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Chapter 1    
 
An introduction to the synthesis of cyclic carbonate and polycarbonate 
from CO2 and epoxides 
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Introduction 

Transportation, power generation, manufacturing industries and other human activities have 

led to an increase in greenhouse gases emissions such as carbon dioxide and methane into the 

atmosphere, resulting in a serious impact on the environment and human life.[1] Particularly, 

the continuous increase in the concentration of CO2 has become a global issue, and this 

pushed the scientific community to find ways to store or reuse this molecule.[1,2] Carbon 

dioxide is an attractive raw material since it is abundant, low-cost, non-toxic, and renewable. 

However, CO2 is a thermodynamically highly stable compound because it exists in the most 

oxidised state of carbon, making its transformation into valuable chemicals a rather 

challenging task.[2,3] An approach to overcome this stability issue is based on the reaction of 

CO2 with high free energy starting materials.[4–6] Examples include the reaction of CO2 with 

H2 to obtain methanol or formic acid [7,8], the reaction of CO2 with ammonia to form urea, [5,9] 

the reaction of CO2 with epoxides to produce either cyclic carbonate or polycarbonate (Figure 

1).[10–12] Among these routes, the cycloaddition reaction of CO2 to epoxides has received 

growing attention in the past decades since it is an atom-efficient reaction that can produce 

useful chemicals as cyclic or polymeric carbonates (Scheme 1, A and B).[13–15] In this 

reaction, the use of a catalyst is critical for reducing the activation energy, thus enabling this 

 

Figure 1. Some routes used for the conversion of CO2 
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reaction to proceed at a high rate under mild conditions. Several homogenous and 

heterogeneous catalysts have been developed for this reaction,[16,17] which will be covered in 

this chapter.  

The synthesis of cyclic carbonate from CO2 and epoxide has been known since the 1950s. 

Cyclic carbonates are thermodynamically the most favoured products of the reaction of 

carbon dioxide with epoxides.[6,13,15] They can be found in many applications as intermediates 

in organic synthesis, , as precursors in the synthesis of polycarbonates and as green solvents 

with suitable properties (e.g. high flash point, high boiling point and low vapor pressure) in 

chemical process and Li-ion batteries.[18–21] Polycarbonate is another form of carbonates that 

can be achieved by the reaction between CO2 and epoxides, in which propylene oxide and 

cyclohexene oxide are the most extensively studied monomers.[4]  It is important first to 

highlight that polycarbonates’ expression refers to a broad class of polymers with different 

physicochemical properties. The common feature of these polymers is the presence of 

carbonate units in the backbone chain. This description defines both the polymer produced 

through the reaction CO2 with epoxides, and the commercial polycarbonate obtained by 

utilising bisphenol A as a building block.[6] The polycarbonates originated from bisphenol A 

display excellent mechanical and physical properties including high strength, durability, 

rigidity, toughness, transparency to light, high heat and impact resistance. All these features 

lead to the widespread applications for these polymers such as materials used in electronic 

components, lenses, data storage, and construction.[6,22] In contrast, CO2-based polycarbonates 

show less favourable properties including low glass transition temperature (35 – 40 0C) for 

poly(propylene carbonate) compared to roughly 150 0C for the bisphenol-based 

polycarbonate, and lower thermal stability.[4,23]  In recent years, many approaches have been 

proposed to improve the properties of these CO2-based polycarbonates by investigating 

different epoxides such as limonene oxide (Tg up to 130 °C) [24,25] and indene oxide (Tg up to 

138 °C), [26,27] and limonene dioxide (Tg up to 135 °C).[28] Despite the high glass transition 

temperatures that have been obtained with these polymers, their impact behaviour is still 

limiting their application as alternative engineering plastics to those bisphenol-based 

polycarbonates.[4]   

In this chapter, we will give a brief introduction of the reaction of CO2 with epoxides, 

including the possible general mechanism for this reaction leading to the catalytic synthesis of 

cyclic carbonate or polycarbonate. The main classes of catalytic systems that have been 

employed to enhance this reaction, with specific attention to metal-free catalysts including 
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both homogenous and heterogeneous catalysts, are discussed. The factors influencing the 

activity and selectivity of the catalysts toward the desired carbonates are also described. 

Moreover, the aim and scope of the thesis are outlined by showing the main results achieved 

during this work.  

 

Scheme 1. Possible products from the reaction of CO2 with epoxides: (A) cyclic carbonate, (B) 
polycarbonate, (C) polycarbonate containing ether linkages. 

 

1.1. Mechanisms of the reaction of CO2 with epoxides 

Two products can be achieved by reacting CO2 with epoxide: polycarbonates and cyclic 

carbonates. Additionally, a further product class can be produced by the successive 

incorporation of two epoxides in the polymer chain, resulting in polycarbonate containing 

ether linkages (Scheme 1, C).[15,23] This reaction is typically performed in the presence of a 

catalyst that initiates the reaction by the activation of either epoxide or CO2, or both 

simultaneously. The catalytic system employed in this reaction generally contains a Lewis 

base acting as a nucleophile (e.g. organic base or a halide anion), often in combination with a 

Lewis acid species (e.g. one or more metal centres of a complex), which initiates the reaction 

along with the nucleophile.[2,4] The nucleophile can be present in different ways based on the 

catalytic system used. For example, the nucleophile can be found as a side arm on the ligand 

within the metal complex catalyst or as part of an axial ligand in a bifunctional metal-

homogeneous catalytic system, whereas it is present as a separate species in binary catalytic 

systems and is commonly referred to as co-catalyst (Figure 2).[6,29–31]  One of the most 

proposed mechanisms for this reaction is shown in Scheme 1, which is based on metal 

catalysts. In the first step, the oxygen atom of the epoxide is activated by the Lewis acid 

(Scheme 2, a), which enhances the nucleophilic attack by the Lewis base leading to the ring-

opening of the epoxide. Then, the obtained alkoxide intermediate (b) can attack CO2 by acting 

as a nucleophile to obtain a carbonate intermediate (c), which undergoes either intramolecular 

ring-closure (d1) to form a cyclic carbonate (d2), or propagates by adding more of CO2 and 

epoxide (e1 and e2) to obtain a polycarbonate (e3) [2,4,6] However, if the reaction is carried out 

in the absence of Lewis acidic metal centre, the ring closure becomes the most favourable step 
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(d1), leading to the cyclic carbonate product (d2).[4] The latter case represents the possible 

mechanism for metal-free catalysts, which have been widely studied for the reaction of CO2 

with epoxides.[32] Both types of catalysts mentioned here will be covered in this work, but 

with more attention to metal-free catalysts, including its mechanism. Besides this, other 

different mechanisms have been proposed for the cycloaddition reaction of CO2 to epoxide, 

and most of them have been confirmed by many analytical and spectroscopic techniques. 

These mechanisms have been mostly reported from studies of homogeneous catalytic 

systems, even though heterogeneous catalysts have been argued to follow identical 

pathways.[2,33] These mechanisms are outside the scope of this chapter, and can be found 

elsewhere.[2,3,15,34,35] 

 

Scheme 2. Proposed mechanism in the reaction of CO2 with epoxides to produce either cyclic 
carbonate or polycarbonate in the presence of a Lewis acid (typically a metal centre, M), and a Lewis 
base (X‾) working as a nucleophile. This scheme was reproduced from reference [4]. 

 

1.2. Metal catalysis  

Homogeneous metal-catalysts are the most extensively investigated type of catalysts for the 

cycloaddition reaction of CO2 with epoxides. A variety of metal complexes have been 

employed as Lewis acid sites for this reaction including metal centres as aluminium, iron, 

zinc, chromium, cobalt.[15,36,37]  These metal-based catalysts are generally complexed with a 
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wide range of ligands such as phenolates, porphyrins, b-diiminates, salen and related ligands 

(Figure 2, 1-4). [1,23,34] These catalysts can be employed as bifunctional catalysts if they consist 

of a ligand that can act as a nucleophile, or as binary catalytic systems by the combination 

with co-catalysts providing the nucleophilic species (typically halide). The later system is the 

most investigated type for those metal-based catalysts.[6,30,31] Examples of common co-

catalysts that have been employed with metal catalysts are presented in Figure 2 (A-D), 

including tetrabutylammonium halides (TBAX), bis (triphenylphosphine) ammonium halides 

(PPNX), imidazolium halides, and 4-dimethylamino pyridine (DMAP).[4,34]  The use of these 

co-catalysts is essential, especially if the metal catalyst does not contain a ligand that can 

work as a nucleophile, facilitating the ring-opening step. They can also play another role as a 

nucleophile that coordinates to the metal centre, leading to an increase of its electron density, 

and weakening thus the bond between the oxygen and the metal for other nucleophiles.[2,23,38]  

Two of the most extensively studied class of ligands in metal complexes used as catalysts 

for the reaction between CO2 with epoxides are the salen and porphyrin ligands due to their 

planar structure, which enables them to be suitable for the coordination of terminal epoxides 

to the Lewis acidic metal centre (Figure 2, 1 and 2).[2,17] Salen-based ligands are characterized 

by their easy preparation, which can result in a possible large-scale synthesis and industrial 

use of these catalysts, compared to other ligands (e.g. porphyrin).[17] Both salen and porphyrin 

ligands have been employed with many metal centres such as aluminium,[39,40] 

chromium,[41,42] zinc [43,44] and cobalt [45,46]. The use of metal (III) centres with both ligands 

allows them to contain an axial ligand that can work as a nucleophile, and they can thus act as 

bifunctional catalysts in the reaction of CO2 with epoxides. However, they typically need a co-

catalyst to attain high product yield. For instance, there is no axial ligand when zinc (II)-

salphen is employed as the catalyst, meaning that the use of co-catalyst is necessary for 

prompting the ring-opening step (Figure 2, 1c).[4,17] The salen-based ligands display some 

drawbacks such as their high sensitivity to air and moisture as in the case of using Co-salen 

complexes, and the general low activity towards internal epoxides.[4,6] Additionally, Co-based 

salen or porphyrin catalysts tend to deactivate during the copolymerisation of CO2 with 

propylene oxide through the reduction of the cobalt centre.[37,47] There are also other types of 

ligands that have been employed in homogenous metal catalysts for the production of either 

polycarbonates or cyclic carbonates from CO2 and a wide range of epoxides (e.g. Figure 2, 3-

4). However, these types are not discussed in this work, and thus the reader can refer to the 

following references for more details.[2,35,37,48] Although high activity and selectivity can be 
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achieved with homogeneous metal catalysts in the reaction of CO2 with epoxides, it is 

difficult to separate them from the reaction mixture, which generally leads to the recyclability 

issues of these catalysts, thus limiting their large-scale application.  

 

Figure 2. Selected homogeneous catalysts (1-4,) and common co-catalysts used (A-D) in the coupling reaction 
of CO2 with epoxides. This figure was reproduced from reference [4]. 

To overcome this limitation, many heterogeneous metal catalysts have been developed for 

the CO2 fixation, such as zinc glutarate and related zinc carboxylates,[35] homogeneous metal-

catalysts supported on polystyrene [40] or silica,[49] metal-organic frameworks (MOFs),[50,51] 

and metal-porous organic polymers (metal-POPs).[52] Zinc glutarate and related zinc 

carboxylates are known as one of the most extensively studied heterogeneous catalysts for the 

CO2 reaction/epoxide due to their easy preparation, non-toxicity, and stability against 

air.[23,35,37] With these zinc-based heterogeneous catalysts, the copolymerization of CO2 with 

epoxides could be achieved, with propylene oxide being commonly the substrate.[53,54] On the 

other hand, these catalysts usually perform under harsh conditions for CO2 / epoxide 

polymerisations, particularly high CO2 pressure.[35] Another class of heterogeneous metal 

catalysts that have gained increasing attention for the CO2 fixation are metal-organic 

frameworks (MOFs).[51,55] These catalysts are porous material containing metal nodes 

interconnected by organic linkers, meaning that they have a crystalline structure. They also 

display some good properties such as high surface area (generally SBET > 1000 m2 g−1), and 

the ability to contain Lewis acid sites existing in their structure, which make them potentially 

suitable heterogeneous catalysts for the coupling reaction of CO2 with epoxides.[51,56] 
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However, many MOFs catalysts have been reported for the CO2/epoxide reaction in 

combination with an organic halide, which can be a disadvantage in terms of catalyst 

separation and reusability by being partially homogeneous. An alternative approach that has 

been developed for these MOFs-based catalysts is to introduce a nucleophilic source into their 

structure, including quaternised ammonium or hydrazine, amine, and pyridinium iodide.[4] 

This method allows them to act as bifunctional heterogeneous catalysts in the CO2 fixation 

avoiding the use of co-catalysts. Conversely, when large nucleophilic species are introduced 

in the organic linker of these catalysts, this can cause a decrease in their surface area and pore 

volume, leading to a diffusion problem for the reactants and products.[57,58] Other drawbacks 

can be encountered with MOF as catalysts such as the need to use high reaction temperature 
[59] or high loading of organic halides,[60,61] or their low stability under some employed 

reaction conditions, which results in a deactivation of the catalyst leading to reusability 

issue.[50] Metal-porous organic polymers (metal-POPs) are another class of materials that have 

been extensively employed as heterogeneous catalysts for the cycloaddition of CO2 to 

epoxide.[52,62]  These catalysts can be prepared in many forms of amorphous porous structures 

with a variety of organic functional groups, and thus leading to a high degree of freedom in 

modifying their properties such as pore size, surface area, pore-volume, kind and amount of 

active sites.[63,64] This feature can prevent these POP catalysts from the diffusion limitation of 

reactants and products, which is a general drawback observed with functionalised-MOFs 

catalysts.[64] 

The majority of homogenous and heterogeneous metal-based catalysts mentioned above 

showed a high catalytic activity in the coupling reaction between CO2 and epoxides. 

However, their applications often face some limitations, such as the presence of metal 

residues in the final product, which is undesirable from a green point of view, or their general 

costly and complicated synthesis procedure.[65] For those reasons, the research focus has  

recently changed to metal-free catalysts as alternative greener system,[66,67] which will be 

discussed in the following section.  

1.3. Metal-free catalysis 

The use of organocatalysts as metal-free catalytic systems has received large interest for the 

cycloaddition reaction of CO2 to epoxides in recent years. These systems are less toxic, 

inexpensive, readily available, and more stable towards air and moisture compared to most 

metal catalysts.[66,68,69] Besides, their use can improve the carbon footmark and sustainability 

of the CO2 reaction.[66] These organocatalysts are known as co-catalysts in homogenous 
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metal-catalysts, which are typically organic halides such as ammonium halides, phosphonium 

halides, and ionic liquids (e.g. A-C in Figure 2) [65,66,70,71] or in some cases organic bases (e.g. 

D in Figure 2).[32,72,73] However, when these organocatalysts are employed alone without the 

assistance of Lewis acidic metal centre, they generally need harsh conditions (high 

temperature ≥ 80 ⁰ C, and high pressure) to reach high product yield.[14,32,66] An efficient 

alternative method to enhance the catalytic activity of these organic catalysts is to introduce 

hydrogen bond donor groups (HBDs) as Lewis acid species. These HBDs can exist as a 

separate component in a binary catalytic system, or as a part of the catalyst in a bifunctional 

catalytic system.[67,74]  Such binary catalytic systems have been widely employed for the 

reaction of CO2 with various HBDs as co-catalysts including amino alcohols,[75] silane diols, 
[76] fluorinated alcohols,[65,77] amino acids,[78],[79] ascorbic acid,[80] pyrogallol,[81]  gallic acid,[65] 

and phenol [82] (Figure 3). According to previous studies, the possible mechanism for the 

reaction of CO2 with epoxides by using organic halides in the presence of HBD group is 

proposed (Scheme 4).[66,74,83] Firstly, the HBD group activates the epoxide through hydrogen 

bond interactions acting in a similar way to Lewis acidic metal centre. Then the nucleophilic 

attack occurs by halide leading to the ring-opening of the epoxide forming an alkoxide anion. 

After this step, the insertion of CO2 takes place generating a carbonate intermediate, which 

undergoes intermolecular ring- closure interactions to yield cyclic carbonate as the final  

 

 

Figure 3. Examples of hydrogen-bond donors used in combination with organocatalysts for the CO2 
reaction.  

product (Scheme 4). These HBDs can also play another role by stabilising the intermediate 

species formed after epoxy-ring opening, which is confirmed by many DFT studies.[74,81,82] 
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One of the most efficient binary metal-free systems that have been used for this reaction 

consists of (multi)phenolic compound, along with tetrabutylammonium iodide (TBAI). This  

 

Scheme 4. Possible mechanism for the reaction of CO2 with epoxide by using an organic halide (RX) 
with the cooperation of an HBD. 

system allows to reach an excellent cyclic carbonate yield under mild conditions as reported 

by Kleij et al., (Table 1, entry 1).[81] Later on, Mattson et al. proved that the use of silanediol 

as HBD with TBAI catalyst showed high catalytic activity at room temperature, resulting in a 

high styrene carbonate yield (Table 1, entry 2).[76] Fluorinated alcohols are another efficient 

example of HBD group used together with TBAX (X= Br‾or I ‾). The high activity observed 

with this system was ascribed to the electron-withdrawing fluorinated groups, which leads to 

a rise in the acidity of the alcohol groups, thus enhancing the strength of the hydrogen 

bonding with the oxygen atom of the epoxide (Table 1, entry 3).[65] Amino acids have also 

been proven to be highly efficient HBD for the cycloaddition of CO2 to epoxide in the 

presence of potassium iodide, leading to attain almost full conversion towards propylene 

carbonate at 120 ⁰C. This system also displayed a higher turnover number compared to other 

binary systems organic catalyst (Table 1, entry 5 vs entries 1-4).[78]  
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The second class of metal-free organocatalysts is known as bifunctional single-

component catalysts. These systems include onium salts or ionic liquids, which typically 

consist of halide anions acting as nucleophiles and in most cases hydrogen bond donor groups 

acting as Lewis acid sites such as carboxylic acid, hydroxyl or amino moieties (Figure 4).[4,74] 

In these systems, the presence of HBD groups within the catalyst can play the same role as the 

separated HBDs in the binary catalytic system (Figure 3), in which they can activate the 

epoxide, facilitating the ring-opening step (Scheme 4).[72] It is worth indicating that ionic 

liquids (ILs) are organic salts that have a melting point lower than 100 ⁰C. They show unique 

properties such as, biodegradability, negligible volatility, low flammability, and 

reusability.[67,74,84] These features lead to the significantly use of ILs as bifunctional metal-free 

catalytic systems in the coupling reaction between CO2 and epoxides. Imidazolium-based 

ionic liquids are the most studied type of ILs for this reaction (Figure 4, IL1-4).[72,74] Deng et 

al. reported the first work on ILs for this application.[85] They investigated 1-butyl-3-

methylimidazolium [Bmim]X and n-butyl pyridinium salts [BPy]X, (X = Cl ‾, BF4‾ or PF6‾) 

as ionic liquid based-catalysts for the synthesis of propylene carbonate from CO2 and 

propylene oxide. Among the tested catalyst, BMImBF4 exhibited the highest catalytic activity, 

allowing to reach 90 % yield of propylene carbonate (Table 1, entry 6). Later, it was found 

that when these ionic liquids were functionalised with HBD groups (e.g. -NH2, -OH), their 

catalytic activities were significantly enhanced by mean of hydrogen bonding. These 

functionalised ILs also exhibited a higher TON compared to non-functionalised ILs in the 

CO2 fixation with epoxide (Table 1, entry 6 vs entries 7-9).[86–88] Bifunctional metal-free 

organocatalysts based on onium salts have also been investigated for the CO2 reaction with  

 

 

 

 

 

 

 

 

Figure 4. Selected bifunctional homogeneous organocatalysts for the cycloaddition reaction of CO2 to 
epoxides. 
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epoxides. Werner et al. prepared several bifunctional ammonium salts containing a hydroxyl 

group, and these catalysts were highly active as one component organocatalysts compared to 

traditional tetrabutylammonium salts. Among the prepared catalysts, AS1 in Figure 4 was the 

most active ammonium salt, leading to the conversion of different epoxides into their 

corresponding cyclic carbonates (e.g. Table 1, entry 10).[75] Cheng et al. investigated the 

effect of hydrogen bond donor groups on the cycloaddition reaction of CO2 to epoxides by 

preparing a series of quaternary ammonium salts with a different number of hydroxyl groups. 

They found that when the number of hydroxyl groups increased from 1 to 3 in the cation of 

ammonium salts, the catalytic activity also increased owing to the synergistic effect between 

hydroxyl groups and bromine anion, facilitating the ring-opening step (Table 1, entry 11).[89] 

On the other hand, when the number of hydroxyl group increased to 4, the activity was not 

enhanced due to the formation of a hydrogen bond with the halide anion, which decreased the 

nucleophilic nature of the anion, making the ring-opening step more difficult. Furthermore, 

other types of bifunctional metal-free homogenous catalysts have been studied for the reaction 

of CO2 with epoxides, including bifunctional phosphonium salts [90],[91] and pyridinium-based 

ILs.[85],[92] In most cases, these bifunctional organocatalysts systems show good reusability, 

which is accounted as an advantage over binary organocatalysts system. [74] However, 

homogenous metal-free catalytic systems typically require energy-demanding vacuum 

distillation to separate the catalyst from the reaction mixture due to the high boiling point of 

cyclic carbonates.[4] Moreover, some of the organic halides can undergo thermal degradation 

if the removal of cyclic carbonate is performed by the distillation at high temperature.[81] The  

Table 1. Selected metal-free homogenous catalytic systems reported for the coupling reaction of CO2 with 
epoxides  

Entry Epox. HBD / Catalyst  
Cat. Loading 

(%) [a] 
Reaction conditions 

Yield 
(%) 

TON 
[b] 

Ref. 

1 PO Pyrogallol / TBAI 2 25 ⁰C, 10 bar, 18 h 96 48 [81] 
2 SO Silanediols / TBAI 10 23 ⁰C, 1 bar, 18 h 93 9 [76] 
3 PO HFTI / TBABr 3 60 ⁰C, 20 bar, 1.7 h 90 30 [65] 
4 PO Ascorbic Acid /TBAI 4 25 ⁰C, 5 bar, 23 h  82 21 [80] 
5 PO L-tryptophan / KI 1 120 ⁰C, 20 bar, 1 h 99 99 [78] 
6 PO IL1 2 110 ⁰C, 25 bar, 6 h 90 45 [85] 
7 PO IL2 1 120 ⁰C, 20 bar, 1 h 98 98 [86] 
8 PO IL3 1 120 ⁰C, 15 bar, 2 h 94 95 [87] 
9 PO IL4 1 100 ⁰C, 20 bar, 1 h 99 99 [88] 

10 EB AS1 2 90 ⁰C, 10 bar, 2 h 96 48 [75] 
11 PO AS2 1 130 ⁰C, 15 bar, 1 h 98 98 [89] 

[a] Catalyst loading is the molar concentration relative to the epoxide, based on the moles of nucleophilic 
species presenting in the catalyst. [b] Turnover number expressed as mol of produced cyclic carbonate per mol 
of nucleophilic species (typically halides). PO: propylene oxide; SO: styrene oxide EB: 1,2-epoxybutane 
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good solubility of cyclic carbonate products in some of imidazolium-based ILs also leads to 

separation problems.[67] All these separation issues limit their use at the industrial level. 

In order to facilitate the separation and improve the reusability, various metal-free 

heterogeneous catalytic systems have been developed for the CO2/epoxide reaction.[67,72,74] 

These systems are generally prepared by immobilising of the homogenous organocatalysts 

(e.g. onium salts and ionic liquids) on solid supports such as polymers [93–97] or silica (e.g. 

SBA-15 and MCM-41),[98–100] or carbon-based materials [101–103] (Figure 5, selected examples 

for heterogynous supported organocatalysts). The immobilisation is carried out through 

robust, covalent bonding to avoid or minimize the leaching of active species into the reaction 

mixture. Silica has been widely employed as support for the CO2 fixation with epoxides. This 

is due to their high surface area typically (above 800 m2/g), porous structure, relatively large 

pore diameters, and pore volume, which can increase the accessibility of the reactants to 

diffuse and interact with internal active sites, and also facilitate products transport from pores 

(e.g. Table 2. enter 1).[74,104] Another class of materials that has been extensively used as 

support in the CO2 / epoxide reaction are polymers.[74] Polystyrene cross-linked with 

divinylbenzene, or polydivinylbenzene cross-linked polymers are one of the most investigated 

class of polymers, with diverse functional groups, including organic salts or ionic liquids 

(Figure 5, SP3-6).[94,95,105] These polymer-supported catalysts exist in a macroscopic bead  

 

 

Figure 5. Selected heterogeneous metal-free catalysts used for the CO2/epoxide reaction. 
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form (typically with a diameter range from 100 to 800 µm), which can be an advantage in 

term of catalysts separation compared to other heterogeneous metal-free catalysts. Similarly 

to the case of homogenous organic catalysts, the presence of HBD groups in the active site of 

catalyst can prompt the reaction between CO2 and epoxides by the activation of epoxide 

through hydrogen bonding, promoting the ring-opening step.[74] Polymerised ionic liquids 

(PILs) are another type of polymer that has received increasing attention recently as metal-

free heterogeneous catalyst for CO2 fixation (Table 2, entries 8 and 9). [74,86,106] These PILs are 

typically synthesised by either direct polymerisation of ILs monomers, or chemical 

modification of existing polymers, with imidazolium being the most investigated class of 

monomers. These PILs are characterized by an ionic liquid (IL) species in each monomer-

repeating unit, connected by a polymeric backbone to generate a macromolecular 

structure.[107] They possess useful properties such as wide structure diversity, good thermal 

stability, and easy recyclability.[84,107] The choice of an appropriate monomer is highly 

desirable with these polymeric catalysts for better exposure and use of active sites during the 

catalytic reactions.[106] Other examples of materials that have been used as solid supports in 

metal-free heterogeneous catalysts for the synthesis of cyclic carbonates from CO2 and 

epoxide such as graphene oxide (e.g. Table 2, entry 2),[108,109] urea (e.g. Table 2, entry 7),[110] 

bio-based materials (e.g. chitosan and cellulose),[111,112] covalent organic frameworks 

(COFs),[113] porous organic framework (POF).[114,115] Despite the high activity observed with 

these metal-free heterogeneous, they still face one or more of the following drawbacks such as 

the need of an expensive, complicated synthesis method for their preparation, and the use of 

high temperature, or high catalysts loading to achieve high carbonate yields. [74,90] 

Table 2. Selected metal-free heterogeneous catalytic systems reported for the coupling reaction of CO2 with 
epoxides  

Entry Epox. Catalyst  
Cat. Loading 

(%) [a] 
Reaction conditions 

Yield 
(%) 

TON 
[b] 

Ref. 

1 PO SP1  1 90 ⁰C, 10 bar, 6 h 99 99 [74] 
2 PO SP2 0.35 140 ⁰C, 20 bar, 4 h 99 282 [108] 
3 PO SP3 0.78 135 ⁰C, 15 bar, 6 h 98 126 [94] 
4 PO SP4 0.44 140 ⁰C, 20 bar, 4 h  96 218 [95] 
5 PO SP5 0.87 120 ⁰C, 20 bar, 2 h 94 109 [105] 
6 PO SP6 2 90 ⁰C, 10 bar, 4 h 93 46 [98] 
7 PO UIIP 0.39 110 ⁰C, 10 bar, 2 h 97 245 [110] 
8 PO PILs 1 130 ⁰C, 25 bar, 4 h 99 99 [86] 
9 PO P(DMAEMA-EtOH)Br 1.2 110 ⁰C, 20 bar, 3 h 96 77 [106] 

[a] Catalyst loading is the molar concentration relative to the epoxide, based on the moles of nucleophilic 
species presenting in the catalyst. [b] Turnover number expressed as mol of produced cyclic carbonate per mol 
of nucleophilic species (typically halides). PO: propylene oxide. 
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It is worth mentioning that the cyclic carbonates are generally the only product with all 

homogenous and heterogeneous metal-free catalysts even in the presence of HBDs groups 

that act as Lewis acid sites. This result could be ascribed to the following reasons; the relative 

weakness of hydrogen bonding between the HBDs groups and the epoxides compared to the 

coordination of epoxide with Lewis acidic metal centre, or the high ratio of nucleophile to 

Lewis acid, or often the high reaction temperature employed with these catalysts (>100 °C). [4]  

On the other hand, there is a report for polycarbonate synthesized through the reaction CO2 

and epoxide using metal-free binary catalytic systems. However, this system consists of 

triethylborane as a Lewis acid, which is a strongly pyrophoric, water and air-sensitive 

compound, thus limiting the possible application of this system.[4] 

1.4. Factors influencing the synthesis of cyclic carbonates and 
polycarbonates. 

As earlier mentioned, the reaction of CO2 with epoxides can yield either cyclic carbonates or 

polycarbonates, which are relevant chemicals. To design an efficient catalytic system, it is 

crucial to know and control the parameters that influence the selectivity of these two classes 

of carbonates.[2,4] Such parameters are as following: the catalytic system employed (catalyst / 

co-catalyst) which is the key parameter for the CO2 reaction with epoxides, the nature of the 

epoxide, the reaction conditions (temperature and CO2 pressure), and the presence of 

impurities (if polycarbonate is the desired product).[6] These factors will be briefly discussed 

in this section.  

1.4.1. The nature of the epoxide  

The choice of epoxide is important for the selectivity towards either the cyclic or the 

polymeric carbonates. For example, polycarbonate is the preferred product in the reaction of 

CO2 with cyclohexene oxide (CHO) because of the geometric strain originating from the two 

bonded rings in cyclohexene carbonate, which makes the ring closure step less favourable 

with this epoxide, while a lower selectivity towards polycarbonate was observed with 

propylene oxide (PO).[37,116] Conversely, the cycloaddition reaction of CO2 to styrene oxide 

preferentially promote the formation of cyclic carbonate due to the electron-withdrawing 

effect of the phenyl group.[2] Furthermore, the yield of the obtained carbonate is strongly 

affected by the steric hindrance of the epoxide ring. For instance, the nucleophilic attack 

occurs mostly at the less hindered carbon atom with terminal epoxides (e.g. propylene oxide), 

whereas the attack takes place at more steric hindered carbon atoms with internal epoxides 
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(e.g. cyclohexene oxide). Consequently, higher carbonate yields are generally achieved with 

PO compared to CHO under the same reaction conditions.[6] 

1.4.2. The catalytic system  

In order to determine the selectivity and the activity, it is essential to take into consideration 

the coordination ability of Lewis acid site (if employed), and the equilibrium between 

nucleophilicity and the leaving ability of the Lewis base. For instance, the formation of 

polymeric carbonate is favoured if the nucleophile employed is a poor leaving group whereas 

a nucleophile with a good leaving group ability tends to favour the ring closure step (Scheme 

2, d1), leading to the production of the cyclic carbonate.[116] Additionally, the molar ratio 

between the nucleophile and the Lewis acid site can play an important role on the selectivity: 

if the nucleophile is present in an excess amount relative to metal, this promotes the 

displacement of the carbonate intermediate from the metal centre, thus favouring the ring-

closure step.[6] Therefore, the change in the ratio between catalyst and co-catalyst can have an 

influence on the selectivity of these two organic carbonates as demonstrated by using an iron 

amino triphenolate complex as catalyst and PPNCl or Bu4NCl as co-catalyst.[12]  

1.4.3. Reaction conditions  

From previous studies, it was found that the temperature and the CO2 pressure can have an 

impact on the selectivity between polycarbonates and cyclic carbonates, and not only the 

yield. [116] For instance, the use of higher temperature gives higher product yields but also 

enhance the formation of cyclic carbonate, which is the thermodynamically preferred 

product.[116] Therefore, the preparation of polycarbonates is typically carried out at T<100 0C, 

and lowering the reaction temperature to 0 ⁰C has been applied as an approach to promote the 

synthesis of polycarbonates with epoxides that often produce cyclic carbonates (e.g. indene 

oxide and styrene oxide).[6] Moreover, if the reaction is performed under CO2 supercritical 

conditions, this can increase the reaction rate by making good contact between the reaction 

components.  It can also enhance the CO2-insertion step (Scheme 2, 3), thus favouring the 

formation of polycarbonate product. [2,4] On the other hand, a very high amount of CO2 can be 

detrimental in the reaction with epoxides, because it can cause a dilution of the reaction 

mixture leading to a decrease in the catalyst activity. Besides, the use of high CO2 pressure 

can enhance the copolymerisation reaction between epoxide and CO2 over the successive 

insertion of two epoxides in the polymer chain, thus reducing the creation of ether linkages. 

[6,12] 
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1.4.4. The presence of impurities 

In the synthesis of polycarbonate, the presence of impurities such as water, alcohol, or acid in 

the reaction medium might cause a chain transfer in the growing polymer chain, leading to 

polycarbonates with lower-molecular weight and polydispersity index.[6,23]  

 

1.5. Aim and scope of this thesis  

After giving a brief overview of the progress made in the catalytic synthesis of cyclic 

carbonates and polycarbonates from CO2 and epoxide, it is clear that this reaction is still an 

attractive topic of research from a green and sustainable point of view since it allows 

converting CO2 as a feedstock into valuable products. The aim of PhD project that led to this 

thesis was to design and develop metal-free catalytic systems that can catalyse the reaction of 

CO2 with epoxides to produce cyclic carbonates as the main target product under mild 

conditions (e.g. low temperature and low CO2 pressure). The ideal catalytic system should be 

synthesised through a simple, low-cost procedure, display high catalytic performance, good 

recyclability, and easy separation from the reaction products. Besides, the development of the 

new cyclic carbonates products was a further aim of this work. The catalytic systems 

developed in this PhD project achieved improved performance compared to the state-of-the-

art catalysts for the synthesis of cyclic carbonates from CO2. Two classes of metal-free 

catalytic systems were studied for the CO2/epoxide reaction in this thesis. The first class is a 

homogenous catalytic system, which is based on organic halide in the presence of water as a 

hydrogen bond donor (used in the synthesis of known cyclic carbonate products in chapter 2 

and in the synthesis of a new cyclic carbonate surfactant in chapter 5). The second system is a 

heterogeneous catalyst consisting of Amberlite ion-exchange resin, which is used in 

combination with water as HBD (chapter 3). The Amberlite ion-exchange resin is further 

studied without using water for the one-pot conversion of CO2 into glycerol carbonate 

(chapter 4). Finally, a summary of the main achievements of the PhD thesis on the synthesis 

of cyclic carbonate from CO2 and epoxide is highlighted in chapter 6. A more detailed 

summary of the four experimental chapters is provided below. 
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Chapter 2 

In this chapter, we proved that water, as an efficient, green and inexpensive hydrogen bond 

donor (HBD), can efficiently boost the activity of organic halides such as 

tetrabutylammonium iodide (Bu4NI) and bis(triphenylphosphine)iminium iodide (PPNI) in 

catalysing the reaction of CO2 with a variety of epoxides to yield the corresponding cyclic 

carbonates with excellent selectivity under mild conditions (25–45 ⁰C, 10 bar CO2). By tuning 

the reaction conditions carefully, water could match the performance of state-of-the-art HBDs 

such as phenol, gallic acid and, ascorbic acid. Although water needs higher molar loadings 

compared to these organic hydrogen-bond donors to reach a similar yield under the same mild 

reaction conditions, it is still greener and cheaper compound compared to other HBDs. 

Besides this, the addition of cyclic carbonate as a solvent could promote the synthesis of 

cyclic carbonates from CO2 and epoxide by improving the solubility of PPNI, leading to an 

increase in its catalytic activity. 

 

Chapter 3 

The role of water as HBD was also investigated in this chapter, in which water can promote 

the catalytic activity of two ion-exchanged Amberlite resins as heterogeneous catalysts in the 

cycloaddition reaction of CO2 with epoxides, allowing to reach high cyclic carbonates yields 

with excellent selectivity in wide range of reaction conditions (45-150 °C, 2-60 bar of CO2, 3-

18 h). The highest activity was observed with two resin beads presenting in iodide-from, 

which were prepared by one-step ion-exchange reaction of two commercially available 

Amberlite resins IRA 900 and 910 in chloride-form. The two parent resins are polystyrene 

cross-linked with divinylbenzene, grafted with either dimethylethanol ammonium chloride 

groups (IRA 910) or trimethyl ammonium chloride groups (IRA 900). These polymeric resin 

catalysts could be easily recovered and reused without losing their activity.  

 

Chapter 4 

The two Amberlite resins were further studied in chapter 4, due to their high catalytic activity 

in the cycloaddition reaction of CO2 with epoxides, and other excellent properties such as the 

low-cost preparation, good reusability, and easy separation from the reaction mixture. These 

features led us to test them in two reactions: the transcarbonation reaction of glycerol with 

propylene carbonate (PC) to produce glycerol carbonate (GC) and propylene glycol (PG), and 
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the one-pot reaction of CO2 and glycerol with propylene oxide to yield PC, GC and PG, 

which is the main reaction in this chapter. We found that the best catalysts in the 

transcarbonation reaction were two resins in OH-form (Amb-900-OH and Amb-OH-910-OH) 

since thus is a base-catalysed reaction, resulting in a high yield of GC. Then, Amb-OH-910-

OH and the iodide-form of the two commercially resins (Amb-900-I and Amb-OH-910-I) 

were employed in the one-pot reaction. The results proved that the highest activity was 

achieved with Amb-OH-910-I, allowing to attain high yields of PC and GG at 115 ⁰C in 2 h. 

Moreover, the full mechanism of the one-pot reaction was proposed for the first time in this 

work. 

 

Chapter 5 

In the work reported in this chapter, two cyclic carbonates with long alkyl chains (1,2-

hexadecene carbonate and 1,2-dodecene carbonate) were synthesised through the reaction of 

CO2 with epoxides using our catalytic system used in chapter 1 (Bu4NI and water). The aim of 

preparing these carbonates is to study their potential as surfactants. These carbonates were 

prepared and purified by a straightforward procedure. Different tests including interfacial 

surface tension, emulsion stability, and droplet size were carried out to evaluate the possible 

use of these carbonates as surfactants. This approach represents a new promising application 

of the cyclic carbonate products synthesised from CO2. 
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Chapter 2 
The Role of Water Revisited and Enhanced: A Sustainable Catalytic 
System for the Conversion of CO2 into Cyclic Carbonates under Mild 
Conditions 
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Abstract 

The role of water as highly effective hydrogen-bond donor (HBD) for promoting the coupling 

reaction of CO2 with a variety of epoxides was demonstrated under very mild conditions (25 – 

60 ⁰C, 2–10 bar CO2). Water led to a dramatic increase in the cyclic carbonate yield when 

employed in combination with tetrabutylammonium iodide (Bu4NI) whereas it had a 

detrimental effect with the corresponding bromide and chloride salts. The efficiency of water 

in promoting the activity of the organic halide was compared with three state-of-the-art 

hydrogen bond donors, that is, phenol, gallic acid and ascorbic acid. Al- though water 

required higher molar loadings compared to these organic hydrogen-bond donors to achieve a 

similar degree of conversion of CO2 and styrene oxide into the corresponding cyclic carbonate 

under the same, mild reaction conditions, its environmental friendliness and much lower cost 

make it a very attractive alternative as a hydrogen-bond donor. The effect of different 

parameters such as the amount of water, CO2 pressure, reaction temperature, and nature of the 

organic halide used as catalyst was investigated by using a high-throughput reactor unit. The 

highest catalytic activity was achieved with either Bu4NI or bis(triphenylphosphine)iminium 

iodide (PPNI): with both systems, the cyclic carbonate yield at 45⁰C with different epoxide 

substrates could be increased by a factor of two or more by adding water as a promoter, 

retaining high selectivity. Water was an effective hydrogen-bond donor even at room 

temperature, allowing to reach 85% conversion of propylene oxide with full selectivity 

towards propylene carbonate in combination with Bu4NI (3 mol%). For the conversion of 

epoxides in which PPNI is poorly soluble, the addition of a cyclic carbonate as solvent 

allowed the formation of a homogeneous solution, leading to enhanced product yield. 
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2.1. Introduction  

The use of CO2 as a feedstock for the synthesis of useful chemical products is receiving 

growing interest in the context of sustainable chemistry because CO2 is an inexpensive, 

widely available, non-toxic, and renewable compound. [1–3] However, the fixation of CO2 into 

chemical products is a challenging task owing to its high thermodynamic stability. This issue 

can be overcome by reacting CO2 with high-free-energy substrates such as H2, amines, and 

epoxides. [1,4] Among these options, the reaction of CO2 with epoxides to produce cyclic 

carbonates(Scheme 1) has been widely investigated in recent years.[5] The obtained cyclic 

carbonates are useful compounds finding relevant applications as intermediates for the 

preparation of fine chemicals and polymers, as green aprotic polar solvents, and as 

electrolytes in Li-ion batteries.[5–9] The cycloaddition of CO2 to epoxides requires a catalyst to 

proceed at a high rate under mild conditions. The most active catalytic systems for this 

reaction comprise Lewis acid sites for the activation of epoxide and Lewis bases acting as a 

nucleophiles for the subsequent ring-opening of the epoxide.[5] Many highly active and 

selective metal-based catalysts containing Lewis acid sites have been reported, such as metal 

complexes[10] and metal-organic frameworks (MOF).[11] However, metal catalysts tend to 

display drawbacks such as the generally high cost of their preparation, the toxicity of some 

metals, and in some complexes and MOFs, low stability against hydrolysis and / or 

oxidation.[1,12]  

Several metal-free organic catalysts have also been investigated, such as ammonium 

halides,[1,13–15] phosphonium halides [3,16] and imidazolium-based ionic liquids,[17–19] in which 

the halides are the catalytic species acting as a nucleophiles. These systems are less expensive 

and more readily available than most metal catalysts.[20] However, the lack of metal Lewis 

acid sites activating the epoxide implies that these metal-free organic catalytic systems often 

suffer from low activities under mild conditions.[14,21,22] To overcome this issue, hydrogen 

bond donors (HBDs) such as amino alcohols,[23,24] silane diols,[25] fluorinated alcohols,[26] 

aromatic compounds with one or multiple hydroxy groups,[14,27–29] and organic acids [30–33] 

have been recently studied as co-catalysts. In the generally accepted mechanism, these HBDs 

are able to activate the O atom of the epoxide by hydrogen bonding in a similar way to Lewis 

acidic metal sites, thus promoting the nucleophilic attack by the halide leading the ring-

opening of the epoxide (Scheme 1). Then, the insertion of CO2 occurs forming a carbonate 

intermediate, which undergoes intramolecular ring-closure to generate the cyclic carbonate 

product (Scheme 1).[20,34] DFT studies indicated that the addition of HBDs leads to lower 
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activation energies to reach the transition states and that more stable intermediates are 

obtained in the reaction of CO2 with epoxides.[35,36] Among the several HBD compounds that 

have been reported for this application,[37–39] one of the most efficient groups is represented by 

aromatic compounds with one or multiple hydroxyl groups. Catalytic systems consisting of 

these HBDs along with Bu4NI were reported to be highly active in the synthesis of cyclic 

carbonates from CO2 under mild conditions (25-45 °C, p(CO2) = 1-10 bar).[27,29] Another class 

of highly efficient HBDs is represented by fluorinated alcohols, which in combination with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Proposed mechanism for the cycloaddition reaction of CO2 to epoxides catalysed by an 
organic halide (RX) with the cooperation of an HBD. 

 

Bu4NX (X = Iˉ, Brˉ) promoted the reaction of CO2 with epoxides under mild conditions (T = 

60-80°C, p(CO2) = 1-20 bar) and with complete selectivity towards the cyclic carbonate 

products. The high activity was attributed to the electron-withdrawing fluorinated groups, 

which increase the acidity of the alcohol groups and thus the strength of the hydrogen bonding 

with the O atom of the epoxide.[26,36] Although these HBDs are less costly compared to most 

metal complex catalysts used for this reaction, they are still relatively expensive organic 

molecules and display additional drawbacks such as high toxicity, as in the case of fluorinated 

alcohols,[26] and/or high boiling point (e.g. b.p.phenol = 182°C; b.p.pyrogallol = 309°C; gallic acid 
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and ascorbic acid tend to decompose around their melting point), which implies the need for 

energy-demanding vacuum distillation in their separation from the cyclic carbonate products 

(which also have high boiling points). In this context, the use of a fully environmentally-

benign, extremely inexpensive and relatively low-boiling compound as water is a potentially 

attractive alternative. In previous works, water was reported to be beneficial as a co-catalyst at 

relatively harsh conditions (≥ 100 °C),[34,35] whereas in other cases it was reported not to help 

or even be detrimental to the carbonate yield.[40,41] Herein, we demonstrate that using water as 

HBD in combination with specific organic halides such as Bu4NI and PPNI (Figure 1), and by 

tuning the reaction conditions carefully, it is possible to match the performance of state-of-

the-art HBDs such as phenol,[27] and gallic acid,[14] and ascorbic acid,[31] and to achieve the 

conversion of CO2 into several cyclic carbonates under mild conditions (25 – 60 °C, 2 –10 bar 

CO2). Additionally, we introduce and evaluate a novel strategy consisting in adding cyclic 

carbonates to promote the solubilisation of PPNI and thus increase its efficiency as a catalyst 

in the synthesis of cyclic carbonates from CO2 and epoxides. 

 

Figure 1. Organic halides used as catalysts in combination with H2O in this work: 
tetrabutylammonium halides (Bu4NX) and bis (triphenylphosphine) iminium iodide (PPNI). 

 

2.2. Experimental Section 

2.2.1. Materials  

Styrene oxide (SO, 97% purity), propylene oxide (PO, 99.5 % purity), 1,2-epoxyhexane (HO, 

97% purity), propylene carbonate (PC, 99.5 % purity), tetrabutylammonium iodide (Bu4NI, 

99% purity), tetrabutylammonium bromide (Bu4NBr, 99 % purity), tetrabutylammonium 

chloride (Bu4NCl, 98 % purity), bis(triphenylphosphine)iminium chloride (PPNCl) (98% 

purity), potassium iodide (≥99%), mesitylene (98%), phenol (+99%), propylene glycol (96%), 

ascorbic acid and deuterated chloroform (CDCl3) (>99.6 atom%, used as solvent for 1H-

NMR) were purchased from Sigma-Aldrich. Gallic acid (98%) was purchased from Acros 
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Organics. Diethyl ether and ethyl acetate were purchased from Macron fine chemicals. All 

these chemicals were used without further purification. PPNI was prepared following a 

previously published procedure (see the Supporting information for more details).[47] The 

elemental analysis of the prepared PPNI was carried out at Mikroanalytisches Laboratorium 

KOLBE using Metrohm ion chromatography model IC 883 Plus. Styrene carbonate and 1,2-

hexene carbonate were prepared on a large scale by using the Bu4NI/H2O catalytic system 

(see the Supporting Information for experimental details), thus demonstrating the general 

upscalability of the use of water as HBD. 

2.2.2. Catalytic tests 

The catalytic tests were carried out using a high-throughput reactor unit (see Figure S6 in the 

Supporting Information) manufactured by Integrated Lab Solutions (ILS) and located at the 

University of Groningen, which allows carrying out reactions in CO2 at a temperature 

between 20 and 200 °C and at a pressure between 1 and 200 bar. The unit consists of two 

modules: (i) a 10-reactors block that allows performing 10 reactions simultaneously in 

separate batch reactors (84 mL volume each, 30 mm internal diameter); and (ii) a single batch 

reactor with the same dimensions and equipped with a borosilicate glass window that allows 

visualisation of the phase behaviour within the reactor. Each batch reactor has an individual 

magnetic stirring. In the 10-reactors block, each reactor has an automated closing valve that 

allows avoiding cross-contamination between reactors. An ISCO pump was used to pressurise 

the reactors. The temperature of the reactors was controlled by electrical heating cartridges 

connected to the alumina blocks hosting the reactors. The risk of overpressure was avoided by 

automated depressurisation protocols and rupture disks.[42] Both the 10-reactors block and the 

visualisation reactor were used in this work. In each experiment, the epoxide (20 mmol), the 

selected organic catalyst (1-3 mol % loading relative to the epoxide), deionised water (0.025-

0.8 mL if added), a cyclic carbonate (0.2-1.6 g, if added), and mesitylene (1.5 mmol) as NMR 

internal standard were added to a glass vial (46 mL volume, 30 mm external diameter) 

containing a magnetic stirring bar and closed with a screw cap hosting a silicone/PTFE 

septum pierced with two needles allowing the CO2 gas to enter and exit the vials. Then, the 

vial was placed into the selected reactor, and the reactor was closed. After this step, a software 

was used to control all protocols to reach the chosen reaction temperature and pressure. First, 

the reactor was purged with 5 bar N2 and then with 10 bar CO2 to remove air. After this, the 

reaction block was pressurised with CO2 (to a lower pressure compared to the target), heated 

up to the desired reaction temperature and finally further pressurised to CO2 (if necessary) to 
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reach the desired pressure. Next, the reactor block was kept under the selected conditions for 

18 h with stirring speed of 900 rpm. After 18 h, the stirring was turned off, and the reactor 

was cooled down to room temperature in 20 min and depressurised to ≤ 1 bar. Finally, the lid 

of the reactor was opened, the glass vial was removed, and an NMR sample was prepared by 

adding approximately 600 mg of CDCl3 to 50 mg of the reaction mixture. The epoxide 

conversion, carbonate yield and selectivity were determined by analysing the reaction mixture 

by 1H-NMR on a Varian Oxford 300 MHz or a Varian Mercury 400 MHz. The residual 

solvent resonance was used as a reference for the peak positions in the 1H-NMR spectra, 

which were reported in ppm relative to TMS (0 ppm). The formation of the diols was 

confirmed by Gas Chromatography - Mass Spectrometry analysis (GC-MS) performed on an 

Agilent Hewlett-Packard-HP 6890 (Rxi®-5 Sil MS column, 30 m, 0.25 mm) coupled with an 

Agilent Hewlett-Packard 5973 MSD Mass Spectrometer. 

Selected catalytic tests were performed in duplicate or triplicate, showing a high degree of 

reproducibility of the obtained cyclic carbonate yields (± 1%). In such cases, the average 

value of the cyclic carbonate yield is reported. 

2.3. Results and Discussions  

The possibility of using water as a hydrogen bond donor to promote the reaction of CO2 with 

epoxides under mild conditions was investigated as a green and cheap alternative to other 

HBDs. The first catalytic screenings were performed using the relatively challenging styrene 

oxide as a substrate and tetrabutylammonium halides (Bu4NX, with X = Cl, Br, I, 1 mol % 

relative to the epoxide) as organic catalysts in the presence of water, at 45°C and 10 bar of 

CO2. The addition of even only a small amount of H2O (0.05 mL, 14 mol % relatively to the 

epoxide) was detrimental for the activity of Bu4NCl and Bu4NBr (Table 1, entries 1-4), 

whereas adding the same amount of water dramatically increased the activity of Bu4NI, 

leading to a two-fold higher styrene carbonate yield (Table 1, entries 5 and 7). This trend can 

be rationalised considering that in a protic medium as water, the order of nucleophilicity 

between the halides (I- > Br - > Cl-) is the opposite than in an aprotic solvent. This is related to 

the shielding effect caused by the protic molecules, which arrange themselves with the 

partially positively charged hydrogens directed towards the halide ion. These ion-dipole 

interactions become stronger with increasing strength of the base (I- < Br- < Cl-), implying a 

weaker shielding effect of H2O for the iodide ion.[46] Our results indicate that for chloride and 

bromide, the shielding effect of water is more relevant than its role as hydrogen bond donor 

activating the epoxide, thus leading to an overall decrease in catalytic activity. In contrast, 
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iodide is less affected by the shielding while H2O activates the epoxide towards the 

nucleophilic attack by the halide, resulting in the observed notable increase in catalytic 

activity. Next, the effect of the amount of water used in combination with the Bu4NI catalyst  

  

was investigated. Water was an effective HBD even upon halving its amount (Table 1, entry 

6), although the increase in styrene carbonate yield was less marked than with 0.05 mL H2O. 

In contrast, increasing the amount of water used together with the Bu4NI catalyst to 0.1 mL 

led to a further increase in the yield of styrene carbonate, reaching 29% (Table 1, entry 8) 

compared to 13%yield in the absence of water. Further increase in the amount of water did 

not lead to higher styrene carbonate yield and gradually caused a decrease in the selectivity 

towards the cyclic carbonate product, owing to the formation of 1-phenyl-1,2-ethanediol 

(styrene glycol) as aside product (Table 1, entries 9– 11). No other side products were 

observed. 

The use of water as HBD was compared to that of state-of-the-art HBDs reported in 

previous studies such as phenol, gallic acid, and ascorbic acid under the same reaction 

conditions (Table 1, entries 12–16). Although this comparison demonstrates that water is less 

effective in promoting the reaction and that a much higher number of moles of water is 

needed to achieve similar yields to those obtained in the presence of the above-mentioned 

Table 1. Screening of different organic halides catalysts for the conversion of CO2 and styrene oxide into styrene 
carbonate, with or without the addition of a HBD (water, phenol, gallic acid and ascorbic acid). 

Entry Organic Catalyst / HBD H2O amount [mL] Yield [%][b] Selectivity [%][b] 
1 Bu4NCl / - 0 4 ≥ 99 
2 Bu4NCl / H2O 0.05 2 85 
3 Bu4NBr / - 0 12 ≥ 99 
4 Bu4NBr / H2O 0.05 9 87 
5 Bu4NI / - 0 13 ≥ 99 
6 Bu4NI / H2O 0.025 20 98 
7 Bu4NI / H2O 0.05 25 95 
8 Bu4NI / H2O 0.10 29 92 
9 Bu4NI / H2O 0.20 28 91 

10 Bu4NI / H2O 0.40 27 90 
11 Bu4NI / H2O 0.80 22 88 
12 Bu4NI / gallic acid (4:1) [c] 0 26 ≥ 99 
13 Bu4NI / ascorbic acid (4:1) [c] 0 25 ≥ 99 
14 Bu4NI / phenol (4:1) [c] 0 25 ≥ 99 
15 Bu4NI / phenol (2:1) [d] 0 32 ≥ 99 
16 Bu4NI / phenol (1:1) [e] 0 44 ≥ 99 

[a] Reaction conditions: styrene oxide (20 mmol), organic catalyst (1 mol % relative to the epoxide), mesitylene 

(1.5 mmol) as internal standard, 45°C, 10 bar CO2,18 h. [b] Yield and selectivity measured by 1H NMR 
spectroscopy. [c] 0.25 mol % loading of phenol, gallic acid, or ascorbic acid relative to the epoxide. [d] 0.5 mol 
% loading of phenol relative to the epoxide. [e] 1 mol % loading of phenol relative to the epoxide. 
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organic HBDs (2.8 mmol H2O, i.e., 14 mol % relative to the epoxide, was needed to match the 

performance of 0.25 mol % of these HBDs), this is counterbalanced by the fact that water is 

an environmentally friendlier and much less expensive compound. Because the beneficial 

effect of water as HBD at mild temperature was observed only with Bu4NI as catalyst, the 

combination of this halide with H2O was selected for further investigation and optimization of 

the catalytic performance. 

 With the purpose of investigating the effect of the CO2 pressure on the catalytic 

performance of the Bu4NI/H2O system in the synthesis of styrene carbonate, a set of 

experiments was carried at 45 °C with the CO2 pressure ranging from a very low value (2 bar) 

to above the supercritical point (80 bar). The results demonstrate that using low CO2 pressure 

(between 2 and 20 bar) allows achieving higher carbonate yield compared to the yield 

obtained at 80 bar (Figure 2). This means that the access of the CO2 to the catalytic sites is not 

a limiting factor for this system and suggests that carrying out the reaction with CO2 under 

supercritical conditions is detrimental as a consequence of a dilution of the reaction mixture 

that decreases the contact between the epoxide and the catalyst.[5] These results also allow 

excluding that the observed increase in activity in the presence of water is caused by the 

formation of carbonic acid, which in turn could act as HBD. If this were the case, higher CO2 

pressure would have led to higher activity because the concentration of CO2 dissolved in H2O 

is proportional to the partial pressure of CO2 according to Henry’s law. Notably, the 

selectivity towards the cyclic carbonate obtained in these tests in which a 2 mol % loading of 

 

Figure 2. Effect of CO2 pressure (at the start of the reaction) on the cycloaddition to styrene oxide 
using a Bu4NI catalyst in the presence of H2O as a hydrogen bond donor. Reaction conditions: styrene 
oxide (20 mmol), catalyst (2 mol % loading relative to the epoxide), water (0.05 mL), mesitylene (1.5 
mmol) as the internal standard, 45°C,18 h. Product yields were determined by 1H-NMR spectroscopy. 
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Bu4NI was used (≥ 99 % for the tests in the 2–20 bar range) is higher than for the tests 

performed with 1 mol % catalyst loading (see Table 1). This is attributed to the higher 

catalyst/HBD ratio in the tests performed with higher Bu4NI loading, which promotes the 

conversion of styrene oxide to the cyclic carbonate over the competing hydrolysis of the 

epoxide. Because no significant differences in catalytic activity were observed in the 5–20 bar 

range (Figure 2), 10 bar CO2 pressure was chosen for further studies in this work. 

After having demonstrated the potential of H2O as HBD under mild conditions, we 

further optimised our catalytic system by testing the nature of the cation in the organic halide. 

For this purpose, bis(triphenylphosphine)iminium iodide (PPNI) was prepared following a 

method from the literature,[43] and its catalytic activity was compared to that of Bu4NI in the 

presence of water as HBD, under different conditions including reaction at room temperature 

(Figure 3). PPNI was chosen as a halide salt because the PPN+ cation is bulkier and its 

positive charge is more delocalised compared to Bu4N+. As a consequence, the interaction of 

PPN+ cation with the iodide anion is expected to be weaker, thus making the iodide more 

available for the initial ring-opening of the epoxide.[44,45] Indeed, the PPNI catalyst was 

consistently more active than Bu4NI and exhibited high styrene carbonate yields at the three 

tested reaction temperatures. Remarkably, with longer reaction time, we could successfully 

react CO2 with styrene oxide to produce the corresponding cyclic carbonate also at room 

temperature by using the PPNI/H2O catalytic system (Figure 3.A). The selectivity towards 

styrene carbonate increased from 95% for the reaction carried out at room temperature to 99% 

for the reaction performed at 60 °C. To confirm the importance of the presence of water as 

HBD also with the PPNI catalyst, the reaction at 45°C was carried out also without adding 

water, reaching a much lower carbonate yield (20%) compared to the 38% yield obtained in 

the presence of water (see Table 2, entries 1 and 2).  

The versatility of our optimum catalytic system consisting of PPNI or Bu4NI and water in 

the cycloaddition reaction of CO2 was evaluated using two additional epoxides (propylene 

oxide and 1,2-epoxyhexane) as substrates at 45°C and 10 bar CO2 (Table 2). Under these mild 

conditions, a very low carbonate yield (1-9 %) was found in the absence of water when 

propylene oxide was used as a substrate with both catalysts (Table 2, entries 3 and 5), while 

the yield was dramatically higher (55-59 %) if the reaction was performed in the presence of 

0.05 ml of H2O (Table 2, entries 4 and 6), thus confirming the remarkable positive effect of  
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Figure 3. Comparison between Bu4NI and PPNI as catalysts used in combination with H2O as a 
hydrogen bond donor, at different reaction temperatures. Reaction conditions: styrene oxide (20 
mmol), 1 mol % loading of catalysts, 0.05 mL of water, mesitylene (1.5 mmol) as the internal 
standard, 10 bar CO2; [A] 25 °C, 48 h. [B] 45 °C,18 h. [C] 60 °C, 18 h. 

 
water as HBD in promoting the catalytic activity of the organic iodides. For the tests 

performed in the presence of water, the higher yield of propylene carbonate compared to that 

of styrene carbonate under the same conditions (compare entries 6 and 2 in Table 2, or entry 4 

in Table 2 with entry 7 in Table 1) follows the expected trend of higher reactivity of 

propylene oxide in the cycloaddition of CO2. With this epoxide, the nucleophilic attack occurs 

mainly at the less hindered carbon atom of the epoxide ring owing to the lower steric 

hindrance at this position and to the electron donating nature of the methyl group.[5] 

Conversely, the attack takes place preferentially at the more hindered carbon in styrene oxide 

due to the electron-withdrawing nature of the phenyl group, typically resulting in a lower 

yield of styrene carbonate.[4,46,47] However, such a trend was not followed in the experiments 

performed with PPNI as catalyst in the absence of water, in which case the yield of propylene 

carbonate was significantly lower than that of styrene carbonate  (compare entries 5 and 1 in 

Table 2). This shows that the remarkable increase of propylene carbonate yield was not only 

caused by the role of water as HBD. Indeed, the solubility of the catalyst in the reaction 

mixture also plays a role on its activity, and the higher solubility of PPNI in styrene oxide 

compared to that in propylene oxide (Table S1 in the Supporting Information) accounts for 

the higher carbonate yields obtained with the former epoxide when the reaction was 

performed without water. However, PPNI is soluble in propylene carbonate (Table S2 in the 

Supporting Information), and when the reaction is carried out in the presence of water, the 

faster formation of the carbonate promotes the dissolution of the organic halide catalyst, 
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which enhances the contact with the unreacted epoxide and thus further increases the activity 

of the catalyst. This effect is confirmed by the fact that PPNI is fully soluble in the reaction 

mixture at the end of the catalytic test in the presence of water, whereas it is still insoluble if 

the reaction is carried out in the absence of water (Table S1, entries 3 and 4). In the same line 

of reasoning, the negligible activity of PPNI in the reaction of 1,2-epoxyhexane with CO2, 

both with or without addition of water (Table 2, entries 9 and 10), can be attributed to the 

negligible solubility of PPNI in this epoxide (Table S1) and to the lower solubility of PPNI in 

1,2-hexene carbonate compared to that in propylene carbonate or styrene carbonate (Table 

S2). As a consequence, the PPNI catalyst was insoluble even after the reaction (Table S1, 

entries 5 and 6). The importance of the solubility of the catalyst in the reaction mixture was 

confirmed by comparing the activity of Bu4NI and PPNI as catalysts for the reaction with 1,2-

epoxyhexane as substrate. Whereas PPNI is in general a more active catalyst than Bu4NI (vide 

supra), the higher solubility of Bu4NI in 1,2-hexene carbonate (Table S2) allowed achieving a 

good yield of this cyclic carbonate (23%) in the presence of water, whereas only traces of 

carbonate were observed in the absence of water (Table 2, entries 7 and 8). Accordingly, the 

Bu4NI was soluble in the reaction mixture at the end of the test in the presence of water 

(Table S1). It should be noted that the increased solubility of Bu4NI in the organic phase is 

due to the formation of the cyclic carbonate, whereas water does not play a significant role in 

this as proven by the fact that the reaction mixture consists of an organic phase and a separate 

Table 2. Screening of different epoxides in the reaction with CO2 to the corresponding cyclic carbonate, with 
PPNI and Bu4NI as catalysts, and with or without the addition of water as HBD.   

Entry  Substrate  Catalyst / HBD Yield [%][b] Selectivity [%][b] 
1 Styrene oxide PPNI / - 20 ≥ 99 
2 Styrene oxide PPNI / H2O 38 97 
3 Propylene oxide Bu4NI / - 9 ≥ 99 
4 Propylene oxide Bu4NI / H2O 55 ≥ 99 
5 Propylene oxide PPNI / - 1 ≥ 99 
6 Propylene oxide PPNI / H2O 59 ≥ 99 
7 1,2-Epoxyhexane Bu4NI / - 0.2 ≥ 99 
8 1,2-Epoxyhexane Bu4NI / H2O 23 ≥ 99 
9 1,2-Epoxyhexane PPNI / - 0 0 

10 1,2-Epoxyhexane PPNI / H2O 0.7 ≥ 99 
11 1,2-Epoxyhexane PPNI / PC [c] 2 ≥ 99 
12 1,2-Epoxyhexane PPNI / PC / H2O [c] 16 ≥ 99 
13 Cyclohexene oxide  Bu4NI [d] / - 2 ≥ 99 
14 Cyclohexene oxide  Bu4NI [d] / H2O 9 ≥ 99 

[a] Reaction conditions: 20 mmol of epoxide, 1 mol % of organic halide relative to the epoxide, 0.05 mL of 
water (if added), mesitylene (1.5 mmol) as internal standard, 45°C, 10 bar CO2, 18 h. [b] Yield and selectivity 
based on 1H NMR data. [c] Propylene carbonate (PC) was added as solvent in an amount (1.0 g) that leads to 
complete dissolution of PPNI in the reaction mixture. [d] 3 mol % of Bu4NI relative to the epoxide. 
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aqueous phase (Table S1) and that in the employed ratios water forms a biphasic liquid 

system with both 1,2-epoxyhexane and 1,2-hexene carbonate (Table S3 in the Supporting 

Information). An important consequence of the formation of a biphasic liquid system between 

water and 1,2-hexene carbonate or styrene carbonate in the ratios employed in our tests (Table 

S3) is that the aqueous phase can be readily separated from the cyclic carbonate product, thus 

providing a further advantage of our system compared to organic hydrogen bond donors.  

With the aim of enhancing the solubility of PPNI, 1,2-hexene carbonate was employed as 

the solvent in the reactions of CO2 with 1,2-epoxyhexane. Compared to the use of another 

polar solvent, the choice of 1,2-hexane carbonate is preferable as it would not require any 

separation at the end of the reaction. Although it can be expected that the addition of 1,2-

hexene carbonate (being both solvent and product) could be detrimental for the conversion of 

the epoxide based on Le Chatelier’s principle, we reasoned that the drawbacks could be 

outweighed by the positive effect on the solubility of PPNI. To test this hypothesis, we 

compared the effect of using propylene carbonate or 1,2-hexene carbonate as a solvent. For 

each of them, different amounts were tested while working with a fixed amount of PPNI (0.4 

mmol) and water (0.05 mL). Our strategy proved to be successful, as the catalytic activity was 

dramatically enhanced by the addition of either propylene carbonate or 1,2-hexene carbonate 

(Figure 4). For each solvent, the activity gradually increased upon addition of the cyclic 

carbonate until a certain quantity, after which the yield of 1,2-hexene carbonate decreased. 

This drop in activity is most likely due to a dilution effect, which decreases the probability of 

encounter between epoxide and catalyst. The optimum activity as a function of the amount of 

carbonate used as a solvent was different between propylene carbonate and 1,2-hexene 

carbonate (Figure 4). This is ascribed to the higher solubility of the PPNI catalyst in the 

former cyclic carbonate (Table S2). Although the addition of a cyclic carbonate plays a 

significant role in increasing the solubility of PPNI, this alone is not sufficient to achieve a 

good 1,2-hexene carbonate yield in the reaction of 1,2-epoxyhexane with CO2 (Table 2, entry 

11) and the presence of water as HBD is crucial for boosting the catalytic activity (Table 2, 

entry 12).  

The remarkable enhancement in the catalytic activity by using a cyclic carbonate as a 

solvent in the synthesis of 1,2-hexene carbonate, prompted us to test the same concept in the 

synthesis of styrene carbonate and propylene carbonate, as PPNI was not fully soluble in 

styrene oxide and propylene oxide before starting the catalytic test (Table S1). However, the 

results showed that the catalytic activity was not improved, and the cyclic carbonate yield 
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decreased upon adding even small amounts of carbonate (see Supporting Information, Figure 

S5). For these epoxides, the less notable enhancement of the solubility of PPNI is not 

sufficient to counterbalance the negative effect of adding the cyclic carbonate and the 

principle of Le Chatelier’s and/or a dilution effect become the dominant factor. 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of the use of propylene carbonate and 1,2-hexene carbonate as solvents on the 
reaction of CO2 with 1,2-epoxyhexane in the presence of water. Reaction conditions: 20 mmol of 
epoxide, 2 mol % of PPNI relative to the epoxide, water (0.05 mL), 45°C, 10 bar,18 h. In the case of 
the use of 1,2-hexene carbonate as a solvent, the yield was calculated by subtracting the amount of 
1,2-hexene carbonate added as a solvent from the total amount of carbonate measured at the end of the 
reaction.  
 

The substrate scope of the catalytic system consisting of Bu4NI and water was completed 

by investigating the conversion of an internal epoxide as cyclohexene oxide. The steric 

hindrance around the epoxide group and the geometric strain in the cyclic carbonate caused 

by the two adjacent rings make the conversion of cyclohexene oxide to cyclohexane carbonate 

more challenging compared to that of terminal epoxides.[5,48]  Indeed, even when using a 

higher catalyst loading (3 mol% Bu4NI) very low cyclohexane carbonate yield was obtained 

in the absence of water (Table 2, entry 13). The addition of water as HBD proved very 

beneficial also in this case, leading to a more than four-fold increase in activity, though the 

achieved cyclic carbonate yield is still moderate under the employed conditions (Table 2, 

entry 14). 

In the reactions carried out in the presence of water in combination with either Bu4NI or 

PPNI, small amounts of diol as side product were typically observed. The amounts were 

negligible in the synthesis of 1,2-hexene carbonate or cyclohexane carbonate and very small 

in the synthesis of propylene carbonate (e.g. Yielddiol = 0.26 % in entry 4, Table 2), whereas a 

relatively larger amount of diol was observed in the synthesis of styrene carbonate, 
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particularly in the tests employing a lower catalyst:HBD ratio (e.g. Yielddiol = 0.38 % in 

Figure 2, 10 bar; Yielddiol = 1.3 % in entry 7, Table 1). Diols can also act as hydrogen bond 

donors and thus cooperate with water in promoting the activity of the organic iodide catalysts. 

To investigate the contribution of diols as HBDs, we performed the reaction of propylene 

oxide with carbon dioxide using Bu4NI as catalyst under our standard conditions but with the 

addition of 0.5 mol % of propylene glycol and without adding water. The results show that the 

diol indeed promotes the activity of Bu4NI (31% cyclic carbonate yield against 9% without 

any HBD, compare Table S4 in the Supporting Information with entry 3 in Table 2). On the 

other hand, the observed increase in yield is considerably lower compared to that achieved in 

the presence of water (55%, see entry 4 in Table 2). This result, in combination with the fact 

that the diol only forms gradually during the reaction and that the yield of diol in the test with 

water as HBD reached half of the amount used in this control experiment, indicates that the 

increased activity in the reaction between propylene oxide and CO2 (from 9 to 55%) should be 

ascribed mainly to the role of water as hydrogen bond donor and only to a lesser extent to the 

formation of the diol. In the reaction between 1,2-epoxyhexane and CO2 (entry 8, Table 2), no 

diol was observed and the increase in activity compared to the reaction without water (entry 7, 

Table 2) is thus solely due to the role of water as hydrogen bond donor. On the other hand, in 

the reactions between styrene oxide and CO2 in which lower catalyst: H2O ratio was 

employed (Table 1, entries 7-11), the relatively larger amount of diol formed is most likely 

contributing significantly to the observed increase in activity when water is added to the 

system.  

 Finally, we performed catalytic tests with 1,2-epoxyhexane and propylene oxide as 

substrates, and employing a higher loading of Bu4NI (3 mol%) in the presence of water as 

hydrogen bond donor, with the purpose of achieving high cyclic carbonate yields. The 

experiment with 1,2-epoxyhexane proved that the use of water as hydrogen bond donor 

allows reaching virtually full conversion while preserving complete selectivity towards the 

cyclic carbonate product in the reaction with CO2 at 60°C (Entry 1, Table 3). The test with 

Table 3. Cycloaddition of CO2 to epoxides using Bu4NI as catalyst (3 mol %) with water as HBD.  

Entry Substrate H2O amount (mL) Reaction T (°C) Yield [%][a] Selectivity [%][a] 
1 1,2-Epoxyhexane  0.05 60 98 ≥ 99 
2 Propylene oxide - 25 17 ≥ 99 
3 Propylene oxide 0.10 25 85 ≥ 99 

Reaction conditions: 20 mmol of epoxide, 3 mol % of Bu4NI catalyst relative to the epoxide, H2O as HBD, 1.5 
mmol of mesitylene as internal standard, 10 bar CO2, 48 h. [a] Yield and selectivity based on 1H NMR data. 
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propylene oxide demonstrated that in the presence of water as HBD a remarkable 85% 

conversion with 2 full selectivity towards propylene carbonate was achieved at room 

temperature, compared to only 17% conversion if the reaction was carried out without adding 

water (Compare entries and 3, Table 3). These results are relevant and promising in the 

perspective of a large-scale exploitation of our catalytic system. 

 

2.4. Conclusion 

In this work, we showed that the most sustainable and least expensive hydrogen bond donor, 

i.e. water, can effectively promote the activity of organic iodide catalysts (i.e. Bu4NI and 

PPNI) in the reaction of CO2 with a variety of epoxides to produce the corresponding cyclic 

carbonates with excellent selectivity under very mild conditions (25-45 °C, p(CO2) = 10 bar). 

To achieve these results, it was crucial to tune carefully the amount of water relative to the 

epoxide, the nature of the anion and cation constituting the organic halide catalyst and the 

remaining reaction conditions. Between the two organic iodide catalysts, Bu4NI proved to be 

in general slightly less active than PPNI under the same conditions, but its higher solubility in 

the reaction mixture, lower cost and lower toxicity [49] make it a more attractive choice for 

upscaling.  

When the catalytic tests were performed at 45 °C, the addition of water led to an increase 

of the cyclic carbonate yield by a factor two when styrene oxide was used as substrate, and to 

even more notable improvements with other epoxides (propylene oxide, 1,2-epoxyhexane and 

cyclohexene oxide). These differences as a function of the epoxide employed as substrate 

indicate that the behaviour of the catalytic system obtained upon addition of water is rather 

complex. In all cases, the presence of water enhances the catalytic performance mainly by 

acting as hydrogen bond donor, though with some epoxides (particularly with styrene oxide) 

it can also promote the formation of small amounts of diol, which in turn acts as an additional 

hydrogen bond donor. Another important parameter affected by the nature of the epoxide is 

the solubility of the organic halide catalyst in the reaction mixture. When, as with 1,2-

epoxyhexane, the low solubility of PPNI limits the catalytic performance, the addition of a 

cyclic carbonate as solvent proved to be an efficient strategy to solubilise the organic halide 

and thus boost the catalytic activity. 

Our study showed that for achieving the desired enhancement of the catalytic activity, 

significantly larger molar loadings of H2O are needed compared to those required with the 
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most effective organic hydrogen bond donors (e.g. phenol, gallic acid, and ascorbic acid). 

However, the lower efficiency of water as HBD is compensated by its assets, which include 

its environmental benign nature, its very low cost and its easier separation from the cyclic 

carbonate products, which can be achieved by exploiting either the formation of a biphasic 

system (in the case of styrene carbonate and 1,2-hexene carbonate) or the relatively low 

boiling point of water (in the case of propylene carbonate). Additionally, we demonstrated 

that using water as hydrogen bond donor in combination with Bu4NI allows reaching very 

high yields of propylene carbonate at room temperature and to achieve virtually full 

conversion of 1,2-epoxyhexane with complete selectivity towards the cyclic carbonate (at 

60°C). All these features, in combination with the upscalability of the system, demonstrate 

that water represents a more sustainable and more economically-viable alternative to the use 

of organic hydrogen bond donors as promotors for the catalytic fixation of CO2 into cyclic 

carbonates under mild conditions.  
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2.6. Supporting Information 

Preparation of bis(triphenylphosphine)iminium iodide salts (PPNI)[1]  

3 g of PPNCl were dissolved in warm deionised water (30 ml) upon stirring at 65 °C. Then, a 

solution of KI (15 g) in warm water (30 ml) was added to the solution of PPNCl while stirring 

for 45 min at 65 °C, leading to precipitation of a white product. Then, the reaction mixture 

was placed into an ice bath for 1 h, and the solid product was recovered by filtration on a 

sintered-glass Buchner funnel. Next, the product was dissolved in acetonitrile (30 ml), and 

magnesium sulphate was added as a drying agent. Then, the hydrated magnesium sulphate 

was removed by filtration on the Buchner funnel, and the solvent was removed from the 

filtrate by rotary evaporation to obtain a white-yellowish product. After this step, the product 

was washed three times with a mixture of acetone and diethyl ether (1:1) to remove any 

impurities and then the product was placed in a vacuum oven at 70 °C for 48 h (3.2 g, 

corresponding to 92% yield). Elemental analysis (%) for PPNI: calculated: I = 19 wt%, found: 

I = 18.6 wt%. 

Synthesis of styrene carbonate on a large scale  

 

Scheme S1. Synthesis of styrene carbonate from CO2 and styrene oxide. 

 

A mixture of styrene oxide (1.81 mol, 217.9 g), Bu4NI (1 % loading, 6.55 g) and H2O (80 

mL) was placed into a stainless-steel reactor. Firstly, the reactor was closed and pressurised 

with 50 bar of CO2, and heated it up to 90 °C. During the heating, the pressure was increased 

to 70 bar, and then 10 bar of CO2 was added into the reactor to reach the desired pressure at 

80 bar, then the reaction was left at 90 °C for 24 h. After that, the reactor was opened, and the 

reaction mixture was transferred into a 500 mL beaker. An NMR sample was prepared by 

adding approximately 500 mg of CDCl3 to 50 mg of the reaction mixture (80 % yield of 

styrene carbonate was obtained, as shown by 1H-NMR, see Figure S1). 
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Figure S1. 1H-NMR spectrum of styrene carbonate after the reaction. 

 

Purification of styrene carbonate 

The purification was performed by liquid-liquid extraction (ethyl acetate-water). In the first 

step, the styrene carbonate was dissolved in ethyl acetate (500 mL) and then was washed five 

times with deionised water (500 mL) to remove the Bu4NI catalyst. In each washing step, the 

organic phase was separated from the mixture using a separation funnel, and then the organic 

solvent was removed by rotary evaporation. After this step, the product was collected and 

placed into a vacuum oven at 75 °C for 48 h, to obtain 170 g of styrene carbonate as a light 

brown solid with 100 % purity, as shown by 1H-NMR (see Figure S2).  

 

 

 

 

 

 

 

 

 

 

 

Figure S2. 1H-NMR spectrum of styrene carbonate after purification. 
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Synthesis of 1,2-hexene carbonate on a large scale 

Bu4NI  / H2O
CO2

95 bar / 90 oC / 36h

100 %

O
OO

O

 

Scheme S2. Synthesis of 1,2-hexene carbonate from CO2 and 1,2-epoxyhexane.  

 

A mixture of 1,2-epoxyhexane (1.546 mol, 103.2 g), Bu4NI (1 mol %, 3.725) and H2O (20 

mL) was added into a stainless-steel reactor. The reactor was closed and purged first with 50 

bar of C O2 and then heated it up to the desired temperature. During this step, the CO2 

pressure increased to 95 bar. Then, the reaction was left for 36 h at 90 °C. Finally, the reactor 

was opened, the reaction mixture was placed into a 500-mL beaker, and an NMR sample was 

prepared by adding approximately 500 mg of CDCl3 to 50 mg of the reaction mixture (100 %  

yield was obtained, as shown for 1,2-hexene carbonate by 1H-NMR, see Figure 3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. 1H-NMR spectrum of 1,2-hexene carbonate after the reaction. 
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Purification of 1,2-hexene carbonate 

The purification was carried out by liquid-liquid extraction (diethyl ether-water). The 1,2-

hexene carbonate was first washed five times with deionised water (150 mL) to remove the 

Bu4NI catalyst. However, the Bu4NI catalyst was not completely removed during the 

extraction with water. Therefore, activated carbon (5 g) and diethyl ether (150 mL) were 

added into the reaction mixture as a final step to remove the residual catalyst. Then, the 

activated carbon was removed by filtration on a Buchner funnel, and the solvent was removed 

by rotary evaporation. Next, the product was placed into a vacuum oven at 70 °C for 48 h, to 

obtain 120 g of 1,2-hexene carbonate as a light green liquid with 100 % purity, as proven by 
1H-NMR (see Figure S4).   

 

 

Figure S4. 1H-NMR spectrum of 1,2-hexene carbonate after purification. 
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Figure S5. Effect of the addition of styrene carbonate or propylene carbonate as a solvent in the 
reaction of CO2. with styrene oxide or propylene oxide, respectively. Reaction conditions: 20 mmol of 
styrene oxide or propylene oxide, 2 mol % of PPNI relative to the epoxide, water (0.05 mL), 45 °C, 10 
bar, 18 h. The yield of the cyclic carbonate was calculated by subtracting the amount of cyclic 
carbonate added as a solvent from the total amount of carbonate measured at the end of the reaction. 
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Table S1. Solubility of PPNI and Bu4NI in the reaction mixtures with different epoxides 

Entry Substrate Catalyst 
Water 
(mL) 

Solubility of the organic halide catalyst 
Before reaction  45 °C a After reaction  

1 Styrene oxide 

PPNI 

0 partially soluble / turbid partially soluble / turbid soluble b 
2 Styrene oxide 0.05 partially soluble / turbid partially soluble / turbid soluble b 
3 Propylene oxide 0 largely insoluble largely insoluble largely insoluble 
4 Propylene oxide 0.05 largely insoluble largely insoluble soluble c 
5 1,2-Epoxyhexane 0 largely insoluble largely insoluble largely insoluble 
6 1,2-Epoxyhexane 0.05 largely insoluble largely insoluble largely insoluble 
7 Styrene oxide 

Bu4NI 

0 soluble soluble soluble b 
8 Styrene oxide 0.05 soluble soluble soluble b 
9 Propylene oxide 0 partially soluble partially soluble soluble c 

10 Propylene oxide 0.05 soluble soluble soluble c 
11 1,2-Epoxyhexane 0 largely insoluble largely insoluble largely insoluble 
12 1,2-Epoxyhexane 0.05 largely insoluble largely insoluble soluble b 
13 Cyclohexene oxide d 0 largely insoluble largely insoluble largely insoluble 
14 Cyclohexene oxide d 0.05 largely insoluble largely insoluble soluble b 

Conditions: 20 mmol of epoxide, 1 mol % loading of catalyst, 10 bar, 45 °C, 18 hours, 1.5 mmol of mesitylene. [a] All 
samples were left under stirring for 15 min at 45 °C. [b] In the organic phase (see Table S3). [c] In the monophasic reaction 
mixture (see Table S3). Note: largely insoluble means that no solubility was observed visually. [d] 3 mol % loading of 
catalyst. 
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Table S3. Miscibility of water with different epoxides and cyclic carbonates  
Substrate Water (0.05 ml) 

25 °C 45 °C a 
Styrene oxide Two phases Two phases 

Propylene oxide One phase One phase 
1,2-Epoxyhexane Two phases Two phases  

Styrene carbonate Not measured b Two phases 

Propylene carbonate One phase One phase 

1,2-hexene carbonate Two phases Two phases  

Conditions: 20 mmol of epoxide or cyclic carbonate, 0.05 mL of water. [a] The samples were stirred for 15 
min at 45 °C. [b] Styrene carbonate is a solid at 25 °C (whereas it is a liquid at 45 °C). 

Table S4. Effect of using propylene glycol (1,2-propanediol) as HBD on the reaction of propylene oxide with CO2 
using Bu4NI as catalyst. 

Substrate Catalyst / HBD 
Water amount 

(mL) 
Yield % a Selectivity % a 

Propylene oxide NBu4I / 1,2-propanediol 0 31 ≥ 99 
Reaction conditions: 20 mmol of propylene oxide, 1 mol % of  NBu4I catalyst relative to the epoxide, 0.5 mol % of  
propylene glycol relative to the epoxide, 1.5 mmol of mesitylene as internal standard, 45°C, 10 bar CO2, 18 h. 
[a] Yield and selectivity based on 1H NMR data. 

Table S2.  Solubility of PPNI and Bu4NI in different cyclic carbonates 

Entry Cyclic carbonate 
Minimum amount of cyclic carbonate needed to achieve complete 

dissolution of the organic halide salt within 3 min 
Bu4NI  PPNI 

1 Propylene carbonate 0.4 g (3.9 mmol) 1.2 g (11.8 mmol) 

2 1,2-Hexene carbonate 0.6 g (4.2 mmol) 2.8 g (19.4 mmol) 

3 Styrene carbonate Not measured a 0.5 g (3 mmol) 

Conditions: 0.2 mmol of the organic halide, stirring at 45 °C for 3 min. [a] Bu4NI is soluble in styrene oxide: 
therefore, the addition of styrene carbonate is not necessary.  
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Figure S6. The high-throughput CO2 reactor used to carry out the catalytic tests. 
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Chapter 3 
Efficient and easily reusable metal-free heterogeneous catalyst beads for the 
conversion of CO2 into cyclic carbonates in the presence of water as 
hydrogen bond donor 

 

 

This chapter was published as: 

Alassmy, Y. A.; Asgar Pour. Z.; Pescarmona, P. P. Efficient and easily reusable metal-free 
heterogeneous catalyst beads for the conversion of CO2 into cyclic carbonates in the presence 
of water as hydrogen bond donor, ACS Sustainable Chem.Eng. 2020, 8, 7993−8003. 
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Abstract  

Two macroporous Amberlite resin beads consisting of ammonium-functionalised  polystyrene 

cross-linked with divinylbenzene, were demonstrated to be efficient, easily recyclable and 

viable metal-free heterogeneous catalysts for the reaction of CO2 with epoxides into cyclic 

carbonates. The catalysts were prepared from two affordable, commercially available resin 

beads, which differ in the nature of their functional groups, i.e. trimethyl ammonium chloride 

or dimethyl ethanol ammonium chloride. These materials were converted through a 

straightforward ion-exchange step into their iodide counterparts (Amb-I-900 and Amb-OH-I-

910). The ion-exchanged resin beads were tested as heterogeneous catalysts for the reaction of 

CO2 with styrene oxide at different reaction conditions (45-150 °C, 2-60 bar of CO2, 3-18 h). 

The effect of the presence of water as a hydrogen bond donor in combination with a 

heterogeneous catalyst was systematically investigated here for the first time. With both 

catalysts, the presence of water led to higher yields of cyclic carbonate product (from 12 to 

58% with Amb-I-900 and from 59 to 66% with Amb-OH-I-910; ≥ 98% selectivity). The 

highest catalytic activity was observed with Amb-OH-I-910 catalyst due to the presence of -

OH groups in its active site, which together with water enhanced the catalytic activity through 

hydrogen bonding interactions. This catalytic system attained higher turnover numbers and 

turnover frequencies (TON = 505, TOF = 168 for reaction at 150 °C) and improved cyclic 

carbonate productivity compared to the state-of-the-art supported polymeric bead catalysts 

and was active in catalysing the synthesis of styrene carbonate also at low temperature (33% 

yield at 45 °C and 10 bar CO2). Additionally, the Amb-OH-I-910 proved to be a versatile 

catalyst for the conversion of a variety of epoxides into their corresponding cyclic carbonates 

with good to excellent yields and very high selectivity (≥ 98%). The two polymeric bead 

catalysts could be easily recovered and reused without significant loss in their activity and 

thus represent an easily accessible, environmentally friendly, cost-effective catalytic system 

for the synthesis of cyclic carbonates from CO2. 
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3.1. Introduction  

The conversion of carbon dioxide into valuable chemicals is considered a promising 

sustainable approach to decrease the concentration of this greenhouse gas in the atmosphere, 

although it should be noted that, to achieve a significant impact in this sense, most likely a 

variety of products should be targeted including both bulk and fine chemicals. A second 

aspect that has stimulated the investigation of the conversion of CO2 both at academic and 

industrial level is its combination of low-toxicity, availability, low cost and renewability, 

which make it a very attractive C1-feedstock.[1],[2] On the other hand, the conversion of CO2 is 

rather challenging due to its high thermodynamic stability (ΔG0 = -394 kJ/mol). To overcome 

this issue, CO2 could be reacted with molecules such as hydrogen, amines or epoxides, which 

lead to a negative Gibbs energy of reaction.[3–6] Particularly, the cycloaddition of CO2 to 

epoxides has received increasing attention in the last decades due to the widespread 

applications found by the cyclic carbonate products, which can be utilized as green solvents, 

precursors for the production of polycarbonates, electrolytes in Li-ion batteries, and 

intermediates in organic synthesis.[7–10] The use of a catalyst is crucial to achieve high reaction 

rates in the reaction of CO2 with epoxides, ideally under mild conditions.[11] With particular 

attention to metal-free catalysts, various homogeneous catalysts have been investigated for the 

chemical fixation of CO2 into cyclic carbonates, such as quaternary ammonium salts,[12–14] 

quaternary phosphonium salts,[15],[16] and ionic liquids (ILs).[17–19] However, one of the major 

intrinsic drawbacks of homogeneous catalytic systems is the complicated and costly 

separation of the catalyst from the reaction mixture.[3] To overcome this drawback, a variety 

of heterogeneous counterparts of the homogeneous catalysts have been developed for this 

reaction, in which the active species of homogeneous organic catalysts are immobilised in a 

solid matrix, such as in a polymer (either by functionalisation of a polymer [20–23] or by 

polymerisation of the active species),[24–27] or by functionalisation of high surface area silica 
[28–30] or carbon-based materials (see Tables S1-3 for an overview of the state-of-the-art metal-

free heterogeneous catalysts).31–36 Among these catalysts, those based on functionalised  

cross-linked polymers typically consist of polystyrene cross-linked with divinylbenzene or of 

polydivinylbenzene cross-linked polymer, grafted with diverse functional groups such as 

ammonium halides and imidazolium-based ionic liquids, in which the halides are the active 

catalytic sites acting as nucleophiles.[37] An efficient approach to increase the activity of these 

polymer-supported catalysts is to introduce hydrogen bond donor (HBD) groups - such as 

hydroxyls, carboxyls or amines - in their active sites.[38] These HBDs have been proposed to 
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activate the oxygen of the epoxide through hydrogen bond interactions in a similar way to 

Lewis acidic metal sites in metal complex catalysts, thus facilitating the nucleophilic attack by 

halides.[38–40] An additional advantage of these polymer-supported catalysts compared to other 

heterogeneous catalysts for the reaction of CO2 with epoxides is that they exist in the format 

of macroscopic beads (typically with a diameter of 100 to 800 µm), which is beneficial for 

their separation (if used in batch reactors) or for packing in a catalytic bed (if used in 

continuous reactors).[41] Although these metal-free polymer-supported catalysts are effective, 

they still suffer from one or more limitations such as multistep and expensive synthesis 

procedures, the need of harsh conditions (e.g. high temperature and pressure) or high catalyst 

loading to achieve high carbonate yields (see Table S1 for an overview).[37],[42] Therefore, the 

development of metal-free heterogeneous catalysts in bead format prepared through a 

straightforward, low-cost route and with high activity in the reaction of CO2 with epoxides in 

a wide range of temperatures (including mild conditions), good reusability, and easy 

separation is a relevant research target.  

Recently, we reported that water is an efficient, green and cheap hydrogen bond donor, 

which can efficiently boost the activity of organic halides (tetrabutylammonium iodide and 

bis(triphenylphosphine)iminium iodide) in catalysing the reaction of CO2 with epoxides into 

cyclic carbonates under mild conditions (even at room temperature).[12] In this work, we 

report for the first time the beneficial effect of water on the activity of ion-exchanged 

Amberlite resins as heterogeneous catalysts in the cycloaddition reaction of CO2 with 

epoxides, achieving high yield of cyclic carbonate with excellent selectivity in a wide range of 

conditions (45-150 °C, 2-60 bar of CO2, 3-18 h). The bead format led to easy separation of 

these catalysts, which showed good reusability in consecutive cycles. The most promising 

catalytic system identified in this work combines iodide as nucleophilic species, a hydroxyl 

group within the active site and water as additional hydrogen bond donor. This catalyst 

achieved remarkably high turnover number and turnover frequency (TON = 505, TOF = 168) 

in the conversion of styrene oxide at 150 °C and was also active at very mild conditions (45 

°C and 10 bar CO2). 
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3.2. Experimental section 

3.2.1. Materials  

1,2-Epoxyhexane (HO, 97% purity), styrene oxide (SO, 97% purity), propylene oxide (PO, 

99.5% purity), epichlorohydrin (ECP, ≥ 99% purity), allyl glycidyl ether (AGE, ≥ 99% 

purity), Cyclohexane oxide (CHO, 98% purity), potassium iodide (KI, ≥ 99% purity), 

potassium bromide (KBr, ≥ 99% purity), Amberlite IRA-900 chloride form (Amb-Cl-900), 

Amberlite IRA-910 chloride form (Amb-OH-Cl-910), mesitylene (98% purity), deuterated 

chloroform (CDCl3, > 99.6 atom %) as a solvent for 1H-NMR, were purchased from Sigma-

Aldrich and used without further purification. Acetone and ethanol solvents were purchased 

from Boom.B. V (technical grade).  

3.2.2. Catalyst Preparation 

Amb-I-900, Amb-OH-I-910 and Amb-OH-Br-910 were prepared by one-step ion-exchange 

reactions with potassium iodide (KI) or bromide (KBr). For Amb-I-900, 3 g of Amberlite 

IRA-900 resin beads in chloride form (3.83 mmolCl/g) was placed into a 100-mL one-neck 

round-bottom flask equipped with a magnetic stirrer and containing 30 mL of water. Then, a 

solution of KI (15 g, 90 mmol) in water (30 mL) was added into the reaction flask and left 

under stirring for 4 h at 65 °C. After this, the flask was cooled down in an ice bath, and then 

the resin beads were recovered by filtration on a sintered glass Büchner funnel. Next, the resin 

beads were washed with water (4*30 mL) and acetone (2*20 mL), and dried for 48 h at 70 °C, 

to obtain an Amberlite IRA-900 in iodide form (Amb-I-900). Elemental analysis for Amb-I-

900: I = 38.53 wt% (3.03 mmolI/g), Cl = 0.22 wt% (0.062 mmolCl/g). The Amb-OH-I-910 and 

Amb-OH-Br-910 catalysts were prepared from the Amberlite IRA-910 resin beads in chloride 

form (3.39 mmolCl/g) using a similar protocol as the one described above. Elemental analysis 

for Amb-OH-I-910: I = 27.89 wt% (2.19 mmolI/g), Cl = 0.25 wt% (0.071 mmolCl/g), and for 

Amb-OH-Br-910: Br = 24.87 wt% (3.11 mmolBr/g), Cl = 0.39 wt% (0.110 mmolCl/g). 

3.2.3. Catalyst Characterization 

The elemental analysis of the original and ion-exchanged resins was carried out at 

Mikroanalytisches Laboratorium KOLBE using Metrohm ion chromatography model IC 883 

Plus. The surface morphology of the resin beads was investigated by scanning electron 

microscopy (SEM) using Philips XL30 ESEM FEG. Due to the non-conductive nature of the 

beads, they were coated by gold prior to the SEM measurement. The thermogravimetric 

analysis (TGA) of the resin beads were carried out under air from 30 to 900 °C at 10 (°C / 
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min) using a thermogravimetric analyser TGA-4000. Fourier transform infrared (FT-IR) 

spectra were recorded on an IRTracer-100 spectrometer by averaging 64 scans with a spatial 

resolution of 2 cm-1. The CO2 adsorption experiments were carried out on a Micrometrics 

ASAP 2020 device at 298 K and 1 bar. 

3.2.4. Catalytic Tests  

The catalytic tests were carried out using a high-throughput reactor manufactured by 

Integrated Lab Solutions (ILS) and located at the University of Groningen, and described in 

detail in previous work from our group.[12],58 In each experiment, the epoxide (20 mmol), the 

resin bead catalyst (95 mg, 1-1.4% loading relative to the epoxide), distilled water (0.02 - 0.08 

mL) if employed, and mesitylene (1.5 mmol) as NMR internal standard were placed into a 

glass vial (46 mL volume, 30 mm external diameter) equipped with a magnetic stirring bar 

and closed with a screw cap containing a silicone/PTFE septum pierced with two needles for 

letting the CO2 gas enter and exit the vial. Next, the glass vial was taken into the selected 

batch reactor, and the reactor block was closed. After this step, a software was employed to 

control all protocols to reach the desired reaction conditions. First, the reactor was pressurised 

with 10 bar N2, depressurised, pressurised with 10 bar of CO2 and again depressurised to 

remove air. Then, the reactor block was pressurised with CO2 (to a lower pressure compared 

to the target), heated up to the desired temperature and finally further pressurised with CO2 (if 

needed) to reach the chosen pressure. After this, the reactor was kept under the selected 

conditions for 18 hours while stirring with a speed of 600 rpm. After 18 hours, the stirring 

was stopped, and the reactor was cooled down in 20 min and depressurised to ≤ 1 bar. Finally, 

the lid of the reactor block was opened, and the glass vial was taken to prepare an NMR 

sample by adding approximately 500 mg of CDCl3 to 50 mg of the reaction mixture. The 

epoxide conversion and carbonate yield and selectivity were calculated based on the 1H-NMR 

spectra obtained on a Varian Oxford 300 MHz or a Varian Mercury 400 MHz (see Figures 

S2-7 for representative spectra), using the following formulas:  

𝑬𝒑𝒐𝒙𝒊𝒅𝒆 𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 % 𝟏𝟎𝟎 
𝒎𝒐𝒍 𝒐𝒇 𝒓𝒆𝒎𝒂𝒊𝒏𝒆𝒅 𝒆𝒑𝒐𝒙𝒊𝒅𝒆

𝒎𝒐𝒍 𝒐𝒇 𝒄𝒚𝒄𝒍𝒊𝒄 𝒄𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆 𝒎𝒐𝒍 𝒐𝒇 𝒓𝒆𝒎𝒂𝒊𝒏𝒆𝒅 𝒆𝒑𝒐𝒙𝒊𝒅𝒆 𝒎𝒐𝒍 𝒐𝒇 𝒅𝒊𝒐𝒍,𝒊𝒇 𝒑𝒓𝒆𝒔𝒆𝒏𝒕
∗ 𝟏𝟎𝟎   

 

𝑪𝒚𝒄𝒍𝒊𝒄 𝑪𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆 𝒀𝒊𝒆𝒍𝒅 %
𝒎𝒐𝒍𝒆 𝒐𝒇 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 

𝒎𝒐𝒍 𝒐𝒇 𝒄𝒚𝒄𝒍𝒊𝒄 𝒄𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆 𝒎𝒐𝒍 𝒐𝒇 𝒓𝒆𝒎𝒂𝒊𝒏𝒆𝒅 𝒆𝒑𝒐𝒙𝒊𝒅𝒆 𝒎𝒐𝒍 𝒐𝒇 𝒅𝒊𝒐𝒍,𝒊𝒇 𝒑𝒓𝒆𝒔𝒆𝒏𝒕 
∗ 𝟏𝟎𝟎   

 

𝑪𝒚𝒄𝒍𝒊𝒄 𝑪𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆 𝑺𝒆𝒍𝒆𝒄𝒕𝒊𝒗𝒊𝒕𝒚 %
𝑪𝒂𝒓𝒃𝒐𝒏𝒂𝒕𝒆 𝒀𝒊𝒆𝒍𝒅 

𝑬𝒑𝒐𝒙𝒊𝒅𝒆 𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 
∗ 𝟏𝟎𝟎 %  
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in which the moles of epoxide, cyclic carbonate and diol (if present) were obtained based on 

the integration of the respective peaks relatively to the integration of the peaks of the internal 

standard. The use of the internal standard allowed us to calculate the mass balance for all the 

catalytic tests. The mass balance was in the range of 98-100% in all experiments except those 

employing propylene oxide as a substrate, in which case the mass balance was in the range of 

85-91%, because this epoxide is highly volatile even at room temperature and can thus 

partially evaporate during the purging of the reactor before the catalytic test and/or during the 

depressurization step at the end of the test. These high mass balance values imply that 

calculating the conversion and yield values based on the measured moles of epoxide and 

products at the end of the reaction (see formulas above) is a reliable approach.  

Selected catalytic tests were performed in duplicate, showing a high degree of reproducibility 

of the obtained cyclic carbonate yields (with the variation between the two yield values being 

within 2%).  

Note: it is worth mentioning that the stirring speed we adopted in these tests (600 rpm) is 

slightly lower compared to what typically used in these reactors (900 rpm).[12] This is 

motivated by the observation of a partial mechanical deterioration of the Amb-OH-I-910 resin 

beads if the stirring speed was 900 rpm, as evidenced by the presence of a small amount of 

white-yellowish particles on the vial walls and bottom at the end of the catalytic tests with 

different epoxides. This issue was solved by changing the stirring speed from 900 to 600 rpm. 

A control test demonstrated that under the employed reaction conditions, the catalytic results 

were the same at 900 or 600 rpm, but in the latter case the resin beads remained intact. 

3.2.5. Catalyst Recycling 

After the reaction, 20 mL of ethanol was added into the glass vial that contains the reaction 

mixture and left under stirring for 5 minutes, to wash and remove the product (cyclic 

carbonate) and other components from the resin beads catalyst. Then, the mixture was easily 

removed with a 150 mm capillary glass pipette. Following a similar protocol, the catalyst was 

washed with ethanol (2*20 mL) and acetone (1*20 mL) to further remove possible residues of 

impurities. After this, the glass vial containing the catalyst was placed into a vacuum oven at 

70 °C for 48 h and then was used in the next run.  

3.2.6. Catalyst Regeneration Procedure  

After the first washing step with 20 mL of ethanol (see previous section) and removal of the 

solution with a capillary glass pipette, the resin beads catalyst was washed with a solution 

prepared by dissolving KI (0.5 g) in water (3 mL). The beads were kept in suspension in this 
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aqueous solution of KI while stirring at 65 °C for 4 h. Next, the same solution was recovered 

with a glass pipette and kept to be used for the regeneration step after the next run. After this, 

the catalyst was washed with water (3*20 mL) and acetone (2*20 mL). Finally, the glass vial 

containing the catalyst was transferred into a vacuum oven at 70 °C for 48 h and then was 

used for the next run.   

3.3. Results and discussion 

Two Amberlite resin bead catalysts in iodide form were prepared by one-step ion-exchange of 

Amberlite IRA 900 and 910 resins in Cl- form (Scheme 1). The parent resins consist of 

polystyrene cross-linked with divinylbenzene, functionalised  with either trimethyl 

ammonium chloride groups (IRA 900) or dimethyl ethanol ammonium chloride groups (IRA 

910). Both resins are commercially available and exist in the form of macroscopic beads with 

an approximate size distribution between 500 and 800 µm (Figure S1). Their ion 

exchangeability, high mechanical and thermal stability, the bead format and the related 

versatility for application in different reaction modes (batch reactors or continuous fixed-bed 

reactors),[41] are attractive features for application as heterogeneous catalysts for the reaction 

of carbon dioxide with epoxides. Ion-exchange of the parent resin beads with an aqueous 

solution of KBr or KI led to the nearly quantitative substitution of all the chloride ions with 

either bromide (Amb-OH-Br-910, 97% ion-exchange efficiency) or iodide ions (Amb-I-900, 

98% ion-exchange efficiency; Amb-OH-I-910, 97% ion-exchange efficiency), as shown by 

elemental analysis with ion chromatography (see Experimental Section for details). The ion-  

 

Scheme 1. Synthesis of the Amb-I-900 and Amb-OH-I-910 catalysts in bead format by ion-exchange of the 
polystyrene divinylbenzene resin beads IRA-900 and IRA-910. 
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exchange treatment did not affect the bead format of the resin, as shown by SEM analysis 

(compare Figure 1.A and C with Figure S1). This type of macroscopic resin beads is typically 

characterised by an inner porous structure, which enables the diffusion of molecules within 

the polymeric matrix.[43]  This feature was visualised by SEM analysis (Figure 1. B and D and 

Figure S1), which highlighted the presence of pores with irregular, often elongated shapes  

Figure 1. SEM images of Amb-I-900 (A: the whole beads; B: the surface), and Amb-OH-I-910 (C: the 
whole beads; D: the surface). 

ranging from the meso- to the macro-scale (25 to 600 nm) with an average pore size of 121 

nm. The CO2 adsorption capacity of Amb-I-900 and Amb-OH-I-910 was estimated to be 22 

and 12 mgCO2 g
-1,respectively, based on the adsorption isotherms measured at 298 K (Figure 

2). The lower CO2 uptake obtained with Amb-OH-I-910 is most likely ascribed to the bulkier 

ammonium group in Amb-OH-I-910 compared to Amb-I-900 (Scheme 1). FT-IR analysis was 

also carried out for both materials. The spectra and the assignment of the major peaks can be 

found in the Supporting Information (Figure S11 and S12). The thermal stability of the ion-

exchanged Amb-I-900 and Amb-OH-I-910 resin beads was investigated by thermogravimetric 

analysis (TGA, Figure 3). For both types of resin beads, the TGA curve shows a small weight 
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loss (4-5%) in the range of 50-120 °C, which is attributed to the removal of physisorbed 

water. No further weight loss is observed up to ca. 200 °C, after which a major weight loss in 

two steps is observed, due to the combustion of the organic polymer structure of the materials. 

Based on this TGA analysis, the resin beads should be able to operate as catalysts also at 

relatively high temperature (in this work, 150 °C was chosen as the highest reaction 

temperature). 

 

 

Figure 2. CO2 adsorption isotherms (298 K) of Amb-I-900 and Amb-OH-I-910. 

 

 

Figure 3. Thermal gravimetric analysis (TGA) of Amb-I-900 and Amb-OH-I-910 under air in the 
30-900 °C temperature range. 
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The first target of this work was to investigate whether the presence of an inexpensive 

hydrogen bond donor (HBD) as water could promote the catalytic activity of metal-free 

heterogeneous catalysts for the reaction of CO2 with epoxides to produce cyclic carbonates. 

For this purpose, catalytic tests were performed at 80 °C, 10 bar of CO2, 18 h, using styrene 

oxide as a substrate, a resin bead as catalyst (Amb-I-900 or Amb-OH-I-910) and, optionally, 

with 0.02 mL H2O (1.1 mmol) as HBD (Table 1). Under these conditions, the presence of 

water as HBD proved extremely beneficial in enhancing the catalytic activity of Amb-I-900, 

as shown by the remarkable increase in the yield of styrene carbonate (SC) from 12% in the 

absence of water (Table 1, entry 1) to 44% in the presence of 0.02 mL of water (Table 1, entry 

2). This result proves the effectiveness of water as hydrogen bond donor in boosting the 

activity of iodide-based heterogeneous catalysts in the fixation of CO2 into cyclic carbonates, 

in line with the behaviour reported recently by our group for homogeneous catalytic systems 

(i.e. tetrabutylammonium and bis(triphenylphosphine)iminium iodide).[12],[44] If the active site 

of the catalyst already contains a hydrogen bond donor as in the case of Amb-OH-I-910 

(Scheme 1), the intrinsic activity of the catalyst is much higher compared to Amb-I-900 

(compare entry 3 and 1). Also, with the Amb-OH-I-910 catalyst, the presence of water as 

additional HBD enhances the activity, though in this case the effect is much less marked, 

passing from 58 to 65% styrene carbonate yield (entry 3 and 4 in Table 1). This indicates a 

cooperative action of water and of the -OH group within the active site in promoting the 

activity of the iodide-based catalyst (Scheme 2). The expected mechanism for the reaction of 

CO2 with an epoxide to produce cyclic carbonate catalysed by our metal-free polymer 

supported catalyst with the cooperation of water as HBD involves the initial activation of the 

epoxide through hydrogen bond interactions (Scheme 2, step 1), which activates the epoxide 

towards the ring-opening by iodide (step 2).[12,13,27,39,40,44,45] Then, the insertion of CO2 occurs 

(step 3), creating a carbonate ion intermediate, which undergoes intramolecular ring closure 

leading to the cyclic carbonate product and restoring the catalytic site (step 4). 

In order to study the effect of the nature of the halide anion on the catalytic activity, the 

performance of Amb-OH-I-910 was compared to its counterparts with bromide and chloride 

as anion, either with or without water as HBD. The balance between nucleophilicity and 

leaving ability of the halide generally plays a crucial role in defining the overall activity of the 

catalysts for the reaction of CO2 with epoxides.[3] When the Amb-OH-X-910 catalysts (X = 

Cl, Br or I) were tested without adding water, the order of activity as a function of the halide 

anion was I- > Br- > Cl- (Table 1, entries 3, 5 and 7). Since iodide is the best leaving group 
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Scheme 2. Proposed mechanism for the cycloaddition reaction of CO2 to epoxide over Amb-OH-I-910 
in the presence of water. Although for the sake of clarity the scheme is drawn with only one water 
molecule interacting with the active site of Amb-OH-I-910, it should be noted that in principle several 
water molecules can interact with each active site, forming a more extensive H-bond network. 

 

between the three halides, this trend indicates that under the employed conditions the ring-

closure step (see Scheme 2) is the rate-determining step.[44],[46] When the same catalysts were 

tested in the presence of water as additional HBD, the same general order of activity was 

observed (Table 1, entries 4, 6 and 8). However, if we compare the impact of using water as 

additional HBD with the different halides, we can observe that water is beneficial to the 

catalytic activity with iodide, neutral with bromide and detrimental with chloride. A similar 

trend was observed when using tetrabutylammonium halides as homogeneous catalysts for the 

same reaction,[12] and can be explained on the basis of the different magnitude of the shielding 

effect caused by water on each of the halides. Water molecules are protic and will thus tend to 

arrange around the halide anions with the partially positively charged hydrogens directed 

towards the halide. This causes a shielding effect that increases with the strength of the base 

(i.e. I- < Br- < Cl-).[47] In the case of the iodide-based catalyst, the shielding effect is the 

smallest and the beneficial role of water as HBD is the dominant factor, leading to the 

observed increase in catalytic activity (Table 1, entry 3 vs. 4). On the other hand, with the 

chloride-based catalyst the shielding effect of water is the strongest and the consequent 

decrease of the nucleophilicity of the chloride overshadows the positive effect of water as 

HBD, leading to the observed overall decrease in activity (Table 1, entry 7 vs. 8).[12,44] In all 

the tests reported in Table 1, very high selectivity towards the cyclic carbonate product was 
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observed (≥ 98%), with no side products observed for the tests carried out without adding 

water and very small amounts of styrene glycol (< 2%) as side product in the tests with 0.02 

mL of water, as a consequence of hydrolysis of the epoxide ring.  

 

The beneficial effect of water as HBD on the activity of the iodide-based catalysts was 

further investigated by screening different amounts of water in combination with Amb-I-900 

in the synthesis of styrene carbonate at 80 °C, 10 bar of CO2, and 18 h (Figure 4). The results 

demonstrated that an optimum is reached by increasing the relative amount of water to 0.05 

mL,which leads to 58% styrene carbonate (SC) yield, compared to 10% when no water was 

added, and 44% in the presence of 0.02 mL H2O. A further increase in the amount of water 

(0.08 and 0.1 mL) proved detrimental, probably because an excess of water would tend to fill 

the pores around the hydrophilic ammonium groups, thus hindering the access of the 

relatively apolar epoxide to the active sites and leading to the observed decrease in the activity 

of the Amb-I-900 catalyst. When a similar study of the effect of the amount of water added as 

HBD was carried out with Amb-OH-I-910 as the catalyst, the optimum amount of water was 

found to be 0.02 mL, with only minor variations in activity as a function of the amount of 

water added in the range 0.01-0.05 mL (Figure S8). It is worth mentioning that the difference 

in optimum amount of water acting as HBD between Amb-I-900 and Amb-OH-I-910 is most 

likely related to the fact that the active site of Amb-OH-I-910 already contains an HBD 

(Scheme 1). 

Table 1.  Screening of Amb-I-900 and Amb-OH-I-910 catalysts for the reaction of CO2 with styrene oxide into 
styrene carbonate, with or without the addition of water as HBD. 

Entry Catalyst Water (mL) T (°C) Yield (%) a Selectivity (%) 
a 

TON b TOF c Productivity (h-1) d 

1 Amb-I-900 0 80 12 ≥ 99 8 0.4 0.2 
2 Amb-I-900 0.02 80 44 ≥ 99 32 2 1 
3 Amb-OH-I-910 0 80 59 ≥ 99 58 3 1 
4 Amb-OH-I-910 0.02 80 66 98 64 4 1 
5 Amb-OH-Br-910 0 80 25 ≥ 99 18 1 0.5 
6 Amb-OH-Br-910 0.02 80 25 98 18 1 0.5 
7 Amb-OH-Cl-910 0 80 13 ≥ 99 8 0.4 0.3 
8 Amb-OH-Cl-910 0.02 80 6 90 4 0.2 0.1 

Reaction conditions: styrene oxide (20 mmol), Amb-I-900 and Amb-OH-X-910 catalysts (95 mg, with X = I, Br,
Cl), mesitylene (1.5 mmol) as NMR internal standard, 10 bar CO2, 18 h. [a] Yield and selectivity measured by
1H-NMR data. [b] Turnover number, defined as molcyclic carbonate/molhalide, [c] TOF = TON/h, [d] Productivity, 
defined as (gramcyclic carbonate/gramcatalyst)/h.  
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Figure 4. Effect of the amount of water employed as HBD on the catalytic activity of Amb-I-900 in 
the synthesis of styrene carbonate from CO2 and styrene oxide. Reaction conditions: 20 mmol of 
styrene oxide, 95 mg of Amb-I-900 (0.29 mmol I), 10 bar CO2, 80 °C, 18 h. 

With the purpose of optimising further the reaction conditions, the effect of CO2 pressure was 

evaluated using the Amb-I-900 catalyst in the presence of the optimum amount of H2O, i.e. 

0.05 mL (Figure 5). The highest yield of styrene carbonate was achieved in the range of 10-20 

bar of CO2, always with ≥ 98% selectivity. At lower CO2 pressure (2 bar), the styrene 

carbonate yield was dramatically lower (16%), with ≥ 91% selectivity. Such a drop in activity 

is ascribed to the lower amount of CO2 dissolved in the liquid phase containing styrene oxide, 

which under these conditions limits the reaction rate between CO2 and epoxide. At the same 

time, the rate of the hydrolysis of the styrene oxide into the glycol (which was the only side 

product) is most likely independent from the CO2 pressure, thus accounting for the observed  

 

Figure 5. Effect of CO2 pressure on the synthesis of styrene carbonate using a catalytic system 
consisting of Amb-I-900 and water as HBD. Reaction conditions: styrene oxide (20 mmol), Amb-I-
900 (95 mg), water (0.05 mL), 80 °C, 18 h. 
 
decrease in the selectivity towards the cyclic carbonate product. Too high a pressure of CO2 

(60 bar) was also not beneficial, causing a slight decrease in the catalytic activity, most likely 
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as a result of dilution of the reaction mixture, which decreases the probability of encounter 

between the epoxide molecules and the catalytic sites.[3,48] 

 
Next, we investigated the effect of the reaction temperature on the catalytic activity of the 

two heterogeneous catalysts Amb-OH-I-910 and Amb-I-910 (Table 2 and Figure S9). Most 

heterogeneous catalysts for the cycloaddition of CO2 to epoxides operate at relatively high 

temperature, typically in the 100-150 °C range.[37],[49] On the other hand, there is an increasing 

interest for catalysts that are able to convert CO2 into cyclic carbonate under mild conditions 

(e.g. T ≤ 60 °C and p ≤ 10 bar) and several homogeneous catalysts that are able to operate 

efficiently under such less energy-intensive conditions have been reported recently.[12,14,50,51] 

Here, we chose to explore a relatively wide range of reaction temperatures (45 to 150 °C), 

including an evaluation of the activity at high temperature but with very low catalyst loading 

or at low temperature but with relatively high catalyst loading. The Amb-OH-I-910 catalyst 

proved to be active at a very mild temperature for a metal-free heterogeneous system (45 °C), 

reaching 33% yield of styrene carbonate with 98% selectivity when employing a 3 mol% 

loading of iodide relative to the epoxide (Table 2, entry 1). The TON and TOF of our catalyst 

are superior to those of a previously reported metal-free heterogeneous catalyst in bead format 

tested at the same temperature (see Table S1). When the reaction temperature was increased 

from that used in the initial tests in this work (80 °C, Table 2, entry 2) to 100 °C while 

keeping the remaining conditions unaltered, very high yield of styrene carbonate could be 

achieved (93%, Table 2, entry 3). A further increase of the reaction temperature to 120 °C 

enabled to decrease the reaction time from 18 to 3 h while still reaching a high styrene 

carbonate yield (82%, Table 2, entry 4). Encouraged by these promising results, we decided to 

further increase the reaction temperature to 150 °C, while substantially decreasing the catalyst 

loading relative to the epoxide (0.07 mol%) and shortening the reaction time (Table 2, entry 

5). Remarkably, even under these challenging conditions the catalyst was able to achieve 36% 

yield of styrene carbonate, which corresponds to a very high turnover number (TON = 505), 

turnover frequency (TOF = 168) and productivity (63 h-1). These are the highest TON, TOF 

and productivity reported so far for the cycloaddition of CO2 to styrene oxide over metal-free 

heterogeneous catalysts in bead format (see Table S1 for an overview). When the same test 

was carried out in the absence of water as HBD, the TON decreased to 429 (Table 2, entry 6), 

indicating that water acts as promoter of the activity of the Amb-OH-I-910 catalyst also at 

higher reaction temperature. 
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Besides the catalysts in bead format discussed above (Table S1), several other metal-free 

heterogeneous catalysts in powder form have been developed and tested in the reaction of 

CO2 with epoxides (Table S2). The most active among these catalysts were synthesised by 

including a hydrogen-bond donor group within the structure and/or by maximising the surface 

area of the material. [44,52–55] These are elegant, effective strategies to increase the catalytic 

activity, but come at the expense of the applicability of these systems as their synthesis 

typically requires multiple steps (Table S2), thus increasing complexity and cost. It is worth 

noting that the performance of our optimum catalytic system (Amb-OH-I-910 with water as 

HBD) ranks well also among these catalysts, being surpassed only by few of them (Table S2). 
[44,56,57] On the other hand, our catalyst combines high activity with a significantly lower cost 

and the advantages of the bead format, making it a more viable and attractive option for 

upscaling and large-scale application.   

The influence of the reaction temperature on the cycloaddition reaction of CO2 with 

styrene oxide was also examined using the Amb-I-900 catalyst (1 mol% loading relative to 

the epoxide) in the presence of the optimum amount of water identified in the initial tests 

(0.05 mL, vide supra) at 10 bar of CO2 and 18 h (Figure S9). In line with logical expectations, 

the yield of styrene carbonate increased at higher reaction temperature. The selectivity 

towards the cyclic carbonate was 98% for reaction temperature up to 80 °C and decreased to 

96% for reaction at 100 or 120 °C, with styrene glycol being the only observed side product. 

It is worth noting that the catalytic activity of Amb-I-900 in combination with 0.05 mL of 

water as HBD at 100 °C (86% styrene carbonate yield with 96% selectivity) was only slightly 

inferior to that of Amb-OH-I-910 in the presence of 0.02 mL of water as HBD (Table 2, entry 

3) 

Table 2. The effect temperature on the cycloaddition of CO2 to styrene oxide using Amb-OH-I-910 catalyst with 
water. 
Entry Catalyst 

loading a 

Water 
(mL) 

T (°C) T 
(h) 

Yield 
(%) b 

Selectivity (%) 

b 
TON c TOF d 

 
Productivity (h-1) 

e  
1 3 mol% 0.02 45 18 33 98 11 0.6 0.2 
2 1 mol% 0.02 80 18 66 98 64 4 1 
3 1 mol% 0.02 100 18 93  97 90 5.1 2 
4 1 mol% 0.02 120 3 82 96 164 55 9.3 
5 0.07 mol% 0.02 150 3 36 96 505 168 63 
6 0.07 mol% 0 150 3 31 98 429 143 54 

Reaction conditions: styrene oxide (20 mmol in entries 1-4, 60 mmol in entries 5-6), Amb-OH-I-910 catalyst 
(285 mg in entry 1; 95 mg in entries 2-4; 19 mg in entries 5-6), mesitylene (1.5 mmol) as NMR internal standard, 
10 bar CO2. [a] mol% of iodide relative to the epoxide. [b] Yield and selectivity measured by 1H-NMR data. [c] 
Turnover number, defined as molcyclic carbonate/molhalide, [d] TOF = TON/h. [e] Productivity, defined as (gramcyclic 

carbonate/gramcatalyst)/h.   
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The substrate scope of our optimum catalytic system consisting of Amb-OH-I-910 

assisted by H2O as HBD was evaluated by performing the reaction of CO2 with a variety of 

epoxides at 80 °C (Table 3). Good to excellent yields were achieved, and the selectivity 

towards the cyclic carbonate product was nearly complete (≥ 99%) with all the newly tested 

epoxides (Table 3, entries 2-6). The highest conversion was attained with propylene oxide 

(entry 2). This can be attributed to the smaller size of this compound compared to the other 

tested epoxides, which facilitates its approach to the active sites in Amb-OH-I-910. An 

additional difference compared to styrene oxide is that with propylene oxide the nucleophilic 

attack in the first step of the catalytic cycle (Scheme 2) takes place mostly at the less hindered 

carbon atom.[7] The catalyst showed good to excellent activity with all the other tested 

terminal epoxides, with the carbonate product yield decreasing as a function of the epoxide in 

the order epichlorohydrin > allyl glycidyl ether > 1,2-epoxyhexane (Table 3, entries 3-5). The 

high conversion of epichlorohydrin is attributed to the low steric hindrance in this epoxide 

compared to the other two epoxides, while the difference in activity between allyl glycidyl 

ether and 1,2-epoxyhexane is ascribed to an electronic effect originating from the 

electronegativity of the oxygen atom presenting in the functional group of allyl glycidyl ether, 

which can enhance the nucleophilic attack by the halide in the first step (Scheme 2), leading 

to easier ring-opening of this epoxide compared to 1,2-epoxyhexane.[56,57] Our catalytic 

system also showed to be active with an internal epoxide such as cyclohexene oxide, which is 

a particularly challenging substrate due the steric hindrance around the epoxide ring and the 

geometric strain in the cyclic carbonate product, which consists of the two adjacent rings.[58] 

As a consequence, higher catalyst loading (2 mol %) and higher reaction temperature (120 °C, 

24h) were necessary to achieve an acceptably good yield of cyclohexene carbonate (37%, Table 

3, entry 6). The need for higher temperature in order to achieve good carbonate yields in the 

reaction of cyclohexene oxide with CO2 is in line with literature reports of other metal-free 

heterogeneous catalysts, with which this reaction is typically carried out in the 110-130 °C 

range (Table S3).  

The other catalyst employed in this study, Amb-I-900, was also investigated with 

different epoxides in the presence of water (0.05 mL), under the same reaction conditions 

described in Table 2. The results revealed that several epoxides were successfully converted 

into their corresponding cyclic carbonates with high yield and selectivity, with the values of 
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the yields being very similar yet slightly lower compared to those obtained with Amb-OH-I-

910 (Table S4 in the supporting information). This confirms that in the presence of water as 

HBD, Amb-I-900 is able to achieve comparable catalytic performance to Amb-OH-I-910, 

whereas the difference in activity between the two is marked if not water is added to the 

system (Table 1, compare entry 1 and 3).    

The promising activity of the catalytic system consisting of Amb-OH-I-910 and water as 

HBD in the synthesis of propylene carbonate from CO2 and propylene oxide, prompted us to 

perform a test at much shorter reaction time (3 h) and at 120 °C (Table S5). Under these 

conditions, a high yield of propylene carbonate was achieved (88%), though the selectivity 

was slightly lower (96%) due to the formation of propylene glycol as side product.  

Table 3. Screening of different epoxides in the reaction with CO2 to the corresponding cyclic carbonate using 
Amb-OH-I-910 as a catalyst in the presence of water as HBD. 
Entry Epoxide Product Yield (%) a Selectivity (%) a TON b 

 

1 

 

 

 
 

66 

 
 

98 

 
 

63 

 

2 

 

 

 
95 

 
≥ 99 

 
81 

 
3 

  

 
83 

 
≥ 99 

 
84 

 

4 

 

 

 
65 

 
≥ 99 

 
64 

 
5 

 

 

 
29 

 
≥ 99 

 
28 

 
6 

 

 

 
37 c 

 
98 

 
17 

Reaction conditions: epoxides (20 mmol), Amb-OH-I-910 catalyst (95 mg, 0.21 mmol I), water (0.02 mL), 
mesitylene (1.5 mmol) as NMR internal standard, 10 bar CO2, 80 °C, 18h. [a] Yield and selectivity measured 
by 1H-NMR data. [b] Turnover number, defined as molcyclic carbonate/molhalide. [c] 190 mg of Amb-OH-I-910 
catalyst (0.42 mmol of iodide), 30 bar  CO2, 120 °C, 24h. 
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To evaluate the stability of our catalytic system, reusability tests were carried out using 

styrene oxide as a substrate with either Amb-OH-I-910 or Amb-I-900 in the presence of water 

as HBD under our optimum conditions (Figure 6). The two catalysts were easily recovered by 

a simple procedure (see experimental section), which did not require filtration or 

centrifugation as the resin beads spontaneously and rapidly settled at the bottom of the glass 

reactors as soon as the stirring was stopped. In both cases, the catalyst activity slightly 

decreased upon recycling, though in the fourth run Amb-OH-I-910 still gave 55% yield of 

styrene carbonate (compared to 65% in the first run). To investigate if the observed decrease 

in activity was accompanied by leaching of active species from the catalyst, a leaching test 

was performed in which a solution of styrene oxide (20 mmol), Amb-I-900 (95 mg), and 

water (0.05 mL) were added into a glass vail and left under stirring at 80 °C for 18 h. Then, 

the solution was separated from the resin beads, placed into a reactor and tested in the reaction 

with CO2 under the same conditions used for the recycling tests (Figure 6). This test gave less 

than 1% yield of styrene carbonate, as determined by 1H-NMR (Figure S10). This means that 

the observed activity of the catalyst does not stem from active species leached out from the 

material. However, this does not exclude that a fraction of the active sites of the catalyst could 

undergo ion exchange, leading to substitution of the iodide anions with hydroxides. The latter 

are worse leaving groups compared to iodide anions, leading to the observed decrease in the 

catalyst activity in each run. This hypothesis is supported by elemental analysis of Amb-OH-

I-910 after two catalytic runs, which showed the loss of 2% of the original iodide present in  

 

Figure 6. Reusability test of Amb-I-900 and Amb-OH-I-910 in the synthesis of styrene carbonate 
from CO2 and styrene oxide. Reaction conditions: styrene oxide (20 mmol), Amb-I-900 (95 mg, 0.05 
mL of water) or Amb-OH-I-910 (95 mg, 0.02 mL of water), 10 bar CO2, 80 °C, 18h. Notes: [A] The 
selectivity towards styrene carbonate was ≥ 98% in all tests. [B] In the fifth run, both catalysts were 
regenerated by washing with an aqueous solution of KI (1 M) under stirring for 4 h at 65°C. 
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the catalyst. On the other hand, comparison of the FT-IR spectra (Figure S13) and SEM 

images (Figures 1 and S14) of the fresh Amb-OH-I-910 and of the recovered catalyst indicate 

that the polymeric structure of the material is not altered during the catalytic tests.  

To overcome the slight decrease in activity upon recycling and restore the lost iodide 

anions, after the fourth run the catalysts were regenerated by washing with an aqueous 

solution of potassium iodide.[59]As a result, the carbonate yield with both catalysts was 

increased, allowing to recover nearly the same activity as in the first run (Figure 6). It is worth 

noting that KI alone is virtually inactive in catalysing the reaction under the same conditions 

used to test our bead catalysts (Table S6).  

Prompted by this successful regeneration of our catalysts, a protocol was developed to 

enable recycling without drop of activity. For this purpose, after every run the Amb-I-900 

catalyst was brought in contact with a 1M aqueous solution of KI. This treatment was highly 

efficient in fully preserving the activity (and selectivity) of the catalyst upon reuse (Figure 7). 

This regeneration protocol has the potential to be upscaled as it only requires contacting the 

catalyst with the same aqueous solution of KI, without the need of substituting it with a fresh 

one in each cycle. 

 

Figure 7. Reusability test of Amb-I-900 with intermediate regeneration of the catalyst by means of 
washing with an aqueous solution of KI (1 M) for 4 h at 65°C (the same solution was reused during 
the whole procedure). The catalytic tests were carried out under the same reaction conditions described 
in the caption of Figure 6. 
 

 

3.4. Conclusions 

In this study, we proved that the most widely available, sustainable and cheap hydrogen bond 
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variety of epoxides towards their corresponding cyclic carbonates with excellent selectivity (≥ 

98%) in a wide range of conditions (45-150 °C, 2-60 bar of CO2, 3-18 h). In the absence of 

water, Amb-OH-I-910 displayed significantly higher activity (59% yield) compared to Amb-

I-900 (12% yield) in the synthesis of styrene carbonate from CO2 and styrene oxide at 80 °C 

and 10 bar CO2.  An enhancement in styrene carbonate yields was achieved with both 

catalysts if the reaction was carried out in the presence of water as hydrogen bond donor, with 

the beneficial role of water being more prominent in the case of Amb-I-900 (from 12 to 58% 

yield). Altogether, the best catalytic performance was found with Amb-OH-I-910 owing to 

the presence of an -OH group in its active site, which along with water is able to enhance the 

catalytic activity through hydrogen bonding interactions, allowing to attain a good yield of 

cyclic carbonate even under mild conditions (33% at 45°C and 10 bar CO2, 66% at 80°C). 

This catalyst also showed excellent turnover number, turnover frequency and productivity 

(TON = 505, TOF = 168, Prod. = 63 (gproduct /gcatalyst)/h) compared to state-of-the-art 

polymeric bead catalysts in the synthesis of cyclic carbonates from CO2 and epoxides when 

the reaction was performed with low catalyst loading at higher temperature (150 °C). Besides 

their promising activity and selectivity, these metal-free heterogeneous catalysts display other 

attractive properties in the perspective of a large-scale application. Their preparation can be 

easily upscaled, as it involves the conversion of the two commercial resin beads in chloride 

form into their iodide counterparts through a straightforward one-step ion-exchange reaction. 

Additionally, the bead format of the catalysts allows their straightforward separation from the 

reaction mixture. Finally, recycling with full retention of catalytic activity and selectivity was 

achieved.  
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3.6. Supporting Information 

 

 

 

Figure S1. SEM images of the original Amb‐Cl‐900 resin beads (A: the whole beads; B: the surface). 

 

 

 

 

 

 

Figure S2. Representative 1H‐NMR spectrum of the reaction mixture at the end of a catalytic 

test for the synthesis of styrene carbonate. 
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Figure S3. Representative 1H‐NMR spectrum of the reaction mixture at the end of a catalytic test for 

the synthesis of propylene carbonate. 

 

 

 

 

 

 

 

 
Figure S4. Representative 1H‐NMR spectrum of the reaction mixture at the end of a catalytic test for 

the synthesis of 3‐chloropropylene carbonate. 
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Figure S5. Representative 1H‐NMR spectrum of the reaction mixture at the end of a catalytic test for 

the synthesis of allyl glycidyl carbonate. 
 

 

 

 

 

 

 

 

Figure S6. Representative 1H‐NMR spectrum of the reaction mixture at the end of a catalytic test for 

the synthesis of 1,2‐hexene carbonate. 
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Figure S7. Representative 1H‐NMR spectrum of the reaction mixture at the end of a catalytic test for 

the synthesis of cyclohexene carbonate.  

 

 

 

 

 

 

Figure S8. Effect of the amount of water employed as HBD on the catalytic activity of Amb‐OH‐I‐910 

in the synthesis of styrene carbonate from CO2 and styrene oxide. Reaction conditions: styrene oxide 

(20 mmol), Amb‐OH‐I‐900 (95 mg, 0.21 mmol I), 10 bar CO2, 80°C, 18 h. 
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 Figure.  S9.  Effect  temperature  on  the  cycloaddition  of  CO2  to  styrene  oxide  using Amb‐I‐900  as 

catalyst with water as HBD. Reaction conditions: styrene oxide  (20 mmol), Amb‐I‐900  (95 mg, 0.29 

mmol I), water (0.05 mL), 10 bar CO2, 18 h.  

 

 

 

 

 

 

 

 

Figure S10. 1H‐NMR spectrum for the leaching test. 
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Figure S11. FT‐IR spectra of Amb‐I‐900 and Amb‐OH‐I‐910. Characteristic peaks: a1/a: stretching of ‐

OH group, originating from adsorbed H2O and, for Amb‐OH‐I, from the ‐OH group in the ammonium 

group;  b:  stretching  of  C‐H  alkyl  groups,  c:  stretching  of  C=C  in  aromatic  groups,  d:  stretching  of 

quaternized ammonium groups, overlapping with stretching of C‐C aromatic groups. 
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Figure S12. FT‐IR spectra of Amb‐Cl‐900 and Amb‐OH‐Cl‐910. Peaks assignment as provided  in the 

caption of Fig S11. 
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Figure S13. FT‐IR spectra of Amb‐OH‐I‐910: fresh sample (red), and recovered catalyst (green). Peaks 

assignment as provided in the caption of Fig S11. 

 

 

 

 

 

 

Figure S14. SEM images of Amb‐OH‐I‐910 after 2 catalytic runs (A: the whole beads; B: the surface). 
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Table S1. Comparison of  the performance of metal‐free polymer‐based heterogeneous catalysts  in bead  format  for  the synthesis of
styrene carbonate from CO2 and styrene oxide.  

Substrate 
Polymer 
backbone 

Active site  Appearance 
Catalyst loading 

(mol %)a 
Pressure 
(MPa) 

T 
(°C) 

Time 
 (h) 

Yield 
(%) 

TONb  TOFc 
Prod. 
(h‐1)d 

Ref. 

SO  PS 

 

Bead  8  1  45  18  53  7  0.4  n.a  [1] 

SO  PS 

 

Bead  2  1  90  4  93  46  12  3  [2] 

SO  PS 

 

Bead  5  8  100  12  95    19  2  1  [3] 

SO  PS 

 

Bead  2  2  110  6  96  48  8  3  [4] 

SO  PS 

 

Bead  0.6  1.2  120  12  97  159  13  6  [5] 

SO  PS 

 

Bead  0.87  2  120  2  90  104  52  11  [6] 

SO  PS 
 

Bead   1.6  2.5  120  6  93  58  10  5  [7] 

SO  PS 

 

Bead  0.75  1.2  130  5  94  126  25  n.a  [8] 

SO  PDVB 

 

Bead  0.76  2.5  130  4  97  127  32  n.a  [9] 

SO  PS 

 

Bead  0.78  1.5  135  6  81  104  17  3  [10] 

SO  PS 

 

Bead  1.4  2.5  140  3  71  50  17  6  [11] 

SO  PDVB 

 

Bead  0.44  2  140  4  99  225  56  12  [12] 

SO  PDVB 

 

Bead  0.44  2  140  4  94  214  53  n.a  [13] 

SO  PS 

 

Bead  0.07  1  150  3  36  505  168  63  This work 

SO  PS  Bead  1  1  120  3  82  164  55  9  This work 

SO  PS  Bead  1  1  100  18  93  90  5  2  This work 

SO  PS  Bead  1  1  80  18  65  64  4  1  This work 
SO  PS  Bead  3  1  45  18  33  11  0.6  0.2  This work 

[a] Catalyst loading (based on the nucleophile) relative to the amount of epoxide. [b] TON = mol Product /mol active site. [c] TOF = TON / h. [d] Productivity = 
(gproduct /gcatalyst)/h.   SO = Styrene oxide. PS = polystyrene cross‐linked with divinylbenzene. PDVB = polydivinylbenzene cross‐linked polymer. n.a = not 
available. 
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Table S2. Comparison of the performance of Amb‐OH‐I‐910 with other metal‐free heterogeneous catalysts (not in bead format) for the synthesis of 
styrene carbonate from CO2 and styrene oxide. 

Sub.  Catalyst  
Active sites 
(mmol/g) 

Catalyst 
loading 
(mol %)a 

Pressure 
(MPa) 

T 
(°C) 

Time 
 (h) 

Yield 
(%) 

TONb  TOFc 
Prod. 
(h‐1)d 

Synthesis 
Method 

Ref. 

SO 
Ammonium salt grafted on mesoporous 
silica (MCM‐41‐A‐TMDS) 

0.42  10  0.1  25  24  99  10  0.4  0.04 
Two steps, 
expensive 

[14] 

SO 
Porous Organic Framework 
(POF)‐PNA‐Br 

n.a  n.a  0.1  40  48  52  n.a.  n.a.  1.1 
Multiple 
steps, 

expensive 

[15] 

SO 
Viologen‐based porous ionic polymers 
(VIP‐Br) 

1.82  4.5  0.1  80  48  98  22  0.45  0.13 
One step, 
expensive 

[16] 

SO 
Imidazole‐based mesoporous polymers 
(3‐IPMP‐EtI) 

1  0.5  1  90  5  88  176  35  6 
Multiple 
steps, 

expensive 

[17] 

SO 
Silica gel‐supported  hydroxyl‐
functionalised  ammonium iodide salts 

0.79  2  1  90  6  85  43  7  1 
One step, 
expensive 

[2] 

SO 
Urea‐functionalised  imidazolium‐based 
ionic polymer (UIIP) 

2.24  0.39  1  110  3  96  246  82  n.a. 
Two steps, 
expensive 

[18] 

SO 
Polymer‐supported imidazolium‐based 
ionic liquids (FDU‐HEIMBr) 

0.92  0.5  1  110  5  95  190  38  6 
Multiple 
steps, 

expensive 

[19] 

SO  Si‐based poly‐imidazolium salts  3.21  0.9  1  110  2  96  107  54  28 
Two steps, 
expensive 

[20] 

SO 
Ionic liquids immobilized on 
carboxymethyl cellulose (CMIL‐4‐I) 

1.71  1.2  1.8  110  4  92  77  19  6 
Two steps, 
expensive 

[21] 

SO 
Polymeric ionic liquids  
P(DMAEMA‐EtOH)Br 

3.54  1.23  2  110  3  80  65  22  13 
Multiple 
steps, 

expensive 

[22] 

SO 
Meso‐macroporous poly(ionic liquid)s 
(PDMBr) 

2.6  1.3  1  110  4  98  75  19  8 
Two steps, 
expensive 

[23] 

SO 
Fluoro‐functionalised  polymeric ionic 
liquids (F‐PIL‐Br) 

n.a  1  1  120  9  96  96  11  n.a 
Two steps, 
expensive 

[24] 

SO 
Chitosan‐supported ionic liquid  
(CS‐EMImBr) 

1.75  1  2  120  4  85  85  21  6 
Two steps, 
expensive 

[25] 

SO 
Multifunctional tri‐s‐triazine terminal‐
linked ionic liquids (UDIL‐I‐60%U 500) 

0.56  0.16  1.5  120  3  83  505  168  15 
Multiple 
steps, 

expensive 

[26] 

SO 
Imidazolium and triazine‐based porous 
organic polymer with chloride anion 
(IT‐POP‐1) 

2.08  0.1  1  130  24  95  950  40  n.a. 
Multiple 
steps, 

expensive 

[27] 

SO 
Hydroxyl‐functionalised  poly(ionic 
liquids) (PILs, R = CH2COOH, X = Br) 

n.a  1  2.5  130  6  90  90  15  n.a 
Two steps, 
expensive 

[28] 

SO 
Multi‐layered supported ionic liquid 
SiO2‐p‐Xylene‐I (mlc‐SILP) 

2.0  0.42  8  150  3  99  237  79  25 
Multiple 
steps, 

expensive 

[29] 

SO 
Imidazolium‐modified polyhedral 
oligomeric silsesquioxanes (POSS‐Imi) 

0.69  0.081  4  150  3  53  651  217  25 
Multiple 
steps, 

expensive 

[30] 

SO     

2.19 

0.07  1  150  3  36  505  168  63 

One step, 
inexpensive 

This work 

SO  1  1  120  3  82  164  55  9  This work 

SO  1  1  100  18  93  90  5  2  This work 

SO  1  1  80  18  65  64  4  1  This work 

SO  3  1  45  18  33  11  0.6  0.2  This work 

[a] Catalyst loading relative to the amount of epoxide. [b] TON = mol Product /mol active site. [c] TOF = TON / h. [d] Productivity = (gproduct /gcatalyst)/h.  SO = Styrene oxide.  
n.a.= not available. 
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Table S3. Comparison of the performance of Amb‐OH‐I‐910 with other metal‐free heterogeneous catalysts (not in bead format) for 
the synthesis of  cyclohexene carbonate from CO2 and cyclohexene oxide. 

Sub.  Catalyst  
Cat. loading 
(mol %)a 

Pressure 
(MPa) 

T 
(°C) 

Time 
 (h) 

Yield 
 (%) 

Selectivity 
(%) 

Ref. 

CHO 
Imidazole‐based mesoporous polymers 
(3‐IPMP‐EtI) 

0.5  2  90  24  71  99   [17] 

CHO 
Polymer‐supported imidazolium‐based 
ionic liquids (FDU‐HEIMBr) 

0.5  2  110  24  70  97  [19] 

CHO  Si‐based poly‐imidazolium salts  0.9  1  110  8  5  > 99  [20] 

CHO 
Ionic liquids immobilized on 
carboxymethyl cellulose (CMIL‐4‐I) 

1.2  1.8  110  8  68  96  [21] 

CHO 
Polymeric ionic liquids 
P(DMAEMA‐EtOH)Br 

1.23  2  110  3  71  > 99  [22] 

CHO 
Multifunctional tri‐s‐triazine terminal‐
linked ionic liquids (UDIL‐I‐60%U 500) 

0.16  3  130  9  45  98  [26] 

CHO 
Hydroxyl‐functionalised  poly(ionic 
liquids) (PILs, R = CH2COOH, X = Br) 

1  2.5  130  18  80  n.a  [28] 

CHO 
Multi‐layered supported ionic liquid 
SiO2‐p‐Xylene‐I (mlc‐SILP) 

n.a  8  150  3  10  n.a  [29] 

CHO 
Imidazolium‐modified polyhedral 
oligomeric silsesquioxanes (POSS‐Imi) 

0.093  4  150  16  30  > 99  [30] 

CHO 

 

2  3  120  24  37  98 
This 
work 

[a] Catalyst loading relative to the amount of epoxide.  CHO = Cyclohexene oxide.   n.a. = not available. 

Table S4. Performance of Amb‐I‐900 as catalyst for the synthesis of cyclic carbonates through the reaction of 

CO2 with different epoxides in the presence of water as HBD. 

Entry  Epoxide   Product   Yield (%) a  Selectivity (%) a  TON b 

 

1 

 

 

 
 

58 

 
 

98 

 
 
42 

 

2 

 

 

 
90 

 
≥ 99 

 
58 

 
3 

   

 
85 

 
98 

 
59 

 

4 

 

 

 
60 

 
≥ 99 

 
45 

 
5 

 

 

 
20 

 
≥ 99 

 
14 

Reaction  conditions:  epoxide  (20  mmol),  Amb‐I‐900  catalyst  (95  mg,  0.29  mmol  I,  based  on  elemental 
analysis), water (0.05 mL), mesitylene (1.5 mmol) as NMR internal standard, 10 bar CO2, 80 °C, 18h. [a] Yield 
and selectivity based on 1H‐NMR data. [b] Turnover number, defined as molcyclic carbonate/molhalide. 
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Chapter 4 
 

One-pot fixation of CO2 into glycerol carbonate using ion-exchanged 
Amberlite resin beads as efficient metal-free heterogeneous catalysts 

 

 

This chapter was published in ChemCatChem as: 

Alassmy, Y. A.; Paalman. P.; Pescarmona, P. P. One-pot fixation of CO2 into glycerol 
carbonate using ion-exchanged Amberlite resin beads as efficient metal-free heterogeneous 
catalysts. 
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Abstract  

The one-pot synthesis of glycerol carbonate from carbon dioxide and glycerol was achieved 

using ion-exchanged Amberlite resin beads as metal-free heterogeneous catalysts. Two 

commercially available Amberlite resin beads consisting of polystyrene cross-linked with 

divinylbenzene and functionalised with either trimethyl ammonium chloride (IRA-900) or 

dimethyl ethanol ammonium chloride (IRA-910) groups were used as starting materials to 

prepare the catalysts. These polymeric beads were transformed into their iodide (Amb-900-I, 

Amb-OH-910-I) or hydroxide (Amb-900-OH and Amb-OH-910-OH) counterparts through 

straightforward ion-exchange reactions. First, the two resin bead catalysts in hydroxide form 

were tested in the base-catalysed transcarbonation reaction of glycerol with propylene 

carbonate. Both resin bead catalysts were more active compared to benchmark basic catalysts 

as hydrotalcites, and attained 80 % yield of glycerol carbonate over Amb-OH-910-OH after 2 

h at 115 °C, employing a 4:1 ratio between propylene carbonate and glycerol. Then, the one-

pot reaction of CO2 and glycerol with propylene oxide to produce propylene carbonate, 

glycerol carbonate and propylene glycol was investigated as the main target of this study. The 

reaction involves two steps: the reaction of propylene oxide with CO2 yielding propylene 

carbonate, and the transcarbonation of the formed cyclic carbonate with glycerol. Amb-900-I, 

Amb-OH-910-I, Amb-OH-910-OH and combinations of the latter two were employed as 

catalysts. Although Amb-OH-910-I alone is poorly active in the transcarbonation reaction, it 

showed the highest catalytic activity in the one-pot cascade reaction, surprisingly surpassing 

the performance of the mixtures of Amb-OH-910-I, Amb-OH-910-OH and reaching high 

yields of glycerol carbonate (69 %, 115 °C, 2 h). It was found that glycerol did not only serve 

as a reactant but also as co-catalyst, by acting as hydrogen-bond donor to facilitate the first 

step in the one-pot reaction. These findings led to proposing a mechanism for the one-pot 

reaction using the Amb-OH-910-I catalyst. The bead format led to easy recovery of the 

catalyst, which displayed good reusability in consecutive runs. 
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4.1. Introduction  

Carbon dioxide is as an attractive and inexpensive carbon-based feedstock due to its 

renewability and widespread availability as end-product from fuel combustion, cement 

manufacture and other industrial processes.[1–4] Its conversion into useful compounds 

represents a desirable and sustainable alternative to emission of this greenhouse gas into the 

atmosphere. However, the utilisation of CO2 as a building block in the production of useful 

chemicals is a challenging task owing to its high thermodynamic stability. This limitation can 

be overcome by the reaction of CO2 with compounds that have high free energy, such as 

epoxides.[5–8] The chemical fixation of CO2 with epoxides to produce cyclic carbonates has 

been widely investigated (Scheme 1), because of the extensive range of applications found by 

cyclic carbonates, e.g. in electrolyte formulations for Li-ion batteries, as green aprotic 

solvents, and as intermediates in the production of fine and bulk chemicals.[9–11]. Glycerol is 

another interesting, renewable, abundant and cheap raw material since it is generated in large 

amounts as the main by-product of biodiesel manufacturing.[12,13] In order to prevent the  

 

Scheme 1. Synthesis of propylene carbonate (PC) from CO2 and propylene oxide (PO). 

glycerol over-supply from hindering the development of the biodiesel industry, the conversion 

of glycerol into valuable products is highly desirable, and many approaches have been 

developed for this purpose.[13–16]  Among these options, the transformation of glycerol into 

glycerol carbonate (GC) has drawn increasing attention in recent years.[12] The obtained 

glycerol carbonate is non-toxic, non-flammable, water soluble and biodegradable. These 

features lead to proposing a wide range of potential industrial applications as component in 

lubricants, adhesives, surfactants and personal care products. It has also be proposed as an 

alternative green solvent in Li-ion batteries and as a monomer in polymer synthesis.[12,14,17] 

The synthesis of glycerol carbonate can be achieved through the reaction of glycerol with 

different compounds acting as carbonyl sources, such as carbon monoxide,[18,19] phosgene,[20] 

carbon dioxide, [18,21] urea,[22,23] and organic carbonates.[13,24,25] However, most of these routes 

present major issues such as: (i) the toxicity of the reagents as in the case of phosgene and 

carbon monoxide; [12,15] (ii) the thermodynamic limitation associated with direct reaction with 
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carbon dioxide, which can be only partially mitigated using sacrificial dehydrating agents 

(e.g. 2-cyanopyridine and acetonitrile) [21,26] or adsorbents (e.g. zeolites) [27] to remove the 

water product; and (iii) the need to carry out the reaction at reduced pressure to remove the 

produced ammonia to shift the equilibrium concentrations towards the product side as in the 

case of using urea as reactant.[28,29] Conversely, the transcarbonation reaction of glycerol with 

organic carbonates is considered the most viable route for the synthesis of glycerol carbonate 

due to its environmental friendliness, mild operation conditions, high yield and 

selectivity.[12,14] This reaction has been broadly studied with dimethyl carbonate [17,30] or 

diethyl carbonate [31,32] as reactants, while only few works reported the reaction with 

propylene carbonate (PC).[33,34] The synthesis of dimethyl or diethyl carbonate from CO2 

requires stoichiometric amounts of a drying agent to achieve acceptable products yields,[35] or 

can be achieved with high yields through a greener path involving a transcarbonation reaction 

from propylene carbonate.[36] Based on these considerations, the direct reaction of glycerol 

with propylene carbonate (Scheme 2) is preferable in the context of sustainability compared to 

the routes involving dimethyl or diethyl carbonate. The catalysts that have been investigated 

for these transcarbonation reactions include homogeneous ones as organic bases [37,38] and 

ionic liquids,[30,39] or heterogeneous basic catalysts such as metal oxides (e.g. MgO, CaO and 

MgO@ZIF-8) [17,40–42] and hydrotalcites.[43–45] Based on these previous studies, the presence 

of a basic catalytic site is crucial to initiate this reaction by abstracting a proton from glycerol, 

which results in the formation of the glyceroxide ion, thus enhancing the nucleophilicity in the 

attack on the carbonyl group of propylene carbonate.[12,33] Moreover, this reaction is a 

reversible process, meaning that the molar ratio between the organic carbonate and glycerol 

plays a critical role in determining the equilibrium concentrations of reactants and 

products.[13,34] 

 

 

Scheme 2. Transcarbonation reaction of glycerol with propylene carbonate (PC) yielding glycerol 
carbonate (GC) and propylene glycol (PG). 
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The transcarbonation route can be made even more attractive from the point of view of 

green chemistry and sustainability by combining it with the synthesis of propylene carbonate 

by reaction of CO2 with propylene oxide in a one-pot process (Scheme 3).[15] This approach 

has several assets in the context of sustainability: (i) it allows converting two renewable 

compounds for which there is an oversupply as CO2 and glycerol into useful chemical 

products as glycerol carbonate and propylene glycol (the latter can find applications in food, 

liquid detergents, health care products, paints);[33,46] (ii) it can reach high product yields as 

both  the cycloaddition reaction of CO2 with propylene oxide to produce propylene carbonate 

(Scheme 1), and the transcarbonation reaction of propylene carbonate with glycerol (Scheme 

2) are thermodynamically favourable; (iii) by combining the two reactions in one pot, the 

process would require a single reactor and the intermediate, energy-intensive separation and 

purification of propylene carbonate would be avoided. The transcarbonation of propylene 

carbonate with glycerol is generally a fast reaction, meaning that the cycloaddition reaction of 

CO2 to propylene oxide is expected to be the rate-determining step in the one-pot process 

(Scheme 3).[47] Although this one-pot conversion of CO2, glycerol and propylene oxide into 

glycerol carbonate and propylene glycol represents an alternative, promising approach to 

other routes for the synthesis of glycerol carbonate, it has been rarely investigated. The first 

report of this one-pot approach employed KI as a homogenous catalyst and achieved 77 % 

yield of glycerol carbonate (115 °C, 1.5 h, 20 bar CO2, catalyst loading 0.75 mol %, 

PO/glycerol molar ratio of 2).[47] However, this homogeneous catalytic system suffers from 

the difficulty of recycling it, which limits its large-scale applicability. This issue was 

overcome in a recent work, in which a heterogeneous catalyst was developed by 

copolymerisation of imidazole-based ionic liquids with divinylbenzene (DVB). Among the 

prepared catalysts, PDVB-(vIm-BuBr) showed the highest activity, reaching 81 % yield of 

glycerol carbonate (100 °C, 4 h, 20 bar CO2,  catalyst loading 0.64 mol %, PO/glycerol molar 

ratio of 4), and could be reused over five runs without significant loss in activity.[48] However, 

the two-step, relatively expensive synthesis method of this catalyst can represent a limiting 

factor for its large-scale application. In this work, we focussed on designing and developing 

an affordable and efficient catalytic system to enable the one-pot cascade reaction that allows 

converting glycerol, propylene oxide and CO2 into glycerol carbonate and propylene glycol 

(Scheme 3). Our initial reasoning was that the overall efficiency would improve if we 

employed a combination of two catalysts, of which the first one would be tuned for promoting 

the cycloaddition of CO2 to propylene oxide, and the second one would be tailored towards 

the transcarbonation of the formed propylene carbonate with glycerol. For catalysing the 
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reaction of CO2 with propylene oxide, we selected two Amberlite polymeric beads in iodide-

form (Amb-900-I, Amb-OH-910-I, see top part of Scheme 4), which were recently identified 

by our group as highly active metal-free heterogeneous catalysts in the presence of hydrogen 

bond donor groups (e.g. water) for the synthesis of cyclic carbonates from CO2 and a variety 

of epoxides.[49] These polymeric resins also exhibited other advantages such as low-cost 

preparation, easy separation (stemming from their macroscopic bead format), and good 

reusability. For the second step, i.e. the transcarbonation of propylene carbonate with 

glycerol, we selected and screened a broader scope of heterogeneous catalysts. Since this 

reaction is base-catalysed, we prepared and tested the OH-form of the resin beads mentioned 

above (Amb-900-OH and Amb-OH-910-OH, see bottom part of Scheme 4). Their catalytic 

performance was compared to that of the Amberlite polymeric beads in halide-form and to a 

set of commercial hydrotalcites. Finally, we combined the best catalyst for each of the two 

separate reactions in different relative ratios and tested these catalytic systems in the one-pot 

process to convert CO2, glycerol and propylene oxide into glycerol carbonate and propylene 

glycol. This allowed achieving high yield of the desired glycerol carbonate product with an 

affordable and reusable catalytic system. Additionally, the results of our catalytic study 

provided new insight in the mechanism of the one-pot reaction. 

 

 

Scheme 3. One-pot reaction of carbon dioxide with propylene oxide and glycerol: an overview of the 
possible routes leading to the formation of glycerol carbonate and propylene glycol. 
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Scheme 4. Preparation method of Amb-900-I, Amb-OH-910-I, Amb-900-OH and Amb-OH-910-OH 
through an ion-exchange reaction of the commercial IRA-900 and IRA-910 resin beads in chloride 
form. 

 

4.2. Experimental section  

4.2.1. Materials  

Propylene oxide (PO, 99.5 % purity), Propylene carbonate (PC, 99.5 % purity), Glycerol 

(nominally ≥ 99 % purity, but containing 2-3 wt.% of water based on Karl Fischer titration), 

Sodium hydroxide (≥ 98 % purity), Potassium iodide (≥ 99 % purity), Amberlite IRA-900 

chloride form, Amberlite IRA-910 chloride form, mesitylene (98% purity), deuterated 

Dimethyl sulfoxide-d6 (DMSO-d6, 99.5 % atom), as a solvent for 1H-NMR, were purchased 

from Sigma-Aldrich. Acetone and ethanol solvents were purchased from Boom.B.V 

(technical grade). Methanol (absolute) was purchased from Biosolve Chimie. Glycerol with 

lower purity (85%) was purchased from Boom.B.V (containing 13-14 wt.% of water based on 

Karl Fischer titration). All chemicals were used without further purification. The hydrotalcite 

catalysts used in the transcarbonation reaction were prepared and kindly provided by Kisuma 

(see Table S1 for more information about these materials). To study the effect of calcination 

on their catalytic behaviour, all the hydrotalcites were calcined at 300 °C for 3 h in air.  

4.2.2. Catalyst Preparation 

The Amb-900-I, Amb-OH-910-I, Amb-900-OH and Amb-OH-910-OH resin beads were 

prepared by ion-exchange reactions with potassium iodide or sodium hydroxide. For 

preparing Amb-900-OH, 3.0 g of Amberlite IRA-900 resin beads in chloride form (3.83 
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mmolCl/g) was added into a 100-mL one-neck round-bottom flask equipped with a magnetic 

stirrer and containing 30 ml of water. After this, a solution of NaOH (4.0 g, 100 mmol) in 

water (30 ml) was prepared and added into the reaction flask while stirring for 4 h at 65 °C. 

Next, the flask was placed in an ice bath to cool down, and then the resin beads were 

recovered by filtration on a sintered glass Büchner funnel. Then, the resin beads were washed 

with water (4*30 mL) and acetone (2*20 mL), and dried for 48 h at 70 °C in an oven, to attain 

an Amberlite IRA-900 in hydroxide form (Amb-900-OH). Based on the elemental analysis of 

chlorine (6.52 wt%), the molar loading of OH (2.14 mmolOH/g) and Cl (1.839 mmolCl/g) in 

Amb-900-OH were estimated. The Amb-OH-910-OH catalyst was prepared from the 

Amberlite IRA-910 resin beads in chloride form (3.39 mmolCl/g) following the same 

procedure described above. Based on the elemental analysis of chlorine (3.44 wt%), the molar 

loading of OH (2.582 mmolOH/g) and Cl (0.9702 mmolCl/g) in Amb-OH-910-OH were 

estimated. The Amb-900-I and Amb-OH-910-I resins were prepared by following our 

previously reported procedure,[46] and the molar loading of theses resins based on the 

elemental analysis of iodine were 3.03 mmolI/g and 2.19 mmolI/g, respectively.  

4.2.3. Catalyst Characterisation 

The elemental analysis of the prepared resin beads was carried out at Mikroanalytisches 

Laboratorium KOLBE using Metrohm ion chromatography model IC 883 Plus. Fourier-

transform infrared (FT-IR) spectra were recorded on an IRTracer-100 spectrometer by 

averaging 64 scans with a spatial resolution of 4 cm-1. The surface morphology of the 

polymeric resin beads was analysed by scanning electron microscopy (SEM) using a Philips 

XL30 ESEM FEG equipment. Owing to the non-conductive nature of the beads, the materials 

were coated by gold prior to the SEM measurement. Thermogravimetric analysis (TGA) of 

the resin beads was performed under air from 30 to 900 °C at 10 (°C/min) using a 

thermogravimetric analyser TGA-4000. The water amount in glycerol was determined by 

Karl Fischer titration using a Metrohm 702 SM Titrino device. 

4.2.4. Catalytic Tests  

4.2.4.1. Transcarbonation reaction  

All transcarbonation experiments were carried out using 48-blocks reactor heating plate. In a 

typical catalytic test, propylene carbonate (5-20 mmol, based on the desired experiment), 

glycerol (5-20 mmol, based on the desired experiment), Amberlite resins (95 mg), mesitylene 

(1.5 mmol) as NMR internal standard, were added into in a 10 ml glass vials equipped with a 

magnetic stirring bar and closed with a screw cap containing a silicone/PTFE septum. Firstly, 
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the reactor was heated up to the desired temperature (115 °C), and then the vial was placed in 

the reactor and left for 2h with stirring speed of 600 rpm. After 2 hours, the stirring was 

turned off, and the vail was removed from the reactor and left to cool down at room 

temperature for 30 minutes. Then, 2 mL of methanol was added into the vail to achieve a full 

solubilisation of the reaction mixture (one monophasic phase) due to the poor solubility of 

glycerol in propylene carbonate. After this step, an NMR sample was prepared by adding 

approximately 50 mg of the reaction mixture to 500 mg of DMSO. The yields of propylene 

glycol and glycerol carbonate were calculated by 1H-NMR on a Varian Oxford 300 MHz and 

Varian Mercury 400 MHz. 

4.2.4.2. The One-pot reaction of CO2 and glycerol with PO into GC, PC and PG. 

The catalytic tests were performed using a high-throughput reactor manufactured by 

Integrated Lab Solutions (ILS) and located at the University of Groningen (see previous work 

for more information). [5] In a typical experiment, propylene epoxide (20 mmol), amberlite 

resins (95 mg), mesitylene (1.5 mmol) as NMR internal standard were placed into a glass vial 

(46 mL volume, 30 mm external diameter) equipped with a magnetic stirring bar and closed 

with a screw cap containing a silicone/PTFE septum pierced with two needles leading to the 

CO2 gas to enter and exit the vial. Next, the glass vial was taken into the selected reactors, and 

the reactor was closed. Then, a software was employed to control all protocols to reach the 

desire reaction condition. Firstly, the reactor was pressurised with 10 bar N2, and then 10 bar 

of CO2 to remove air. Then, the reactor block was pressurised with CO2 (to a lower pressure 

compared to the target), heated up to the desired temperature and finally further pressurised 

with CO2 (if required) to reach the selected pressure. Then, the reactor was left under the 

selected conditions for 2 h while stirring at 600 rpm. Next, the stirring was stopped and the 

reactor was cooled down to ≤ 20°C (to limit the loss of the highly volatile propylene oxide), 

and depressurised to ≤ 1 bar. Finally, the lid of the reactor block was opened, and the glass 

vial was removed. Afterwards, 1-2 mL of methanol (based on the amount of glycerol) was 

added into the reaction mixture to achieve a monophasic solution (the reaction mixture is 

biphasic). Then, an NMR sample was prepared by adding approximately 50 mg of the 

reaction mixture to 500 mg of DMSO-d6.  

Note: the amounts of propylene carbonate (PC), propylene glycol (PG), glycerol carbonate 

(GC) and propylene oxide (PO, if employed) at the end of each catalytic test were calculated 

by 1H-NMR on a Varian Oxford 300 MHz and Varian Mercury 400 MHz. The amount of 

glycerol could not be determined by 1H-NMR due to overlapping peaks with other products 
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(e.g. PG, GC, methanol and H2O, see Fig. S3 and S4). The moles of PC, GC, PG and PO (if 

used), were obtained based on the integration of the respective peaks relatively to the 

integration of the internal standard peaks. The use of an internal standard allowed to calculate 

the mass balance for all the catalytic tests. The mass balance was in the range of 98-100 % in 

all transcarbonation reactions, whereas the mass balance was in the range of 85-91 % in the 

one-pot reactions when the reaction was started with propylene oxide as a substrate. This is 

because propylene epoxide is highly volatile even at room temperature and can thus partially 

evaporate during the depressurisation of the reactor before the catalytic test and/or during the 

depressurisation step at the end of the test (see the SI for the mass balances).  

The yield of PG and the mass balance for the transcarbonation reaction were calculated based 

on the following formulas: 

𝑌𝑖𝑒𝑙𝑑  %
𝑚𝑜𝑙

𝑚𝑜𝑙 𝑚𝑜𝑙   
∗ 100% 

 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 %
𝑚𝑜𝑙 𝑚𝑜𝑙   

𝑚𝑜𝑙  ,
∗ 100% 

The yields of PC, PG and GC, and the mass balance for the one-pot reaction were calculated 

based on the following formulas: 

𝑌𝑖𝑒𝑙𝑑  %
𝑚𝑜𝑙

𝑚𝑜𝑙 𝑚𝑜𝑙 𝑚𝑜𝑙  
∗ 100% 

 

𝑌𝑖𝑒𝑙𝑑  %
𝑚𝑜𝑙

𝑚𝑜𝑙 𝑚𝑜𝑙 𝑚𝑜𝑙  
∗ 100% 

 

𝑌𝑖𝑒𝑙𝑑  %
𝑚𝑜𝑙

𝑚𝑜𝑙 ,  
∗ 100% 

 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 %
𝑚𝑜𝑙 𝑚𝑜𝑙 𝑚𝑜𝑙   

𝑚𝑜𝑙  ,
∗ 100% 

4.2.5. Catalyst Reusability Procedure  

The reusability of catalyst was carried out following our previously published work. In short, 

20 mL of ethanol was added two times into the glass vial that contains the reaction mixture 
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while stirred for 5 min, to wash the resin beads catalyst. Then, the reaction mixture was 

simply removed by a 150 mm capillary glass pipette. By following the same way, the catalyst 

was washed with ethanol (2*20 mL) and acetone (1*20 mL) to remove any residue of 

impurities. After this, the beads catalyst was dried in a vacuum oven at 70 °C for 48 h and 

then was taken for the next recycling experiment.  

Note: the catalyst was regenerated in the fourth run of the reusability test as follows: after the 

first wash with ethanol (20 mL) and removal of the reaction mixture with a capillary glass 

pipette (see above), the beads catalyst was washed with an aqueous solution of KI (1 M), 

which was prepared by dissolving KI (0.5 g, 3 mmol) in water (0.5 mL) and left under stirring 

for 4 h at 65 °C. By following the same procedure described in the previous section, the beads 

catalyst was washed with water (3*20 mL) and acetone (2*20 mL). Then, the catalyst was 

dried in a vacuum oven at 70 °C for 48 h and then was used for the next recycling experiment. 

4.3. Results and discussion 

The main target of this work was to develop an efficient and affordable catalytic system that 

can catalyse both the cycloaddition and the transcarbonation reactions in order to convert 

carbon dioxide, glycerol and propylene oxide into glycerol carbonate and propylene glycol in 

a one-pot process (Scheme 3). In our recent work, we identified Amb-900-I and Amb-OH-

910-I polymeric beads as active, selective and easily separable heterogeneous catalysts for the 

cycloaddition reaction of CO2 with a variety of epoxides, including propylene oxide.[49] With 

the purpose of combining these catalysts with a suitable catalyst for the transcarbonation 

reaction, we sought an optimum catalysts for the latter reaction by defining, preparing and 

screening a library of catalysts with basic behaviour. The first type of basic catalysts that we 

selected was prepared starting from the same commercially available Amberlite polymeric 

beads that we used to prepare Amb-900-I and Amb-OH-910-I. The parent macroscopic resin 

beads have a rough size distribution between 500 and 800 µm and consist of polystyrene 

crosslinked with divinylbenzene, containing either trimethyl ammonium chloride groups (IRA 

900) or dimethyl ethanol ammonium chloride groups (IRA 910). In order to obtain catalysts 

with basic sites, the two resin beads were ion-exchanged with aqueous NaOH (Scheme 4). The 

molar loadings of OH ions in the two prepared resin beads in OH-form were determined by 

ion chromatography to be 2.14 mmolOH/g for Amb-900-OH and 2.58 mmolOH/g for Amb-OH-

910-OH (see Experimental Section for details). The thermal stability of the newly prepared 

polymeric beads in OH-form was studied by thermogravimetric analysis  (Figure S1). The 

TGA data show a gradual weight loss in the 50-200 °C range attributed to removal of 
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adsorbed water, followed by a steepening of the curve after 200 °C, attributed to the 

combustion of the organic polymer structure of these materials. Compared to the same beads 

in iodide-form,[49] these data suggest that Amb-900-OH and Amb-OH-910-OH display higher 

hydrophilicity, as indicated also by the FT-IR spectra (Figure S2), which display the same 

characteristic peaks observed for the beads in iodide-form, but with a broader and more 

intense band in the region where both the stretching of C=C in aromatic groups and the bending 

mode of H2O (~1625 cm-1) are found. SEM analysis of Amb-OH-910-OH showed a similar 

inner porous structure to that previously reported for the beads in iodide-form,[49] 

characterised by pores with irregular shapes in the meso- and macropore scale (Figure 1).  

 

Figure 1. SEM images of Amb-OH-910-OH (A: the whole beads, B: the surface). 

The second type of catalysts that we chose to investigate in the transcarbonation reaction 

are hydrotalcites (HT), which are a well-known class of basic catalysts that has been reported 

to be active in the transcarbonation of organic carbonates (e.g. dimethyl carbonate and 

propylene carbonate) with glycerol.[13,44,50] Hydrotalcites are layered double hydroxides of the 

general formula [Mg6Al2(OH)16CO3ꞏ4H2O], consisting of brucite-like layers [Mg(OH)2].[51] 

The magnesium cations are connected by hydroxyl ions, leading to stacks of edge-shared 

layers of octahedra. In their structure, some of the Mg2+ ions are substituted by Al3+ ions, 

resulting in positively charged layers, in which the charge is balanced by interlayer anions 

such as carbonates. Besides, water molecules are found in the interlayers.[40,47,48] The 

interlayer anions in hydrotalcites can act as weak basic sites.[50,54] The thermal decomposition 

of hydrotalcites leads to the formation of mixed Mg-Al oxides with an increase in surface area 

and the generation of stronger basic sites (i.e. Mg/Al–O pairs with intermediate basicity and 

O2− sites acting as strong basic sites).[44,50,53,54] Four types of hydrotalcites were employed in 

this work, which were kindly provided by Kisuma Chemicals B.V. These hydrotalcites have 

different properties in terms of surface area, Mg/Al ratio and basicity (see Table S1 for more 
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details). To investigate the effect of calcination on the catalytic behaviour of these materials, 

all the hydrotalcites were calcined at 300 °C for 3 h. The parent and calcined hydrotalcite 

catalysts were then employed in the synthesis of glycerol carbonate from glycerol and 

propylene carbonate. In this first part of our study, the activity of the two newly prepared 

resins beads in OH-form as metal-free heterogeneous catalysts for the transcarbonation of 

propylene carbonate with glycerol to produce glycerol carbonate and propylene glycol (80 °C, 

5 h) was compared to that of their counterparts resin beads in iodide- or chloride-form and to 

the selected set of hydrotalcites (Table 1). Among the metal-free catalysts in resin bead 

format, the Amberlite materials in OH-form (Amb-900-OH and Amb-OH-910-OH) showed 

significantly higher catalytic activity in the target transcarbonation reaction (Table 1, entries 5 

and 6), compared to their iodide and chloride counterparts (Table 1, entries 1-4). This trend in 

activity is ascribed to the stronger basicity of hydroxide ions compared to iodide and chloride 

ions. This analysis is also in line with previous reported works, which indicated that the 

strongest base (i.e. OH ̄ compared to Cl ̄, Br ̄ and I ̄) is the most active catalyst for the 

transcarbonation reaction.[30] The hydroxide ion can promote this reaction by abstracting a 

proton from glycerol, leading to the formation of a nucleophilic alkoxy ion, which facilitates 

the nucleophilic attack on the carbonyl group of propylene carbonate.[33] As a consequence, a 

carbonate intermediate ion is formed, which undergoes ring closure, yielding glycerol 

carbonate.[33] Remarkably, the Amb-900-OH and Amb-OH-910-OH proved to be much more 

active catalysts compared to the benchmark hydrotalcites (Table 1, entries 5 and 6 compared 

with entries 12-16). Among the hydrotalcites, a general trend in catalytic behaviour was 

observed: the calcined materials displayed higher catalytic activity compared to the 

uncalcined counterparts (Table 1, entries 7-11 vs entries 12-16). This result is in line with 

previous reports, which proved that the calcination of hydrotalcites generates mixed Mg and 

Al oxides, with higher surface area and stronger basic sites, leading to higher activity than 

with the parent, uncalcined materials.[40],[48]  All the uncalcined hydrotalcites displayed 

similar, moderate activity with the exception of HT-4C, i.e. the material with the lowest 

basicity and the lowest surface area (Table S1), which was significantly less active. Among 

the calcined hydrotalcites, no major difference in catalytic activity was observed. 

In all the transcarbonation tests, the yield of propylene glycol was slightly higher 

compared to that of glycerol carbonate, whereas a 1:1 ratio would be expected based on the 

stoichiometry of the reaction (Scheme 2). This suggests the formation of propylene glycol 

through the hydrolysis of propylene carbonate as a side reaction, as a consequence of the 2-3 
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wt% water content of the used glycerol (as proven by Karl Fischer titration). This hypothesis 

was supported by a control experiment in which propylene carbonate was allowed to react 

with water in the presence of the Amb-OH-910-OH catalyst (Table S3 in the SI), leading to a 

moderate conversion of propylene carbonate into propylene glycol (9 %). 

This initial study allowed us to identify Amb-900-OH and Amb-OH-910-OH as highly 

active heterogeneous catalysts for the transcarbonation reaction yielding glycerol carbonate. 

Since no significant difference was observed between the activities of these two catalysts, 

only one of the two resin beads (Amb-OH-910-OH) was chosen for the continuation of this 

work.  

 

Table 1. Screening of Amberlite resin beads and hydrotalcites as heterogeneous catalysts in the 
transcarbonation of propylene carbonate with glycerol to produce glycerol carbonate and 
propylene glycol. 

 
 

Entry  Catalyst Yield (%) b 

  PG c GC d 

1 Amb-900-Cl 2 1 

2 Amb-OH-910-Cl 1 1 

3 Amb-900-I 8 6 

4 Amb-OH-910-I 6 5 

5 Amb-900-OH 50 37 

6 Amb-OH-910-OH 51 38 

7 HT-4A 21 10 

8 HT-4B 18 16 

9 HT-4C 10 9 

10 HT-4.5 23 14 

11 HT-6 22 17 

12 HT-4A-calcined 31 28 

13 HT-4B-calcined 28 27 

14 HT-4C-calcined 33 30 

15 HT-4.5-calcined 35 28 

16 HT-6-calcined 34 31 
[a] Reaction conditions: PC (12 mmol), glycerol (12 mmol), catalyst (95 mg), mesitylene (1.5 
mmol) as internal standard, 80 °C, 5 h (all tests were carried out in duplicate; the average value of 
each product yield is reported). [b] The yields of PG and GC were calculated based on 1H-NMR 
analysis of the reaction mixture. [c] Relative to the total amount of PC and PG at the end of the 
test. [d] Relative to the initial amount of glycerol.  
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The next step in our study was an investigation of the effect of the molar ratios between 

glycerol and propylene carbonate on the products yields of the transcarbonation reaction, with 

the selected Amb-OH-910-OH as catalyst (Figure 2 and Table S2). These tests were carried 

out at 115 °C for 2 h. If the target is to maximise the yield of glycerol carbonate, the best 

results are obtained with the highest molar ratio of propylene carbonate to glycerol was (4:1), 

leading to a high yield of glycerol carbonate (80 %, relative to glycerol) but a low yield of 

propylene glycol (23 %, relative to propylene carbonate). On the other hand, if equimolar 

amounts of glycerol and propylene carbonate are employed, a higher yield of propylene 

glycol is achieved (55 %) but at the expenses of the yield of glycerol carbonate (48 %). It is 

worth noting that when the results of the catalytic tests with different molar ratios between 

glycerol and propylene carbonate are analysed based on the moles of each product obtained 

instead of the product yields (while employing always the same amount of catalyst), the 

results with equimolar amount of the reactants represent the optimum, leading to higher 

number of moles of each of the two products (Table S2).  

Figure 2. Effect of the molar ratio between glycerol and propylene carbonate (PC) on the 
transcarbonation reaction using Amb-OH-910-OH as catalyst. Reaction conditions: glycerol (5, 10 or 
20 mmol), PC (20 mmol), Amb-OH-910-OH catalyst (95 mg, 1.2 mol% of OH relative to PC), 
mesitylene (1.5 mmol) as NMR internal standard, 115°C, 2 h. The yields of propylene glycol (PG) and 
glycerol carbonate (GC) were calculated by 1H-NMR. The yield of PG is relative to the total amount 
of PC and PG at the end of the test. [d] The yield of GC is relative to the initial amount of glycerol. 

After having identified the most promising heterogeneous catalyst for the 

transcarbonation reaction (Amb-OH-910-OH), we moved on to the main goal of this work, 

which was to find the optimum catalytic system for the overall one-pot process, in which the 

cycloaddition and transcarbonation reactions are combined in a cascade reaction (Scheme 3). 
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For this purpose, we investigated combinations of the two best catalysts identified for each of 

the two separate reactions, i.e. Amb-OH-910-I (cycloaddition of CO2 to propylene oxide) and 

Amb-OH-910-OH (transcarbonation). The tests were performed keeping the total catalyst 

loading constant and using different relative amount of the two catalysts. The idea behind this 

strategy was to optimise the overall catalytic performance by tuning the relative amount of 

catalyst promoting each of the two reactions. The one-pot tests were performed employing a 

1:1 ratio between glycerol and propylene oxide, 20 bar CO2 at 115 °C for 2 h (Table 2 and 

Table S4). Remarkably, the highest yields of propylene carbonate and glycerol carbonate 

were obtained when the Amb-OH-910-I catalyst was used as a single catalyst (Table 2, entry 

1) and not, as we anticipated, with a combination of the two catalysts. This is rather surprising 

when we consider that Amb-OH-910-I displayed much lower activity compared to Amb-OH-

910-OH in the transcarbonation reaction (Table 1, compare entries 4 and 6). The presence of 

Amb-OH-910-OH in the catalytic system proved detrimental, as shown by the gradual 

decrease in the yields of propylene carbonate, propylene glycol and glycerol carbonate with 

the increase in the amount of Amb-OH-910-OH employed (Table 2, entries 2-4). When the 

Amb-OH-910-OH catalyst used alone, the products yields were the lowest in this set of tests 

(Table 2, entry 5). Notably, the yields of propylene glycol were higher than the yields of 

glycerol carbonate in all tests, which is the same trend observed in the transcarbonation 

reactions (vide supra). The latter result is ascribed to the hydrolysis of propylene oxide 

generating propylene glycol (Scheme 3), as a consequence of the presence of water as an 

impurity of the highly hygroscopic glycerol (the water content in the used glycerol was 

estimated to be 2-3 wt% by Karl Fischer titration). In order to investigate further this 

hypothesis, the hydrolysis of propylene oxide was studied in the presence of either Amb-OH-

910-I or Amb-OH-910-OH under the same reaction conditions described in Table 2 but in the 

presence of water (20 mmol) instead of glycerol (and with no CO2). These catalytic tests 

proved that the hydrolysis of propylene oxide indeed occurs (Table S3, entries 1 and 2), and 

that this happens to a much larger extent with the Amb-OH-910-OH catalyst (75 % yield of 

PG) than with Amb-OH-910-I (22 % yield of PG). This side reaction is in competition with 

the cycloaddition reaction of CO2 to propylene oxide (Scheme 3) and thus hinders the 

formation of propylene carbonate, in this way limiting the transcarbonation of propylene 

carbonate with glycerol. It should be noted that the possible hydrolysis reaction of the formed 

propylene carbonate contributes to a much lesser extent to the formation of propylene glycol 

compared to the hydrolysis of propylene oxide, as proven by specific control tests (Table S3, 

entries 3 and 4). Additionally, we carried out another study with the same combinations of the 



113 
 

Amb-OH-910-I and Amb-OH-910-OH catalysts and under the same conditions described in 

Table 2 but in the presence of glycerol with a higher water content (13-14 wt% based on Karl 

Fischer titration). The same trend of activity was observed, with the highest yield of glycerol 

carbonate being achieved with Amb-OH-910-I alone (Table S5). Also in this case, the yields 

of glycerol carbonate decreased with increasing relative amount of Amb-OH-910-OH in the 

catalytic system. The yield of propylene glycol was higher than that of glycerol carbonate in 

each test, but the difference between the yields of these two products was much more 

pronounced compared to the tests with the glycerol with a lower water content (compare each 

entry in Table S5 with the corresponding entry in Table 2). This strongly supports our 

hypothesis that the presence of water in glycerol promotes the hydrolysis of propylene oxide, 

leading to the observed high yields of propylene glycol. Notably, this competitive reaction 

also implies a lower efficiency in the synthesis of glycerol carbonate, as indicated by the 

systematically lower yields of this compound obtained when using the aqueous glycerol as 

substrate (compare each entry in Table S5 with the corresponding entry in Table 2). 

 

A deeper understanding of the results of the catalytic tests presented in Table 2 (and 

Table S5) can be achieved by comparing the yield of glycerol carbonate relative to that of 

propylene carbonate while taking into account the observations made above. The GC/PC 

relative yield increases with the relative amount of Amb-OH-910-OH that is employed (Table 

Table 2. The effect of combination between Amb-OH-910-I and Amb-OH-910-OH catalysts by using 
different ratios on the one-pot reaction of CO2 and glycerol with PO. 

 
 

 
Entry  

 
Catalyst  

 
Catalysts ratio (%) 

Yield (%) b 

  PC c  PG c GC d 

1 Amb-OH-910-I/OH 100:0 33 37 27 

2 Amb-OH-910-I/OH 75:25 27 36 23 

3 Amb-OH-910-I/OH 50:50 20 31 21 

4 Amb-OH-910-I/OH 25:75 14 28 15 

5 Amb-OH-910-I/OH 0:100 5 17 6 
[a] Reaction conditions: PO (20 mmol), glycerol (20 mmol), catalysts (95 mg), mesitylene (1.5 mmol) as 
NMR internal standard, 115 °C, 20 bar CO2, 2 h. [b] The yields were calculated by 1H-NMR. [c] Relative to 
the total amount of PC, remaining PO and PG at the end of the test. [d] Relative to the initial amount of 
glycerol.  
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2). This is in line with logical expectations, as Amb-OH-910-OH is a better catalyst than 

Amb-OH-910-I for the transcarbonation of propylene carbonate leading to the formation of 

glycerol carbonate (see Table 1). Therefore, the fact that the presence of Amb-OH-910-OH is 

detrimental to the overall glycerol carbonate yield should be attributed to the observed higher 

activity of Amb-OH-910-OH in catalysing the competitive hydrolysis of propylene oxide 

(Table S3), thus preventing the formation of the propylene carbonate that is necessary for the 

transcarbonation reaction. Based on these results, it can be concluded that the Amb-OH-910-I 

catalyst alone is a more effective system for the one-pot reaction compared to any of the 

combinations of Amb-OH-910-I and Amb-OH-910-OH. 

The study of the one-pot process was continued by investigating the effect of the molar 

ratio between propylene oxide and glycerol with the best catalytic system, i.e. Amb-OH-910-I 

(Table 3 and, for more detailed information, Table S6). If the reaction was carried out in the 

absence of glycerol, propylene carbonate was obtained with high yield (76 %, Table 3, entry 

1) and full selectivity, in agreement with the previously reported excellent activity of the 

Amb-OH-910-I catalyst in the cycloaddition of CO2 to epoxides.[49] When a low relative 

amount of glycerol was employed (5 mmol vs. 20 mmol of PO), high yields of propylene 

carbonate (67 %) and glycerol carbonate (69 %) were reached (Table 3, entry 2). Under these 

conditions, the number of moles of propylene glycol formed is only slightly higher than those 

of glycerol carbonate (Table S6), indicating that the hydrolysis of propylene oxide to the 

glycol becomes less prominent, in line with the lower amount of water impurity that would be 

introduced into the mixture when a lower relative amount of glycerol is used. The yields of 

propylene carbonate and glycerol carbonate gradually decreased by increasing the relative 

amount of glycerol from 5 to 20 mmol (while keeping the moles of PO constant at 20 mmol), 

while the yields of propylene glycol increased (Table 3 entries 3 and 4). The decrease in 

glycerol carbonate yield is a logical consequence of the decrease in PO/glycerol molar ratio, 

which affects the equilibrium concentrations of the transcarbonation step according to Le 

Chatelier’s principle. The decrease in propylene carbonate yield and the concomitant increase 

in propylene glycol yield with decreasing PO/glycerol ratio are attributed to the increased 

competition of the hydrolysis of propylene oxide into its glycol, which is expected to be 

related to the amount of water in the reaction mixture. Since water is present as impurity in 

the highly hygroscopic glycerol, the probability of the hydrolysis reaction to take place 

becomes higher with an increase in the glycerol concentration. When the same test was 

performed using the Amb-900-I catalyst in the presence of glycerol (20 mmol), the propylene 
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carbonate yield was slightly higher compared to the result obtained in the absence of glycerol 

(Table 3, entry 7 vs entry 6). This increase in the activity towards the formation of propylene 

carbonate could be explained by the presence of glycerol in the reaction mixture, which can 

enhance the cycloaddition reaction of CO2 to propylene oxide through its three -OH groups 

that can act as hydrogen bond donors that activate the epoxide, as reported in previous 

works.[48] This result showed that glycerol plays two roles: as a hydrogen bond donor acting 

as co-catalyst, and as a reactant. The yield of propylene carbonate obtained with the Amb-

900-I catalyst was lower than with Amb-OH-910-I when the same amount of glycerol was 

employed (20 mmol), but nearly the same yields of propylene glycol and glycerol carbonate 

were attained with both catalysts (Table 3, entry 7 vs entry 4), indicating the that both 

polymeric bead catalysts have similar high potential for the one-pot synthesis of glycerol 

carbonate from CO2, glycerol and propylene oxide. In line with logical expectations, when we 

increased the reaction time to 4 h, we could increase the yield of glycerol carbonate, achieving 

a notable 81 % with Amb-OH-910-I (Table 3, entry 5). 

 

Interestingly and surprisingly, the Amb-OH-910-I catalyst gave a much lower glycerol 

carbonate yield when it was tested in the transcarbonation reaction with either 5 or 20 mmol 

of propylene carbonate as reactant (Table S2 entries 4 and 5), compared to the corresponding 

one-pot cascade reaction with either 5 or 20 mmol of propylene oxide as reactant (Table 3, 

Table 3.  The one-pot reaction of CO2 and glycerol with PO using either Amb-900-I or Amb-OH-910-I 
catalysts. 

 

Entry Catalyst Glycerol (mmol) 
Yield (%) b 

PC c PG c GC d 

1 Amb-OH-910-I 0 76 0 0 

2 Amb-OH-910-I  5 67 23 69 

3 Amb-OH-910-I  10 51 33 50 

4 Amb-OH-910-I  20 33 37 27 

5 Amb-OH-910-I  5 73 25 81e 

6 Amb-900-I 0 20 0 0 

7 Amb-900-I 20 26 36 23 
[a] Reaction conditions: PO (20 mmol), catalysts (95 mg), mesitylene (1.5 mmol) as NMR internal standard 
115 °C, 20 bar CO2, 2h. [b] Relative to the total amount of PC, remaining PO and PG at the end of the test. [d] 
Relative to the initial amount of glycerol. [e] The reaction was performed for 4h. 
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entry 2  and 4), under the same reaction conditions (115 °C, 2 h, 95 mg of catalyst). This is 

remarkable, because the one-pot reaction is expected to proceed through the formation of 

propylene carbonate as intermediate (Scheme 3) and it would be natural to expect a higher 

yield of glycerol carbonate when starting the reaction from this intermediate. The fact that is 

not the case strongly suggests a concerted reaction mechanism for the one-pot reaction 

catalysed by Amb-OH-910-I, in which species formed from propylene oxide are involved in 

promoting the transcarbonation step. Based on these results, we propose a possible 

mechanism for the one-pot reaction of CO2, glycerol and propylene oxide leading to the 

formation of glycerol carbonate, propylene carbonate and propylene glycol using Amb-OH-

910-I as catalyst (Scheme 5). This mechanism consists of three combined cycles: (A) is the 

catalytic cycle for the cycloaddition of CO2 to propylene oxide; (B) is the cycle involving the 

formation of basic intermediates, which in turn are involved in catalysing the transcarbonation 

reaction from propylene carbonate to glycerol carbonate (C). In cycle (A), the cycloaddition 

reaction of CO2 to propylene oxide takes place as the first step in the overall one-pot reaction. 

The mechanism for this reaction was proposed according to previously published work for 

this reaction.[49] First, the hydrogen bond donor group in Amb-OH-910-I (1) activates the 

oxygen of the epoxide through hydrogen bonding interactions, enhancing the nucleophilic 

attack by iodide (2), which results in the ring-opening of the epoxide with formation of an 

alkoxide anion (3a). Then, the insertion of CO2 occurs generating a carbonate anion 

intermediate (4), which undergoes intermolecular ring closure (5) leading to the formation of 

propylene carbonate (6) and the restoring of the catalytic site (1). The obtained propylene 

carbonate can undergo a transcarbonation reaction with glycerol to yield glycerol carbonate 

(cycle C). This reaction has been rarely discussed in the literature with propylene carbonate as 

substrate (Scheme 2), whereas the same reaction with other organic carbonates has been 

widely studied.[12,33,34] According to these previous studies, the key step that initiates this 

reaction is the presence of a basic catalyst, which can form a glyceroxide anion (7) by the 

deprotonation of the glycerol, facilitating the nucleophilic attack on the carbonyl group of 

propylene carbonate, which leads to the formation of intermediate carbonate anion species (8a 

& 8b). Intermediate (8b) can undergo intermolecular ring closure resulting in glycerol 

carbonate (9) and in an alkoxide ion (10). In our work, we observed that the Amb-OH-910-I 

catalyst was less active than the Amb-OH-910-OH in the transcarbonation reaction. 

Conversely, this catalyst showed the highest activity during the one-pot reaction, achieving a 

high yield of glycerol carbonate (69 %). This observation indicates that there is at least an 

intermediate formed during the cycloaddition reaction (cycle A) that initiates the further  



117 
 

 

Scheme 6. Possible mechanism for the one-pot synthesis of GC from CO2, glycerol and PO using 
Amb-OH-910-I catalyst. * Glycerol can also play a role as HBD in the cycle (A). 
 
transcarbonation reaction (cycle C) by abstracting a proton from the glycerol resulting in the 

glyceroxide ion (7). We propose this intermediate to be the alkoxide ion (3a) formed upon 
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ring opening of the epoxide. This is a basic species that can either attack CO2 (4) to generate 

the carbonate ion (5) in cycle (A), or abstract a proton from glycerol to generate the 

glyceroxide anion (7) that initiates cycle (C). In the latter case, the alkoxide ion (3a) is 

converted into the 1-iodo-2-propanol intermediate (3b), which can react with the alkoxide ion 

(10) formed at the end of cycle (C), to yield propylene glycol as the final product (11) while 

restoring intermediate (3a), and thus closing the intermediate catalytic cycle (B). 

Besides the alkoxide ion, another possible species that could act as base that promotes the 

formation of the glyceroxide anion is the iodide in Amb-OH-910-I. However, this is a weaker 

base than the alkoxide ion, suggesting that the latter is more likely to be the main active 

species for this step. The formation of the glyceroxide anion from glycerol is in competition 

with other possible hydrogen bond donor groups present in our catalytic system, namely water 

and propylene glycol. The pKa of glycerol (14.15), water (14) and propylene glycol (14.47) 

are rather close to each other and the formation of the glyceroxide anion is therefore mainly 

attributed to the much larger (initial) concentration of glycerol compared to the other two 

compounds. However, as the reaction proceeds the concentration of propylene glycol 

gradually increases, likely leading to competition with glycerol for the deprotonation step. 

In the proposed mechanism, we did not include the formation of glycerol carbonate 

through the direct reaction of CO2 with glycerol (in grey in Scheme 4), because a control test 

in which these two compounds were allowed to react under the same conditions specified in 

Table 3 in the presence of the Amb-OH-910-I catalyst (but without propylene oxide) gave no 

glycerol carbonate yield.  

The observed higher activity of Amb-OH-910-I compared to any combination of Amb-

OH-910-I and Amb-OH-910-OH, together with the above-proposed mechanism, are in 

agreement with the expectation that the cycloaddition of CO2 to propylene oxide would be the 

rate-determining step in the one-pot process. 

Finally, we investigated the reusability of the Amb-OH-910-I catalyst in the one-pot 

cascade reaction (Figure 3). After each catalytic run, the bead format of the catalyst enabled 

the straightforward separation from the reaction mixture without the need for filtration or 

centrifugation (see Experimental section for further information). The results of the 

reusability tests revealed that the yields of glycerol carbonate and propylene glycol remained 

constant in four consecutive runs, though the yield of propylene carbonate slightly decreased 

upon recycling. This result is in line with the gradual, slow decrease in propylene carbonate 

yield that was observed with this catalyst in the cycloaddition reaction in previous work from 
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our group.[49] This slight deactivation was attributed to the observed exchange of a small 

fraction (~1% per run) of the iodide in Amb-OH-910-I with other anions (e.g. OH-), whereas 

FT-IR and SEM analyses proved that the polymeric structure of the catalyst does not undergo 

any detectable change during the catalytic tests.[49] To counter the loss of iodide, the catalyst 

was regenerated by washing with an aqueous solution of KI (1 M) after the third run (see 

Experimental section for more details). This allowed to restore nearly the same yield of 

propylene carbonate as in the first run (Figure 3). Importantly, this regeneration protocol can 

be repeated in consecutive runs without requiring to substitute the aqueous solution of KI with 

a fresh one in each cycle.[49] 

 

 

Figure 3. Reusability test of the Amb-OH-910-I catalyst in the one-pot reaction of CO2, glycerol and 
propylene oxide (PO). Reaction conditions: PO 20 mmol, Amb-OH-I catalyst (95 mg, 0.21 mmolOH), 
glycerol (5 mmol), 115 °C, 20 bar CO2, 2 h. The yields were calculated by 1H-NMR. Before the fourth 
run, the catalyst was regenerated by washing with an aqueous solution of KI (1 M) under stirring for 4 
h at 65°C. PC: propylene carbonate; PG: propylene glycol; GC: glycerol carbonate. 

 

4.4. Conclusions  

Amberlite polymeric beads were demonstrated to be highly efficient metal-free heterogeneous 

catalysts for the synthesis of glycerol carbonate from glycerol, either through reaction with propylene 

carbonate in a transcarbonation reaction, or through reaction with CO2 and propylene oxide in a one-

pot cascade process. In the transcarbonation reaction, the highest activity was displayed by the two 

polymeric bead catalysts in hydroxide form (Amb-900-OH and Amb-OH-910-OH), which achieved 

significantly superior product yields compared to hydrotalcite benchmark catalysts and to their 

counterparts in halide form (Amb-900-X and Amb-OH-910-X, with X = Cl, I). In this reaction, the 
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optimum molar ratio between propylene carbonate and glycerol was 4:1, resulting in 80 % yield of 

glycerol carbonate at 115 °C with Amb-OH-910-OH as catalyst. The latter catalyst was employed in 

combination with Amb-OH-910-I, which was previously proven to be highly active in the 

cycloaddition of CO2 to propylene oxide, in the one-pot cascade reaction in which glycerol carbonate 

and propylene glycol are synthesised starting from CO2, glycerol and propylene oxide. The 

combination of the optimum catalyst for the first step of the cascade reaction (Amb-OH-910-I) with 

that for the subsequent transcarbonation step (Amb-OH-910-OH) did not lead to the anticipated 

synergy and the highest catalytic activity was obtained when Amb-OH-910-I was employed alone, 

leading to high yield of glycerol carbonate (69 % after 2 h at 115 °C). This is a remarkable result, 

particularly when taking into account that Amb-OH-910-I displayed much higher glycerol carbonate 

yield in the one-pot process than when it was used for catalysing the second step alone (i.e. the 

transcarbonation). The obtained catalytic results also provided a fundamental understanding of the 

one-pot process that allowed to shed light on the reaction mechanism. The Amb-OH-910-I catalyst 

could be recovered by a straightforward procedure owing to its bead format and was reused in four 

consecutive runs without decrease in the glycerol carbonate yield. For these catalytic results and for 

being easily prepared by ion-exchange from a commercial resin bead, Amb-OH-910-I represents an 

efficient, environmentally friendly, easily available, up-scalable, cost-effective metal-free 

heterogeneous catalyst for the synthesis of glycerol carbonate from carbon dioxide and glycerol in a 

one-pot process. Future research should aim at identifying the most suitable way to separate the 

reaction products. The high boiling point of propylene carbonate and glycerol carbonate might 

represent a challenge for separation by distillation, but the biphasic reaction mixture obtained in our 

catalytic tests suggests that separation by liquid-liquid extraction might be a viable alternative. 
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4.6. Supporting Information 
 

 
Figure S1. TGA curves of Amb-900-OH and Amb-OH-910-OH under air from 30 to 900 °C. 

 

 

 

 

 
Figure S2. FT-IR spectra of Amb-900-OH and Amb-OH-910-OH. Characteristic peaks: a: stretching 
of -OH group, originating from adsorbed H2O in Amb-OH-910-OH and Amb-900-OH, and from the -
OH group present in the active sites (ammonium group) of Amb-OH-910-OH; b: stretching of C-H 
alkyl groups, c: stretching of C=C in aromatic groups, overlapping with the bending mode of H2O 
(~1625 cm-1) d: stretching of quaternised ammonium groups, overlapping with stretching of C-C 
aromatic groups.  
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Figure S3. Characteristic 1H-NMR spectrum of a reaction mixture obtained by reacting propylene oxide with 
CO2 and glycerol to produce glycerol carbonate, propylene glycol and propylene carbonate using Amb-OH-910-I 
as catalyst. 
 

 
 

 

Figure S4. 1H-NMR spectra of all pure compounds used in this work (in DMSO-d6). 
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Table S1. Physicochemical properties of the hydrotalcites used in the work (samples and characterisation data 
provided by Kisuma Chemicals B.V.). 

Sample 
MgO/ 
Al2O3 

SiO2 
(%) 

Na 
(%) 

CaO 
(%) 

Fe 
(ppm) 

Zn 
(ppm) 

Cl 
(%) 

SO4 

(%) 

Moisture 
(% mass loss 

upon drying at 
105 °C, 1h) 

 

Average of 
primary 

particle size 
(µm) 

SBET 

(m2/g) pH 

HT-4A 
379192 

4 0.01 0 0.01 28 25 0.01 0.31 3.0 5 140 8.4 

HT-4B 
441568 

4 0 0 0 29 72 0 0.2 0.4 0.4 13 9.1 

HT-4C 
441569 

4 0.03 0 0.01 32 32 0 0.22 0.3 0.6 11 8.3 

HT-4.5 
441570 

4.5 0.05 0.02 0.11 41 7 0 0.25 3.3 5.8 97 8.3 

HT-6 
441571 

6 0.01 0 0.01 24 21 0 0.09 0.6 0.4 16 8.8 

 

 

 

 

 

 

Table S2. Effect of the molar ratio between glycerol and propylene carbonate (PC) on the 
transcarbonation reaction yielding glycerol carbonate (GC) and propylene glycol (PG). 

Entry Catalyst 
Glycerol 
(mmol) 

Yield (%) a 
Products (mmol) 

d Mass balance 
(%) 

PG b GC c PG GC 

1 Amb-OH-910-OH 5 23 80 4.4 4 99 

2 Amb-OH-910-OH 10 38 67 7.4 6.7 98 

3 Amb-OH-910-OH 20 54 48 10.7 9.7 99 

4 Amb-OH-910-I 5 7 28 1.4 1.4 > 99 

5 Amb-OH-910-I 20 14 14 2.9 2.9 > 99 

Reaction conditions: PC (20 mmol), catalyst (95 mg, either Amb-OH-910-OH, 0.24 mmolOH; or Amb-
OH-910-I, 0.21 mmolI), mesitylene (1.5 mmol) as NMR internal standard, 115°C, 2 h. [a] The yields 
were calculated by 1H-NMR. [b] Relative to the total amount of PC and PG at the end of the test. [c] 
Relative to the initial amount of glycerol. [d] Obtained products in mmol, calculated based on 1H-
NMR data. 
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Table S3. Hydrolysis of propylene oxide (PO) or propylene carbonate (PC) into propylene glycol 
(PG). 

Entry  Substrate  Amount used Catalyst Yield of PG (%) a 

1 Propylene oxide 20 mmol Amb-OH-910-I 22  

2 Propylene oxide 20 mmol Amb-OH-910-OH 75  

3 Propylene carbonate 20 mmol Amb-OH-910-I 0  

4 Propylene carbonate 20 mmol Amb-OH-910-OH 9  

Reaction conditions:  deionised water (20 mmol), catalyst (95 mg), mesitylene (1.5 mmol) as NMR 
internal standard 115 °C, 2 h. [a] The yields of PG were calculated by 1H-NMR and are relative to 
the initial amount of substrate (PO or PC). 

Table S4. Effect of combining Amb-OH-910-I and Amb-OH-910-OH (in different ratios) as catalysts for the 
one-pot synthesis of glycerol carbonate (GC) from CO2, glycerol and propylene oxide (PO).  

 
Entry  

 
Catalyst  Catalysts ratio 

(wt%) 
Yield (%) a Products (mmol) d M.B. 

(%) 
  PC b PG b GC c PC PG GC 

1 Amb-OH-910-I/OH 100:0 33 37 27 6.2 6.9 5.3 91 

2 Amb-OH-910-I/OH 75:25 27 36 23 4.5 6.1 4.6 86 

3 Amb-OH-910-I/OH 50:50 20 31 21 3.6 5.7 4.2 91 

4 Amb-OH-910-I/OH 25:75 14 28 15 2.1 4.2 3.1 81 

5 Amb-OH-910-I/OH 0:100 5 17 6 0.8 2.8 1.1 84 

Reaction conditions: PO (20 mmol), glycerol (20 mmol, containing 2-3 wt% of water), catalyst (95 mg), 
mesitylene (1.5 mmol) as NMR internal standard, 115 °C, 20 bar CO2, 2 h. [a] The yields were calculated by 
1H-NMR. [b] Relative to the total amount of PC, PG and unreacted PO at the end of the test. [c] Relative to 
the initial amount of glycerol. [d] Obtained products in mmol, calculated based on 1H-NMR data. M.B.: 
Mass balance. PC: propylene carbonate. PG: propylene glycol. 
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Table S5. Effect of combining Amb-OH-910-I and Amb-OH-910-OH (in different ratios) as catalysts for 
the one-pot synthesis of glycerol carbonate (GC) from CO2, aqueous glycerol (13-14 wt% of H2O) and 
propylene oxide (PO).   

 
Entry  

 
Catalyst  Catalysts ratio 

(wt%) 
Yield (%) a Products (mmol) d M.B. 

(%) 
  PC b PG b GC c PC PG GC 

1 Amb-OH-910-I/OH 100:0 36 48 17 6.1 8.3 3.3 86 

2 Amb-OH-910-I/OH 75:25 24 51 15 4.1 9.0 3.1 88 

3 Amb-OH-910-I/OH 50:50 17 51 13 2.8 8.7 2.6 85 

4 Amb-OH-910-I/OH 25:75 11 50 10 1.7 8.3 1.9 84 

5 Amb-OH-910-I/OH 0:100 3 43 4 0.5 6.7 0.7 79 

Reaction conditions: PO (20 mmol), glycerol (20 mmol, containing 13-14 wt% of water), catalyst (95 mg), 
mesitylene (1.5 mmol) as NMR internal standard, 115 °C, 20 bar CO2, 2 h. [a] The yields were calculated by 
1H-NMR. [b] Relative to the total amount of PC, PG and unreacted PO at the end of the test. [c] Relative to 
the initial amount of glycerol. [d] Obtained products in mmol, calculated based on 1H-NMR data. M.B.: 
Mass balance. PC: propylene carbonate. PG: propylene glycol. 

Table S6. One-pot synthesis of glycerol carbonate (GC) from CO2, glycerol and propylene oxide 
(PO) using either Amb-OH-910-I or Amb-900-I as catalyst. 

Entry Catalyst 
Glycerol 
(mmol) 

Yield (%) a Products (mmol) d M.B. 
(%) PC b  PG b GC c PC PG GC 

1 Amb-OH-910-I 0 76 0 0 13.4 0 0 89 

2 Amb-OH-910-I 5 67 23 69 12.2 4.2 3.5 92 

3 Amb-OH-910-I 10 51 33 50 9.3 5.8 5.0 92 

4 Amb-OH-910-I 20 33 37 27 6.2 6.9 5.3 91 

6 Amb-OH-910-If 5 73 25 81 14.0 4.8 4.0 96 

7 Amb-900-I 0 20 0 0 2.4 0 0 60 

8 Amb-900-I 20 26 36 23 4.8 6.7 4.6 92 

Reaction conditions: PO (20 mmol), catalyst (95 mg), glycerol (containing 2-3 wt% of water), 
mesitylene (1.5 mmol) as NMR internal standard, 115 °C, 20 bar CO2, 2 h. [a] The yields were 
calculated by 1H-NMR. [b] Relative to the total amount of PC, PG and unreacted PO at the end of 
the test. [c] Relative to the initial amount of glycerol. [d] Obtained products in mmol, calculated 
based on 1H-NMR data. [f] The reaction was performed for 4 h. M.B.: Mass balance. PC: 
propylene carbonate. PG: propylene glycol. M.B.: Mass balance. PC: propylene carbonate. PG: 
propylene glycol. 
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Chapter 5 
Novel, green non-ionic surfactants synthesised through the reaction of CO2 
with long alkyl chain epoxides   

 

 

This chapter is going to be submitted to a journal related to CO2 conversion as: 

Alassmy, Y. A.; Sebakhy, K.; Picchioni. F.; Pescarmona, P. P. Novel, green non-ionic 
surfactants synthesised through the reaction of CO2 with long alkyl chain epoxides  

. 
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Abstract  

Two novel, long alkyl chain cyclic carbonates, 1,2-hexadecene carbonate (HDC) and 1,2-

dodecene carbonate (DDC), were synthesised via a green catalytic approach from CO2 and the 

corresponding epoxide, achieving nearly complete conversion with full selectivity. After 

purification, the two cyclic carbonate products were studied for application as non-ionic 

surfactants through different tests, including interfacial surface tension, emulsion stability, 

and droplet size measurements. HDC demonstrated to be suitable  for application as a non-

ionic surfactant, as it was able to reduce the interfacial surface tension between water and 

hexane in an inverse emulsion (i.e. water-in-oil) at different HDC concentrations (0.5 to 2.5 

wt.%), and it allowed reaching a similar surface activity compared to a benchmark surfactant 

as sodium dodecyl sulphate (SDS) in a concentration range from 1.5 to 2.5 wt.%. On the other 

hand, DDC was not an efficient emulsion stabiliser, resulting in a slight decrease in the 

interfacial surface tension when compared to the results obtained with HDC under the same 

conditions. This underlined the role of the hydrophobicity of the longer alkyl chain in HDC 

on the performance of these carbonates as surfactants. For HDC, the optimum ratio of water 

to hexane for preparing an inverse emulsion was 50/50 vol%, which showed the highest 

colloidal stability at 2 % (w/v) concentration of the surfactant. Nanoemulsions in the range of 

40-200 nm were formed when using HDC as a surfactant. Increasing the HDC concentration 

from 1 to 2 wt. % resulted in a significant decrease in average droplet size from 170 to 72 nm, 

in addition to a decrease in the droplet polydispersity of the dispersion. A further decrease in 

droplet size and a narrowing in their size distribution leading to nearly monodisperse 

nanoemulsions was achieved upon the addition of CaCl2 salt. The combination of the results 

obtained in this study reveals a new, promising class of sustainable surfactants consisting of 

long alkyl chain cyclic carbonates synthesised from CO2. 
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5.1. Introduction  

The utilisation of carbon dioxide as a building block for the synthesis of valuable chemicals is 

a highly attractive topic from the point of view of green chemistry and sustainability, since 

CO2 is a non-toxic, abundant and renewable raw material.[1–3] Various routes have been 

proposed for the fixation CO2 into chemical products. Among them, the synthesis of cyclic 

carbonates through the reaction of CO2 with epoxides has received increasing attention over 

the last decades.[4–6] The several reported cyclic carbonate products have found relevant 

applications, as they can be used as green solvents in chemicals synthesis, as electrolytes in 

Li-ion batteries or as intermediates in polymer synthesis.[7–10] A variety of catalytic systems 

have been developed to enable the cycloaddition reaction of CO2 with epoxides to be 

performed under mild conditions.[11–15] In this context, it is relevant to design tailored, new 

cyclic carbonates for specific potential applications. Inspired by the high polarity of one of the 

most common cyclic carbonates, i.e. propylene carbonate, we reasoned that preparing cyclic 

carbonates with a long alkyl chain (Figure 1) would yield compounds with amphiphilic 

behaviour, where the carbonate group would provide the hydrophilic head and the alkyl chain 

would act as hydrophobic tail.[16,17]   As a consequence, such long alkyl chain cyclic 

carbonates could act as a new class of non-ionic surfactants, i.e. as compounds that lower the  

 

 

Figure 1. Chemical structures of the prepared 1,2-hexadecene carbonate (HDC) and 1,2-dodecene 
carbonate (DDC) from CO2, and the commercially available sodium dodecyl sulphate (SDS), which 
were investigated as surfactants in this work. 
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interfacial tension between two phases by adsorbing on a liquid–liquid interface or a surface. 

Surfactants find a broad range of applications as foaming and wetting agents or as emulsifiers 

in  detergents,  cosmetics, food, pharmaceuticals and paints.[16,18,19] With the purpose of 

investigating our idea of using long chain cyclic carbonates as surfactants, , two epoxides with 

long alkyl chain groups were selected (1,2-epoxyhexadecane and 1,2-epoxydodecane) and 

were converted in the corresponding cyclic carbonates by reaction with CO2. The reaction 

was carried out employing a straightforward yet highly efficient catalytic system recently 

reported by our group, consisting of tetrabutylammonium iodide (Bu4NI) in combination with 

water as a green, inexpensive hydrogen bond donor (HBD).[20]  This catalytic system was 

shown to effectively promote the cycloaddition reaction of CO2 with a variety of epoxides 

into their corresponding cyclic carbonates with excellent selectivity under very mild 

conditions and, therefore, is promising for the preparation of the novel long chain cyclic 

carbonates that are the target of this work (Scheme 1).   

 

 

Scheme 1. Synthesis of cyclic carbonates from CO2 and epoxides using tetrabutylammonium iodide 
(Bu4NI) as a catalyst in the presence of water as a hydrogen bond donor co-catalyst. 

The potential application of these newly prepared cyclic carbonates as surfactants was 

evaluated through a combination of tests that allowed measuring their interfacial surface 

tension (IFT), emulsion stability, and droplet size. This study indicated that 1,2-hexadecene 

carbonate (HDC) is a more suitable candidate for application as surfactant compared to 1,2-

dodecene carbonate (DDC), as the former showed comparable results with a commercially 

available benchmark surfactant as sodium dodecyl sulphate (SDS) at 1.5 wt.% concentration. 

To the best of our knowledge, this is the first report of the synthesis of these long chain cyclic 

carbonates and of their tailored application as surfactants.  
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5.2. Experimental Section 

5.2.1 Materials 

1,2-Epoxyhexadecane (EHD, 85% purity, with 1,2-hexadecanediol as main impurity, see 1H-

NMR spectrum in Fig. S1), 1,2-epoxydodecane (EDD, 90 % purity), tetrabutylammonium 

iodide (Bu4NI, 99% purity), Sodium dodecyl sulphate (SDS, ACS reagent ≥ 99 %), deuterated 

chloroform (CDCl3, > 99.6 atom %, used as solvent for 1H-NMR), were purchased from 

Sigma-Aldrich. Diethyl ether (99% purity) and n-hexane (99% purity) were purchased from 

Macron fine chemicals, and ethanol (99.9% purity) was purchased from J.T. Baker. All these 

chemicals were used without further purification.  

5.2.2 Synthesis of 1,2-hexadecene carbonate and 1,2-dodecene carbonate  

In a typical experiment, the selected epoxide (20 mmol), Bu4NI (2 mol % loading relative to 

the epoxide), deionised water (0.02 mL), and mesitylene (1.5 mmol) as NMR internal 

standard were added to a closed glass vial containing a silicon rubber cap pierced with two 

needles allowing the CO2 gas to go through the vials, and a magnetic stirring bar. Then, the 

vial was placed into a batch reactor with a visualisation window (which is part of a reactor 

unit manufactured by Integrated Lab Solutions (ILS) and located at the University of 

Groningen), and then the reactor block was closed. After this step, a software was used to 

control all protocols to reach the chosen reaction conditions. In order to remove air, the 

reactor was first pressurised with 10 bar of N2, depressurised, pressurised again with 10 bar of 

CO2 and depressurised. After this, the reactor was pressurised with 10 bar of CO2, after which 

the pressure decreased to ca. 8 bar due to absorption of CO2 into the liquid phase. Then, the 

reactor was heated up to the desired reaction temperature (90 °C), leading to an increase of 

the pressure to ca. 10 bar. Next, the reactor was kept at this temperature for 48 h, under 

stirring at 900 rpm. After 48 h, the stirring was turned off and the reactor was cooled down in 

20 minutes (using an external water-cooling system) and depressurised to ≤ 1 bar. Finally, the 

lid of the reactor was opened, the glass vial was removed, and an NMR sample was prepared 

by adding approximately 50 mg of the reaction mixture to 600 mg of CDCl3. The epoxide 

conversion, carbonate yield, and selectivity were measured by 1H-NMR spectroscopy on a 

Varian Oxford 300 MHz or a Varian Mercury 400 MHz.  

5.2.3. Purification of 1,2-hexadecene carbonate (HDC) 

After the synthesis of the cyclic carbonate, the reaction mixture was transferred into a 250 mL 

one-neck round bottom flask. Then, 100 ml of ethanol was added to the reaction mixture and 



134 
 

the sample was stirred for 30 minutes. During this step, a white solid was separated, which 

was identified as 1,2-hexadecanediol, which was present as impurity in 1,2-epoxyhexadecane, 

as indicated by 1H-NMR (Figure S1). After removing the white solid by flitration on a 

Büchner funnel, followed by washing three times with ethanol (3*20 mL) to achieve full 

recovery of the soluble cyclic carbonate product (HDC), the solution was collected and the 

solvent was removed by rotary evaporation, to yield a white-yellowish solid, which consisted 

of 1,2- hexadecane carbonate and the Bu4NI catalyst, as proven by 1H-NMR (Figure S2). 

Next, this solid was dissolved in 100 mL of diethyl ether and left under stirring for 1 h, 

leading to the precipitation of the Bu4NI catalyst  (this step was repeated twice). Then, the 

catalyst was removed by filtration on a Büchner funnel, the solution was collected and the 

solvent was removed by rotary evaporation. Finally, the obtained product was placed into a 

vacuum oven for 24 h at 70 °C, to obtain purified 1,2-hexadecene carbonate (see 1H-NMR 

spectrum in Figure S3) as a white solid.  

5.2.4 Purification of 1,2-dodecene carbonate (DDC) 

The procedure was the same as the one described for the purification of 1,2-hexadecene 

carbonate, although in the case of 1,2-dodecene carbonate the washing step with ethanol was 

not necessarily, due to the higher purity of the epoxide, and was omitted. The final drying step 

was carried out tin a vacuum oven at 70 °C for 48 h, to obtain purified 1,2-dodecene 

carbonate (see 1H-NMR spectrum in Figure S5) as a light green liquid.   

5.2.5 Emulsion preparation 

An emulsion of water-hexane was prepared using an emulsification method (ultrasonic bath). 

The procedure for the preparation of the emulsion was tuned based on the type of surfactant 

used. In the case of 1,2-hexadecene carbonate (HDC), the solution was prepared by dissolving 

the HDC surfactant in hexane in the selected concentration. Then, water was added to the 

solution, because HDC is not soluble in water. On the other hand, when sodium dodecyl 

sulphate (SDS) was used as the surfactant, the solution was prepared by dissolving SDS in 

water, after which hexane was added to the solution. With both HDC and SDS, the emulsion 

was obtained by sonicating for 5 min in an ultrasonic bath. 

5.2.6. Interfacial surface tension test 

Interfacial surface tension (IFT) was measured using a spinning drop tensiometer SVT 20N 

(DataPhysics). In this test, the IFT between water and hexane was measured for each of the 

cyclic carbonates (HDC and DDC) and for the SDS surfactant (Figure 1). Before the 
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measurement, the two prepared cyclic carbonates were dissolved in hexane based on the 

desired concentrations (since they are not soluble in water), whereas SDS was dissolved in 

water.  In each measurement, a drop of the liquid with lower density (i.e. hexane) was injected 

into the liquid with higher density  (i.e. water) which was horizontally enclosed in a glass 

tube. Then, the glass tube was rotated at a speed between 9000 and 10000 rpm (20-25 °C). 

After that, a formed hexane droplet in cylindrical shape was selected, and the IFT was 

automatically recorded five times. For each test, the average of the obtained values was taken. 

This procedure was followed for all tested concentrations. The measurements were repeated 

twice for each sample.  

5.2.7. Emulsion stability test 

In this study, the stability of the emulsion was investigated by recording the relative volume 

of emulsion (%) after the sonication was stopped, for every 5 min up to 30 min. Additionally 

a picture for each emulsion was taken after 5 min and 2 h during the measurement (Figures 

S6-9). The same procedure was employed in all tested emulsions. Following a literature 

method,[21,22] the relative volume of emulsion (%) was calculated as the ratio between the 

volume of the emulsion (turbid phase) and the total volume of the sample including water, 

hexane and surfactant that were used to prepare the emulsion, as indicated in the following 

formula: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 %  
𝑉𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛
𝑉𝑡𝑜𝑡𝑎𝑙

100% 

5.2.8. Droplet Size Test 

The droplet size distributions of selected emulsions were determined by dynamic light 

scattering (DLS) using a Malvern Zetasizer Ultra (Malvern instruments, UK) and utilising a 

Non-Invasive Back-Scatter (NIBS) detector at 13° and 173°.  The analysis was performed at 

room temperature. The equilibration time was set at 2 min prior to the measurements. All 

measurements were performed in triplicate. The polydispersity index (PDI) for the droplet 

size distribution was calculated from the standard deviation of the hypothetical Gaussian 

distribution (i.e. PDI = σ2/ZD
2, where σ is the standard deviation and ZD is the intensity-

weighted average hydrodynamic size of the droplets). Six samples were analysed by DLS. 

Three samples with different HDC surfactant concentration (1.0, 1.5 and 2.0 wt.%) were 

prepared. The other three samples contained different CaCl2 concentrations (0.1, 1.0 and 4 

wt.%) for the emulsion with 2.0 wt.% HDC surfactant, which showed the best stability (vide 
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infra). All the samples analysed by DLS were 50/50 v% water dispersed in hexane. The water 

phase was added dropwise to the hexane continuous phase while stirring.[3] The CaCl2 was 

weighed and dissolved in the aqueous phase. In this test, we used a high- frequency ultrasonic 

probe sonicator instead of an ultrasonic bath in order to prepare more stable emulsions.    

5.3. Results and discussion 

 The synthesis of the two new cyclic carbonates through the cycloaddition reaction of CO2 

with either 1,2-epoxyhexadecane or 1,2-epoxydodecane was carried out using our recently 

reported catalytic system consisting of Bu4NI and water, at 90°C, 10 bar CO2, 48 h (Table 1). 

The results showed that when 1,2-epoxyhexadecane was used as a substrate, full conversion 

of this epoxide into 1,2-hexadecene carbonate was reached, as indicated by 1H-NMR (Figure 

2: three new peaks were observed after the reaction in the characteristic region for the protons 

on the carbonate ring at chemical shifts of 4.1, 4.5 and 4.7 ppm, whereas the peaks of the 

protons on the epoxide ring in the range 2.6-3.0 ppm had disappeared (the peaks in the range 

3.3 - 3.8 ppm correspond to the diol impurities of the epoxide, see Figure S1). Besides, the 

selectivity was excellent (> 99), with the cyclic carbonate being the only observed product. 

The HDC product was also characterised by FT-IR spectroscopy, which confirms the 

formation of the cyclic carbonate (peak of the C=O vibrational mode at 1750 cm-1, see Figure 

S4). In the case of the reaction between 1,2-epoxydodecane and CO2, 98 % yield of 1,2-

dodecene carbonate was achieved, as shown by 1H-NMR analysis (Figure 3: the three peaks 

corresponding to the protons of the carbonate ring of DDC were observed at 4.0, 4.5 and 4.7 

ppm, and the three peaks corresponding to the protons of the epoxide ring of the unreacted 

substrate were observed at 2.3, 2.65 and 2.83 ppm). Also, for this reaction, complete 

selectivity towards the cyclic carbonate product was achieved (> 99). These results prove that 

the catalytic system consisting of Bu4NI as nucleophile source and water as hydrogen bond 

donor is effective in the synthesis of these two new cyclic carbonates, achieving nearly full 

conversion of the epoxide with complete selectivity towards the desired product in both cases. 

Table 1. Synthesis of long chain cyclic carbonates (HDC and DDC) from CO2 and 
epoxides using a catalytic system consisting of Bu4NI and water as HBD. 

Entry Epoxides Catalyst Yield % [b] Selectivity % [b] 
1 1,2-epoxyhexadecane Bu4NI /H2O > 99 > 99 
2 1,2-epoxydodecane Bu4NI /H2O 98 > 99 

[a] Reaction conditions: 20 mmol of epoxide, 2 mol % of Bu4NI catalyst relative to the 
epoxide, 0.02 mL of water as hydrogen bond donor, 90°C, 10 bar CO2, 48 h. [b] Yield and 
selectivity are calculated by 1H-NMR. 
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Figure 2. 1H-NMR spectrum of 1,2-hexadecene carbonate (HDC) obtained by reaction of 1,2-
epoxyhexadecane with CO2 [the peaks characteristic of the 1,2-hexadecanediol impurity are visible 
in the insert (3.3-3.8 ppm) and partially overlap with those of the -CH2- connected to N in the Bu4NI 
catalyst]. 

 

Figure 3. 1H-NMR spectrum of 1,2-dodecene carbonate obtained by reaction of 1,2-epoxydodecane 
with CO2. 

The obtained two cyclic carbonate products were then purified by a simple procedure (see 

experimental sections for details). Before investigating the potential use of these compounds 

as non-ionic surfactants, it is important to study the solubility of these carbonates in water and 

hexane, which are the selected phases for the testing emulsifying properties of HDC and DDC 

in this work. Both cyclic carbonates were insoluble in water and soluble in hexane, due to 

their large non-polar hydrophobic tail.  
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The main role of a surfactant is to lower the interfacial surface tension between two 

immiscible liquids by adsorbing at the interface. Therefore, the first step of this study 

consisted in investigating the effect of using these cyclic carbonates as surfactants on the 

interfacial surface tension (IFT) between water and hexane at different concentrations. The 

performance was compared to that of a benchmark surfactant such as sodium dodecyl 

sulphate (SDS, Figure 4). It worth mentioning that the IFT between water and hexane was 

measured before each test without using the surfactant, and the average value was 51 mN/m, 

which is in agreement with previous reports.[23] The results of this test proved that DDC 

carbonate is not efficient in stabilisation of the emulsion, as shown by the minor decrease in 

the IFT even at high concentration of this cyclic carbonate. Conversely, HDC showed high 

surface activity, leading to a significant decrease in the IFT value from 51 to 6 mN/m at 1.5 

wt.%. The significantly better performance of HDC as surfactant is ascribed to its longer 

hydrophobic alkyl chain compared to DDC, which is expected to enhance the amphiphilic 

character of the cyclic carbonate and thus its surface activity. 

 

Figure 4. Interfacial surface tension between water and hexane using three different surfactants as a 
function of surfactant concentration. HDC: 1,2-hexadecene carbonate surfactant, DDC: 1,2-dodecene 
carbonate, SDS: Sodium dodecyl sulphate.  

These promising preliminary results achieved with HDC led us to compare its 

performance with a benchmark surfactant as SDS. Notably, HDC could reach competitive 

results with the SDS surfactant by reaching nearly the same values of IFT in the concentration 

range from 1.5 to 2.5 wt.% (Figure 4). Although HDC surfactant showed lower performance 

compared to SDS at lower concentrations (0.05 - 1.25 wt.%), the use of CO2 in its preparation 

and the straightforward, efficient synthesis method make it an attractive, green alternative to 

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5In
te
rf
ac
ia
l S
u
rf
ac
e
 T
e
n
si
o
n
 (
m
N
/m

)

Concentration of Surfactant (wt. %)

DDC HDC SDS



139 
 

commercially available surfactants. Due to the interesting results obtained with the HDC in 

terms of interfacial surface tension, its behaviour as surfactant was evaluated further. 

 The behaviour of HDC in stabilising a water/hexane emulsion was also monitored by 

visual observations. In emulsions, the dispersion of one liquid (the dispersed phase) into 

another, immiscible liquid (the continuous phase) is thermodynamically metastable and tends 

to evolve into two separate phases.[22,24] The use of surfactant is necessary for preventing the 

separation of the two phases in the emulsion by adsorbing onto the  dispersed droplets, thus 

minimising the contact, coalescence and aggregation of the internal dispersed phase through 

Ostwald ripening. Two types of emulsions can form in the presence of surfactants: O/W 

emulsion (direct emulsion) in which oil droplets are dispersed in water or W/O emulsion 

(inverse emulsion) in which water droplets are dispersed in oil.[24] The surfactant can be 

soluble in oil or water, based on its structure. According to Bancroft rule, the surfactant ability 

in stabilising either W/O or O/W can be linked to its solubility, in which water-soluble 

surfactants such as SDS tend to stabilise O/W emulsion, whereas oil-soluble surfactants tend 

to stabilise W/O emulsion.[25] Therefore, HDC is expected to act as a surfactant by stabilising 

W/O emulsions as this cyclic carbonate is soluble in hexane and insoluble in water. The 

emulsion type can also be classified based on Griffin’s method by calculating the hydrophile–

lipophile balance (HLB) for a given surfactant.[26] The HLB is a way of measuring the balance 

between the hydrophilic head and the hydrophobic tail groups of given surfactants. The HLB 

number for the HDC surfactant was calculated by Griffin’s method for non-ionic surfactants, 
[26]  and was found to be 6 from the following formula:  

𝐻𝐿𝐵 20
𝑀ℎ
𝑀

 

where Mh is the molecular mass of the hydrophilic portion of the molecule and M is the 
molecular mass of the whole molecule. 

This HLB value is in the range of surfactants for W/O emulsion (i.e. inverse emulsion), in 

agreement with the behaviour suggested by Bancroft rule.[25]. All these results indicate that 

our system forms a water in hexane emulsion in the presence of HDC as surfactant, in which 

water is the dispersed phase and hexane is the continuous phase. To confirm visually these 

observations, we performed a stability test of emulsions of water/hexane prepared via 

sonication in an ultrasonic bath using three different water–to-hexane ratios (50:50, 25:75 and 

60:40 in volume). For each ratio, three different concentrations of HDC surfactant (1. 1.5 and 

2% in weight/volume) were employed (Figure 5.A-C). The stability of the emulsions was 
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measured by monitoring the relative volume of emulsion (%) as a function of time from 5 min 

up to 30 min. The relative volume of emulsion (%) was calculated as the ratio between 

emulsion volume (turbid phase) and total volume.[21,22,27] Many factors can affect the stability 

of an emulsion, such as the surfactant concentration, the water/hexane ratio, or the type of 

emulsification (homogeniser) used to prepare the emulsion (e.g. ultrasonic frequency). In line 

with the role of HDC as surfactant, the stability of the water in hexane emulsion increased 

from 5 min up to 30 min by increasing the concentration of HDC from 1 to 2 % (Figure 5, A-

C). The most stable emulsions were achieved with 2 % HDC concentration with 50:50 and 

60:40 water-to-hexane ratios, and this trend was confirmed also after 2 h (Table S1 and 

Figures S6-8). In line with logical expectations, the emulsion stability was the highest when 

using 2 % HDC, as more surfactant molecules are available to stabilise the emulsion. 

Although the emulsion at 60:40 ratio was the most stable with a 2 % loading of HDC, it was 

less stable, as indicated by phase separation (Figure S8), at lower surfactant concentrations (1 

and 1.5 %) compared to the 50:50 ratio (Figure S7). From the results above, we conclude that 

the optimum ratio between water and hexane for an emulsion stabilised by HDC is 50:50 in 

 

Figure 5. Emulsion stability of water-hexane systems with different ratios in v/v (%) using either 
HDC (A-C) or SDS (D) as surfactant, at three different concentrations in w/v % (1%; 1.5% and 2%). 
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volume, as under these conditions the highest relative volume (68 %) was reached at 2 % 

HDC after 2 hours (Table S1). On the other hand, when we use less than 2 % of surfactant 

concentration, some emulsions are not stable and within minutes they display phase 

separation (see Figures S6-8, pictures of the emulsions taken after 5 min and 2 h with 

different water–hexane ratios). It is worth mentioning that this study was carried out by using 

a low energy emulsification method (ultrasonic bath cleaner), and this could explain the fast 

phase separation observed in all tested emulsions even with the optimum ratio of 50:50. It is 

expected that if a high energy emulsification method such as probe-type sonication (ultra-high 

sonication) were employed, emulsions with enhanced stability could be obtained. 

Finally, the stability of the emulsions obtained with HDC was compared to the 

counterparts prepared using SDS as surfactant at 50:50 ratio between water and hexane. 

Highly stable emulsions were obtained employing SDS as surfactant (Figure 5.D) and the 

relative volume of emulsion was 97 % after 30 min at 2 % loading of surfactant, compared to 

the 78 % value obtained with HDC surfactant under the same conditions (Figure 5, B vs D). 

Since SDS is a water-soluble surfactant, an O/W emulsion would be formed based on 

Bancroft rule, and thus the hexane is the dispersed phase and water is the continuous phase in 

this case. As a consequence, the phase separation behaviour of the emulsions prepared using 

SDS surfactant was different from those prepared with HDC (Figure S9 vs S7).  It can be 

concluded that SDS displayed a better performance as surfactant than our HDC in stabilising 

water/hexane emulsions. However, the emulsion formed with HDC (water in hexane) was 

different compared to that obtained with SDS as surfactant (hexane in water), which makes 

any direct comparison on the mechanism of emulsion formation rather speculative. 

The effect of surfactant concentration on the droplet size was investigated by DLS using 

the 50:50 emulsion of water and hexane at three different concentrations of HDC (Table 2, 

entries 1-3, and Figure 6). As shown in the results, there is a clear decrease (almost to half of 

the value) in droplet size from 170 nm when using 1.0 wt.% HDC to 80 nm when using 1.5 

wt.% HDC. This shows that increasing the surfactant concentration from 1.0 to 1.5 % 

enhanced the emulsion stability by decreasing the droplet size. This result is in good 

agreement with Figure 4, which showed that the interfacial surface tension decreased when 

increasing the HDC concentration from 1.0 to 1.5 wt.%, whereas a further increase did not 

lead to a significant decrease in the interfacial tension. Similarly, the average droplet sizes did 

not change significantly when increasing the HDC from 1.5 % to 2.0 % (Table 2, entries 1-3). 

The droplet size distribution was unimodal in all the tests (Figure 6). Increasing the HDC 
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concentration from 1.0 to 1.5 % narrowed the droplet size distribution in the emulsion (i.e. the 

PDI decreased from 0.50 to 0.32.   

 

The average droplet diameters for the water/hexane inverse nanoemulsions were also 

measured at different CaCl2 contents (wt. %) with the HDC concentration fixed at 2.0 wt. %. 

The addition of an inorganic salt (CaCl2) significantly enhanced the nanoemulsion stability. 

This is demonstrated by the reduction in droplet size and droplet polydispersity (Table 2, 

entries 4-6). Nearly monodisperse droplets were formed (i.e. PDI < 0.2) and the droplet size 

decreased from 62 nm to 42 nm upon increasing CaCl2 concentration from 0.1 to 4.0 wt. %. 

These results are in agreement with previous reports, which showed that the stability of W/O 

 

Figure 6. Droplet size distributions at 25 o C of water/hexane nanoemulsions at different HDC 
surfactant concentrations (1.0, 1.5 and 2.0 wt.%).  
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Table 2.  Droplet size determination for water/hexane inverse emulsions (50:50) using HDC as a 
surfactant, at different HDC concentrations and at different CaCl2 salt concentrations. 

Entry 
Concentration of 

surfactant (w/v %) 
Concentration of CaCl2 

salt (wt%) 
Average drop sizes 

diameter  
PDI 

1 1.0 - 170 0.50 
2 1.5 - 80 0.32 
3 2.0 - 72 0.35 
4 2.0 0.1 62 0.21 
5 2.0 1.0 45 0.05 
6 2.0 4.0 42 0.05 

Conditions: the emulsion was prepared by following the same method used for the emulsion 
stability tests. In each measurement, the prepared emulsion was kept for 5 min, and then a sample 
was prepared and recorded at 25 °C using DLS. 
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emulsions can be improved by the addition of inorganic salts such as CaCl2, NaCl, MgCl2, 

and MgSO4 to the aqueous medium.[28–30] This effect has been attributed to a decrease in the 

attractive forces (van der Waals interactions) between water droplets caused by the presence of 

the salt.[29]  

 
5.4. Conclusions  

In this work, we demonstrated that 1,2-hexadecene carbonate (HDC) prepared through the 

cycloaddition reaction of CO2 with 1-epoxyhexadecane has the potential to be used as a novel 

non-ionic, green surfactant for the stabilisation of water/hexane emulsions. This long chain 

cyclic carbonate was prepared with full conversion and selectivity in the presence of a 

catalytic system consisting of Bu4NI and water. The behaviour of this cyclic carbonate as 

surfactant was investigated by analysing the interfacial surface tension, emulsion stability, and 

droplet size of water/hexane emulsions (50:50). The HDC surfactant was able to decrease the 

interfacial surface tension (IFT) between water and hexane at different concentrations (0.5-2.5 

wt.%), allowing to obtain similar results compared to benchmark surfactant sodium dodecyl 

sulphate (SDS) at high concentrations (1.5-2.5 wt.%). The hydrophobic effect of the length of 

the alkyl chain of the cyclic carbonate was evaluated by comparing the behaviour of HDC as 

surfactant with another cyclic carbonate (1,2-dodecene carbonate, DDC) prepared by the same 

route. HDC showed much better properties as a surfactant compared to DDC due to its longer 

hydrophobic chain. The most stable emulsion between water and hexane was achieved with 

50:50 % in volume at 2 % (w/v) of HDC, and allowed the formation of a nanoemulsion with 

an average particle size of 72 nm. Besides, the stability of nanoemulsion was enhanced by 

adding CaCl2 salt, which led to a decrease in droplet size and polydispersity. This work opens 

to a new, promising application for green cyclic carbonates prepared from CO2 and long chain 

epoxides.  
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5.5. Supporting information  

 

Figure S1. (A) 1H-NMR spectrum of the white product isolated during the washing step with ethanol, identified 
as 1,2-hexadecanediol. (B) 1H-NMR spectrum of the 1,2-epoxyhexadecane used as a substrate in this work, 
which contains 1,2-hexadecanediol as impurity. 
 

 

 

 

 Figure S2. 1H-NMR spectrum of 1,2-hexadecane carbonate (HDC) after washing with ethanol. 
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Figure S3. 1H-NMR spectrum of 1,2-hexadecane carbonate (HDC) after purification. 

 

 

 

 

Figure S4. FT-IR spectrum of 1,2-hexadecene carbonate (HDC) after purification. Characteristic 
peaks: a: stretching of C-H alkyl groups, b: stretching of C=O carbonyl group of cyclic carbonate, c: 
stretching of C-O groups. 
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Figure S5. 1H-NMR spectrum of 1,2-dodecane carbonate (DDC) after purification. 

 

 

 

 

 

Figure S6. Pictures of the emulsions taken after 5 min and 2 h for water-to-hexane ratio of 25:75 in 
volume, using HDC as surfactant with different concentrations.  
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Figure S7. Pictures of the emulsions taken after 5 min and 2 h for water-to-hexane ratio of 50:50 in 
volume, using HDC as surfactant with different concentrations. 

 

 

Figure S8. Pictures of the emulsions taken after 5 min and 2 h for water-to-hexane ratio of 60:40 in 
volume, using HDC as surfactant with different concentrations.  
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Figure S9. Pictures of the emulsions taken after 5 min and 2 h for water-to-hexane ratio of 50:50 in 
volume, using SDS as surfactant with different concentrations.  

 

 

Table S1. Relative volume of the emulsion measured after 2 h using HDC as surfactant with three 
different water–hexane ratios, and with SDS as surfactant with 50:50 ratio   

Entry Surfactant 
Water - hexane ratios 

in (v/v%) 
Concentration 

in (w/v%)  
Relative volume of the emulsion (%) a 

1 HDC 25:75 1 29 
2 HDC 25:75 1.5 32 
3 HDC 25:75 2 Not measured 
4 HDC 60:40 1 10 
5 HDC 60:40 1.5 52 
6 HDC 60:40 2 66 
7 HDC 50: 50 1 49 
8 HDC 50:50 1.5 61 
9 HDC 50:50 2 68 
10 SDS 50:50 1 63 
11 SDS 50:50 1.5 64 
12 SDS 50:50 2 82 

[a] The relative volume of the emulsion (%) was calculated as the ratio between the emulsion volume 
and the total volume of the sample used to prepare the emulsion. 
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Chapter 6 
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Summary 

Chemicals fixation of carbon dioxide is an attractive topic of research in the field of green 

chemistry since it allows the conversion of chemical waste into valuable products. The CO2 is 

produced in large amount from fuel combustion-related to humans’ activities and thus 

representing an abundant, non-toxic, cheap and renewable carbon source. Many routes have 

been proposed for CO2 fixation. Among them, the reaction of CO2 with epoxides to produce 

either cyclic carbonates or polycarbonates have received growing attention over the last 

decades due to their widespread applications found for both carbonate products. The latter 

reaction has been reviewed in Chapter 1, by discussing the two main classes of the catalytic 

system employed including their possible mechanisms, and also the factors that can affect the 

catalytic synthesis of either cyclic carbonate or polycarbonates. In this chapter, we found that 

metal-free catalysis is an attractive alternative greener system to metal catalysis owing to their 

wide availability, less toxicity and stability against air. Therefore, the aim of this PhD thesis 

was to develop metal-free catalytic systems that can work under mild conditions for the 

synthesis of cyclic carbonate as the main product from CO2 and epoxides.  

In Chapter 2, the role of water as a highly effective hydrogen-bond donor (HBD) for 

promoting the cycloaddition reaction of CO2 with a variety of epoxides was demonstrated 

under very mild conditions (25–60 8C, 2–10 bar CO2). The addition of water allowed a 

considerable increase in the styrene carbonate yield when employed in combination with 

tetrabutylammonium iodide (Bu4NI), whereas, it had a detrimental effect on the activity of its 

counterpart bromide and chloride salts. The role of water in enhancing the activity of the 

organic halide was compared with three state-of-the-art hydrogen bond donors such as phenol, 

gallic acid and ascorbic acid. Although water needs higher molar loadings compared to these 

organic hydrogen-bond donors to reach a similar yield under the same mild reaction 

conditions, its environmental friendliness, availability and low cost make it a promising 

alternative as a hydrogen-bond donor. The influence of different parameters, including the 

amount of water, CO2 pressure, reaction temperature, and nature of the organic halide used as 

catalyst was also studied using a high-throughput reactor unit in this chapter. The highest 

catalytic performance was attained with either Bu4NI or bis(triphenylphosphine)iminium 

iodide (PPNI). With both systems, we could achieve high cyclic carbonate yields with 

different epoxides at 45 ºC with an increase by a factor of two or more when water was added 

as a promoter, retaining high selectivity. In the case of using PPNI as a catalyst, which is 
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poorly soluble in an epoxide, the addition of a cyclic carbonate as a solvent led to the 

formation of a homogeneous solution, resulting in enhanced product yield. 

After have demonstrated the high potential of water as an efficient, green and inexpensive 

hydrogen bond donor (HBD for promoting the reaction of CO2 with epoxides.  In Chapter 3, 

we proved that water could also boost the activity of two macroporous Amberlite resin beads 

efficiently as heterogeneous catalysts in the cycloaddition reaction of CO2 with epoxides, 

leading to attain high cyclic carbonates yields with excellent selectivity in a wide range of 

reaction conditions (45-150 °C, 2-60 bar of CO2, 3-18 h). The two resin beads used are 

commercially available consisting of polystyrene cross-linked with divinylbenzene, which 

grafted with either dimethylethanol ammonium chloride groups (IRA 910) or trimethyl 

ammonium chloride groups (IRA 900). These two resins were transformed through a 

straightforward ion-exchange reaction into their iodide counterparts (Amb-I-900 and Amb-

OH-I-910). With both catalysts, the presence of water resulted in higher yields of styrene 

carbonate product (from 12 to 58% with Amb-I-900 and from 59 to 66% with Amb-OH-I-

910; ≥ 98 % selectivity). The highest catalytic performance was found with Amb-OH-I-910 

catalyst owing to the presence of -OH groups in its active site, which was together with water 

prompted the catalytic activity through hydrogen bonding interactions. The optimum catalytic 

system displayed higher turnover numbers (TON = 505 at 150 °C) and enhanced cyclic 

carbonate productivity compared to the state-of-the-art supported polymeric bead catalysts 

and also was able in catalysing the synthesis of styrene carbonate at low temperature (33% 

yield at 45°C and 10 bar CO2). The two polymeric resin catalysts could be easily recovered 

and reused without losing its activity.  

In Chapter 4, we further studied the two Amberlite resins due to their high catalytic activity 

in the reaction of CO2 with epoxides, and other excellent properties such as the low cost-

preparation, good reusability, and easy separation from the reaction. These features 

encouraged us to investigate them in in the synthesis of glycerol carbonate from glycerol. The 

two commercially available resins were converted into their iodide (Amb-900-I, Amb-OH-

910-I) or hydroxide (Amb-900-OH and Amb-OH-910-OH) counterparts by simple ion-

exchange reactions First, the two prepared resin beads in hydroxide form were employed in 

the transcarbonation reaction of glycerol with propylene carbonate (PC), which is a base-

catalysed reaction. Our bead catalysts were highly active compared to benchmark basic 

catalysts as hydrotalcites, allowed reaching 80 % yield of glycerol carbonate (GC) over Amb-

OH-910-OH at 115 °C by using a 4:1 ratio between glycerol and PC. Then, the one-pot 
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reaction of CO2 and glycerol with propylene oxide (PO) to form PC, GC and propylene glycol 

(PG) was investigated as the main target of this work. This reaction process in two steps: the 

reaction of PO with CO2 yielding PC, and the transcarbonation of the formed PC with 

glycerol. Amb-900-I, Amb-OH-910-I, Amb-OH-910-OH and combinations of the latter two 

resins were employed as catalysts. Although Amb-OH-910-I alone is poorly active in the 

transcarbonation reaction, it exhibited the highest catalytic performance in the one-pot 

reaction, leading to achieve high yields of GC and PC (69 % and 67 %, respectively, 115 °C, 

2h). It was found that glycerol did not only use as a reactant but also as co-catalyst, 

facilitating the first step in the one-pot reaction. The achieved results led to proposing a 

mechanism for the one-pot reaction using the Amb-OH-910-I catalyst. The bead format led to 

easy recovery of the catalyst, which displayed good reusability by consecutive runs.  

In Chapter 5, a new material 1,2-hexadecene carbonate (HDC) synthesised from CO2 using 

our catalytic system (Bu4NI / water), was demonstrated to have the potential as a non-ionic 

surfactant for the stabilisation of water/n-hexane emulsions. Different tests, including 

interfacial surface tension (INT), emulsion stability, and droplet size employed to study its 

property. This material was prepared and purified by a straightforward procedure. The HDC 

surfactant was able to reduce the interfacial surface tension between water and hexane at 

different concentrations (0.5 - 2.5 wt.%), and it allowed reaching comparable results with 

benchmark surfactant as sodium dodecyl sulfate (SDS) in a concentration range from 1.5 to 

2.5 wt.%. Additionally, HDC was compared to another carbonate (1,2-dodecene carbonate, 

DDC) prepared by the same method to investigate the hydrophobic effect of alkyl chain on 

the property of these carbonates. It was found that DDC carbonate was not efficient by 

observing a slight decrease in the interfacial surface tension compared to the results obtained 

with HDC surfactant under the same conditions. This approach represents a new promising 

application of the cyclic carbonate synthesised from CO2. 
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Samenvatting 

Chemische fixatie van koolstofdioxide is een aantrekkelijk onderzoeksonderwerp op het 

gebied van groene chemie omdat het de omzetting van chemisch afval in waardevolle 

producten mogelijk maakt. CO2 wordt in grote hoeveelheden geproduceerd door verbranding 

van brandstof voor menselijke activiteiten en is daardoor een overvloedige, niet-giftige, 

goedkope en hernieuwbare koolstof bron. Er zijn veel routes voorgesteld voor CO2 fixatie. De 

reactie van CO2 met epoxiden om cyclische carbonaten of polycarbonaten te produceren heeft 

de afgelopen decennia steeds meer aandacht gekregen vanwege hun uitgebreide toepassingen. 

De laatstgenoemde reactie is besproken in Hoofdstuk 1 door de twee hoofdklassen van het 

katalytische systeem te bespreken, inclusief hun mogelijke mechanismen en de factoren die de 

katalytische synthese van cyclisch carbonaat of polycarbonaten kunnen beïnvloeden. In dit 

hoofdstuk ontdekten we dat metaalvrije katalyse een aantrekkelijk alternatief is voor 

metaalkatalyse vanwege hun brede beschikbaarheid, lagere toxiciteit en stabiliteit tegen lucht. 

Daarom was het doel van dit proefschrift om metaalvrije katalytische systemen te 

ontwikkelen die onder milde condities kunnen werken voor de synthese van cyclisch 

carbonaat als het hoofdproduct van CO2 en epoxiden.  

In Hoofdstuk 2 werd de rol van water als een zeer effectieve waterstofbrugdonor (HBD) voor 

het bevorderen van de cycloadditie reactie van CO2 met een aantal verschillende epoxiden 

aangetoond onder zeer milde condities (25-60°C, 2-10 bar CO2). De toevoeging van water 

zorgde voor een aanzienlijke toename in de opbrengst van styreencarbonaat bij gebruik in 

combinatie met tetrabutylammoniumjodide (Bu4NI), terwijl het een nadelig effect had op de 

activiteit van de bromide en chloride zouten. De rol van water bij het verbeteren van de 

activiteit van de organische halide werd vergeleken met drie state-of-the-art waterstofbrug 

donoren, zoals fenol, galluszuur en ascorbinezuur. Hoewel water hogere molaire ladingen 

nodig heeft vergeleken met deze organische waterstofbrug donoren om een zelfde rendement 

te bereiken onder dezelfde milde reactie omstandigheden, maken de milieuvriendelijkheid, 

beschikbaarheid en de lage kosten het een veelbelovend alternatief als waterstofbrug donor. 

De invloed van verschillende parameters, waaronder de hoeveelheid water, CO2 druk, reactie 

temperatuur, en de aard van de organische halide, werden in dit hoofdstuk ook bestudeerd met 

behulp van een high-throughput reactor. De beste katalytische prestatie werd bereikt met 

Bu4NI of bis(trifenylfosfine)iminiumjodide (PPNI). Met beide systemen konden we hoge 

opbrengsten van cyclisch carbonaat bereiken met verschillende epoxiden bij 45°C met een 
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toename van een factor twee of meer wanneer water was toegevoegd als promotor, met 

behoud van hoge selectiviteit. Bij het gebruik van PPNI als katalysator, welke slecht 

oplosbaar is in een epoxide, leidde de toevoeging van en cyclisch carbonaat als oplosmiddel 

tot de vorming van een homogene oplossing, wat leidde tot een verhoogde product opbrengst.  

Nadat we het hoge potentieel van water als een efficiënte, groene en goedkope waterstofbrug 

donor (HBD) voor het bevorderen van de reactie van CO2 met epoxiden hebben aangetoond, 

bewijzen we in Hoofdstuk 3 dat water ook de activiteit van twee macro-poreuze Amberlite 

hars beads kan stimuleren. Deze beads zijn efficiënt als heterogene katalysatoren in de 

cycloadditie reactie van CO2 met epoxiden, waardoor hoge carbonaat opbrengsten met 

uitstekende selectiviteit in een breed scala van reactie condities zijn bereikt (45-150°C, 2-60 

bar of CO2, 3-18h). De twee gebruikte hars beads zijn commercieel beschikbaar en bestaan uit 

polystyreen gecrosslinked met divinylbenzeen, en zijn geënt met dimethylethanol 

ammoniumchloride groepen (IRA 910) of trimethylammonium groepen (IRA 900). Deze twee 

harsen werden getransformeerd door een eenvoudige ionen uitwisselingsreactie in hun jodide-

tegenhangers (Amb-I-900 en Amb-OH-I-910). Bij beide katalysatoren resulteerde de 

aanwezigheid van water in hogere opbrengsten van styreen carbonaat (van 12 naar 58% met 

Amb-I-900 en van 59 naar 66% met Amb-OH-I-910; ≥98% selectiviteit). De beste 

katalytische prestatie was gevonden met de Amb-OH-I-910 katalysator vanwege de 

aanwezigheid van OH-groepen in de actieve site, die samen met water de katalytische 

activiteit veroorzaakte door waterstofbindingsinteracties. Het optimale katalytische systeem 

vertoonde hogere turnover nummers (TON = 505 bij 150°C) en verbeterde cyclische 

carbonaat productiviteit vergeleken met de state-of-the-art ondersteunde polymere 

katalysatoren en was ook in staat de synthese van styreen carbonaat te katalyseren op lage 

temperatuur (33% opbrengst bij 45°C en 10 bar CO2). De twee polymeerhars katalysatoren 

konden eenvoudig worden teruggewonnen en worden hergebruikt zonder zijn activiteit te 

verliezen. 

In Hoofdstuk 4 hebben we de twee Amberlite harsen verder onderzocht vanwege hun hoge 

katalytische activiteit in de reactie van CO2 met epoxiden, en andere uitstekende 

eigenschappen zoals goedkope bereiding, goede herbruikbaarheid en gemakkelijke scheiding 

van de reactie. Deze eigenschappen moedigden ons aan om ze te onderzoeken in de synthese 

van glycerolcarbonaat van glycerol. De twee commercieel verkrijgbare harsen werden 

omgezet in de jodide vorm (Amb-900-I, Amb-OH-910-I) of hydroxide vorm (Amb-900-OH 

en Amb-OH-910-OH) door eenvoudige ionen uitwisselingsreacties. Eerst werden de twee 
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hars beads in hydroxide vorm gebruikt in de transcarbonatie reactie van glycerol met 

propyleencarbonaat (PC), wat een base-gekatalyseerde reactie is. Onze bead katalysatoren 

waren zeer actief vergeleken met standaard base-katalysatoren zoals hydrotalcieten, waardoor 

we een 80% opbrengst van glycerolcarbonaat (GC) over Amb-OH-910-OH bij 115°C 

bereikten bij een 4:1 verhouding tussen glycerol en PC. Daarna was de one-pot reactie van 

CO2 en glycerol met propyleenoxide (PO) naar PC, GC en propyleenglycol (PG) onderzocht 

als belangrijkste doel van dit werk. Dit reactie proces verloopt in twee stappen: de reactie van 

PO met CO2 die PC oplevert, en de transcarbonatie van het gevormde PC met glycerol. Amb-

900-I, Amb-OH-910-I, Amb-OH-910-OH en combinaties van de laatste twee harsen waren 

gebruikt als katalysatoren. Hoewel Amb-OH-910-I alleen slecht actief is in de transcarbonatie 

reactie, vertoonde het de beste katalytische prestatie in de one-pot reactie, wat leidde tot hoge 

opbrengsten van GC en PC (respectievelijk 69% en 67%, 115°C, 2h). Het bleek dat glycerol 

niet alleen als reactant maar ook als co-katalysator werkte en daardoor de eerste stap in de 

one-pot reactie vergemakkelijkte. De behaalde resultaten leidden tot een voorgesteld 

mechanisme voor de one-pot reactie met gebruik van de Amb-OH-910-I katalysator. De beads 

zorgden voor eenvoudige terugwinning van de katalysator, die een goede herbruikbaarheid 

vertoonde in opeenvolgende runs.  

In Hoofdstuk 5 werd aangetoond dat een nieuw materiaal 1,2-hexadeceencarbonaat (HDC), 

gesynthetiseerd van CO2 met ons katalytische systeem (Bu4NI / water), potentieel heeft als 

niet-ionogene oppervlakte actieve stof voor de stabilisatie van water/n-hexaan emulsies. De 

eigenschappen van het materiaal zijn bestudeerd door verschillende tests zoals 

oppervlaktespanning aan het grensvlak (INT), emulsie stabiliteit, en deeltjesgrootte. Dit 

materiaal was gemaakt en gezuiverd door middel van een eenvoudige procedure. De HDC 

oppervlakte-actieve stof was in staat om de oppervlaktespanning te verminderen op het 

grensvlak tussen water en hexaan bij verschillende concentraties (0.5-2.5 wt%), en bereikte 

vergelijkbare resultaten vergeleken met benchmark oppervlakte-actieve stoffen zoals natrium 

dodecylsulfaat (SDS) met concentraties van 1.5 tot 2.5 wt%. Daarnaast was HDC vergeleken 

met een ander carbonaat (1,2-dodeceencarbonaat, DDC) dat was bereid met dezelfde methode 

om het hydrofobe effect van de alkylketen op de eigenschap van deze carbonaten te 

onderzoeken. Er werd gevonden dat DDC carbonaat niet efficiënt was doordat een kleine 

afname van de oppervlaktespanning aan het grensvlak was waargenomen vergeleken met de 

resultaten van de HDC oppervlakte-actieve stof onder dezelfde omstandigheden. Deze aanpak 
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vertegenwoordigt een veelbelovende nieuwe toepassing van het uit CO2 gesynthetiseerde 

cyclische carbonaat.  
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