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groups and triazole groups for CO2 chemical conversion under atmospheric 
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A B S T R A C T   

Development of efficient, green and recyclable heterogeneous catalysts for the chemical conversion of CO2 into 
cyclic carbonates with excellent yields under atmospheric pressure condition is still a very challenging task. 
Herein, a class of biomass-derived hyper-cross-linked porous heterogeneous catalysts MPAc-Br and MPAc-OH-Br, 
based on easily available and sustainable rosin, was synthesized by Friedel–Crafts polymerization and the further 
N-alkylation of triazole groups. Compared with MPAc-Br, the bifunctional catalyst MPAc-OH-Br (bearing triazole 
IL groups and -OH groups) exhibited higher catalytic activity for direct chemical conversion of CO2 into cyclic 
carbonates (up to 99% yields) under metal-, solvent-free and atmospheric pressure conditions. The rosin-based 
porous molecular structure and bifunctional groups on the surface of MPAc-OH-Br played a very important role 
in the promoting the cycloaddition of CO2 with epoxides under the optimal conditions. Furthermore, MPAc-OH- 
Br exhibited good stability and reusability (96% yield after 10 recycles).   

1. Introduction 

Since the industrial revolution, the mass consumption of fossil fuels 
and a large number of carbon dioxide (CO2) emissions have led to the 
increasing concentration of CO2 in the air year by year, seriously 
destroying the natural carbon cycle, resulting in a series of serious 
environmental and social problems [1,2]. Thus, the chemical fixation 
and conversion of CO2 into commercially relevant fine chemicals has 
attracted much public attention since CO2 is a cheap, easily available, 
and environmentally friendly renewable C1 resource [3–7]. The chem-
ical conversion of CO2 can not only reduce CO2 emissions, but also 
provide a green technological route, which is of great significance for 
green and sustainable social development [8–10]. Among them, the 
chemical conversion of CO2 with terminal epoxides into cyclic carbon-
ates through a cycloaddition reaction is the most promising strategy due 
to 100% atom economy [11–16]. The cyclic carbonate products are 
green solvents in the field of catalysis, and used extensively as precursors 
in organic synthesis as important intermediates in the synthesis of fine 
chemicals. 

However, the kinetic inertness and thermodynamic stability of CO2 
make it a great challenge to activate this greenhouse gas [17–19]. Thus, 

the development of highly efficient catalysts for the production of value- 
added cyclic carbonates from CO2 is currently a hot point from the 
viewpoint of green synthesis chemistry. Up to now, a series of catalysts 
have been developed for the production of cyclic carbonates through 
CO2 cycloaddition, such as ionic liquids (ILs) [20–22], metal complex 
catalysts [23–25], porous materials [26–31], bifunctional dendrimer 
[32], organocatalysts [33–35]. Although most of the catalytic systems 
show good to excellent yields of cyclic carbonates, high CO2 pressure are 
always needed in these studies. To further enhance the efficiency of 
chemical fixation of CO2 with epoxides into cyclic carbonates relatively 
mild reaction conditions, great efforts have been focused on the prepa-
ration of highly efficient and sustainable catalytic systems [36,37]. 

Task-specific ionic liquids (ILs), regarded as efficient and green ho-
mogeneous catalysts, have been extensively used in the field of chemical 
fixation of CO2 into cyclic carbonates. The functional ILs, especially the 
–NH2, –OH, or –COOH functionalized ones, could exhibit obviously 
enhanced catalytic activities for the chemical fixation of CO2 with ep-
oxides. Unfortunately, these homogenous ILs catalysts are often expen-
sive, difficult biodegradable, sometimes toxic, which limit their 
industrial applications. Furthermore, the homogenous ILs catalysts are 
minimally recyclable and, therefore, are not desirable for industrial 
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purposes. To solve the above problems, an alternative to homogenous 
ILs catalysts in cyclic carbonates synthesis requires further research. 
Nowadays, porous ionic networks (PINs) have been widely used in the 
field of functional materials [38–41]. PINs present some of the unique 
properties of ILs (thermal/chemical stability, and ionic conductivity) 
together with excellent catalytic performance. So far, several PINs cat-
alysts have been reported as efficient catalysts for cyclic carbonate 
production [42–47]. However, all the PINs catalysts are made from non- 
renewable sources, which will result in environmental problem and cost 
issue. Therefore, it is still highly desirable to develop low-cost, highly 
efficient, environmentally friendly but easily prepared heterogeneous 
catalysts for chemical fixation of CO2 with epoxides. 

With the declining petroleum resources and associated the environ-
mental problems caused by the rapid industrial development, the design 
and synthesis of sustainable bio-based materials has received wide-
spread attention both in academia and industry [48]. In recent years, 
due to the rising environmental awareness and depletion of fossil 

resources, as one of the most abundant natural resources, rosin has been 
extensively used as raw material in the organic chemistry because of 
their renewable and low-cost properties. Compared with the obvious 
achievements made with traditional polymeric materials derived from 
fossil oil, the development of polymers prepared from renewable natural 
resources has been limited. As a kind of important renewable natural 
resource, rosin and its derivatives have been used widely in the field of 
modern chemical production industry as chemical raw materials, which 
not only enhances the value of natural resource but also reduces the 
dependence on fossil oil resources [49,50]. The potential for chemical 
modification of rosin and its derivatives also makes them valuable bio- 
based monomers in the synthesis of polymeric materials. Therefore, 
rosin-based monomers are potential substitutes for the petroleum-based 
monomers used in polymers. 

In continuation of our efforts to develop efficient and cost-effective 
approaches for the synthesis of cyclic carbonates [51,52], we report 
here a new kind of bifunctional hyper-cross-linked porous 
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Fig. 1. Schematic illustration of the fabrication of rosin-based hyper-cross-linked porous heterogeneous catalysts MPAc-OH-Br and MPAc-Br via the Friedel–Crafts 
reaction, followed by post-modification with n-butyl bromide using the triazole groups on the surface. 
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heterogeneous catalyst MPAc-OH-Br (bearing triazole IL groups and 
–OH groups) from rosin for green and low-cost preparation of cyclic 
carbonates from CO2 and epoxides under metal-, solvent-free and at-
mospheric pressure conditions (Fig. 1). In addition, the porous polymer 
MPAC-Br without hydroxyl functionalization was used as a contrast. 
Obviously, the rosin-based porous molecular structure and bifunctional 
groups on the surface of MPAc-OH-Br played a key role in the promoting 
the cycloaddition of CO2 with epoxides under the optimal conditions. 
The inherent rigid structure of rosin-based porous heterogeneous cata-
lyst can not only promote gas adsorption process in an entropic manner, 
but only enhance the thermal and chemical stabilization of material. 
Furthermore, the porous structure increases the specific surface area of 
MPAc-OH-Br, and the hydroxyl groups are able to coordinate to the 
epoxide through hydrogen bonding and enhance the activity for this 
reaction. 

2. Experimental section 

2.1. Chemicals and reagents 

Rosin acid (75%) with an acid number of 166 mg KOH g− 1 was 
purchased from Guangxi Wuzhou Pine Chemicals Ltd., China. It was a 
mixture of abietic acid and other rosin acids. Maleic anhydride (powder, 
99%), propargyl bromide (98%, stabilized with MgO), bisphenol A 
diglycidyl ether (≥85%), and 4,4′-bis(chloromethyl)biphenyl (96%) 
were obtained from Aladdin Chemicals Ltd. DMF and CH3COOH were 
obtained from Xiamen Lvyin Reagent Company. CO2 (99.99%) was 
purchased from Xiamen Kongfente Gas Co., Ltd. All chemicals were 
obtained commercially and used as received, without further 
purification. 

2.2. Instruments 

FT-IR spectra were recorded on a Nicolet Nexus FT-IR instrument at 
4 cm− 1 resolution and 32 scans and samples for FT-IR analysis were 
prepared using the KBr press disc method. 1H NMR spectra were 
recorded on a Bruker AVANCE III-500 spectrometer. TGA was carried 
out run in Ar atmosphere with a heating rate of 20 ◦C/min on TG in-
struments DTG-60H. The scanning electron microscopy (SEM) obser-
vation was performed on a HitachiSU8020 microscope operated at a 3 
kV/10 μA accelerating voltage. The organic element analyzer was per-
formed on a 230 V/EURO E device manufactured by Leeman China. The 
polymer surface areas, N2 adsorption isotherms (77.3 K) and pore-size 
distributions were measured using a Micromeritics 3Flex surface area 
and porosity analyzer. Before analysis, the samples were degassed at 
150 ◦C for 8 h under vacuum (10− 5 bar). The yields of the obtained 
products are isolated yields. 

2.3. Preparation of malaypimaric anhydride 

The preparation of malaypimaric anhydride (MPA) were carried out 
according to the similar procedure described in other literatures 
[53,54]. In a three-necked round-bottomed flask (250 mL) equipped 
with a magnetic stirrer and a reflux condenser, rosin acid (75% purity, 
20 g) and CH3COOH (50 mL) was heated to 120 ◦C. Then, the mixture is 
refluxed for two hours under N2 atmosphere to complete the isomeri-
zation of abietic acid. To this mixture were added 8.0 g of maleic an-
hydride (81.6 mmol) and the reaction mixture was refluxed for three 
hours. Then, 20 mL of CH3COOH were added into the reaction mixture. 
After the reaction mixture was cooled to room temperature for 24 h, a 
white solid MPA was obtained (12.9 g, yield: 64%). 
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2.4. Preparation of malaypimaric acid 

MPA (50.0 g) was dissolved in hot ethanol (150 mL) in a round 
bottom flask (500 mL). The mixture was stirred and the pH value 
reached 8–9 by adding an appropriate potassium hydroxide-ethanol 
solution. The resulting mixture was stirred continuously until the solid 
appeared completely. After that, the rosin-based potassium salt was 
collected via filtration and dried in a vacuum oven. Next, the rosin-based 
potassium salt (10.0 g) was dissolved in 75% ethanol solution and the 
mixture was acidified by 6% dilute hydrochloric acid (mass fraction) at 
room temperature. Then, the crude product was completely precipitated 
by slowly adding deionized water and obtained via filtration. The crude 
product was purified using recrystallization with 75% ethanol to gain 
white solid of pure malaypimaric acid (MPAc, 85%). 

2.5. Preparation of tri-alkyne MPAc 

10.0 g of MPAc (23.9 mmol), 11.8 g of K2CO3 and 30 mL of DMF were 
added into a 250 mL one-necked flask to get a white mixture under 
magnetic stirring. Then a solution of propargyl bromide (10.2 g, 85.0 
mmol) dissolved in DMF (5.0 mL) was added drop by drop. After the 
reaction mixture was refluxed at 80 ◦C for 24 h, the reaction was stopped 
and cooled slowly to room temperature. And then, the reaction solvent 
was removed under reduced pressure on a rotary evaporator. The 
product was extracted with EtOAc (3 × 50 mL) and the organic phase 
was washed with distilled water (3 × 10 mL). The organic layer was 
washed with saturated NaCl solution, dried over anhydrous MgSO4, and 
concentrated under reduced pressure to give the crude tri-alkyne MPAc 
product. Further purification was performed by silica gel flash column 
chromatography with a mixture of PE/EtOAc (4/1) as eluent to afford 
the pure tri-alkyne MPAc (yield: 7.13 g, 56%). 

2.6. Synthesis of 1,2,3-triazole-modified monomer MPAc-triazole-OH 
from rosin 

1,2,3-Triazole-modified rosin-based monomer MPAc-triazole-OH 
was prepared by cycloaddition reaction of alkynyl groups of tri-alkyne 
MPAc and organic azide using copper sulfate/sodium ascorbate as 
catalyst in THF. To a homogeneous solution of tri-alkyne MPAc (0.50 g) 
and 2-azido-1-phenylethanol (0.55 g, 3.36 mmol) in 15 mL of THF, 
CuSO4/water mixture (0.28 mmol/1.0 mL) and NaOAc/water (0.56 
mmol/1.0 mL) were added, and the resulting mixture was vigorously 
stirred at room temperature overnight. After removal of the solvent, the 
residue was dissolved in ethyl acetate (25 mL) and transferred to a 
separatory funnel. Then, the organic layer was washed with brine, dried, 
filtered and concentrated. The crude product was purified by column 
chromatography on silica gel to obtain MPAc-triazole-OH. The yield of 
MPAc-triazole-OH was 90%. The monomer MPAc-triazole was also 
synthesized by the similar procedure (Scheme 1). 

2.7. Synthesis of rosin-based porous heterogeneous catalyst MPAc-OH-Br 

In an oven dried 50 mL round-bottom flask, MPAc-triazole-OH (2.05 
g, 2 mmol), formaldehyde dimethyl acetal (FDA, 1.52 g, 20 mmol) were 
dissolved in 15 mL of 1,2-dichloroethane (DCE). Then, anhydrous ferric 
chloride (3.24 g, 20 mmol) was added to the above mixture and was 
stirred at 45 ◦C for 5 h. After that, the resulting mixture was heated to 
85 ◦C and maintained for 48 h to complete the formation of the HCP 
network. Upon cooling, the resulting precipitate was collected by vac-
uum filtration and washed twice with ethanol, then further Soxhlet- 
extracted by ethanol for 24 h in a Soxhlet extraction unit. Finally, the 
obtained polymer HCPs-OH was dried at 80 ◦C under vacuum for 12 h. 

HCPs-OH (1.0 g) and 1-bromobutane (1.37 g) was dissolved in DMF 
(10 mL) in a round bottom flask (50 mL) and heated at 85 ◦C for 24 h. 
Upon cooling, the catalyst was separated by filtration, and the solid was 
washed three times with ethanol, and dried under vacuum at 50 ◦C for 
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12 h. The product was named as MPAc-OH-Br. MPAc-Br was also syn-
thesized by the similar procedure (Scheme 2). 

2.8. General procedure for chemical fixation of CO2 with epoxides 

The chemical fixation of CO2 with epoxides were carried out in a 
Teflon-lined stainless-steel reactor (20.0 mL) equipped with a magnetic 
stirrer. In the general procedure, epoxide (10.0 mmol), MPAc-OH-Br 
(30.0 mg), and TBABr (0.1 mmol, 2.0 mol%) were placed into the 
reactor. The reactor was then purged with CO2 three times. Subse-
quently, the reactor was heated to the desired reaction temperature 
under the desired pressure condition. After completion of the reaction, 
the reactor was removed from the oil bath and then immediately placed 
in the iced water bath to quench the reaction. The excess CO2 was 
released slowly. EtOAc (15 mL) was added into the reaction mixture, 
and then MPAc-OH-Br was recovered by precipitation. Subsequently, 
the obtained catalyst was washed two times with EtOAc and dried under 
vacuum at 50 ◦C for 5 h for further use. 

3. Results and discussion 

3.1. Synthesis of bio-based monomers from rosin 

The synthesis route of MPAc-alkyne is shown in Scheme 1. Firstly, 
the synthesis of MPAc were carried out according to the similar method 
used in previous literatures [53,54]. In the next step, MPAc, K2CO3, and 
propargyl bromide were used as raw materials to synthesize tri-alkyne 
MPAc. The obtained results showed that esterification of the carboxyl 
groups using K2CO3/DMF reaction system resulted in a moderate yield 
(24 h, 80 ◦C, 56%). 1,2,3-Triazole-modified rosin-based monomers 
MPAc-triazole-OH and MPAc-triazole were prepared by cycloaddition 
reaction of alkynyl groups of tri-alkyne MPAc and styrene oxide/NaN3 
(or benzyl bromide/NaN3) using copper sulfate/sodium ascorbate as 
catalyst in THF. 

3.2. Synthesis of rosin-based porous heterogeneous catalyst 

The synthesis route of MPAc-OH-Br is shown in Scheme 2. In this 
study, rosin-based MPAc-OH-Br was synthesized by Friedel–Crafts 
coupling polymerization and quaternization reaction from rosin-based 
monomer MPAc-triazole-OH. Firstly, the obtained bio-based monomer 
MPAc-triazole-OH or MPAc-triazole was hyper-crosslinked via Frie-
del–Crafts alkylation coupling reaction with formaldehyde diethyl 
acetal (FDA) upon the activation of anhydrous FeCl3 in dichloroethane. 
After polymerization at 85 ◦C for 48 h, the brown porous polymer was 

filtered and washed three times with methanol. The obtained solid was 
further purified by Soxhlet extraction methanol for 48 h, and then dried 
in a vacuum oven at 50 ◦C for 12 h to obtain HCPs-OH or HCPs. HCPs- 
OH or HCPs HCPs-OH (1.0 g) and 1-bromobutane (2.0 mL) was dis-
solved in DMF (10 mL) in a three-necked flask and heated at 80 ◦C for 36 
h. After simple filtration and washing with EtOAc, MPAc-OH-Br or 
MPAc-Br was obtained and then dried at 50 ◦C for further use. 

3.3. Characterization of rosin-based monomer and porous heterogeneous 
catalyst 

The chemical structures of the intermediates and tri-alkyne MPAc 
were identified by FT-IR, 1H NMR and 13C NMR, respectively. As shown 
in Fig. 2a, the peak at 1712 cm− 1 was the stretching coupling vibration 
of the C––O bond of carboxylic groups in MPAc. Fig. 2b is the FT-IR 
spectrum of tri-alkyne MPAc. It can be seen that the broad absorption 
peak of carboxylic groups from 3000 to 3500 cm− 1 for MPAc almost 
disappeared after esterification of MPAc with propargyl bromide. At the 
same time, several new peaks appeared at 3296 cm− 1, 2129 cm− 1, 1726 
cm− 1 and 670 cm− 1, which are due to the adsorption of the unsaturated 
terminal C–––C bonds, ester functional groups, and the –––C–H groups of 
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tri-alkyne MPAc. 
After the click reaction of tri-alkyne MPAc and 2-azido-1-phenyle-

thanol, the peak at 2129 cm− 1 for alkyne groups in the spectrum of 
MPAc-triazole-OH have disappeared, and these new emergence peaks 
centered at 3066 cm− 1 and 1665 cm− 1 are related to the stretching vi-
bration of aromatic C––C bonds of benzene rings and triazole rings 
(Fig. 2c). As shown in Fig. 2d and e, the following characteristic FT-IR 
stretching peaks were found in HCPs-OH and MPAc-OH-Br an 
aliphatic C–H vibration peak emanating from –CH2– linkers at 2932 
cm− 1 and 2946 cm− 1, respectively. Additionally, the characteristic FT- 
IR stretching peaks of hydroxyl groups in HCPs-OH and MPAc-Br-OH 
were found as a broad peak centered at about 3400 cm− 1. The bands 
at 1724 and 1726 cm− 1 could be attributed to C––O stretching of ester 
groups in MPAc-OH and MPAc-OH-Br, respectively. Furthermore, the N 
content of HCPs-OH and MPAc-Br-OH were determined to be 5.59% and 
5.56% by using elemental analysis (EA), respectively. Obviously, the 
results of FT-IR and EA suggested that most of MPAc-triazole-OH was 
involved in the formation of the network. 

In the 1H NMR spectrum of tri-alkyne MPAc (Fig. 3), the peaks be-
tween 0.55 and 1.90 ppm were assigned to the protons of rosin-based 
ternary phenanthrene ring structure. The single peak at 2.42 ppm 

corresponded to the protons of –C–––CH. The peaks between 4.45 and 
4.70 ppm were assigned to the protons of –OCH2C–––CH. The chemical 
structure of –COOCH2C–––CH was further verified using 13C NMR 
(Fig. 4). After esterification of MPAc with propargyl bromide, the peaks 
of the carbons in the propargyl groups (a, b, c, d, e and f) in C–––C bonds 
were at 74.6, 77.8 ppm. The obtained results showed that terminal al-
kynes have been successfully grafted into MPAc. 

MPAc-triazole-OH was synthesized by treating tri-alkyne MPAc with 
an excess of 2-azido-1-phenylethanol (1.2 eq). The successful click re-
action between tri-alkyne MPAc and 2-azido-1-phenylethanol can also 
be confirmed by 1H NMR spectroscopy (Fig. 5). The peaks at about 8.0 
ppm are assigned to the proton of 1,2,3-triazole ring, and the signals 
between 7.0 and 8.0 ppm are assigned to the protons of benzene rings. In 
addition, the peaks between 0.50 and 2.00 ppm were assigned to the 
protons of ternary phenanthrene ring structure of rosin. 

The molecular structure of MPAc-triazole-OH was further verified by 
using 13C NMR spectroscopy (Fig. 6). The peaks between δ =

160–180ppm represented the carbonyl carbons of ester groups. Eigh-
teen aromatic carbons are resonated between δ = 115–140ppm. The 
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peaks at δ = 140–150ppm confirmed the presence of the C––C groups in 
the 1,2,3-triazole ring. In addition, the FT-IR spectrum in Fig. 2c gives 
the further evidence. The disappearance of the alkynyl absorption at 

2129 cm− 1 suggests the complete transition from tri-alkyne MPAc to 
MPAc-triazole-OH. In addition, the nitrogen content of MPAc-OH-Br 
were found to be 5.56 wt% by elemental analysis. Clearly, the 
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Fig. 8. SEM image (a) and N2 adsorption-desorption isotherm of MPAc-OH-Br (b).  

Table 1 
Effect of different rosin-based polymeric catalysts catalyzed cyclization reaction between CO2 and 2-(prop-2-enoxymethyl)oxirane.a  

Entry Catalyst Catalyst (mg) TBABr (mmol) Isolated yield (%) 

1 None 0 0.1 26 
2 HCPs 30 0 31 
3 HCPs 30 0.1 69 
4 HCPs-OH 30 0 46 
5 HCPs-OH 30 0.1 76 
6 MPAc-Br 30 0 48 
7 MPAc-Br 30 0.1 90 
8 MPAc-OH-Br 30 0 61 
9 MPAc-OH-Br 30 0.1 99 

Bold indicates the best catalytic result of rosin-based porous catalyst reported in this paper. 
a Reaction condition: 2-(phenoxymethyl)oxirane (10.0 mmol), CO2 (atmospheric pressure), 130 ◦C, 300 min. 
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obtained results showed that the benzene rings have been successfully 
grafted into MPAc via CuAAC reaction. 

The thermal stability of MPAc-OH and the catalyst MPAc-OH-Br was 
analyzed by means of thermogravimetric analysis (TGA). As demon-
strated by TGA in a nitrogen atmosphere (Fig. 7), only slight weight loss 
was observed below 150 ◦C, due to the removal of residual solvents and/ 
or adsorbed H2O. In the TGA plot of MPAc-OH-Br (Fig. 7b), about 15% 

weight loss is observed between 150 ◦C to 300 ◦C, which could be due to 
the decomposition of the grafted n-butyl bromide. The obvious decrease 
in the weight of MPAc-Br and MPAc-OH-Br in the temperature range of 
300 ◦C to 800 ◦C is ascribed to the destruction of rosin skeleton in the 
hyper-cross-linked porous polymer networks. The obtained results 
indicated that MPAc-Br and MPAc-OH-Br could have potential appli-
cations in CO2 chemical transformation. 

The morphology and surface characteristics of MPAc-OH-Br were 
investigated by scanning electron microscope (SEM) and Bru-
nauer–Emmett–Teller (BET) N2 gas adsorption–desorption isotherms. As 
shown in Fig. 8a, there were open and closed cells in the sample of 
MPAc-OH-Br, which exhibited highly porous morphology. Furthermore, 
the result of N2 gas sorption analysis further proved this fact and the BET 
surface area of MPAc-OH-Br was 787 m3/g. According to Fig. 8b, the N2 
adsorption isotherms told a sharply gas uptake at low relative pressure 
(P/P0 < 0.01) and continuous increase at a high relative pressure (0.2 <
P/P0 < 1.0) with a hysteresis loop, which indicated that the rosin-base 
MPAc-OH-Br was a multi-stage porous material with abundant micro-
pores and macropores structure. 

3.4. Effect of rosin-based porous catalysts on cyclic carbonate yields 

The catalytic activity of the rosin-based porous catalysts was exam-
ined using CO2 and 2-(phenoxymethyl)oxirane as model reactants 
(Table 1). The model reaction was carried out over two rosin-based 
porous catalysts under 130 ◦C and atmospheric pressure conditions. As 
expected, MPAc-OH-Br was found to exhibit excellent catalytic activity 
for highly efficient synthesis of cyclic carbonates via chemical fixation of 
CO2 with 2-(phenoxymethyl)oxirane under metal-, solvent-free and at-
mospheric pressure conditions, as illustrated in Table 1. When the re-
action was carried out using TBABr alone, the desired cyclic carbonate 
yield was only 26% (entry 1, Table 1). When rosin-based catalyst was 
used alone, the desired cyclic carbonate yield was very low or only 
medium (31%–61%, entries 2, 4, 6, 8, Table 1). The combination of 
HCPs and TBABr under the same reaction condition provided 69% yield. 
The combination of MPAc-Br and TBABr provided 90% yield. To our 
delight, the bifunctional catalyst MPAc-OH-Br (bearing triazole IL 
groups and –OH groups) showed excellent catalytic performance with a 
yield of 99% owing to the molecularly cooperative effect among triazole 
cations and –OH groups. Since MPAc-OH-Br contains triazole IL groups 
and –OH groups, hydrogen bonds may play an important role in the 
synergetic catalysis of the reaction. Based on these obtained results, 
MPAc-OH-Br/TBABr was selected as the best catalytic system for further 
investigations. 

3.5. Optimization of cyclization reaction parameter 

CO2 chemical conversion depends on the primary factors, such as 
reaction temperature, catalyst amount, and reaction time of the reaction 
system. Therefore, the influence of these reaction factors on the cyclo-
addition reaction was then examined, and the obtained results are 
shown in Fig. 9. Fig. 9a shows the effect of reaction temperature on the 
chemical fixation of CO2. The reaction temperature played an important 
role in deciding the yield of cycloaddition reaction. The yields of 
cycloaddition reaction increased rapidly from 53% to 99% when the 
reaction temperature increased from 70 ◦C to 130 ◦C. 

Fig. 9b shows the influence of catalytic amounts in the MPAc-OH-Br 
mediated catalysis of CO2 and 2-(phenoxymethyl)oxirane cycloaddition. 
It was found that cyclic carbonate yield was obviously increased when 
increasing the amounts of MPAc-OH-Br from 10 mg to 30 mg. As illus-
trated in Fig. 9b, the yield of the desired cyclic carbonate reached the 
maximum within 30 mg, up to 99%. At last, the effect of the reaction 
time was examined while keeping other parameters (such as catalyst 30 
mg, atmospheric pressure, and 130 ◦C) constant in Fig. 9c. The yield 
increased with reaction time and reached a maximum of 99% within 
300 min. Up to now, the optimal reaction conditions for the chemical 
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Table 2 
Cyclization reaction between CO2 and various epoxides under the optimized reaction condition. 

 

Entrya Substrate Product Isolated Yield (%) 

1 
 

 

88  

2 

  

99  

3 

 
 

92  

4 
  

95 

5 
  

96  
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99  
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93 

8 
 

 

91 

9 
 

 

88  

 

10 

  

96  

11 
  

68  

aReaction conditions: epoxide (10.0 mmol), CO2 (atmospheric pressure), MPAc-OH-Br (30 mg), TBABr (0.1 mmol), 5 h. 
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fixation of CO2 (atmospheric pressure) with epoxide (10.0 mmol) were 
established as MPAc-OH-Br (30 mg) at 130 ◦C and 300 min reaction. 

3.6. MPAc-OH-Br for chemical fixation of CO2 with other epoxides 

To determine the potential applicability of the MPAc-OH-Br catalyst, 
the substrate scope of cycloaddition reaction that involved epoxides 
with different substituents was examined under the optimal reaction 
conditions (130 ◦C, atmospheric pressure, 5 h). The detailed results are 
summarized in Table 2. As shown in Table 2, high yields were achieved 
for the mono-substituted terminal epoxides (Entries 1–11). All the ep-
oxides tested could be converted into the corresponding cyclic carbon-
ates with good to excellent yields. The steric effect may affect the yield. 
For example, the reactive activity of the terminal epoxides decreased 
with increasing their alkyl length (entries 4 and 5). Compared with 
glycidol, epichlorohydrin showed a better result, probably due to the 
electron-withdrawing property of the Cl atom (entries 6 and 7). In 
addition, the epoxides with an oxymethylene moiety were also con-
verted to the corresponding products in excellent yields, indicating the 
facilitated nucleophilic attack at the epoxide ring carbon atoms. 

However, owing to the higher barrier height of ring opening, the yield of 
corresponding product was only 68% (entry 11) when cyclohexene 
oxide was used as the substrate in the same reaction conditions. 

3.7. Stability of MPAc-OH-Br 

In order to develop a greener and more economical process for cyclic 
carbonates synthesis, the reusability of MPAc-OH-Br was examined 
under the optimal conditions in the following step. It was observed that 
the MPAc-OH-Br catalyst exhibited good to excellent catalytic activity 
for ten consecutive cycles, reflecting good stability of MPAc-OH-Br 
(Fig. 10). 

In the next step, the chemical and thermal stability of the recycled 
MPAc-OH-Br after ten cycles were studied by FT-IR, EA and TGA anal-
ysis. The FT-IR of the reused MPAc-OH-Br catalyst was displayed in 
Fig. 11. Compared with the fresh catalyst, after ten consecutive cycles, 
the obtained catalyst still remains the characteristic peaks of MPAc 
(1725 cm− 1, ester functional groups) and hydroxyl groups (3400–3500 
cm− 1), which indicated that the skeleton structure of MPAc-OH-Br was 
stable during catalytic reactions and after 10 times recycle. EA showed 
that the N contents still well-preserved in the recovered MPAc-OH-Br, 
still up to 4.91% (the fresh catalyst, 5.56%), which further testified 
the outstanding chemical stability of MPAc-OH-Br. In addition, the 
catalyst reused in ten consecutive runs was analyzed by TGA (Fig. 12b) 
and showed a very similar TGA curves between 25 ◦C to 170 ◦C 
compared to the fresh catalyst (Fig. 12a). These results indicate that the 
catalyst MPAc-OH-Br has good stability. Thus, all of these results indi-
cate that the MPAc-OH-Br was a well-reusable and robust catalyst for the 
chemical fixation CO2 with epoxides. 

3.8. Possible reaction mechanism of the cycloaddition of CO2 with 
epoxides 

Based on the present results and previous published results [55,56], a 
plausible mechanism was proposed for the chemical fixation epoxides 
with CO2 over the MPAc-OH-Br catalyst (Scheme 3). MPAc-OH-Br with 
–OH functional groups demonstrated better catalytic activity, as the 
–OH functional groups might play a very important role in the activa-
tion of epoxides. Initially, the cycloaddition reaction is initiated by 
activation of epoxy ring through hydrogen bonding of –OH functional 
groups on the surface of MPAc-OH-Br (I). Secondly, the nucleophilic Br 
anion attacks the less-hindered carbon atom of the activated epoxide, 
followed by the ring opening of the epoxy ring and formed the ring- 
opened intermediate (II). Next, CO2 inserted into the intermediate and 
an acyclic ester was obtained (III). In the final step (IV), the acyclic ester 
was further converted to the corresponding cyclic carbonate through the 
intramolecular ring-closure. At the same time, the catalyst MPAc-OH-Br 
was regenerated. The excellent catalytic performance of MPAc-OH-Br 
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can be attributed to the obvious cooperative effect of between –OH 
functional groups and nucleophilic Br anions. 

3.9. Comparison of MPAc-OH-Br with the reported heterogeneous 
catalysts in the chemical fixation of CO2 with epoxides 

To identify the potential of the rosin-based heterogeneous catalyst 
MPAc-OH-Br for the preparation of cyclic carbonates, we have 
compared the obtained result with previously reported catalytic systems 
for cycloaddition of CO2 with epoxide. The result from our catalytic 
system and the data from previously reported catalyst systems are 
summarized in Table 3. As shown in Table 3, PIM2, IC2HCP-5, IHCP-OH 
(1), BPyBr-ZnCl2/SiO2, PNPs-Im2ZnBr4, and PS-MimFeCl4 are examples 
of catalysts which have been used for cycloaddition of CO2 with epoxide. 
By comparing the previously reported results, it can be found that our 
catalyst has higher catalytic activity. Obviously, the rosin-based porous 
structure and the -OH groups on the surface of MPAc-OH-Br played an 
important role to enhance catalytic activity. Compared with the existing 

heterogeneous catalysts, MPAc-OH-Br exhibited obvious advantages, 
short reaction time (5 h), mild reaction condition (atmospheric pres-
sure), and excellent yield (99%) for the synthesis of cyclic carbonates. 
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Scheme 3. A plausible mechanism for the chemical fixation of CO2 with epoxides over MPAc-OH-Br.  

Table 3 
Comparison of catalytic performance of reported porous polymers.  

Entry Catalyst Temp. 
(◦C) 

Time 
(h) 

Pressure 
(MPa) 

Yield 
(%) 

Ref. 

1 PIM2 130 8 1.0 96 [57] 
2 IC2HCP-5 120 28 3.0 92 [58] 
3 IHCP-OH (1) 135 7 3.0 90 [59] 
4 BPyBr- 

ZnCl2/SiO2 

120 4 1.7 88 [60] 

5 PNPs- 
Im2ZnBr4 

120 3.5 2.0 88 [61] 

6 PS-MimFeCl4 100 6 8 96 [62] 
7 MPAc-OH-Br 130 5 Balloon >99 This 

work 

Bold indicates the best catalytic result of rosin-based porous catalyst reported in 
this paper. 
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4. Conclusions 

In summary, a class of biomass-derived bifunctional porous hetero-
geneous catalyst MPAc-OH-Br (bearing triazole IL groups and –OH 
groups), based on easily available and sustainable rosin, was synthesized 
by Friedel–Crafts polymerization and the further N-alkylation of triazole 
groups. The synthesized rosin-based polymeric monomers and the 
MPAc-OH-Br catalyst was thoroughly characterized by different tech-
niques, such as FT-IR, 1H NMR, 13C NMR, TGA, SEM, and BET. 
Compared with MPAc-Br, bifunctional MPAc-OH-Br displayed a 
remarkable catalytic activity for chemical fixation of CO2 with epoxides 
into cyclic carbonates (up to 99% yields) under metal-, solvent-free and 
atmospheric pressure conditions (130 ◦C, 5 h). In addition, MPAc-OH-Br 
exhibited good stability and reusability (96% yield after 10 recycles). 
The present study demonstrated that the rosin-based porous molecular 
structure and bifunctional groups on the surface of MPAc-OH-Br played 
a very important role to enhance its catalytic activity. 
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[32] L.C. St’astná, A. Krupkova, R. Petrickovic, M. Mullerova, J. Matousek, K. Kostejn, 
P. Curinova, V. Jandova, S. Sabata, T. Strasak, Multivalent bifunctional carbosilane 
dendrimer-supported ammonium and phosphonium organocatalysts for the 
coupling of CO2 and epoxides, ACS Sustain. Chem. Eng. 8 (2020) 11692–11703, 
https://doi.org/10.1021/acssuschemeng.0c03367. 

[33] M.K. Alavijeh, M.M. Amini, B. Notash, G. Mohammadnezhad, Formation of a 
potassium coordination polymer based on a novel 2-sulfono-benzene-1,3,5-tricar-
boxylic acid: synthesis, characterization, and application of the organocatalyst in 
CO2 cycloaddition reaction, J. Mol. Struct. 1232 (2021) 130045, https://doi.org/ 
10.1016/j.molstruc.2021.130045. 

[34] A.-I. Adeleyea, S. Kellici, T. Heil, D. Morgan, M. Vickers, B. Saha, Greener synthesis 
of propylene carbonate using graphene-inorganic nanocomposite catalysts, Catal. 
Today 256 (2015) 347–357, https://doi.org/10.1016/j.cattod.2014.12.032. 

[35] L.L. Hu, Q.J. Xie, J.T. Tang, C.Y. Pan, G.P. Yu, K.C. Tam, Co(III)-Salen immobilized 
cellulose nanocrystals for efficient catalytic CO2 fixation into cyclic carbonates 
under mild conditions, Carbohydr. Polym. 256 (2021) 117558, https://doi.org/ 
10.1016/j.carbpol.2020.117558. 

[36] C. Claver, M.B. Yeamin, M. Regueroa, A.M. Masdeu-Bultó, Recent advances in the 
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