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Abstract 

With the change from using polymer purely as commodity mass ware to utilizing polymers in 

high-tech applications, precisely tuning and modifying these materials is a main requirement 

to make them suitable for the desired use cases. Herein, several methods for modifying 

polymers in the context of group-transfer and ring-opening polymerization are investigated. 

The first modification point that will be addressed is the introduction of functional end-groups 

to group-transfer polymerization-based polymers by means of C-H bond activation. Utilizing 

this method, functionalized α-methylpyridines can be introduced to yttrium catalysts as 

initiators, which are linked covalently to the polymer chain upon initiation. To make these 

molecules applicable as initiators, functional groups are introduced and protected to facilitate 

controlled C-H bond activation of yttrium bis(phenolate) and cyclopentadienyl catalysts. 

Broadening the scope of introducible end-groups, different 2,6-dimethylpyridines are prepared, 

bearing silyl-protected hydroxyls, a catechols, alkynes or an unprotected azide. These novel 

initiators are used to prepare functionalized poly(diethyl vinylphosphonate). With regards to 

sidechain functionalization, a vinyl bipyridyl-based Michael-acceptor monomer is polymerized 

using catalytic Lewis pair polymerization, providing well-defined poly(vinyl bipyridines) with 

narrow polydispersity. To these polymers, rhenium and ruthenium complexes are introduced 

as pendent side groups, giving access to highly stable polymeric photocatalysts for CO2 

reduction. Another tuning point for polymers in this context is the introduction of innovative 

monomers based on biogenic feedstocks. To gain access to biobased polyesters, 3-carene is 

chemically converted into different monomers and successfully polymerized via 

polycondensation and ring-opening polymerization. Dependent on their structure, these 

polyesters were either amorphous or semi-crystalline. The last and maybe most versatile 

modification point addressed herein is the copolymerization of Michael-type monomers and 

lactones by sequential, catalytic copolymerization using yttrium bis(phenolate) catalysts. 

Different AB- and BAB- di- and triblock copolymers from 2-vinylpyridine and ε-caprolactone or 

(-)-menthide are prepared and investigated regarding polymerization catalysis and material 

properties. Those copolymers exhibit microphase separation and pH-dependent micellization 

in aqueous media. The kinetic investigation revealed a living-type polymerization for both 

group-transfer and subsequent ring-opening polymerization and provided a deeper 

understanding of the underlying copolymerization mechanism. 
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Zusammenfassung 

Seit Polymere nicht mehr nur als Gebrauchswaren genutzt werden, sondern zunehmend auch 

in verschiedenen High-Tech Anwendungen zu finden sind, ist eine gezielte Einstellung und 

Modifikation dieser Strukturen notwendig, um die geforderten Anforderungsprofile erfüllen zu 

können. Im Rahmen dieser Arbeit werden verschiedene Methoden zur Modifikation von 

Polymeren im Kontext der Gruppentransfer- und Ringöffnungspolymerisation untersucht. Mit 

Blick auf den ersten Modifikationspunkt wird die gezielte Einführung funktioneller Endgruppen 

mittels C-H Bindungsaktivierung an Gruppentransferpolymerisations-basierten Polymeren 

untersucht. Mithilfe dieser Methode können funktionalisierte α-Methylpyridine als Initiatoren in 

Yttrium-Katalysatoren eingeführt werden, die während der Initiation kovalent an die 

Polymerkette gebunden werden. Um passende Moleküle als Initiatoren zu generieren, werden 

funktionelle Gruppen eingeführt und geschützt, um eine selektive C-H Bindungsaktivierung am 

Yttrium-Bis(phenolat)- und Yttrium-Cyclopentadienyl-Katalysatoren gewährleisten zu können. 

Um die Gruppe an funktionellen Initiatormotiven zu erweitern, werden 2,6-Dimethylpyridine mit 

silylgeschützen Alkoholen, Catecholen und Alkynen und einem ungeschützten Azid 

synthetisiert. Mithilfe dieser Initiatoren werden funktionalisierte Poly(diethylvinylphosphonate) 

hergestellt. Im Rahmen von Seitenkettenmodifikationen wird ein Vinylbipyridin-basiertes 

Michael-Monomer mittels katalytischer Lewispaar-Polymerisation kontrolliert polymerisiert. An 

dieses Polymer werden Rhenium- und Rutheniumkomplexe als Seitenketten eingeführt, um 

hochstabile, polymere Photokatalysatoren für die CO2-Reduktion zu erhalten. Ein weiterer 

Modifikationspunkt ist zudem die Synthese neuartiger Monomere aus biobasierten 

Rohstoffquellen. Um biobasierte Polyester zu erhalten, wird 3-Caren chemisch in 

verschiedene Monomere umgewandelt und mittels Polykondensation und Ringöffnungs-

polymerisation polymerisiert. Die so erhaltenen Polyester weisen entweder amorphe oder 

semikristalline Eigenschaften auf. Als letzter Modifikationspunkt wird die Copolymerisation von 

Michael-Monomeren und Lactonen mittels sequenzieller, katalytischer Copolymerisation mit 

Yttrium-Bis(phenolat)-Katalysatoren untersucht. Es werden verschiedene AB- und BAB- Di- 

und Triblockcopolymere aus 2-Vinylpyridine und ε-Caprolacton oder (-)-Menthid hergestellt 

und hinsichtlich Polymerisationskatalyse und Materialeigenschaften untersucht. Diese 

Copolymere weisen eine Mikrophasenseparation auf und können in wässigen Medien 

pH-abhängig mizellieren. Die kinetischen Untersuchungen zeigen eine lebende 

Polymerisation für die Gruppentransfer- und die nachfolgende Ringöffungspolymerisation und 

geben ein tieferes Verständnis für den zugrundeliegenden Copolymerisationsmechanismus. 
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1.  Introduction – polymers in the 21st century 

Since the introduction of the concept of macromolecules being many equal monomer units 

covalently linked to each other by Hermann Staudinger in 1920, more than a century has 

passed.1,2 Within the last 100 years, the way we view and use polymer materials has 

undergone a drastic change. Still the majority of polymers we encounter on a daily base is 

made up from commodity polymers like polyolefins, polyesters, vinyl polymers or styrenics and 

acrylics. However, by now, polymers can also be found in highly sophisticated areas of 

applications, including heat insulation, fibers, apparel, mobility, construction materials, 

microelectronics, green energy generation, soil fertility, food packaging, regenerative medicine, 

drug-delivery, advanced manufacturing techniques, lightweight composite materials, e-mobility, 

membrane technologies and many others.3 

In a recent commentary article from the editors and advisory board of Macromolecular 

Chemistry and Physics on the upcoming century of polymer chemistry, the authors identify 

three different branches defining and influencing modern polymer chemistry. These branches 

are (1) new properties and applications, (2) new synthesis methods and (3) sustainability, 

impacting the way research is performed. Further the authors argue, that there is a “[…] tension 

in research between developing fundamentally new methods without knowing what useful 

materials they might give access to and creating new materials with specific functions by 

applying the available toolbox”.3 Building on a strong foundation of research, we now have a 

broad understanding on how to perform and control polymerization reactions and 

post-synthetically modify the obtained polymers in a way that we gain access to materials with 

the desired property profiles. This allows modern day polymer chemists to choose from a 

variety of different methods and tools for the synthesis of tailor-made polymer materials. 

Throughout this thesis, different approaches towards introducing advanced functionalities are 

explored, utilizing a more “retrosynthetic” approach. Starting from different requirements and 

application scopes, known techniques and tools are used to address certain modification 

points of synthetic polymers, tuning, and adapting them towards their supposed application. 

Different modification points in the context of group-transfer and ring-opening polymerization 

as new tools towards the generation of highly functional (co)polymers will be discussed within 

the context of this thesis. 
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2. Polymerization techniques for functional materials 

2.1. Group-transfer polymerization 

2.1.1. General remarks and monomer scope 

In search for new polymerization techniques for methyl methacrylate (MMA), Webster et al. 

discovered the controlled polymerization of this monomer with a tandem system of dimethyl 

ketene methyl trimethylsilyl acetal with bifluoride sources in 1983. Assuming a mechanism 

where the trimethylsilyl group (TMS) is transferred onto the next monomer unit, they introduced 

the term of “group-transfer polymerization” (GTP). While nowadays this reversible addition of 

the TMS group has been refuted, the term GTP prevails, describing the repeated conjugate-

addition polymerization of 1,4-unsaturated Michael acceptor monomers, also referred to as 

poly-1,4-addition, with various different catalysts (Scheme 1).4–9 

 

Scheme 1: Generalized polymerization of a Michael-acceptor monomer (A = O, N; E = C, P) via catalytic 

group-transfer polymerization. 

Today, four different methods of polymerizing such monomers can be differentiated. By using 

silyl ketene acetals with different nucleophilic sources, Michael-type monomers can be 

polymerized in the so-called silyl ketene acetal group-transfer polymerization (SKA), this 

polymerization method is also the first reported one for these systems.4,5,7,10 A major milestone 

in GTP marks the year 1992, when both Yasuda et al. and Collins and Ward introduced 

different metal catalysts for the polymerization of MMA. Yasuda et al. presented the neutral 

samarocene catalyst [Cp*2SmH]2 (Cp* = pentamethyl cyclopentadienyl), marking the starting 

point for rare-earth metal-mediated group-transfer polymerization (REM-GTP).11 Collins and 

Ward found a group IV based, cationic zirconocene system Cp2ZrMe2/[Cp2ZrMe(thf)]+[BPh4]- 

(Cp = cyclopentadienyl), introducing the group IV based GTP catalysts.12 As a latest method, 

polymerizations using various Lewis pair systems can be performed as introduced by Chen et 

al. in 2010.13 While initially, Frustrated Lewis pairs were used, nowadays a broad variety of 

different Lewis Pairs are applied, generally referred to as Lewis Pair polymerization  

(LPP).13–15 

While all these different polymerization methods use very different catalyst systems, all of them 

exclusively follow the conjugate-addition polymerization of Michael-type acceptor systems. 

These Michael monomers consist of a vinyl group in conjugation to an acceptor atom-carbon 

double bond, forming an α,β-unsaturated carbonyl system with nitrogen or oxygen as acceptor 
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atoms (Scheme 2A). The resonance structure exhibited by such systems allow coordination 

and bonding to the catalyst systems in their respective keto- or enolate form, later on 

responsible for the polymerization propagation. In the α-position of the carbonyl, either protons 

or methyl groups can be found, severely influencing the polymerization behavior of different 

monomer classes. This is caused by an interaction of steric influence of the side-group 

functionalities and the α-position substituent. For sterically less demanding esters, little steric 

repulsion allows for a good p-orbital overlap of the carbon-carbon bond between the ester and 

the vinyl group, making both methyl acrylate (MA) and MMA polymerizable via GTP. Contrary, 

for dimethyl acrylamide (DMAA) and dimethyl methacrylamide (DMMA), steric repulsion 

between the amide substituents and the α-position either allow or distort the p-orbital overlap. 

DMAA with a proton in α-position shows good overlap and is thus polymerizable via GTP, while 

in DMMA with a methyl group in α-position the steric repulsion induces torsion around the  

C–C bond between the vinyl group and the amide, decreasing the orbital overlap and making 

it non-polymerizable via GTP (Scheme 2B). Additionally, protons in α-positions to carbonyls 

possess relatively high C–H bond acidity, allowing additional side reactions. In the β-position 

of the carbonyl usually protons are present, however recently β-substituted monomers have 

been introduced as well.6,7,10,16–21 

 

Scheme 2: General resonance structure of α,β-unsaturated Michael monomers with acceptor atom 

A = nitrogen, oxygen and E = carbon, phosphorus (top), exemplary resonance structure of MMA (A) and 

schematic representation of the p-orbital overlap in differently α-substituted monomers MA, MMA, 

DMAA and DMMA (B).6,7,20 

Initially, GTP research was heavily focusing on alkyl substituted methacrylates and acrylates 

such as MMA or MA, as classical anionic or radical polymerization methods showed some 

severe limitations for such systems. However, within the last 30 years, a plethora of different 

monomers emerged, forming different classes of Michael monomers. Some common classes 

of these monomers are methacrylates, acrylates, acrylamides, vinylpyridines and 

vinylphosphonates, however also various other monomers have been reported. In recent years 

also the topic of biobased monomer has been tackled successfully in the context of GTP with 

the introduction of monomers based on crotonates, cinnamates or methylene butyrolactones. 

An overview of this classification with different simple and advanced examples is given in 
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Figure 1. Generally, due to the conjugation character of the vinyl bond to the acceptor function 

resulting from p-orbital overlap, acrylamides, vinylpyridines and vinylphosphonates are limited 

to protons in α-position. Due to the lower steric demand of the esters, both acrylates and 

methacrylates can be polymerized via GTP. 7,10,13,15,17–20,22–41 

 

Figure 1: Overview on the different classes of Michael-type monomers applied in group-transfer 

polymerization with common and advanced examples for each class.7,10,13,15,17–20,22–41 

Generally, GTP monomers can be considered a class of highly functional monomers based on 

their chemical structure. For the acrylates, methacrylates, and acrylamides a multitude of 

ester/amide substituents are known, introducing different types of functionalities to the 

polymers obtained. Two polymer types from Michael-type monomers with special functionality 

worth mentioning are the poly(vinylpyridines) and the poly(dialkyl vinylphosphonates). Due to 

the pyridine function, poly(vinylpyridines) possess a pH-responsive character based on 

reversible protonation of the nitrogen and are capable of interacting with metal ions/complexes 

by metal-pyridine complexation. The poly(dialkyl vinylphosphonates), a class of partially water-

soluble polymers, exhibit a tunable lower critical solution temperature (LCST) with reversible 

phase-transition in water due to temperature changes in the region of 30 – 50 °C. Another way 

of exploiting the distinct 1,4-Michael acceptor character of such monomers is the incorporation 

of vinyl substituents as side chains like in allyl methacrylate (AMA), vinyl benzyl methacrylate 

(VBM), diallyl acrylamide (DAlAA), 2,5-divinylpyridine or diallyl vinylphosphonate (DAlVP). As 

GTP, unlike e.g. radical polymerization, is highly chemoselective towards conjugate addition, 

those vinyl functions remain intact, providing a starting point for polymer 

functionalization.7,10,13,15,17–20,22–40,42–49 
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2.1.2. Catalysts for group-transfer polymerization 

2.1.2.1. Overview on different catalyst classes 

Based on the four different methods capable of polymerizing the described Michael-type 

monomers, different catalyst classes emerged. Within the last 40 years, a plethora of catalysts 

has been reported, ranging from various rare-earth metals to group IV titanocenes or 

zirconocenes to main group metal complexes, different Lewis pairs or organocatalysts. In 

Figure 2, a short overview of the different catalyst classes with historic and recent examples is 

shown, subdividing the different catalysts in classes based on their composition and reaction 

mechanism.7,10 

 

Figure 2: Different historic and recent examples for catalysts subdivided into the four different GTP 

catalysis methods of silyl-based organocatalysis (top left), Lewis Pair mediated polymerizations (top 

right), group IV metal complexes (bottom left) and rare-earth metal-based catalysts (bottom right).4,11–

13,27,39,50–52 

The first class of catalysts for GTP are two-component systems using silyl ketene acetals (SKA) 

as initiators in combination with nucleophilic anions like SiMe3F2
-, HF2

-, F-, CN-, N3
- or 

oxyanions with sterically bulky cations like tetraalkylammonium or tris(dialkylamino)sulfonium. 

In recent years, SKAs in combination with activating agents like (Lewis) acids, Lewis bases or 

carbocations instead of the more classic nucleophiles have been reported, complemented by 

the Tandem SKA with alkyl silanes and Lewis acids. A plethora of different combinations has 
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been investigated since, summarized nowadays under the term of organocatalytic GTP. While 

these systems remain of high interest, they are beyond the scope of this thesis.4,5,28,53,54  

A versatile class of catalysts can be found in the Lewis Pair catalysts, consisting of a Lewis 

acid (LA) and a Lewis base (LB) featuring distinct side-group design to facilitate targeted 

reactivity. Dependent on their interaction strength, different kinds of Lewis Pairs can be 

distinguished. As first class, so-called classic Lewis pairs (CLP) are defined, in which the LA 

as electron-deficient species and the LB with an electron lone-pair share this electron pair by 

interaction, severely altering the individual reactivity of both reaction partners forming a stable 

Lewis adduct. CLPs like BMe3/PMe3 with close contact of LA and LB are usually considered 

dormant for polymerizations. This concept was extended with the discovery of so-called 

Frustrated Lewis Pairs (FLP) as introduced by Stephan in 2006, in which no interaction of LA 

and LB can be exhibited due to strong sterical hinderance between both, as it is the case for 

B(C6F5)3 and (C6H2Me3)2PH. While initially there was a discrete change between CLP and FLP 

assumed, an intermediate state has been discovered for combinations like B(C6F5)3 and 2,6-

dimethyl pyridine, which behaves more like a CLP at low temperatures and exhibits FLP-like 

reactivity in solution, coining the term interacting Lewis Pair (ILP). Both FLPs and ILPs have 

successfully been used in polymerizations of various Michael-monomers, summed up under 

the term of Lewis Pair polymerization LPP. An overview on different Lewis acids and bases 

applied in the LPP of Michael-type monomers is given in Figure 3. The Lewis acids employed 

are usually electron-deficient, electrophilic compounds with a single coordination side, capable 

of stabilizing the active species and activating the next monomer unit. Commonly applied are 

group 13 elements like aluminum or boron, but also rare-earth metal complexes or salts with 

cations like Zn2+, Mg2+, Hg2+ or Y3+ exhibit suiting reactivity. The Lewis base is usually a neutral, 

strong base which can also act as nucleophile. Here, a broad range of phosphines, SKAs, 

phosphazene bases, but also more advanced structures like N-heterocyclic carbenes (NHC), 

N-heterocyclic olefins (NHO), N-heterocyclic imines (NHI) or ylides has been reported. Also 

bridged of covalently connected LA/LB combinations have been used for  

LPP.13–15,30,31,38,45,50,55–62  

 

Figure 3: Overview on different Lewis acids and Lewis bases used in the Lewis Pair mediated group-

transfer polymerization.13–15,31,50,57–62 
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Apart from those catalysts used in SKA-GTP and LPP, distinct single-site group IV metal 

complexes for the polymerization of Michael-type monomers, with primary focus on acrylates, 

methacrylates and acrylamides have been reported. Initially designed by Collins and Ward as 

two-component systems as well, also monometallic catalyst structures have been prepared 

based on titanium, zirconium, or hafnium. Today, these metallocenes and half-metallocenes 

with various initiators and symmetries as one- or two-component systems are used for the 

polymerization of different monomers. To induce fast polymerization initiation, bulky Lewis 

bases are used as cocatalysts (Figure 4).10,12,39,63–66  

 

Figure 4: Selected examples of group IV based cationic bi- and monometallic complexes for the 

polymerization of Michael-type monomers.10,39,63–66 

As a last catalyst class, complexes based on rare-earth metals with various ligand spheres 

can be distinguished. While the initial metallocene systems introduced by Yasuda et al. were 

designed for the polymerization of MA and MMA, this class of catalysts has gained remarkable 

attention focusing on the polymerization of vinylphosphonates, vinylpyridines and other 

functional systems. Within the last 40 years, multiple different catalyst systems for the REM-

GTP of Michael monomers have emerged, which can be subdivided into metallocene catalysts, 

half-metallocenes and non-metallocenes (Figure 5).7,10,11 
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Figure 5: Different REM-GTP catalysts subdivided into the three groups of metallocenes, half-

metallocenes and non-metallocenes.6,10,22,24,29,51,67–73 

The metallocene-based catalysts form the largest group of REM-GTP catalysts, including the 

first reported catalyst system [Cp*2SmH]2, and are generally very well investigated and 

understood.10,22,68 Apart from the classic metallocenes, a sub-class of half-metallocenes 

emerged, which only possess one Cp ligand and additional substituents as for example found 

in the so-called constrained-geometry catalysts (CGCs), in which the geometry of the half-

metallocene is distorted by using a certain type of substituted Cp ligand.24,69 REM-GTP 

catalysts, however, are by no means limited to Cp-ligated complexes. A variety of different 

complexes exist incorporating ligands like ene-diamido structures, bis(phenolates), 

pyrolldiminates or guadinates, each exhibiting distinct reactivity towards different Michael 

monomers.10,29,51,52,70–74 

 

2.1.2.2. CH-bond activation  

Within the group of rare-earth metal-based catalysts, a special type of reactivity can be 

exploited to give access to even better adapted catalyst species (vide infra). Based on the 

electronic configuration of most Ln3+ systems with a d0fn orbital occupation, no oxidative 

addition/reductive elimination reactions can take place. First observed by Watson 1983, d0fn 

lanthanide metal complexes can undergo σ-bond metathesis, leading to ligand exchanges, 

metal-element bond formation/cleavage or element-element bond formation/cleavage.75–79 

One major transformation exploited in the context of catalyst synthesis is the CH-bond 

activation of certain carbon-hydrogen bonds, introducing metal-alkyl moieties.75–77,80 This 

CH-bond activation can mechanistically be described as σ-bond metathesis via 

[2σ+2σ]-cycloaddition. The reaction proceeds via a concerted reaction of a 4-membered ring 

metalacyclic intermediate in a kite-like transition state (Scheme 3A).75,81 While CH-bond 
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activation is an interesting method for the activation of small molecules in general, in the 

context of GTP, this reaction is mostly used for the attachment of alkynes or substituted 

(bi)pyridines as functional initiator moieties of the catalyst as introduced by Mashima et al. By 

reacting the precursor alkylyttrium ene-diamido complex 1 with different substituted alkynes or 

pyridines, various CH-bond activated metal complexes 2-4 were obtained (Scheme 3B).7,29,82 

 

Scheme 3: Generalized reaction scheme and kite-like transition state of the σ-bond metathesis of d0fn 

lanthanide metal complexes (A) and CH-bond activation of an alkylyttrium ene-diamido complex 1 with 

different substrates to complexes 2-4 as introduced by Mashima et al. (B).29,75 

The CH-bond activation of 2,4,6-trimethylpyridine (sym-col) on different lanthanocenes and 

lanthanide bis(phenolate) catalysts by Rieger et al. led to the discovery of different tailor-made 

catalysts with highly beneficial properties for the GTP of different Michael-type monomers.68,70 

Both Mashima et al. and Rieger et al. further successfully used 2,3,5,6-tetramethylpyrazine 

(TMPy) for the synthesis of bimetallic catalysts (Figure 6A, 5-7).29,44 As derived from single 

crystal X-Ray diffraction (SCXRD) of complexes 6 and 7, the binding motif of the pyridine can 

best be described as η3-(C,C,N)-aza-allylic coordination, an intermediate of the η2-allylic-amine 

and the η1-amido-olefinic coordination reported by Teuben et al.44,70,83,84 For complex 6, the 

Y-N bond is shorter than the Y-Cα, indicating a primary coordination by the nitrogen moiety. All 

carbon-carbon bonds within the aromatic ring exhibit bond-length between those of single and 

double bonds as expected for aromatic systems. Based on the binding motif, the activated 

methyl group and the respective carbon-carbon bond C6-C7 has a reduced bond length with 

predominant double bond character and conjugation to the aromatic ring. The other two, non-

activated methyl groups with the carbon-carbon bonds C2-C8 and C4-C9 exhibit bond lengths 

in the normal single bond region with no conjugation to the aromatic system (Figure 6B). The 
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same η3-(C,C,N)-aza-allylic coordination can be found for bimetallic catalyst 7, in which the 

two adjacent methyl groups are activated.44 

 

Figure 6: CH-bond activated bis(cyclopentadienyl) yttrium complex 5 and bis(phenolate) yttrium 

catalysts 6-7 (A) and close-up of the binding motif of complex 6 (B).44,68,70 

Both the CH-bond activated bis(cyclopentadienyl) yttrium complex 5 and the yttrium 

bis(phenolate) complex 6 are prepared via the same activation of their respective CH2TMS 

alkylyttrium precursor with sym-collidine. In terms of reactivity, the CH-bond activation of 

yttrium metallocene compounds usually proceeds within 2-3 hours at room temperature with 

little to no side reactions. Based on this behavior, an in-situ approach has been developed, in 

which the CH-bond activation is performed prior to polymerization and the monomer is just 

added to the catalyst without catalyst isolation.7,68,85–88 Contrary, for the yttrium bis(phenolate) 

catalyst 6, the activation has to be performed at elevated temperatures with prolonged reaction 

times. This leads to some decomposition side reactions and makes catalyst purification 

necessary.32,44,70 While the in-situ approach is much faster to perform and requires no complex 

catalyst purification, yttrium bis(phenolate) catalysts show higher versatility in terms of 

monomer scope or stereo control. Yet, both ways additionally offer the possibility of introducing 

functional groups to the polymers as well.43,44,70,74,85–89 
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2.1.3. Mechanistic aspects 

2.1.3.1. Rare-earth metal-mediated group-transfer polymerization 

One main mechanistic step in the polymerization of Michael-type monomers like 

vinylphosphonates with rare-earth metal-based catalysts is the initiation reaction, in which the 

catalyst-coordinated initiator moiety reacts with the first monomer unit to form an active chain-

end. In the REM-GTP of trivalent lanthanides, this initiation reaction can occur via different 

pathways, depending on the catalysts’ structure and initiator motif.90,91 While the initiation 

reaction is best investigated for bis(cyclopentadienyl) lanthanides, initiation behavior and 

reaction pathways are generally quite similar for non-metallocene catalysts as well.7,10,51,70,92 

Depending on the initiator of the catalyst and whether pre-coordination with tetrahydrofuran as 

loosely bound ligand is present (Scheme 4A), the initiation starts with either dissociation of 

bimetallic catalysts or displacement of the THF moiety by coordination of the first monomer 

unit. This step can severely influence the polymerization performance of the catalyst. If the 

coordination strength of the monomer is not sufficient to intercalate between the two catalyst 

moieties, no polymerization takes place, whereas a slow cleavage can lead to an initiation 

delay and broadened polymer dispersity.32,70,90,92 Moreover, different initiating groups undergo 

different reactions to initiate the polymerization. The most common initiation is the nucleophilic 

transfer of the initiator via a 6-electron process (Scheme 4B) in which initiators like tert-butyl 

thiolate or N(SiMe2H)2 act as nucleophiles and are transferred onto the first monomer unit, 

forming the active enolate-catalyst species responsible for propagation.90 For certain initiators 

with a C=C double bond conjugation such as sym-collidine or Cp, this nucleophilic transfer can 

also proceed as 8-electron process (Scheme 4C).68,93,94 Both pathways have in common that 

the initiator is irreversible transferred onto the first monomer unit and is present in the polymer 

chain after polymerization, with some being stable and other such as StBu being prone to 

elimination.32,68,88,90 Strongly basic alkyl initiators like methyl or CH2TMS can additionally initiate 

polymerizations of non-α-substituted monomers via deprotonation of the acidic α-H leading to 

an allenylic intermediate (Scheme 4D), however this type of initiation is usually disfavored as 

it leads to low initiation efficiencies and long initiation delays, possibly broadening the 

polydispersity. Yet, these initiators are not limited to this type of reactivity and can also undergo 

nucleophilic transfers.51,70,90 Aside from these three major pathways, some additional 

reactivities have to be considered for Cp2LnX (X = Cl, OR) or Cp3Ln systems. In 

tris(cyclopentadienyl) catalysts, two Cp-ligands are coordinated in a η5-fashion and the third 

unit is, depending on the central metals’ ionic radius, switching its hapticity between a η5- and 

a η1-coordination. The η1-coordinated ligand is then acting as nucleophile and attacks either 

via the 6-electron or the 8-electron nucleophilic transfer.21,67,94 For the chlorido and alkoxylate 

complexes, the interactions between the Cl/OR ligand and the metal center is too strong to 
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directly initiate a polymerization via nucleophilic transfer/deprotonation. Instead, a reversible 

ligand transfer takes place, forming CpLnX2 and Cp3Ln both coordinating monomer units and 

the reaction is again initiated by one Cp-unit of Cp3Ln.21,90 For the rare case of divalent 

lanthanocenes like Cp2Sm, a radical initiation is proposed.90,95 

Generally, control of the initiation pathway is crucial for obtaining defined polymers. Usually, 

very short initiation phases with high initiator efficiencies are desired, where only one initiation 

pathway is possible. Deprotonation is not desired and catalyst design has focused on 

optimizing the catalysts’ properties to facilitate controlled initiation of different monomers. One 

very striking example is the introduction of α-methyl pyridine moieties to this class of catalysts 

as a very suiting initiator group for a variety of monomers by mimicking the transition state of 

the polymerization during initiation.7,10,21,70,90,93 

 

Scheme 4: Initiation pathways of different bis(cyclopentadienyl) lanthanoid catalysts Cp2LnX (X = Cp, 

Me, CH2TMS, Cl, NR2, OR, SR, sym-col) (A) via 6-electron nucleophilic transfer of the initiator (B), 

8-electron nucleophilic transfer of the initiator (C) or deprotonation by highly nucleophilic initiators 

(D).6,21,68,90,94 

After initiation, the first monomer unit is covalently bound to the catalyst in its enolate form with 

a free coordination side on the metal center, where the next monomer is coordinating via its 

keto form. With the monomer being activated by this coordination, the enolate is acting as a 

nucleophile and attacks the monomer in an 8-membered ring transition state (Scheme 5, 

state I). This 1,4-conjugate addition or Michael-addition catalyzed by the metal center is also 

referred to as monometallic Yasuda-type mechanism and can be observed for the 

polymerization of different monomers via REM-GTP.10,11,22,51,96,97 After this nucleophilic attack, 

a metallacycle is formed, in which the last attacked monomer unit is covalently attached to the 

metal center in its enolate form, and the previous unit is coordinated in its keto form. This keto-

enolate structure is the resting state of the polymerization, in which the polymerization remains 



Polymerization techniques for functional materials 
__________________________________________________________________________ 

- 15 - 
 

upon full consumption of the monomer, being responsible for the highly living character of 

REM-GTP (Scheme 5, state II). This stable intermediate has been confirmed by Yasuda et al. 

via X-Ray structure elucidation of Cp*2Sm(MMA)2 formed by addition of two equivalents of 

MMA (per Sm center) to the catalyst [Cp*2SmH]2 (Scheme 5, right).10,11,21,22,93,96 The rate-

determining step in the propagation of vinylphosphonates is the SN2-type displacement of the 

keto-coordinating polymer chain by the next monomer in a pentacoordinate intermediate 

(Scheme 5, state III).21 In the context of REM-GTP, the catalyst molecule serves as initiator 

and catalyst responsible for stabilizing the polymerization propagation.10 

 

 

Scheme 5: Monometallic Yasuda-type propagation in the rare-earth metal-mediated group-transfer 

polymerization of Michael monomers, adapted from Rieger et al. (left) and crystal structure of 

Cp*2Sm(MMA)2 determined by Yasuda et al. (right).11,21,22 

While the propagation is mechanistically indifferent for various types of monomers, the metal 

center has a tremendous influence on the catalyst activity. The two best-studied systems in 

this context are dialkyl vinylphosphonates and methyl methacrylate. As determined by Yasuda 

et al., the activity of structural identical complexes with different central metal atoms in the 

polymerization of MMA with Cp*2LnMe (Ln = Sm, Y, Yb, Lu) increases with increasing ionic 

radius of the metal in the order Sm (1.11 Å) > Y (1.04 Å) > Yb (1.01 Å) > Lu (1.00 Å).22 Contrary, 

Rieger et al. found an inverse dependency for the polymerization of diethyl vinylphosphonate 

(DEVP) with Cp2LnCl (Ln = Tb, Y, Tm, Lu), where the activity is enhanced by decreasing ionic 

radii of the metal centers from Tb (1.06 Å) < Y (1.04 Å) < Tm (1.02 Å) < Lu (1.00 Å).21 

Investigations in the cause of this behavior revealed an activity independency on enthalpic 

effects in DAVP polymerization, where the Ln–(O=P) bond strength based on Lewis acidity 

and metallacycle ring strain does not influence reaction rates. They deduced the change in 

activity from a change of the activation barrier resulting from an entropic change of the 

metallacycle transition state. Based on further investigations on monomer size influence and 
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results from Ziegler et al. and Chen et al., they were able to draw a set of conclusions for the 

REM-GTP of Michael-type monomers like DEVP. Firstly, the steric demand of the incoming 

monomer is of minor influence for the propagation of the polymerization, as the metal–(C=O) 

bond of the monomer is much longer than for the polymer in the transition state III, leading to 

a low steric demand of the next monomer. Secondly, smaller metal centers in structurally 

identical complexes destabilize the propagation state due to higher steric constraint of the 

eight-membered metallacycle state II. This destabilization results from entropic effects rather 

than enthalpic effects due to the high steric demand of the metallacycle compared to the 

ligands. At last, in terms of monomer size versus metal size, increasing steric demand of the 

polymer chain destabilizes the metallacycle transition state II due to entropic and enthalpic 

effects, whereas the steric demand of the monomer is of minor influence for both alkyl 

vinylphosphonates and alkyl methacrylates. While the behavior of lanthanocene catalysts is 

well-investigated in the context of vinylphosphonates and in part for methacrylates, it remains 

of major interest for understanding REM-GTP.10,21,22,33,39,90,98 

As for the metal center, the ligand type does not influence the propagation type of the REM-

GTP, yet, it has an influence of the propagation rate and entropic and enthalpic behavior of the 

polymerization. For lanthanocenes, the polymerization activity decreases with steric increase 

of the ligand sphere, as observed for MMA polymerization by Yasuda et al. with Cp*2Ln 

systems being considerably slower than Cp2Ln catalysts. Rieger et al. observed the same 

trend for the catalysts Cp3Y > CpTMS
3Y (CpTMS = C5H4TMS) > Cp’Y (Cp’ = C5Me4H).22,94 While 

lanthanocenes have been investigated thoroughly, they exhibit a major limitation of showing 

poor performance for the polymerization of nitrogen-containing monomers like 2VP or 2-iso-

propenyl-2-oxazoline (IPOx).17 This lead later on to the emergence of non-metallocenes with 

different ligand types like ene-diamido or bis(phenolates) for REM-GTP catalysts as a new, 

versatile catalyst class.29,51 

 

Figure 7: Influencing parameters on the polymerization activity of different lanthanocenes 

complexes.22,33,94 
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Applying metal catalysts for the polymerization of Michael-type monomers offers a broad range 

of unique advantages. Not only do they feature high activities while maintaining narrow 

polydispersity (Đ < 1.05), but also the initiation pathway can be adjusted to the monomer 

systems, allowing precise molecular weight control based on the used catalyst:monomer ratios 

(Mn up to 500 kg/mol). Tailoring such properties appropriately to the monomer system enables 

precise and adjustable polymer synthesis for a broad range of different functional 

polymers.6,7,10,16,22,90,99 Other advantages are the high chemoselectivity of the polymerization, 

leaving functional groups like allylic sidechains intact or the broad temperature range over 

which the polymerization remains controlled.22,26,34,46 Additionally, like most metal-catalyzed 

polymerizations, REM-GTP is also suited for the introduction of different types of 

stereoregularity to most of the polymers synthesized. This can, dependent on the combination 

of monomer and catalyst, occur either via chain-end or enantiomorphic site control.22,69–72,74,92 

Furthermore, due to stabilization of the active chain-end, REM-GTP exhibits a highly living 

character of the polymerization even after full consumption of the monomer. This living 

character usually can also be observed by a linear increase of the molecular weight with 

monomer conversion. While this is inherently already an advantage of metal catalysis, also the 

synthesis of (multi-)block copolymers is possible by means of (REM-)GTP. By using sequential 

addition, different types of Michael-monomers can be copolymerized to block copolymers, 

however, there is one major aspect one must consider. As during propagation of REM-GTP 

the next monomer unit has to displace the polymer chain coordinating to the catalyst, its 

coordination must be stronger than the coordination of the polymer carbonyl unit. While this is 

the case within one class of monomers, e.g., alkyl vinylphosphonates, this does not hold true 

for different classes of monomers. Via copolymerization screenings, the following relative 

coordination strength series (with respect to the same central metal) has been determined: 

DEVP > DMAA > MMA > IPOx > 2VP (Scheme 6). Accordingly, differently substituted 

monomers from the same monomer class can be copolymerized statistically, while 

combinations of different monomer classes are strictly limited to block structures. This is for 

example the case for the differently substituted vinylphosphonates with ethyl (DEVP), methyl 

(DMVP) or n-propyl (DPVP) side chains. If monomers from two different classes are added to 

the catalyst at the same time, only the stronger coordinating one is polymerized.7,8,20,33,100,101 

 

Scheme 6: Relative coordination strength of different classes of Michael-type monomers to the same 

metal center.7,8,20,33,100 
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2.1.3.2. Group IV metallocene catalysis 

In terms of catalytic behavior, many similarities can be drawn between trivalent, neutral 

lanthanide catalysts and cationic group IV transition metal catalysts. Herein, generally two 

different mechanisms can be distinguished, exhibiting either mono- or bimetallic polymerization 

propagation. In terms of initiation, mono- and bimetallic systems behave very similar to each 

other while both exhibit a distinct difference compared to the REM-GTP catalysts.7,10 The main 

class of monomers for this class of catalysts are methacrylates and acrylamides.7,10,12,63,66 

As initially reported by Collins and Ward, MMA is readily polymerized with the bimetallic 

catalyst system [Cp2ZrMe(thf)]+[BPh4]-/Cp2ZrMe2.12 Again, first an initiation step has to take 

place before the polymerization itself can be performed. As in the case of REM-GTP, a ligand 

exchange from THF to a coordinated MMA unit takes place at the cationic [Cp2ZrMe(thf)]+ 

center. Subsequently, the methyl group attacks the β-carbon of the coordinated MMA in a 6-

electron nucleophilic transfer similar to the initiation in REM-GTP (Scheme 7, left initiation 

pathway).10,102 However, the initiation by methyl groups is very slow, influencing the 

polymerization negatively.63,66,102,103 Addressing this issue, a new class of initiators has been 

developed using ester enolates covalently attached to the metallocene, severely increasing 

the initiator efficiency.64,102,104,105 Chen et al. further developed this principle presenting 

zirconocene ester and amide enolate complexes like [rac-(EBI)ZrMe(OC(OiPr)=CMe2)] or [rac-

(EBI)ZrMe(OC(NMe2)=CMe2)] (EBI = ethylenebis(indenyl)) exhibiting remarkable stability 

upon activation.66,97,103 These neutral ansa-zirconocenes were not able to initiate the 

polymerization of MMA or DMAA themselves due to a strong Zr–Me interaction. Activation with 

bulky aluminum or boron Lewis acids like B(C6F5)3 (BCF) generates a cationic zirconium active 

center with a very loosely coordinating anions, allowing the first monomer unit to be 

coordinated. Subsequently, the initiating ester/amide enolate moiety acts as nucleophile and 

undergoes an 8-electron nucleophilic transfer similar to the REM-GTP initiation, starting the 

polymerization (Scheme 7, right initiation pathway).10,63,66,97 This gave access to catalysts with 

nearly quantitative initiation efficiencies, severely improving this class of catalysts. As reason 

for this behavior, the structural similarity of the initiator and hence the similarity of the initiation 

step to the propagation step is assumed.10,63,103 

When looking at the propagation of this class of metal catalysts, again a difference has to be 

made between the monometallic and the bimetallic systems. The initial two-component system 

reported by Collins and Ward follows a bimetallic propagation pathway, in which one 

metallocene is responsible for coordinating and activating the monomer, while the other 

complex stabilizes the active enolate chain-end. Then an intermolecular 1,4-Michael addition 

between the two species takes place, leading to chain elongation and recapture of another 

monomer unit (Scheme 7, left propagation cycle). In this case, the propagation Michael-
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addition is the rate-determining step.10,12,102,105 Contrary, kinetic investigations on the 

ansa-metallocenes introduced by Chen et al. revealed a first-order dependency on the catalyst 

concentration, indicating a monometallic propagation of the polymerization. In fact, in these 

systems the propagation again follows a Yasuda-type mechanism with an 8-membered ring 

metalacyclic intermediate, which is also the resting state of this polymerization (Scheme 7, 

right propagation cycle).63,66,97 Using these catalysts, narrow polydispersities have been 

achieved while retaining a highly living character. Block copolymers of methacrylates and 

acrylamides are accessible, however with the same addition sequence limitation as in REM-

GTP. Additionally, high degrees of tacticity could be induced to methacrylates and acrylamides, 

based on enantiomorphic site control by the catalysts employed.10,63–65,97,106 

 

Scheme 7: Initiation and propagation of MMA polymerization by two-component zirconocene catalyst 

systems as introduced by Collins and Ward (left) and initiation and Yasuda-type propagation of DMAA 

polymerization by monometallic ansa-zirconocenes as proposed by Chen et al. (right).7,10,12,63,66,97,98,102 
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2.1.3.3. Lewis Pair mediated group-transfer polymerization 

To use Lewis Pairs for the polymerization of Michael monomers, the amphiphilic character of 

the monomers is exploited. The carbonyl function itself is a Lewis basic site and has the ability 

to form adducts with Lewis acids, activating the carbonyl function and thus the monomer. The 

conjugated vinyl function is Lewis acidic and can react with Lewis bases to form adducts 

(Scheme 8). By exploiting this reactivity, the (co)polymerization of various Michael monomers 

like different (meth) acrylates and acrylamides has been successfully addressed. Additionally, 

also vinylphosphonates or N-acceptor containing monomers like IPOx or 2VP, the extended 

1,6-acceptor system 4-vinylpyridine, as well as cyclic monomers like methylene butyrolactones 

or indenone could be polymerized by appropriate catalyst choice.13,15,30,38,45,50,57,59 

 

Scheme 8: Amphiphilic character of Michael-type monomers like MMA and reactivity towards Lewis 

acids and Lewis bases to form the respective LA/LB adducts.14 

By exploiting this reactivity, the monomer can be activated by the LA, increasing its reactivity 

and susceptibitliy towards nucleophilic attacks. Then the LB attacks the first monomer in a 

conjugate addition, forming the active chain-end stabilized by the LA with the LB covalently 

bound to the monomer (Scheme 9, top pathway). For the case of monomers substituted with 

protons in α-positions like DEVP or MA, an additional initiation pathway is accessible, in which 

the LB deprotonates the α -position, forming an allylenic monomer unit stabilized by the LA 

(Scheme 9, bottom pathway). In the case of the conjugate addition, the polymer is terminated 

by the LB, while for the deprotonation, olefinic chain-ends are generated.14,15,45,57 

 

Scheme 9: Initiation of the Lewis Pair mediated GTP of different α-H-substituted Michael-type 

monomers (X = O, NR; R = OR, NR2, PO(OR)2, CHR) via conjugate addition pathway (top) or 

deprotonation pathway (bottom).14,15,38,59 
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Usually, Lewis Pair polymerizations are performed with one equivalent of LB and two 

equivalents of LA, which is originating from the dual functionality of the LA. It is capable of 

stabilizing the reactive enolate chain-end and is simultaneously responsible for activating the 

monomer (Scheme 10, I), which is inactive on itself. With respect to this reactivity, the applied 

LA are usually electrophilic compounds with a single coordination site, which becomes 

saturated upon stabilization of the chain-end anion. Based on this behavior, one LA molecule 

is responsible for stabilizing the polymer chain while the other LA molecule activates a 

monomer simultaneously. The propagation proceeds then via a bimolecular reaction of the 

polymer chain with the activated monomer (Scheme 10, II), in which the LA-stabilized enolate 

attacks the LA-activated monomer nucleophilic in a conjugate addition (Scheme 10, III). This 

reaction is the rate-determining step (r.d.s.) of the LPP, leading to the same stabilized enolate-

chain end and the second LA coordinating to the carbonyl function of the polymer chain 

(Scheme 10, IV). In a last step, the active chain releases the coordinating LA, which 

coordinates the next monomer unit, repeating the propagation cycle.14,38,57 

 

Scheme 10: Catalytic propagation of a Lewis Pair Polymerization of Michael-type monomers catalyzed 

by Lewis acids and initiated by Lewis bases.14,38,50 

Kinetically, the LPP of Michael monomers usually is zero-order in the monomer and first-order 

in the LA, leading to a linear conversion over time profile. This behavior is caused by the 

inability of non-activated monomers to react with the chain end, respectively by the inability of 

the stabilized chain-end to attack any other carbonyl function than the activated one. Generally, 

LPP can be considered a highly tunable polymerization technique capable of polymerizing 

Michael monomers with high control and precision with respect to polymer parameters like 

chain-length, macrostructure, dispersity, reactivity, or monomer selectivity. Based on the 

tremendous number of reports on this technique, a broad library of (commercially) available 

Lewis acids and Lewis bases can be used for tailoring suited LPP systems for various 

(functional) monomers.14,50,57 
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2.2. Ring-opening polymerization 

2.2.1. General remarks and monomer scope 

For ring-opening polymerization (ROP) in general terms, a plethora of different monomer 

classes can be employed, involving different mechanisms ranging from radical and ionic 

polymerizations to catalytic methods like metathesis or coordinative-anionic mechanisms. The 

scope of available monomers comprises many different monomer classes, with all of them 

being cyclic as the name of ROP implies. This includes olefins, (thio) ethers, disulfides, 

silicones, phosphoesters, phosphazenes, carbonates, anhydrides, carboxyanhydrides, 

morpholines, amides, lactames or esters (lactones) and diesters (glycolides) as well as their 

sulfur derivatives.107,108 Generally, three different pathways for the synthesis of polyesters are 

possible, involving polycondensation of diacids and diols, ring-opening copolymerization of 

cyclic anhydrides and epoxides or ring-opening polymerization of lactones.109 

 

Scheme 11: Generalized reaction scheme for the ring-opening polymerization of lactones. 

In terms of monomer scope and synthesis, application profile and advanced properties like 

degradability or feedstock sourcing, (aliphatic) polyesters from (substituted) lactones and 

glycolides remain one of the most interesting and well-researched classes of ROP monomers, 

on which also this work will focus. In Figure 8 different examples for lactones available for ROP 

are shown.107,109–112 

 

Figure 8: Examples for lactones available for polyester synthesis, grouped by ring size.110,112–117 
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2.2.2. Terpenes in polyester synthesis 

While a broad range of different lactones are known for the synthesis of polyesters, within 

recent years aspects like degradability and sourcing of monomer feedstocks have gained 

increasing attention. Especially with depletion of fossil fuels, the main source of monomer 

feedstocks, the search for replacement feedstocks based on renewable materials has 

intensified. Bio-based polymers can be produced from a variety of different sources, involving 

natural acids, sugars, terpenes, terpenoids, lignin-based structures or other sources.114,118–124 

When looking for new, biobased feedstocks to produce polymer materials, several aspects 

have to be considered. Two major points which need to be addressed are the pricing of the 

product, making it necessary to use feedstocks with high abundance and easy/cheap isolation 

and work-up, and the competition with crop space.120,122,125–129 One class of feedstock materials 

capable of addressing these issues are the terpenes/terpenoids, as some of them show high 

natural abundance and are sometimes even byproducts from large-scale industrial 

applications. The major feedstocks interesting for the production of polymeric materials in this 

context are limonene, with menthol and carvone as derived terpenoids, and turpentine oil, 

mostly consisting of α-pinene, β-pinene and 3-carene.110,114,130,131 These molecules can be 

transformed into polymers by a variety of different routes, e.g. by direct cationic or radical 

polymerization to polyhydrocarbons132–135, epoxidation and ring-opening polymerization to 

polyethers136 or epoxidation and copolymerization with CO2 to polycarbonates.137,138  

With respect to polyester synthesis, four different pathways can be used, transformation into 

diols/diacids for AA/BB-type polycondensation with suiting comonomers124,139, transformation 

into difunctional carboxylic acid alcohols for AB-type polycondensation140, ring-opening 

copolymerization of epoxides and anhydrides141,142 or oxidation and ring-extension via Baeyer-

Villiger oxidation to lactones for subsequent ROP.110,143 For the last approach, various 

synthesis pathways to the respective lactones based on (-)-menthol, (-)-carvone, α-pinene or 

β-pinene have been introduced.128,130,139,143–145 The terpenoids menthol and carvone used as 

starting material are biosynthetically produced from limonene as terpene intermediate and can 

be isolated from mint or caraway seed, while the terpenes α-pinene and β-pinene are 

commonly abundant in turpentine oil as the two major compounds, obtained as byproduct from 

pulp production.114,126,127,131,139,143 The transformation of these terpenes and terpenoids usually 

involves reactions such as oxidations, hydrogenations and/or rearrangements prior to the 

synthetic key step, the ring expansion by oxidative Baeyer-Villiger oxidation (Scheme 

12).128,130,139,143–145 
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Scheme 12: Lactones obtained from chemical transformation of limonene-based terpenoids (-)-menthol 

or (-)-carvone and turpentine oil-based terpenes α-pinene and β-pinene.110,114,130,139,143–147 

The key step for those transformations is the ring-extension of cyclic terpene-based ketones 

via Baeyer-Villiger oxidation, yielding the desired lactones by an insertion of an additional 

oxygen atom into the bond between carbonyl carbon and the adjacent carbon atom. In 1899 

Baeyer and Villiger reported the conversion of ketones to esters with Caro’s acid, introducing 

a nowadays widely used synthetic tool.148,149 Overall, the Baeyer-Villiger oxidation is a versatile 

reaction capable of transforming ketones into esters, cyclic ketones into lactones, 

benzaldehydes into phenols or carboxylic acids into anhydrides while simultaneously showing 

high chemoselectivity.150 The reaction proceeds via a peroxydester intermediate, the Criegee 

intermediate (I), formed by nucleophilic attack of the peracid onto the carbonyl unit, followed 

by a concerted migration step (Scheme 13A).151,152 Within this concerted rearrangement (II), 

the migrating group RM is in an antiperiplanar position to the peroxide O–O leaving group 

(primary stereoelectronic effect) while simultaneously also standing antiperiplanar to the 
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hydroxyl group lone pair (secondary stereoelectronic effect). This rearrangement is usually the 

rate-determining step of the Baeyer-Villiger oxidation and plays a crucial role as for what 

isomers are formed during the reaction.149,150 For most systems, the migration aptitude of the 

migrating rest RM can be predicted as following: tertiary alkyls > cyclohexyl > secondary alkyls 

> benzyl > phenyl > primary alkyls > methyl (Scheme 13B).150,153  

 

Scheme 13: Mechanism of the Baeyer-Villiger oxidation of ketones to esters via Criegee intermediate (I) 

and concerted migration (II) involving primary and secondary stereoelectronic effects (A) and migration 

aptitude of the migrating rest in decreasing order (B). 

This highly controlled behavior makes the Baeyer-Villiger oxidation an interesting method for 

the synthesis of lactones from cyclic ketones as new monomers, especially in a context of 

biobased feedstocks. For this transformation, a broad variety of oxidants is reported. 

Commonly used systems are for example meta-chloro perbenzoic acid (mCPBA), perfluoro 

acetic acid, performic acid, monopermaleic acid, monoperphtalic acid, tert-butyl hydroperoxide 

or hydrogen peroxide.150,153 Aside from those, recent research also focuses on more 

sustainable approaches, involving e.g. Oxones154, enzymatic approaches155,156, catalytic 

systems with hydrogen peroxide (derivatives)157 or even heterogeneous catalyst systems like 

Sn-β/H2O2
158 or Sn-MCM-41/H2O2.159,160 Overall, this reaction is a powerful tool for the 

synthesis of new monomers from biogenic resources with potentially green, sustainable 

synthesis routes. 

For the limonene-derived and turpentine oil-based feedstocks, a variety of different lactones 

have successfully been synthesized and polymerized within the last years. The most well-

known example is (-)-menthide derived from Baeyer-Villiger oxidation of (-)-menthol with 

mCPBA, introduced by Hillmyer et al. in 2005. Catalytic ROP of (-)-menthide yields an aliphatic 

polyester with an iso-propyl and a methyl sidechain with molecular weights of up to 91 kg/mol 

(Đ = 1.1), ultimately leading to an amorphous material with low glass transition temperatures 

of about -25 °C.143 Additionally, degradable poly((-)-menthide) has been investigated in much 

more detail as comonomer for block copolymerizations targeting advanced polymeric materials 
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like nucleation agents, elastomers, polyurethanes or thermoplastic elastomers.89,145,161–165 

Anionic ROP of regioisomeric carvomenthide yields structurally very similar polyesters with 

molecular weights of up to 62 kg/mol (Đ = 1.16) and again low glass transition points of -20 °C. 

Contrary, if the double bond of the iso-propenyl function from the (-)-carvone feedstock is 

preserved during the synthesis by omitting the intermediate hydrogenation step, the ROP of 

the derived lactone dihydrocarvide yields lower molecular weights with broader dispersity 

under the same conditions, exhibiting the same glass transition of about -20 °C.144,162 Yet, 

poly(dihydrocarvide) features a reactive iso-propenyl sidechain available for post-

polymerization functionalization, making it an interesting candidate for advanced polymer 

materials like hydrogels.110,166 In a contrary approach, the already epoxidized dihydrocarvide 

oxide monomer can be used for statistical ring opening copolymerization with CL to yield cross-

linked polyesters directly from the polymerization.147 Switching to turpentine oil-based 

feedstocks, Jones et al. introduced a multi-step synthesis pathway to transform β-pinene to 

4-iso-propylcaprolactone, ultimately producing an aliphatic polyester with moderate molecular 

weight (Mn up to 23 kg/mol with Đ = 1.34) and a very low glass transition temperature of -

50 °C.130 Utilizing α-pinene, Syrén et al. introduced a transformation yielding (-)-cis-verbanone 

lactone, which upon ROP gives a semicrystalline polymer material with a glass transition 

temperature of 47 °C and a melting point at 158 °C even at low molecular weights 

(Mn = 7.3 kg/mol, Đ = 1.1), showcasing the high potential of biobased monomers in aliphatic 

polyester synthesis (Scheme 14).110,128,139 

 

Scheme 14: Polymerization of terpene-based lactones to aliphatic polyesters with their respective glass 

transition temperatures Tg and melting points Tm.110,114,130,139,143–147 
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2.2.3. Catalysts for ring-opening polymerization 

While there are many different methods of polymerizing lactones, including cationic or anionic 

pathways, they mostly suffer from uncontrolled side reactions (vide infra), broadening the 

polymers polydispersity and hindering efficient, steerable polyester synthesis. This led to the 

emergence of a variety of different (organo)catalysts for the ring-opening polymerization of 

lactones, offering unique advantages like narrow polydispersity, molecular mass control, 

introduction of stereoregularity, suppression of side reaction, fast reaction kinetics, targeted 

synthesis of various polymer architectures or synthesis of (multi)block copolymers by exploiting 

the living-type polymerization propagation.108,111,116,167–170 

In the field of metal-catalyzed ROP, pioneering work by Teyssié et al. achieving living-type 

anionic coordination-insertion polymerization of ε-caprolactone (CL), β-propiolactone (βPL) 

and δ-valerolactone (δVL) with soluble, bimetallic Al2/Zn(II) and Al2/Co(II) µ-oxo alkoxides, 

being one of the first examples of catalytic ROP (Scheme 15). For this system, high reaction 

rates with suppression of side reactions like termination or transfer could be observed, 

featuring a linear dependency of molecular weight with conversion due to a living character.171 

 

Scheme 15: Ring-opening polymerization of different lactones with bimetallic µ-oxo alkoxides as 

reported by Teyssié et al. in 1977.171 

Since then, a multitude of different metal catalysts have been introduced. As for the GTP of 

Michael-type monomers, an important class of catalyst involving rare-earth metals has been 

developed, featuring various different elements like yttrium, lutetium, samarium, neodymium, 

cerium, and many others. Different types of rare-earth metal-based catalysts have emerged, 

varying from alkoxide-clusters to metallocenes or complexes with multidentate ligands like 

bis(phenolate)s or salenes. In the 1990s, work by McLain and Drysdale, Hubert-Pfalzgraf et al. 

or Feijen et al. expanded the scope of catalysts with the use of lanthanide iso-propoxide oxo-

alkoxide clusters like Ln5(µ-O)(OiPr)3 (Ln = Y, Er, La, Sm, Yb, Dm, Dy).96,172–176 Those systems 

have been extended to the use of more simple lanthanide systems, obtained by reacting 

precursor complexes like Ln(N(SiMe3)2)3 (Ln = Y, Nd) or lanthanide tris(2,6-di-tert-

butylphenolate)s (Ln = Y, La) in-situ with alcohols.96,177–180 Switching to metallocene 

complexes, both di- and trivalent complexes of various rare-earth metals can be used for the 

ROP of a variety of lactones. Herein, various complexes based on samarium and yttrium 

reported by Yasuda et al. like Cp*2SmMe(thf), [Cp*2SmH]2, Cp*SmOEt(OEt2), [Cp*YOMe]2 or 
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Cp*2YOMe(thf) were used for the polymerization of lactones like CL, δVL or βPL.22,181,182 

Another important class of ROP catalysts make up the bis(phenolate) complexes as introduced 

by Carpentier et al. in 2007. Those catalysts show high activities, allow for immortal ring-

opening polymerization (vide infra) and are capable of introducing stereoinformation to 

demanding monomers like lactide or β-butyrolactone (BBL).183–185 While those complexes 

mentioned certainly play an important role in the ROP of different lactones, the rare-earth metal 

complex are by no means limited to the ligands presented. Within the last 30 years, a multitude 

of different systems have been introduced, including different ligands like salenes, salans, 

guanidinates, oxazolylphenolates, diamine-diamines and many other, even including 

supported systems. An overview of different rare-earth metal based ROP catalysts is shown 

in Figure 9.111,167,186–194 

 

Figure 9: Overview of different rare-earth metal compounds active as ring-opening polymerization 

catalysts.96,172–176,182,183,194 

Changing the central metal type from rare-earth elements to transition elements, especially 

complexes with chromium, zirconium or zinc have shown interesting properties for ROP 

catalysts. While there are some reports on complexes based on chromium, like the Cr(III) 

salophen complex introduced by Rieger et al. in 2008,195,196 zirconium based systems like 

[Cp2ZrMe]+[B(C6F5)4]- (Mukaiyama et al.)197 or (ansa)-metallocene bis(ester enolate)s (Chen et 

al.)198 and many other active metals199, the most commonly found transition metal in ROP 

catalysis is certainly zinc. Here, the pioneering work on zinc β-diiminates (BID) catalysts by 

Coates et al. starting in 1999 followed by various complexes from Hillmyer, Tolman and 

coworkers make up one of the most important classes of catalysts for the synthesis of aliphatic 

polyesters. Those show unprecedented activity in the ROP of various lactones such as lactide, 

BBL, CL or β-valerolactone. Some of these catalysts are exemplarily shown in Figure 10.200–

205  
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Figure 10: Various transition metal-based ring-opening polymerization catalysts.195,197,198,200–204 

Besides rare-earth elements and transition metals, various different main group element 

complexes have successfully been introduced to ROP, mainly focusing on elements like 

indium, aluminum, or tin. The most archetype catalysts in this context are aluminum based 

alkoxide systems Al(OR)3 or the widely applied tin(II) 2-ethylhexanoate catalyst SnOct2, which 

are still used, even on industrial scale.111,168,206 Yet also more well-defined metal catalysts are 

applied, with a strong focus on aluminum and indium based complexes with a variety of 

different ligands.207–211 A broad range of different aluminum based salen catalysts have been 

reported for example by Spassky, Gibson or Feijen, starting in the early 2000s. Salen and 

salan-type ligands are amine- or imine-bridged phenolates, sharing a tetradentate ONNO 

coordination motif. Those offer a broad range of substitution points, with different substituents 

being introduced into the ortho- and para-position of the phenolates, the use of various different 

bridging backbones, and, for the case of salans, additional substituents on the nitrogen atoms. 

This makes this class of catalyst high adaptable, leading to the design of very well-adjusted 

catalysts.208,212–218 Yet, various different ligands with varying bonding motifs have been 

explored, involving for example bidentate phenoxyimines, tridentate Schiff-bases, tetradentate 

bis(pyrrolidine) and many others.208,210,211,219 Within recent years, also the use of indium as 

catalytically active metal has gained increased attention, as it is considered more active and 

functional-group tolerant than aluminum catalysts. An entry point to these complexes marks 

the work by Mehrkhodavandi et al., reporting the highly active and controlled polymerization of 

lactide and BBL catalyzed by dinuclear indium complexes.116,220–222 A selection of different 

main-group metal based catalysts is exemplarily given in Figure 11. 
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Figure 11: Selected examples for main-group element based ring-opening polymerization 

catalysts.111,168,208,211–213,216,219,221,223 

While these complexes shown certainly mark important examples for ROP, there is almost no 

limitation in the scope of these catalysts. Aside from organometallic complexes comprising a 

broad variety of different active metals, also organo-catalyzed ROP, for example with urea 

derivatives, has gained increasing attention. Generally, when ROP of lactones is performed 

using (organometallic) catalysts, several different advantages can be exploited. Most 

importantly, these catalysts are capable of introducing stereocontrol to the polymerization and 

exhibit a living-type character with suppression of most side reactions like transesterification 

or chain termination. This allows the synthesis of polyesters with steerable molecular weights 

and narrow distributions. Additionally, those catalysts possess a high degree of tunability, 

making them adjustable to the monomer by means of ligand, central metal, and initiator choice. 

Dependent on the systems used, there exist some mechanistical differences.91,169,199,224–234  
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2.2.4. Mechanistic aspects 

Generally, two different experimental approaches for lactone ROP can be employed 

dependent on the catalyst system used. The classic ROP observed for a multitude of different 

metal complexes uses catalysts which act as both initiator of the polymerization and stabilizing 

agent of the propagating chain. The main requirement for such metal complexes is that they 

carry a nucleophilic group capable of acting as initiator. For this mechanism, the ratio of 

catalyst/initiator to monomer determines the number of chains started and thus the chain 

length (Scheme 16A). This type of polymerization is to be performed under exclusion of protic 

impurities or nucleophiles, as they quench the reactivity of the catalyst or the active chain, 

which is the main drawback of this method. The second approach, the so-called immortal ring-

opening polymerization (iROP) as introduced by Inoue et al., utilizes the addition of an excess 

of external nucleophiles with respect to the metal, acting as chain-transfer agents (CTA). 

These react with the catalyst to form the active species, acting as initiators of the reaction, 

while the catalyst molecule is only responsible for stabilizing the propagating species, 

exhibiting true catalytic activity. The number of chains started is thus independent from the 

number of catalyst molecules but is determined by the ratio of monomer to CTA (Scheme 

16B).91,169,224–230 

 

Scheme 16: Differentiation between classic living ROP of lactones with a bifunctional catalyst/initiator 

molecule (A) and catalytic immortal ROP with catalyst/chain-transfer agent systems (B), adapted from 

Carpentier et al.224 

The iROP of lactones with alcohols as nucleophiles exhibits a certain kinetic behavior as 

underlying reason for the catalytic activity of the metal complexes. For the classic ROP, the 

catalyst-bound nucleophile initiates the polymerization by nucleophilic attack of the first 

monomer unit. Contrary, for iROP a pre-activation is performed, where the catalyst is reacted 

with an excess of nucleophile, e.g. alcohol, to form the active metal alcoholate (Scheme 17, 

reaction I). As for ROP, in iROP the polymerization is initiated by nucleophilic attack on the 
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first monomer, yet this time the alcoholate starts the reaction. Afterwards, the lactone is opened 

and forms a new alcoholate coordinated to the catalyst, propagating the polymerization. For 

both ROP and iROP, the rate constant of initiation ki should exceed the rate constant of the 

propagation kpr in order to maintain a narrow polydispersity and to avoid initiation delays 

(Scheme 17, reaction II). Exclusively for iROP, an exchange reaction of the active site can 

occur, in which the stabilized chain end alcoholate exchanges with either another CTA or a 

hydroxyl terminated polymer chain. Herein, the active chain becomes the dormant, α-hydroxyl-

ω-carboxylate terminated species while either the CTA starts a new chain or a formerly 

dormant chain switches back into the active state (Scheme 17, reaction III). In terms of kinetics, 

the rate constant of the transfer ktr must exceed the reaction rate of the propagation kpr in order 

to maintain control over the polymerization process. This exchange or transfer reaction is 

responsible for the behavior observed for the CTA and the catalyst.224,225,235,236 

 

Scheme 17: Kinetics of the immortal ring-opening polymerization of lactones with metal catalysts  

(LnM–Nu) and alcohols as chain-transfer agents.224,236 

Mechanistically, the propagation of ROP and iROP of lactones behave very similarly. Usually, 

this type of catalysis proceeds via the coordination-insertion mechanism (CIM) of electrophilic, 

Lewis acidic metal complexes bearing σ-bonded, nucleophilic ligand groups capable of acting 

as initiators, like alkoxides. The propagation cycle starts with a coordination of the catalyst to 

the carbonyl moiety of the monomer to the Lewis acid metal center. Then the monomer inserts 

into the metal-alkoxy bond by nucleophilic attack of the alkoxide on the carbonyl carbon atom, 

followed by ring opening of the monomer by acyl-oxygen cleavage (vide infra). This cleavage 

leads to an ester-terminated metal alkoxide complex, reforming the active, nucleophilic species 

and allowing propagation to the next monomer unit (Scheme 18A). When comparing ROP and 

iROP, no difference in the propagation step itself can be seen, but in the initiation. In classic 

ROP, the first monomer unit has to insert into the metal-nucleophile bond of the σ-bonded 

initiator, while for iROP, in-situ metal alkoxides are formed with the CTAs added. Also, in 

classic ROP, the resting state metal-polymer-alkoxide species cannot interchange with other 
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chains, while in iROP, rapid chain-exchange reactions take place (vide supra).224,229,237 A 

special case can be observed for Lewis acidic metal salt catalyzed iROP reactions, like for 

example triflate salt alcohol systems Mn+(F3CSO3
-)n/ROH. Herein, the activated monomer 

mechanism (AMM) takes place, in which the metal salt activates the monomer by coordination 

of the carbonyl moiety, making it more susceptible to nucleophilic attacks. Now the alcohol as 

external nucleophile attacks the carbonyl carbon, leading to ring-opening of the lactone and 

formation of a new α-hydroxy-ω-carboxyl species, which can again act as nucleophile for 

subsequent propagation. This species is still coordinated with the Lewis acid, which upon 

reaction with another monomer unit is transferred onto the monomer, activating the next unit 

(Scheme 18B). The main difference between AMM and CIM is, that in AMM the 

catalyst/initiator system is a true two-component system, while for CIM, the catalyst acts as 

one-component catalyst-initiator tandem system.175,224,238,239 

 

Scheme 18: Propagation cycle of lactone ROP for the coordination-insertion mechanism (A) or the 

activated monomer mechanism (B).111,170,224,238 

Generally, in anionic and coordinative-anionic polymerization of lactones, and especially for 

β-substituted lactones like the widely investigated β-butyrolactone, two different ring-opening 

mechanism exist. For strong nucleophiles, an acyl-oxygen cleavage between the carbonyl 

carbon and the ring oxygen takes place, accompanied by a retention of stereoconformation, 

generating alcoholate chain-ends (Scheme 19, pathway I). Contrary, weak nucleophiles open 

the lactones via alkyl-oxygen cleavage of the β-carbon atom and the ring oxygen, leading to 

stereoconformation inversion and carboxylate chain-ends (Scheme 19, pathway II). This 

behavior is an important influencing factor when considering stereocontrol of the polymers 

prepared, often addressed by introducing elaborate metal complexes for ROP 

catalysis.167,168,224  
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Scheme 19: Ring-opening of β-substituted lactones via nucleophilic attack and acyl-oxygen cleavage 

to a metal-alcoholate with stereoconformation retention (I) or alkyl-oxygen cleavage to a metal-

carboxylate with stereoconformation inversion (II).167 

Due to coordination and stabilization of the chain-ends by the metal catalyst, side reactions in 

catalyzed ROP are largely suppressed. The main side-reaction type observed in ROP is 

transesterification, as the active chain is not only capable of attacking the next lactone but can 

also react with every other ester unit present in the polymer chain. This can happen either 

between chains (intermolecular backbiting), or within the active chain (intramolecular 

backbiting or end-to-end cyclization), leading to a broadening of the polydispersity and/or 

cyclization of the polymer (Scheme 20). For β-lactones, also hydrogen transfer reactions or 

transfer of the active chain onto the monomer are known as side reactions.167,168,240 

 

Scheme 20: Transesterification side reactions via intermolecular backbiting (I), intramolecular 

backbiting (II) or end-to-end cyclization (III), Nu = nucleophilic initiator.240 
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2.2.5  Copolymerization of GTP and ROP 

To gain access to more functional polymer materials, the (block) copolymerization of 

monomers from different monomer classes with distinct chemical characteristics remains an 

interesting method. In the context of group-transfer and ring-opening polymerization, this 

combination remains a highly challenging task. So far, the scope of Michael-type monomers 

comprises only MMA (derivatives) in combination with some lactones like CL, βPL, δVL or 

lactide.22,241 While there are some examples involving combinations of ROP and radical 

methods like atom-transfer radical polymerization (ATRP) or reversible-addition-fragmentation 

chain-transfer polymerization (RAFT) using polymer postfunctionalization steps or bifunctional 

initiators (Figure 12), there are only few examples of true catalytic, one-pot approaches.242–249  

 

Figure 12: Different examples for bifunctional initiators used in ROP/RAFT and ROP/ATRP approaches 

towards block copolymers from Michael-type monomers and lactones.243,245,246,248,249 

The first reported example of a catalytic copolymerization of GTP and ROP has been reported 

by Yasuda et al. in 1995, copolymerizing MMA with βPL, δVL, or CL sequentially, using 

Cp*2LnMe(thf) as catalyst. The copolymers prepared exhibited molecular weights in the range 

of 23 – 42 kg/mol with narrow polydispersity of 1.11 – 1.32 , matching in their observed 

molecular composition with the used feed ratio of MMA:lactone = 50:50 (Scheme 21).26 

 

Scheme 21: Copolymerization of MMA and βPL, δVL or CL with Cp*2LnMe(thf) as reported by Yasuda 

et al. in 1995.22 

They found that block copolymerization is only possible when the Michael-type monomer is 

added first, followed by the lactone, as no MMA polymerization was observed for reversed-

order addition of the monomers. This indicates that the coordination strength of the monomers, 

similar as for pure GTP block copolymers (vide supra) plays a role for this copolymerization as 

well. However, little characterization of the obtained materials has been performed.26 Similar 

polymers were prepared by Chiellini, Solaro and Cantoni in 1995 – 1997, who reported the 
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copolymerization of MMA with CL, δVL, γVL, and BBL with bis(diethyl aluminum) sulfate 

(DEAS) or tri-iso-butyl-aluminum (TIBA) as catalysts, obtaining semi-degradable thermoplastic 

block copolymers and mixtures of two homopolymers. Yet, the presented systems showed 

severe limitations in terms of monomer conversion (X = 4-79%), adjustability of composition 

by feedstock and polydispersity of the obtained materials (Đ = 1.5-12.9), showcasing the 

challenges faced for this type of monomer class combination (Scheme 22).250,251  

 

Scheme 22: Copolymerization of MMA with BBL, γVL, δVL or CL using TIBA, or DEAS as reported by 

Chiellini, Solaro and Cantoni in 1995 – 1997.250,251 

Another attempt has been made by Hadjichristidis et al. in 2007, copolymerizing MMA with CL 

or δVL using Cp2ZrMe2/B(C6F5)3 as catalyst system (Scheme 23).252 In their experiments, they 

obtained the block copolymers of MMA with CL and δVL with high molecular weights 

(Mw = 280 – 300 kg/mol) and narrow polydispersity (Đ = 1.21 – 1.29), yet again the feed ratio 

of MMA:lactone of 1:1 differed from the obtained molecular composition of the copolymers, 

which were in the range of 4.2 – 4.7:1. In accordance with the experiments by Yasuda et al., it 

was found that the addition sequence again plays a crucial role in whether MMA is polymerized 

or not. For the first time, they proposed a mechanism of the active MMA chain acting as ester 

enolate, initiating the ROP by ring-opening of the first lactone unit in a mono- or bimetallic 

mechanism. Additionally, thermal analysis of the polymers showed a depression of the melting 

point of the polyester block with little to no influence on the glass transition point of PMMA, 

proofing successful block copolymerization and indicating microphase separation of the block 

copolymers.22,252  

 

Scheme 23: Copolymerization of MMA and δVL or CL using Cp2ZrMe2/B(C6F5)3 as reported by 

Hadjichristidis et al. in 2007.252 

A similar approach was utilized by Li et al. in 2022, copolymerizing MMA and lactide using the 

organocatalytic system benzyl alcohol with the phosphazene base tBuP4 and di-iso-propyl 

thiourea (Scheme 24). Rapid consumption of both monomers (usually within an hour) with high 
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conversions (X = 74 – 99%) was observed, yielding block copolymers with narrow 

polydispersity (Đ < 1.66) and molecular weights in the range of 15 – 35 kg/mol. In terms of 

monomer addition sequence, they again observed no conversion of MMA for sequential 

polymerization of lactone followed by MMA and full polymerization of both monomers for the 

reversed addition order MMA-lactone and their polymers behaved similar in terms of thermal 

transitions.253 

 

Scheme 24: Copolymerization of MMA with rac-lactide or CL using the organocatalytic system benzyl 

alcohol, tBuP4, di-iso-propyl thiourea as reported by Li et al. in 2022.253 

The last remarkable study on the copolymerization of Michael-type monomers and lactones 

has been published by Mehrkhodavani et al. in 2020, who introduced a neutral indium complex 

capable of sequentially copolymerizing MMA with either CL or rac-lactide regardless of 

monomer addition order (Scheme 25). Their copolymers from MMA and rac-lactide exhibited 

molecular weights from 110 – 140 kg/mol with narrow dispersity (Đ = 1.46 – 1.95) and their 

copolymers from MMA with CL showed molecular weights of about 60 kg/mol (Đ = 1.50 – 1.60), 

regardless of addition order, with the conversion of MMA ranging between 53 – 87% and high 

conversion of the lactone (X > 95%). Dependent on addition order, they proposed two transfer 

mechanisms of the active MMA chain for subsequent ROP and of the active PLA chain with 

subsequent GTP vice versa, following a coordination-insertion mechanism in the lactone ROP 

and a Michael addition polymerization in the GTP polymerization with no further specification 

on the exact mechanistic details.241 

 

Scheme 25: Copolymerization of MMA with rac-lactide or CL using a neutral indium complex in a 

one-pot approach allowing both addition orders as reported by Mehrkhodavandi et al. in 2020.241 
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All those examples highlight the interest in obtaining block copolymers comprising a block of 

Michael-type monomers linked to aliphatic polyester chains. Yet so far, only little is known 

regarding variation of the Michael-type monomer, or the material properties of the block 

copolymers obtained. Yet, this combination of different monomer class would offer access to 

a variety of different, functional materials. Polyesters based on ROP could be incorporated in 

such systems utilizing their main chain cleavability and biocompatibility, while polymers from 

Michael-type monomers show a high degree of tunability in terms of their functional sidechains 

and inherently possess interesting properties such as pH- or temperature responsiveness. 

Combining these polymer types into (multi-) block copolymers might generate a highly versatile 

class of polymer materials comprising the unique properties of the respective homopolymers. 

Such materials could for example be used in different biomedical applications like drug-delivery, 

exploiting their responsive behavior to external stimuli. The overall scope of applicable 

monomers for both the GTP- as well as the ROP block is much broader than currently covered 

in literature, including interesting monomer (classes) like (substituted) vinylphosphonates or 

vinylpyridines, biobased lactones and many more. In the following chapter, some of the 

polymer response behaviors are explained in more detail to highlight the functionality of such 

polymers and their potential scope of applications. 
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2.3. Functional precision polymers in applications 

2.3.1. Responsive polymers 

With advanced monomers being introduced to polymer science, so-called “smart” polymers, 

possessing responsiveness to external stimuli like pH, temperature, specific molecules, 

irradiation, ionic strength, light, electric or magnetic field or heat compose a new class of highly 

interesting materials. This responsiveness allows for dynamic modulation of the polymer 

behavior based on its surrounding, making them interesting materials for use in application 

fields like drug delivery, cell culture technologies, separation, sensors or actuators. Such 

polymers can be responsive to one stimulus or multiple stimuli, or different monomers with 

various responses can be connected in (block) copolymers.42,44,254,255  

One such response is the change of behavior towards heat/cold by temperature-responsive 

polymers as exhibited by poly(N-iso-propylacrylamide). Such polymers can be described best 

using the terms lower critical solution temperature (LCST) and upper critical solution 

temperature (UCST) based on their phase behavior. When mixing the polymer with a suitable 

solvent, mostly water, intermolecular interactions between hydrophilic parts of the polymer with 

the solvent molecules like hydrogen bonding allow for the formation of a homogeneous, single-

phase system, in which the polymer is dissolved as random coil. Upon heating, the solvent 

molecules show increasing mobility, exposing the hydrophobic parts of the polymer, leading to 

an increase in intramolecular hydrophobic interactions. If the LCST is surpassed, those 

hydrophobic interactions lead to a collapse of the random coils to globule and agglomeration 

and thus, demixing into a two-phase system of non-dissolved polymer and the solvent (Figure 

13).33,254,256,257 

 

Figure 13: Phase diagram of a polymer-solvent mixture with TLCST > TUCST and schematic representation 

of the hydrophobic interactions within the collapsed globule in the two-phase regime and the hydrophilic 

interactions of the random coils with solvent molecules in the one-phase regime.254,257 
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The reverse effect is exhibited when the UCST is surpassed upon further heating. Important 

characteristics of the LCST effect are reversibility, with or without resolution hysteresis, and 

the entropic nature of the effect. For the determination and characterization of this effect, cloud 

point determination by turbidity measurements as well as dynamic scanning calorimetry can 

be used.33,254,256 While there is a wide variety of thermoresponsive polymers, especially those 

with a response within a physiological range make interesting candidates for advanced 

polymer applications in a biomedical context. Some common examples of thermoresponsive 

polymers are for example poly((vinyl methyl ether), poly((vinyl methyl ether)-co-(vinyl acetate)), 

poly(N-vinyl caprolactam), poly(ethylene oxide), poly(2-oxazoline), poly(propylene oxide) or 

poly(2-dimethylamino)ethyl methacrylate).254,256 

From the class of GTP polymers, the dialkyl vinylphosphonates possess a LCST within a 

physiological range. Based on the length of the alkyl chain attached to the side-group of the 

poly(vinylphosphonate), the hydrophobicity of the respective polymer is altered. Rieger et al. 

performed a detailed characterization of the LCST behavior of these polymers in dependency 

on the copolymer composition. For the pure PDEVP homopolymer with only ethyl sidechains 

in water with a concentration of 1.0 wt%, an LCST of 42 °C without any precipitation/dissolution 

hysteresis is measured via cloud point determination. By statistical copolymerization of DEVP 

with the shorter-chain and thus more hydrophilic methyl derivative DMVP, the cloud point could 

successfully be increased to a range of 56 °C – 92 °C, while incorporation of the more 

hydrophobic, longer-chain n-propyl derivative DPVP resulted in an LCST depression down to 

a range of 5 °C – 34 °C, depending on composition (Figure 14). This high tunability of the LCST 

in a physiological relevant range makes the GTP-based poly(vinylphosphonates) interesting 

polymers for biomedical applications.33,42,44 

 

Figure 14: LCST determination via turbidity measurements of statistical copolymers of DPVP-stat-

DEVP (left) and DMVP-stat-DEVP (middle) and cloud point dependency on the percentage of DEVP 

content (right), adapted from Rieger et al.33 
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The second stimulus with broad application range is the responsiveness towards changes in 

the pH value. Polymers are considered pH-responsive, if their solubility, hydrodynamic volume, 

configuration, or conformation can be altered by means of changing the external pH-value of 

the media.258 pH-responsive polymers are considered polyelectrolytes which contain weak 

acidic or basic groups within their main chain or sidechains, which are capable of reversibly 

accepting or releasing protons depending on the pH of the medium. Based on the ionization 

of these groups, the polymer reacts with changes of the formerly stated parameters. Different 

functional groups like carboxylates, pyridines, sulfonic acids, phosphates, or amines are 

commonly applied to synthesize polymers with variable pKa values over the range of 1 – 14. 

Depending on their chemical structure, pH-responsive polymers can be divided into the two 

sub-classes of acidic or basic polymers (Scheme 26).259,260  

 

Scheme 26: Responsiveness of acidic and basic polyelectrolytes to a change in pH by reversible 

protonation/deprotonation.261 

The first sub-class are polymers with acidic pendent groups, forming so-called polyacids or 

polyanions. These polymers are capable of accepting H+ at low pH values (high H+ 

concentrations), forming neutral polymers and accordingly release H+ at neutral or high pH 

(low H+ concentration), resulting in a negatively charged polymer. Some common polymers 

studied in this context are poly(acrylic acid) or poly(methacrylic acid), poly(vinylphosphonic 

acid), poly(4-styrenesulfonic acid) or poly(aspartic acid) and a multitude of their structural 

derivatives (Figure 15, top).259,262 Contrary to those polymers, the second sub-class of pH-

responsive polymers comprises polybases or polycationic polymers which accept H+ at low 

pH-values and release them again under basic conditions. Such polymers use amines, 

morpholine units, pyrrolidines, piperazines, pyridines or imidazoles as reactive groups for their 

responsiveness. In this context, polymers like poly((2-dimethylamino)ethylmethacrylate), 

poly(acryloyl-morpholine), (branched) poly(ethyleneimine), poly(N-vinylimidazole) or 

poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine) (P4VP) have been reported (Figure 15, 

bottom).259,262 
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Figure 15: Examples of acidic pH-responsive polymers (top) and basic pH-responsive polymers 

(bottom).259 

Based on their high degree of tunability in terms of polymer structure, (block) copolymerization, 

polymer morphology or pKa value, pH-responsive polymers are widely used with a focus on a 

biomedical context, compromising material uses involving dendrimers, polymerosomes, 

micelles, polymer-drug conjugates or hydrogels with adjustable properties.262,263 Some of those 

polymers can be prepared by means of precision polymerization techniques like GTP as more 

elaborate synthesis method compared to other polymerization techniques, leading to precisely 

defined polymers with tunable molecular weights, morphologies and compositions.15,22,67 

Very similar in terms of polymer responsiveness is the interaction of such polymers with metal 

ions or metal complexes. Instead of protons, the pendent sidechains interact with the metal 

ions or complexes in a specific way to form polymeric metal complexes or ionomers, again 

resulting in a response of the polymer regarding its properties. Interactions between metal ions 

or complexes and polymers result mainly from electrostatic forces or formation of coordinative 

bonds, accompanied by weak interactions such as trapping. Those interactions are usually 

described using coordination theories, yet there are some small differences when considering 

macromolecules as ligands like total saturation of the metal ions ligand sphere, resulting in 

high chemical and thermal stability of the polymer metal chelates. There can either occur 

interactions of the metal ions with a single polymer chain – mono- or multidentate, or by 

intramolecular interaction of the ions with multiple polymer chains. A further distinction is made 

between polyelectrolytes and polychelatogenes. Polyelectrolytes, like the pH-responsive 

polymers, possess charged groups along their chain which are ionizable, binding to their 

respective counterions by electrostatic interaction, involving territorial binding, site binding and 
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hydrophobic binding, leading to a non-specific bonding of the metal to the polymer chain. Such 

interactions are of particular interest in applications like electrolyte membranes, ionomers, 

shape-memory materials, or metal ion sensing. Contrary, polychelatogenes carry functional 

groups along the polymer capable of forming coordinative bonds to the ions or complexes, 

which can be found in a variety of applications like homogeneous catalysts, light-emitting 

devices, sensors, or conductive polymers (Figure 16). Such interactions often lead to 

increasing thermal and chemical stability.264–273 

 

Figure 16: Interactions between polyelectrolytes and metal ions via electrostatic interactions (A) and 

interaction of polychelatogenes with metal complexes via coordinative bonding (B).264,267,274 

Especially the polychelatogenes have attracted increasing attention within the last years, as 

they combine the processability of the polymeric ligand with the reactivity of the interacting, 

coordinatively bound complex. There is a variety of different ways of incorporating suitable 

structures into polymer materials (Figure 17). The different approaches include attachment of 

(multifunctional) end-groups (I), synthesis of (co)polymers with suiting sidechains (II), 

incorporation of the ligand motif into the main chain (III) or formation of polymer chains by 

ligand-metal interactions (IV). Additionally, the binding can again occur in a monodentate or 

multidentate way, involving only one polymer chain or intramolecular interaction between 

different polymer chains, dependent on the valency of the metal ions/complexes and the 

ligands involved. By means of polymer synthesis, a broad variety of tuning points can be 

addressed, allowing for targeted macroligand design. The preparation of such compound 

materials can be performed via two different synthesis approaches. In the first approach, 

polymers are synthesized via various methods carrying appropriate ligand motifs, for example 

by initiation with suiting molecules or by polymerizing monomers with pending ligand structures. 

After polymerization, these macroligands reacted with precursor complexes in a polymer-

analogous reaction to form the polymeric metal complexes. In the second approach, initiators 

or monomers are prepared, to which the metal complexes are already linked coordinatively 

prior to the polymerization. One class of materials of particular interest are bipyridine and 
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terpyridine derived polymer metal complexes, which have been addressed in various 

publications and reviews.268,269,274–282 

 

Figure 17: Approaches for the synthesis of polymer-metal complexes via attachment of functional end-

groups (I), synthesis of polymers with functional sidechains (II), incorporation of functional units into 

polymer main chains (III) or formation of polymer chains via metal-ligand interactions (IV).268,269,276–279 

Again, especially with focus on P2VP, P4VP, PDEVP and its derivatives, group-transfer 

polymerization can provide a useful tool for the synthesis of (multi)responsive polymers, 

combining the advantages of catalytic precision polymerization with targeted polymer design 

for certain applications. Overall, group-transfer polymerization has shown to be an interesting 

tool in this context.15,29,33,42,44,48,82  
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2.3.2. Drug-delivery systems 

By using (multi)responsive materials, polymers can be designed with specific reactivities 

towards certain environmental parameters, allowing them to address certain tasks. One such 

application is the use of (co)polymers for drug-delivery systems, targeting specific parts of the 

body for drug administration. According to Kankane et al. controlled drug release can have a 

variety of benefits. By means of drug-delivery, the concentration of the active substance can 

be held constant over a longer period of time, avoiding fluctuation and thus side-effects, waste, 

and frequent dosing. Overall, the release of the drug is more predictable and reproducible, 

leading to an optimized therapy and better patient compliance. Additionally, the active 

compound is protected by the polymers, overcoming problems like short half-life or drug 

stability. Generally, there are five different release profiles desired in drug-delivery, which are 

shown in Figure 18.168,283 

 

Figure 18: Five different controlled drug-release profiles I-V according to Kankane et al.283 

The most commonly encountered drug-delivery profiles are I and II, showing either 

conventional, non-constant release after a specific delay (I) or constant release (II). Profile III 

shows the same constant compound concentration as profile II, but with a specific delay 

between drug administration and drug release. Contrary, in profile IV, the drug is released as 

very tight pulse, again with a specific delay. Similarly, for profile V, multiple pulses with specific 

periods between pulses is desired.283 According to Khare et al., those specific release profiles 

can be achieved by diffusion-controlled systems, with either reservoirs or matrices, by 

chemically-controlled systems based on degradation or pendent sidechains, by solvent-

activated systems (osmosis or swelling) or by modulated release.283,284 There is a variety of 
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different polymeric systems, which can be used for drug-delivery applications, including 

hydrogels, polymerosomes, polymer-drug conjugates, nanocapsules, nanoparticles 

dendrimers or micelles, opening up a very broad application field for specifically designed 

(co)polymers. There is a broad variety of different review articles regarding structure-property 

relationships, response mechanisms or influencing parameters for polymer-based drug-

delivery applications.262,285–290 

With respect to group-transfer polymerization-based polymers for drug delivery, the work by 

Rieger et al. has successfully shown the huge potential of this technique for the synthesis of 

multiresponsive drug carrier systems. By sequential copolymerization of 2-vinylpyridine with 

diethyl vinylphosphonates and its methyl and propyl derivates using the monometallic yttrium 

bis(phenolate) catalyst 6 and the bimetallic yttrium bis(phenolate) catalyst 7, they were able to 

synthesize amphiphilic AB-, ABB’- and BAB-type block copolymers with hydrophobic P2VP 

block covalently linked to hydrophilic poly(vinylphosphonates) blocks. Those precisely defined 

copolymers are pH- and temperature responsive with a tunable LCST and a hydrodynamic 

diameter Dh of the micelles under aqueous conditions of < 100 nm, being in a physiologically 

relevant size (Scheme 27).42,44,168 

 

Scheme 27: Synthesis of amphiphilic, micelle-forming AB- and ABB’-type block copolymers by 

sequential copolymerization of hydrophobic 2VP with hydrophilic dialkyl vinylphosphonates by 

monometallic yttrium catalyst 6 and synthesis of a BAB-type copolymer from 2VP and DEVP with 

bimetallic yttrium catalyst 7 .42,44 

Based on the response mechanism of the P2VP block towards pH and the temperature-

response of the PDEVP block, such copolymers are promising candidates for targeted drug 

delivery. The pH-responsiveness can either be used for drug-delivery into cells, utilizing the 

pH-gradient observed between the extracellular fluid (pH = 7.35 – 7.45), endosomes 
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(pH = 5.5 – 6.0) and lysosomal compartments (pH = 4.5 – 5.0), with P2VP showing a response 

in the corresponding region, or targeting cancer cells with their slightly lower overall pH value 

of 5.7 – 6.8. Additionally, the temperature-responsiveness of the PDEVP blocks can be 

exploited as well for a sustained drug release. The synthesized BAB-type block copolymers 

PDEVP-b-P2VP-b-PDEVP have been investigated thoroughly regarding their fluoresceine 

release behavior upon changes of pH and temperature, critical micellization concentration and 

particle size via transmission-electron microscopy and dynamic light scattering (Figure 

19).44,291–293 

 

Figure 19: TEM image of a BAB micelle with Dh = 54 nm (A), cloud point determination by turbidity 

measurements of AB- and ABB’-diblock copolymers (B), micelle size determination via dynamic light 

scattering (Dh = 46 nm) (C) and fluoresceine release experiments of loaded BAB micelles (Dh = 88 nm) 

towards pH 4.5 and a temperature of 44 °C (D). (Reprinted with permission from ref. [7]. Copyright 2017 

John Wiley and Son) 

Cytotoxicity assays of the micelles revealed a high biocompatibility and low toxicity of the 

polymer material. Loading with the anticancer drug doxorubicin and its release into HeLa cells 

has been investigated, revealing a prolonged release and good apoptosis induction activity, 

making the presented polymers interesting candidates for targeted drug delivery.44 Since then, 

PDEVP based, functionalized (co)polymers have been used for different biomedical 

applications involving polymer-drug conjugates, micelle-based drug-delivery or 

nanoparticles.34,42,44,46,70,86,88,283,294,295 
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While examples of GTP-based polymers remain sparsely throughout literature, aliphatic 

polyesters from ROP have been used extensively in medical applications and drug-delivery. 

One major advantage of these materials is their susceptibility towards degradation via random 

hydrolytic scission along the polymer backbone by cleavage of the labile ester bonds. Some 

of the most commonly applied polymers remain poly(lactic acid) (PLA), poly(glycolic acid) 

(PGA), PCL, PHB as well as their copolymers and many other polyester (co)polymers.168,296,297 

This degradation behavior makes aliphatic polyesters interesting candidates for drug-delivery 

systems based on a compound release upon degradation of the polyester matrix. One major 

advantage of this material class is their adjustability of their physical properties and 

biodegradability by changing structure and composition of the repeating unit in terms of chain 

flexibility, presence of polar groups, adjustment of molecular mass, crystallinity or orientation 

and by tuning (co)polymer composition or architecture during polymer synthesis.168,297,298 Due 

to this versatility, various approaches have been reported, utilizing polyesters and their 

copolymers as micellar systems, polymer-drug conjugates, microcapsules or hydrogels for 

drug-delivery systems.285,296–305 

As ROP catalysis offers a variety of different advantages like controllable molecular weight and 

microstructure, precisely defined polymers, or access to a variety of different polymer 

architectures, it remains a tool of high interest for the synthesis of functional polyesters for 

drug-delivery applications. In an example presented by Cheng et al., the authors exploited the 

characteristics of the immortal ring-opening polymerization (vide supra). They used the mitotic 

inhibitor paclitaxel with three free hydroxyl groups within its structure as chain-transfer agent 

in combination with the zinc catalyst (BDI-X)ZnN(TMS)2 for the ring-opening polymerization of 

rac-lactide, preparing linear polymer-drug conjugates while maintaining excellent molecular 

weight control (Mn = 7.8 – 31.4 kg/mol, Đ = 1.03 – 1.30) and achieving a living polymerization, 

allowing copolymerization with other lactones like δVL or CL (Scheme 28).302 

 

Scheme 28: Immortal ring-opening polymerization of rac-lactide with a (BID-X)ZnN(TMS)2 catalyst and 

the bioactive compound paclitaxel as chain-transfer agent for the synthesis of well-defined polymer-drug 

conjugates.302 
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2.3.3. Polymers on surfaces 

Another important aspect of modern biomedicine is the use of medical devices inside the body, 

like artificial joints or implants, stents, catheters, or replacements for blood vessels. Such 

devices can be produced from a variety of different materials including polymers like 

poly(tetrafluoroethylene), silicones, various polyesters, glass, or steel. As they come into 

contact with the surrounding body fluids, these materials have certain requirements regarding 

mechanical strength, surface friction, corrosion, or cell-adhesion. One way of modulation of 

these properties is by coating the surfaces of these materials with polymers.168,306–308  

Generally, there are two different approaches conceivable when surfaces are to be coated with 

polymer materials. In the graft-to method, the surface of the substrate is functionalized 

molecules with distinct reactivity and a preformed polymer with a suiting functional group 

corresponding to the surface molecules is immobilized to the surface (Figure 20A). Contrary, 

in the graft-from method, the substrate is covered with molecules capable of inducing a 

polymerization reaction, allowing the polymer to grow from the surface (Figure 20B).309,310 

 

Figure 20: Methods for anchoring polymer materials to surface subtrates via graft-to of a preformed, 

functionalized polymer to an anchoring group on the surface (A) or graft-from by polymerization using 

surface-attached initiators (B).311 

For graft-to approaches, a chemical reaction between reactive groups of polymer chains and 

corresponding functionalities attached to surfaces is performed, creating a covalent bond 

between the surface-anchored molecules and the polymer. Main advantages are a simpler 

experimental procedure in terms of functionalization and preparation as well as analytics. 

However, graft-to approaches are considered to be insuitable for the preparation of dense 

surface coverings.310 To ensure high surface coverage, usually highly efficient conjugation 

reactions are applied like thiol-ene reactions, hetero Diels-Alder reactions, azide-alkyne 

cycloaddition reactions, or esterifications.312,313 Darcos et al. used this graft-to approach for the 

synthesis of silica nanoparticles functionalized with well-defined polyesters. By immortal ring-

opening polymerization of D,L-lactide with Sn(Oct)2/benzyl alcohol they prepared hydroxyl-

terminated polymers with defined chain-length and narrow polydispersity (Đ < 1.16). 
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Subsequently, they converted the hydroxy-terminus to a carboxylic acid before transforming it 

into a N-hydroxy succinimide (NHS) active ester. In parallel they prepared silica nanoparticles 

by a modified Stöber process followed by amino-functionalization with (3-aminopropyl)trieth-

oxysilane. In a final step, they performed the graft-to of the PLA chains onto the silica 

nanoparticles by esterification of the NHS-active ester polymer chain with the pendent amino-

functions on the nanoparticles (Scheme 29). The functionalized nanoparticles were 

investigated thoroughly by means of TEM, TGA, IR and solid-state 29Si-NMR, ultimately aiming 

for applications in biomedical scaffold materials.314 

 

Scheme 29: Synthesis of an NHS-ester functionalized PLA via ROP and subsequent functionalization 

steps (A), preparation of amine-functionalized silicon nanoparticles (SiNP) (B) and graft-to of the 

functionalized PLA onto the SiNP surface via amide bond formation (C).314 

For graft-from approaches, the polymer is grown on the surface rather than attaching a 

preformed polymer, induced by molecules anchored to the substrate. Herein, different 

approaches of surface-induced polymerizations have been presented, including various 

radical, ring-opening, or ring-opening metathesis polymerization techniques.311,315,316 While 

graft-from approaches can achieve higher graft densities, they suffer from disadvantages like 

tedious synthetic procedures, low initiator efficiencies, broadening of the molecular weight 

distribution or monomer diffusion problems.310 One example for a graft-from approach in the 

context of group-transfer polymerization has been presented by Rieger et al. They 

functionalized H-terminated silicon substrates with a poly(ethylene glycol dimethacrylate) 

(PEGDM) precoating by photoinduced hydrosilylation and photo-polymerization, providing 

dangling methacrylate moieties. By addition of Cp2YbMe as catalyst and dialkyl 

vinylphosphonates (DEVP, DMVP and DPVP), they achieved a surface-initiated group-transfer 
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polymerization, successfully grafting PDEVP and its derivatives from the silicon surface. 

Analysis by means of time-resolved atomic force microscopy (AFM) revealed a rapid growth 

of the polymer chains from the surface within a timescale of minutes (Figure 21A). Attachment 

of these poly(vinylphosphonates) to the surface allowed for a modulation of the surface contact 

angle (CA) to water depending on the hydrophilicity of the vinylphosphonates sidechain, with 

PDVMP showing the lowest CA of 17 ° and PDPVP showing the highest CA of 76 °C. 

Additionally, they were able to show that the polymers retained their LCST on the surface, with 

PDEVP exhibiting a CA of 46 ° at 25 °C and a CA of 66 ° at 50 °C (Figure 21B).317 

A) Time-resolved AFM  B) CA measurements of coated surface 

 

Figure 21: Time-resolved AFM measurements of a surface-initiated GTP of DEVP on a PEGDM-

functionalized silicon wafer (A) and CA measurements of water on silicon wafer surfaces functionalized 

with PDMVP, PDEVP or PDPVP and temperature-response of the contact angle (B). (Reprinted with 

permission from ref. [317]. Copyright 2012 American Chemical Society.) 
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3. Aim – functionalizing polymers 

Throughout this thesis, group-transfer and ring-opening polymerization as precision 

polymerization methods are to be used as tools to introduce functionality in different forms to 

the polymers synthesized, targeting certain application profiles. With regards to the different 

modification points conceivable for such catalytic polymerization techniques, different 

approaches will be tested to obtain new, smart polymeric materials. To fine-tune the properties 

of these polymers, the following points are addressed: 

➢ End-group modification (1) 

➢ Sidechain functionalization (2)  

➢ Monomer variation (3) 

➢ Copolymerization (4) 

Both end-group and sidechain functionalization allow bringing polymeric materials into different 

applications, for example by introducing anchoring moieties for surface coatings or coupling 

metal complexes to the polymers. In a more retro-synthetic approach, structural variation of 

the monomers used can help achieving desired properties and understand structure-property 

relationships. The last modification point, the copolymerization of different monomers into a 

variety of different polymer architectures allows for the synthesis of advanced materials like 

responsive micelles. Overall, the high tuneability of these modification points offers a broad 

toolbox for the synthesis of advanced polymer structures, which will be explored in more detail 

throughout this thesis (Figure 22). 

 

Figure 22: Possible modification points in the context of group-transfer- and ring-opening polymerization 

investigated throughout this thesis. 
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3.1. Attachment of functional initiators  

With focus on the attachment of functional initiators as end-groups of the polymers, different 

approaches are possible for GTP and ROP. In GTP, the CH-bond activation of yttrium catalysts 

can be utilized to introduce α-methylpyridines with (masked) functional groups as initiators, 

which are transferred onto the polymers upon initiation.29,32,44,68,70,82,85–88,318 Herein, two different 

approaches have been established, either the in-situ activation of the cyclopentadienyl yttrium 

pre-catalyst Cp2Y(CH2TMS)(thf) at ambient temperature without catalyst isolation or the 

synthesis and isolation of the corresponding C-H bond activated yttrium bis(phenolate) 

catalysts,68,88 derived from activation of the pre-catalyst [(ONOO)tBuY(CH2TMS)(thf)].32,44,70,82 

To gain access to new functionalities, α-methylpyridines with various functional groups are 

synthesized and introduced to the catalysts, ultimately leading to incorporation of those into 

the polymers (Figure 23). 

 

Figure 23: Introduction of functional groups to GTP-based polymers by C-H bond activation of yttrium 

catalysts with functionalized α-methylpyridines. 

 

 



Aim – functionalizing polymers 
__________________________________________________________________________ 

- 54 - 
 

3.2. Sidechain modifications 

With regards to sidechain modifications, especially polymers from Michael-type monomers 

show a broad platform of applicable pendent groups with distinct functionalities. In the context 

of this work, the class of poly(vinylpyridines) have been selected as functional polymer building 

blocks due to their responsiveness to changes in the pH as well as their capability of interacting 

with metal complexes. While the pyridiyl moiety of P2VP or P4VP itself introduces a certain 

degree of functionality to the polymers and is capable of interacting with metal ions as 

polyelectrolyte, modulation of the sidechain structure from a monodentate to a bidentate ligand 

motif allows for targeted use as macroligand for different metal complexes. Using bipyridines 

as pendent sidechains for metal complexation is a method widely used for the synthesis of 

polymer-metal complex compound materials and has been explored in great detail regarding 

a variety of different metal complexes for numerous applications.274–279 By using the readily 

accessible 4,4’-dimethyl-2,2’-bipyridine as starting material, it is possible to introduce a vinyl 

bond in 4-position of the ring-nitrogen in a two-step synthesis, ultimately creating the conjugate 

1,6-Michael acceptor system and 4VP derivate 4-vinyl-4’-methyl-2,2’-bipyridine (VBpy).279 

While there are various polymerization methods for this monomer, involving free radical 

polymerization,319,320 ATRP,278 or electropolymerization,275,321,322 no catalytic polymerization 

method has been reported so far, despite offering unique advantages like tunable molecular 

weight with narrow dispersity. Herein, the LPP of 4VP with aluminum-based Lewis acids and 

phosphine-based Lewis bases as reported by Rieger et al. is used as template to synthesize 

precisely defined PVBpy.15 This polymer will be used as macroligand for rhenium and 

ruthenium complexes to gain access to a highly active and stable macromolecular 

photocatalysts for CO2 reduction by forcing these metal complexes into spatial proximity 

(Figure 24). 

 

Figure 24: Catalytic Lewis pair polymerization of 4-vinyl-4’-methyl-2,2’-bipyridine towards well-defined 

polymer ligands for photocatalytically active complexes. 
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3.3. Introducing new monomers 

While the two modification points discussed priorly are mainly focusing on introducing 

functionality to known polymer systems, the introduction of new monomers offers the 

opportunity of generating completely new polymers directly targeting issues like monomer 

sourcing or polymer material properties. Especially in the context of polyesters, a major task 

remains converting abundant bio-based feedstocks into suitable monomers, as the resulting 

polymers would not only incorporate structures from biogenic resources but might offer 

advantages such as main chain degradability via hydrolysis or tuning of the thermal properties. 

One such feedstock is the cheap and abundant turpentine oil, a wood-based terpene source 

with high annual production volume and barely any value-added post-processing, making it an 

ideal candidate for polymer synthesis.3,120,122 Turpentine oil contains a variety of different 

terpene structures with α-pinene, β-pinene or 3-carene being the most abundant ones. These 

terpenes feature interesting bicyclic structures, whose incorporation into the polymer backbone 

might modulate the polyesters properties in a beneficial way. This behavior has been observed 

by Syrén et al., who presented an α-pinene based lactone, allowing incorporation of the 

4-membered ring into the main chain upon ROP, obtaining a semi-crystalline, fully aliphatic 

polyester with a melting point at 158 °C.139 Herein, synthesis pathways towards monomers and 

polymers from β-pinene and 3-carene are explored, ultimately aiming at polyesters utilizing the 

skeletal structure of these terpenes (Figure 25). 

 

Figure 25: Utilization of turpentine oil-based β-pinene and 3-carene for polyester synthesis. 
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3.4. Copolymerization of Michael-type monomers and lactones 

Overall, the last modification point, the copolymerization of different monomers or monomer 

classes, is a very versatile method of obtaining new, highly functional, and smart polymers by 

utilizing the distinct reactivity and structure of each block in one material. For GTP, various 

functional copolymer materials have been reported so far.10,16,35,42,44,82 However, this technique 

suffers from the major drawback of being strictly limited to block copolymerization when dealing 

with different monomer classes (vide supra).10,22,26,33 Contrary, ROP is far more versatile in 

terms of copolymerization, giving access to different architectures such as gradient copolymers, 

statistic copolymers or (multi)block copolymers, based on the monomers used and the 

synthesis procedure.111,116 While there is a multitude of reports on new copolymers, one way 

of accessing new functional materials, however, is notably overlooked with only few examples 

of copolymerization of Michael-type monomers and lactones. While there are some examples 

of combining ROP with Michael-type monomers, those usually involve radical techniques such 

as ATRP or RAFT polymerization. Those often require reactions on polymeric intermediates, 

multi-functional initiators, or difficult purification steps.242–249,323–326 Sparsely reported however 

is the utilization of catalytic methods for the synthesis of such copolymers, as it could offer 

different advantages such as better polymerization control, functionalization, or a broader 

monomer scope in general. Within the last 30 years, there have been some examples reported 

by Yasuda,22 Hadjichristidis,252 Chiellini,251 Li253 or Mehrkhodavandi,241 yet those are limited to 

the catalytic copolymerization of different (meth)acrylates with few lactones (vide supra). 

However, for both polymerization types, GTP and ROP, the scope of available monomers is 

much broader, offering a wide range of applicable monomers. Herein, catalytical pathways to 

block copolymers from GTP and ROP are explored in more detail, addressing this gap of 

knowledge (Figure 26). 

 

Figure 26: Sequential copolymerization of Michael-type monomers and lactones via GTP and 

subsequent ROP. 
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4. End-group modifications 
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4.2. Content 

As explained in detail in the previous chapter 2.3, polymers especially from group-transfer 

polymerization offer a high degree of functionality due to their responsiveness towards different 

stimuli like temperature or pH. To further increase the amount of functionality of these polymers, 

the selective attachment of end-groups can provide reactive groups, which can ultimately be 

used for advanced functionalizations like the formation of polymer-biomolecule conjugates86,88 

or can help modulating the polymer architecture by the use of multifunctional initiators.85 In this 

context, the concept of C-H bond activation of yttrium pre-catalysts like Cp2Y(CH2TMS)(thf) or 

[(ONOO)tBuY(CH2TMS)(thf)] with α-methylpyridines like sym-collidine for the generation of 

highly active GTP catalysts can be utilized.68,70 During this C-H bond activation, the pyridine is 

covalently attached to the catalysts metal center and transferred irreversibly during the 

initiation of the group-transfer polymerization as explained in chapter 2.1.3.1. Dependent on 

the pre-catalyst used, the activation itself can either be performed in-situ (as for the 

Cp2Y(CH2TMS)(thf) system) without catalyst isolation or requires work-up of the prepared 

catalyst (as for the [(ONOO)tBuY(CH2TMS)(thf)] pre-catalyst). If now a functional group is 

attached to the pyridine prior to C-H bond activation, it is transferred onto the polymer and 

remains covalently bound to the chain as an end-group, allowing quantitative chain 

functionalization. When designing suited molecules for the C-H bond activation, low-reactive 

functional groups like double-bonds or bipyridines can be used directly, while functional groups 

capable of interacting with the pre-catalyst must be protected to ensure a side-reaction free 

catalyst synthesis.82,86 In these cases, post-polymerization reactions are required for end-

group deprotection and retention of the original functional group. In order to broaden the 

versatility of this concept, a silyl-protected alcohol pyridine is designed, which has been applied 

in the C-H bond activation with both Cp2Y(CH2TMS)(thf)88 as well as with the pre-catalyst 

[(ONOO)tBuY(CH2TMS)(thf)] as presented herein. Additionally, the scope of applicable 

pyridines is broadened by introduction of pyridines functionalized with a (protected) catechol, 

a (protected) alkyne or an azide, which were successfully introduced to PDEVP as end-groups. 

These molecules have been prepared in order to ultimately facilitate surface immobilization of 

GTP-based polymers, which has to be tested in the future. 
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4.3. Manuscript 
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4.4. Addendum – additional initiators 

To further broaden the scope of available end-groups, several substituted α-methyl pyridines 

were synthesized. With a special focus on grafting GTP-based polymers onto surfaces, two 

different approaches have been identified. For a direct grafting-to of the polymers, the catechol 

moiety has been chosen as novel initiator motif, as it has a high affinity towards almost all kinds 

of surfaces (Scheme 30A).307,327 Utilizing the same surface covering affinity of catechol, a 

modal approach has been designed as well, where the surface coupling shall be achieved by 

an azide-alkyne cycloaddition between the functionalized polymer and suiting surface groups, 

like for example a dopamine-based azide (Scheme 30B). Therefore, polymers bearing either 

an azide or an alkyne chain end are required, which are introduced to α-methyl pyridines as 

well.  

 

Scheme 30: Possible graft-to approaches towards anchoring GTP-based polymers via direct anchoring 

of an attached catechol moiety (A) or modular anchoring by azide-alkyne cycloaddition of an alkyne-

modified polymer with an azide-functionalized dopamine on the surface (B). 
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4.4.1. Synthesis of functionalized pyridines 

All syntheses routs towards the functionalized α-methylpyridines start from 4-chloro-2,6-

dimethylpyridine (1), which is prepared from 2,6-dimethylpyridine via an established synthesis 

route.86 For the preparation of the catechol-functionalized pyridine, a Suzuki-coupling of 

4-chloro-2,6-dimethylpyridine (1) with the methoxy-protected 2,3-dimethoxyphenyl boronic 

acid (2) is performed, yielding 7.81 g (32.1 mmol, 91 %) of the desired 4-(3,4-dimethoxy-

phenyl)-2,6-dimethylpyridine (3) in good purity with high yields after recrystallization from 

diethyl ether. The subsequent deprotection of the methoxy groups with BBr3 as deprotection 

agent failed, most likely due to methylation of the pyridyl unit by the in-situ formed side-product 

methyl bromide. Deprotection by stirring with an excess of 40 % HBr under reflux for two days 

resulted in complete cleavage of the methoxy groups, yielding 1.73 g (8.03 mmol, 65 %) pure 

4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine (4). To be able to perform a selective C-H bond 

activation, the hydroxyl units are reprotected with a tert-butyl-dimethyl-silyl protecting group. 

After column chromatography, 440 mg (1.00 mmol, 44 %) of pure 4-(3,4-di(tert-butyl-

dimethylsilyl)oxy)-phenyl)-2,6-dimethylpyridine (5) were isolated (Scheme 31).  

 

Scheme 31: Synthesis of the tert-butyl-dimethylsilyl protected catechol-pyridine (5) via Suzuki coupling, 

deprotection and reprotection. 

For introduction of the last functional group, the alkyne, 4-chloro-2,6-dimethylpyridine (4) is 

converted to 4-iodo-2,6-dimethylpyridine (6) by a nucleophilic aromatic substitution via a 

modified, literature-known synthesis procedure.86 By performing a copper-catalyzed 

Sonogashira coupling with 1-trimethylsilyl acetylene, 270 mg (1.32 mmol, 62 %) of the pure, 

already protected 4-trimethylsilylacetylene-2,6-dimethylpyridine (7) could be isolated after 

column chromatography in moderate yield (Scheme 32).328 

 

Scheme 32: Synthesis of the alkyne-pyridine (7) via nucleophilic aromatic substitution and Sonogashira 

coupling. 
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The synthesis of 4-azido-2,6-dimethylpyridine has successfully been realized by reacting 

4-chloro-2,6-dimethylpyridine (4) with hydrazine-hydrate to 4-hydrazinethyl-2,6-dimethyl-

pyridine (8) and subsequent diazotisation with sodium nitrite and 5 % hydrochloric acid.329 The 

synthesis yielded 376 mg (2.54 mmol, 18%) of pure 4-azido-2,6-dimethylpyridine (9) with low 

yield (Scheme 33). The prepared azido-pyridine is directly used for C-H bond activation without 

prior introduction of a protecting group. 

 

Scheme 33: Synthesis of the azido-pyridine (9) via nucleophilic aromatic substitution and diazotisation.  

The three newly synthesized α-methylpyridines are next investigated regarding their reactivity 

towards C-H bond activation for the generation of catalysts, which transfer the functionalized 

pyridyl moieties to the polymers. 

 

4.4.2. C-H bond activation  

Contrary to the previously described C-H bond activation using the yttrium bis(phenolate) 

precursor catalyst [(ONOO)tBuY(CH2TMS)(thf)], the prepared functionalized pyridines are 

activated using Cp2Y(CH2TMS)(thf) to allow a fast assessment of their activation and 

subsequent initiation behavior. To investigate whether the in-situ C-H bond activation with the 

yttrium precursor proceeds without side-reactions, kinetic monitoring of the activation using 

1H-NMR spectroscopy has been performed. The monitoring of the C-H bond activation is 

performed as described in chapter 4.3 using the methyl signals and aromatic ring proton 

signals of the pyridyl unit as well as the CH2TMS signal and the corresponding evolution of a 

tetramethylsilane signal. The C-H bond activation of the alkyne-pyridine (7) and the catechol-

pyridine (5) proceeded without observable side-reactions within 2 hours at room temperature, 

facilitating an in-situ activation prior to polymerization without catalyst isolation and work-up. 

When reacting azide-pyridine (9) with the pre-catalyst Cp2Y(CH2TMS)(thf), no clean activation 

but catalyst decomposition can be observed as indicated by precipitation of a black solid and 

vanishing of defined signals in the 1H-NMR. A similar activation protocol with 

[(ONOO)tBuY(CH2TMS)(thf)] lead to catalyst decomposition at room temperature and elevated 

temperatures as well. The azide group seems to be too reactive to undergo controlled C-H 

bond activation with yttrium catalysts. In order to facilitate attachment of azide-groups 

nevertheless, the activation of 9 with the lutetium precursor Cp2Lu(CH2TMS)(thf) has been 

tested, as lutetium usually reacts much slower in C-H bond activation reactions.70 This 



End-group modifications 
__________________________________________________________________________ 

- 80 - 
 

approach allowed for a more controlled C-H bond activation of 9 within 24 hours at room 

temperature, yet appearance of some additional signals indicate minor side-reactions taking 

place. For all subsequent polymerizations, the respective C-H bond activated catalysts are 

generated in-situ by reacting 1.1 equivalents of the functionalized pyridine with 1.0 equivalents 

of with the respective pre-catalyst Cp2Ln(CH2TMS)(thf) (Ln = Y, Lu) catalyst at room 

temperature as indicated.  

 

4.4.3. Polymerization of diethyl vinylphosphonate 

For all polymerization reactions, DEVP is chosen as model monomer, as the obtained 

polymers remain water-soluble with an LCST at 42 °C, making them interesting candidates for 

surface modifications. Additionally, the molecular weight of the PDEVPs obtained can be 

determined absolutely via SEC-MALS, allowing accurate assessment of the initiation efficiency 

I.E. of the prepared pyridines. In a first step, the catechol-pyridine based catalyst 10 is formed 

in-situ and DEVP is added to generate catechol-functionalized polymers (Scheme 34). The 

polymerization results are summarized in Table 5. 

 

Scheme 34: Polymerization of DEVP with catalyst 10 generated in-situ from reacting the pre-catalyst 

Cp2Y(CH2TMS)(thf) with catechol-pyridine 5. 

Table 5: Results from DEVP polymerization with catalyst 10 generated in-situ from catechol-pyridine 5 

with Cp2Y(CH2TMS)(thf). 

Entry [DEVP]/[Y] a X [%] b Mn,theo c 

[kg/mol] 

Mn,abs d 

[kg/mol] 

Đ d 

[-] 

I.E. e 

[%] 

1 100/1 99 16.2 19.0 1.13 85 

2 f 175/1 99 29.7 48.7 1.02 62 

3 200/1 99 35.2 47.9 1.03 73 

a 13.5 µmol catalyst, 2 mL toluene, rt, 2 h; b conversion determined via integration of 31P-NMR, c theoretical molecular weight 

determined as Mn,theo = X·MDEVP·[DEVP]/[Y]+Mini; 
d absolute molecular weight and polydispersity determined via SEC-MALS in 

THF:H2O with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; e initiator efficiency determined via I.E. = Mn,theo/Mn,abs·100%; f double 

scale. 
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For the tested monomer/catalyst ratios of 100/1 and 200/1, the catalyst rapidly polymerized 

DEVP with full conversion as determined via 31P-NMR spectroscopy, obtaining polymers with 

narrow polydispersity, indicating a very controlled polymerization. The initiation efficiency at 

100/1 is with 85 % very high, slightly decreasing to 62 – 73 % for increased monomer amounts. 

Based on the high initiation efficiency, the determined absolute molecular weights are in good 

agreement with the theoretically calculated molecular weights at full initiation efficiency. To 

check if the attachment of the catechol-pyridine has been successful, 1H-NMRs (Figure 27A) 

and DOSY-NMRs (Figure 27B) of the prepared polymers are measured. As the signals from 

the initiating group and especially from the protecting groups appear at the same diffusion 

coefficient as the polymer signals, attachment of the pyridyl unit is confirmed. By applying the 

same deprotection protocols as described in chapter 4.3, full removal of the silyl protecting 

groups of the catechol moiety was achieved as observed in 1H-NMR (Figure 27C). Overall, the 

established protocol for in-situ C-H bond activation, polymerization and subsequent 

deprotection allows the attachment of the desired catechol moiety to PDEVP polymers. 

 

Figure 27: 1H-NMR spectrum of PDEVP prepared with catalyst 10 with close-up of silyl region (A), 

DOSY-NMR of the same PDEVP sample, showing only one diffusion coefficient (B) and stacked 

1H-NMRs of catechol-functionalized PDEVP before and after deprotection (C). 
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Now, the alkyne-pyridine based catalyst 11 is tested towards DEVP polymerization. Again, the 

catalyst is formed in-situ from reaction of Cp2Y(CH2TMS)(thf) with pyridine 7 prior to monomer 

addition (Scheme 35). The polymerization results are summarized in Table 6. 

 

Scheme 35: Polymerization of DEVP with catalyst 11 generated in-situ from reacting the pre-catalyst 

Cp2Y(CH2TMS)(thf) with alkyne-pyridine 7. 

Table 6: Results from DEVP polymerization with catalyst 11 generated in-situ from alkyne-pyridine 7 

with Cp2Y(CH2TMS)(thf). 

Entry [DEVP]/[Y] a X [%] b Mn,theo c 

[kg/mol] 

Mn,abs d 

[kg/mol] 

Đ d 

[-] 

I.E. e 

[%] 

1 50/1 99 8.7 19.6 1.09 44 

2 100/1 99 16.7 31.5 1.09 53 

3 200/1 99 33.3 66.1 1.05 50 

a 13.5 µmol catalyst, 2 mL toluene, rt, 2 h; b conversion determined via integration of 31P-NMR, c theoretical molecular weight 

determined as Mn,theo = X·MDEVP·[DEVP]/[Y]+Mini; 
d absolute molecular weight and polydispersity determined via SEC-MALS in 

THF:H2O with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; e initiator efficiency determined via I.E. = Mn,theo/Mn,abs·100%; f double 

scale. 

Similar to catalyst 10, catalyst 11 is capable of fully polymerizing DEVP at room temperature 

within two hours. For all tested catalyst loadings from 50/1 to 200/1, the polymers obtained 

showed narrow polydispersity, indicating a very controlled polymerization reaction. For all 

tested ratios, the initiation efficiency is between 44 – 53 % and therefore about 20 – 30 % lower 

than the initiation efficiency of catalyst 10. Nevertheless, PDEVPs with tunable molecular 

weights and narrow polydispersity can be prepared with catalyst 11 as well. Analogous to the 

catechol derivative, the initiator attachment is verified by 1H-NMRs and DOSY-NMRs of the 

polymers, revealing the desired attachment of the TMS-protected alkyne (Figure 28A and B). 

To regain the reactivity of the alkyne, the TMS group is removed by stirring the polymer with 

potassium carbonate in methanol for two to three days at room temperature, fully cleaving of 

the protecting group as indicated by 1H-NMR (Figure 28C). Summarizing, the attachment and 

deprotection of alkynes-bearing initiator groups to PDEVP by the presented approach has 

been successful. 
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Figure 28: 1H-NMR spectrum of PDEVP prepared with catalyst 11 with close-up of silyl region (A), 

DOSY-NMR of the same PDEVP sample, showing only one diffusion coefficient (B) and stacked 

1H-NMRs of alkyne-functionalized PDEVP before and after deprotection (C). 

 

Lastly, the azide-pyridine based lutetium catalyst 12 is tested towards DEVP polymerization 

(Scheme 36), the corresponding polymerization results are summarized in Table 7. 

 

Scheme 36: Polymerization of DEVP with catalyst 12 generated in-situ from reacting the pre-catalyst 

Cp2Lu(CH2TMS)(thf) with azide-pyridine 9. 
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Table 7: Results from DEVP polymerization with catalyst 12 generated in-situ from azide-pyridine 9 with 

Cp2Lu(CH2TMS)(thf). 

Entry [DEVP]/[Y] a X [%] b Mn,theo c 

[kg/mol] 

Mn,abs d 

[kg/mol] 

Đ d 

[-] 

I.E. e 

[%] 

1 25:1 99 4.3 40.1 1.21 10.7 

2 50:1 99 8.4 69.6 1.15 12.1 

3 100:1 99 16.6 219 1.19 7.6 

4 200:1 99 33.0 391 1.16 8.4 

a 13.5 µmol catalyst, 2 mL toluene, rt, 2 h; b conversion determined via integration of 31P-NMR, c theoretical molecular weight 

determined as Mn,theo = X·MDEVP·[DEVP]/[Y]+Mini; 
d absolute molecular weight and polydispersity determined via SEC-MALS in 

THF:H2O with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; e initiator efficiency determined via I.E. = Mn,theo/Mn,abs·100%; f double 

scale. 

Like catalysts 10 and 11, catalyst 12 is capable of polymerizing DEVP with full conversion 

within 2 hours at room temperature. However, the polydispersity of the polymers obtained is 

considerably higher than for catalyst 10, indicating a less controlled polymerization. This is 

underlined by the much lower initiation efficiency between 8.4 – 12.1 %, leading to a drastically 

increased measured molecular weight compared to the theoretically calculated molecular 

masses. As the C-H bond activation with yttrium as central metal failed and led to catalyst 

decomposition, a similar behavior might cause the deviating behavior observed for the DEVP 

polymerization. As the activation kinetics already hinted, there are some minor side-reactions 

occurring during the C-H bond activation, leading to an overall decreased amount of active 

polymerization catalyst, explaining the lower initiation efficiency. Overall, the initiator efficiency 

is about half of the reported value for the structural analogue sym-collidine derivative 

Cp2Lu(sym-col)(thf) of 21 %.68 The increased polydispersity might be caused by the overall 

faster polymerization of DEVP by the lutetium catalyst compared to the yttrium catalyst in 

combination with a less precise initiation reaction.68 At low monomer/catalyst loadings of 25/1 

and 50/1, the ultrafast polymerization of DEVP with lutetium in combination with the low 

initiation efficiency leads to a broadening of the dispersity, while this effect is less pronounced 

at higher monomer loadings. Yet catalyst 12 is capable of producing defined PDEVPs with 

steerable molecular weights and moderate polydispersities. Again, to verify the attachment of 

the initiator, DOSY-NMRs of the polymers prepared are measured. However, as the molecular 

weight is considerably higher than for the polymers prepared with catalysts 10 or 11 and as 

the initiator is both considerably smaller with overall less detectable proton signals and no silyl 

protecting groups, verification of the attachment via NMR failed. Additionally, structural integrity 

of the azide group cannot be confirmed using 1H-NMR, as decomposition of the azide moiety 

during C-H bond activation cannot be neglected. Therefore, oligomeric DEVP is prepared with 

catalyst 12 and an ESI-MS is measured (Figure 29), revealing covalent attachment of an intact 

azide moiety (black series) as well as partial recombination to the dimeric azo-species (blue 
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series). Yet overall, the attachment of an azide to PDEVP by using the in-situ approach seems 

to be successful as well.  

 

Figure 29: 1H-NMR of PDEVP prepared with catalyst 12, without signals from the initiator (A) and 

ESI-MS spectrum of PDEVP oligomers prepared with catalyst 12 showing to series, one with an intact 

azide attached and one with an initiator with decomposed azide (B). 

 

4.4.4. Utilization of the functionalized polymers 

With the prepared functionalized polymers, different functionalization approaches will be tested. 

The catechol-functionalized polymer will be tested towards direct surface coating of different 

substrates due to the anchoring affinity of the catechol-function, while the azide-functionalized 

PDEVP is intended for a direct functionalization of carbon nanotubes. The alkyne as the most 

versatile end-group will be tested in the previously described modular azide-alkyne 

cycloaddition coating approach with dopamine-azide as functional group on the surface. 

Overall, these functional initiators serve as anchoring moieties for polymers prepared via 

group-transfer polymerization, possibly providing a versatile tool which can be used to 

immobilize a variety of different, functional, and responsive polymers on a variety of surfaces. 
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5. Synthesis and characterization of polymeric photocatalysts 

Macromolecular Rhenium–Ruthenium Complexes for Photocatalytic CO2 

Conversion: From Catalytic Lewis Pair Polymerization to Well-Defined 

Poly(vinyl bipyridine)–Metal Complexes 
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5.2. Abstract graphic (TOC) 

 

Figure 30: Table of Content graphic for the manuscript titled “Macromolecular Rhenium–Ruthenium 

Complexes for Photocatalytic CO2 Conversion: From Catalytic Lewis Pair Polymerization to Well-

Defined Poly(vinyl bipyridine)–Metal Complexes”. 
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work was supervised by B. Rieger. 
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5.3. Content 

With respect to sidechain modifications, the monomer 4-vinyl-4’-methyl-2,2’-bipyridine (VBpy) 

as extended 1,6-Michael acceptor monomer is chosen to act as modifiable moiety for the 

synthesis of highly stable photocatalysts. The concept of using PVBpy as macromolecular 

ligand is widely known and used for a variety of different applications, yet no catalytic 

polymerization of VBpy is known so far. The pioneering work by Rieger et al. on the catalytic 

polymerization of 4-vinylpyridine using interacting aluminum/phosphine-based Lewis pairs for 

a controlled LPP15 is used as a blueprint to find suitable Lewis acid/base pair combinations 

capable of polymerizing VBpy in a controlled, catalytic way. Various combinations of aluminum 

acids and phosphine bases are screened towards VBpy polymerization, and the obtained 

polymers are characterized regarding their absolute molecular weight and polydispersity. By 

using tri-iso-butyl aluminum and trimethyl phosphine as Lewis pair, PVBpy with narrow 

polydispersity could be obtained, while an end-group analysis revealed the presence of two 

different initiation pathways, conjugate addition and deprotonation. The main purpose of 

PVBpy is to act as a macromolecular ligand, forcing rhenium and ruthenium complexes into 

spatial proximity. This is done in order to increase the stability of photocatalytically active 

rhenium complexes by the photosensitizing effect of rhenium moieties. With these well-defined 

polymers, polymer-metal complexes are synthesized in a two-step loading with the pre-cursor 

complexes Re(CO)5Cl and Ru(dmb)2Cl2 (dmb = dimethyl bipyridine) and thoroughly 

characterized using UV-Vis, photoluminescence, and IR spectroscopy as well as ICP-MS to 

determine the metal loading. This characterization revealed an incomplete loading of the 

polymer with metal complexes with the herein presented synthesis pathways, achieving total 

metal loadings between 14 – 41 %. Nevertheless, the polymeric photocatalysts showed high 

activity and stability towards photocatalytic CO2 reduction, with turnover numbers (TON) of up 

to 5650 and turnover frequencies (TOF) of 66 h-1, while maintaining activity up to 30 days. This 

successfully shows that the use of PVBpy as macromolecular ligand influences the stability of 

this tandem system of a rhenium photocatalyst with a ruthenium photosensitizer beneficially. 

By means of LPP a catalytical polymerization of VBpy is now possible, allowing the synthesis 

of precisely defined polymers to be used as macroligands. 
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5.4. Manuscript 
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6. Biobased monomers for polyester synthesis 

Polyester synthesis based on 3-carene as renewable feedstock 
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6.2. Abstract graphic (TOC) 

 

Figure 31: Table of content graphic for the manuscript titled “Polyester synthesis based on 3-carene as 

renewable feedstock”. 
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6.3. Content 

With the continuous depletion of fossil fuels, the search for feedstock substitution remains a 

major challenge for modern polymer chemistry. By introducing new monomers, polymer 

materials with certain application profiles can be synthesized, making it a suiting method to 

satisfy the requirements such polymers meet. In theory, a plethora of different feedstocks exist, 

yet there are certain requirements concerning the material properties. Especially with focus on 

sustainability as major requirement for modern-day polymer materials, polyesters offer the 

possibility to not only be prepared from biogenic resources but at the same time being 

(bio-)degradable. One class of feedstocks heavily investigated are the terpenes, as they offer 

high abundance paired with cheap pricing and not competing with crop-space. There are 

several approaches to utilize different terpenes and terpene-based molecules as new 

monomers for polyester synthesis. Yet, most polyesters prepared from terpenes as biobased 

feedstocks remain amorphous materials with low glass transition temperatures (vide supra), 

making them inappropriate for certain applications like packaging. In a recent report by Syrén 

et al. a polyester based on α-pinene was presented, in which the 4-membered ring from the 

terpenes basic carbon skeleton was incorporated into the polymer main chain, giving access 

to a semi-crystalline polyester with a melting point at 158 °C.139 A similar approach is tested 

for 3-carene as terpene from turpentine oil, in which the 3-membered ring of the carbon 

skeleton is preserved throughout the chemical transformations towards suiting monomers. By 

means of reductive ozonolysis, a diol for an AA/BB polycondensation is prepared. Using 

different oxidative transformations and a Baeyer-Villiger oxidation as key step, 3-carene is 

converted to two regioisomeric lactones. All of these monomers still bear the 3-membered ring 

from the 3-carene framework. The diol is used in a polycondensation with dimethyl 

terephthalate as comonomer, while the two lactones were successfully homo- and 

copolymerized via catalytic ring-opening polymerization. From the four different polyesters 

prepared, three are amorphous with glass transitions between -12 – 45 °C and one is semi-

crystalline with a melting point at 160 °C. Overall, the incorporation of cyclic systems into the 

main chains of the polymers seems to be a promising tool to generate semi-crystalline 

polyesters.330  
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7. Copolymers from Michael-type monomers and lactones 

Uniting Group-Transfer and Ring-Opening Polymerization – Block Copolymers from Functional 

Michael-Type Monomers and Lactones 
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Figure 32: Table of content graphic for the manuscript titled “Uniting Group-Transfer and Ring-Opening 

Polymerization – Block Copolymers from Functional Michael-Type Monomers and Lactones”. 
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7.3. Content 

The last method discussed herein is the copolymerization of Michael-type monomers and 

lactones via group-transfer and subsequent ring-opening polymerization. While this approach 

has so far received only little attention, it could offer the possibility to generate block 

copolymers possessing a high degree of functionality as introduced from Michael monomers 

coupled with degradability offered by polyesters. Gaining access to such structures via 

catalytic methods and using a sequential addition approach would provide a highly tunable 

and adaptable polymerization technique capable of producing highly functional copolymers 

with little synthetic effort. So far, some catalytic approaches towards copolymers from 

methacrylates and lactones are known, yet only little characterization of the material properties 

and almost no mechanistic elucidation has been performed. Herein, a catalytic pathway 

towards copolymers from 2-vinylpyridine with either ε-caprolactone as classic lactone or 

(-)-menthide as new biobased monomer as second block is introduced. This way, novel AB- 

and BAB-type di- and triblock copolymer structures could be prepared. To gain a deeper 

understanding of the catalytic mechanism behind this sequential copolymerization, kinetic 

investigations are performed, revealing a living-type polymerization for both GTP and ROP. In 

an intermediate step, the catalyst-stabilized chain-end from GTP is capable of attacking and 

ring-opening the first lactone unit, successfully initiating a subsequent ROP. Changing the 

monomer addition sequence and adding the lactone first inhibited the formation of copolymers, 

emphasizing that as for GTP, also GTP-co-ROP is sensitive towards monomer coordination 

strength. The prepared polymer materials are investigated regarding their thermal transitions, 

revealing microphase separation and show a pH-dependent micellization in aqueous media. 

By adapting the feed ratios of the monomers, the presented catalytic pathway allows tuning of 

the copolymers molecular weight and composition, leading to tunable material properties 

regarding parameters like glass transition temperature or micelle size. Ultimately, such 

materials could possibly be used for advanced applications like drug delivery or coatings, 

benefiting from the responsiveness of the functional GTP-block paired with the possible 

susceptibility towards hydrolytic degradation offered by the ROP-based polyester block. 
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8. Summary  

Throughout this thesis, different modification points in the context of group-transfer and ring-

opening polymerization have been addressed. With respect to functional end-groups, four 

different 2,6-dimethylpyridine based initiators have been synthesized, bearing a tert-butyl-

dimethyl silyl protected alcohol, a bis(tert-butyl-dimethyl silyl) protected catechol, a trimethyl 

silyl protected alkyne and an unprotected azide. The silyl protected alcohol has successfully 

been used in the C-H bond activation and subsequent isolation of a versatile bis(phenolate) 

yttrium catalyst. This catalyst has been used for the polymerization of diethyl vinylphosphonate 

and 2-vinylpyridine in a highly controlled way. A thorough end-group analysis revealed 

covalent attachment of the initiator to the polymers and using different deprotection protocols, 

the desired hydroxyl end-group could be reobtained. In a similar approach, the silyl protected 

catechol and the silyl protected alkyne have been used for an in-situ C-H bond activation of an 

yttrium cyclopentadienyl precursor, again attaching the desired moieties to the prepared 

poly(vinylphosphonates). The same deprotection protocols cleaved the silyl protecting groups, 

giving access to catechols or alkynes as end-groups. Due to the reactivity of the azide, C-H 

bond activation of the respective yttrium compounds failed, while the respective reaction using 

a lutetium cyclopentadienyl catalyst showed the formation of the desired catalyst. Again, the 

functional group could successfully be transferred to poly(diethyl vinylphosphonates). By 

means of these initiators, the scope of applicable end-groups for GTP-based polymers has 

been extended to alcohols, catechols, alkynes and azides.  

Regarding the sidechain modifications, a controlled Lewis pair polymerization of 4-vinyl-4’-

methyl-2,2’-bipyridine using tri-iso-butyl aluminum and trimethyl phosphine has been 

established, giving access to a poly(vinyl bipyridine) prepared via a precise, catalytic 

polymerization technique. To these well-defined poly(vinyl bipyridines), photocatalytically 

active rhenium complexes and ruthenium complexes as photosensitizers were attached, 

generating a new class of polymeric photocatalysts. These photocatalysts have been 

characterized extensively and were successfully used for the photocatalytic reduction of CO2. 

By tethering these complexes to the poly(vinyl bipyridine) macroligand and thus forcing them 

into spatial proximity, the catalyst stability and activity could be increased drastically compared 

to the mononuclear systems. 

To further broaden the monomer scope applicable for ring-opening polymerization, 3-carene 

has been chemically converted into different monomers while retaining its characteristic 

3-membered ring from the basic carbon framework. By means of a reductive ozonolysis, a 

3-carene based diol could be synthesized, which was used in a polycondensation reaction with 

dimethyl terephthalate as comonomer. The prepared polyester is amorphous with a glass 

transition temperature of about 45 °C. Using different oxidative transformations and a Baeyer-
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Villiger oxidation for a ring-extension, two different regioisomeric lactones, α- and ε-carene 

lactone, could be prepared. Both monomers could be converted into the respective homo- and 

copolymers by catalytic ring-opening polymerization using different metalorganic catalysts. 

While the homopolymer from α-carene lactone as well as the statistical copolymer of both 

lactones exhibit semi-crystalline properties with glass transition temperatures around -10 °C, 

the homopolymer from ε-carene lactone is semi-crystalline with a melting point of 161 °C. By 

introducing these new monomers, the scope of biobased monomers for polyester synthesis 

has been broadened.  

The last modification point addressed throughout this thesis is the copolymerization of Michael-

type monomers and lactones via sequential copolymerization. Using a monometallic and a 

bimetallic yttrium bis(phenolate) catalyst, different AB- and BAB- di- and triblock copolymers 

from 2-vinylpyridine and ε-caprolactone or (-)-menthide have been prepared. By means of this 

catalytic copolymerization, copolymers with tunable molecular weights and compositions, all 

exhibiting narrow to moderate polydispersities, could be synthesized. Changing the addition 

order to lactone ROP first led to the formation of homopolymers only, revealing the monomer 

coordination strength to be a decisive parameter in the copolymerization of Michael-type 

monomers and lactones as well. By means of catalytic investigations, a living-type 

polymerization has been found for both the group-transfer polymerization step as well as the 

for the subsequent ring-opening polymerization step. The thermal transition behavior of the 

semicrystalline P2VP-b-PCL and the amorphous P2VP-b-PM have been investigated, 

revealing microphase separation of the two polymer blocks. In aqueous media, the 

pH-dependent formation of micelles below a pH of 4 could be observed. By means of tuning 

the copolymers chain length, composition or block structure, micelle size and thermal 

properties could be modified.  

Summarizing, four different modification points of group-transfer and ring-opening based 

(co)polymers have successfully been addressed. In the context of GTP, different functional 

initiators were prepared and introduced to the polymers as well as a sidechain modification of 

a poly(vinyl bipyridine) with rhenium and ruthenium complexes could be realized. For ROP, a 

novel monomer has been introduced, giving access to a semicrystalline, high melting polyester. 

And with respect to both GTP and ROP, copolymerization of two different monomer classes 

using yttrium catalysis has successfully been realized, giving access to novel, highly interesting 

materials.  
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9. Outlook 

With the herein successfully introduced pathways, polymers from GTP and ROP can be 

modified with respect to their different functionalities. With special focus on the end-group 

modification, the scope of available end-groups for GTP polymers has been broadened by 

alcohols, catechols, alkynes and azides. Together with the already reported double bonds,294 

bipyridines,82 multifunctional pyridines,85 amines and thiols,88 most of the functional groups 

used for modifications is now reported. These functional groups can be introduced to the 

polymers and used based on the desired application, encompassing for example polymer-drug 

conjugates, various labelling techniques, or the mentioned surface-based applications. By 

using the in-situ approach with the yttrium cyclopentadienyl catalyst, versatile GTP catalysts 

can be prepared and used for a variety of different monomers, including the different alkyl 

vinylphosphonates, vinylpyridines or IPOx as highly functional monomers. When switching to 

the isolated complexes based on the yttrium bis(phenolate) mainframe, the same functional 

groups could possibly be introduced to even more monomers, including DMAA and lactones 

in general, severely broadening the applicability of these functional groups. Using this 

technique, a versatile toolbox of functional end-groups could be introduced to GTP- and ROP-

based polymers, rendering it a useful synthetic method for polymer chemists. 

 

Figure 33: Scope of available functionalized α-methylpyridines for C-H bond activation of yttrium 

complexes.82,85,88,294 

Regarding the sidechain modification of the prepared poly(vinyl bipyridines), a catalytical, 

precise method of polymerizing 4-vinyl-4’-methyl-2,2’-bipyridine is now accessible by means 

of Lewis pair polymerization. The prepared polymers possess narrow polydispersity and the 

absolute molecular weight of PVBpy can now be determined, thus making them highly defined 

macroligands for the use of polymer-metal complex compounds. While the herein presented 

example used these defined polymers for the synthesis of polymeric photocatalysts, this 

approach is by no means limited to such metal complexes. Bipyridine-based metal complexes 
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can be found in a variety of different applications, like for example biomedical imaging, DNA 

binding, electrocatalysis or organic light-emitting diodes.331–334 Depending on the desired 

properties, precisely defined PVBpy could be used as macroligand for such complexes, 

allowing for different applications, like e.g. for use as biologically active, UV-triggered scaffold 

materials in implants. 

 

Figure 34: Various bipyridine-based metal complexes for different applications.331–334 

By polymerizing ε-carene lactone as novel monomer, a semi-crystalline polyester based on 

turpentine oil is now accessible, while polymerization of α-carene lactone yields an amorphous 

polyester with a low glass transition temperature. The herein presented synthesis pathway 

from 3-carene as feedstock involving dual oxidation to the alcohol and subsequently the ketone 

with a Baeyer-Villiger oxidation as key step without rearrangement of the basic carbon skeleton 

allowed incorporation of the cyclic 3-membered ring structure of 3-carene into the polymer 

main chain. A similar pathway could be used for β-pinene, possibly allowing incorporation of 

the 4-membered ring into the polymer main chain. Apart from the investigated statistic 

copolymers of αCarL and εCarL, additional copolymers from those monomers in combination 

with each other or other lactones can be prepared. Further, those two monomers could be 

utilized for more advanced applications like biobased thermoplastic elastomers, where PεCarL 

serves as hard, semi-crystalline block while PαCarL could be used as soft, amorphous block. 

Overall, both lactones are interesting, biobased building blocks suited for further investigation. 

 

Figure 35: Possible thermoplastic elastomer from BAB-type block copolymers of αCarL and εCarL. 

The last synthetic tool for polymer modifications, the copolymerization of Michael-type 

monomers and lactones, bear the potential to produce a variety of new materials with tailor-

made properties. Those materials combine the high functionality and tunability of the Michael-

monomer block with degradability of the polyester block, making them interesting candidates 
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for advanced applications like drug-delivery. The use of catalysis for such copolymers allows 

precise tuning of the molecular weight and thus hydrodynamic size of these polymers, all while 

maintaining a narrow polydispersity and the possibility of influencing the copolymer 

architecture. Furthermore, a broad variety of different monomers for both the group-transfer 

polymerization as well as the ring-opening polymerization-based blocks are available, which 

so far have not been copolymerized, including the alkyl vinylphosphonates or acrylamides on 

the one hand side and various other lactones on the other hand. Another way of introducing 

more advanced functionality to this class of copolymers could be to utilized allyl-group 

containing monomers like diallyl vinylphosphonate, diallyl acrylamide or dihydrocarvide for 

post-polymerization modifications.  

 

Figure 36: Scope of promising monomers for block copolymerization of Michael-type monomers and 

lactones. 

Overall, within this thesis different ways of introducing functionality to group-transfer and ring-

opening polymerization have successfully been addressed. All those modifications, while 

tested and presented in isolated examples, comprise promising tools for the synthesis of 

advanced polymer materials, fit for use in different applications. These methods and findings 

address the three main center points of modern polymer chemistry, (1) new properties and 

applications, (2) new synthesis methods and (3) sustainability.3 
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Synthesis procedures for the initiators in the addendum Chapter 4.4 

4-Iodo-2,6-dimethylpyridine86, 4-trimethylsilylacetylene-2,6-dimethylpyridine328, 4-azido-2,6-

dimethylpyridine329, Cp2Y(CH2TMS)(thf)21 and Cp2Lu(CH2TMS)(thf)21 have been prepared 

according to literature procedures. 

4-(3,4-dimethoxy-phenyl)-2,6-dimethylpyridine 

 

7.13 g (39.0 mmol, 1.1 eq.) (3,4-dimethoxyphenyl)boronic acid are suspended in 240 mL 

ethanol and 5.06 g (35.7 mmol, 1.0 eq.) 4-chloro-2,6-dimethylpyridine, 300 mL toluene and 

240 mL 1.14M sodium bicarbonate solution are added. The mixture is degassed by applying 

20 cycles of argon-vacuum prior to addition of 1.40 g (1.21 mmol, 0.03 eq.) 

tetrakis(triphenylphosphine)palladium(0). The solution is stirred for 72 hours at 80 °C. 

Afterwards, the catalyst is removed by filtration and 200 mL of water and 300 mL diethyl ether 

are added. The phases are separated, and the aqueous phase is extracted with 300 mL diethyl 

ether and 300 mL dichloromethane. The combined organic phases are dried over sodium 

sulfate and the solvent is removed in vacuo. The crude product is recrystallized from diethyl 

ether, yielding 7.80 g (32.1 mmol, 91 %) 4-(3,4-dimethoxy-phenyl)-2,6-dimethylpyridine. 

1H-NMR (400MHz, CDCl3): δ (ppm) = 7.32 (dd, 4JH,H = 8.25 Hz, 3JH,H = 2.19 Hz), 7.26 (s, 2H), 

7.23 (d, 3JH,H = 2.13 Hz), 7.07 (d, 4JH,H = 8.25 Hz), 4.08 (s, 3H), 4.05 (s, 3H), 2.70 (s, 6H). 
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4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine 

 

3.01 g (12.4 mmol, 1.0 eq.) 4-(3,4-dimethoxy-phenyl)-2,6-dimethylpyridine are dissolved in 

30 mL 40 vol% HBr(aq) (15.0 mmol, 1.2 eq.) and the mixture is stirred at 140 °C for 48 hours. 

After cooling the mixture to room temperature, potassium bicarbonate solution is added until a 

neutral pH is reached, and the solution is extracted with dichloromethane. The organic phase 

is dried with magnesium sulfate and the solvent is removed in vacuo. 1.73 g (8.03 mmol, 65 %) 

of 4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine are isolated as yellow powder. 

1H-NMR (400MHz, CDCl3): δ (ppm) = 9.34 (s, 1H, OH), 9.09 (s, 1H, OH), 7.23 (s, 2H), 7.14 (d, 

4JH,H = 2.23 Hz), 7.07 (dd, 3JH,H = 8.20 Hz, 4JH,H = 2.23 Hz), 6.84 (d, 3JH,H = 8.21 Hz), 2.45 (s, 

6H). 

 

4-(3,4-di(tert-butyl-dimethylsilyl)oxy)-phenyl)-2,6-dimethylpyridine 

 

0.5 g (2.32 mmol, 1.0 eq.) 4-(3,4-dihydroxyphenyl)-2,6-dimethylpyridine are suspended in 

100 mL dry tetrahydrofuran. 214 mg (5.35 mmol, 2.3 eq.) 60 wt% sodium hydride are added, 

and the suspension is stirred for 0.5 hours at room temperature. Afterwards, 

780 mg (5.17 mmol, 2.2 eq.) tert-butyl-dimethylsilyl chloride are added and the mixture is 

stirred for 18 hours at room temperature. The solution is filtered and the solvent is removed in 

vacuo. The product if purified by column chromatography (Rf = 0.5, pure diethyl ether), yielding 

440 mg (0.99 mmol, 44 %) of pure 4-(3,4-di(tert-butyl-dimethylsilyl)oxy)-phenyl)-2,6-

dimethylpyridine as a white powder. 

GC-MS: tR = 15.9 min; m/z = 443.3 [M]+, 386.2 [M-tBu]+. 

TLC: Rf = 0.50 (pure diethyl ether on silica, UV-detection). 

1H-NMR (400MHz, CDCl3): δ (ppm) = 7.09 (d, 4H,), 6.90 (d, 3JH,H = 8.95 Hz), 2.58 (s, 6H), 1.01 

(d, 3JH,H = 6.11 Hz, 18H), 0.23 (s, 12H). 
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