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A B S T R A C T   

Ionic liquids (ILs) are catalysts with profound effects on the activity and selectivity for the transformation of CO2. 
In particular, highly functionalisable and immobilisable imidazolium based ILs (ImILs) activate CO2 molecules 
and have demonstrated activity towards CO2 cycloaddition reactions. The addition of hydroxyl groups has also 
been reported to enhance the cycloaddition reaction. An ideal system would combine both functionalities for 
superior performance. In addition, integrating the cycloaddition with the epoxidation of olefins employing 
multifunctional catalysts in one-pot would improve process efficiency, reduce waste and costs. However, the 
interaction between the cation-anion and the hydroxyl groups needs to be elucidated to realize these advantages. 
Herein, the viability of using ILs as bifunctional catalyst for one-pot reaction is evaluated by combining theo
retical and experimental studies. Density functional theory (DFT) simulations of both reactions using haloge
nated and hydroxyl functionalized ImLs are presented. The position of the hydroxyl group close to the 
imidazolium unit primarily influences the opening of the epoxide and its activation for the cycloaddition reac
tion, thus facilitating the catalysis. In addition, experimentally the selectivity increases considerable with the 
catalyst immobilization. For the epoxidation reaction the DFT calculations and experimental results demon
strated favoring hydrolysis reaction.   

1. Introduction 

Carbon dioxide is the most abundant greenhouse gas and has 
recently attracted the world’s attention. The anthropogenic activities 
result in rapid carbon cycles producing approximately 30 billion tons of 
CO2 per year [1]. The increase in the atmospheric concentration of CO2 
has been associated with an increase in global temperatures [1–3]. In 
order to achieve the grand challenge of a net-zero emission societies, it is 
imperative to develop carbon neutral and carbon negative chemical 
processes. From this point of view, it is highly interesting the conversion 
of CO2 from waste gas into feedstock for the synthesis of various 
chemicals, since CO2 is a cheap, non-toxic, and most abundant 

renewable source of C1 [4–6]. Currently, CO2 is used in the industry to 
produce methanol, carboxylic acids, urea, and cyclic carbonates, mainly 
by thermochemical processes [7,8]. 

One of the promising methods of CO2 conversion into useful chem
icals is the insertion of CO2 into the structure of epoxides to form cyclic 
carbonates that can be used as electrolytes for batteries [9,10], aprotic 
polar solvents [11–13], valuable starting materials for polymerization 
reactions [14–16] and intermediates in organic synthesis [5,17,18]. 
Another benefit of this transformation is to replace classic industrial 
processes using phosgene (COCl2) with a much more ecological pre
cursor of C1 building unit [2,4,19]. The cycloaddition of CO2 into the 
structure of epoxides has an optimal atom economy [17,20–22]. 
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Homogeneous catalysts are highly efficient, but their application is 
problematic due to the cumbersome product separation, and difficulty to 
recover the catalyst, typically composed of metals and/or ligands [21, 
23]. In contrast, heterogeneous catalysts can be easily separated from 
the products and reutilized in subsequent reaction cycles. However, 
their catalytic efficiency is still relatively low compared to homogeneous 
counterparts [24] and catalytic processes usually require solvents, ad
ditives and demanding conditions such as high temperature, high 
pressure, or high purity of the supplied CO2 [21,24]. 

Ionic liquids (ILs) are promising catalysts for cycloaddition of CO2 to 
epoxides to form cyclic carbonates [25–27]. ILs are organic salts with 
interesting properties such as low vapor pressure, good thermal stability, 
polarity and hydrophilicity, unique solvation properties, low volatility, 
high ionic conductivity, wide electrochemical window, adjustable 
structure and as well catalytic activity and selectivity [19,26]. ILs can 
also be encapsulated or supported in solid materials to form supported 
ionic liquid (SILs), which overcomes limitations such as high cost and 
difficulty in separation and transportation [19]. Although the SILs serve 
as heterogeneous catalysts, generally their catalytically active compo
nents are given in liquid form on the inner surface of the pores of the 
solid support. Due to these unique properties, SILs improve mass 
transfer, promote reusability, and overall provide the same advantages 
as homogeneous catalysts [19,28,29]. 

Regarding the use of ILs or SILs as catalyst for the cycloaddition of 
CO2 to epoxides, usually the reactions are performed with temperatures 
between 100 and 150 ◦C, pressures of 5–100 bar and with a reaction 
time of 2–70 h, presenting moderate to good (50–100 %) selectivity and 
conversion [19,27]. Imidazolium-based ILs (ImILs) are the most com
mon IL-based catalysts employed, since they can be easily functionalized 
and can activate CO2 molecules [30,31]. Saptal and Bhanage presented 
the synergic effect of the OH group of choline and NH2 group of amino 
acid on epoxide and CO2 activation during CO2 cycloaddition to epox
ides under solvent-free conditions using bifunctional IL derived from 
choline and histidine [Ch][His] [32]. We have recently reported a 
methodology to functionalise 3D printed polymers containing hydroxyl 
and imidazolium catalytic moieties and demonstrated their efficiency 
for CO2 cycloaddition reaction [33]. Despite the high activity observed, 
a profound understanding of the exact mechanism is necessary to 
develop the next generation of catalysts for this challenging 
transformation. 

Additionally, the combination of CO2 cycloaddition with epoxida
tion of olefins could simplify the industrial processes mainly by avoiding 
the separation and purification of epoxides. This is highly desirable from 
an economic and environmental point of view. [34–38]. For example, 
Sun et al. employed the direct synthesis of styrene carbonate (SC) from 
styrene and CO2 using tert-Butyl hydroperoxide (TBHP) as oxidant in the 
presence of tetrabutylammonium bromide (TBAB) resulting in 38 % SC 
yield which is not satisfactory for practical applications [34]. Jasiak 
et al. carried out one-pot synthesis in the presence of Au/CNT-[bmim] 
Br-ZnBr2 at 100–120 ◦C under 1.2 MPa of CO2 for 6 h with overall yield 
of 60 % [35]. Oxidative carboxylation of styrene was also investigated 
by Liu et al. applying imidazolium hydrogen carbonate ILs as catalyst 
with 91 % conversion of styrene and 82 % selectivity towards SC at 65 ◦C 
for 30 h [36]. Moreover, ILs were supported on dendrimeric silica fibers 
nanoparticles by Cui and Shamsa which led to 99 % yield of SC under 10 
bar of CO2, 60 ◦C for 1 h [37]. Recently, Long et al. demonstrated 
improved dual function of amino-functionalized ILs@SBA-15 via 
mechanochemical grafting under 80 ◦C, 10 bar of CO2 with 28 h reaction 
time, catalysing the oxidation of styrene with 98 % conversion and 67 % 
yield of styrene oxide and promoting cycloaddition reaction towards 
styrene carbonate with 100 % conversion and 99 % yield [38]. In gen
eral, even though there are still shortcomings such as the high amount of 
catalyst used, demanding reaction conditions, and problematic product 
separation, these studies point to the great potential of ionic liquids and 
room for improvement of their catalytic properties. 

The deep understanding of the reaction mechanism of the coupled 

reaction system and the role of the catalyst’ structure is of paramount 
importance to design an adequate and efficient catalytic process. 
Furthermore, the possibility to immobilise the catalysts is crucial to 
facilitate the separation, reutilisation of the catalyst and to develop 
continuous-flow processes. For these reasons, and based on our recently 
reported polymeric ionic liquids [33], we have studied in depth the 
influence of cation, anion and hydroxyl groups closely located to the 
imidazole moieties in a multifunctional IL catalyst. The mechanism of 
CO2 cycloaddition reaction using DFT calculations was evaluated. In 
addition, the performance of the catalyst for epoxidation of alkenes 
followed by CO2 cycloaddition (one-pot) was also simulated, in order to 
evaluate a further use as multifunctional system. Finally, theoretical 
simulations were compared with experimental results and the role of ILs 
and hydroxyl in each reaction group has been determined. 

2. Material and methods 

2.1. Methodology of computational calculations 

Computational calculations were carried out in the framework of 
standard density functional theory (DFT) at 0 K using general gradient 
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional [39, 
40]. All calculations were performed by Quantum ESPRESSO distribu
tion using Plane-Wave (PW) basis set and pseudopotential (PP) method 
with projector augmented wave method (PAW) PPs under Plane-Wave 
Self-Consistent Field (PWscf) code [41–43]. A kinetic energy of 50 Ry 
for wave-functions and charge density cutoff of 330 Ry were applied. 
Gaussian smearing value of 0.002 Ry was used for SCF convergence 
improvement with convergence threshold of 10− 6 Ry. The structures 
were simulated in a cell with a size of 30 Å in each direction. 

The presence of transition states connecting reactants and products 
for styrene epoxidation and CO2 cycloaddition was confirmed per
forming Climbing image-nudge elastic band (CI-NEB) method [44,45] 
using Plane-Wave Nudge elastic band (PWneb) code. From the collected 
CI-NEB images the TS is determined based on the values of the resulting 
optimized energy of each CI-NEB image (Figs. S4 and S5). To determine 
and calculate the reaction energy equation below was applied (Eq. 1):  

Ei = ES - (ECO2 + EIL + EM)                                                            (1) 

where Ei is the energy of the interaction in eV, ES is the total energy 
of the optimised system in eV, ECO2 is the energy of the optimised iso
lated molecule CO2, EIL is the energy of the optimised isolated molecule 
IL and EM is the energy of the optimised isolated molecule of styrene 
oxide reactant or SC product. 

The systems were visualized using the VESTA and the UCSF Chi
meraX package. Graphs with reaction coordinates were prepared using 
MechaSVG [46]. The molecules were not fixed to find the most ideal 
atom positions, bond lengths, and shape of the structures with the lowest 
system energy. 

2.2. Experimental methodology 

All reagents and solvents used were commercially available and used 
as received. The complete list of reagents, ILs synthesis and character
ization can be found in the electronic supporting information (ESI). 

2.2.1. Cycloaddition reaction 
Catalysts (0.5 mmol, 10 mol %) were charged into a Parr reactor with 

a magnetic stirrer bar. Styrene oxide (5 mmol, 0.572 mL) was added, and 
the reactor was sealed and flushed 3 times at room temperature with N2, 
vacuum and then CO2 to remove the air from the vessel. The pressure 
was adjusted to 5 bar. The reaction was stirred at 100–150 ◦C for 4 h. 
After this reaction, the reactor was cooled to room temperature and the 
pressure was released. The conversion and selectivity to styrene car
bonate was calculated by 1H NMR spectroscopy. 
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2.2.2. Oxidation reaction with sequential cycloaddition reaction: step 1 
Catalysts (0.5 mmol, 10 mol %) were charged into a Parr reactor with 

a magnetic stirrer bar. Styrene (5 mmol, 0.572 mL) and TBHP (7.5 
mmol, 1.04 mL) were added, and the reactor was sealed and flushed 3 
times at room temperature with N2 and vacuum. The reaction was 
stirred at 100 ◦C for 2 h. Step 2: After this reaction, the reactor was 
pressurized with 5 bar of CO2. The reaction was stirred at 100 ◦C for 4 h. 
The conversion and selectivity to styrene carbonate was calculated by 1H 
NMR spectroscopy. 

2.2.3. One-pot oxidative carboxylation of styrene with CO2 
Catalysts (0.5 mmol, 10 mol %) were charged into a Parr reactor with 

a magnetic stirrer bar. Styrene (5 mmol, 0.572 mL) and TBHP (7.5 
mmol, 1.04 mL) were added, and the reactor was sealed and flushed 3 
times at room temperature with N2, vacuum and then CO2 to remove the 
air from the vessel. The pressure was adjusted to 5 bar. The reaction was 
stirred at 100 ◦C for 6 h. After this reaction, the reactor was cooled to 
room temperature and the pressure was released. The conversion and 
selectivity to styrene carbonate was calculated by 1H NMR spectroscopy. 

3. Results and discussion 

3.1. DFT calculations: CO2 cycloaddition reaction to epoxide 

Several studies have reported the general mechanism of CO2 cyclo
addition to epoxides [47–49]. Sun et al. also proposed the mechanism 
for direct synthesis of styrene carbonate from styrene and CO2 with 
TBHP in the presence of TBAB [50]. Fig. 1a represents a possible one-pot 
mechanism of cyclic oxidation of styrene and sequential CO2 cycload
dition. According to this mechanism, the formation of styrene oxide in 
the presence of IL involves 3 steps: catalytic oxidation of X- with TBHP 
which leads to formation of a hypohalite OX- (step 1); halogenation of 
styrene in the presence of H2O with formation of halohydrin (step 2) and 
base-promoted dehydrohalogenation of halohydrin leading to styrene 
epoxide (step 3). Subsequently, the styrene oxide cycloaddition involves 
5 steps and the IL plays multiple roles in it: provides a Lewis acid site to 
activate the styrene epoxide by interacting with the oxygen atom (step 
1) and a basic site to open the ring of the activated styrene oxide through 
nucleophilic attack, commonly on the more accessible carbon atom of 
the styrene oxide (step 2). This leads to the formation of a styrene 
alkoxide intermediate (Int 1). The stability of this ring-opened styrene 
oxide is being provided by the counter-cation. This is a key factor for the 
rapid insertion of CO2 under mild reaction conditions. Int 1 subse
quently undergoes CO2 insertion to form a styrene carbonate interme
diate (Int 2, steps 3 and 4). Since CO2 has a partially positive and 
partially negative charge on the carbon and oxygen atoms, the activa
tion of CO2 can be accomplished by either nucleophilic or electrophilic 
attack. The resulting Int 2 undergoes intra-molecular displacement of 
the halide anion by a nucleophilic substitution mechanism. Finally, the 
styrene carbonate is formed, and the catalyst is regenerated (step 5) 
[41]. 

Similar steps were considered in this work to simulate both reactions. 
In first place we focused on the CO2 cycloaddition reaction. Based on our 
previous study [33], different IL structures (Fig. 1b, IL1, IL2 and IL3) 
analogous to the immobilised ILs [ImIL containing hydroxyl and ester 
group from glycidyl methacrylate polymerization] were simulated with 
DFT calculations and compared to experimental work to reach a better 
understanding of the functionalization effect on the reaction 
mechanism. 

Firstly, the molecules of the system studied, namely CO2, styrene 
oxide, SC and the ImILs (Fig. 1b) were optimised employing DFT cal
culations. The electrostatic potential surface was mapped at electron 
density at isovalue of 0.1 a.u. to analyse regions with excess electrons 
and electron deficiency, see ESI for more details. Employing the opti
mised molecules and electrostatic potential map analysis of IL1, two 
feasible positions of Br anion near IL2 molecule were determined 
(Fig. S1 and S2, Table S1). According to the interaction energy of opti
mised configurations (Fig. S1d and e, Table S1), Br1 atom prefers the 
position near methyl group of IL1 molecule. Thus, two possible config
urations were analysed which led to two different reaction pathways of 
CO2 cycloaddition into the styrene oxide structure. 

The first initial configuration of the system (Fig. 2a) is based on the 
Br1 atom located near the CH3 group of the IL and near the C2 atom of 
styrene oxide, while the styrene oxide O1 atom interacts with the H1 
atom of IL and the C1 atom of the CO2 molecule is located near the 
styrene oxide O1 atom (Fig. 2b). The hydroxyl group of the IL responds 
to the presence of the epoxide by orienting the H1 atom toward the O1 
atom of the epoxide and changing the bond length between the H1 and 
O2 of –OH group against the optimised isolated IL from d(H1-O2) 
= 0.975 Å to d(H1-O2) = 0.981 Å. 

Alternatively, Br1 atom could be located near the H1 atom of hy
droxyl group (Fig. 2b). The epoxide is oriented by the C2 atom to the Br1 
atom and the distance between them is d(Br1-C2) = 3.005 Å, lesser 
compared to the first configuration of the system. Compared to the first 
system configuration the distance is greater than the distance between 
the O1 atom of epoxide and the atom H1 of hydroxyl group of the first 

Fig. 1. a) General mechanism of cyclic oxidation for styrene oxide formation 
and subsequent CO2 cycloaddition for styrene carbonate formation in the 
presence of IL according to the literature [50]. b) Structure of ImILs used in 
this study. 
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system configuration. 
After optimisation, the individual transition states were determined, 

thus completing the reaction pathways (see ESI for more details, Fig. S3- 
S8). The reaction coordinate of reaction C1 and C2 with activation en
ergies and reaction energies are presented in Fig. 2c. 

In the reaction C1, the transition state 1 (TS1) is characterized by the 
O1-C2 bond cleavage of the epoxide and approach of O1 and C1 to the 
Br1 and H1 atoms of the OH group (Fig. 2a) with Ea = 30.7 kcal/mol. A 
gradual decrease of the distance between the atoms Br1-C2 and H1-O1 
was observed from IN to intermediate 1 (IM1) (Fig. S9), suggesting 
the epoxide activation due to the H-bond interaction between H1-O1, 
and a nucleophilic attack of Br1 to C2. In TS2, the Br1 atom binds to 
the C2 atom of the epoxide, while the CO2 molecule approaches the O1 

atom of the epoxide (Fig. 2a and Fig. S9). The Ea of this process is equal 
to 3.1 kcal/mol which reflects the simplicity and rapidness of the step. In 
TS3, the O3 atom approaches the C2 atom of the SC molecule and 
simultaneously the Br1-C2 interaction weakens by increasing distance 
between Br1 and C2 (Fig. 2a and Fig. S9). This means an intra-molecular 
displacement of the halide anion (Br1) by a nucleophilic attack of oxy
gen (O3) to the C2. The TS3 is characterized by Ea = 34.8 kcal/mol. 
Hence, TS3 is the rate determining step for this pathway while the TS2 is 
the easiest to overcome. 

In TS1 of the reaction C2, the O1-C2 bond is cleaved similarly to C1, 
but with a lower Ea of 26 kcal/mol leading to Br1-C2 bond formation in 
IM1 (Fig. 2b and Fig. S10). Consequently, IM1 shifts to TS2 by CO2 
approaching the epoxide with Ea = 2.3 kcal/mol and Br1 atom reaching 

Fig. 2. Optimised IN, TS1, TS2, TS3 using IL1 for a) C1 and b) C2; c) comparison of potential energy profiles of C1 and C2.  
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Fig. 3. a) Comparison of potential energy profiles with IL1 and IL3 comparison of charge density difference maps of IM1 at isovalue 0.0008 a.u. for reaction C2 with 
b) IL3 and c) IL1 and comparison of 2D slices for C2 with d) IL3 and e) IL1. 
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C2 atom of epoxide. Both TSs have lower values of activation energy 
compared to reaction C1. Eventually, IM2 passes to the final state via the 
TS3, forming O2-C2 bond of the resulting SC molecule. This step is 
accompanied by Ea = 17 kcal/mol and compared to C1 the rate deter
mining step is TS1. 

In summary, due to lower activation energies observed, the C2 is the 
most plausible mechanism to occur. For this reason, the rest of the cal
culations were performed focusing on C2. 

3.1.1. Effect of hydroxyl group 
Having determined the reaction mechanism of the cycloaddition of 

CO2 to styrene oxide employing IL1 as catalyst, further analyses of the 
influence of hydroxyl group and halogen ion have been performed (IL1 
and IL3). The complete results of the reaction energy values in each 
pathway can be seen in supporting information (Table S5 and S6) and a 
comparison of the reaction coordinates is shown in the Figure3a. 

In Fig. 3 can be observed that the presence of the hydroxyl group 
(IL1) favours the reaction by reducing the Ea of all reaction steps, 
including the rate determining step. Indeed, the value of Ea is higher for 
the system with IL3 during all transformations to TSs (4.5 kcal/mol in 
TS1, 1.3 kcal/mol in TS2 and 3.1 kcal/mol in TS3). The largest differ
ence in Ea is observed when the IN enters TS1. Therefore, the -OH group 
has a profound effect on all relevant catalytic steps but is mostly 
involved in the CO2 cycloaddition reaction by activating epoxide 
molecule and opening of the epoxide ring. 

The structure of IM1 with and without the presence of -OH group 
were visualized (Fig. 3b and c) along with the charge density difference 
maps and 2D slices (Fig. 3d and e) to understand the low reaction energy 
of IM1 from reaction C2 and its difference in comparison to the system 
without hydroxyl groups. A larger distance between the Br1-H1 atoms of 
the system with IL3 compared to the system with IL1, namely 2.323 Å. 
Besides, the distance between the Br1-C2 atoms is smaller in a system 
with IL3, namely 2.001 Å. Therefore, the –OH group affects the Br atom 
to some extent and its interaction with the C2 atom of the epoxide. 

3.1.2. Influence of halogen ion 
The evaluation the anion (Br or Cl) effect was also performed by 

computational simulation (Fig. 4). 
We can observe that the reaction coordinate of reaction C2 with IL2 

has a similar direction compared to reaction C2 with IL1 and differs 
mainly in the activation energies of TS1 and TS2. The highest value of Ea 
is reached in TS1 with a value of 30.7 kcal/mol. At TS2 the Ea reaches 
3.3 kcal/mol. In the case of TS3, the Ea of reaction C2 with IL2 reaches 
lower values than the Ea of reaction C2 with IL1, namely 11.7 kcal/mol. 
Therefore, the system with IL1 has lower values of Ea, which corre
sponds with the experimental results shown below. In terms of the 

reaction mechanism, the halide ions have the most significant effect on 
TS1, when the epoxide ring is being opened and the anion work as 
nucleophile. 

3.2. DFT calculations: cyclic oxidation of styrene 

The next objective was to conjugate the cycloaddition and the 
epoxidation reactions in one-pot using a single catalytic system. To this 
end, computational simulations were performed for the epoxidation of 
the styrene molecule in the presence of IL1 and TBHP as oxidant 
(Figs. S3 and Tables S2-S3). Four possible reaction pathways were found 
(E1, E2, E3 and E4) as observed in Fig. 5a (Fig. S11, S12 and Table S7). 
The Ea is indicated by the reaction coordinates (Fig. 5e). 

For reaction E1, E2 and E3 (Fig. 5a–c), the same initial state of 
epoxidation (INE) was determined in which the styrene molecule with 
the C2 atom is located near the Br1 atom of IL and at the same time near 
the O2 atom of TBHP. 

Firstly, the system was simulated according to the proposed reaction 
mechanism by different studies (Fig. 1a) [47–49]. This resulted in the 
reaction E1 with formation of hypobromite OBr- with d(Br1-O2) = 1.831 Å 
and H1-O1 bond formation with d(H1-O1) = 0.989 Å. The activation en
ergy of this step was 31.8 kcal/mol (Fig. 5a). Furthermore, there are two 
possible ways of TBHP interacting with a styrene molecule. The reaction 
E2 is characterized by O2-C2 and O1-C3 bonds formation between atoms 
of TBHP and styrene (Fig. 5b). Compared to activation energy of E1, 
reaction E2 demands lower activation energy required to enter the TS1, 
12 kcal/mol (Fig. 5e). As a result, the formation of a diol is more 
probable to occur by attaching the O1 and O2 atoms to the C2 and C3 
atoms of styrene. In reaction E3, a similar TS1 occurs with minor dif
ferences in distances between atoms. From TS1, the system transitions to 
IM1 where desired styrene epoxide is formed by C3-O2 bond formation 
(d(C3-O2) = 1.467 Å). The Ea of 16 kcal/mol is required for the presented 
step. This implies that reaction E2 and E3 are competitive with the 
formation of a diol molecule predominating due to the similar values of 
activation energy. In the reaction E4 a different initial state (INE4) was 
evaluated with O2 atom oriented towards the C3 atom of styrene. During 
TS1 O1-O2 bond of TBHP is cleaved and subsequently in IM1 C3-O2 and 
Br1-C2 bonds are formed (C3 d(C3-O2) = 1.429 Å and d(Br1-C2) 
= 1.999 Å). The system passes to TS2, where the H1 is separated from 
O2 and attached to O1 atom of TBHP residue (d(H1-O1) = 1.896 Å). 
Regarding the activation energy, reaction E4 is least likely to occur 
because the Ea value for conversion to TS1 is incomparably higher than 
for reaction E1, E2 and E3, namely 66.8 kcal/mol. The results show that 
the formation of hypobromite is overshadowed by formation of diol and 
we can assume that reaction E2 will decrease the yield of essential sty
rene oxide. 

Fig. 4. Comparison of reaction coordinates of C2 with IL1 (Br) and IL2 (Cl).  
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4. Experimental results 

To validate the results of DFT calculations similar to those modelled 
were synthesized and studied as catalysts for the oxidative carboxylation 
of olefins. In order to focus on the hydroxyl group, and since the ester 
group of the IL do not present any effect on the catalysis, the ILs used as 
model for the experimental part were prepared without this moiety 
(IL1.1 = 1-(2-hydroxypropyl)-imidazolium bromide, IL2.1 = 1-(2- 
hydroxypropyl)-imidazolium chloride). Similar to the DFT calculation, 

the epoxidation and cycloaddition reaction were firstly evaluated 
independently (Table 1, entries 1–9), followed by sequential (Table 1, 
entries 10–13) and as one-pot reactions (Table 1, entries 14–15) and the 
results have been compared to the literature [5]. . 

For the epoxidation reaction, IL containing Br (IL1.1) and Cl (IL2.1) 
were tested as catalyst. The Cl demonstrate higher selectivity (89 %) to 
produce styrene oxide (SO) (Table 1, entry 2). When Br was employed as 
the anion of the IL, the production of diol is favoured, similar to 
observed in the DFT calculation (Table 1, entry 2). In the absence of 

Fig. 5. Optimised initial states, TSs, and final states of a) E1, b) E2, c) E4 and d) E3, e) comparison of reaction coordinates of E1, E2, E3 and E4.  
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catalyst only 4 % of conversion was observed (Table 1, entry 3). 
In the cycloaddition reaction, we can observe that the presence of 

hydroxyl group (IL2.1) increase the selectivity compared to alkyl chain 
non-functionalized (BMI.Cl) (entries 4–5). Compared to our previous 
work, it was possible to increase the activity of catalyst even when 
reducing the temperature from 150 ◦C to 100 ◦C (entries 4–7). Higher 
conversion (>99 %) was observed for the IL2.1 at 100 ◦C compared with 
BMI.Br (70 %) [5]. However, the selectivity for chloride anion still 
smaller than bromide, due to the hygroscopicity of the catalyst. The 
higher activity of Br ion was also observed with DFT calculations in form 
of activation energy and reaction energy. This can be attributed to the 
higher nucleophilic character of Br [5]. Such properties allow further 
ring opening of the epoxide that according to DFT calculation is the 
determining step of reaction (TS). To reduce the hydrophilicity and 
create a bifunctional catalyst that can be active for both reactions 
(epoxidation and cycloaddition) a supported ionic liquid (SIL) material 
with the same IL moiety and Cl as anion was tested (entry 9). Same SIL 
have been previously used to prepare 3D printed catalytic columns for 
the CO2 cycloaddition to epoxide [33]. The cyclic carbonate was ob
tained with fully conversion and selectivity. In this case, the presence of 
the hydroxyl group combined with less hydrophilicity of SIL compensate 
the lower nucleophilicity of Cl. This resulted in a similar selectivity 
when Br and Cl anion were employed (Table 1, entries 8 and 9, 
respectively). 

Further the combination of reactions was tested. Firstly, the 
sequential reaction was evaluated (Table 1, entries 7–9). Despite the 
IL2.1 and SIL present best activity to catalyse the cycloaddition reaction 
than BMI.Br, the opposite was observed for the combination of reaction 
1 and 2. Less conversion (76–95 %) and selectivity (28–50 %) was 
observed compared to the previous work using BMI.Br (conversion > 99 
%, selectivity 63 %) (Table 1, entries 10–13). One-pot synthesis was also 
evaluated, however less conversion and selectivity were obtained 
compared to the sequential reaction (Table 1, entries 14–15) producing 
diol as by-product. These results reinforce the DFT calculations, where 
the diol formation is less energetic, with Ea around 12–16 kcal/mol, 
meanwhile the epoxide formation presented 66.8 kcal/mol using similar 

ImILs catalyst. 

5. Conclusions 

The reaction mechanism of CO2 cycloaddition using multifunctional 
Ils containing hydroxyl groups close to the imidazolium ring were 
evaluated using DFT simulations. Two reaction pathways were 
observed, both with the determining step observed in TS1, characterized 
by the epoxide ring opens. The results showed that reaction C2 has the 
lowest Ea at TS1, namely 26.0 kcal/mol. The effect of the cation and 
anion change were studied, and both present important role in the TS1. 
The cation activates the epoxide by H-bond, meanwhile the anion works 
a nucleophile. The cation containing hydroxyl group showed lowers the 
activation energy compared to the non-substituted cation. The effects 
observed were consistent with the choice of halide as anion, with lower 
values of activation energies were observed for bromide, since it is a 
stronger nucleophile compared to the chloride. Comparing with the 
experimental results, it was possible to establish that the presence of 
hydroxyl group in the cation structure can compensate the poorest 
nucleophilicity of chloride, and similar results between both anions 
were observed. 

The viability of using immobilisable ILs as bifunctional catalyst for 
one-pot or sequential oxidative carboxylation of olefins with CO2 was 
evaluated by DFT simulations. The styrene oxidation to styrene oxide 
showed that the reaction using simulated IL can take place via 4 reaction 
pathways with most likely occurring the formation of a diol as a 
competitive reaction with an Ea of 12 kcal/mol. The obtained values 
show that the one-step synthesis cyclic carbonate is not favored using 
similar IL-based materials. This suggests that the use of sequential re
actions employing different catalysts or the spatial confinement in het
erogeneous supports can be smart alternatives to overcome this 
problem. 

The experimental results validated the DFT calculations. The ILs 
demonstrate great activity and selectivity in the CO2 cycloaddition re
action. However, when combined with the epoxidation, there is a 
competition between the formation of diol and epoxide with a more 

Table 1 
Evaluation of ILs as catalyst CO2 valorisation to produce cyclic carbonate from epoxide and alkenes. 

.  

Entry Catalysta Reaction Temp. 
(◦C) 

P 
(bar) 

Time (h) Conv. S (%)b Conv. SO 
(%)c 

Sel. (SO). 
(%)d 

Sel. (CC). 
(%)e  

1 IL1.1(Br) 1 100 - 2 55 - 0e -  
2 IL2.1 (Cl) 1 100 - 2 66 - 89 -  
3 - 1 100 - 2 4 - 3 -  
4 IL2.1(Cl) 2 150 5 4 - >99 - 76  
5 BMI.Cl[5] 2 150 5 4 - >99 - 46  
6 BMI.Br[5] 2 150 5 4 - >99 - >99  
7 IL2.1(Cl) 2 100 5 4 - >99 - 80  
8 BMI.Br[5] 2 100 5 4 - 70 - >99  
9 SIL (Cl) 2 100 5 4 - >99 - >99  
10 IL2.1(Cl) 1;2 100;100 5 2;4 95 - - 28  
11 IL1.1(Br) 1;2 100;100 5 2;4 - - - 0f  

12 SIL(Cl) 1;2 100;100 5 2;4 52 - - 0g  

13 BMI.Br[5] 1;2 100;150 4 2;24 >99 - - 63  
14 IL2.1(Cl) One-pot 100 5 6 56 - - 11  
15 BMI.Br[5] One-pot 100 4 6 74 - - 15 

Reaction condition: substrate (5 mmol), catalyst (0.5 mmol), CO2 (5 bar), TBHP (7.5 mmol). See methodology for each reaction in experimental section. aIL1.1 = 1-(2- 
hydroxypropyl)-imidazolium bromide, IL2.1 = 1-(2-hydroxypropyl)-imidazolium chloride, BMI.Cl = 1-butyl-3-methylimidazolium chloride, BMI.Br = 1-butyl-3- 
methylimidazolium bromide. b Conversion of styrene (S) calculated by 1H NMR. cConversion of styrene oxide (SO) calculated by 1H NMR. d Selectivity to form SO 
calculated by 1H NMR. eGlobal selectivity to cyclic carbonate (CC) calculated by 1H NMR. f diol as major byproduct. g Aldehyde and diol as major byproducts. 
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favourable the formation of diol. In addition, it was possible to observe 
that the chloride-based catalysts demonstrate better selectivity 
compared to Br catalyst for the one-pot reaction. Despite the Br- being 
highly activity to the cycloaddition, it was found to be not selective for 
the epoxidation reaction. 
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