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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 



13 
 

(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 



14 
 

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 



15 
 

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] 



18 
 

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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