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a  b  s  t  r  a  c  t

Polystyrene-supported  quaternized  ammonium  salt  catalysts  (PS-alkyl-AX)  were  synthesized  and  char-
acterized by  various  physicochemical  analytic  methods  such  as  EA,  FT-IR,  XPS, and  SEM.  The reactivity
of  the  catalysts  was  investigated  for  the  synthesis  of  allyl  glycidyl  carbonate  from  CO2 and  allyl  glycidyl
ether  under  mild reaction  conditions.  The  PS-alkyl-AX  catalysts  showed  good  catalytic  activity  without
using  any  solvent  due  to the  synergistic  effect  of  NH  functional  group  and  quaternary  ammonium  salt
eywords:
olystyrene
uaternization

onic liquid
poxide

structure.  Theoretical  studies  using  density  functional  theory  (DFT)  was  applied  to investigate  the  reac-
tion  mechanism.  The  PS-hexyl-MeI  catalyst  was  readily  recoverable  and  reusable  in subsequent  reaction
cycles  without  a significant  loss  in  its activity.

© 2014  Elsevier  B.V.  All  rights  reserved.
arbon dioxide

. Introduction

Although CO2 is thermodynamically stable, its desirable physi-
al properties such as nontoxicity and nonflammability, along with
ts ready abundance, have attracted researchers to employ it as an
nvironmentally friendly substitute for harmful chemicals such as
hosgene and carbon monoxide, in the interest of environmental
reservation and better resource utilization [1–5].

Thus, the chemical fixation of CO2 owing to its low cost is a field
f interesting research with multiple objectives such as reducing
he atmospheric CO2 concentration and synthesizing industrially
mportant chemicals. In this context, the reaction of CO2 with epox-
des as an atom-efficient synthesis of cyclic carbonates is a dynamic
eld of interest.

Five-membered cyclic carbonates are industrially valuable
hemicals widely employed as aprotic solvents, electrolytes in
ithium-ion batteries, monomer units of polycarbonates, and so

n [6,7]. Their challenging synthesis has led to the development
f an appreciable number of catalyst systems, including room-
emperature and task-specific ionic liquids (ILs), metal complexes

∗ Corresponding author. Tel.: +82 51 510 2399; fax: +82 51 512 8563.
E-mail address: dwpark@pusan.ac.kr (D.-W. Park).

ttp://dx.doi.org/10.1016/j.apcata.2014.08.029
926-860X/© 2014 Elsevier B.V. All rights reserved.
of salen and porphyrins, organometallic catalysts, quaternary
ammonium salts, organic bases, and immobilized catalysts [7–22].

The immobilization of a catalyst and reagents on a vari-
ety of polymeric supports is attracting considerable attention as
“green chemistry” in both industrial and laboratory chemical pro-
cesses because of the ease of handling and recycling and the
unique microenvironment formed by the reactants within the poly-
meric support [23–25]. Recently, polymer-supported ILs have been
exploited as heterogeneous catalysts in the synthesis of cyclic car-
bonates and were found to offer the dual features of a homogeneous
IL and a heterogeneous catalyst. Compared to pure ILs, such hetero-
geneous catalysts have additional advantages such as a reduction
in the amount of ILs employed, recovery of the catalyst from the
reaction mixture, and ease of separation [26–28].

Divinylbenzene (DVB) cross-linked polystyrene is one of the
most useful polymers owing to its compatibility with a wide
range of reaction conditions. Furthermore, because of its simple
preparation, recyclability, environmental stability, low cost, and
nonsolubility in commonly used organic solvents and water, DVB
cross-linked polystyrene has attracted much attention as an effi-

cient heterogeneous catalyst support [28–31].

In our previous work [32], we  immobilized the imidazolium
salt IL onto the Merrifield resin by alkoxylation with bromoalcohol
followed by quaternization with methylimidazole.

dx.doi.org/10.1016/j.apcata.2014.08.029
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.08.029&domain=pdf
mailto:dwpark@pusan.ac.kr
dx.doi.org/10.1016/j.apcata.2014.08.029
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In this study, different polystyrene-supported quaternary
mmonium salts were prepared by the reaction of PS and alkyl
iamine followed by quaternization with an alkyl halide, with vary-

ng chain lengths of the alkyl diamine and different cation and
nion of the alkyl halide. The performance of these catalysts in
he synthesis of cyclic carbonate from allyl glycidyl ether (AGE)
nd CO2 was investigated. These catalysts containing NH– group
etween the PS and quaternized ammonium group, can activate the
poxide ring, and therefore, showed better catalytic performance
ompared to the PS-supported quaternary ammonium salts with-
ut NH– group in the linker [33]. For a better understanding of
he reaction mechanism, DFT studies were performed. The effects
f the catalyst structure, CO2 pressure, and reaction temperature
ere also discussed. A recyclability test of the catalyst was carried

ut to assess the stability of this catalyst system.

. Experimental

.1. Synthetic scheme

The synthesis of the quaternized ammonium salt anchored to
S was carried out via two steps as shown in Fig. S1 (Suppor-
ing Information). First, a mixture of PS (Merrifield peptide resin,
ldrich, 1% DVB, 4.5 mmol  Cl/g) and acetonitrile was stirred for 12 h
t 25 ◦C, then alkylene diamine was added with KOH, and this mix-
ure was stirred for 48 h at 80 ◦C to yield alkylenediamine-anchored
S (PS-alkyl-diamine). The second step is the quaternization of the
S-alkyl-diamine to form PS-alkyl-AX by its reaction with an alkyl
alide for 72 h at 50 ◦C. The precipitate was filtered and washed
ith ethanol and then dried in a vacuum oven for 12 h at 60 ◦C to
repare PS-alkyl-AX.

.2. Characterization of the catalyst

Elemental analysis (EA) was carried out using Vario EL III. The
amples (2 mg)  were heated to 1100 ◦C, and sulfanilic acid was
sed as a standard. Fourier transform infrared (FT-IR) spectra were
btained on an AVATAR 370 Thermo Nicolet spectrophotometer
ith a resolution of 4 cm−1. XPS analyses were performed using

n X-ray photoelectron spectrometer (VG, ESCALAB 250) with
onochromatic Al K� radiation (h� = 1486.6 eV). The surface mor-

hology was observed using an S-4200 field emission scanning
lectron microscope (FE-SEM, Hitachi-3500N).

.3. Synthesis of AGC from AGE and CO2

Allyl glycidyl carbonate (AGC) was synthesized by the coupling
eaction of AGE and CO2 in the presence of PS-alkyl-AX. All the
eactions were carried out in a 60-mL stainless-steel batch reac-
or with a magnetic stirrer at 600 rpm. In a typical batch reaction,

 predetermined amount of catalyst was charged into the reactor
ontaining 52.3 mmol  of AGE. The reaction was carried out under

 constant pressure of CO2 at different temperatures. After the
ompletion of the reaction, the reactor was cooled to 0 ◦C, and
he products were identified by gas chromatography (Agilent HP
890 A) with a capillary column (HP-5, 30 m × 0.25 �m)  using a
ame ionized detector. The product yield was determined using an

nternal standard method with biphenyl (0.05 g) as the standard.

. Results and discussion
.1. Characterization of the catalysts

The organic compositions of PS, PS-alkyl-diamine, and PS-alkyl-
X were determined by elemental analysis (EA), and the results
Fig. 1. FT-IR spectra of (a) PS, (b) PS-hexyl-diamine and (c) PS-hexyl-MeI.

are summarized in Table 1. The increase in the amount of nitro-
gen from PS to PS-alkyl-diamine indicated that the Cl of the DVB
cross-linked chloromethylated polystyrene reacted with the NH2
of the alkyldiamine to form N C bonds and eliminate HCl during
covalent anchoring to the polystyrene resin. The amount of PS-
alkyl-QA immobilized on the polystyrene support varied from 2.0
to 2.7 mmol/g-cat.

The successful immobilization of the quaternary ammonium
salt on the surface of the polystyrene support was confirmed
using FT-IR spectroscopy (Fig. 1). In the FT-IR spectral analyses of
PS-hexyl-diamine, PS-hexyl-MeI, and MPR, the characteristic peak
corresponding to the stretching frequency of the CH2Cl functional
group (1265 cm−1) disappeared in the spectra of PS-hexyl-diamine
and PS-hexyl-MeI, suggesting the complete modification of MPR
[26–28]. New peaks were observed for PS-hexyl-MeI in the regions
1560–1650 and 3400 cm−1, which were absent from the MPR
spectrum; these peaks are associated with the NH– bending and
stretching frequencies [34].

Further corroboration of the successful quaternization under
microwave irradiation was provided through XPS analyses. The N
1s spectra of PS-hexyl-diamine and PS-hexyl-MeI are presented in
Fig. 2. While PS-hexyl-diamine (Fig. 2b) showed a sole character-
istic amine nitrogen 1s peak at 399.4 eV, the quaternized species
(PS-hexyl-MeI; Fig. 2a) exhibited one additional peak centered at
402.4 eV, which is consistent with the literature data for the 1s
binding energy of quaternized nitrogen (–N+Me3) species. This
observation could be rationalized by the fact that the exposed
amine groups of PS-hexyl-diamine indeed underwent a successful
quaternization. The new peak (402.4 eV) observed in the character-
istic region for the nitrogen atom provided conclusive evidence for
the successful quaternization of PS-hexyl-diamine [35–37]. More-
over, the I 3d spectra of PS-hexyl-MeI were acquired to identify the
bonding nature of the halogen associated with the metal species, as
illustrated in Fig. S2. The I 3d peak was observed at 619.6 eV in the
case of PS-hexyl-MeI, which indicated the anionic state of iodine
[38,39]. The aforementioned results are a clear indication of the
successful immobilization of the quaternized ammonium salt on
the support, as shown in Fig. S1.
The SEM images of PS, PS-alkyl-diamine, and PS-alkyl-MeI are
presented in Fig. 3. The images show that the diameter of the



S.-D. Lee et al. / Applied Catalysis A: General 486 (2014) 69–76 71

Table  1
Elemental analysis results of PS-alkyl-MeI.

CHN from elemental analysis Amount of anion
species on IL (mmol/g)

N (wt%) C (wt%) H (wt%)

PS-CH2Cl 0 77.7 6.5 –
PS-ethyl-diamine 6.9 79.8 8.0 –
PS-ethyl-MeI 4.3 62.4 7.2 2.0
PS-butyl-diamine 7.0 79.2 8.1 –
PS-butyl-MeI 4.2 58.2 

PS-hexyl-diamine 7.0 79.7 

PS-hexyl-MeI 4.3 55.3 
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of AGC. The yield of AGC increased slightly when the alkyl chain
length of the alkyldiamine increased from ethyl to butyl to hexyl.

The effect of the counteranion to the quaternary ammonium
halide was  very significant. The yield of AGC for PS-hexyl-MeX
Binding Ene rgy (eV)

Fig. 2. N 1s XPS spectra of (a) PS-hexyl-MeI and (b) PS-hexyl-diamine.

olymer beads was approximately 70–80 �m and the spherical
hape of the beads was retained even after immobilization.

.2. Synthesis of AGC from AGE and CO2

.2.1. Effect of the catalyst structure
The activity of the various catalysts was tested at 120 ◦C and an

nitial CO2 pressure of 1.2 MPa  in a batch autoclave reactor using the
eaction of AGE and CO2 to produce AGC, and the results are sum-
arized in Table 2. The activity of the catalysts depends strongly on
he structure of the immobilized quaternary salt active sites on the
S support. Nearly no product was detected without the quaternary
mmonium functional group. PS-alkyl-diamine showed no conver-
ion of AGE. However, PS-alkyl-MeI showed higher than 91% yield

able 2
ffects of the structure of PS-alkyl-AX on the reactivity for the synthesis of AGC.

Catalyst Conversion (%) Selectivity (%) Yield (%)

PS-ethyl-diamine 0 – –
PS-ethyl-MeI 91.5 99.9 91.5
PS-butyl-MeI 91.8 99.9 91.8
PS-hexyl-MeI 92.8 99.9 92.8
PS-hexyl-BuCl 28.3 99.9 28.3
PS-hexyl-BuBr 60.2 99.9 60.2
PS-hexyl-BuI 95.3 99.9 95.3
PS-hexyl-EtI 93.2 99.9 93.2
PS-hexyl-HeI 98.3 99.9 98.3

eaction condition: Catalyst = 0.6 mol%, Temperature = 120 ◦C, Initial CO2 pres-
ure = 1.2 MPa, Reaction time = 4 h.
6.5 2.4
8.0 –
6.1 2.7
Fig. 3. SEM images of (a) PS, (b) PS-hexyl-diamine and (c) PS-hexyl-MeI.
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Fig. 4. Effect of reaction time on the yield of AGC (Reaction condition: Cata-
lyst  = 6 mol% PS-hexyl-MeI, Temp. = 120 ◦C, Initial CO2 pressure = 1.2 MPa).

Table 4
Effects of reaction temperature on the reactivity for the synthesis of AGC.

Temperature (◦C) Conversion (%) Selectivity (%) Yield (%)

80 33.3 99.9 33.3
100  84.1 99.9 84.1
120  92.8 99.9 92.8
140  94.5 99.9 94.5
160  92.3 98.1 90.5

Fig. 5 shows the effect of the catalyst concentration on the
cycloaddition of CO2 and AGE catalyzed by PS-hexyl-MeI at 120 ◦C
and 1.2 MPa  of total pressure. The yield of AGC increased with

100
2 S.-D. Lee et al. / Applied Cata

ncreased in the following order: PS-hexyl-BuCl (28.3%) < -BuBr
60.2%) < -BuI (95.3%), which corresponds to the increasing nucle-
philicity of the halide anion: Cl− < Br− < I−. According to the
echanism proposed in previous works [14,40,41], the nucleo-

hilic attack of the halide anion on the epoxide ring is the
ate-determining step, and its leaving ability in the ring-closing
tep is very important for the five-membered cyclic carbonate syn-
hesis.

The effect of the alkyl chain length of the alkyl halide on the
GC synthesis was also investigated (Table 2). For the PS-hexyl-AI
atalysts, the yield of AGC increased in the order -MeI (92.8%) < -
tI (93.2%) < -BuI (95.3%) < -HexI (98.3%). Indeed, the bulkiness of
uaternary ammonium ions forces the iodide away from the qua-
ernary alkyl ammonium cation. Therefore, the activity of the
uaternary salt increased with the size of the alkyl cation.

.2.2. Effect of reaction conditions
The effect of the CO2 pressure on the catalytic activity of PS-

exyl-MeI was studied at 120 ◦C under an initial pressure range
.6–2.5 MPa  (total pressure of AGE and CO2), and the results are
hown in Table 3. The AGC yield increased with pressure in the
ange 0.6–2.0 MPa. However, the yield decreased at high pressure
2.5 MPa). This can be explained qualitatively by the effect of pres-
ure on the concentration of CO2 and epoxide in the two  phases
n the reaction system [42]. The upper phase is the vapor phase,
nd the bottom phase is the liquid phase. The reaction took place
ainly in the liquid phase because the catalyst was dispersed in

he liquid phase. When the pressure was higher than 2.5 MPa, the
O2 concentration was too high and inhibited the contact of AGE
ith the catalyst by a dilution effect [43]. Song et al. [42] reported

he dominant role of the solvent power of CO2 to extract epoxide at
igh CO2 pressure in the cycloaddition of CO2 and propylene oxide
PO).

When the reaction of CO2 and AGE was carried out at a constant
ressure of 0.6 MPa  in a semi-batch reactor using a back-pressure
egulator, the AGC yield was 93.9%, much higher than that using a
atch reactor (59.1%). This is because the high CO2 pressure can be
aintained with a continuous supply of CO2 as long as the CO2 was

onsumed by the cycloaddition reaction.
The effect of reaction time on the AGC yield is shown in Fig. 4.

he reaction was conducted at 120 ◦C and 1.2 MPa of total initial
ressure. The yield of AGC increased with increasing reaction time
p to 6 h. Extended reaction times of 8–12 h did not appear to have
urther effects on the activity; hence, a reaction time of 6 h was
hosen to be optimum.

The effect of the reaction temperature on the cycloaddition
eaction was studied with PS-hexyl-MeI at 1.2 MPa  of total pres-

ure under batch operation, and the results are shown in Table 4.
he AGC yield increased on increasing the temperature from 80
o 140 ◦C; however, it decreased at 160 ◦C, probably because of

able 3
ffects of CO2 pressure on the reactivity for the synthesis of AGC.

Pressure (MPa) Conversion (%) Selectivity (%) Yield (%)

0.6 59.1 99.9 59.1
0.6a 95.3 98.6 93.9
0.8 84.5 99.9 84.5
1.0  85.6 99.9 85.6
1.2  92.8 99.9 92.8
1.4  95.9 99.9 95.9
2.0  97.9 99.9 97.9
2.5  98.1 95.6 93.7

eaction condition: Catalyst = PS-hexyl-MeI 0.6 mol%, Temperature = 120 ◦C, Reac-
ion time = 4 h.

a Semibatch operation under constant pressure.
Reaction condition: Catalyst = PS-hexyl-MeI 0.6 mol%, Initial CO2 pressure = 1.2 MPa,
Reaction time = 4 h.

the formation of AGE oligomers and some by-products such as
3-allyloxy-1,2-propanediol.
Catalyst  conc. (m ol%)
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Fig. 5. Effects of catalyst concentration on the yield of AGC (Reaction condition:
Catalyst = PS-hexyl-MeI, Temp. = 120 ◦C, Initial CO2 pressure = 1.2 MPa).
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Table  5
Yield of cyclic carbonates for the cycloaddition of CO2 and various epoxides with
PS-hexyl-MeI catalyst.

Epoxides Product Time
(h)

Yield
(%)
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Table 6
Recycling tests of PS-hexyl-MeI.

Recycle Conversion (%) Selectivity (%) Yield (%)

Fresh 92.8 99.9 92.8
1  92.2 99.9 92.2
2 91.0 99.9 91.0
3  90.0 99.9 90.0
4  87.2 99.9 87.2

Reaction condition: Catalyst = PS-hexyl-MeI 0.6 mol%, Temp. = 120 ◦C, Initial CO2

pressure = 1.2 MPa, Reaction time = 4 h.
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nary ammonium nitrogen and those of I− remained intact, even
though the intensities decreased slightly. Therefore, it can be con-
cluded that the PS-hexyl-MeI catalyst could be recycled up to three
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eaction condition: Catalyst = PS-hexyl-MeI 0.6 mol%, Temp. = 120 ◦C, Initial CO2

ressure = 1.2 MPa, Reaction time = 4 h, Reaction time = 6–24 h.

ncreasing catalyst amount and approached 100% when using more
han 2 mol% catalyst.

.2.3. Reaction with other epoxides
The cycloaddition of CO2 with other epoxides catalyzed by PS-

exyl-MeI was  also tested at 120 ◦C and 1.2 MPa of total pressure,
nd the results are summarized in Table 5. The catalyst could effec-
ively convert all the epoxides studied to the corresponding cyclic
arbonates under relatively mild conditions without the use of any
olvent or cocatalyst. However, cyclohexene oxide showed a much
ower yield because of steric hindrance [44].

.2.4. Recyclability test
The stability of the PS-hexyl-MeI catalyst was evaluated in

ecycling experiments. For each cycle, the used catalyst was sepa-
ated by filtration, washed with methanol to remove the products
dhering to the surface of the catalyst, dried at room temperature,
nd then reused directly for the next run without regeneration.
he activity of the reused PS-hexyl-MeI catalyst is summarized
n Table 6. Although the conversion of AGE decreased slightly

ith the catalyst over three cycles, the selectivity toward GC
as almost the same as that achieved with the fresh catalyst. To
etermine whether the active center of PS-hexyl-MeI underwent

ny leaching from the immobilized polystyrene, FT-IR analyses of
he fresh PS-hexyl-MeI catalyst and that used for three cycles were
erformed (Fig. 6). The characteristic peaks of PS-hexyl-MeI were
imilar for the recycled and fresh catalysts. The XPS spectra of fresh
Wavenumber (c m )

Fig. 6. FT-IR spectra of (a) fresh and (b) reused PS-hexyl-MeI.

PS-hexyl-MeI and that after three cycles (Fig. 7) demonstrated
similar spectra. The peak at 401.7 eV corresponding to the quater-
Bind ing  Ene rgy (eV)

396398400402404406

Fig. 7. N 1s XPS spectra of (a) fresh and (b) reused PS-hexyl-MeI.
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Table  7
Effects of TBAI co-catalyst on the reactivity for the synthesis of AGC.

Catalyst Co-catalyst Conversion (%) Selectivity (%) Yield (%)

– TBAI 75.8 93.7 71.0
PS-hexyl-diamine – 0 – –
PS-hexyl-MeI – 92.8 99.9 92.8
PS-hexyl-diamine TBAI 79.4 93.6 74.3
PS-hexyl-MeI TBAI 98.4 97.9 96.3

Reaction condition: Catalyst = PS-hexyl-diamine or PS-hexyl-MeI = 0.6 mol%, TBAI
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Scheme 1. A plausible mechanism of AGC synthesis from AGE-CO2 coupling based
on the experimental and DFT results.
tetrabutylammonium iodide) = 0.6 mol%, Temperature = 120 C, Initial CO2 pres-
ure = 1.2 MPa, Reaction time = 4 h.

onsecutive cycles without any considerable loss of its initial activ-
ty. In order to check the possible contribution of homogeneous
atalytic activity of active PS-hexyl-MeI leached into solution, a hot
atalyst filtration test was performed after 3 h of reaction. The AGC
ield in the filtrate did not decrease after the catalyst was  removed
hile maintaining the reaction temperature constant, indicating

hat the catalysis was not due to the soluble homogeneous species
Fig. 4).

.2.5. Effect of the cocatalyst
The effect of a cocatalyst, tetrabutylammonium iodide (TBAI),

n the activity of PS-hexyl-MeI was studied at 120 ◦C and 1.2 MPa
f total pressure (Table 7). PS-hexyl-diamine alone showed no
atalytic activity for the cycloaddition of AGE and CO2. TBAI can
ctivate the reaction as a homogeneous catalyst, and showed 71.0%
GC yield. When TBAI was used with PS-hexyl-diamine, the mixed
atalyst exhibited a slightly higher AGC yield (74.3%) than with TBAI
lone. PS-hexyl-MeI showed the highest AGC yield of 92.8% because
t has quaternized ammonium salt active sites anchored to PS in one
ody. TBAI also increased AGC yield of PS-hexyl-MeI.

.2.6. DFT generated reaction mechanism with the PS-alkyl-AX
atalyst

Density functional theory (DFT) has been now widely applied
or gathering theoretical insights about the whereabouts of the

echanism involved in catalysis. A handful of reports have made
t clear that, the hydrogen bonding groups along with the halide
nions in the catalyst system plays synergistically for an acceler-
ted synthesis of cyclic carbonates from CO2 and epoxides [45–49].
ence, herein we conducted DFT calculations with Gaussian 09

et package with B3LYP correlation functional, where the basis
ets employed were the 6-311++ G (d,p) for non-iodine atoms,
nd the LANL2DZ dp for iodine. For the sake of simplicity, pro-
ylene oxide (PO) and a model PS-alkyl-AX (Fig. 8) catalyst which
as similar molecular features as that of the employed cata-

ysts were subjected to the theoretical simulations. The series
f events as obtained from these simulations are portrayed in
ig. 8.

In the first step, the ‘O’ atom of the epoxide binds to the catalyst
oiety via hydrogen atom of the NH group of PS-alkyl-MeI cata-

yst and an intermediate-1 (Int-1) is formed (see Fig. 8b). At this
uncture, the bond distance between the epoxide ‘O’ atom and the
H’ atom of NH group is 1.97 Å which is a typical hydrogen bond
ength, whereby the bond strength of the �C O of the epoxide

eakens (Int-1, Fig. 8b). The O–CH2 bond of the PO subsequently
reaks as the proton becomes increasingly closer to the epoxide
xygen, in which the bond distance now became 1.06 Å in transi-
ion state-1 (TS-1, Fig. 8c). By the time the Int-2 forms, the proton
rom the ‘N’ atom detaches completely and the hydroxy deriva-

ive of the ring opened epoxide appears along with the new C-I
ovalent bond with a length of 2.19 Å (Fig. 8d). As the CO2 enters
he catalytic loop, the proton starts reverting back to the nitro-
en atom of the catalyst (as shown by the decrease in N-H bond
length), generating a net negative charge on the “O” atom of the ring
opened epoxide (TS-2, Fig. 8e). This oxy anion makes a nucleophilic
attack on the carbon atom of CO2, and deforms its linear geome-
try. Subsequently, a carbonate complex was  found as a result of
the above step (Int-3, Fig. 8f) and then the C I bond weakens as
displayed by an increase in bond length from 2.2 to 2.99 result-
ing in a net positive charge on the �C of epoxide (TS-3, Fig. 8g). In
the last step, the carbonate complex attacks the �C and cycload-
dition completes, regenerating the PS-alkyl-AX catalyst (product
complex, Fig. 8h).

Hence, putting together the experimental and DFT results with
the earlier reports [25,31,34], led us to a plausible mechanism
(Scheme 1) for the PS-hexyl-MeI-catalyzed cycloaddition of CO2
with AGE to afford AGC. The AGE molecules approach PS-hexyl-
MeI, and gets tethered to the NH group of the catalyst via hydrogen
bonding through the epoxy “O’ atom resulting in the polarization of
the C O bond; the site of attack is configured in a way such that the
nucleophilic anion of the immobilized quaternary ammonium salt
is able to initiate an attack on the least hindered (�) carbon atom
of the epoxide ring. Ring opening of the epoxide occurs, followed
by the formation of a new C X covalent bond. Following, the pro-
ton returns to the nitrogen atom generating an oxy anion. CO2 was
attacked by this oxyanion, thereby activating the otherwise stable
linear molecule. An alkyl carbonate anion complex is formed as a
result of this, which eventually yields AGC upon subsequent ring
closure and catalyst regeneration.

As seen in Scheme 1, hydrogen bonding is the key chemical
interaction in the operation that holds the epoxide in the proper ori-
entation to facilitate an effective nucleophilic attack by the halide
anion. Hence, the improved activity of this PS-alkyl-AX catalyst
system over previously reported homogeneous quaternary salt cat-
alysts could be attributed to the increased accessibility of the NH

groups toward epoxide coordination and the greater CO2 diffusivity
made possible by the cross-linked PS support.
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Fig. 8. Gauss view images of the simulated intermediates and transition

. Conclusions

Various polystyrene-supported quaternized ammonium salt
atalysts were prepared, and their molecular and structural compo-
itions were characterized through FT-IR, XPS, SEM, and elemental
nalyses. The PS-alkyl-AXs were found to catalyze the cycloaddition
f CO2 with AGE under mild reaction conditions (0.6 mol% catalyst
oading, 120 ◦C, 1.2 MPa  CO2) to 98% completion with 99% propyl-
ne carbonate selectivity. The explicit role of the NH functional
roup in the catalysis was closely investigated by using param-
ter studies and DFT calculations; the results obtained affirmed
he possibility of an interaction between the NH– group and the

poxide oxygen. The PS-alkyl-AXs were found to efficiently cat-
lyze the cycloaddition of aliphatic and aromatic terminal epoxides
ith excellent selectivity, and they could be reused more than three

imes without any significant loss of activity.
s of PS-alkyl-MeI catalyzed cycloaddition of propylene oxide with CO2.
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