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ABSTRACT: The reduction of CO2 into value-added chemicals
offers a promising approach to mitigate air pollution while
simultaneously generating economic value. In this context, the
chemical fixation of CO2 into epoxides to generate cyclic carbonates
is a sustainable technique due to its high atom efficiency. In this work,
we report the preparation of simple iron-based ionic liquids (ILs)
derived from hexacyanoferrate(III), (Fe(CN)6), which exhibit
remarkable activity and selectivity toward cyclic carbonate formation.
Molecular dynamics (MD) simulations demonstrate that the contact
ion pair organization in the IL is anisotropic, exhibiting a distinct
spatial arrangement. The IL efficiently catalyzed the conversion of various epoxides using only 1.0 mol % IL under mild conditions
(1−2 bar, 70−100 °C). Moreover, solid catalysts containing ionic liquid layers (SCILLs), akin to catch-and-release catalytic systems,
are developed that demonstrate remarkable activity, achieving turnover numbers (TONs) of 265−729 for aliphatic epoxides and
83−668 for aromatic epoxides, with 99% selectivity toward cyclic carbonates under the same mild conditions. A monolayer of IL
enhances local charge density by aligning cations and anions into distinct layers on SiO2, therefore creating nanoconfined spaces
within the SCILL (solid catalysts with IL layer). These confined domains function as a “catch-and-release” catalytic system,
controlling the diffusion of epoxides, CO2, and intermediates toward the active sites while facilitating the release of products from
the microionic environment. An in situ NMR study conducted under realistic experimental conditions revealed that the reaction
mechanism involves the formation of 1-n-butyl-3-methylimidazolium-2-carboxylate (NHC−CO2) intermediate, thereby challenging
the classical understanding of IL-assisted catalysis and providing new fundamental insights into the field.

1. INTRODUCTION
The continued carbon dioxide (CO2) emissions into the
atmosphere are causing an increase in the global mean surface
temperature and sea level rise. On the other hand, the presence
of this abundant carbon source is also a blessing. There is an
urgency to develop advanced technologies that are capable of
decreasing atmospheric CO2 through its capture and trans-
formation into useful organic compounds. Substantial efforts
are urgently required to mitigate atmospheric CO2 through its
capture and transformation into value-added organic com-
pounds. One of the most promising approaches involves the
conversion of CO2 into fuels, lubricants, amides, esters, and
cyclic carbonates via thermocatalytic and photocatalytic
processes.1−7 The development of techniques to fix CO2 to
epoxides is an ideal technique due to atom-economic and
environmentally benign processes.8,9

Recent advancements have been made in the chemical fixing
of CO2 to generate cyclic carbonates by the use of metal
complexes with sophisticated ligands, frustrated Lewis pairs

(FLPs), metal halides, and carbon-based supported cata-
lysts.8,10−22 However, these catalytic systems have their
drawbacks with the necessity of drastic conditions (high
pressures and temperatures), low catalyst stability, and cost-
effectiveness. Futhermore, none of these systems can perform
carbon capture and utilization (CCU), either on-site or as part
of a subsequent process within the same plant. In this vein,
ionic liquids (ILs) have been studied as the potential media
(sorbent and catalytic phase) in view of their capacity for CO2
sorption (ad- and absorption) and catalytic fixation.23 Among
these, neat (bulk) ILs with halide anions have been exclusively
studied but present a challenge in terms of separation from raw

Received: September 10, 2025
Revised: October 21, 2025
Accepted: October 22, 2025
Published: October 29, 2025

Articlepubs.acs.org/JPCC

© 2025 The Authors. Published by
American Chemical Society

20258
https://doi.org/10.1021/acs.jpcc.5c06371

J. Phys. Chem. C 2025, 129, 20258−20267

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

17
7.

86
.7

4.
20

7 
on

 A
pr

il 
6,

 2
02

6 
at

 1
3:

53
:2

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camila+P.+Ebersol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+X.+Torres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafael+P.+das+Chagas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luciano+M.+Lia%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Nisar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pedro+H.+F.+Matias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pedro+H.+F.+Matias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heibbe+Cristhian.+B.+de+Oliveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+S.+S.+Neto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guilherme+Colherinhas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+I.+Qadir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+I.+Qadir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.5c06371&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06371?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06371?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06371?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06371?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06371?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/129/45?ref=pdf
https://pubs.acs.org/toc/jpccck/129/45?ref=pdf
https://pubs.acs.org/toc/jpccck/129/45?ref=pdf
https://pubs.acs.org/toc/jpccck/129/45?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c06371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


materials and products, for recycling, limiting their extended
use in cycloaddition reactions.24−39 A limited number of
studies have probed the efficacy of iron- and zinc-based, metal-
containing ILs in promoting the cycloaddition of CO2.

40−47

Only a few studies have been reported on the carbonation of
epoxides to cyclic carbonates at high pressure and temperature
by halide-based SILPs, but these systems exhibited low
TONs.48,49

Recently, catch-and-release catalytic systems have been
immerged as a smart technique in which a homogeneous
catalyst is impregnated on a solid matrix to generate an elegant
hybrid catalytic system.50 These hybrid matrices can be
designed through noncovalent immobilization of organic
molecules or molecular complexes51 enabling their release as
active catalytic species into solution to promote the reaction
and subsequent recapture at the end of the process.52 To the
best of our knowledge, these catalytic systems have not yet
been examined for CO2 activation. A monolayer of the ILs can
be decorated onto solid supports (SiO2 and Al2O3) to generate
supported IL-phases (SILPs) and solid catalysts with IL-layers
(SCILLs).53 The IL in SCILL reveals a ligand effect that
influences the electron properties of the support.
Herein, we prepared n-butyl-3-methylimidazulim ferricya-

nide (III), [BMIm]3.[Fe(CN)6], IL that was examined for the
efficient chemical fixation of CO2 to various epoxides. The IL
was impregnated onto commercial SiO2, generating the
“catalytic spongelike ionic assemblies” that combine the
advantages of both homogeneous and heterogeneous catalysis.
Our IL system is akin to a catch-release catalytic system that
can dynamically control the diffusion of epoxides, intermedi-
ates, and products to the catalytic active (Scheme 1).

2. EXPERIMENTAL SECTION
HPLC-grade solvents were utilized in this study. All epoxides
and K3Fe(CN)6 were purchased from Sigma-Aldrich Chem-
icals. Silica gel (60, 0.05−0.2 mm) was obtained from Vetec
(Brazil). 1-n-Butyl-3-methylimidazolium chloride was synthe-
sized following a well-established method.75 CO2 (>99.999%)
was obtained from White Martins Ltd., Brazil. The NMR
spectra were acquired at 25 °C on a Bruker Avance III 500
spectrometer operating at 11.75 T, using DMSO-d6 as a
solvent.

2.1. Preparation of [BMIm]3·(FeCN)6 IL and SCILL-
Fe(CN)6. A homogeneous solution of BMIm·Cl (1.05 g, 3
mmol) in an aqueous acetonitrile solution (5 mL of H2O in 5
mL of CH3CN) was prepared at room temperature. K3[Fe-
(CN)6] (0.66 g, 2 mmol) was then added to the aqueous
solution, and the mixture was stirred for 24 h. The solvents
were evaporated under vacuum, resulting in the formation of a

green, viscous, and homogeneous liquid. The obtained liquid
was dissolved in CH3CN (5 mL), stored in a refrigerator for 18
h, then filtered, and CH3CN was evaporated. This process was
repeated until no further white parts per trillion was observed.
The resulting viscous greenish IL was stored in the refrigerator
prior to further use. 1H NMR (500 MHz, DMSO.d6) δ 8.83 (s,
1H), 7.68 (s, 1H), 7.59 (s, 1H), 4.13 (t, J = 7.0 Hz, 2H), 3.74
(s, 3H), 1.79 − 1.69 (m, 2H), 1.27 − 1.22 (m, 2H), 0.88 (t, J =
7.3 Hz, 3H). 13C NMR (125 MHz, DMSO.d6) δ: 138.1, 124.2,
122.6, 49.3, 37.5, 31.6, 18.9, 13.4.

2.2. Preparation of SCILLs-Fe(CN)6. The SCILL-Fe-
(CN)6 was prepared by the simple impregnation of [BMIm]3·
(FeCN)6 IL onto commercially available SiO2. Typically, 4.0 g
of activated SiO2 was added to CH3OH (15 mL) and stirred at
room temperature. Then, 1.0 g of [BMIm]3·(FeCN)6 IL was
added. The reaction mixture was stirred at RT for 20 h. The
resulting SCILL-Fe(CN)6 was isolated by filtration, washed
with dry ether (10 mL × 3), and dried at 60 °C for 16 h.

2.3. Catalytic Fixation of CO2 in Epoxides. All of the
catalytic tests were performed in a home-steel fisher-porter (24
mL). Typically, the desired amounts of epoxide and catalyst
were introduced into the reactor, which was subsequently
sealed and purged with CO2 to remove atmospheric oxygen.
The reactor was subsequently filled with the desired amount of
CO2. The mixture was subjected to magnetic stirring and
heating in a silicone oil bath. After 24 h, the reactor was cooled
in ice-cold water for 30 min, and the gas was carefully released.
A sample for 1H NMR was prepared in DMSO·d6 and
analyzed immediately.

3. RESULTS AND DISCUSSION
3.1. Catalyst Preparation and Characterization. A

simple ferricyanide IL was prepared by mixing 1-n-butyl-3-
methylimidazolium chloride IL with K3[Fe(CN)6] salt in an
aqueous solution of methanol at room temperature, yielding
the greenish [BMIm]3·[Fe(CN)6], (where BMIm is 1-n-butyl-
3-methylimidazolium) ionic liquid, hereafter denoted as
BMIm·Fe(CN)6. The prepared IL was air-stable and was
characterized by NMR, UV−visible, and ESI-MS analyses
(Supporting Information).
The molecular structure of the IL was evaluated by NMR

spectroscopy, including 1H, 13C, and 1H−1H NOESY experi-
ments. Figure 1c shows cross-peaks between imidazolium
hydrogens and the hydrogens of the aliphatic chain, reflecting
intercationic interactions. The ESI-MS spectra demonstrated
intense mass peaks at m/z 139.12 in positive mode and m/z
211.95 in negative mode, corresponding to the IL cation
(BMIm+) and anion (Fe(CN)63−) of the BMIm·Fe(CN)6 IL
(Figures S4 and S5).
Figure S6 displays the radial distribution functions (RDFs)

between the nitrogen atoms of the anion and the carbon atoms
of the BMIm+ cation (C2, C4, C5, C9, and C13). All RDF
curves exhibit a primary peak near 3.4 Å, indicating a
characteristic interaction distance. Among the analyzed
atoms, C9 exhibits the highest g(r) value (∼4.7), suggesting
stronger or more frequent interactions with the anion
(Fe(CN)63−). C2 also presents a relatively intense and sharp
peak (g(r) ≈ 3.1), indicating a notable degree of spatial
association, likely due to its position adjacent to the aromatic
ring and the delocalized positive charge. In contrast, the RDF
for C13 is broader and less intense, implying weaker or more
diffuse interactions. These findings suggest that while all sites
contribute to the local ion−ion organization, C9 and C2 serve

Scheme 1. Representation of Catch-Release of SCILL-
Fe(CN)6 for the CO2 Fixation of Epoxides to Generate
Cyclic Carbonates
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as more preferential coordination sites for the anion, driven by
their supramolecular organization.76 The observed interaction
strength follows the order: C9 > C2 ≈ C4 > C5 > C13.
To further illustrate the IL structure in a more intuitive

manner, spatial distribution functions (SDFs) were computed
to visualize the three-dimensional probability of finding atoms
around a reference molecule. In Figure 1a, the isosurface
highlights the spatial distribution of [Fe(CN)6]3− around the
BMIm+ cation. Notably, the anion preferentially accumulates
near the C2 and C9 positions, in agreement with the RDF
results that show enhanced g(r) peaks at these sites. Figure 1b
displays the complementary distribution: the C2 atom of
BMIm+ mapped around the [Fe(CN)6]3− anion, where the
density forms a ring-shaped region around the middle of the
octahedral complex. This spatial arrangement supports the
RDF results by showing that beyond being frequently found
near the anion, C2 and C9 also tend to occupy specific regions
around them, indicating a preferred orientation. Generally, the
combined RDF and SDF analyses reveal that the anion
[Fe(CN)6]3− preferentially interacts with the C9 and C2
positions of the BMIm+ cation. These results highlight the
anisotropic nature of the ion pair organization, which may
influence the bulk properties of the ionic liquid and its
performance in redox-active environments.
It is important to note that the RDFs were calculated from

an ensemble of configurations obtained under equilibrium
conditions, corresponding to an average density of 1.072 g/
cm3 for the simulated ionic liquid. The results obtained are
therefore coherent with the anisotropic nature of ion−ion
interactions and satisfactorily reflect the structural organization
characteristic of the studied ionic liquid, validating both the
methodological approach and the results achieved (Table 1).

Figure 1. Radial distribution function of (a) [Fe(CN)6]3− around
BMIM+ and (b) C2 atom of BMIm around [Fe(CN)6]3−. (c)
1H−1H-NOESY NMR contour map of the BMIm·Fe(CN)6 IL in
DMSO-d6 at 298 K. A full spectrum of 1H−1H NOESY is presented
in S3.

Table 1. Literature Comparison of CO2 Cycloaddition of Epichlorohydrin of Our Heterogeneous Catalytic System with
Reported Catalysts

S. No Cat. Co-cat. Temp. (C°) P (bar) Conv. (%) TON ref.

1 SCILL-Fe(CN)6 - 70 1.0 99 729.3 Our
2 PQPBrCOOH - 140 1.0 99 - 54
3 SILP-ZnCl3 - 100 10 99 245 48
4 MorpholiniumIL+ ZnBr2 - 25 1.0 99 - 55
5 PILs - 60 1.0 78 200 56
6 Heteroscorpionate aluminum complexes TBAB 25 1.0 99 - 57
7 CoII-tridentate pincer type ligand (2,6-bis[[(4-methylphenyl)thio]carbonyl]pyridine) DMAP 100 16 93 - 58
8 Zn(HBA)2 TBAB 120 18 99 - 59
9 PIL microspheres grafted with pyridine (TB-Py) - 80 10 31 - 60
10 Mn(III) meso-tetrakis(2,3-dichlorophenyl)porphyrin TBAB 100 30 99 - 61
11 VIMEtOH][Br]-24/72 - 120 20 99 - 62
12 Imidazolium- and triazine-based ionic polymers - 100 10 97 - 63
13 heterometallic macrocycles Ln8Zn4L6 TBAB 120 10 99 - 64
14 NIIC-10 TBAB 40 2.0 99 - 65
15 TUD-1/Ag NPs - 60 10 98 - 66
16 B-CN KI 100 1.0 73 - 67
17 Al(III) phthalocyanine PPNCl 80 10 94 - 68
18 MIL-101-N(Bnme2)Br - 100 14 96 - 69
19 CuO/paper matrices - 100 4.0 99 - 70
20 Zn(II) Schiff base - 110 25 98.6 - 71
21 Chalcopyrite UiO-67 MOF - 70 10 95 - 72
22
23 double cobaloxime salts DMAP 100 16 98 - 73
24 NENP TBAB 100 4.0 98.7 - 74
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The SCILL-Fe(CN)6 catalyst was prepared by simply
grafting the BMIm·Fe(CN)6 IL onto commercial silica. The
resulting material was characterized by scanning electron
microscopy (SEM), BET surface area analysis, and thermog-
ravimetric analysis (TGA). SEM images revealed irregularly
shaped particles, while chemical mapping (Figure 2) confirmed

the homogeneous distribution of the IL within SiO2 through
the detection of Si, Fe, C, and N. TGA analysis (Figure S7)
showed an initial weight loss between 30 and 100 °C,
attributed to the removal of adsorbed water, followed by a
second weight loss up to 700 °C, corresponding to the
decomposition of the residual IL on the SiO2 surface. SCILL-
Fe(CN)6 contains approximately 0.158 mmol/g of IL, as
determined from the TGA results.77 The physicochemical
properties show a surface area of 236 m2/g, a pore size of 10.3
nm, and a pore volume of 0.61 m2/g (Table 2, entry 1, Figure
S8). The decrease in surface area compared to that of pristine
SiO2 (288 m2/g) is attributed to the incorporation of the IL
into the pores of SiO2.

3.2. Catalytic Chemical Fixation of CO2. The prepared
BMIm·Fe(CN)6 IL was evaluated for the chemical fixation of
CO2 with different epoxides at 70 °C under 1−2 bar of CO2
using 0.13 mmol of IL. Our IL represented efficient activity
and selectivity to their respective cyclic carbonates. Using
epichlorohydrin as the model substrate under 1 bar of CO2, a
conversion of 99% was obtained with 97% selectivity for the
corresponding cyclic carbonates. A small amount of diols was
also detected, which is associated with the confined water
within ILs that is challenging to eliminate from them. The
reaction progress was monitored as a function of time (Figure
3). Interestingly, the reaction reached 22% conversion after 1 h
of reaction with >99% selectivity toward its cyclic carbonate.
The conversion was augmented with the increases of time.
After 2 h, about 32% conversion was achieved that reached

61% at 4 h, while maintaining >99% selectivity for cyclic
carbonate.
The catalytic activity of our IL toward different kinds of

aliphatic epoxides was also investigated (Figure 4). It was
observed that the conversion of the aliphatic epoxides
decreased as the number of carbon atoms increased. At 70
°C, propylene oxide (2c, Figure 4) achieved 46% conversion
with >99% selectivity to the cyclic carbonate, while 39, 20, and
0% conversion were obtained with butyl epoxide (2b), butyl
glycidyl ether (2g), and tert-butyl glycidyl ether (2h),
respectively. The decrease in catalytic activity is related to
low diffusion of large-sized substrates into the confined spaces
of the IL, which restricts access to the active sites and reduces
conversion and carbonate selectivity. In bulk and/or dilute
phases, the presence of hydrogen bonding, along with polar
and nonpolar domains, generates the distinct spatial confine-
ment and dominant surface forces at short length scale that
offer unique phases transition and depressed transport
properties.53,78 As a result, nanoconfined spaces akin to the
catalytic active membrane/sponge structure are formed that
control the diffusion of reactants, products, and intermediates
to the catalytic active sites. These transport properties are
attributed to the dynamical interplay of the contact ion pairs of
the IL in bulk phases.79

Our IL also demonstrated efficient activity for the aromatic
epoxides. At 70 °C, a lower activity (37%) was observed with
styrene oxide (2d). On increasing the temperature to 100 °C,
the conversion was reached >99% with maximum selectivity,
while 1,2-epoxy-3-phenylpropane (2e) and glycidyl 2-methyl-
phenyl ether (2f) afforded 97 and 70% conversion,
respectively. The higher activity may be related to the presence
of electron-donating oxygen, which activates the epoxide ring
through its electron-donating capability.
To elucidate the heterogeneous effect, impregnation of the

BMIm·Fe(CN)6 IL on simple SiO2 was prepared and obtained
the SCILL-Fe(CN)6 catalyst. Our SCILL-Fe(CN)6 showed
efficient activity for different aliphatic and aromatic epoxides at
100 °C and 2-bar CO2 (Table 3). Notably, our catalyst showed
remarkable activity with the turnover numbers of 729.3 with
99% conversion and 97% selectivity to its cyclic carbonate
under 1 bar of CO2 at 70 °C. Our catalytic system exhibited

Figure 2. SEM with chemical mapping of the SCILLs-Fe(CN)6.

Table 2. Physiochemical Properties of Catalysts

Entry Cat.
Surface area
(m2/g)bb

Pore size
(nm)aa

Pore volume
(m2/g)aa

1 SCILL-
Fe(CN)6

236 10.3 0.61

2 SiO2 288 9.5 0.68
aCalculated from the N2 adsorption and sorption isotherm using the
BJH method. bCalculated from N2 sorption using the BET method.

Figure 3. Epichlorohydrin conversion vs time. Reaction conditions;
IL (0.13 mmol) and epichlorohydrin (12.0 mmol), temperature (70
°C) and 1-bar of CO2.
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higher activity compared to previously reported heterogeneous
catalysts under mild reaction conditions (Table 1).
We investigated the effect of the temperature on the activity

of our catalysts (Figure 5a−c). At 25 °C, no product was
observed. The reaction started at 40 °C with a conversion of
9%, while at 50 °C, a conversion of 22% with 165 TONs was
obtained. As the temperature increased, the catalytic activity
also increased, demonstrating the positive effect of temper-
ature. When the temperature reached 70 °C, a conversion of

94% with 729.4 TONs was achieved (Table 3, entry 1). The
high selectivity of >97% for cyclic carbonate was maintained
across different temperatures (Figure 5b).
Our SCILL·Fe(CN)6 catalyst also exhibited remarkable

activity toward various aliphatic epoxides (Table 3). Butyl
epoxide, tert-butyl glycidyl ether, and butyl glycidyl ether
achieved conversions of 94, 35, and 18, respectively (Table 3,
entries 5, 4, and 6). The observed decline in catalytic activity
correlates with the increasing molecular size of the epoxides.
Bulkier epoxides experience restricted diffusion within the
confined spaces of SCILL·Fe(CN)6, thereby limiting their
access to the catalytic active sites.80,81 On the other hand,
about 11 and 88% conversion with TONs of 83.5 and 668.3
were achieved for styrene and phenyl glycidyl ether,
respectively (Table 3, entries 2−3).
The anisotropic ion pair organization in IL is an important

structural feature that influences the bulk properties of the
liquid and its performance in “redox-active environments”.
When an imidazolium IL interacts with the solid surface
(SiO2), its strong H-bonding exhibits a high affinity for the
host solid surface. A monolayer of IL readily enhances the local
charge density and modulates the orientation of cations and
anions at the surface, wherein the first layer consists of
imidazolium cations absorbed onto the solid, followed by a
layer of IL anions.82 These distinct orientations of the IL
contact pair generate unique microenvironments/confined
spaces, thereby facilitating faster diffusion (Figure 5d).83

Additionally, the high surface-to-volume ratio of the
immobilized IL facilitates enhanced substrate diffusion,
effectively mitigating the mass transfer constraints imposed
by the high viscosity of IL.48 These features are responsible for
the higher activity of the heterogeneous catalyst (SCILL·
Fe(CN)6) compared to that of the bulk IL.
To evaluate the stability of the SCILL·Fe(CN)6 catalyst,

recycling tests were carried out. Unfortunately, the catalytic

Figure 4. CO2 chemical fixation in different epoxides by BMIm·Fe(CN)6 IL. Reaction conditions; IL (0.13 mmol) and epoxide (12.0 mmol). The
reaction was performed at 2 bar of CO2, except epichlorohydrin. Conversion and selectivity were calculated by 1H NMR. CO2 (1.0 bar) for
epichlorohydrin.

Table 3. Cycloaddition Reaction of Different Epoxides
Catalyzed by BMIm·Fe(CN)6 ILab

aReaction conditions: Cat. 100 mg, substrate (12.0 mmol), 24 h.
Turnover number (TON): numbers of moles of cyclic carbonate per
mole of immobilized IL. The quantity of IL (0.158 mmol/g) was
obtained from TGA of SCILL·Fe(CN)6 as reported earlier.77
bCalculated by 1H NMR.
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activity decreased sharply after the first cycle, dropping from
99% conversion to about 60% (Figure 6a). This decline in
activity continued in subsequent cycles, which is most likely
attributable to leaching of the immobilized ionic liquid from
the SiO2 surface. The 1H NMR spectrum of the crude reaction
mixture confirmed the partial leaching of the IL (Figure S16).
However, it is difficult to quantify the concentration of the
leached IL because the fresh SCILL·Fe(CN)6 catalyst contains
only a very small amount of IL (0.0158 mmol). Since the IL
concentration was extremely low, no notable conversion of
epichlorohydrin was observed when the reaction was

performed in the filtrate having leached IL. Moreover, SEM-
EDS chemical mapping (Figure 6b) revealed the presence of
Si, Fe, C, and N from the IL on SiO2, confirming that the IL
was not completely leached from SiO2.
To confirm the proposed catch-and-release mechanism, we

performed CO2 sorption−desorption experiments. The
sorption behavior of SCILL·Fe(CN)6 was evaluated at 4 bar
of CO2 and 45 °C (Figure 7). The SCILL·Fe(CN)6 exhibited
an efficient CO2 uptake of about 0.89 mmol of CO2 per gram
of catalyst. The recyclability of the sorption process was
confirmed through multiple sorption−desorption cycles, with

Figure 5. (a−c) Conversion vs temperature; cat. (100 mg), epichlorohydrin (12.0 mmol), CO2 (1.0 bar) and 24 h; and (d) schematic
representation of confined spaces in SCILL-Fe(CN)6.

Figure 6. (a) Recycling tests of SCILL-Fe(CN)6 (100 mg), epichlorohydrin (12.0 mmol), CO2 (1.0 bar), and 24 h and (b) SEM with chemical
mapping of SCILL-Fe(CN)6 after 4th cycle.
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desorption carried out at 55 °C under vacuum. The SCILL·
Fe(CN)6 catalyst maintained a nearly constant chemisorption
performance, and the CO2 uptake/desorption process could be
repeated at least five times without a significant loss of
efficiency, thereby demonstrating the robustness of the system.
These findings provide direct evidence supporting the
proposed catch-and-release behavior of the catalyst.
3.2.1. Mechanistic Study. We propose a mechanism

involving the formation of the 1-butyl-3-methylimidazolium-
2-carboxylate adduct (NHC−CO2) (Figure 8a). The for-
mation of NHC−CO2 species from imidazolium cations has
been reported for CO2 fixation in epoxides.18,84 The first step
involves the generation of a carbene by deprotonation,
followed by the insertion of CO2 to yield the NHC−CO2
adduct (I).85,86 The nucleophilic attack of the NHC−CO2
adduct on epichlorohydrin affords an alkoxide (II), which
subsequently undergoes intramolecular cyclic elimination to
produce the cyclic carbonate.87,88 The formed carbene reacts
with a molecule of CO2 to regenerate the NHC−CO2 species.
To confirm our hypothesis, in situ 13C NMR was performed at
60 °C (Figure 8b). The formation of the NHC−CO2 adduct

was observed at 155 ppm after 2 h of reaction, and its quantity
increased over time (Figure 8b).

4. CONCLUSIONS
A simple and inert ferricyanide (III)-based IL was developed,
exhibiting anisotropic contact-ion-pair organization, as re-
vealed by MD simulations. The prepared IL demonstrated
higher activity and selectivity for the chemical fixation of CO2
into various aliphatic and aromatic epoxides under low
pressures (1−2 bar) and moderate temperatures (70−100
°C). Remarkably, its heterogeneous form (SCILL·Fe(CN)6)
demonstrated an even higher catalytic activity. The prepared
SCILL-Fe(CN)6 exhibited turnover numbers (TONs) ranging
from 265 to 729 for aliphatic epoxides and from 83 to 668 for
aromatic epoxides, maintaining 99% selectivity toward their
cyclic carbonates under mild conditions. The nanoconfined
spaces in SCILL-Fe(CN)6, formed due to the distinct
orientation of cations and anions, function as catch-release
ionic catalytic systems. These confined spaces regulate the
diffusion of reactants, products, and intermediates to and from
the catalytically active sites. The reaction mechanism involves
the generation of an NHC−CO2 adduct, which was confirmed
by in situ NMR studies under realistic reaction conditions.
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A.; Milani, J. L. S.; Martins, P. R.; Das Chagas, R. P. Nickel−cobalt
hydroxide catalysts for the cycloaddition of carbon dioxide to
epoxides. Res. Chem. Intermed. 2022, 48 (5), 1907−1921.
(22) Decortes, A.; Castilla, A. M.; Kleij, A. W. Salen-Complex-
Mediated Formation of Cyclic Carbonates by Cycloaddition of CO2
to Epoxides. Angew. Chem. Int. Ed. 2010, 49 (51), 9822−9837.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c06371
J. Phys. Chem. C 2025, 129, 20258−20267

20265

https://orcid.org/0000-0002-4671-8697
https://orcid.org/0000-0002-4671-8697
mailto:rpchagas@ufg.br
mailto:rpchagas@ufg.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camila+P.+Ebersol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+X.+Torres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luciano+M.+Lia%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9985-2980
https://orcid.org/0000-0001-9985-2980
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Nisar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1305-5188
https://orcid.org/0000-0002-1305-5188
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pedro+H.+F.+Matias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0000-0612-3018
https://orcid.org/0009-0000-0612-3018
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heibbe+Cristhian.+B.+de+Oliveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6937-9982
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+S.+S.+Neto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4157-3481
https://orcid.org/0000-0003-4157-3481
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guilherme+Colherinhas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06371?ref=pdf
https://doi.org/10.1002/cssc.201403276
https://doi.org/10.1002/cssc.201000447
https://doi.org/10.1002/cssc.201000447
https://doi.org/10.1039/c0gc00065e
https://doi.org/10.1039/c0gc00065e
https://doi.org/10.1021/acscatal.0c04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2019.04.005
https://doi.org/10.1016/j.apcatb.2019.04.005
https://doi.org/10.1016/j.apcata.2024.120006
https://doi.org/10.1016/j.apcata.2024.120006
https://doi.org/10.1039/D0GC03465G
https://doi.org/10.1039/D0GC03465G
https://doi.org/10.1039/D0GC03465G
https://doi.org/10.1021/acscatal.7b03580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3RA47945E
https://doi.org/10.1039/C3RA47945E
https://doi.org/10.1039/C1CS15142H
https://doi.org/10.1039/C1CS15142H
https://doi.org/10.1021/cs200638h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs200638h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.catcom.2012.12.003
https://doi.org/10.1016/j.catcom.2012.12.003
https://doi.org/10.1016/j.carbon.2015.05.023
https://doi.org/10.1016/j.carbon.2015.05.023
https://doi.org/10.1016/j.carbon.2015.05.023
https://doi.org/10.1016/j.carbon.2015.12.098
https://doi.org/10.1016/j.carbon.2015.12.098
https://doi.org/10.1016/j.carbon.2015.12.098
https://doi.org/10.1016/j.carbon.2017.11.007
https://doi.org/10.1016/j.carbon.2017.11.007
https://doi.org/10.1016/j.carbon.2017.11.007
https://doi.org/10.1016/j.apcata.2015.10.038
https://doi.org/10.1016/j.apcata.2015.10.038
https://doi.org/10.1039/C4GC01959H
https://doi.org/10.1039/C4GC01959H
https://doi.org/10.1021/jo00075a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00075a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00075a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b210007j
https://doi.org/10.1039/b210007j
https://doi.org/10.1039/b210007j
https://doi.org/10.1007/s11164-022-04697-7
https://doi.org/10.1007/s11164-022-04697-7
https://doi.org/10.1007/s11164-022-04697-7
https://doi.org/10.1002/anie.201002087
https://doi.org/10.1002/anie.201002087
https://doi.org/10.1002/anie.201002087
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c06371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(23) Qadir, M. I.; Dupont, J. Thermo- and Photocatalytic Activation
of CO2 in Ionic Liquids Nanodomains. Angew. Chem., Int. Ed. 2023,
62 (31), No. e202301497.
(24) Girard, A.-L.; Simon, N.; Zanatta, M.; Marmitt, S.; Gonçalves,
P.; Dupont, J. Insights on recyclable catalytic system composed of
task-specific ionic liquids for the chemical fixation of carbon dioxide.
Green Chem. 2014, 16 (5), 2815−2825.
(25) Yao, R.; Wang, H.; Han, J. Polyethylene glycol-supported ionic
liquid as a highly efficient catalyst for the synthesis of propylene
carbonate under mild conditions. Front. Chem. Sci. Eng. 2012, 6 (3),
239−245.
(26) Wong, W.-L.; Lee, L. Y. S.; Ho, K.-P.; Zhou, Z.-Y.; Fan, T.; Lin,
Z.; Wong, K.-Y. A green catalysis of CO2 fixation to aliphatic cyclic
carbonates by a new ionic liquid system. Appl. Catal., A 2014, 472,
160−166.
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