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Zeolite-mediated production of cyclic organic
carbonates: reaction of CO, with styrene oxide on

672 zeolite Y impregnated with metal halides
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Zeolites LiY, NaY, KY and ZnY were impregnated with small amounts of the corresponding metal halides
(chloride, bromide and iodide) and tested as catalysts for the carboxylation of styrene oxide with CO,. The
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KI/KY system was tested at 100 °C and 50 bar and yielded 100% of styrene carbonate, by *H NMR, within 6
h, whereas Kl alone required 15 h to achieve the same yield. The reaction occurs inside the zeolite pores,
with the metal cations acting as Lewis acidic centers and the impregnated halides as nucleophiles.

Theoretical calculations indicated that chlorides are better stabilized within the zeolite cage than iodides,

rsc.li/reaction-engineering

Introduction

The concept of CO, utilization, where the captured gas is
transformed into useful fuels and chemicals, is gaining
importance in recent years"” as an interesting approach to
mitigate the problems associated with the burning of fossil
fuels and global warming. Urea and salicylic acid have long
been produced® from CO,. Methanol* and organic
carbonates® are emerging as other chemicals that can be
industrially produced from carbon dioxide, but improvements
to the existing technologies are still necessary.

Cyclic organic carbonates are important chemicals used
as: polar aprotic solvents, precursors in the synthesis of
polycarbonates and polyurethanes, electrolytes in lithium ion
batteries and in the production of pharmaceuticals, amongst
other applications.®® They are mostly produced by the
reaction of carbon dioxide with epoxides in the presence of
metal complexes and quaternary ammonium halides.>” "
The generally accepted mechanism for this reaction involves
the interaction of the epoxide with the metal complex, which
acts as Lewis acid catalyst, followed by nucleophilic attack by
the halide to open the epoxide ring. The thus formed
halohydrin reacts with CO, to form a carboxylate, which after
intramolecular displacement gives the cyclic organic
carbonate (Scheme 1).
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explaining the reactivity order and suggesting a solvent-like behavior of the zeolite structure.

The use of heterogeneous catalytic systems in the reaction
of CO, with epoxides to form cyclic carbonate is receiving
increased attention.'” Metal oxides, such as La,O; and MgO,
have been used in the synthesis of propylene carbonate from
CO, and propylene oxide, in the presence of DMF, at 8.0 MPa
and 150 °C for 15 hours."” The yields however, were in the
range of 32 to 54% and other products were also formed.
Higher catalytic activities were observed over a mixed Mg-Al
oxide (Mg/Al = 5), which gave 88% of propylene carbonate in
the presence of DMF as solvent.'* The authors justified the
higher catalytic activity as being consequence of the
cooperation between acidic and basic sites within the mixed
metal oxide. However, it has been found that reaction of
styrene oxide with CO, in the presence of DMF gives styrene
carbonate in 85% yield at 7.9 MPa of CO, pressure and 150
°C for 15 hours." Therefore, it is not clear what role, if any,
the metal oxides play in these reactions.

In recent years, the use of supported or functionalized
mesoporous silicas,"®® MOFs' and ZIFs*°>* have appeared
in the literature on the synthesis of cyclic organic carbonates.
In some cases, either more severe reaction conditions or
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Scheme 1 Proposed mechanism of formation of cyclic organic
carbonates from the reaction of CO, with epoxides. L* represents a
Lewis acid, usually a metal complex, and X~ represents a halide, usually
in the form of a quaternary ammonium salt.
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addition of a co-catalyst, usually tetraalkylammonium
halides, are required to achieve high yields of products.

Among crystalline aluminosilicates, zeolite KY impregnated
with caesium acetate (Cs/KX) has been used as a basic solid
catalyst for the synthesis of organic carbonates from CO, and
epoxides.”®> The parent KX gave poor yields of ethylene
carbonate (1.8%), whereas impregnation with caesium
increased the yield to 14%, at 150 °C and 36 bar initial CO,
pressure for 3 hours. The yields were, however, significantly
lower than those obtained using tetraethylammonium bromide
as catalyst, which gave 74% yield of ethylene carbonate under
the same conditions. Amine-functionalised SAPO-34 has also
been tested as a catalyst for the reaction of CO, with
epoxides.>® Nevertheless, the yields are high only with small
epoxides such as epichlorohydrin and propylene oxide. The
encapsulation of metal complexes in zeolites is also a reported
procedure to afford cyclic organic carbonates.>”*°

We have shown that zeolites may behave as solid solvents,
with the ability to perform traditional nucleophilic substitution
reactions, upon impregnation with metal halides.”” For
instance, reaction of tert-butyl chloride over NaY zeolite
impregnated with NaBr resulted in the formation of tert-butyl
bromide.”® The results were interpreted as being due to the
ionization of the alkyl chloride inside the pores, with
subsequent nucleophilic attack by the dispersed bromide
anions within the pore structure, similar to what happens in
polar solvents. Nevertheless, this concept has not been widely
exploited as an alternative use of zeolite as a medium to carry
out ionic reaction, taking advantage of the stabilization of ions
within the pores.

Considering the reaction pathway depicted in Scheme 1,
we decided to investigate the use of zeolite Y impregnated
with minor amounts of metal halides as potential
heterogeneous catalytic systems for the synthesis of styrene
carbonate from CO, and styrene oxide (Scheme 2). It is
known that metal cations are not fully coordinated within
the zeolite framework, showing significant Lewis acidity,”
that could coordinate with the oxygen atom of the epoxide,
whereas the impregnated halide may act as nucleophile to
open the activated oxirane ring.

Experimental part

Metal-exchanged zeolites were prepared from commercial
zeolite NaY (CBV 100) obtained from Zeolyst. The NaY was
initially subjected to ion exchange with metal nitrates. The
general procedure involved stirring 30 g of NaY with a
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Scheme 2 Reaction of styrene oxide with CO, in the presence of
zeolite Y impregnated with metal halide. MX stands for the metal
halide and MY stands for metal-exchanged zeolite Y.
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solution of 0.7 mol of metal nitrate in 700 mL of deionized
water, at 60 °C for 24 h. Subsequently, the solid was vacuum
filtered and washed with deionized water (5 x 700 mL), then
dried overnight at 150 °C.

Approximately 10 g batches of the exchanged zeolites were
impregnated with 7.8 mmol of the metal halides by an
incipient wetness procedure. The suspension was initially
stirred at 60 °C for 24 h and then placed in a rotary
evaporator to completely evaporate the water. The resulting
powder was dried overnight at 150 °C. The final materials
were named as MX/MY, where MX stands for the
impregnated metal halide and MY stands for the metal-
exchanged zeolite Y.

The catalysts were initially tested at atmospheric pressure
and room temperature. Approximately 0.91 mL of styrene
oxide and an amount of zeolite, equivalent to obtain a 20:1
molar ratio of styrene oxide to the impregnated metal halide,
were placed together in the presence of CO, for 24 h.
Reactions were also carried out at 50 bar CO, pressure and
50 or 100 °C in a stainless-steel reactor. Prior to all the
reactions, the catalysts were dried overnight at 120 °C and
rapidly transferred to the reaction medium. At the end of the
reactions, the mixture was diluted with 15 mL of
dichloromethane and centrifuged at 3500 rpm for 10 min.
Subsequently, the liquid fraction was filtered through
CELITE® 545 and solvent removed in vacuum. At this stage,
an aliquot of the products was analysed by gas
chromatography with TCD detection. The reactions that
showed styrene carbonate production were then analysed by
'H NMR spectroscopy for quantification of the yield,
calculated as the ratio of the "H NMR signals of styrene
carbonate and styrene oxide multiplied by 100, as no other
products were detected in the NMR spectra.

Calculation details

DFT calculations were done using periodic boundary
conditions, at DFT level, using the codes available in the
Quantum Expresso package.** The coordinates of all atoms
were optimized on the basis of the generalized gradient
approximation (GGA) with the exchange and correlation
functional developed by Perdew, Burke and Ernzerhof
(PBE).*' The ion cores were described by Vanderbilt ultrasoft
pseudopotentials.®® The electronic state was expanded in
plane waves basis set with an energy cutoff of 60 Ry. Brillouin
zone sampling was restricted to the /-point. The structure of
the primitive unit cell of zeolite Y, containing one framework
aluminium atom and K" as counter ion, was considered in
the calculations, totalizing 145 atoms. The cell lengths are a
= b =c=17.697 A. For the metal halides, a cluster comprising
4 jonic units of KX (X = Cl, Br or I) was considered to
describe the crystal lattice. The charge density of the ions
was computed using the Bader analysis.*

The embedded energy was taken as the difference between
the energy of the KY zeolite embedded with the KX crystal
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and the sum of the energies of the isolated zeolite structure
and the KX lattice, at same level of theory.

Results and discussions

Table 1 shows the styrene carbonate yields, obtained by 'H
NMR spectroscopy, for the catalytic systems under different
reaction conditions. The parent NaY and the metal-
exchanged zeolites gave no detectable yield of styrene
carbonate, indicating that the presence of the impregnated
halide is necessary for the reaction to occur under the
studied conditions. At room temperature and atmospheric
pressure, the catalysts showed negligible production of
styrene carbonate within 24 hours. However, at 50 bar and 50
°C all the impregnated catalyst systems possessed some
activity for formation of styrene carbonate. The nature of the
halogen atom influences the performance of the system. For
instance, NaCl/NaY gave only 1% yield of styrene carbonate
at 50 bar and 50 °C after 24 hours, whereas NaBr/NaY gave
2% yield. The best result in this series was observed with
Nal/NaY, which produced 10% yield of styrene carbonate
under the same conditions. These results are in agreement
with the expected reactivity of the halides towards
nucleophilic substitution in solution. The metal halide alone
showed low or no conversion to the carbonate at 50 bar and
50 °C after 24 hours, except for Znl,.

Additional experiments were carried out at 100 °C and 50
bar for 24 hours with selected zeolite systems. Quantitative
yields were observed with Nal/NaY and KI/KY, whereas a
polymer was observed with Znl,/ZnY. Under these conditions,
the pure metal halides also had high activity for styrene
carbonate synthesis, indicating a poor discrimination
amongst the various catalyst systems at higher temperature
for 24 hours. On the basis of the results in Table 1, the KI/KY
system was selected for further studies.

Fig. 1 shows the variation in yield of styrene carbonate
with reaction time for reactions catalysed by KI/KY and for KI

Table 1 Yields of styrene carbonate after 24 hours using MX/MY
catalysts

System 25 °C; 1 bar 50 °C; 50 bar 100 °C; 50 bar
Nay 0% 0% —
NaCl/NaY 0% 1% —
NaBr/NaY 0% 2% —
Nal/NaY 1% 10% 100%
Nal — 6% 100%
LiY 0% 0% —
LiBr/LiY 0% 2% —
Lil/LiY 1% 7% —

KY 0% 0% —
KBr/KY 0% 6% —
KI/KY 3% 18% 100%
KI 0% 0% 100%
ZnY 0% 0% —
ZnBr,/ZnY 0% 2% —
Znl,/ZnY 1% 34% Polymer
Znl, — 38% Polymer
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Fig. 1 Yield of styrene carbonate against time using KI/KY and just K,
at 100 °C and 50 bar.

alone. The results show that the zeolite system is significantly
more active than the pure metal halide, with the yield of
styrene carbonate reaching 100% within 6 hours, whereas in
the absence of zeolite the reaction took 15 hours to achieve
the same result. Fig. 2 shows the effect of mixing KI and KY
independently in the reaction medium. It can be seen that
the impregnated system is more active, but mixing the two
components during the reaction does give a significant yield
of product compared to that obtained using just KI. These
observations lead to two main conclusions. Firstly, the
reaction takes place inside the zeolite channels and cavities,
because the yield with the impregnated zeolite is higher than
that obtained upon mixing the two components in the
reaction medium or using just KI. Some diffusion of the
metal halide into the zeolite pores can occur during styrene
carbonate synthesis, which facilitates the reaction relative to
use of KI in the absence of zeolite. On the other hand, KI is
less reactive, probably because of solvation effects from the
reaction medium and/or its low surface area. The second
conclusion is linked to the diffusion of the metal halide into
the zeolite pores, which suggests that small amounts of
dispersed KI may be enough to catalyse the reaction, because
the iodide mostly remains inside the pores.

100

80
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40

Yield (%)

20

0 ]
KI/KKY Ki Kl + KY

Fig. 2 Yield of styrene carbonate using KI/KY, KI and a mixture of Kl
and KY during reaction at 100 °C and 50 bar for 6 h.
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It is worth mentioning that KI is reported® to be a catalyst
in the industrial process of ethylene carbonate production
from ethylene oxide and CO,. Hence, the impregnation of
this salt inside the zeolite cage can lead to significant
improvement in the process with the reduction of the
reaction time.

Finally, the reuse of the catalytic system was studied, but
a gradual loss of activity was observed (Fig. 3). This is due to
leaching of the metal halide, as shown by ICP analysis of the
solution obtained at the end of the reaction. About 3% of the
potassium is lost after each reaction cycle. This may be
explained by the mobility of the ions from the zeolite cavity
to the solution and vice versa, probably because of the high
polarity of the cyclic carbonate, which may dissolve part of
the salt. It must be stressed that a tiny amount of the halide
was present during the reaction, as the molar ratio of the
epoxide to the impregnated metal halide was about 20. Thus,
any leaching of the halide would increase this molar ratio,
also explaining the decrease in activity of the catalyst system.
Alternatively, it might be possible to carry out the
reutilization at longer times, to compensate the partial
leaching or to add more halide in the reaction medium, as a
type of regeneration. Nevertheless, we did not exploited these
possibilities in this study.

Table 2 shows the yields obtained for three different cyclic
organic carbonates over KI/KY at 100 °C and 50 bar after 4
hours. It seems that steric effects play a significant role,
because of the pore size restrictions imposed by the zeolite
cavity. Thus, for bulky epoxides the reaction may not proceed
properly in the zeolite system. However, from an industrial
point of view, small cyclic carbonates, like ethylene and
propylene carbonates, are the most relevant, which opens the
possibility of exploiting the zeolite-metal halide system as a
potential heterogeneous catalyst for these processes.

Table 3 compares the conditions and conversion or yield
of styrene carbonate synthesis reported in the literature using
other heterogeneous catalytic systems. It can be seen that the
conversion of the epoxide or the yield of styrene carbonate
was lower compared with the present study. In addition, in

100 -

80
60 -
40 -
20_ [
0 . . .
1 2 3 4

Use

Yield (%)

Fig. 3 Reutilization of the KI/KY system in the reaction of CO, with
styrene oxide at 100 °C and 50 bar for 6 h.
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Table 2 Yield of cyclic organic carbonates from the reaction of CO, with
epoxides over KI/KY at 100 °C, 50 bar and 4 h

Epoxide Yield of organic carbonate (%)
Styrene oxide 78
R-Propylene oxide 93
1,2-Epoxy-dodecane 3

some cases, the conditions are more severe and there was
solvent addition. These results highlight the potential of
zeolites impregnated with metal halides as efficient
heterogeneous catalytic systems for the production of cyclic
organic carbonates. Zeolites have superior thermal stability
to MOFs and ZIFs and are significantly cheaper than MCM-
41 and other mesoporous materials, which require extensive
amounts of template in the synthesis procedure. The
possibility of using zeolites impregnated with minor amounts
of metal halides also has the potential of suppressing the
need of using tetraalkylammonium halides as co-catalysts.

In order to better understand the role of the zeolite in
stabilizing the metal halide inside the pores, and to help to
understand the experimental results, a theoretical study was
carried out using periodic conditions to describe the zeolite
system. Fig. 4 shows the calculated structures of KCl
(comprising 4 ionic units) at PBE level; similar structures
were found for KBr and KI, considering the same number
designation for the ions. Fig. 5 shows the -calculated
structures of KY zeolite embedded with the KI cluster, at the
same level of theory; the structures of KCl or KBr embedded
inside KY zeolite were similar, considering the same number
designation for the ions. Tables 4 and 5 shows the distances
between the ions in the isolated metal halides and in the
embedded zeolites, respectively, whereas Tables 6 and 7
report the calculated charges for the systems. Finally, Table 8
shows the embedded energy of the potassium halide (KX)
clusters within the KY pore system, at PBE level of theory.

It can be seen that, upon embedding the metal halide inside
the zeolite Y pore, there is a slight enlargement of the distance
between the ions. This may be explained by the interaction of
the halide with the zeolite structure, particularly with the
potassium cation associated with the framework aluminium
atom. For instance, the distance between the potassium counter

Table 3 Selected literature results of styrene carbonate formation over
heterogeneous catalytic systems

System T (°C) P (bar) Conv. (%) Yield (%)
MCM-41/ImBr* 140 40 84 81.5
CdPDIA/TBAB? 80 20 — 40

ZIF-8° 100 7 — 55
NH2-SAPO-34¢ 85 6 77 —
KI/KY® 100 50 100

“ MCM-41 grafted with imidazole and 1,2-dibromoethane.
Acetonitrile as solvent and 6 h reaction time; ref. 17. © 2D-MOF, 4 h;
ref. 20. 7 h; ref. 21. ¢ Amine-functionalized SAPO-34; DMF as
solvent and 5 h; ref. 24. ¢ This work.
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Fig. 4 Calculated structure of KCl at PBE periodic boundary
conditions.

Fig. 5 Calculated structure of Kl cluster embedded inside KY zeolite,
at PBE periodic boundary conditions. The structures of KCl or KBr
clusters embedded in KY zeolite were similar, considering the same
number designation for the ions.

cation and the CI2 ion in KCI/KY is 2.981 A, whereas the average
distance in the isolated KCI was calculated to be 2.984 A. This
trend is more pronounced for the other halides. In KBr/KY, the
distance between the K' counter ion and Br2 was 3.055 A;

View Article Online
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shorter than the average distance of 3.143 A in isolated KBr. The
same distance in KI/KY is 3.287 A, also shorter than the average
distance between the ions in the isolated KI, computed as 3.390
A. The stronger interaction of the lattice bromide and iodide
with the K counter cation of the zeolite reflects the less ionic
nature of the bond for these two halides compared with
chloride. Hence, the bromide and iodide ions become less
associated to the other potassium cations of the cluster than
the chloride does. In other words, embedding the potassium
halide inside the zeolite leads to a slight dissociation of the
ions, due to their interaction with the zeolite structure. This
trend decreases in the order I > Br > CI".

The charge distribution calculation supports the previous
view. As a general trend, the average charge on the halide slightly
decreases upon embedding the cluster within the zeolite pores.
This is probably due to the interaction with the zeolite, which
acts like a solvent to stabilize the ions. Therefore, the electrostatic
interaction within the metal halide cluster slightly decreases, as a
function of the larger separation between the ions.

The results of calculated embedded energy for the metal
halides inside the zeolite Y cavity, at PBE level of theory,
indicated that KCl is better stabilized than KBr, which in turn is
more stabilized than KI. This may explain the higher reactivity
of the metal iodide zeolite systems compared with metal
chlorides and bromides. This behavior is similar to that
observed in solution, where chlorides are better stabilized than
bromides and iodides through hydrogen bonding interactions.
Thus, in the present case, the zeolites act as solid solvents,
providing an environment for the stabilization of ionic species
and transition states. A more extensive theoretical study on the
nature of the metal halide/zeolite Y systems and on the
mechanistic pathway is being carried out to be reported later.

The solvent-like properties of zeolites was initially
proposed by Derouane.’>*® Nevertheless, he mostly
associated this behaviour to the capability of the zeolites to
confine or adsorb molecules in relation to an external
solution, as in a solvent extraction procedure. Our studies on
the nucleophilic substitution of alkyl halides and
carboxylation of styrene oxide expand the concept of zeolites

Table 4 Distances in A between the ions in the KX clusters, calculated at PBE level

KCl KBr KI

K1-Cl1 2.981 K1-Br1 3.140 K1-11 3.387
K1-CI2 2.990 K1-Br2 3.145 K1-12 3.389
K1-CI3 2.983 K1-Br3 3.145 K1-13 3.393
K2-CI2 2.990 K2-Br2 3.145 K2-12 3.387
K2-CI3 2.981 K2-Br3 3.142 K2-13 3.390
K2-Cl4 2.980 K2-Br4 3.140 K2-14 3.387
K3-Cl1 2.984 K3-Br1 3.143 K3-11 3.396
K3-CI3 2.982 K3-Br3 3.141 K3-13 3.391
K3-Cl4 2.983 K3-Br4 3.143 K3-14 3.395
K4-Cl1 2.983 K4-Br1 3.142 K4-11 3.390
K4-CI2 2.988 K4-Br2 3.142 K4-12 3.386
K4-Cl4 2.983 K4-Br4 3.144 K4-14 3.392
<K-CI>“ 2.984 <K-Br>“ 3.143 <K-I>¢ 3.390

“ Average distance between the ions in the embedded cluster.
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Table 5 Distances in A between the ions in the KX/KY system, calculated at PBE level

KCI/KY KBr/KY KI/KY

KY-CI2 2.915 KY-Br2 3.055 KY-12 3.287
K1-Cl1 2.970 K1-Br1 3.125 K1-11 3.416
K1-Cl2 3.046 K1-Br2 3.181 K1-12 3.367
K1-CI3 2.947 K1-Br3 3.117 K1-I13 3.422
K2-Cl2 3.187 K2-Br2 3.480 K2-12 3.548
K2-CI3 2.954 K2-Br3 3.128 K2-13 3.391
K2-Cl4 3.002 K2-Br4 3.174 K2-14 3.352
K3-Cl1 3.017 K3-Br1 3.188 K3-11 3.414
K3-CI3 2.984 K3-Br3 3.149 K3-13 3.394
K3-Cl4 3.010 K3-Br4 3.181 K3-14 3.345
K4-Cl1 2.957 K4-Br1 3.129 K4-11 3.394
K4-CI2 3.035 K4-Br2 3.186 K4-12 3.467
K4-Cl4 2.951 K4-Br4 3.127 K4-14 3.328
<K-CI>* 3.005 < K-Br>* 3.180 <K-1>¢ 3.403

“ Average distance between the ions in the embedded cluster.

Table 6 Calculated charge distribution in the KX clusters

KCl KBr KI

Cl1 -0.855 Bril -0.842 I1 -0.832
Cl2 —0.855 Br2 -0.844 12 -0.831
Cl3 -0.854 Br3 -0.842 13 -0.832
Cl4 —0.854 Br4 -0.843 14 -0.833
<Cl>* -0.854 <Br>* -0.843 <> -0.832
K1 0.855 K1 0.842 K1 0.832
K2 0.854 K2 0.844 K2 0.831
K3 0.855 K3 0.843 K3 0.833
K4 0.854 K4 0.842 K4 0.833

“ Average charge on the halogen atom.

Table 7 Calculated charge distribution in the KX/KY systems

KCI/KY KBr/KY KI/KY

KY 0.866 KY 0.858 KY 0.858
Cl1 -0.849 Bril -0.836 11 -0.815
Cl2 -0.846 Br2 -0.835 12 -0.822
Cl3 —0.842 Br3 -0.827 13 -0.807
Cla -0.847 Br4 -0.832 14 -0.784
<CI>“ -0.846 <Br>“ -0.833 <I>° -0.807
K1 0.862 K1 0.851 K1 0.843
K2 0.866 K2 0.861 K2 0.852
K3 0.857 K3 0.846 K3 0.834
K4 0.860 K4 0.850 K4 0.847

¢ Average charge on the halogen atom.

as solvent, to include their performance in ionic reactions
and stabilization of ionic species inside the cages.

Table 8 Calculated energy in kcal mol™ of the KX/KY systems, relative
to the isolated KX clusters and KY, at PBE level of theory

Conclusion
System Embedded energy (kcal mol ™)
KCUKY a1 Zeolite Y impregnated with metal halides are efficient catalyst
KBr/KY 11,9 systems to produce styrene carbonate from the reaction of
KI/KY -10.8 CO, with styrene oxide. The yield is dependent on the nature

This journal is © The Royal Society of Chemistry 2021 React. Chem. Eng., 2021, 6, 672-678 | 677
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of the metal halide, with iodide giving higher yields than the
corresponding bromide and chloride salts. The reaction takes
place inside the zeolite cavity, but leaching of the metal
halide reduces the yield of the carbonate upon reuse. The KI/
KY system is significantly more active than KI alone, which is
reported to be a possible catalyst in the industrial process of
cyclic carbonate production.

Periodic theoretical calculations, at PBE level, indicated
that the KCI cluster is better stabilized within the zeolite
framework than KBr and KI ones. The ions become less
associated upon embedding inside the zeolite structure. The
order of stabilization agrees with the reactivity of the
impregnated metal halides. These data suggest that the
zeolite cavities act similarly to solvents, stabilizing ionic
species and transition states.
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