
Introduction

It is well-known that CO2 is the major culprit 
to cause global warming and climate deterioration. 
However, CO2 as an ample, facilely available, nontoxic 
and reproducible C1 feedstock can be converted 

to various useful fine chemicals [1-3]. Among the 
alternative approach for CO2 chemically transformation, 
the cycloaddition of CO2 to epoxides has been regarded 
as one of the most potential strategies at a large scale, 
due to its 100% atom-economical and green process. 
Additionally, the product of cyclic carbonates can be 
extensively employed as valuable polar aprotic solvents, 
electrolyte for lithium ion batteries, the monomers 
for synthesis of polycarbonates and intermediates 
of fine organic compounds [4-7]. However, the CO2 
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cycloaddition reaction does not proceed automatically, 
owing to the naturally thermodynamical and kinetic 
stability of CO2, even though it is highly exothermic 
[8]. To date, numerous catalytical systems have been 
proposed to promote the CO2 cycloaddition procedure, 
such as alkali metal salts [9], metal oxides [10], 
molecular sieves [11], polyoxometalate [12, 13], metal-
organic frameworks [14], Lewis acids or bases [15, 16], 
etc. 

Furthermore, in recent few decades, ionic liquids 
(ILs) was proved to be promising efficacious catalysts 
and have received increasing attention [17, 18], 
like quaternary ammonium salts [19], quaternary 
phosphonium salts [20], imidazolium salts [21, 22], 
guanidinium salts [23, 24], due to their extremely low 
vapor pressure, thermal and chemical stability, a broad 
range of liquid temperature as well as low toxicity. 
Whereas, these ionic liquids frequently exhibited poor 
activity toward the cycloaddition of CO2 with epoxides 
when used as catalyst alone, owing to their insufficient 
active sites. Therefore, many efforts were devoted 
to elevate the catalytic performance of ionic liquids. 
Modifying the ionic liquids with hydrogen bond donor, 
such as hydroxyl, carboxyl, amino and so on, which 
benefits to promote the ring-opening of epoxides via 
the polarization of C-O bond from epoxides, may be an 
efficient approach for accelerating the CO2 cycloaddition 
reaction [25-27]. Additionally, it was demonstrated 
that ionic liquids in combination with metal halides, 
especially zinc halides, could dramatically improve the 
catalytic property. For instance, Kim and co-workers 
[28] found that imidazolium zinc tetrahalides complexes 
showed surprisingly high activity at 100ºC and 3.5 MPa 
toward CO2 cycloaddition reaction and the TOF was up 
to 3545 h-1 for 1-butyl-3-methylimidazolium bromide-
ZnBr2. Sun et al. [29] reported that the conjunction of 
phosphonium halides and ZnCl2 exhibited excellent 
catalytic activity and high TOF value could be realized 
in the presence of ZnCl2/PPh3C6H13Br (molar ratio = 1:6) 
at 120ºC and 1.5 MPa. Thereafter, varieties of catalytic 
systems composing of zinc halides and ILs were 
developed [30-35], which displayed superior activity 
compared with the ILs moieties due to their bifunctional 
Lewis acid/base active sites. In most cases, however, 
these catalytic systems suffered from harsh procedure 
for separation and purification of products, which may 
result in the loss of catalytic activity, because of their 
homogeneous nature. Consequently, many attempts 
have been made construct heterogeneous catalysts for 
efficient CO2 conversion involving multiple active sites. 

Recently, plenty of poly(ionic liquid)s, as a typical 
heterogeneous catalyst, have been employed for the 
cycloaddition of CO2 to epoxides [36-39], which revealed 
preeminent stability and recyclability. Encouraged 
by previous research, herein, a series of hydroxyl 
functional poly(ionic liquid)s-zinc halides compositely 
heterogeneous catalysts were proposed in view of the 
high activity of catalysts with ionic liquids and zinc 
halides. The poly(ionic liquid)s were facilely fabricated 

through one-pot polymerization using imidazole and 
epichlorohydrin/epibromohydrin as monomers, as 
illustrated in Scheme 1. Interestingly, both hydroxyl 
group and available halide ion can be synchronously 
obtained through such approach. It should be mentioned 
that even though the catalysts of polymer nanoparticles 
grafted zinc halides have been reported to catalyze 
CO2 cycloaddition in our previous literature [40], the 
resultant catalysts containing poly(ionic liquid)s in 
this paper can be prepared much easily and present 
environmentally benign.

To our delight, such catalytic systems exhibit 
satisfactory activity, recyclability as well as stability 
for the cycloaddition of CO2 and epoxides without 
any solvent and co-catalyst. Additionally, systematic 
investigations towards the effect of halide ions and the 
operation conditions, like reaction temperature, duration 
time, catalyst dosage and initial CO2 pressure, on the 
reaction process were also performed. Furthermore, a 
tentative reaction mechanism was proposed according 
to the experimental results. 

Experimental  

Reagents

The CO2 (99.9% purity) purchased from Nanchang 
Guoteng Co. was used without any further treatment. 
Propylene oxide was received from Sinopharm 
Chemical Reagent Co., Ltd. The other epoxides were 
obtained from Alfa Aesar China Co., Ltd. Imidazole 
(99%), zinc chloride, zinc bromide and zinc iodide, 
epibromohydrin, epichlorohydrin were purchased from 
Aladdin Chemical Co. All reagents were used without 
further purification.

Characterization

1H nuclear magnetic resonance (NMR) spectra 
were examined at room temperature using a Bruker 
400 MHz spectrometer and D2O was used as a 
solvent. The Fourier transformed infrared (FT-IR) 
spectra were collected by a Bruker vertex 70 FT-IR 
spectrophotometer. The microstructures of samples 

Scheme 1. Preparation of [IMEP]R-ZnX2 catalysts.
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and the accompanying Energy dispersive X-ray  
spectroscopy were observed using a Nova NanoSEM 
450 microscope and the accessory INCA 250. The X-ray 
diffraction (XRD) patterns were recorded by a Bruker 
AXS-D 8 Advance X-ray diffractometer utilizing Cu 
Kα radiation (λ = 1.5408 Å) in the 2θ range of 5-80º. 
Thermogravimetric analysis (TGA) was conducted on a 
SDT Q600 (TA Instruments-Waters LLC) at a heating 
rate of 10ºC/min under a nitrogen flow.

Preparation of the Poly(ionic liquid)s

The poly(ionic liquid)s were fabricated as previously 
reported with a minor modification [41]. In a typical 
reaction, imidazole (10 mmol) and anhydrous ethanol 
(60 mL) were added in sequence into a 150 mL three-
neck-round flask. Then the mixture was heated to 
45ºC and refluxed for 1 h. Epibromohydrin (10 mmol) 
was slowly added after the completely dissolution of 
the solid, and then the reaction solution was stirred 
at 75ºC for 72 h under a nitrogen atmosphere. After 
reaction, the mixture was cooled to room temperature, 
and the solid precipitate was obtained by filtration and 
abstersion with ethanol. The products imidazolium-
epibromohydrin copolymers (denoted as [IMEP]Br) 
were dried at 60ºC for 12 h under vacuum. [IMEP]Br. 
1H NMR (400 MHz, D2O): δ = 7.56 (s, 2H), 4.54 
(d J = 8.0 Hz, 2H), 4.33 (s, 1H), 4.23(t, J = 12.0 Hz 
2H). 13C NMR (100.6 MHz, D2O): δ = 136.80, 123.30, 
68.70, 52.22. IR (neat): n = 3480, 3162, 3121, 2967, 
2897, 1576, 1468 cm-1. Analogously, the imidazolium-
epichlorohydrin copolymers (denoted as [IMEP]Cl) 
was synthesized via the same method except that using 
epichlorohydrin rather than epibromohydrin. [IMEP]
Cl. 1H NMR (400 MHz, D2O): δ = 7.57 (s, 2H), 4.55 
(d, J = 12.0 Hz, 2H), 4.37 (s, 1H), 4.25 (t, J = 8.0 Hz, 
2H). 13C NMR (100.6 MHz, D2O): δ = 137.12, 123.30, 
68.19, 52.38. IR (neat): n = 3415, 3269, 3143, 2945, 2850, 
1566, 1438 cm-1.

Immobilization of Zinc Halides 
on the Poly(ionic liquid)s

In a typical procedure, [IMEP]Br (0.8 g) and 
anhydrous zinc bromide (2.5 mmol) were charged 
in 40 mL anhydrous ethanol, and stirred at 70ºC for  
24 h under N2 atmosphere. After reaction, the obtained 
solid was filtered out and washed several times with 
anhydrous ethanol, followed by drying at 60ºC for  
6 h under vacuum to give the poly(ionic liquid)s-zinc 
bromide composite (denoted as [IMEP]Br-ZnBr2.). The 
synthetic procedure for [IMEP]Cl-ZnCl2, [IMEP]Cl-
ZnBr2, [IMEP]Cl-ZnI2, [IMEP]Br-ZnCl2, [IMEP]Br-
ZnI2 were similar to that of [IMEP]Br-ZnBr2 except that 
ZnBr2 was substituted with ZnCl2, ZnI2 or [IMEP]Cl 
was replaced by [IMEP]Br. [IMEP]Br-ZnBr2. 

1H NMR 
(400 MHz, D2O): δ = 7.56 (s, 2H), 4.55 (d, J = 12.0Hz, 
2H), 4.37(s, 1H), 4.23(t, J = 8.0 Hz, 2H). IR (neat):  
n = 3480, 3162, 3121, 2967, 2897, 1576, 1468, 632 cm-1.

General Procedure for Synthesis 
of Cyclic Carbonates

In a typical run, epoxide (35.7 mmol), certain 
catalyst dosage (calculated upon the molar weight of Zn) 
and a suitable amount of biphenyl (as internal standard 
for GC analysis) were added to a 50 mL high-pressure 
stainless-stress autoclave reactor, then the reactor was 
pressurized with a desired pressure of CO2 at a selected 
temperature and stirred for a designated time. After 
the reaction, the reactor was cooled down to 0ºC  in 
an ice-water bath and the residual CO2 was slowly 
exhausted. The products were quantitatively analyzed 
using Agilent 7890A gas chromatograph equipped 
with a TCD detector and a DB-WAX capillary column  
(30 m × 0.53 mm × 1.0 μm).

Results and Discussion

Characterization of the Synthesized Catalysts

The chemical structure of the as-prepared samples 
was testified by FT-IR spectra. As seen in Fig 1a), the 
spectrums at 2927, 1566 and 1413 cm-1 are attributed to 
N-H, C=C and C-N stretching vibrations of imidazole 
framework, respectively [42]. Compared with that of 
imidazole (Fig 1a), the spectrum of [IMEP]Br (Fig 1b) 
exhibits new peaks at 3450 and 1168 cm-1, attributing 
to the O-H stretching vibrations of hydroxyl and the 
C-N+ stretching vibrations of imidazolium. In addition, 
the peaks at 2927 cm-1 disappear, implying that the 
reaction between imidazole and epibromohydrin 
successfully occurred. Moreover, upon complexation 
with ZnBr2, the broad peaks at 3450 cm-1 shift to higher 
frequencies at 3458 cm-1 over the spectrum of [IMEP]
Br-ZnBr2 (Fig 1c), indicating that the hydrogen bond 
interaction between hydroxyl and Br- is weakened by 
the incorporation of ZnBr2 [31]. All of above results 

Fig. 1.  FT-IR spectrums of a) imidazole, b) [IMEP]Br and c) 
[IMEP]Br- ZnBr2. 
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the complex material can be confirmed by the EDS 
mapping images (Fig. 2e). The results also validate the 
successful introduction of the ZnBr2 into the polymer 
frameworks, which are in accordance with the results 
of FT-IR. Table 1 summarized the loading contents of 
ZnX2 (X = Br, Cl, I) on the [IMEP]R (R = Br, Cl) based 
on the Zn content.

The XRD patterns of [IMEP]Br and [IMEP]Br-
ZnBr2 were shown in Fig 3. As depicted in Fig. 3a), 
the XRD pattern of [IMEP]Br reveals a wide peak at  
2θ = 22-28°, which may be the result of diffraction at 
the crystalline region of the polymer moiety [43]. It can 
be clearly seen that the XRD pattern of [IMEP]Br-ZnBr2 
(Fig. 3b) is similar to [IMEP]Br and the diffraction 

confirmed that the poly(ionic liquid)s-ZnBr2 composites 
was smoothly prepared.

The morphology of [IMEP]Br and [IMEP]Br-ZnBr2 
catalysts were collected by SEM. As presented in  
Fig 2a) and b), the SEM images of [IMEP]Br exhibit a 
small number of different sizes of spherical particles 
on the smooth surface, while after coordination 
with ZnBr2, [IMEP]Br-ZnBr2 surface becomes to be 
rough (Fig. 2c and d) and the ZnBr2 particles are well 
dispersed on the surface of [IMEP]Br. This structure 
is favorable for the contact of metal halides active sites 
and PO molecules, which affords these catalysts desired 
catalytic activity. Furthermore, the concomitant and 
uniformly distributive C, N, O, Zn and Br element in 

Fig. 2. SEM images of (a, b) [IMEP]Br, (c, d) [IMEP]Br- ZnBr2 and e) EDS mapping images of [IMEP]Br- ZnBr2.

Table 1. The loading contents of ZnX2 (X = Br, Cl, I) on the [IMEP]R (R = Br, Cl).

Catalyst
EDS results Amount of Zn 

(mmol/g)C (wt.%) N (wt.%) O (wt.%) Zn (wt.%) Br (wt.%) Cl (wt.%) I (wt.%)

[IMEP]Cl 49.6 22.7 13.3 — — 14.4 — —

[IMEP]Br 46.5 23.8 14.8 — 14.9 — — —

[IMEP]Cl-ZnCl2 45.5 20.9 11.3 3.1 — 19.2 — 0.47

[IMEP]Cl-ZnBr2 45.9 22.1 13.7 1.1 9.3 7.9 — 0.17

[IMEP]Cl-ZnI2 45.6 21.4 12.6 2.3 18.1 0.35

[IMEP]Br -ZnCl2 45.6 23.3 11.4 4.9 8.4 6.7 — 0.76

[IMEP]Br -ZnBr2 44.3 23.1 18.3 5.6 8.7 — — 0.86

[IMEP]Br -ZnI2 40.9 16.9 3.1 5.5 7.1 — 26.6 0.85
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peaks of ZnBr2 are not obviously observed, indicating 
that ZnBr2 are highly dispersed in the [IMEP]Br [44], 
which is consistent with the SEM images.

In order to describe the electronic state and the 
superficial element composition of catalytic materials, 
[IMEP]Br and [IMEP]Br-ZnBr2 were examined by 
XPS. From Fig. 4a), there exists only C, O, N and Br 
elements in [IMEP]Br, while additional Zn element 
can be observed over [IMEP]Br-ZnBr2. These results 
conform to the chemical ingredient of the resultant 
catalysts illustrated in Scheme 1. Fig. 4(b-d) showed 
the high-resolution spectra of the C 1s, N 1s and Br 3d. 
The high-resolution spectra of C 1s is divided into three 

peaks at 284.7 (C-C/C-H in alkyl groups), 286.1 (C-N in 
imidazole ring) and 286.7 eV (Chetero of imidazolium 
groups) [45], respectively. The N 1s spectra (Fig. 4c) of 
[IMEP]Br and [IMEP]Br-ZnBr2 exhibit a peak at 401.3 
and 401.6 eV, respectively, confirming the presence of 
nitrogen with positive charge in the imidazole ring [46, 
47].

Furthermore, both the Br 3d spectra of [IMEP]
Br and [IMEP]Br-ZnBr2 (Fig. 4d) exhibit a peak at 
~68.0 eV (Br 3d 3/2), affirming the existence of the 
negatively charged Br- [48, 49], which are conducive 
to the nucleophilic attack on the epoxide. Notably, 
the binding energy of N and Br elements in [IMEP]
Br-ZnBr2 appear a upshift in comparison to that of 
[IMEP]Br, which are ascribed to the coordinate effect 
between Zn2+ and N/Br elements, therefore leading to 
the decrease in their electron density. This phenomenon 
also verifies the strong interaction between [IMEP]Br 
substrate and ZnBr2. 

Moreover, thermal analysis was used to examine 
the decomposition profiles of [IMEP]Br and [IMEP]
Br-ZnBr2, and the results were depicted in Fig. 5. It is 
apparent that both materials present excellent stability 
up to 320ºC. Unlike [IMEP]Br, the decomposition of 
[IMEP]Br-ZnBr2 contains two endothermic steps at 362 
and 567ºC, possibly ascribing to the disintegration of 
the polymer and the ZnBr2, respectively. It is generally 
recognized that the CO2 cycloaddition reaction proceeds 
below 140ºC, far lower than the onset temperature of 
the catalyst destruction.

Fig. 3. XRD patterns of a) [IMEP]Br- ZnBr2, b) [IMEP]Br.

Fig. 4. a) The survey XPS spectra of [IMEP]Br and [IMEP]Br-ZnBr2; b) C 1s, c) N 1s and d) Br 3d of [IMEP]Br and [IMEP]Br-ZnBr2.
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Catalytic Performance

The cycloaddition reaction of PO with CO2 was 
assigned as the model reaction to assess the catalytic 
performance of the complex materials, and the results 
were listed in Table 2. Almost no conversion was 
gained in the case of catalyst-free (Table 2, entry 1), and 
the PC yields were very low (<16.4%) (Table 2, entries 
2-4) when either ZnCl2, ZnBr2 or ZnI2 used as catalyst 
alone. As expected, with separate 0.25 mol% of [IMEP]
Cl or [IMEP]Br as catalyst for the reaction, PC yield 
of 35.6%, 53.7% were obtained, respectively (Table 2, 
entries 5 and 6), which probably due to the acceleration 
of the epoxy ring-opening, resulting from the 
polarization of C-O bond induced by hydrogen bonds 
between hydroxyl groups and epoxides [50, 51]. In 
addition, the [IMEP]Br exhibits higher catalytic activity 
than [IMEP]Cl (Table 2, entries 6 vs 5), ascribing to the 
nucleophilicity of the anions decrease in the sequence 
of Br->Cl-, which was in conformity to the previously 
reports [52, 53]. Delightedly, the Zn-containing 
materials reveal outstanding catalytic activity. When 
combined [IMEP]R and ZnX2 (Table 2, entries 7 to 
11), the catalytic activities were significantly improved 
in comparison with [IMEP]R moieties (Table 2, entries 
5 and 6), and the catalytic activities decreased in the 
sequence of [IMEP]Cl-ZnI2>[IMEP]Cl-ZnBr2>[IMEP]
Cl-ZnCl2 (Table 2, entries 7 to 9) and [IMEP]Br-ZnI2> 
[IMEP]Br-ZnBr2>[IMEP]Br-ZnCl2 (Table 2, entries 10 
to 12), which were in accordance with the effect of ZnI2 
, ZnBr2, ZnCl2 (Table 2, entries 2 to 4). Besides, it was 
detected that the catalytic activity of different [IMEP]
R-ZnX2 decreased in the following order of ( Br-+ 
ZnBr2 ) ≈ ( Cl-+ ZnI2 ) ≈ ( Br-+ ZnI2 )>(Cl-+ ZnBr2) 
>(Br-+ ZnCl2)>(Cl-+ ZnCl2 ) (Table 2, entries 7 to 12), 
demonstrating that the counter anions and halide ions 
both play an important role in the cycloaddition. This 
order might be attributed to the balance of leaving 
ability and nucleophilicity of halide ions (Cl-, Br-, and I-) 
[54]. Even when used [IMEP]Br-ZnI2 as catalyst for the 
reaction, the PC yield can reach 87.6% within only 1.5 h 
(Table 2, entry 13). Additionally, it presents an interior 

activity for the case of simple mechanical mixture 
of [IMEP]Br and ZnBr2 upon the molar ratio of 1:1 
(Table 1, entry 14) in comparison to [IMEP]Br-ZnBr2 
complex catalyst, due to their relative isolation between 
the active sites. Collectively, it can be concluded that the 
[IMEP]R-ZnX2 composites possess enhanced catalytic 
activity for the CO2 cycloaddition.

Effect of Reaction Conditions

It is generally suggested that reaction conditions 
such as catalyst dosage, reaction temperature, onset 

Fig. 5. TG and DSC curves of a) [IMEP]Br, and b) [IMEP]Br- ZnBr2.

Table 2. Catalytic performance of various catalysts a.

Entry Catalyst
Catalytic results

Yield (%) Sel. (%)

1 None Trace Trace

2 ZnCl2 1.2 73.5

3 ZnBr2 13.2 99.3

4 ZnI2 16.4 99.8

5 [IMEP]Cl 37.6 92.9

6 [IMEP]Br 53.7 97.7

7 [IMEP]Cl-ZnCl2 64.4 98.8

8 [IMEP]Cl-ZnBr2 71.8 96.6

9 [IMEP]Cl-ZnI2 97.3 99.4

10 [IMEP]Br-ZnCl2 67.8 99.4

11 [IMEP]Br-ZnBr2 97.7 97.2

12 [IMEP]Br-ZnI2 97.2 98.6

13 b[IMEP]Br-ZnI2 87.6 99.2

14 c[IMEP]Br/ZnBr2 82.8 99.3
a  Reaction conditions: PO 35.7 mmol, catalyst 0.25 mol%, 
CO2 pressure 2 MPa, temperature 120ºC, time 3 h
b Time 1.5 h
c Equal catalyst amount (0.86 mmol)
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CO2 pressure and duration time have a significant 
influence on product yield. In this study, we adopted 
[IMEP]Br-ZnBr2 for further investigation on account 
of its superior activity. Fig. 6a) presents the dependence 
of catalyst loading on the PC yield and selectivity 
at 120ºC, 2 MPa CO2 pressure and 3 h. It is noted 
that catalyst dosage remarkably affects the yield of 
the PC. The PC yield rises from 36.4% to 97.7% as 
the loading of catalyst increased from 0.05 to 0.25 
mol%, owing to the incremental number of active sites 
accessible. However, the yield remains almost constant 
as catalyst loading further increased. Gratifyingly, the 
selectivity of PC remains unchanged (>99%). Therefore,  
0.25 mol% was selected as the optimal amount of 
[IMEP]Br-ZnBr2.

The influence of reaction temperature on the 
reaction was shown in Fig. 6b). According to Fig. 6b), 
the yield of PC notably elevates from 45.9% to 97.4% 
when the temperature varies from 100ºC to 120ºC. With 
further increase of temperature (130ºC to 140ºC), the 
yield almost retains unchanged. According to previous 
reports, high temperature (>130 or 140ºC) could arise 
a distinct decay of PC selectivity regarding to ILs 
as catalysts, resulting from the occurrence of side 
reactions, like isomerization of acetone, hydrolysis to 
diol, and/or thermal polymerization [55-57]. Delightedly, 
almost 100% PC selectivity was retained even under 
high reaction temperature. Thus, 120ºC was suggested 
to be the optimal temperature for the reaction.

In addition, the correlation of initial CO2 pressure 
with the reaction process was also investigated. As 
shown in Fig. 6c), initial CO2 pressure has a great 
influence on the PC yield. There exists a rapid 
increase of PC yield (from 49.5% to 97.4%) in the 
low-pressure range (from 0.5 to 2.0 MPa), whereas, 
further promotion of pressure up to 3.0 MPa gives 
rise to moderate reduction of PC yield (from 97.4% to 
84.6%). A similar influence of onset CO2 pressure on 
the reaction was also discerned over other catalytic 

Fig. 6. The effect of reaction factors on the yield and selectivity of propylene carbonate. a) catalyst amount; b) reaction temperature; c) 
CO2 pressure; d) reaction time.

Fig. 7. Recycle of catalyst for cycloaddition reaction. (reaction 
condition: PO 35.7 mmol, CO2 pressure 2 MPa, catalyst 
0.25 mol%, 120ºC, 3 h).
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systems [58-60], which can be explained upon the 
concepts of reaction equilibrium and mass transfer of 
reactant. As the reaction proceeded in the low-pressure 
area, the acidic CO2 dissolved in basic epoxide to form 
CO2-PO complexes, leading to an enhancement in the 
PC yield [20, 61]. Nevertheless, CO2-PO complexes 
turned into much tightened as the initial CO2 pressure 
further increased, resulting in the difficulty in 
separation of CO2 and PO, which is inconducive to 
the cycloaddition reaction catalyzed by [IMEP]Br-
ZnBr2. Therefore, 2.0 MPa was regarded as the most 
appropriate reaction pressure for this catalytic system. 

Moreover, the relationship between reaction time 
and PC yield as well as selectivity was presented in 
Fig. 6d). The results suggest that the yield of PC closely 
relates to the reaction time. The yield of PC increases 
rapidly from 2.9% to 97.4% with the rise of duration 
time from 1.0 h to 3.0 h in the presence of 0.25 mol% 

[IMEP]Br-ZnBr2 at 120ºC and 2.0 MPa. Prolonging 
time from 3.0 h to 4.0 h, the PC yield elevates subtly, 
while the selectivity of PC remains at 99 % throughout. 
Therefore, 3 h was considered as the most suitable 
reaction time for this reaction.

Catalyst Recycling

The stability and reusability are the primal interest 
for the application of heterogeneous catalyst in the 
practical operation. To demonstrate the stability of 
[IMEP]Br-ZnBr2 catalyst, several catalytic recycles were 
conducted under the optimized conditions. Typically, 
in each operation, the catalyst was recycled through 
facile filtration, followed by reused for next run. As 
displayed in Fig. 7, the catalyst could be reused five 
runs with only a minor loss in the yield and selectivity 
of PC. Furthermore, the chemical structure and heat 

Fig. 8. FT-IR profiles a) and TGA curves b) of fresh and reused [IMEP]Br- ZnBr2.

Entry Epoxide Cyclic carbonate Time (h)
Catalytic results

Yield (%) Sel. (%)

1 3 97.7 97.9

2 2 96.4 98.1

3 4 98.2 99.4

4 24 36.3 99.1

a Reaction conditions: epoxides 35.7 mmol, catalyst 0.25 mol%, temperature 120ºC, CO2 pressure 2.0 MPa

Table 3. Cycloaddition of CO2 to different epoxides catalyzed by [IMEP]Br-ZnBr2 
a.
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resistance of [IMEP]Br-ZnBr2 catalyst after recycling 
experiments were examined by FT-IR, and TGA 
analysis. In comparison to the FT-IR spectra of the fresh 
catalyst (Fig. 8a), the recycled catalyst exhibits all the 
characteristic peaks with the merely slight attenuation 
in intensity. In addition, TGA curves (Fig. 8b) present 
that the reused catalyst occurs a diminutive degradation 
before the collapse of integrated frameworks compared 
with the fresh one. The above results may be responsible 
for the minor decline in activity over recycled catalyst 
after five runs.

Cycloaddition of CO2 to Various Epoxides

In order to examine the potential application of 
[IMEP]Br-ZnBr2 catalyst, the cycloaddition of CO2 
with varied epoxide substrates were investigated, 
and the results were shown in Table 3. Under the 
adopted condition, all reactions run smoothly and 
the corresponding cyclic carbonates can be obtained. 
It is well-known that the epoxides with an electro-
withdrawing group are conducive to ring-opening of 
epoxides [62]. Hence, the 96.4% yield of corresponding 
product can be gained within only 2 h (Table 3, entry 
2) when the epichlorohydrin is employed as reaction 
substrate. The reactivity of styrene oxide (Table 3, 
entry 3) is somewhat lower compared with PO and 
epichlorohydrin, owing to the greater steric hindrance 
that impedes nucleophilic attack of Br- on the epoxy 
ring [63]. Because of the larger restraint stemmed from 
the double rings, the cyclohexene oxide (Table 3, entry 
4) reveals the most inferior yield of the corresponding 
cyclic carbonate. Furthermore, the reaction reveals 
outstanding selectivity regardless of the electro-
withdrawing or steric effect of substrates.

Plausible Reaction Mechanism

DFT calculations showed that the procedure of 
catalyzing CO2 and epoxides to synthesis of cyclic 
carbonates is composed of three steps, that is, ring-
opening of epoxide, insertion of CO2 and intermolecular 
ring closure to cyclic carbonate. The ring-opening of 
epoxide was regarded as the rate-determining step 
[21, 50]. Therefore, the catalyst that accelerates the 
ring-opening of the epoxide can speed up the reaction 
proceed. The excellent catalytic performance of the 
[IMEP]Br-ZnBr2 catalyst in this study may be mainly 
ascribe to the cooperative effect of Lewis acidic Zn 
sites and hydroxyl groups for epoxide excitation and the 
nucleophilic attack of Br-. Based on the experimental 
results and predecessors’ research, we proposed a 
plausible mechanism for the CO2 cycloaddition to 
epoxides in the presence of Zn mediated hydroxyl-
functionalized poly(ionic liquid)s. In the initial 
step, the C-O bond of epoxide was activated by the 
hydroxyl groups through forming hydrogen bond and 
by the Lewis acidic Zn sites via formation of a Zn-O 
coordination bond. Simultaneously, the less sterically 
hindered β-carbon atom of the epoxide was attacked 
by the nucleophilic Br- (as Lewis base), facilitating 
the cleavage of C-O bond. Subsequently, CO2 was 
inserted in the ring-open intermediate followed by the 
formation of cyclic carbonate through the subsequent 
intramolecular ring-closure with release of Br- and 
recovery of the catalyst.

 Conclusions

Overall, a class of novel poly(ionic liquid)s-supported 
zinc halides complex catalysts containing hydroxyl 
groups as heterogeneous catalysts were developed for 
the CO2 cycloaddition in the absence of any additional 
co-catalyst and organic solvent. The [IMEP]Br-ZnBr2 
catalyst exhibited excellent catalytic activity with 
considerable yield (>97%) and approximately 100% 
selectivity toward the CO2 cycloaddition reaction due 
to the cooperative effect of Lewis acidic zinc sites 
and the hydroxyl groups as well as nucleophilic Br-. 
Furthermore, [IMEP]Br-ZnBr2 as heterogeneous catalyst 
can be easily recycled and reused five runs with a minor 
decay in catalytic activity due to its slight deterioration 
of framework structure. Consequently, it is necessary to 
enhance the structure strength of such catalyst through 
improving the polymerization degree of poly(ionic 
liquid)s for further study. In this case, such catalyst 
will be a good candidate for CO2 chemically fixation in 
practical application.

Acknowledgements

This work was financially supported by the National 
Natural Science Foundation of China (Grant Nos. 

Scheme 2. Plausible mechanism for the cycloaddition of CO
2
 

and epoxide catalyzed by [IMEP]Br-ZnBr2.



Li B., et al.2606

51572119, and 51662031), and Distinguished Young 
Scientists program of Jiangxi Province (Grant Nos. 
20162BCB23040) as well as Project of Education 
Department of Jiangxi Province (GJJ190536).

Conflict of Interest

The authors declare no conflict of interest. 

References

1. LI Y., CUI X., DONG K., JUNGE K., BELLER M. 
Utilization of CO2 as a C1 Building Block for Catalytic 
Methylation Reactions. ACS Catalysis, 7, 1077, 2017.

2. WU J., ZHOU X-D. Catalytic conversion of CO2 to 
value added fuels: Current status, challenges, and future 
directions. Chinese Journal of Catalysis, 37, 999, 2016.

3. OMAE I. Recent developments in carbon dioxide 
utilization for the production of organic chemicals. 
Coordination Chemistry Reviews, 256, 1384, 2012.

4. GU Z., CAI X., XIE J., WANG X., ZHOU Y., WANG 
J. Hydroxyl-Exchanged Nanoporous Ionic Copolymer 
toward Low-Temperature Cycloaddition of Atmospheric 
Carbon Dioxide into Carbonates. ACS Applied Materials 
& Interfaces, 8, 12812, 2016.

5. XU B-H., WANG J-Q., SUN J, HUANG Y., ZHANG 
J-P., ZHANG X-P., ZHANG S-J. Fixation of CO2 into 
cyclic carbonates catalyzed by ionic liquids: a multi-scale 
approach. Green Chemistry, 17, 108, 2015.

6. SAKAKURA T., CHOI J.C., YASUDA H. Transformation 
of carbon dioxide. Chemical Reviews, 107, 2365, 2007.

7. KLAUS S., LEHENMEIER M.W., ANDERSON 
C.E., RIEGER B. Recent advances in CO2/epoxide 
copolymerization—New strategies and cooperative 
mechanisms. Coordination Chemistry Reviews, 255, 1460, 
2011.

8. ALVES M., GRIGNARD B., MEREAU R., JEROME C., 
TASSAING T., DETREMBLEUR C. Organocatalyzed 
coupling of carbon dioxide with epoxides for the synthesis 
of cyclic carbonates: catalyst design and mechanistic 
studies. Catalysis Science & Technology, 7, 2651, 2017.

9. ROSHAN K.R., KATHALIKKATTIL A.C., THARUN 
J., Kim D.W., WON Y.S., PARK D.W. Amino acid-KI as 
multi-functional synergistic catalysts for cyclic carbonate 
synthesis from CO2 under mild reaction conditions. Dalton 
Transactions, 43, 2023, 2014.

10. DOSKOCIL E.J. Effect of Water and Alkali Modifications 
on ETS-10 for the Cycloaddition of CO2 to Propylene 
Oxide. Journal of Physical Chemistry B, 109, 2315, 
2005.

11. DU Y., CAI F., KONG D-L., HE L-N. Organic solvent-
free process for the synthesis of propylene carbonate from 
supercritical carbon dioxide and propylene oxide catalyzed 
by insoluble ion exchange resins. Green Chemistry, 7, 518, 
2005.

12. CHEN S., LIU Y., GUO J., LI P., HUO Z., MA P., NIU 
J., WANG J. A multi-component polyoxometalate and its 
catalytic performance for CO2 cycloaddition reactions. 
Dalton Trans, 44, 10152, 2015.

13. LANGANKE J., GREINER L., LEITNER W. Substrate 
dependent synergetic and antagonistic interaction of 
ammonium halide and polyoxometalate catalysts in the 

synthesis of cyclic carbonates from oleochemical epoxides 
and CO2. Green Chemistry, 15, 1173, 2013.

14. ZHOU H., WANG Y-M., ZHANG W-Z., QU J-P., LU X-B. 
N-Heterocyclic carbene functionalized MCM-41 as an 
efficient catalyst for chemical fixation of carbon dioxide. 
Green Chemistry, 13, 644, 2011.

15. DHARMAN M.M., YU J-I., AHN J.Y., PARK D.W. 
Selective production of cyclic carbonate over polycarbonate 
using a double metal cyanide-quaternary ammonium salt 
catalyst system. Green Chemistry, 11, 1754, 2009.

16. LI F., XIAO L., XIA C., HU B. Chemical fixation of CO2 
with highly efficient ZnCl2/[BMIm]Br catalyst system. 
Tetrahedron Letters, 45, 8307, 2004.

17. CHAUGULE A.A., TAMBOLI A.H., KIM H. Ionic  
liquid as a catalyst for utilization of carbon dioxide to 
production of linear and cyclic carbonate. Fuel, 200, 316, 
2017.

18. BOBBINK F.D., DYSON P.J. Synthesis of carbonates and 
related compounds incorporating CO2 using ionic liquid-
type catalysts: State-of-the-art and beyond. Journal of 
Catalysis, 343, 52, 2016.

19. SUN J., FUJITA S., BHANAGE B.M., ARAI M. One-
pot synthesis of styrene carbonate from styrene in 
tetrabutylammonium bromide. Catalysis Today, 93-95, 
383, 2004.

20. CHEN J., JIN B., DAI W., DENG S., CAO L., CAO Z., 
LUO S., LUO X., TU X., AU C. Catalytic fixation of CO2 
to cyclic carbonates over biopolymer chitosan-grafted 
quarternary phosphonium ionic liquid as a recylable 
catalyst. Applied Catalysis A: General, 484, 26, 2014.

21. WANG J-Q., CHENG W-G., SUN J., SHI T-Y., ZHANG 
X-P., ZHANG S-J. Efficient fixation of CO2 into organic 
carbonates catalyzed by 2-hydroxymethyl-functionalized 
ionic liquids. RSC Advances, 4, 2360, 2014.

22. ANTHOFER M.H., WILHELM M.E., COKOJA 
M., MARKOVITS I.I.E., POTHIG A., MINK J., 
HERRMANN W.A., KUHN F.E. Cycloaddition of CO2 
and epoxides catalyzed by imidazolium bromides under 
mild conditions: influence of the cation on catalyst activity. 
Catalysis Science & Technology, 4, 1749, 2014.

23. FOLTRAN S., ALSARRAF J., ROBERT F., LANDAIS 
Y., CLOUTET E., CRAMAIL H., TASSAING T. On the 
chemical fixation of supercritical carbon dioxide with 
epoxides catalyzed by ionic salts: an in situ FTIR and 
Raman study. Catalysis Science & Technology, 3, 1046, 
2013.

24. DAI W., JIN B., LUO S., LUO X., TU X., AU C. Novel 
functionalized guanidinium ionic liquids: Efficient acid-
base bifunctional catalysts for CO2 fixation with epoxides. 
Journal of Molecular Catalysis A: Chemical, 378, 326, 
2013.

25. SUN J., ZHANG S., CHENG W., REN J. Hydroxyl-
functionalized ionic liquid: a novel efficient catalyst for 
chemical fixation of CO2 to cyclic carbonate. Tetrahedron 
Letters, 49, 3588, 2008.

26. ZHOU Y., HU S., MA X., LIANG S., JIANG T., HAN 
B. Synthesis of cyclic carbonates from carbon dioxide 
and epoxides over betaine-based catalysts. Journal of 
Molecular Catalysis A: Chemical, 284, 52, 2008.

27. WANG J., SUN J., CHENG W., DONG K., ZHANG 
X., ZHANG S. Experimental and theoretical studies on 
hydrogen bond-promoted fixation of carbon dioxide and 
epoxides in cyclic carbonates. Phys Chem Chem Phys, 14, 
11021, 2012.

28. KIM H., KIM J., KIM H., JANG H. Imidazolium zinc 
tetrahalide-catalyzed coupling reaction of CO2 and 



Facile Preparation of Poly(ionic liquid)s-zinc... 2607

ethylene oxide or propylene oxide. Journal of Catalysis, 
220, 44, 2003.

29. SUN J., WANG L., ZHANG S., LI Z., ZHANG X., DAI 
W., MORI R. ZnCl2/phosphonium halide: An efficient 
Lewis acid/base catalyst for the synthesis of cyclic 
carbonate. Journal of Molecular Catalysis A: Chemical, 
256, 295, 2006.

30. FUJITA S., NISHIURA M., ARAI M. Synthesis of 
Styrene Carbonate from Carbon Dioxide and Styrene 
Oxide with Various Zinc Halide-Based Ionic Liquids. 
Catalysis Letters, 135, 263, 2010.

31. LEE J., KIM Y., CHOI Y., LEE H., LEE J., HONG J., 
JEONG E., KIM H., CHEONG M. Zn-containing ionic 
liquids bearing dialkylphosphate ligands for the coupling 
reactions of epoxides and CO2. Applied Catalysis B: 
Environmental, 111-112, 621, 2012.

32. LIU M., WANG F., SHI L., LIANG L., SUN J. Zn-based 
ionic liquids as highly efficient catalysts for chemical 
fixation of carbon dioxide to epoxides. RSC Advances, 5, 
14277, 2015.

33. YANG C., LIU M., ZHANG J., WANG X., JIANG Y., SUN 
J. Facile synthesis of DBU-based ionic liquids cooperated 
with ZnI2 as catalysts for efficient cycloaddition of CO2 
to epoxides under mild and solvent-free conditions. 
Molecular Catalysis, 450, 39, 2018.

34. WANG F., XU C., LI Z., XIA C., CHEN J. Mechanism and 
origins of enantioselectivity for [BMIM]Cl ionic liquids 
and ZnCl2 co-catalyzed coupling reaction of CO2 with 
epoxides. Journal of Molecular Catalysis A: Chemical, 
385, 133, 2014.

35. REHMAN A., EZE V.C., RESUL M.F.M.G., HARVEY 
A. Kinetics and mechanistic investigation of epoxide/
CO2 cycloaddition by a synergistic catalytic effect of 
pyrrolidinopyridinium iodide and zinc halides. Journal of 
Energy Chemistry, 37, 35, 2019.

36. GUO Z., JIANG Q., SHI Y., LI J., YANG X., HOU W., 
ZHOU Y., WANG J. Tethering Dual Hydroxyls into 
Mesoporous Poly(ionic liquid)s for Chemical Fixation of 
CO2 at Ambient Conditions: A Combined Experimental 
and Theoretical Study. ACS Catalysis, 7, 6770, 2017.

37. WANG Y., NIE J., LU C., WANG F., MA C., CHEN Z., 
YANG G. Imidazolium-based polymeric ionic liquids 
for heterogeneous catalytic conversion of CO2 into cyclic 
carbonates. Microporous and Mesoporous Materials, 292, 
109751, 2020.

38. XIE Y., LIANG J., FU Y., LIN J., WANG H., TU S., LI 
J. Poly(ionic liquid)s with high density of nucleophile /
electrophile for CO2 fixation to cyclic carbonates at mild 
conditions. Journal of CO2 Utilization, 32, 281, 2019.

39. SONG H., WANG Y., XIAO M., LIU L., LIU Y., LIU 
X., GAI H. Design of Novel Poly(ionic liquids) for the 
Conversion of CO2 to Cyclic Carbonates under Mild 
Conditions without Solvent. ACS Sustainable Chemistry & 
Engineering, 7, 9489, 2019.

40. MAO P., DAI W., YANG W., LUO S., ZHANG Y., MAO 
J., LUO X., ZOU J. Polymer nanoparticles grafted zinc-
containing ionic liquids: A highly efficient and recyclable 
catalyst for cooperative cycloaddition of CO2 with 
epoxides. Journal of CO2 Utilization, 28, 96, 2018.

41. LIAO C., LIU R., HOU X., SUN X., DAI S. Easy synthesis 
of poly(ionic liquid) for use as a porous carbon precursor. 
New Carbon Materials, 29, 78, 2014.

42. MAO H., ZHANG H., LIANG J., LIU D., WU S., ZHANG 
Y., ZHANG Y., WU Q., ZHANG G., SONG X. Preparation 
of poly(ionic liquids)-functionalized polypyrrole nanotubes 
and their electrocatalytic application to simultaneously 

determine dopamine and ascorbic acid. Journal of 
Materials Chemistry B, 3, 5310, 2015.

43. ZHONG W., BOBBINK F.D., FEI Z., DYSON P.J. 
Polyimidazolium Salts: Robust Catalysts for the 
Cycloaddition of Carbon Dioxide into Carbonates in 
Solvent-Free Conditions. ChemSusChem, 10, 2728, 2017.

44. RIADI Y., MAMOUNI R., AZZALOU R., HADDAD 
M.E., ROUTIER S., GUILLAUMET G., LAZAR S. An 
efficient and reusable heterogeneous catalyst Animal  
Bone Meal for facile synthesis of benzimidazoles, 
benzoxazoles, and benzothiazoles. Tetrahedron Letters, 
52, 3492, 2011.

45. MAO H., LIANG J., ZHANG H., PEI Q., LIU D., WU S., 
ZHANG Y., SONG X. Poly(ionic liquids) functionalized 
polypyrrole/graphene oxide nanosheets for electrochemical 
sensor to detect dopamine in the presence of ascorbic acid. 
Biosens Bioelectron, 70, 289, 2015.

46. CHEN Y., LUO R., XU Q., JIANG J., ZHOU X., JI H. 
Charged Metalloporphyrin Polymers for Cooperative 
Synthesis of Cyclic Carbonates from CO2 under Ambient 
Conditions. ChemSusChem, 10, 2534, 2017.

47. LI Z., WANG W., CHEN Y., XIONG C., HE G., CAO Y., 
WU H., GUIVER M.D., JIANG Z. Constructing efficient 
ion nanochannels in alkaline anion exchange membranes 
by the in situ assembly of a poly(ionic liquid) in metal–
organic frameworks. Journal of Materials Chemistry A, 4, 
2340, 2016.

48. KIM D., MOON Y., JI D., KIM H., CHO D. Metal-
Containing Ionic Liquids as Synergistic Catalysts for the 
Cycloaddition of CO2: A Density Functional Theory and 
Response Surface Methodology Corroborated Study. ACS 
Sustainable Chemistry & Engineering, 4, 4591, 2016.

49. SILVESTER D.S., BRODER T.L., ALDOUS L., 
HARDACRE C., CROSSLEY A., COMPTON R.G. Using 
XPS to determine solute solubility in room temperature 
ionic liquids. Analyst, 132, 196, 2007.

50. ZHANG W., WANG Q., WU H., WU P., HE M. A highly 
ordered mesoporous polymer supported imidazolium-
based ionic liquid: an efficient catalyst for cycloaddition 
of CO2 with epoxides to produce cyclic carbonates. Green 
Chemistry, 16, 4767, 2014.

51. ANTHOFER M.H., WILHELM M.E., COKOJA M., 
DREES M., HERRMANN W.A., KUHN F.E. Hydroxy-
Functionalized Imidazolium Bromides as Catalysts for the 
Cycloaddition of CO2 and Epoxides to Cyclic Carbonates. 
ChemCatChem, 7, 94, 2015.

52. XIAO L., LV D., WU W. Brønsted Acidic Ionic Liquids 
Mediated Metallic Salts Catalytic System for the Chemical 
Fixation of Carbon Dioxide to Form Cyclic Carbonates. 
Catalysis Letters, 141, 1838, 2011.

53. QIAO K., ONO F., BAO Q., TOMIDA D., YOKOYAMA 
C. Efficient synthesis of styrene carbonate from CO2 and 
styrene oxide using zinc catalysts immobilized on soluble 
imidazolium-styrene copolymers. Journal of Molecular 
Catalysis A: Chemical, 303, 30, 2009.

54. WANG W., LI C., YAN L., WANG Y., JIANG M., DING 
Y. Ionic Liquid/Zn-PPh3 Integrated Porous Organic 
Polymers Featuring Multifunctional Sites: Highly Active 
Heterogeneous Catalyst for Cooperative Conversion of 
CO2 to Cyclic Carbonates. ACS Catalysis, 6, 6091, 2016.

55. SHI T-Y., WANG J-Q., SUN J., WANG M-H., CHENG 
W-G., ZHANG S-J. Efficient fixation of CO2 into 
cyclic carbonates catalyzed by hydroxyl-functionalized 
poly(ionic liquids). RSC Advances, 3, 3726, 2013.

56. XIAO L., SU D., YUE C., WU W. Protic ionic liquids: A 
highly efficient catalyst for synthesis of cyclic carbonate 



Li B., et al.2608

from carbon dioxide and epoxides. Journal of CO2 
Utilization, 6, 1, 2014.

57. LEE S., KIM B., KIM D., KIM M., ROSHAN K.R., KIM 
M., WON Y., PARK D. Synthesis of cyclic carbonate from 
carbon dioxide and epoxides with polystyrene-supported 
quaternized ammonium salt catalysts. Applied Catalysis 
A: General, 486, 69, 2014.

58. HU Y-L., LU M., YANG X-L. Highly efficient synthesis 
of cyclic carbonates from carbon dioxide and epoxides 
catalyzed by ionic liquid [Heemim][ZrCl5]. RSC Advances, 
5, 67886, 2015.

59. AGRIGENTO P., AL-AMSYAR S.M., SOREE B., 
TAHERIMEHR M., GRUTTADAURIA M., APRILE 
C., PESCARMONA P.P. Synthesis and high-throughput 
testing of multilayered supported ionic liquid catalysts for 
the conversion of CO2 and epoxides into cyclic carbonates. 
Catalysis Science & Technology, 4, 1598, 2014.

60. HAJIPOUR A.R., HEIDARI Y., KOZEHGARY G. 
Silica grafted ammonium salts based on DABCO as 

heterogeneous catalysts for cyclic carbonate synthesis 
from carbon dioxide and epoxides. RSC Advances, 5, 
22373, 2015.

61. NOMURA R., KIMURA M., TESHIMA S., NINAGAWA 
A., MATSUDA H. Direct synthesis of cyclic carbonates in 
the presence of organometallic compounds. Catalyses by 
systems from IVA, VA, and VIA group compounds and 
Lewis base. Bulletin of the Chemical Society of Japan, 55, 
3200, 1982.

62. OCHIAI B., IWAMOTO T., ENDO T. Selective gas-solid 
phase fixation of carbon dioxide into oxirane-containing 
polymers: synthesis of polymer bearing cyclic carbonate 
group. Green Chemistry, 8, 138, 2006.

63. THARUN J., HWANG Y., ROSHAN R., AHN S., 
KATHALIKKATTIL A.C., PARK D. A novel approach 
of utilizing quaternized chitosan as a catalyst for the eco-
friendly cycloaddition of epoxides with CO2. Catalysis 
Science & Technology, 2, 1674, 2012.


