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1. Introduction 

Biopolymers, such as polypeptides (proteins) in wool or silk, have a long history of being 

deployed as materials for humanity.[1] With time the growing industrial processing also 

extends to artificially manipulated polymeric materials from natural feeds. Caoutchouc, a 

naturally derived polymer, was further processed by vulcanization with sulfur giving a cross-

linked, elastic product and has great industrial relevance until today.[2] Another biopolymer 

being applied in further reactions towards an industrial polymer was cellulose. Nitration of this 

biopolymer resulted in nitrocellulose, which was used as an explosive, coating, or celluloid 

film.[3] With the development of synthetic polymers, it was possible to enlarge the selection of 

available materials and allowed a targeted variation of polymer properties. Bakelite,[4] 

polystyrene (PS),[2] and poly(vinyl chloride) (PVC)[5] are only a few examples developed in the 

19th century with partly even high importance for industry and everyday life until today 

(Figure 1). 

 

Figure 1. Plastic demand in the European Union in 2021 by polymer type, adapted from “Plastics – the 
Facts 2022” by PlasticsEurope.[6] 

 

In 1956 H. Schnell developed the synthesis of high molecular weight polycarbonate (PC) and 

two years later their industrial production was launched.[7-8] As of 2022, over 7.1 Mt of 

bisphenol A-based PCs are produced worldwide per year and the demand is growing 

continuously.[9] They find application mainly in the automotive and electronics industry 

(Figure 2) due to their toughness in combination with transparency and flame-retardancy.[10] 
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Figure 2. Worldwide PC demand in 2017 by application, adapted from “Capital Markets Day 2018 
Presentation” by Covestro.[11] 

 

However, the majority of synthetic polymers, including polycarbonate, is based on fossil 

resources, which are limited.[6] Even though it is expected that their limit will not be reached 

before 2050 with the current rate of consumption, the interest in renewable resources is 

growing.[12] For 2021 the world market share of bio-based plastics was 1.5%, but studies 

expect the production of bioplastics to continuously increase in the next years (Figure 3).[6, 13] 

In this context the term bioplastic is often used, but rarely defined precisely. One part of the 

definition is concerning the origin of the raw materials, where polymers extracted from 

biomass or synthesized from monomers originating from renewable resources are called 

biopolymers. Furthermore, polymers fall into the category bioplastic, which are synthesized 

via a biological process, but not necessarily from renewable sources. The third reason why a 

polymer can be called a biopolymer is based on the polymer’s degradability in the 

environment.[14] It must be mentioned that these properties are not necessarily going hand in 

hand. For example polyethylene can be synthesized from dehydrated bioethanol as 

sustainable resource, but is not biodegradable.[15-16] The industrially most important 

biodegradable polymer is poly(lactic acid) (PLA), which is mainly used as packaging 

materials.[13] Utilization and incorporation of CO2 does not necessarily end in a biodegradable 

plastic but provides an interesting opportunity to make use of an abundant and non-toxic 

greenhouse gas. Its application as a monomer for polycarbonate synthesis is a part of this 

work. Exemplarily, its copolymerization with limonene oxide yields a bio-based material, 



 

3 

which is an especially captivating case as the epoxide can be synthesized from limonene 

extracted from citrus fruit waste.[17-18] The related poly(propylene carbonate) is another 

example for a biodegradable polymer and features an impressive CO2 content of 43wt%.[19-20]  

 

Figure 3. Global production capacities in 2021, and 2022, and a forecast for 2023 – 2027, adopted 
from “Bioplastics market data” by European Bioplastics e.V.[13]  

 

The focus of this dissertation is the continuous improvement of material properties via tuning 

the polymer structure and extending the combination of different monomer and polymer 

types. 
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2. Theory 

2.1 Polycarbonates 

In the developing polymer industry of the 20th century, a groundbreaking innovation was the 

development of polycarbonates (PCs), where in 1958 Bayer AG began with a large-scale 

production under the brand name Makrolon®.[8] These polymers were synthesized via 

polycondensation of bisphenol A (BPA) and phosgene in the presence of sodium hydroxide 

(Scheme 1, (A)).[7] An alternative for phosgene is diphenyl carbonate, which reacts with BPA 

in a melt transesterification process (see Scheme 1, (B)). In this pathway phenol is formed as 

a byproduct and needs to be removed from the reaction via distillation.[10] 

 

Scheme 1. Synthesis of BPA-based aromatic PC from BPA and phosgene (A) or from BPA and 
diphenyl carbonate (B). 

 

With the variation of the bisphenol monomer the properties of the resulting PC can be 

adjusted. The incorporation of 1,1-bis(4-hydroxyphenyl)cyclohexane (BPZ) as comonomer 

besides BPA results in a reduced crystallinity of the PC. Another comonomer is 

1,4’-dihydroxydiphenyl, which improves the product’s notched impact strength.[10] Properties 

like toughness and tensile strength, heat-resistance and flame-retardancy, together with 

transparency are the reason for the growth of this thermoplastic into a key engineering plastic 

in the industry.[21] The incorporation of other polymer units allows further tuning of the 

mechanical or thermal properties of the polymer. A block copolymer from PC and polyether 

combines the tensile strength of PCs with elastic segments of polyethers.[22] Another example 

for such a thermoplastic elastomer is a copolymer from PC with polysiloxanes. These siloxane 

blocks improve the impact toughness of the product even at low temperatures.[22-23] 
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The health hazards posed by phosgene[24] and BPA[25] lead to an inevitable development of 

aromatic PCs avoiding these educts. Furthermore, the synthesis of novel polymers from 

sustainable resources is of high interest. Having a look at the class of aliphatic PCs, it stands 

out that they offer both high variability in their starting materials and the possibility of using 

CO2 as a C1 building block for polymer synthesis. One example for a monomer from 

renewable resources is isosorbide. Its copolymerization with diacids or diols and a 

diarylcarbonate forms Durabio®, an industrially applicable material, sold by Mitsubishi 

Chemical Performance Polymers.[26] Another pathway to sustainable PCs is the 

copolymerization of epoxides, that can be obtained from petroleum-free sources, and CO2, a 

non-toxic and abundant greenhouse gas.[27-28] The resulting polymer is an aliphatic PC due to 

the alternating incorporation of CO2 and the epoxide leads to carbonate junctions between 

the aliphatic motifs (Scheme 2). 

 

Scheme 2. General synthesis of aliphatic PCs from epoxides and CO2. 

 

Initially, aliphatic PCs were unable to compete regarding thermal stability and hydrolysis 

resistance with PCs derived from aromatic monomers.[29],[30] An important example of an 

aliphatic PC with commercial relevance as material for optical lenses is CR-39®, a polymer 

based on diethylene glycol bis(allyl carbonate).[10] Aliphatic PCs are furthermore promising 

materials in medicinal engineering due to their good biocompatibility and are applied in tissue 

engineering and drug delivery systems.[30],[31] 

 

2.1.1 Catalysts for the copolymerization of epoxides with CO2 

The opportunity to use a non-toxic and widely abundant greenhouse gas in syntheses makes 

CO2 an attractive molecule, but its thermodynamic stability (ΔGf = -394 kJ mol-1) causes 

challenges in its application as monomer.[32] To enable its use, a catalytic system is required 

to overcome this energy barrier. In this context, Inoue et al. developed in 1969 a 

heterogeneous catalyst system for the copolymerization of epoxides and CO2 based on 

diethyl zinc and water.[33] Following these findings Soga et al. combined Zn(OH)2 and aliphatic 

dicarboxylic acids for the catalysis of the copolymerization. Thereof the combination of 

Zn(OH)2 and glutaric acid (ZnGA) showed the highest activity in the copolymerization of 

propylene oxide (PO) and CO2 and is used in the industrial production of poly(propylene 
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carbonate) (PPC).[34] The bimetallic mechanism of this air-stable catalytic system, was 

reported by the group of Rieger. They stated that the interaction of two zinc centers on the 

catalyst surface is crucial for the alternating insertion of PO and CO2 into the polymer. The 

distance between these adjacent catalytic centers has a direct influence on the activity of the 

catalyst in the copolymerization.[35] 

Even though the heterogeneous catalysis system has a dominating relevance in the 

epoxide/CO2 copolymerization, the interest in homogeneous catalysts is high as they offer a 

high variability in their structure. The defined active site of a homogeneous catalyst can be 

altered by exchanging the metal center, modification of the ligand or variation of the initiating 

group. Thereby the catalyst’s characteristics, for example selectivity or activity, in a specific 

reaction can be tailored. The first homogeneous catalyst that allowed the synthesis of PPC 

with defined molecular weights was an aluminum porphyrin catalyst ((TPP)AlCl/EtPh3PBr, 

Figure 4). The copolymers featured narrow polydispersities (< 1.1) and could furthermore be 

combined with polyesters towards AB or ABA block copolymers.[36] One challenge in the 

copolymerization of PO and CO2 is the competing back-biting of the chain end coordinated 

to the metal center into the polymer chain. Calculations of Luinstra et al. showed that back-

biting of a carbonate end group has lower activation energies than of an alkoxy chain end and 

is therefore more likely.[37] The unwanted side reaction generates cyclic carbonate as a 

byproduct (Scheme 3) and is especially dominating with zinc phenoxide complexes (Figure 4) 

as catalysts.[38-39] Additionally, not only cyclic propylene carbonate (cPC) is produced, but 

often a part of the CO2 is released again as well, which can lead to an increased number of 

polyether moieties in the polycarbonate chain.[40] 

 

Figure 4. Aluminum porphyrine (left) and zinc phenoxide complexes (right) as used by Aida et al. and 
Darensbourg et al. as catalysts for PO/CO2 copolymerization.[36, 38] 

 

Although the cyclic carbonate can be used as a monomer in the synthesis of PCs via a 

different pathway, the side-reaction lowers the efficiency of the direct copolymerization of 

epoxide and CO2 and should therefore be reduced to a minimum. An increased selectivity for 
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the polymer over the cyclic carbonate can be achieved by tuning the applied catalyst for this 

reaction, for example with sterically demanding groups.[41],[42] Lowering the temperature can 

also lead to a favored generation of the polymer as its rate is less dependent on temperature 

than the rate of cyclic carbonate formation.[39] 

 

Scheme 3. Back-biting of a carbonate end group into the polymer chain (P = PPC chain) leading to the 
generation of a thermodynamically stable cPC during copolymerization of PO and CO2.[37] 

 

The probability of cyclic carbonate formation is less likely in the copolymerization of 

cyclohexene oxide (CHO) and CO2, because cyclic cyclohexene carbonate is 

thermodynamically less stable than cPC.[38-39] Catalysts based on porphyrin or phenoxide 

ligands were also applied in the synthesis of poly(cyclohexene carbonate) (PCHC).[36, 38, 43] 

Mang et al. reported an own catalyst system with chromium as metal center, which employed 

supercritical CO2 in the copolymerization towards PCHC.[44] Besides chromium also aluminum 

and especially zinc are used as active sites.[39, 45] In their work with phenoxide complexes the 

group of Darensbourg reported not only copolymers from PO and CHO with CO2, but also 

terpolymers with both epoxides as mixed feedstock.[38] A more prominent side reaction in the 

PCHC synthesis is the subsequent insertion of two or more epoxide molecules, which leads 

to ether instead of carbonate linkages in the polymer. Especially the phenoxide system can 

catalyze the homopolymerization of the epoxide, which is why one strategy to overcome the 

generation of polyether units during copolymerization is the addition of the catalyst after 

pressurizing the reaction vessel with CO2.[39] 

Another catalyst class are salicylaldimine (salen) complexes, which can work at mild 

temperatures and CO2 pressures as low as 1 bar.[46] The high variability of the catalytic system 

allows tuning it towards a selective synthesis of the alternating polymer.[47] A fully conjugated 

ligand backbone leads to a favored formation of polymer instead of cyclic carbonate in the 

reaction of PO and CO2.[48] Darensbourg et al. could furthermore show that the introduction of 

electron donating substituents results in an increase of turn-over frequency (TOF = 1150 h-1) 

for the copolymerization of CHO and CO2. At the same time though these complexes reduced 

the selectivity for polymer formation in the PO/CO2 reaction.[49] The mentioned catalysts 

consist of a salen ligand coordinating to a metal center, which can be varied from Al(III) over 

Cr(III) to Co(III), and are accompanied by a nucleophilic co-catalyst. Ring-opening of the 

epoxide monomer requires pre-activation since the carbonate chain end is a weak 
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nucleophile. The pre-coordination of a second catalyst molecule or a co-catalyst to the 

epoxide activates the oxirane for the copolymerization towards PCs. A system with 

bis(triphenylphosphine)-iminium chloride (PPNCl) or (4-dimethylamino)pyridine (DMAP) as co-

catalyst shows an increased activity in the copolymerization.[50] To select a suitable co-

catalyst it is again necessary to match the compound to the used epoxide. While a salen 

complex accompanied with PPNCl as a co-catalyst leads to an increase in activity in the 

copolymerization of CHO and CO2, the selectivity of the PO/CO2 copolymerization shifts 

towards the generation of cPC when PPNCl is used.[51] At the same time the co-catalyst can 

also coordinate to the catalyst, where it is competing with the monomer and can lead to a 

longer initiation phase of the reaction.[48] This initiation time is reduced when a more 

nucleophilic initiation group, as for example an azide group, is introduced at the catalyst 

center.[52] A high selectivity of the cobalt salen complex by Seong et al. resulted in the 

formation of high molecular weight PC terpolymers from two epoxides and CO2. The epoxide 

monomer feedstock consisted of PO, CHO, 1-hexene oxide, and 1-butene oxide and the 

combination of monomers together with their ratio in the final terpolymer allowed tuning of 

the thermal properties of the product.[53] The group of Lee conducted detailed studies on the 

variability of salen ligands. By introducing quaternary ammonium salts into the ligand 

(Figure 5) TOFs of up to 26,000 h-1 for the copolymerization of PO and CO2 were reported, 

which are, to the best of our knowledge, the highest until today.[54-55] 

 

Figure 5. Highly active chromium salen complex containing quaternary ammonium salts in the ligand 
structure (X = BF4).[54] 

 

Commonly, the standard reaction to compare catalyst activities is the copolymerization of 

CHO and CO2. With the development of β-diiminate (BDI) zinc complexes by the group of 

Coates copolymerizations at low temperatures (20–50 °C) and low CO2 pressures (< 10 bar) 

were possible without the need for a co-catalyst. At the same time the activity of the catalysis 

could be increased significantly (TOF = 235–247 h-1).[56] The variability of the ligand system 

allows the introduction of electron withdrawing groups at the diimine backbone, as for 

example  trifluoromethyl or cyano groups, leading to an increased Lewis acidity at the zinc 

center and thus further increase in activity of the catalyst.[57] However, a combination of 
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electron withdrawing groups for maximum electron deficiency at the zinc center results in 

inactivation of the complex.[41] A complex with electron withdrawing trifluoromethyl groups at 

the backbone and ethyl substituents at the aromatic rings shows a TOF of 4800 h-1,[58] and 

with bis(trimethylsilyl)amido (N(TMS)2) as initiation group the activity of the catalyst increased 

further up to 5520 h-1.[59] The BDICF3-Zn-N(TMS)2 catalyst (Figure 6) enabled the 

copolymerization of a broad feedstock of epoxide monomers with CO2 and furthermore the 

terpolymerization of two epoxides with CO2.[59] 

 

Figure 6. BDI zinc complex with electron withdrawing CF3 groups at the ligand and N(TMS)2 as initiating 
group as developed by Reiter et al. for epoxide/CO2 co- and terpolymerization.[59] 

 

Bridging initiating groups, as for example acetate, can lead to a dimerization of BDI zinc 

complexes. In this case the steric bulk of the substituents on the aryl group is decisive for 

dimerization, which is important since the mechanism of the ring-opening copolymerization 

(ROCOP) of epoxides and CO2 most likely proceeds via a bimetallic mechanism.[50, 60] Sterically 

demanding groups like phenyl substituents hinder the dimerization and thus result in inactive 

complexes.[61] On the other side with a minimum steric bulk from methyl substituents tightly 

bound dimers are generated, which are unreactive while the distance between the zinc 

centers (3.81 Å) is too low for coordination and insertion of the monomers as well.[61] With a 

medium sterically demanding substituent, i.e. ethyl or isopropyl dimerizing catalysts with 

good catalytic activities are synthesized.[61-62] In these active catalyst dimers the optimized 

zinc-zinc distance measures about 4 Å.[63] 

Applying the knowledge from mechanistic studies, which show a dinuclear nature of the 

ROCOP, bridged complexes with two active sites have been developed.[35, 61] Based on the 

reduced Robson-type ligand the group of Williams developed a variety of dinuclear catalysts 

(Figure 7, left). These are already active at low CO2 pressures (1–10 bar) and with two zinc 

centers in close proximity TOFs of 25 to 140 h-1 were reported for the copolymerization of 

CHO and CO2.[64] Other metals used as active centers in these complexes are magnesium, 

iron, or cobalt resulting in similar activities of 29 to 172 h-1 for the CHO/CO2 

copolymerization.[65-67] The group of Rieger based their design of a bridged catalyst on their 

previous work with BDI zinc complexes. The two BDI ligand moieties in these complexes are 
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connected via their aryl substituents and the distance between the zinc centers can be 

adjusted with the length and rigidity of the bridging units. With the introduction of electron-

withdrawing trifluoromethyl groups a TOF of up to 155,000 h-1 in the copolymerization of CHO 

and CO2 was reported (Figure 7, right).[68] This is, to the best of our knowledge, the highest 

activity for a catalyst in this reaction until today. 

  

Figure 7. Dinuclear zinc complexes based on Robson-type (left) and BDI ligand (right).[64, 68] 

 

The crystal structure of the bridged catalyst based on the BDI ligand (Figure 7, right) revealed 

a distance around 8 Å between both zinc centers.[68] Compared to that the zinc-zinc distance 

in the dimerized form of mononuclear BDI complexes measures about 4 Å.[69] Despite this 

massive difference in zinc distances the activity has not decreased but is instead surprisingly 

high. This can be explained by the flexibility of the ligand structure as quantum chemical 

calculations of Kissling et al. show. During copolymerization the two centers approach each 

other to a distance of 4.5 Å.[63] While the dinuclear BDI zinc complex exhibits the highest 

measured activity of a catalyst for copolymerizing CHO with CO2 it is inactive in the coupling 

of PO and CO2. Theoretical calculations revealed a six-membered transition state for the 

insertion of CO2 into the bond between a zinc center and the coordinated alkoxide chain end 

of the growing PC. Overcoming this energy barrier is rate-limiting and for PO/CO2 

copolymerization this barrier is significantly higher than for reaction of CO2 with CHO.[63] 

So far catalysts for the copolymerization of PO and CHO with CO2 were described. In 

comparison to these, the catalysis of the copolymerization with limonene oxide (LO) as 

epoxide monomer is more complex due to the sterically demanding structure of LO, thus only 

a few complexes were found to be active in this reaction. In 2004 the group of Coates 

described the first active catalyst for the copolymerization of LO and CO2, which was built 

from a BDI ligand with zinc as active metal center and an acetate initiating group.[70]  The Lewis 

acidity of the zinc center and therefore activity of the catalyst can be increased via the 

introduction of electron withdrawing substituents like trifluoromethyl groups (TOF = 37 h-1). 
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Experiments with cis-LO show no conversion of this isomer as BDI zinc catalysts are selective 

towards trans-LO.[71] Another active catalyst is the amino-trisphenolate aluminum catalyst of 

the group of Kleij (Figure 8). With this catalyst both isomers of LO are accessible for the 

copolymerization with CO2. Other than the BDI zinc catalyst this complex requires a co-

catalyst, as for example PPNCl. Copolymerization of pure cis-LO with this catalyst system 

results in poly(limonene carbonate) (PLC) of moderate molecular weight (7.0–11 kg mol-1) and 

low polydispersity (< 1.5).[72] With turnover frequencies of 2–3 h-1 the aluminum catalyst has a 

remarkably lower activity[72] compared to the BDI catalyst (37 h-1)[71] described previously. 

 

Figure 8. Aluminum complex with PPNCl as co-catalyst active in the polymerization of CO2 with both 
cis- as well as trans-LO.[72] 

 

The incorporation of electron withdrawing trifluoromethyl substituents and N(TMS)2 as 

initiating group in a BDI-zinc complex resulted in TOFs of 310 h-1 in the trans-LO/CO2 

copolymerization (Figure 6). To the best of our knowledge, this is the most active catalyst in 

this reaction until today.[59] 

Besides the previously discussed heterogenous und homogenous metal-based catalysts 

Zhang et al. reported the utilization of organocatalysts in the copolymerization of epoxides 

and CO2. These alternative catalysts are based on Lewis acidic activators, like triethyl borane 

to ring-open the epoxide, in combination with cationic initiators which enable the alternating 

copolymerization of epoxides and CO2.[73]  Due to a high variability in the combination of Lewis 

acid and cationic initiator these systems can be optimized towards highly active 

organocatalysts. With the combination of an activator and an initiator moiety in one molecule 

Yang et al. were able to increase the activity of the catalyst up to a TOF of 4,900 h-1 in the 

copolymerization of CHO and CO2.[74] 

 

2.1.2 Mechanism of the ring-opening copolymerization 

The alternating copolymerization of epoxides with CO2 proceeds via a coordination-insertion 

mechanism. In Scheme 4 this mechanism as proposed by Coates et al. is shown exemplarily 

with a catalyst containing zinc as active metal center.[75] In the copolymerization of epoxides 
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and CO2 two reaction steps are substantial: the insertion of CO2 into a zinc-alkoxide bond, 

which is kinetically favored, and the insertion of an epoxide into a zinc-carbonate bond, which 

is usually the rate-determining step due to its high kinetic energy barrier.[76] The active form of 

BDI-zinc complexes in the copolymerization of epoxides and CO2 are dimeric species.[62] A 

comparison of different substituents on the BDI ligand published by Moore et al. showed a 

correlation between the dimeric nature, zinc-zinc distance, and reactivity of these catalysts. 

With increased steric bulk the complex is unable to dimerize and showed no reactivity in the 

copolymerization of CHO and CO2. On the other side a low steric bulk leads to tightly bound 

dimers, which result in unreactive complexes again. Only ligands leading to loosely bound 

dimers resulted in high activities of the complexes.[61] These catalysts can activate the epoxide 

prior to insertion into the growing polymer, which is necessary since the carbonate group is 

a weak nucleophile.[50] Observations of a decreasing reactivity of these homogenous catalysts 

with increasing dilutions support the theory of a bimetallic mechanism. In such diluted 

environments the probability of two complexes being in close proximity and able to dimerize 

is reduced.[50, 77] 

 

Scheme 4. Bimetallic mechanism with BDI-Zn complexes in the copolymerization of CHO and CO2 
(left) and transition state during ring-opening of the epoxide (right) as proposed by Coates et al. 
(P = polymer chain).[75] 

 

The incorporation of two successive epoxides into the polymer chain leads to ether instead 

of carbonate linkages in the chain and can be another unwanted side reaction besides 

formation of cyclic carbonates. Tuning the catalytic system or adjusting the temperature and 

CO2 pressure can drive the selectivity of the reaction towards the alternating incorporation of 

epoxides and CO2 and therefore a low polyether content. The opposite process, a 
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consecutive incorporation of two CO2 molecules, is reversible and enthalpic barriers prevent 

the formation of such dicarbonate linkages.[76] Water, alcohol, or other impurities can act as 

chain transfer agents (CTAs).[42, 78] As a consequence unwanted side reactions can originate 

from these substances resulting in low molecular weights of the polymer and bimodal 

molecular weight distribution. However, if applied systematically as CTA a targeted synthesis 

of polymers with well-defined molecular weights can be achieved.[79] 

The initiation and propagation in the copolymerization of LO and CO2 with a BDI zinc catalyst 

was studied by the groups of Greiner and Rieger in 2016.[80] Again, a bimetallic mechanism is 

proposed, where a LO monomer is pre-coordinated by one metal center followed by 

coordination of a second LO molecule at the other metal center and an intramolecular 

nucleophilic attack (Scheme 5).  

 

Scheme 5. Mechanism of the initiation and propagation of LO/CO2 copolymerization with a BDI zinc 
catalyst as proposed by Hauenstein et al. (Ln = BDI, P = polymer chain).[80] 
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A difference in the copolymerization mechanism for CHO compared to LO is indicated when 

the rate equations of both copolymerizations are considered. Here the reaction order for CHO 

is one while in the case of the LO/CO2 copolymerization the reaction order of LO is two.[80] In 

contrast to the mechanism postulated by Coates et al. for the copolymerizations of CHO and 

CO2
[75] no attack at the LO can take place as long as the two metal centers are still connected 

via the acetate group or carbonate chain end. Only when a second LO is coordinated the now 

monomeric catalyst molecules can rearrange to allow the nucleophilic attack at the 

coordinated LO.[80] Byrne et al. reported the observation of a strong temperature dependency 

of the catalyst’s activity in LO/CO2 copolymerization so that above 35 °C the TOF of the 

complex decreased significantly from 33 h-1 (35 °C) to 1 h-1 (50 °C).[71] Contrary to earlier 

assumptions, Reiter et al. were able to show that neither the double bond in LO nor the cis-

isomer of LO act as catalyst poisons. They furthermore reported in situ IR measurements of 

LO/CO2 copolymerizations at different temperatures indicating that the equilibrium between 

polymerization and depolymerization is influenced by temperature and shifted towards the 

latter with increasing temperature.[59] 

 

2.1.3 Synthesis strategies for epoxide monomers 

An intensely investigated epoxide, that is used in the copolymerization with CO2, is PO. It is 

synthesized via two main routes, the chlorohydrin process and the hydrogen peroxide 

propylene oxide (HPPO) process. The synthesis of PO via propylene chlorohydrin developed 

a growing industrial relevance over the years after its first report in 1859. It proceeds via two 

steps: First propylene is chlorinated to propylene chlorohydrin, which is then 

dehydrochlorinated in a saponification reaction with sodium or calcium hydroxide (Scheme 6, 

(A)).[81-82] Another approach towards PO is the HPPO process. This route uses hydrogen 

peroxide to epoxidize propylene with the help of a titanium silicalite catalyst (TS-1) (Scheme 6, 

(B)). Compared to the chlorohydrin process this approach is more sustainable since it is 

chlorine-free and the main byproduct is water.[83-84] 

 

Scheme 6. Synthesis of PO via (A) the chlorohydrin process or (B) the HPPO process.[81-84] 
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Both processes have in common that they start from propylene, which is commonly 

petroleum-based. To enable the sustainable synthesis of PO an alternative source for the 

olefin is crucial. In most routes methanol is used to synthesize propylene from sustainable 

resources. The hydrogenation of carbon monoxide towards methanol can be catalyzed by a 

variety of supported metal oxides.[27-28] Even more attractive is the synthesis of methanol from 

CO2 as it is an abundant and non-toxic waste and greenhouse gas.[85] Here the difficulty arises 

from the chemical inertness of CO2, which requires powerful and selective catalytic processes 

for the reaction towards methanol.[86-87] The synthesized alcohol can then be converted further 

into propylene via the methanol-to-propylene (MTP) route using zeolites as catalysts 

(Scheme 7).[28, 88-89] 

 

Scheme 7. Methanol-to-propylene route using ZSM-5 zeolithe catalysts. 

 

A third alternative approach was published by Yu et al., where PO can be synthesized from 

glycerol without the need of propylene as starting material. After hydrogenation and 

dehydration of glycerol the resulting propylene glycol is further dehydrated to result in PO 

(Scheme 8).[90] This is an interesting approach in terms of sustainability, but due to moderate 

yield and selectivity it is so far not industrially competitive to the two previously mentioned 

main routes. 

 

Scheme 8. Synthesis of PO by hydrogenation and dehydration of glycerol.[90] 

 

Another central epoxide monomer in the copolymerization with CO2 is CHO. The common 

pathway towards CHO is starting with benzene, which is derived from crude oil. After 

dehydrogenation of benzene[91-92] the resulting cyclohexene can be epoxidized towards CHO 

using different peroxides, for example hydrogen peroxide or tert-butyl hydroperoxide 

(Scheme 9, (A)).[93-94] Addressing the interest in sustainable alternatives for petrochemicals a 

route towards CHO makes use of plant-based triglycerides (Scheme 9, (B)). The product 1,4-

cyclohexadiene from self-metathesis of the triglycerides is epoxidized in the next step.[95] After 

hydrogenation of the remaining double bond CHO is formed.[96] 
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Scheme 9. CHO synthesis from (A) crude oil-based benzene or (B) triglycerides.[91-96] 

 

A broad and diverse group of bio-based molecules, which are important building blocks for 

various sustainable syntheses are terpenes. One prominent representative among them is 

(+)-limonene, a monoterpene, that can be extracted from peels of citrus fruits.[18] Its synthesis 

is therefore not competing with food production as the peels are accruing as waste from juice 

production. With its two double bonds limonene has two positions for potential epoxidation. 

A less selective oxidizing agent results in the generation of the diepoxide or other alcohol or 

ketone by-products.[97-98] In case of the diepoxide, the ring-opening copolymerization could 

take place on both functionalities and instead of the targeted linear polymer a cross-linked 

product would be obtained. The synthesis of 1,2-limonene oxide (LO) requires epoxidation of 

the endocyclic double bond. Via the epoxidation a stereo center is introduced into the 

molecule and a cis- and a trans-product can be generated. Using peracetic acid for the 

epoxidation the isomer ratio of the product is 46:54 (cis:trans), which is the common ratio of 

commercially available LO.[17] As explained in Chapter 2.1.1 most catalysts that are active in 

the copolymerization of LO and CO2 are exclusively incorporating trans-LO. A route for the 

trans-enriched synthesis of LO is therefore of high interest and can proceed via bromination 

with N-bromosuccinimide (NBS) followed by a nucleophilic attack and ring closure 

(Scheme 10). With this method a content of 85% trans-LO could be achieved by Hauenstein 

et al.[80] 

 

Scheme 10. Trans-enriched synthesis of LO as published by Hauenstein et al.[80] 

 

The feedstock for bio-based monomers became even more divers when Zhang et al. added 

epoxidized vegetable oils to them. In their work from 2014 they use 10-undecenoic acid from 

castor oil, which is nonedible and derived from the castor bean plant. The unsaturated fatty 
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acid is methylated followed by the epoxidation of the terminal double bond with meta-

chloroperoxybenzoic acid (mCPBA, see Scheme 11). The resulting epoxide can then be 

copolymerized with CO2.[99] 

 

Scheme 11. Synthesis of bio-based epoxides from 10-undecenoic acid via esterification, followed by 
epoxidation.[99] 

 

2.2 Polysiloxanes 

Polyorganosiloxanes, also called polysiloxanes or silicones, are polymers with an inorganic 

backbone of alternating silicon and oxygen with organic groups attached to the silicon. In 

case of the organic substituents being methyl groups only, the polymer is called a 

poly(dimethylsiloxane) (PDMS).[100] Four structural motives build the basis of a polysiloxane: 

Monofunctional (M), difunctional (D), trifunctional (T) and tetrafunctional (Q) units (Figure 9).[101] 

Monofunctional units are terminal units in polymer chains or networks and allow to control the 

length and molecular weight of polymers by adjusting their share in the monomer feed. The 

classic linear polymer is built from difunctional monomer units, and the length of the resulting 

polymer chain defines the viscosity of linear polysiloxanes. Branched or cross-linked 

polysiloxane structures can be formed with tri- or tetrafunctional units, often in combination 

with difunctional units to build a more loosely connected network.[21, 101] 

 

Figure 9. Structural motives in PDMS: Monofunctional (M), difunctional (D), trifunctional (T), and 
tetrafunctional (Q) units.[101] 

 

The Müller-Rochow process, also known as the direct process, generates 

organo(chloro)silanes, typically methyl chlorosilanes, from silicon and organochlorides 

(Scheme 12). At 260–310 °C and in the presence of a copper catalyst a mixture of 

dimethyldichlorosilane (80–90%), methyltrichlorosilane (3–15%), trimethylsilyl chloride (2–

5%), tetramethylsilane (0.1–1%), silicon tetrachloride (<0.1%), and other silanes is produced 

and separated by fractional distillation.[102] 
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Scheme 12. Synthesis of methyl chlorosilanes via the Müller-Rochow process.[102] 

 

These organochlorosilanes react with water to silanols releasing hydrogen chloride as by-

product. These silanols can be directly polymerized in a polycondensation reaction releasing 

water in this process (Scheme 13). Cyclic siloxanes, which occur as a by-product in the 

hydrolysis of dimethyldichlorosilane can be again converted into linear siloxanes by ring-

opening them with the help of dimethyldichlorosilane.[100] 

 

Scheme 13. Polycondensation of dimethyldichlorosilane.[21] 

 

The performance of polysiloxanes varies strongly depending on their structural design. By 

controlling the chain length, number of linking points and substituents at the silicone the 

properties of the product can be tuned to meet the individual application requirements. Linear 

polysiloxanes are fluids even up to high molecular weights. In PDMS the methyl groups can 

rotate easily around the backbone leading to the typical low surface tension of siloxanes while 

the non-polar organic side groups determine the hydrophobic character of siloxanes.[21] 

Polymers with a high degree of tri- and tetrafunctional units can build up a highly cross-linked 

network. The degree of crosslinking defines the distinction between rubbers and resins. 

Rubbers are more loosely inter-connected elastomers cross-linked via curing. Resins contain 

mainly tri- and tetrafunctional units and stand out for their temperature resistance. A network 

containing only tetrafunctional units is a silicate.[100] 

 

2.3 Group-transfer polymerization 

In a publication from 1983 Webster et al. introduced the term “group-transfer polymerization” 

(GTP) in the course of their work on silyl ketene actetal-initiated polymerizations of Michael-

type monomers. The name of this polymerization mechanism is based on the proposed 

associative mechanism in which a silyl group is transferred to a free monomer during 

incorporation into the growing polymer chain (Scheme 14, (A)).[103] Later studies revealed that 

the polymerization proceeds via a dissociative propagation mechanism instead. The 
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complexation of the silyl group by a nucleophilic catalyst leads to its dissociation from the 

polymer and the resulting enolate chain end attacks a free monomer (Scheme 14, (D)).[104-105] 

 

Scheme 14. The associative (A) and dissociative (D) propagation in silyl ketene actetal-initiated GTP of 
MMA (Nu = nucleophile, P/P’ = polymer chain).[106-107] 

 

In the independent reports of Yasuda et al. and Collins et al. the first rare earth metal-mediated 

GTP (REM-GTP) approaches were published in 1992.[108-109] Transition metal complexes were 

developed to synthesize poly(methyl methacrylate) (PMMA) of high molecular weights and 

narrow polydispersities. The catalyst system by Collins et al. is composed of a cationic and a 

neutral zirconocene complex, which are both active in the bimetallic propagation step.[109] The 

catalyst investigated by Yasuda et al. is a dimer of a neutral samarocene hydride complex, 

which produces PMMA with a high syndiotacticity (95% rr) and molecular weights greater 

than 100 kg mol-1 while maintaining low polydispersities (< 1.05).[108] In the initiation step 

methyl methacrylate (MMA) is coordinated to the samarocene complex, cleaving the dimeric 

complex. Then a hydrid of the catalyst is transferred to the MMA followed by coordination 

and insertion of another MMA molecule via an eight-membered ring transition state 

(Scheme 15).[108] 
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Scheme 15. Initiation step of MMA polymerization with a samarocene hydrid catalyst.[108, 110] 

 

Depending on the applied metallocene the polymerization proceeds either via a mono- or a 

bimetallic propagation step. The samarocene complex of Yasuda et al. shows a monometallic 

propagation step similar to the initiation step. After the coordination of a free MMA to the 

metal the enolate chain end of the growing polymer attacks the MMA forming an eight-

membered ring transition state of the insertion (Scheme 16, (A)).[108, 110] In the bimetallic 

mechanism the stabilization of the polymer chain end and the activation of a new monomer 

molecule is realized by two individual metal complexes. The zirconocene catalyst system of 

Collins et al. proceeds via such a bimetallic mechanism (Scheme 16, (B)).[110-111] 

 

Scheme 16. Monometallic (a) and bimetallic (b) propagation in MMA polymerization with different 
metallocene complexes (M = metal, P = polymer chain).[107] 

 

High molecular weight (> 1000 kg mol-1) polymers of diethyl vinylphosphonate (DEVP) were 

reported by the group of Rieger. The catalyst used in these reactions was a metallocene 

complex based on ytterbium as rare-earth metal center (Figure 10, left). Besides the 

homopolymerization, also copolymerizations of DEVP and MMA towards polymers of high 

molecular weights (29–46 kg mol-1) and low polydispersities (1.1–1.2) were reported.[112]  
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Based on bisphenolate ligands a new group of catalysts for REM-GTP was developed 

(Figure 10, right). They not only showed promising activity in the REM-GTP of a broad variety 

of polar monomers, but also in the ring-opening polymerization of β-butyrolactone.[113] Highly 

stereoselective syntheses towards isotactic poly(2-vinylpyridine) (P2VP) (Pm = 92%)[114] or 

syndiotactic poly(3-hydroxybutyrate) (PHB) (Pr = 88%)[113] are enabled by the application of 

this tunable catalyst. Such a high control over stereoregularity as well as molecular weight 

distribution is typical for REM-GTP catalysts. 

 

Figure 10. Catalysts active in the GTP of Michael-type monomers based on a metallocene (left) or a 
bisphenolate ligand (right).[112-113, 115] 

 

2.3.1 C-H bond activation 

The initiation in REM-GTP with rare-earth metal metallocene catalysts can proceed either via 

deprotonation or via nucleophilic transfer of the initiating group (Scheme 17). Hereby, the 

nucleophilicity of the ligand determines which reaction pathway is preferred.[116] 

 

Scheme 17. Initiation pathways in GTP with metallocenes as exemplified with vinyl phosphonate 
monomers.[116] 

 

The deprotonation step is rather slow compared to the nucleophilic transfer, which is why 

catalysts were tuned towards the latter to improve the activity and initiator efficiency of the 

complexes. Heteroaromatic initiating groups, like 2,4,6-trimethylpyridine (sym-collidine) are 
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successfully introduced via σ-bond metathesis, which proceeds via C-H-bond activation of 

the N-adjacent methyl group.[116] By suppressing unwanted side-reactions not only the activity 

and initiator efficiency is increased, but also the controlled nucleophilic transfer in the initiation 

enables the selective introduction of a functional group at the end of the polymer chain. This 

principle of an initiating group exchange via C-H bond activation can be used with 

bisphenolate lanthanides as well (Scheme 18). [117-118] Via the conjugation of more than one 

metal center to a central, multinuclear initiating group linear or even more complex star-

shaped polymer structures can be synthesized with the transferred initiating group connecting 

the polymer chains.[119-120] 

 

Scheme 18. C-H bond activation of a bisphenolate complex with sym-collidine.[117-118] 

 

2.3.2 Michael-type monomers and their corresponding polymers 

The catalysts described in the previous chapter are active in the polymerization of polar 

unsaturated molecules. These monomers are characterized by conjugated double bonds and 

electron withdrawing substituents which is why they are also called Michael-type monomers 

(Figure 11).[117] 

 

Figure 11. Selected Michael-type monomers and their general resonance structure.[117-118, 121] 
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The polymerization products of these monomers have diverse properties, making them 

suitable for a variety of different applications. The engineering plastic PMMA is known for its 

high impact strength and due to its light weight and transparency it is widely used as 

alternative for glass.[122] Poly(diethyl vinylphosphonate) (PDEVP) is soluble in water and 

possesses amphiphilic properties. It furthermore shows thermoresponsive behavior in water, 

so that below its lower critical solution temperature (LCST) the polymer is completely 

dissolved in the solvent at all compositions. These properties and its biological compatibility 

makes PDEVP especially attractive for medical applications.[115, 123] The pH-dependent 

solubility of the amphiphilic P2VP makes it interesting for high-performance applications.[117] 

By copolymerization of 2-vinylpyridine (2VP) with water-soluble monomers copolymers can 

be formed, which can arrange via self-assembly to build micelles.[124] 

 

2.4 Advanced polymer structures via co- and terpolymerization 

The most basic polymer structure is built from one monomer only and is therefore called a 

homopolymer. When more than one monomer is polymerized into a polymer chain the term 

copolymer is used.[125] Depending on the reactivity of the monomers, the polymerization 

mechanism, or catalyst used a variety of different polymer microstructures can be generated. 

In general, four main structural motives – alternating, block, statistical and gradient – are used 

to categorize linear copolymers.[125] In alternating copolymers the monomers are incorporated 

in a strictly alternating manner (Figure 12, (A)). One example for this copolymer type is 

poly(ethylene terephthalate) (PET), where terephthalic acid and ethylene glycol are 

incorporated alternatingly.[21] Epoxide and CO2 copolymerization towards PCs is another 

example whereby the alternating combination results in carbonate linkages. As discussed 

earlier also a consecutive incorporation of two or more epoxides can happen as a side 

reaction resulting in ether linkages and an interruption of the alternating structure of the 

polymer.[44, 126] Block copolymers are structures, where several units of one monomer are 

incorporated consecutively (Figure 12, (B)). This leads to homopolymer segments within the 

copolymer, where each segment is clearly separated from another.[125] Multiblock structures 

as well as a simple AB block copolymers can be the resulting motive.[127-128] If no order in the 

copolymerization pattern can be observed the structure is called random or statistical 

(Figure 12, (C)).[125] A gradient copolymer can be seen as a mixture of block and statistical 

polymers (Figure 12, (D)). The concentration of each monomer is higher on only one side of 

the polymer chain and decreases over the chain length. Between the two chain ends 

monomer concentrations change continuously, either symmetrical or asymmetrical.[125, 129] 
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The probability for the generation of these different copolymer structures resulting from a one 

pot reaction can be predicted by determining the copolymerization parameters. These 

express the probability of a monomer to form a homopolymer or a copolymer with a second 

monomer and are specific for each monomer combination.[125, 130] A high copolymerization 

parameter indicates a high probability of the monomer to form homopolymers from the 

reaction mixture. If both copolymerization parameters for a monomer mixture are significantly 

higher than 1, it is most likely that block copolymers or even two separate homopolymers are 

formed. The other extreme, with a value of 0 for both parameters a strictly alternating 

copolymer is formed as the homopolymerization is very unlikely. In the unusual case of both 

parameters being determined with a value of 1 a statistical copolymer is formed, because 

neither homo- nor copolymerization is preferred.[125] These values can be determined with the 

help of copolymerization experiments and calculations according to Mayo and Lewis or 

Fineman and Ross, where the ratio between the monomers in the feed is compared with the 

ratio of the monomers incorporated into the polymer chain.[125, 130] 

Besides the synthesis of linear copolymers another structure worth mentioning is the 

generation of graft copolymers (Figure 12, (E)). In these macromolecules a linear polymer 

chain contains reactive groups along the chain, which can be used as connection points for 

another polymer forming branched structures.[125, 131] 

 

Figure 12. Block copolymer structures. 

 

The synthesis of defined copolymer structures requires different approaches depending on 

the targeted copolymer type. The simplest one is to polymerize all monomers from one feed, 

a classical one pot reaction. However, if a block structure is targeted, but the one pot pathway 
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results in alternating or statistical copolymers a sequential addition of the monomers can be 

used to overcome the intrinsic reactivity and lead to generation of defined (multi)block 

polymers.[132] This is also a helpful pathway if a change between the catalytic system is 

necessary for the polymerization of the monomers. After the epoxide is completely consumed 

Zhang et al. added the vinyl monomer and azobisisobutyronitrile (AIBN) for the polymerization 

of the second monomer. This way the ROCOP of epoxides and CO2 could be combined with 

the reversible addition-fragmentation (RAFT) polymerization of vinyl monomers.[133] If the 

reaction via sequential addition is not possible two polymer chains can also be connected in 

a post-polymerization reaction. For the synthesis of biomedical materials poly(L-lactide) was 

used as macroinitiator in the polymerization of L-lysine resulting in block copolymers, which 

can provide useful connection properties based on their functional groups and hydrophilic or 

hydrophobic behavior.[134] 

 

2.4.1 Extension of aliphatic polycarbonate copolymers 

The catalyst used in the present work is the previously discussed BDICF3-Zn-N(TMS)2 complex 

developed by the group of Rieger. This catalyst is capable of copolymerizing a broad variety 

of epoxide monomers with CO2. Besides the epoxides PO, and CHO, mentioned before the 

pool of polymerizable monomers also contains LO, styrene oxide and octene oxide. This 

versatility of the catalyst allows even a mixed feed of epoxide monomers like PO and CHO or 

PO and LO to be polymerized with CO2 towards terpolymers.[59] Starting with more than one 

monomer present in the reaction mixture the control over the microstructure is not given and 

most likely a statistical or rather gradient type polymer is generated. Sequential addition of 

PO, CHO and vinylcyclohexene oxide was used by Darensbourg et al. to synthesize triblock 

copolymers with the help of a chromium salan complex. These copolymers show separated 

glass transition temperatures (Tg) in contrast to the mixed Tg that gradient or statistical 

copolymers usually feature.[135] 

 

2.4.2 Siloxanes as complements to polycarbonates 

With the intention of improving the mechanical properties of BPA-PC at low temperature, a 

blend with PDMS was prepared in the work by The Dow Chemical Company. In the presence 

of KOH, transesterification reactions took place, which covalently linked BPA-PC with PDMS 

while reducing the molar mass of the PC. The block copolymers formed in this reactive 

blending also contribute to an increase in miscibility of both polymers in the blend. As a result, 

products with an enhanced impact toughness at temperatures down to -40 °C are 
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produced.[23] A selective combination of siloxanes and BPA-PC is possible via 

cophosgenation of BPA and siloxane oligomers or by linking blocks of carbonate and siloxane 

oligomers alternatingly using different end groups at the oligomers.[22] In a work of Reiter et 

al.  PDMS was used as a chain transfer agent in the polymerization of epoxides and CO2. The 

hydroxy end groups of the siloxane can exchange the initiator at the catalyst center and the 

PDMS initiator is therefore transferred to the end of the growing aliphatic polycarbonate 

chain.[58] 

 

2.4.3 Combination of polymerization mechanisms 

The variety of polymerizable molecules is so diverse, which is why they often need special 

catalysts tailored to the respective monomer types. Some monomers can readily be 

copolymerized with each other, but others react via such different mechanisms that they 

cannot be incorporated into one polymer chain. As described before, an yttrium bisphenolate 

complex enables homopolymerization of BBL or 2VP, but a combination of both monomers 

into one copolymer was not possible.[113] Successful examples are the polymerization of MMA 

and lactones towards block copolymers using a lanthanocene catalyst. In this reaction the 

sequence of monomer addition is crucial as the polymerization of MMA does not take place 

when the lactone is added first to the reaction mixture.[136] With the help of organoaluminum 

catalysts a mixture of the two homopolymers could be obtained polymerizing directly from a 

mixture of MMA and lactones. In this case the monomers are not inhibiting each other in the 

polymerization, however a successful combination in one polymer chain could not be 

achieved.[137] In the context of the combination of GTP with ring-opening polymerization the 

question about how GTP can be combined with ROCOP caught increasing interest. Wang et 

al. reported the combination of the polymerization of MMA with the copolymerization of PO 

and CO2 by using a bifunctional CTA. For the ROCOP of PO and CO2 an aluminum porphyrin 

catalyst was applied and the radical polymerization of MMA was performed with PPNCl/AIBN. 

In the resulting block copolymer the CTA is the connection between the two polymer 

blocks.[138]  
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3. Aim of the thesis 

Aliphatic PCs based on epoxides and CO2 are materials of high interest, especially as a 

possible replacement for BPA-PC. They are integrated particularly well in the field of 

sustainable materials by making use of CO2 as a monomer. Furthermore, the absence of 

aromaticity in the backbone indicates an increased UV stability. However, the outstanding 

performance of BPA-PC, especially in terms of impact toughness is yet to be met.[126, 139] The 

aim of this thesis is to upgrade the material properties of aliphatic PCs by tuning the polymer 

structure and extending the combinations of different monomer and polymer types. 

The first part of this work is focused on the structural modification to improve the mechanical 

performance of aliphatic PCs. In the previous work of this group, but also by the group of 

Williams a combination of epoxide/CO2 ROCOP and lactone ring-opening copolymerization 

resulted in terpolymers with an increased elongation at break.[140-142] In this work, PDMS is 

incorporated as soft block into the chain of PCHC to improve its mechanical properties. 

PDMS impresses with low interactions between the chains while being non-toxic and 

colorless at the same time.[143] The successful incorporation of short siloxane blocks into the 

PCHC chain was achieved by Reiter et al. using hydroxy-terminated molecules as CTAs.[58] 

With the help of the same BDICF3-Zn-N(TMS)2 catalyst the principle of initiator exchange shall 

be applied to our work. It is expected that the utilization of α,ω-hydroxy-terminated PDMS of 

high molecular weight as CTA leads to synthesis of PCHC-PDMS block copolymers with 

improved mechanical properties. At the same time the high Tg, transparency and thermal 

stability of PCHC should not be influenced negatively. Upscaling of the polymerization can 

show the stability of the reaction pathway and enable an in-depth analysis of the product 

regarding mechanical, thermal, and rheological properties. 

 

Scheme 19. Synthesis of PCHC-PDMS block copolymers with hydroxy-terminated PDMS as CTA and 
a BDI zinc complex as catalyst for the CHO/CO2 copolymerization.[144] 
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The second part of this thesis covers the power of a mixed monomer feedstock to allow 

selective tuning of polymer properties. PO, CHO, and LO all have in common that they belong 

to the most intensively studied epoxides for the copolymerization with CO2.[145-146] At the same 

time the corresponding PCs differ fundamentally in their mechanical and thermal properties. 

PCHC and PLC are well known for their high Tg of 115 °C and 130 °C, respectively, but also 

a high brittleness.[80, 147] Contrary to this, PPC is known for its low modulus of elasticity 

(831 MPa)[148] and low Tg (25-45 °C)[19]. A combination of these contrasting polymers could 

allow the merger of their advantageous properties and a high control over them with 

adjustment of the ratios between them. In this project the previously mentioned BDI zinc 

catalyst is used again, because it is not only capable of catalyzing all three monomers at high 

TOFs, but also enabling the use of a mixed epoxide feedstock to synthesize terpolymers.[59] 

However, the epoxides are polymerized with TOFs between 120 and 5520 h-1,[59] indicating 

different activities of the catalyst in their respective homopolymerizations. This reactivity 

difference influences the microstructure of the resulting polymer. Starting from a mixed feed 

of two epoxides with such different reactivities will most likely result in the generation of 

gradient copolymers, because the epoxide, which is incorporated faster will dominate in the 

beginning of the copolymerization. With the progression of the reaction its concentration and 

therefore probability of incorporation decreases resulting in a growing ratio of the other 

monomer. This work has the synthesis of terpolymers from two epoxides and CO2 with a high 

control over the microstructure as a target. With the help of a dosing system the faster 

incorporated monomer will be added continuously into the reactor keeping its concentration 

low and allowing the synthesis of statistical terpolymers with defined polymer ratios. 

 

Scheme 20. Polymerization of PO, CHO, and CO2 with a BDI zinc complex as catalyst towards 
terpolymers.[149] 

 

The third part of the thesis deals with the combination of polymerization mechanisms 

demanding different complexes for their catalysis. GTP is a beneficial method to polymerize 

Michael-type monomers towards polymers with a high degree of precision in their molecular 

weight distribution and end group functionality.[150] To combine GTP of 2VP and 
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2-isopropenyl-2-oxazoline (IPOx) with ROCOP of CHO and CO2 a dinuclear catalyst shall be 

developed. The idea is to design each active site specifically to catalyze one of the 

polymerization types. ROCOP should be catalyzed at the BDI zinc center, which can be 

connected via a linker with the yttrium metallocene center active in GTP. The linker between 

the active centers will then be transferred as an end group to the growing polymer chains and 

serve also as the connection between the two polymer blocks. Connecting two polymerization 

mechanisms as controlled, but also as diverse as GTP and ROCOP enables the generation 

of a broad variety of novel block copolymers with tunable properties via a one pot reaction. 

 

Scheme 21. Terpolymerization of 2VP, CHO and CO2 with a dinuclear complex containing a zinc and 
an yttrium center, connected via a pyridyl alcohol initiating group.[151] 
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4. The soft side of aliphatic polycarbonates: with PCHC-b-PDMS 
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Title: The soft side of aliphatic polycarbonates: with PCHC-b-PDMS copolymers 
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Status: Full paper, published May 15, 2023 

Journal: Macromolecules, 56, 11, 4318–4324 

Publisher: American Chemical Society 

DOI:   10.1021/acs.macromol.2c02433 

Authors: Alina Denk, Paula Großmann, Bernhard Rieger* 

 

Content 

The utilization of CO2 as a building block makes aliphatic polycarbonates a promising group 

of polymers in the fields of sustainable materials. To improve the mechanical properties of 

aliphatic polycarbonates block copolymers with siloxanes are synthesized. The poly(dimethyl 

siloxane) block is incorporated into the polycarbonate with the help of a β-diiminate zinc 

catalyst, where the polysiloxane exchanges the initiating group at the zinc center and is 

transferred to the end of the growing polycarbonate chain. The successful synthesis of block 

copolymers is indicated by diffusion-ordered nuclear magnetic resonance spectroscopy. 

Upscaling of the copolymerization showed the stability of the reaction and enabled an in-

depth analysis of the polymers. Those show a significant increase in elongation at break in 

tensile testing experiments and an improved mechanical stability in deformation experiments. 

The analysis via atomic force microscopy and transmission electron microscopy visualizes 

the phase separation of the polycarbonate and the polysiloxane on a nanometer scale and 

their different soft and hard characteristics. 

 

*A. Denk carried out all experiments and wrote the manuscript. P. Großmann recorded the 

TEM images and gave advice on the manuscript. All work was carried out under the 

supervision of B. Rieger.  
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Content 

The controlled polymerization of a mixed epoxide feedstock towards CO2 based 

polycarbonates is enabled by the application of a dosing system. This setup allows the 

synthesis of statistical terpolymers despite significantly different reactivities of the epoxide 

monomers. With the continuous addition of the more reactive monomer into the reaction 

mixture over the whole time of the reaction it is possible to produce statistical terpolymers of 

defined monomer compositions by adjusting the monomer feed. The successful synthesis of 

terpolymers with the desired microstructure is analytically proven by diffusion-ordered 

nuclear magnetic resonance spectroscopy, gel permeation chromatography and differential 

scanning calorimetry measurements. The versatile concept can be transferred to other 

monomer mixtures as well. 

 

*A. Denk carried out most of the experiments and wrote the manuscript. E. Fulajtar carried 

out experiments and gave advice on the manuscript. C. Troll designed the setup of the dosing 

system. All work was carried out under the supervision of B. Rieger. 
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6. Heteronuclear, monomer-selective Zn/Y catalyst combines 
copolymerization of epoxides and CO2 with group-transfer 
polymerization of Michael-type monomers 

 

Title: Heteronuclear, monomer-selective Zn/Y catalyst combines copolymerization of 

epoxides and CO2 with group-transfer polymerization of Michael-type 

monomers 

Status: Communication, published March 27, 2020 

Journal: ACS Macro Letters, 9, 4, 571–575 
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Content 

With the help of a binuclear catalyst the ring-opening copolymerization should be combined 

with the group transfer polymerization. Hence, a complex is synthesized with a β-diiminate 

zinc moiety to catalyze the epoxide/CO2 copolymerization, which is connected via a pyridyl 

alcohol linker to an yttrium metallocene unit which is active in the group-transfer 

polymerization of Michael-type monomers. After mass spectrometry measurements showed 

the incorporation of the linking unit in poly(cyclohexene carbonate) and poly(2-vinylpyridine) 

individually terpolymerizations were performed either via sequential addition or a one pot 

route. Aliquot GPC analyses and solubility tests support a successful generation of block-

structured polymers. Furthermore, the catalyst showed to be active also towards 

polymerization of 2-isopropenyl-2-oxazoline as Michael monomer. 

 

‡These authors contributed equally. *A. Denk executed all the experiments and gave advice 

on the manuscript. S. Kernbichl had the initial idea and wrote the manuscript. A. Schaffer, M. 

Kränzlein and T. Pehl contributed valuable ideas and discussions. All work was carried out 

under the supervision of B. Rieger. 
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Figure 13. Cover art adopted from “Heteronuclear, monomer-selective Zn/Y catalyst combines 
copolymerization of epoxides and CO2 with group-transfer polymerization of Michael-type 
monomers”.[151] 
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7. Biobased Synthesis and Biodegradability of CO2-Based 
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Status: Book chapter, published March 2, 2022 
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DOI:  10.1007/12_2022_116 

Authors: Alina Denk, Bernhard Rieger* 

 

Content 

The opportunities which aliphatic polycarbonates offer are not only based on their CO2 

content but have to be assessed also regarding the origin of the epoxide monomer. With a 

comparison of conventional and biobased synthesis routes towards the most common 

epoxides used for the synthesis of aliphatic polycarbonates their sustainability is explored. 

Besides propylene oxide and cyclohexene oxide also one of the most prominent examples 

for biobased epoxides, namely limonene oxide is discussed. Additionally, an interesting 

synthesis approach towards vegetable oil-based epoxides is covered. Looking further into 

the catalysis of the copolymerization of these epoxides with CO2 the catalyst development is 

briefly examined. Further background is given for the mechanism behind the ring-opening 

copolymerization and unwanted side reactions. The diverse group of CO2-based 

polycarbonates offer a wide range of properties based on the employed epoxide comonomer. 

Besides the aspect of a sustainable monomer basis for these monomers, another aspect of 

sustainability is the degradability of polymers in the environment. For the group of aliphatic 

polycarbonates, the research in this field is mainly focused on the compostability of 

poly(propylene carbonate). To classify this polymer group as a valuable unit in the uprising of 

sustainable polymers this aspect requires further investigation. 

 

*A. Denk wrote the manuscript. All work was carried out under the supervision of B. Rieger.  
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8. Summary 

The sustainable monomer feedstock of aliphatic PCs based on CO2 and epoxides is one 

reason for the high interest in these polymers. The low performance of some aliphatic PCs, 

however, reduces their applicability as industrially relevant material. To overcome the 

brittleness of PCHC, block copolymers containing PDMS were synthesized to combine the 

hard nature of the PC with the soft properties of a siloxane. Therefore, PDMS terminated with 

hydroxy groups on both chain ends was used to exchange the N(TMS)2 initiating group of the 

BDI-Zn-N(TMS)2 catalyst in situ. NMR monitoring of this initiating group exchange showed 

the expected broadening of the catalyst signals when combined with a polymeric initiating 

group while the generation of free HN(TMS)2 from the exchange process could be observed. 

The copolymerization reaction proceeded fast and with high conversions of CHO. By 

controlling the amount of CHO added to the reaction mixture the chain length and therefore 

molecular weight of the block copolymer could be adjusted while the length of the PDMS 

block stayed the same. The successful connection of both polymer blocks was supported by 

DOSY NMR as the polymer-related signals shared one diffusion coefficient in contrast to a 

comparative measurement of a polymer blend comprising homopolymers of PCHC and 

PDMS, where these signals were separated. The bimodality observed in GPC measurements 

could be be explained by the generation of AB and BAB block structures. Due to the end 

group functionality of the PDMS in theory both chain ends should be able to coordinate to 

the active zinc center and initiate the PCHC synthesis resulting in BAB block copolymers. In 

reality it is possible that a fraction of the hydroxy groups does not coordinate to a zinc center 

and results in AB block copolymers. Additionally, to the synthesis in a small-scale experiment 

the stability of the reaction could be proved by upscaling it up to an 80-fold increase of 

epoxide monomer feed. With this large amount of polymer material in hand the block 

copolymers could be characterized in-depth regarding their thermal and mechanical 

properties. In TGA measurements a two-step decomposition could be observed, arising from 

the separate decomposition temperatures of PCHC at around 300 °C and PDMS at around 

400 °C. Only one Tg between 110 and 120 °C was observed in DSC measurements, which 

belongs to PCHC. The Tg of PDMS was not intense enough to be observed in these 

measurements. To overcome this limitation DMA was used and from the maximum of the loss 

factor also the glass transition of PDMS could be determined at below -120 °C. Rheological 

investigations showed an increased storage modulus when PDMS is incorporated into the PC 

chain. An improved stability during deformation of the block copolymers compared to PCHC 

could be observed in multiaxial pressure tests and an improved elongation at break is 

measured via tensile testing. In general, the same trend was present in all mechanical tests: 

the performance improved with an increasing PDMS content, while high elastic moduli were 
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retained. In a phase resolved AFM analysis the mechanical character was pictured with light 

and dark colors, the darker the color the softer the segment. Phase separation on a nanometer 

scale was herein visible and with increasing amount of PDMS the ratio of dark and therefore 

soft segments increased as expected. This phase separation was also visible in TEM 

measurements. The size of the phases was not larger than 30 nm as the polymers are 

covalently linked with each other and could not separate more than this maximum. For a 

typical blend larger phases would have been expected. This small size of the phases also 

explained the preserved transparency of the products despite a phase separation. 

 

Figure 14. Table of content adopted from “The soft side of aliphatic polycarbonates: with PCHC-b-
PDMS copolymers towards ductile materials”.[144] 

 

As explained earlier the BDI zinc catalyst is capable of catalyzing the terpolymerization of two 

epoxides with CO2. Using this opportunity block copolymer structures can be generated via 

sequential addition of the epoxides. From a classic one pot reaction with both epoxides being 

present from the beginning in the reaction mixture the resulting structure is typically a gradient 

type as the difference in reactivity of the epoxides leads to an unsymmetrical consumption of 

the monomers. To synthesize completely random terpolymers a general change in the 

reaction setup is necessary. Instead of a one pot reaction, the catalyst was combined with 

the monomer, which has a lower polymerization rate, as for example PO, and was pressurized 

with CO2 to start the copolymerization. Immediately the second epoxide, which is 

polymerizing faster, as for example CHO, was added to the reaction mixture with a rate in 

accordance with the consumption of the first epoxide. This way both epoxides should be 

incorporated at a similar rate potentially resulting a statistical terpolymer. The setup designed 

for this process used a glove bag to enable the storage of the monomer and the pump under 

an inert atmosphere. This atmosphere was further dried with phosphorus pentoxide to 

prevent the influence of residual moisture from degrading the polymerization catalyst. Dosing 
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of the second epoxide was monitored with a mass flow meter and the reactor was equipped 

with an in situ IR device. Via this setup the generation of product could be observed by 

tracking the evolution of the carbonyl signals of PPC and PCHC. They overlap at around 

1750 cm-1 and cannot be evaluated individually. DOSY NMR measurements indicated a 

successful formation of terpolymers while they also ruled out the presence of separated 

copolymer chains. The statistical nature of the synthesized terpolymers was indicated in 13C 

NMR measurements. Analyzing the carbonyl region of the spectra it was expected that the 

signals from carbonate connections between the same or different epoxides on both 

carbonate sides show different shifts. In comparison with spectra of pure PPC and pure 

PCHC as well as with a gradient type terpolymer synthesized via a one pot reaction showed 

a shift of the signals indicating an increasing amount of carbonate linkages between PO and 

CHO as expected for a statistical terpolymer. The variation of monomer feed by adjusting the 

epoxide ratio and dosing rate allowed the synthesis of statistical terpolymers with defined 

monomer ratios over the whole polymer chain. GPC measurements showed moderately 

narrow mass distributions of the terpolymers which was expected for the controlled synthesis 

of terpolymers. Thermal analyses with DSC showed furthermore the presence of mixed Tgs, 

which were decreasing with increasing PPC content. In TGA measurements a decreasing 

decomposition temperature was observed for the terpolymers. However, the thermal stability 

was still above the one of pure PPC. Mechanical analysis via tensile testing showed an 

increased elongation at break for terpolymers with a higher ratio of PPC. Finally, the variability 

of this approach was shown by successfully transferring the principle to LO/PO/CO2 

terpolymerization. 

 

Figure 15. Table of content adopted from “Controlled synthesis of statistical polycarbonates based on 
epoxides and CO2”.[149] 

 

Combining monomers into advanced copolymer structures allow the generation of novel 

materials with tunable properties. In case of monomers that require fundamentally different 

polymerization mechanisms this can be a major challenge. The combination of a ROCOP of 



 

75 

epoxides and CO2 with the GTP of Michael-type monomers was realized via a binuclear 

catalyst system that consisted of two active metal centers. Herein, a BDI zinc moiety was 

used to catalyze the ROCOP and a pyridyl alcohol was introduced as initiating group with the 

oxygen coordinating to the zinc center. On the other side, at the pyridyl moiety an yttrium 

metallocene was introduced via C-H bond activation. In the final catalyst the pyridyl alcohol 

unit connected the two metal centers and was transferred to the end of a growing polymer 

chain in both mechanisms, ROCOP and GTP. With this complex polymerization experiments 

of CHO/CO2 and 2VP were performed individually. Those experiments resulted in PCHC and 

P2VP with the linking unit as end group as it was confirmed by MALDI-TOF-MS 

measurements. To combine both mechanisms and generate the desired block copolymers 

the sequence turned out to be crucial. In experiments starting with the ROCOP of CHO/CO2 

the subsequent GTP of 2VP was not observed. NMR experiments of the catalyst pressurized 

with CO2 indicated a decomposition of the yttrium center. Hence, the sequence of 

polymerization was reversed to prevent this from happening. Consequently, the synthesis of 

P2VP was performed in a first step followed by the addition of CHO and CO2 after full 

conversion of 2VP. That way block copolymers of P2VP and PCHC were generated 

successfully. An alternative pathway was a one pot approach where 2VP, CHO and the 

catalyst were combined in the reactor and after complete 2VP consumption the reaction 

mixture was pressurized with CO2 to start the copolymerization with CHO. Both routes yielded 

terpolymers which was supported by analysis of aliquot GPCs. Hereby, an increase in 

molecular weight from the P2VP block to the final block copolymer with PCHC was observed. 

Solubility tests furthermore indicated the successful linkage of both polymer blocks as the 

product turned out to be soluble in methanol, which PCHC on its own is not. Besides 2VP, 

the reaction was also successful with IPOx as Michael-type monomer showing a potential for 

an extended application in a broad field of monomers. 

 

Figure 16. Table of content adopted from “Heteronuclear, monomer-selective Zn/Y catalyst combines 
copolymerization of epoxides and CO2 with group-transfer polymerization of Michael-type 
monomers”.[151]  
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9.2 Supporting information: Controlled synthesis of statistical 

polycarbonates based on epoxides and CO2 
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9.3 Supporting information: Heteronuclear, monomer-selective 

Zn/Y catalyst combines copolymerization of epoxides and CO2 with 

group-transfer polymerization of Michael-type monomers 
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Tiotusen tändstickor av en trädstam 

men ba' en enda sticka räcker för en skogsbrand! 

(”Självantänd” by Movits!) 


