for
cycloaddition reaction in solvent-free and additive-free conditions.
Interestingly, the HPILs exhibited remarkable catalytic perfor-
mance than those without HBD-functionalized PILs under the
same reaction conditions. High stability and excellent recyclability
were tested under optimum conditions. To confirm the superior
catalytic performance, various analogue HPILs were prepared and
catalytically evaluated. By characterization analysis and DFT
simulation calculations, a possible hydrogen bond donor and
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nucleophilic anion synergistic catalytic mechanism was proposed.
This work may provide a novel strategy for synthesizing HBD-
functionalized poly(ionic liquid)s and improving the reactivity of
poly(ionic liquid)s.

Experimental
Materials

All the chemical materials were purchased directly without any
other treatment. 1-Vinylimidazole (99%, Macklin), 2-bromoethanol
(95%, Aladdin), 3-bromo-1-propanol (97%, Macklin), bromoacetic
acid (AR, 98% (GC), Aladdin), 3-bromopropionic acid (98%,
Aladdin),

2,2-Azobls(2-methylproplonirle) (AIBN, 99%, recrystallized,
Aladdin), 2-hydroxyethyl methacrylate (HEMA, 96%, Rhawn), tri-
methylolpropane triacrylate (TMPTA, 95%, Rhawn), anhydrous
methanol, anhydrous ethanol, ethyl acetate (Tianjin Zhiyuan),
and acetonitrile (Xilong Scientific).

Synthesis of ionic liquids monomers

3-Hydroxyethyl-1-vinylimidazolium bromide (VHEImBr). 1-
Vinylimidazole (9.411 g, 0.1 mol) and 2-bromoethanol (11.247 g,
0.09 mol) were dissolved in 50 mL methanol in a three-neck
flask, and then the Schlenk line was used to replace the air
with N,, keeping the reaction in an inert condition. Next the
system was kept in 70 °C oil bath for 24 h. The crude product
was washed with ethyl acetate three times, and kept in the
refrigerator overnight, then filtered and dried in the vacuum
at 50 °C for 12 h. The 'H NMR spectrum is shown in Fig. S1
(ESTH).

3-Hydroxypropyl-1-vinylimidazolium bromide (VHPImBI)
was synthesized in the same method. The "H NMR spectrum
is shown in Fig. S2 (ESIt).

3-Carboxymethyl-1-vinylimidazolium bromide (VCMImBr).
The synthesis process of VCMImBr was similar to the above.
1-Vinylimidazole (9.411 g, 0.1 mol) and 2-bromoethanol (11.247 g,
0.09 mol) were dissolved in 50 mL acetonitrile in a three-neck
flask, and then the Schlenk line was used to replace the air with
N, and maintain the reaction in an inert condition. Next, the
system was observed in 60 °C oil bath for 12 hours. The crude
product was washed with ethyl acetate three times. For further
purification, the product was dissolved in methanol and precipi-
tated out from ethyl acetate, then filtered and dried in the vacuum
at 50 °C for 12 h. The "H NMR spectrum is shown in Fig. S3 (ESIY).

Similarly, 3-carboxyethyl-1-vinylimidazolium bromide (VCEImBr)
was prepared in the same way. The "H NMR spectrum is shown in
Fig. S4 (ESI}).

Synthesis of poly(ionic liquid)s

The poly(ionic liquid)s were synthesized through free radical
polymerization of ILs monomer and HEMA at different molar
ratios using TMPTA as the cross-linker and AIBN as the
initiator. s-PIL-1, HPIL-1, HPIL-2, HPIL-3 and HPIL-4 were
synthesized based on VCEImBr. The molar ratio of
n(VCEImBr) : n(TMPTA) in s-PIL-1 was 6: 1, and the molar ratios
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of n(VCEImBT): n(TMPTA) : n(HMEA) in HPIL-1, HPIL-2, HPIL-3
and HPIL-4 were 6:1:3, 6:1:6,6:1:9 and 6:1: 12, respectively.

Similarly, s-PIL-2, HPIL-5, HPIL-6, HPIL-7, HPIL-8, HPIL-9
and HPIL-10 were synthesized based on VHPImBr. The molar
ratio of n(VHPImBr): n(TMPTA) in s-PIL-2 was 6:1. Moreover,
the molar ratios of n(VHPImBr): n(TMPTA): n(HEMA) in HPILs
were 6:1:3,6:1:6,6:1:9,6:1:12,6:0.5:9 and 6:2:9, respec-
tively. The detail molar ratio of the feed materials could be seen
in the ESLT (Table S1). s-PILs could not be dissolved in any
conventional solvents. Because HPILs had a poor solubility in
conventional solvents, the molecular weight of these PILs could
not be accurately tested.

Typically, the molar ratio of n(VCEImBr):n(TMPTA):
n(HMEA) was 6:1:6 in HPIL-2. VCEImBr (1.5 g), TMPTA
(0.3 g), HEMA (0.79 g), and AIBN (50 mg) were dissolved in
30 mL methanol, and then the Schlenk line was used to replace
the air with N,. Subsequently, the mixture solution was stirred
at 70 °C for 24 h. Then, the product was precipitated from
ethanol, washed and dried in the vacuum at 50 °C for 12 h.

Likewise, the other PILs were synthesized in the same way
only changing the ratio of ILs, TMPTA and HEMA. The detailed
polymerization process will be discussed in the ESL{ The
"H NMR spectra of HPILs are shown in Fig. S5 and S6 (ESIf).

CO,, cycloaddition with epoxides

The cycloaddition of CO, with epoxides was carried out in a
high-pressure reactor (15 mL) equipped with a temperature
detector. Typically, propylene oxide (PO) (0.83 g, 14.3 mmol)
and VHPImBr (50 mg, 1.5 mol% of PO) were stirred at the
desired temperature, pressure, and time. After the reaction was
completed, the reactor was cooled to room temperature in ice
water, and then the product was isolated from the mixtures by
centrifugation. The internal standard n-dodecane (0.5 g) was
added to the liquid phase. Finally, the selectivity and yield were
analyzed by a gas chromatograph (Agilent 7890B) equipped
with a flame ionization detector (FID) and a capillary column
(HP-5, 30 m x 0.25 mm X 0.25 pm). As for other epoxides, the
cycloaddition reactions were conducted in a similar method.

Reusability of the catalysts

Recycling performance of these catalysts in the CO, cycloaddition
of epoxides was evaluated in a five-run test. After each run, the
catalyst was separated by centrifugation and washed with anhy-
drous ethanol, dried in vacuum, and then charged into the
next run.

Characterization

'H nuclear magnetic resonance (NMR) spectra were recorded by
a Bruker AVANCE III 600 MHz spectrometer in deuterated water
(D,0) and CDCl; using tetramethylsilane (TMS) as an internal
standard. Element Analysis (EA) was measured on a Vario EL
Cube elemental analyzer. Fourier transform infrared (FT-IR)
spectra were detected on Thermo Nicolet 380 with anhydrous
KBr as a standard. Scanning electron microscopy (SEM) images
were acquired with JEM6700E, JEOL. Thermal gravimetric
analysis (TGA) experiments were carried out on a DTG-60H
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thermal analyzer (Shimadzu, Japan) under atmosphere, and
the heating process was set as 10 °C min~* in the range of
25-500 °C. Mettler-Toledo differential scanning calorimeter
(DSC) instrument was used to estimate the glass transition
temperatures of all PILs and set a heating rate of 10 °C min ™"
with N, purging (50 mL min~'); the result was obtained from
the second heating process. X-ray photoelectron spectroscopy
(XPS) was performed on an X-ray photoelectron spectroscope
(ESCALAB250Xi). The conversion and selectivity of propene
oxide were analyzed via GC system (Agilent 7890B) using an
FID detector. The density functional theory (DFT) calculations
were carried out using the Gaussian 09 program.

DFT simulation calculations

The density functional theory (DFT) calculations were carried
out using the Gaussian 09 program.®® The systems of VHPImBr
with PO, VHPImBr and HMEA with PO were calculated under
the same conditions. The geometric optimization of the
selected chemical structures was achieved under the B3LYP"®
hybrid functional and the 6-31G(d,p)°” ! basis set. The single
point energy of the optimized structure was obtained at the
level of M06-2X® and 6-311++G(d,p).>*"®" To simply and fully
understand the role of HEMA in the HPILs, we selected the
VHPImBr with/without HEMA monomers and PO molecule as
the calculation models.**

Results and discussion
Characterization

The ILs and PILs were synthesized by steps described in the
Experimental section and their corresponding structures are
demonstrated in Scheme 3. s-PILs were synthesized through
free radical polymerization of ILs and TMPTA. Similarly, the
HPILs, with ILs as active centres, HEMA as HBDs, and TMPTA
as a cross-linker, were obtained by the same approach.

The structural integrity and chemical composition of the
catalysts were confirmed by 'H NMR, FT-IR, and XPS. '"H NMR
showed that the PILs were successfully prepared with the
disappearance of the H atom in the C—C double bond, and
each component of the HPILs could be found in the "H NMR
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Scheme 3 Structures of the synthesized ionic liquids, s-PlLs and HPILs.
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Fig. 1 The FT-IR spectra of (a) VHPImBEr, (b) s-PIL-2 and (c) HPIL-7.

spectra (see Fig. S5 and S6, ESIT). In addition, the VHPImBr
characteristic peaks (6 = 9.2 ppm and 6 = 7.7 ppm) could be
found in Fig. S5 (ESIt). The characteristic peaks of § = 4.2 ppm
and ¢ = 3.9 ppm belonged to HEMA. Similarly, the characteristic
peaks of VCEImBr and HMEA could be found in Fig. S6 (ESIt). In
addition, the ILs characteristic peaks decreased with the HEMA
content increasing while the HEMA'’s peaks increased. The peaks
of TMPTA was overlapped with them. The element analysis (EA)
(see Table S2, ESIt) shows that the N content, which was only
contained in ILs monomers indicated the ILs content in the
PILs. So, the PILs catalysts dosage in catalytic performance
evaluation was based on the EA results.

(a) N 1s

VHPImBr

Intensity (a.u.)

T T T T T T T T
405 404 403 402 401 400 399 398 397 39 395
Binding Energy (eV)

(b) 3d 5/2 Br3d
N\ v 674
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3d 5/2

3d 3/2 -~ 67.5
68.4~

Intensity (a.u.)

HPIL-7

T T T
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Fig. 2 XPS spectra of N 1s and Br 3d for VHPImBr and HPIL-7.
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The FT-IR spectra of the IL monomer, s-PILs, and HPILs are
demonstrated in Fig. 1 and Fig. S7 (ESI}). The PILs displayed a
typical broad peak corresponding to -OH group stretching
vibration at around 3720-3030 cm ™ '. The peaks at 1560 cm !
and 1074 cm~ ' were assigned to the stretching vibration of
imidazole.*>®® Moreover, the strong peak at 1720 cm ' was
related to the stretching vibration of C=0,°* which only existed
in HEMA and TMPTA. The peak around 2930 cm ' was
assigned to the stretch vibration of ~-CH,- in the PILs’ carbon
chain skeleton.

The characterization of XPS spectra revealed that, in the N 1s
XPS spectrum of VHPImBr, the two peaks derived from the
imidazolium group were at binding energies (BEs) of 399.5 eV
and 401.3 eV, which shifted to 399.1 eV and 401.4 eV, respec-
tively, for HPIL-7 (Fig. 2a). The binding energy of Br 3d was
67.4 eV and 68.5 eV for VHPImBr, 67.5 eV and 68.4 eV for
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HPIL-7, respectively (Fig. 2b). It displayed no significant change
of the Br chemical state, indicating the Br~ anion holding
similar ability to combine with epoxide groups. The polymer-
ization process did not affect the ability of HPIL-7 and
VHPImBr combining with the epoxide groups. Consequently,
it could be deduced that HPIL-7 had a similar combination
ability with the bulk ILs (VHPImBr).

To test the stability of PILs under reaction temperature, all
catalysts were investigated by thermo-gravimetric analysis
(TGA). As shown in Fig. S8 and S9 (ESIY), the TGA results
demonstrated all PILs started to decompose above 200 °C,
which was much higher than the reaction temperature. Moreover,
the weight loss of the catalysts at about 200 °C was ascribed to
the degradation of HPILs. Obviously, the introduction of HEMA
had little effect on the thermal stability of PILs (Fig. S8 and S9,
ESIT). All PILs showed excellent thermal stability, and DSC was

G TN

Fig. 3 SEM images of (a and b) s-PIL-2, (c and d) HPIL-7, and (e and f) used HPIL-7.
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used to test the glass transition phase of VHPImBr and HPIL-7.
The structure had a distinct change after the VHPImBr poly-
merized with HEMA (Fig. S10 and S11, ESI¥).

Besides, the morphology and element distribution of s-PIL-2
and HPIL-7 were characterized by SEM. The SEM images
(Fig. 3a-d) showed that the PILs possessed a rough surface,
which induced the higher surface area of HPIL-7 and facilitated
the catalytic performance. Compared with s-PIL-2, HPIL-7
showed a more irregular surface with many small humps and
displayed a complex layer structure with ditches and cracks
(c and d). These structures could expose as much as possible
accessible active sites during the reaction process. The corres-
ponding element mapping images showed that C, O, N, and Br
were homogeneously distributed in HPIL-7 (see Fig. S12, ESIt).

Catalytic ability

Taking PO, for example, we first chose four hydroxyl/carboxyl-
functionalized imidazolium ionic liquids to investigate the
catalytic activity. The conversion and selectivity of PO were
detected by GC system under certain identical reaction condi-
tions. The loading of PILs was according to the results of
element analysis whose ionic liquids content was equal to the
bulk ionic liquids. All results were summarized in Table 1, due
to the synergistic effect of hydroxyl and the Br™ anion,*’ the ILs
(entry 1 to entry 4) showed good PC selectivity (>99%) and
yield in the cycloaddition reaction.

Comparing entry 1 with 2 (or entry 3 with 4), the reactivity of
ILs monomers was related to the carbon chain length attached
to the hydroxyl (or carboxyl), the PC yield reached 95% for
VHPImBr which was higher than VHEImBr, and hydroxyl-
functionalized ILs were better than carboxylated ILs. Therefore,
VHPImBr and VCEImBr were selected as model ILs monomers
to prepare self-polymerized PILs (s-PILs) and HPILs through
free radical polymerization. s-PIL-1, HPIL-1, HPIL-2, HPIL-3

Table 1 CO, cycloaddition with propylene oxide®

Entry Catalysts Sel.? (%) Yield® (%)
1 VHEImBr 100 92
2 VHPImBr 100 95
3 VCMImBr 100 36
4 VCEImBr 100 86
5 s-PIL-1 >99 60
6 s-PIL-2 >99 72
7 HPIL-1 >99 84
8 HPIL-2 >99 87
9 HPIL-3 >99 90
10 HPIL-4 >99 94
11 HPIL-5 >99 91
12 HPIL-6 >99 93
13 HPIL-7 >99 94
14 HPIL-8 >99 95
15 HPIL-9 >99 92
16 HPIL-10 >99 90
17¢ HPIL-7 >99 99
187 HPIL-7 >99 97

Reaction conditions: “ PO (0.83 g, 14.3 mmol), catalysts (1.5 mol% of
PO, the dosage was according to the EA analysis, see in ESI), 105 °C, 2
MPa CO,, 3 h.? Based on GC analysis. © Temperature = 120 °C, 1.5
MPa, ¢ = 3 h. ¢ The catalyst were used for 5 times.
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and HPIL-4 were synthesized based on VCEImBr, and s-PIL-2,
HPIL-5, HPIL-6, HPIL-7, HPIL-8, HPIL-9 and HPIL-10 were
synthesized based on VHPImBr. The detailed synthesis methods
could be seen in the ESL ¥

In Table 1, entries 5 and 6 showed s-PIL-1 and s-PIL-2
exhibited good PC selectivity (>99%), but the PC yields were
only 60% and 72% at 105 °C, CO, 2 MPa, 3 h, respectively.
Moreover, HBD-functionalized HPILs exhibited a better catalytic
activity than the s-PILs without HBDs (Table 1, entry 5-16). From
entries 11-14 and 7-10, we could see that the HPILs based on
VHPImBr exhibited better catalytic performance than those
based on VCEImBr. Although HPIL-8 showed the best catalytic
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Fig. 4 The effects of different reaction conditions to PC yield. Reaction
conditions: PO (0.83 g, 14.3 mmol), HPIL-7 (180 mg, 1.5 mol%, based on
the EA results), (a) 2 MPa CO,, 3 h. (b) 110 °C, 1.5 MPa (c) 110 °C, 3 h.
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activity, it required a higher dosage than others. Therefore, we
selected HPIL-7 (entry 13) as the best catalyst, which had the
similar catalytic performance with HPIL-8 (entry 14). The ratio of
VHPImBr and HEMA in HPIL-7 was 1:1.5 (based on the feed
material ratio in Table S1, ESIT). Besides, we tested the catalytic
performance between VHPImMBr/HEMA mixtures. As shown in
Table S3 (ESIY), the PC yield increased with the HEMA content
both in VHPImBr/HEMA mixtures and HPILs. When VHPImBr/
HEMA molar ratio was higher than 1:1.5, the PC yield insignif-
icantly increased.

When HEMA was introduced into HPILs, the catalysts would
be enriched in hydroxyl, which could form H bonds with PO
molecules. From entries 7-11 and 11-14, we could see that the
reactivity of HPILs increased with the HBDs content because
the HEMA group acted as an extra hydrogen bond donor in
HPILs and could synergistically activate the PO with bromide
anion in the catalytic process. Besides, the content of cross-
linker could affect the reactivity of HPILs (entry 15 and 16),
which explained the proper amount of TMPTA could improve
the performance of HPILs. To summarize, Table 1 showed that
the introduction of HEMA in HPILs could enhance the reactiv-
ity of HPILs, which was much higher than s-PILs, even close to
that of IL monomers.

Subsequently, the influence of reaction conditions, such as
temperature, CO, pressure, and reaction time, were investi-
gated in the following experiments. Fig. 4a shows that the
reaction temperature could significantly affect the reactivity
of HPIL-7, and the PC yield obviously increased from 68% to
99%. At 110 °C and CO, 1.5 MPa, increase in the reaction time,
PCyield increased from 90% to 97.6% (Fig. 4b). Compared with
the temperature and reaction time, the CO, pressure had a
negligible influence on the HPIL-7 catalytic reactivity as shown
in Fig. 4c. Then, we got the optimal conditions for the reaction
(120 °C, CO, 1.5 MPa, 3 h), the PC yield could reach 99%
(Table 1, entry 17).

Recyclability and stability

HPIL-7 exhibited the best catalytic reactivity under the opti-
mum condition (120 °C, CO, 1.5 MPa, 3 h). To investigate the
recyclability and stability of HPIL-7, we washed used HPIL-7

PC Yield (%)

1 2 3 4 5
Run times

Fig. 5 HPIL-7 reused test.
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Fig. 6 The FT-IR spectra of fresh and used HPIL-7.

with ethanol several times and dried in vacuum, and then used
it in next running. HPIL-7 showed excellent recyclability and
stability after it was used five times, and the selectivity of PC
remained at >98% and PC yield remained at 97% (Fig. 5). After
five runs, the reactivity of HPIL-7 only slightly decreased.
Although the VHPImBr exhibited higher conversion than the
corresponding HPILs, it was limited by the complicated separa-
tion process. However, the HPILs could be easily separated by
simple filtration. In this concept, we successfully combined the
HBDs and ionic liquids into heterogeneous catalysts and
simplified the separation process. Moreover, the introduction
of HBDs significantly improved the performance of s-PILs.

Table 2 Cycloaddition of epoxides with CO, catalyzed by HPIL-77

Entry Epoxides Product Sel.”(%)  Con.” (%)
o]
(o]
1 /\ O)k o 98 97

oA
5 @/A ©/go -
@ o A

5 O \/A O//<0 99 95

O,
6° @0 O: =0 99 8
(0]

Reaction conditions: Epoxldes (14.3 mmol), HPIL-7 (1.5 mol% of
epoxides), 120 °C, 1.5 MPa, 3 h. ” All based on GC analysis. © Reaction
time: 12 h.
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After that, we characterized the used catalyst and found that
the structure and composition were basically unchanged. It
could be seen in Fig. 6 that the FT-IR spectra of fresh and used
HPIL-7 had no significant change. Also, the SEM images (Fig. 3e
and f) showed that the morphology of HPIL-7 had no obvious
change, which explained the excellent recyclability and stability.

Substrate scope of epoxides

In addition, for investigating the potential and general applic-
ability of HPIL-7, the cycloaddition of epoxides to different
terminal epoxides was carried out and summarized in Table 2.
HPIL-7 could effectively catalyze various epoxides into corres-
ponding cyclic carbonates with good conversion and selectivity
(>98%). However, for the epoxides with large substituent groups,
the catalytic performance dramatically decreased. Due to the
steric hindrance from epoxides, the nucleophilic group (Br-
anion) could not effectively attack the cyclohexene oxide, resulting
in less conversion (48%) even under a longer time reaction
(Table 2, entry 6). Nonetheless, it was worth mentioning that
HPIL-7 was efficient for the epoxides converting under a relatively
mild condition and reflecting the outstanding generality.

DFT simulation calculations

To deeply understand the mechanism of HEMA in the reaction
system and investigate the ability of ILs monomers and HEMA
molecule to combine with PO molecule,”* two systems were
constructed and optimized. The geometric optimization of the
selected chemical structure was achieved under the B3LYP
hybrid functional and the 6-31G(d,p) basis set. The single point
energy of the optimized structure was obtained at the level of
M06-2X and 6-311++G(d,p). As shown in Fig. 7a, the simulation
model was depicted that the VHPImBr could form a strong H-
bond with PO. The H atom of the hydroxyl in VHPImBr and the
O atom of PO ring formed a strong H-bond with a bond length of
1.83 A, and the interaction energy of —4.25 kcal mol™* between
VHPImBr and PO. When HEMA was introduced into the simula-
tion system, both the VHPImBr and HEMA could form strong H-
bonds with PO. Moreover, the H atom of the hydroxyl of
VHPImBr and HEMA simultaneously formed a strong H-bond
with PO, of which the length were 1.87 A and 1.98 A, respectively.
The interaction energy was —10.82 kcal mol™' between the

() (b) a9

F
o, o

9
fﬁa 1.83 A /‘;f:\l‘sui
198 A

AE = -4.25 kcal mol! AE = -10.28 kcal mol!

Fig. 7 The MO06-2X/6-311++G(d,p) optimized geometries of PO and
catalysts. (@) VHPImBr and PO. (b) VHPImBr, HEMA and PO.

]
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system composed by VHPImBr with HEMA and PO in Fig. 7b.
The DFT results preliminarily indicate the synergistic effect of
VHPImBr and HEMA in the ring-opening process of PO.

Namely, the HBD-functionalized HPILs with more negative
interaction energy were easier to activate PO than that of s-PILs,
which is in accordance with the experimental results. None-
theless, in the reaction system, both VHPImBr and HEMA could
interact with PO by forming H-bond and improve the utilization
of nucleophilic reagent (Br~), thus explaining why the intro-
duction of HBDs could enhance the catalytic performance of
HPILs (Table 1, entries 5, 6 and 7-16). Furthermore, the
introduction of HEMA could make the active sites dispersed
in HPILs, thus improving the utilization of ILs.

Possible reaction mechanism

In addition, the "H NMR spectra of the mixture of VHPImBT,
HEMA and PO indicated that the HBDs could significantly

2.50
(b)
HEMA+PO |
s -OH
a
HEMA 242
o |
1 1 1
35 3.0 25 2.0 15
ppm

Fig. 8 'H NMR spectra of HEMA with and without PO in CDCls. (a) HEMA
10 L, CDClz 0.5 mL. (b) PO 30 pL, HEMA 10 pL, CDClz 0.5 mL.
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Scheme 4 Proposed possible mechanism for CO, cycloaddition with PO
catalyzed by HPIL-7.
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influence the C-O bond of PO through a strong H-bond. The
"H NMR spectra of HEMA with and without PO were determined
and presented in Fig. 8. This showed that HEMA could form a
strong H-bond with PO, and the peak of H atom in -OH signifi-
cantly downshifted from 2.12 ppm to 2.50 ppm.>* Thus, HEMA
could activate the PO by forming H-bond, like H,O and EG.>*”*

Therefore, we proposed a possible mechanism in Scheme 4
based on the experiments, 'H NMR spectra, and DFT calculations.
First, the hydroxyl of VHPImBr could induce the polarization of
C-O bond through forming H-bond with PO,** and HEMA could
form H-bond with the PO simultaneously to enhance the polar-
ization process of C-O bond. Subsequently, the Br~ anion
attacked the less sterically hindered carbon atom of PO, and the
epoxide ring was successfully opened. Next, CO, attacked the
oxygen anion forming the alkylcarbonate anion, which would be
transformed into PC and the catalyst regenerated. Hence, the
heterogeneous HPILs catalyst with hydrogen bond donors, cation
and anion of ionic liquids smoothly promoted the cycloaddition
reaction.

Conclusions

In summary, we successfully implemented the hydrogen bond
donors and ionic liquids into one heterogeneous catalyst
through free radical polymerization. Impressively, HPIL-7
exhibited remarkable catalytic performance in the cycloaddition
reaction of CO, with epoxides. The yield of propylene carbonate
(PC) reached 94%, which far exceeded the s-PIL (PC yield 72%),
even approached to bulk ionic liquids (PC yield 95%). In addition,
the HPIL-7 could be easily recycled from the reaction system and
could be reused five times without obvious loss of activity. Further,
the "H NMR spectra and DFT calculations demonstrated that both
hydroxyl of ILs and HBDs could form strong H-bonds with PO,
which favour the activation of PO and accelerate the ring-opening
process. A probable reaction mechanism based on the synergistic
effect of HBD and nucleophilic anion in HPILs was proposed. This
work reported herein provided a new way to build HBD-
functionalized heterogeneous catalysts for practical conversion of
CO, into high value-added chemicals.
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