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Abstract Polystyrene grafted with quaternary ammonium
salts were obtained by direct quaternarization of chlorome-
thylated polystyrene with N,N-dimethylethylamine, N,N-
dimethylglycine (denoted as PS-QNS and PS-CQNS,
respectively). These two polymer-supported ionic liquids
were found to show high catalytic efficiency towards the
cycloaddition of CO, to epoxides. The effects of catalyst
amount, reaction temperature, initial CO, pressure, and
reaction time on the yield of cyclic carbonates were investi-
gated systematically. Under the optimal reaction conditions
(150 °C, initial CO, pressure 2.0 MPa and 5 h), propylene
carbonate yield and selectivity in the cycloaddition of CO; to
propylene oxide over PS-CQNS were 96.2 and 99.3 %
whereas those over PS-QNS were 97.9 and 99.5 %, respec-
tively. It was observed that the reusability of PS-QNS was
excellent. From the viewpoint of industrial application,
PS-QNS is attractive in terms of catalytic efficiency, cost and
simplicity in preparation.
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1 Introduction

Carbon dioxide is a major green-house gas. Motivated by the
idea of environmental protection, scientists are paying much
attention to the fixation of CO,. An important reaction is the
synthesis of five-membered cyclic carbonates via the cyclo-
addition of CO, to epoxides. The reaction is desirable because
of three main reasons: (i) reactants are cheap (ii) atom utili-
zation is high, and (ii) generation of by-product is low [1, 2].
Besides, five-membered cyclic carbonates are important
chemicals and intermediates that are extensively applied in
organic syntheses for the production of pharmaceuticals and
fine chemicals [1, 3, 4]. They can also be used as aprotic polar
solvents, electrolytic components of lithium secondary bat-
teries, and cosmetics additive [5-7].

Up to now, many materials having been explored to
catalyze the cycloaddition of CO, to epoxides, such as
alkali metal salts [8, 9], organic bases [10, 11], metal
oxides [12, 13], ion exchange resins [2], and modified
molecular sieves [14]. So far, ionic liquids (ILs) containing
imidazolium salts [15, 16], quaternary ammonium salts
[17, 18], and quaternary phosphonium salts [19-21] have
been used as catalysts for the synthesis of cyclic carbon-
ates. In terms of separation, reusability, and cost effec-
tiveness, the application of homogeneous catalysts has its
limitation. Compared with homogeneous catalysts, heter-
ogeneous catalysts could be easily separated and reused. In
order to fabricate stable and reusable heterogeneous cata-
lysts, ionic liquids were immobilized on solid materials
such as magnetic nanoparticles [22] and inorganic materi-
als [5, 23, 24], as well as on mesoporous materials such as
SBA-15 and MCM-41 [25, 26]. However, as pointed out by
Xiao et al. [23] and Dai et al. [26], due to leaching of ILs,
there was decrease of catalytic activity, thus leading to
poor reusability of catalysts. Another problem one should
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not overlook is that the immobilization of ILs on inorganic
materials is complex and costly.

In our previous research, we grafted ILs onto cross-linked
divinylbenzene polymer and observed excellent catalytic
efficiency in the synthesis of cyclic carbonates from CO, and
epoxides [27, 28]. Although the catalysts could be obtained
easily by a one-step chemical reaction, the high cost of syn-
thesis limited their application on a large scale. Therefore, the
development of low-cost solid catalysts that are highly effi-
cient for the cycloaddition of CO, to epoxides under mild
conditions is a challenge. Herein, we selected chloromethy-
lated polystyrene (a relatively cheap material) as support, and
reacted it with N,N-dimethylethylamine and N,N-dimethyl-
glycine to prepare low-cost polystyrene that bears a quater-
nary ammonium salt. We systematically investigated the
effects of catalyst amount, reaction temperature, initial CO,
pressure, and reaction time on the yield of cyclic carbonate.

2 Experimental
2.1 Chemicals

The chloromethylated polystyrene (denoted hereinafter as PS;
100-200 mesh; Cl loading: 4.69 mmol g_l, 2 % cross-linked
with divinylbenzene) was supplied by Tianjin NanKai
Hecheng S&T Co., Ltd. N,N-dimethylethylamine and
1,2-butylene oxide were provided by TCI Company. N,N-
dimethylglycine was bought from Alfa Aesar China (Tianjin)
Co., Ltd. Analytical grade absolute methanol, THF and pro-
pylene oxide (PO) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Other epoxides were bought from Acros
Organics. All the chemicals were used as received except for
PS and the epoxides. The PS was washed with a mixture of
THF and HyO (Vur/Vh,0 = 4/1) repeatedly, then by THF
twice, and dried in vacuum (60 °C for 6 h). The epoxides were
dried by distillation over CaH, before use. CO, (purity:
99.9 %) was from Changsha Gas Co., and was dehydrated
before use over 4A molecular sieve installed in a stainless-
steel tube that could stand high pressure.

2.2 Preparation of Polymer-Supported Quaternary
Ammonium Salts

The procedure for the preparation of polymer-supported
quaternary ammonium salts is shown in Scheme 1. Herein-
after, when R is CHj3, the catalyst is denoted as PS-QNS;
whereas when R is COOH, it is denoted as PS-CQNS. The
typical preparation procedure of PS-CQNS is as follows: 2 ml
of absolute methanol was added to a mixture of N,N-dimeth-
ylglycine (2.0 mmol) and PS (0.2 g) under the protection of
N,, followed by reflux for 48 hat 80 °C. After cooling to room
temperature, the as-obtained solid was filtered out, washed

| MeOH
+ N R—/ >
e \/ reflux for 48 h

R=CHj; or COOH

OA/ILt\/R
Cl

OACI

Scheme 1 Synthesis of polymer-supported quaternary ammonium
salts catalysts

with absolute methanol (three times to remove excess
N,N-dimethylglycine), and dried in vacuum at 60 °C for4 hto
afford the generation of PS-CQNS. In a similar manner,
PS-QNS was prepared following the above procedure
with N,N-dimethylglycine being replaced by N,N-
dimethylethylamine.

2.3 Catalyst Characterization

The FT-IR spectra were determined using a Bruker vector
22 FT-IR spectrophotometer (KBr tablets). Thermogravi-
metric-differential scanning calorimetry (TG-DSC) analy-
sis of samples from 25 to 700 °C at a heating rate of
10 °C min~" under N, atmosphere was performed on a
NETZSCH-STA-449C equipment. Elemental analysis was
performed by using a Vario EL III analyzer.

2.4 Coupling Reactions

The coupling of CO, and epoxides to cyclic carbonates were
carried out in a 30 ml stainless steel autoclave equipped with a
magnetic bar. In a typical run, a desired amount of catalyst, an
appropriate amount of biphenyl (as internal standard for gas
chromatography analysis), and epoxide (28.6 mmol) were
successively introduced into the reactor. Then, the reactor was
pressurized with an appropriate amount of CO, and heated to a
desired temperature in an oil bath. After a designated reaction
time, the reactor was quickly cooled to 0 °C (in an ice-water
bath), followed by slow venting of the remaining CO,. The
catalyst was separated from the reaction mixture by centrifu-
gation. Qualitative analysis of the liquid products was per-
formed on a GC/MS instrument (6890 N/5973 N) using an
Agilent HP-5MS capillary column (30 m x 0.45 mm x
0.8 pm). For quantitative determination, the products were
analyzed on an Agilent 7820A GC with flame ionization
detection and Agilent AB-FFAP capillary column (30 m x
0.25 mm x 0.25 pm). The GC yield was obtained with ref-
erence to biphenyl (the internal standard substance).

3 Results and Discussion
3.1 Characterization

Figure 1 shows the FT-IR spectra of PS and PS-CQNS.
The weak peak of OH appeared in the spectra of PS
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Fig. 1 FT-IR spectra of a PS and b PS-CQNS

(Fig. 1a) is due to adsorbed H,O. The sharp peak at
1,750 cm™" of C=0 and the broad peak at 3,470 cm ™' of
OH in Fig. 1b are indicative of the successful grafting of
the quaternary ammonium salt onto the support.

The TG and DSC curves of PS, PS-CQNS and PS-QNS
are showed in Fig. 2. One can see that PS is stable up to
300 °C, and decomposition of PS occurs above 300 °C

(Fig. 2a). The slight weight loss observed over PS-CQNS
below 100 °C is due to the removal of physisorbed water.
One can see that PS-CQNS is stable up to 200 °C. There
are two endothermic peaks above 200 °C, one at 206 °C
and the other at 432 °C which are ascribable to the
decomposition of IL and polymer, respectively (Fig. 2b).
On the other hand, PS-QNS is thermally stable up to
220 °C and the decomposition of IL and support occurs at
249.3 and 417.3 °C, respectively (Fig. 2c). It is apparent
that both PS-CQNS and PS-QNS are suitable catalysts for
cycloaddition reaction of CO, and epoxides that occurs
under 200 °C. Moreover, elemental analysis results showed
the contents of N in the fresh PS-QNS and PS-CQNS were
5.56 and 4.95 %, respectively, which were very close to the
theoretical values of 5.58 and 4.99 %. Therefore, the active
components of the catalysts have been successfully grafted
onto the support.

3.2 Catalytic Performance

In the present study, PO was chosen as model substrate to
fix CO,. We investigated the effect of PS-CQNS amount,
reaction temperature, initial CO, pressure, and reaction
time on the cycloaddition reaction. Furthermore, PS-CQNS
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Fig. 3 Effect of the amount of PS-CQNS on catalytic performance
(reaction conditions: PO 28.6 mmol, temperature 150 °C, initial CO,
pressure 2.0 MPa, time 5 h)

was also used to catalyze the cycloaddition of CO, to
selected epoxides.

3.3 Effect of the Amount of PS-CQNS

The effect of the amount of catalyst on the yield of pro-
pylene carbonate (PC) is illustrated in Fig. 3. With the
amount of catalyst being raised to 0.10 g, there is rise of
PC yield; but further rise of catalyst amount shows little
effect on the yield. It is because an increase of catalyst
amount would improve the substrate contact with the active
constituent of catalyst, thus accelerating the coupling
reaction. Once the active constituent of catalyst becomes
plentiful at catalyst amount higher than 0.01 g, further rise
in the amount of catalyst would have little effect on
product yield. In the subsequent studies, we adopted 0.01 g
as the most suitable amount of PS-CQNS for the coupling
reaction.

3.3.1 Effect of Reaction Conditions

Figure 4 shows the influence of reaction temperature on PC
yield and selectivity. With temperature rise from 130 to
150 °C, PC yield reaches 96.2 % rapidly under the con-
dition of 5 h and 2.0 MPa of initial CO, pressure. The PC
yield can reach 98.6 % at 170 °C. It appears that a rise in
temperature is beneficial for the reaction. However, Xie
et al. [29] reported that high temperature could have a
negative effect on PC yield. It is plausible that at high
temperature, there is the promotion of side reaction(s).
With the formation of by-product(s), there is decline in the
yield of cyclic carbonates [29]. It is noted that in the
present investigation, a rise in temperature has no effect on
PC selectivity (always >98.0 %).

130 140 150 160 170
Temperature ( °C)

Fig. 4 Effect of reaction temperature on catalytic performance of
PS-CQNS (reaction conditions: PO 28.6 mmol, initial CO, pressure
2.0 MPa, time 5 h)
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Fig. 5 Effect of initial CO, pressure on catalytic performance of
PS-CQNS (reaction conditions: PO 28.6 mmol, temperature 150 °C,
time 5 h)

As shown in Fig. 5, the PC yield is greatly affected by
initial CO, pressure. An initial CO, pressure of 2.0 MPa
affords the maximum yield of PC (96.2 %) under the
condition of 150 °C and 5 h. A pressure higher or lower
than 2.0 MPa would result in decline of PC yield. Similar
phenomena were observed in other investigations [16, 20,
27]. Han et al. [16] explained that a high CO, pressure
means a high concentration of CO; in the reaction mixture.
Due to the strong presence of CO, in the vicinity of the
catalyst, there is decline in interaction between epoxide and
catalyst, and consequently decrease in PC yield.

Besides temperature and initial CO, pressure, reaction
time could also have an effect on PC yield. As shown in
Fig. 6, PC yield increases with reaction time. At a reaction
time of 1 h, PC yield is still extremely low (15.0 %), but it
reaches 90.2 % at the 4th hour. There is slight rise of PC
yield afterwards and at 6 h, PC yield is 97.1 %. We also

@ Springer



1380

Y.-Y. Zhang et al.

100 100

80 - 98
»
= o
X 60 96 @
< —— Yield a
3 —o— Sel. <
Q -+
S 40 o4 =
g

20 - 92

o . r r y - 90

1 2 3 4 5 6
Time (h)

Fig. 6 Effect of reaction time on catalytic performance of PS-CQNS
(reaction conditions: PO 28.6 mmol, temperature 150 °C, initial CO,
pressure 2.0 MPa)

Table 1 Cycloaddition of CO, to epoxides catalyzed by PS-CQNS

Entry Epoxides Catalytic results
Yield (%) Sel. (%)
1 Propylene oxide 96.2 99.3
2 Epichlorohydrin 96.3 98.3
3 Styrene oxide 93.1 98.2
4 1,2-Butylene oxide 94.1 99.6

Reaction conditions: PO 28.6 mmol, catalyst 0.1 g, temperature
150 °C, initial CO, pressure 2.0 MPa, time 5 h

found the PC selectivity slightly increased within the first
4-h period and then kept almost constant. Similar phe-
nomenon was observed for other catalysts in the cycload-
dition reaction [27, 28]. Therefore, proper reaction time is
indispensable for this catalytic system.

3.3.2 Cycloaddition of CO; to Selected Epoxides

Under the optimized conditions (150 °C, initial CO, pressure
2.0 MPa, 5 h), PS-CQNS was tested for the cycloaddition of
CO, to selected epoxides. As shown in Table 1, PS-CQNS is
active for all the substrates. The activity (yield) order of the
epoxides is: epichlorohydrin (96.3 %) ~PO (96.2 %) > 1,2-
butylene oxide (94.1 %) > styrene oxide (93.1 %). Itis noted
the selectivity to the corresponding cyclic carbonates is high
as well.

3.4 Comparison of Catalysts
Some researchers pointed out that imidazole-based ionic
liquids containing COOH group show high catalytic

activity, and the probable reason is the synergistic effect
between COOH and halogen anions [16, 24, 28, 30]. In the

@ Springer

Table 2 Comparison of cycloaddition of CO, to PO over various
catalysts

Entry Catalysts Catalytic results
Yield (%) Sel. (%)
1 PS 0 0
2* N,N-Dimethylglycine 50.7 95.9
3% PS + N,N-dimethylglycine 94.9 99.5
4° N,N-Dimethylethylamine 473 99.5
5 PS-CQNS 96.2 99.3
PS-QNS 97.9 99.5
7° HBetCl 94 -
8¢ ChoCl 83 -

Reaction conditions: PO 28.6 mmol, catalyst 1.1 mol%, temperature
150 °C, initial CO, pressure 2.0 MPa, time 5 h

* N,N-Dimethylglycine: 1.1 mol%
" N,N-Dimethylethylamine: 1.1 mol%

¢ Reaction conditions: catalyst 2.5 mol%, temperature 140 °C,
CO, pressure 8 MPa, time 8 h [18, 31]

present study, we compared the catalytic performance of
PS-QNS and PS-CQNS under equal conditions with the
latter containing the COOH group (Table 2).

As shown in Table 2, the support PS has no catalytic
activity for the cycloaddition of CO, to PO (Entry 1).
When N,N-dimethylglycine is selected as catalyst, the PC
yield is extremely low (Entry 2). However, with the
copresence of PS and N,N-dimethylglycine (Entry 3), there
is big rise of PC yield, reaching an amount that is only
slightly lower than that detected over PS-CQNS (Entry 5).
The results indicate that there is synergistic effect between
PS and N,N-dimethylglycine.

In order to investigate the role of COOH in the cyclo-
addition reaction, we compared the activity of N,N-dim-
ethylethylamine and N,N-dimethylglycine under the
conditions of: 150 °C, initial CO, pressure 2.0 MPa, and
reaction time 5 h. As shown in Table 2 (Entries 2 and 4),
despite N,N-dimethylethylamine and N,N-dimethylglycine
both are low in catalytic activity, the latter shows slightly
higher activity than the former, indicating that to some
extent COOH could promote the reaction in the homoge-
neous system. Nonetheless, it is observed that PS-QNS
shows higher catalytic activity than PS-CQNS (Table 2,
Entries 5 and 6). Therefore, in the heterogeneous system,
COOH does not promote the reaction; on the contrary, as a
larger substituent group compared to CH;, COOH hinders
the reaction.

Compared to the works of Han et al. [18, 31], the cat-
alytic activity of PS-QNS and PS-CQNS are higher than
that of betaine hydrochloride (HBetCl) and choline chlo-
ride (ChoCl) under the conditions of CO, pressure 8 MPa
and reaction time 8 h (Table 2, Entries 7 and 8).
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Fig. 7 Recycling of PS-QNS in the cycloaddition of CO, (reaction
conditions: PO 28.6 mmol, temperature 150 °C, initial CO, pressure
2.0 MPa, time 5 h)

3.5 Catalyst Recycling

Using PO as substrate, we examined the reusability of
PS-QNS under the conditions of 150 °C, initial CO,
pressure 2.0 MPa and reaction time 5 h. After each cycle,
the catalyst was recovered by simple filtration, washed with
PO and dried in vacuum. Then the catalyst was reused for
the next run. From Fig. 7, one can see that there is no
significant decrease of PC yield across the five repeated
runs, indicating that the PS-QNS catalyst is stable and
reusable. What is more, the selectivity to PC is always
above 99.2 %. We also employed elemental analysis
technique to investigate the used catalyst after five recy-
cles. It was found that its N content was 5.61 %, further
confirming that PS-QNS has good stability. With such high
catalytic activity and reusability, the PS-QNS catalyst is
currently being tested in a fix-bed continuous flow reactor
for the coupling reaction in our laboratory.

4 Conclusions

In summary, polystyrene bearing quaternary ammonium
salts were obtained by direct quaternarization. The cata-
lysts are relatively cheap and simple to prepare. They show
high catalytic efficiency towards the cycloaddition of CO,
to epoxides. Under relatively mild reaction conditions
(150 °C, initial CO, pressure 2.0 MPa and 5 h), the PC
yield and selectivity in the cycloaddition of CO, to PO over
PS-QNS were 97.9 and 99.5 %, respectively. Besides,
PS-QNS shows excellent reusability and stability. As a
low-cost and high-efficient catalyst for the synthesis of
five-membered cyclic carbonates, PS-QNS has potential in
industrial application.
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